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ABSTRACT OF THE DISSERTATION
Analysis of the Effects of Midlatitude Deep Convection on the Composition and Chemistry of

the Upper Troposphere/Lower Stratosphere using Airborne Measurements of VOCs and other
Trace Gases

By
Jason R. Schroeder
Doctor of Philosophy in Chemistry
University of California, Irvine, 2015
Professor Donald R. Blake, Chair

Measurements of trace gases were taken onboard the NASA DC-8 during the Deep
Convective Clouds and Chemistry (DC3) field project with the goal of understanding the role
that midlatitude deep convection plays in altering the vertical distribution of atmospherically-
relevant species. Measurements of VOCs were obtained via UC Irvine’s whole air sampler
(WAS) instrument, while measurements of CH,4, Oz, NOy, N,O, water vapor, CO, and
meteorological variables were performed by a variety of other instruments operated by
collaborators onboard the DC-8.

Using known VOC atmospheric lifetimes and measured VOC mixing ratios in the
planetary boundary layer (PBL), a tracer for rapid vertical lofting of air from the PBL to the
upper troposphere/lower stratosphere region (UT/LS) by convection was created. In this study, it
was found that light hydrocarbons associated with oil and natural gas (O&NG) and vehicular
sources were widespread throughout the PBL of the DC3 study regions. In the UT/LS, enhanced
levels of these light hydrocarbons were strongly correlated with water vapor, indicating a
convective source. On the other hand, decreases in the measured mixing ratios of CFCs, HCFCs,
and other long-lived halocarbons (LLHCs) in the UT were used as tracers for stratosphere-to-

troposphere transport (STT). These two sets of tracers were used to divide the DC3 WAS merge

into many subsets of data corresponding to: the PBL, convective outflow in the UT, convective
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outflow in the LS (i.e. overshooting tops), STT-influenced air in the troposphere, background UT
air, and background LS air.

Using these derived subsets of data, interactions and mixing between stratospheric
intrusions and tropospheric air masses was investigated. A large number of stratospherically-
influenced samples were found to have reduced levels of O3 and elevated levels of CO (both
relative to background stratospheric air); indicative of mixing with anthropogenically-influenced
air. Using n-butane and propane as tracers of anthropogenically-influenced air, it is shown that
this type of mixing was present both at low altitudes and in the UT. At low altitudes, this mixing
resulted in O3 enhancements consistent with those reported at surface sites during deep
stratospheric intrusions, while in the UT, two case studies were performed to identify the process
by which this mixing occurs. In the first case study, stratospheric air was found to be mixed with
aged outflow from a convective storm, while in the second case study, stratospheric air was
found to have mixed with outflow from an active storm occurring in the vicinity of a
stratospheric intrusion. From these analyses, it was concluded that deep convective events may
facilitate the mixing between stratospheric air and polluted boundary layer air in the UT.
Throughout the entire DC3 study region, this mixing was found to be prevalent: 72% of all
samples that involve stratosphere-troposphere mixing show influence of polluted air. Applying a
simple chemical kinetics analysis to these data, it is shown that the instantaneous production of
OH in these mixed stratospheric-polluted air masses was 11 + 8 (+ 1o) times higher than that of
stratospheric air, and 4.2 + 1.8 times higher than that of background upper tropospheric air,
which could result in a quick, high magnitude pulse of O3 production and reduced lifetimes of

OH-controlled species in the UT.
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These derived subsets of data were used to investigate the effects of deep convection on
mixing ratios of organic chlorine and organic bromine in the UT and LS over the DC3 study
region. In the LS, it was found that mixing ratios of organic chlorine in overshooting tops were
higher than mixing ratios of organic chlorine in the background LS by an average of 217 + 179
pptv (6.3 £ 5.2% enhancement), while the total organic bromine mixing ratio in overshooting
tops was higher than that of the background LS by an average of 2.8 £ 3.2 pptv (17.4 £ 19.9%
enhancement). In both cases, short-lived halocarbons made up a large portion of this
enhancement. In the UT, convection was found to play a much more complicated role on the
organic halogen content of the region. Model back trajectories and analysis of the chemical
composition of the background UT revealed that long-range transport of outflow from East Asia
and from the central Pacific affected the background UT of the DC3 study region to varying
degrees on different days. When the background UT was affected by East Asian outflow, mixing
ratios of organic chlorine in convective outflow were lower than those of the local background
UT by up to 150 + 115 pptv (3.7 = 2.9% enhancement). On the other hand, when the background
UT was affected by clean outflow from the central Pacific, mixing ratios of organic chlorine in
convective outflow were higher than the local background UT by up to 115 + 98 pptv (3.2 =
2.6% enhancement). Mixing ratios of organic bromine in the background UT were unaffected by
these long-range transport processes. However, mixing ratios of organic bromine in convective
outflow were highly variable and were affected by the transport of brominated very short-lived
halocarbons (VSLH) from the Gulf of Mexico to the surface of the DC3 study region. When
organic bromine enhancements in convective outflow were calculated on a flight-by-flight basis,
organic bromine mixing ratios in convective outflow were higher than those in the background

UT by an average of 1.7 + 1.6 pptv (8.5 + 8.1%). Based on these results, it is speculated that
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deep convection may play an indirect role in climate change by introducing pulses of short-lived
halocarbons into the UT/LS, which in turn result in relatively quick (on the order of a few

months) pulses of O3 loss in the region.
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1. Introduction
1.1 The Upper Troposphere/Lower Stratosphere Region

The upper troposphere and lower stratosphere (UT/LS) region is an important part of
Earth’s atmosphere, particularly with respect to climate change. The radiative forcing (RF) of a
given greenhouse gas (GHG) varies with altitude, with the highest gradient located in the UT/LS
region for many GHGs (Forster and Thompson, 2010). However, understanding the processes
that affect and alter the composition and chemistry of the UT/LS region is complicated, as this
region is quite sensitive to changes. This highly dynamic region of the atmosphere is affected by
deep convection, breaking gravity waves, and large-scale circulation processes in both the
troposphere and stratosphere (Konopka and Pan, 2012; Montzka et al., 2010; Pan, 2004). Of
these processes, deep convection is thought to be one of the most important, but one of the least
understood. Thus, understanding and quantifying the effect of the UT/LS region on climate
change hinges on an accurate quantification of the role that deep convection plays in controlling

the composition and chemistry of the UT/LS.

For some time, it has been known that the RF of different GHGs varies with altitude
(Clough and lacono, 1995; Clough et al., 1992). This is primarily due to the temperature profiles
of the troposphere and stratosphere, and the availability of outgoing long-wave radiation at a
given altitude. In high-opacity regions of Earth’s outgoing longwave radiation spectrum, where
strong GHGs like carbon dioxide (CO,) and water vapor (H,O) absorb and attenuate a large
fraction of outgoing radiation, there is little transmission of radiation from Earth’s surface to
higher altitudes in the atmosphere (Hartmann et al., 2013). Therefore, at high altitudes, most of
the upwelling radiation that is received was emitted by molecules that were located well above

Earth’s surface. This is especially important in the stratosphere, where the air temperature
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increases with altitude. In the stratosphere, outgoing longwave radiation originating from the
much-colder tropopause region is absorbed while higher energy radiation is emitted (due to the
higher temperatures of molecules in the stratosphere), resulting in a net cooling effect for
strongly-absorbing GHG species located in the stratosphere (Forster and Thompson, 2010). The
magnitude of this stratospheric cooling effect varies between GHGs and is a function of altitude
(and therefore, temperature) in the stratosphere. On the other hand, weakly absorbing GHG
species (i.e. those that absorb in the “atmospheric window” region of the outgoing longwave
spectrum) such as ozone (O3) experience little attenuation of outgoing longwave radiation, and
therefore are still exposed to radiation originating from the surface even at higher altitudes. Thus,
weakly absorbing gases have a warming effect that is maximized near the tropopause, where the
temperature contrast with Earth’s surface is greatest. Because of these non-linear relationships
between RF and altitude, understanding the vertical distributions of GHGs and the processes that
control those distributions - especially in the UT/LS - is crucial to better understand climate

change.

There are three primary processes that regulate the distribution of gases in the UT/LS:
deep convection, gravity waves, and large-scale circulation processes. Deep convective
thunderstorms can have a widespread impact on the composition of the UT/LS by rapidly lofting
of air from the planetary boundary layer (PBL) to higher altitudes. The vertical redistribution of
airmasses by convective storms was theoretically recognized by Chatfield and Crutzen (1984),
and field observations of the redistribution of reactive chemical species by convective storms,
including nitric oxide (NO), carbon monoxide (CO), Os, and volatile organic compounds
(VOCs) soon followed (Dickerson, 1987; Pickering, 1996; Ridley et al., 1997). Gravity waves

can create large periodic fluctuations in the vertical distributions of gases in the atmosphere.



When generated in the troposphere, gravity waves are created by frontal systems or by airflow
over mountains and can have periods on the order of hours to days (Langford et al., 1996b).
Breaking gravity waves can create cross-tropopause fluxes, which are especially important for
species like Oz where only 10% of the total atmospheric column is contained within the
troposphere (Lamarque et al., 1996). Airmasses can be transported to and through the UT/LS by
slow, large-scale processes such as the Brewer-Dobson circulation pattern (Brewer, 1949;
Dobson, 1956). In this circulation pattern, large-scale, slow, vertical ascent across the tropopause
takes place in the tropics, while large-scale, slow, vertical descent across the tropopause takes
place at midlatitudes. Of these three main processes, large-scale circulation and stationary
gravity waves (i.e. those formed by mountains) are well-understood while fast, dynamic
processes like deep convection and its associated stratosphere-troposphere exchange (due to
breaking gravity waves) are not well-understood, owing to the sporadic nature of these events
(Homeyer et al., 2014b; Konopka and Pan, 2012; Montzka et al., 2010; Pan, 2004; Pan et al.,
2010). Thus, understanding the role of deep convection on UT/LS composition and chemistry is

crucial to understanding the vertical distribution of GHGs and other important trace species.

With this and other problems in mind, the Deep Convective Clouds and Chemistry (DC3)
field campaign was designed. DC3 was a collaborative, multi-agency, multi-platform campaign
whose primary objective was to study the chemical transport processes associated with deep
convection over the central US. A detailed overview of the scientific objectives of DC3 is
presented in section 1.4, and a description of the technical aspects of DC3 is presented in chapter
2. For further information about the entire DC3 project, readers are encouraged to read Barth et

al. (2014).



1.1 Trace gases in the Troposphere and Stratosphere

The majority of Earth’s atmosphere is composed of nitrogen (~78% by volume) and
oxygen (~21% by volume), with argon, carbon dioxide, and water vapor comprising ~1%.
However, it is the trace species, which account for less than 0.002% of gases by volume, that
play the largest role in governing the chemical processes that control the atmosphere. In the
troposphere, the composition of these trace species can have great variation even on small
horizontal scales based on proximity to emission sources and variations in chemical kinetics. The
vertical distribution of highly-reactive trace species (i.e. short-lived species) tends to be heavily
weighted towards the surface, with the highest mixing ratios being contained within the PBL. On
local and regional scales, these vertical distributions can be perturbed by dynamic processes such
as convection. Chemical species with low reactivity (and therefore long atmospheric lifetimes)
tend to be more evenly distributed in the tropospheric column and thus may be relatively
unaffected by convection. The stratosphere tends to be well-mixed and relatively homogeneous
on a horizontal scale because the time required for an airmass at the surface to be vertically
transported to the stratosphere can be in excess of one year (Ko and Poulet, 2002). By this time,
highly-reactive chemical species will have been removed while only long-lived chemical species
remain. In the absence of fast, dynamic vertical transport processes (i.e. deep convection) there is
very little short-term variation in stratospheric composition. In the presence of deep convection,
however, there can be substantial short-term variation in stratospheric composition, with the

largest variations occurring in the lowermost stratosphere.
1.2.1 Methane

Methane (CHy,) is the second most abundant carbon-containing gas in Earth’s

atmosphere, after CO,. CHy is also an important greenhouse gas and has a global warming

4



potential (GWP) that is significantly higher than CO,— higher by a factor of 86 over a period of
20 years, and higher by a factor of 34 over 100 years (Hartmann et al., 2013). Like CO,, CHyis
relatively unreactive and has a long atmospheric lifetime of about 10 years. Mixing ratios of
methane steadily increased throughout the 20™ century, and current Northern Hemisphere mixing
ratios are about 1.83 ppmv - although the rate of increase has significantly declined in recent
years (Simpson et al., 2006, 2012). CH,4 has both anthropogenic and natural sources:
approximately 60% of global emissions are due to human activities such as natural gas extraction
and processing, waste treatment and storage, and dairy farms, while the remaining global

emissions originate from biogenic sources such as wetlands and oceans (Simpson et al., 2012).

The primary sink for CH,4 in the atmosphere is by reaction with the hydroxyl radical (OH)

(Atkinson et al., 2006):

CH, + OH -5 CH, + H,0 (L.1)

CH; + 0,+ M 2, CH;0, + M 1.2)
OH is primarily produced by the reaction of water vapor with electronically-excited atomic
oxygen [O(*D)], which is produced by the photolysis of O (Finlayson-Pitts and Pitts, 2000;

Levy, 1971). The photochemical reactions that produce OH from O3 are shown below:

0s + hv 5 0,4+ O('D) /v <400nm (1.3)
0('D) + M ~, OCP) +M (1.4)
0CP)+ 0, + M &, 05 (1.5)
0('D) + H,0 %, 20H (1.6)

Upon absorption of ultraviolet light, O3 molecules dissociate into molecular oxygen and
electronically-excited atomic oxygen [O(*D)] (1.3). Electronically-excited oxygen atoms can

then relax to their ground state [O(3P)] upon collision with spectator molecules (M) (1.4).



Ground-state atomic oxygen can then react with molecular oxygen to re-form O3 (1.5) in a null
cycle. In the presence of water vapor, however, excited-state atomic oxygen can also react to

produce two OH radicals (1.6).

In polluted regions of the troposphere, the peroxy radical formed by reaction (1.2) will
react with nitric oxide (NO) and lead to the formation of O(*P), which ultimately leads to the

formation of Os:

CH;0, + NO &, CH;0 + NO, 1.7
CH50 + 0, = HCHO + HO, (1.8)
HCHO + 0, + hv L, 2HO, + CO (1.9)
HO, + NO S, on+ NO, (1.10)

NO, + hv S5 NO + 0(p)  hv<320nm (1.11)

For every molecule of CH, that reacts via reaction (1.1), up to four molecules of O3 can
potentially be formed (one from the NO, molecule produced in (1.7), and up to three from the
HO; radicals formed in reactions (1.8) and (1.9) that may subsequently go on to form NO; by
reaction (1.10)), and three molecules of OH can potentially be formed, for a net gain of two OH
molecules. Thus, the photochemical reaction of methane with OH has the potential to both
produce Oz and enhance the oxidizing capacity of an airmass if adequate amounts of nitrogen
oxides (NOy = NO + NO,) are present. In clean regions, the peroxy radical formed by reaction
(12.2) will undergo a different set of reactions, where it can react with HO, to form a
hydroperoxide (1.12), or react with another peroxy radical to form two alkoxy radicals (1.13) or

formaldehyde (HCHO) and methanol (CH3OH) (1.14):

k
CH;0, + HO, — CH500H + 0, (1.12)

k
CH;0, + CH;0, —> 2CH0 + 0, (1.13)



CH50, + CH;0, e CH,0H + HCHO + 0, (1.14)
There is also a temperature (and pressure) dependence that must be accounted for in these

reactions. If the rate of a reaction is proportional to the product of the concentrations of the
reactants (and first order for each reactant), then we expect a decrease in the rate constant just
from decreasing temperature and pressure alone — for example 1.83 ppmv of CH, gives a
concentration of ~4.5x10* molecules/cm® at 298 K and 1 atm, but gives a concentration of
2.44x10" molecules/cm?® at 273 K and 0.5 atm. Aside from that, the rate constant (k) for many
reactions can also depend on temperature and pressure. For example, k; (reaction 1.1) decreases
with decreasing temperature but is unaffected by pressure changes, while k, (reaction 1.2)
increases with decreasing temperature and decreases with decreasing pressure (Atkinson et al.,
2006). The result is a non-linear relationship between altitude (and thus temperature and
pressure) and rate of reaction. An example is shown below in Figure 1.1, where the term k;[OH]
is calculated (left panel), and the reciprocal of this value (known as the atmospheric lifetime, 1) is
calculated over a range of temperatures and OH concentrations. In this case, the overall rate of

reaction would be equal to ki[OH][CH,].
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Figure 1.1. Contour plot of the product of k;[OH] (from reaction 1.1) over a range of temperatures and OH
concentrations (left panel, units of s™). The reciprocal of this value (better known as the atmospheric lifetime of
CHy,, and given in units of years) is shown in the right panel.



This OH-initiated destruction of CH,4 (1.1) occurs only in regions where both water vapor
and Oj are present. In the stratosphere, where high levels of O3 (and thus, high levels of O(*D))
exist, a secondary mechanism of CH, destruction becomes important, and helps initiate

photochemistry in the stratosphere (Atkinson et al., 2006; Davidson et al., 1977):

k

CH, + 0(!D) — CH; + OH (1.15)
k
—°5 CH;0 + H (1.16)
k
—> HCHO + H, (1.17)

In the absence of convection, the UT/LS region has negligible amounts of water vapor, and thus
OH-initiated photochemical reactions do not occur at nearly the same rate as in the lower
troposphere. The UT/LS also does not have as much Os as the stratospheric overworld above it,
meaning that reaction (1.15) occurs at a much lower rate in the UT/LS relative to higher in the
stratosphere. These facts, coupled with the fact that the lowest temperatures between Earth’s
surface and the top of the stratosphere are located in the UT/LS, mean that the lifetime of CH, in

the UT/LS is very long relative to the lower troposphere and stratospheric overworld.

Because CH4 has a long lifetime, it is well-mixed vertically throughout the troposphere
and does not begin to decrease substantially until well above the tropopause. Because of this, it is
unlikely that deep convection directly causes significant changes in CH4 mixing ratios in the
UT/LS. However, the water vapor and other trace constituents (such as O3 and NOy) that are
lofted by deep convection will have an effect on the oxidizing capacity of the UT/LS. Thus,
while deep convection may not directly affect CH,4 in the UT/LS, it will indirectly affect it by

altering the photochemistry of the region.



1.2.2 Carbon Monoxide

Carbon monoxide (CO) is the third most abundant carbon-containing gas in Earth’s
atmosphere, after CO, and CH,4. CO is produced by the incomplete combustion of hydrocarbons,
and has primary emission sources of biomass burning and transportation-related combustion. CO
is also produced from the oxidation of atmospheric hydrocarbons (globally, about 55% of CO is
produced this way). On a global scale, CH, oxidation is the largest source of photochemically-
produced CO, but highly-reactive hydrocarbons (discussed in section 1.5) can be the dominant
source near strong hydrocarbon sources such as cities, oil fields, and dense forests (Ahmadov et
al., 2015; Baker et al., 2008; Blake et al., 1996; Colman et al., 2001; Horowitz, 2003; Simpson et
al., 2010).

Unlike CO; and CHy, CO is not a GHG. However, upon oxidation by OH, CO; is
produced and the potential to form O3 exists through production of HO,. Thus, CO can have an
indirect effect on climate change by producing CO, and O3 and altering the oxidizing capacity of

the atmosphere.

k
CO+ OH = CO, + H (1.18)
k
H+ 0, — HO, (1.19)

Like the reactions listed above for CHy, these reactions also have temperature and
pressure dependencies. However, since kyg is significantly higher than k; (2 x 10™** cm®
molecules™ s™ for kyg vs 6.4 x 10™° cm® molecules™ s for k; - both at 298 K and 1 atm), CO has
a relatively short lifetime (t = 1-2 months). Because of this relatively short lifetime, CO has a
strong seasonal and hemispheric gradient (Gonzélez Abad et al., 2011; Huang et al., 2012). For
example, at Barrow, Alaska (71.3N, 156.6W), CO mixing ratios can be as high as 170 ppbv in

winter (when heating-related combustion is at its peak and photochemical loss is at its minimum)



while dropping down to 100 ppbv in summer. Contrast this to Cape Grim, Australia (40.7S,
144.7E) where CO mixing ratios peak in winter around 70 ppbv, and are at a minimum in
summer around 45 ppbv (Horowitz, 2003).

While its lifetime is not quite short enough to be used as a tracer for short-range
transport, CO can still be used as an effective tracer of long-range horizontal and vertical
transport. CO has been used as a tracer for polluted airmasses, and provides some information
about transport processes and dilution processes. For example, Smyth et al. (1996) used CO to
differentiate between different airmasses in the western Pacific, while Hudman et al. (2004) and
Nowak et al. (2004) used CO to identify polluted outflow from Asia that had reached the eastern
Pacific. These authors were also able to use CO as a tracer of photochemical O3 production (as in
reaction 1.9) to determine how much O3 in California was attributable to Asian pollution. In the
absence of convection, the time required for an airmass at Earth’s surface to reach the UT is
about 1 month (Apel et al., 2012). For CO, this means there will be a noticeable shape in its
vertical profile — CO mixing ratios will be highest near the surface and decrease steadily until
reaching the tropopause. At the tropopause there will be a sharp decrease in CO, followed by a
continuous decrease with increasing altitude until negligible CO remains in the stratospheric
overworld. Because of this, CO can be used as a somewhat-effective tracer for convectively-
lofted airmasses, and can be used to differentiate between tropospheric ozone (produced via
photochemical reactions) and stratospheric ozone present in the UT/LS (Konopka and Pan, 2012;

Pan, 2004).
1.2.3 Nonmethane Hydrocarbons

Nonmethane hydrocarbons (NMHCSs) have both biogenic and anthropogenic sources, and

are key components of atmospheric chemical cycles. Anthropogenic NMHCs are primarily
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emitted by processes such as transportation, industrial use, and domestic use, while biogenic
NMHCs are primarily emitted by forests and biomass burning (wildfires). As a class of
compounds, NMHCs are very diverse and encompass a range of chemicals with atmospheric
lifetimes ranging from less than one hour to multiple months. This means that even though all
NMHCs might undergo similar chemical reactions, it is necessary to identify and quantify
individual components across many spatial scales if the chemical effects of NMHCs as a class

are to be fully understood.

As a class of compounds, all NMHCs can undergo reaction with OH in a manner
analogous to that of CH,4, shown in reaction 1.1. This reaction between a hydrocarbon and OH is
then followed by a series of reactions analogous to those shown in reactions 1.2 — 1.11 that
ultimately produce Oz and alter the oxidizing capacity of an airmass. The ability of an individual
NMHC to produce Og is governed by the number of reactive C-H bonds present and its rate of
reaction with OH in the presence of NOy. The term minimum incremental reactivity (MIR,
defined as the number of moles of O3 produced per mole increase of a given NMHC) is often
used to describe the potential amount of O3 that can be produced by a given NMHC. Longer-
chained NMHCs tend to have higher MIRs than shorter-chained NMHCs - for example ethane
has an MIR of 0.16 while propane has an MIR of 0.44 and n-butane has an MIR of 1.23.
Individual NMHCs also react with OH at different rates, and thus have different atmospheric
lifetimes. Generally, shorter-chained NMHCs like ethane tend to have longer lifetimes, while
longer-chained NMHCs and NMHCs with highly reactive double or triple bonds (like isoprene
or ethyne) tend to have shorter lifetimes. Thus, the amount of O3 that can be produced by NMHC
photochemistry in a given airmass over a given length of time is dependent on the composition

of NMHCs and the availability of OH and NOy. The atmospheric lifetimes of select NMHCs are
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shown in Table 1.1 and were calculated using a temperature of 298 K with a 12-hour average OH

concentration of 2 x 10° molecules/cm?.

Table 1.1. Chemical formulas and lifetimes for selected NMHCs.

Compound Formula Lifetime®
Alkanes Ethane C,He 45 days
Propane CsHs 10 days
i-Butane C.Hqo 6 days
n-Butane C.Hqo 5 days
i-Pentane CsHy, 3 days
n-Pentane CsHy, 3 days
n-Hexane CsH1a 2 days
n-Heptane C/Hi6 1.5 days
2,3-Dimethylbutane CeHiq 2 days
2-Methylpentane CeHus 2 days
Alkenes and Ethene C,H, 1.5 days
Alyknes Propene CsHs 11 hours
Ethyne C,H, 15 days
Aromatics Benzene CeHe 10 days
Toluene C,Hg 2 days
Ethylbenzene CsHq1o 2 days
m + p—Xylene CsHyo 15 hours
0-Xylene CgHig 20 hours
3-Ethyltoluene CsH1o < 1day
4-Ethyltoluene CsH1o < 1day
2-Ethyltoluene CsHyo <1 day
1,3,5-Trimethylbenzene CoH1z 5 hours
1,2,4-Trimethylbenzene CoH1 9 hours
1,2,3-Trimethylbenzene CoH1 9 hours
Biogenics Isoprene CsHg 3 hours
a-Pinene C10H16 5 hours
B-Pinene CioH1s 4 hours

& The lifetimes of NMHCs are controlled by OH concentrations as well as ambient temperature and pressure. In
summer, NMHC lifetimes may be shorter than in winter, due to higher OH abundances and higher temperatures.
The atmospheric lifetimes of these NMHCs were calculated using kinetics data from Atkinson et al. (2006) and
assuming a 12-hour daytime average OH concentration of 2 x 10° molecules/cm?® at a temperature of 298 K.

Short-lived anthropogenic NMHCs are only prevalent in urban areas and downwind
regions, while long-lived anthropogenic NMHCs have their highest concentrations near urban
areas, but are prevalent even in remote regions of the atmosphere. Thus, short-lived
anthropogenic NMHCs will have a highly-variable horizontal distribution, and a vertical

distribution that is heavily weighted towards the PBL with negligible presence in the UT and
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stratosphere. On the other hand, long-lived anthropogenic NMHCs will have relatively low
horizontal variability and tend to be fairly well-mixed throughout the troposphere, with a vertical
profile that features the highest amounts in the PBL, moderate amounts in the free troposphere
and UT, and low amounts in the stratosphere. On a global scale, biogenic NMHCs such as
isoprene and other monoterpenes comprise a large fraction of all reactive carbon compounds
(Crutzen et al., 1999; Millet et al., 2008). Because biogenic NMHCs are primarily emitted by
trees and biomass burning, their horizontal distribution on local scales tends to be more variable.
For example, the air in a heavily-forested region may have quite high amounts of isoprene and
monoterpenes (as high as several ppbv), while the air over desert and grassland regions (such as
those in the central and southwest US) may have negligible amounts of these compounds. Due to
the very short lifetimes of biogenic VOCs, their vertical distributions tend to be heavily weighted
towards the PBL with negligible presence in the free troposphere and LS. While short-lived
NMHCs may have a negligible presence in the UT/LS under normal atmospheric conditions, the
rapid vertical mixing facilitated by deep convection may act to inject these highly-reactive
species into the UT/LS, where they may play an important role on the atmospheric chemistry of

the region via the photochemical production of O3 (Apel et al., 2012; Bechara et al., 2010).

Over the central US, oil and natural gas production emits substantial amounts of NMHCs
(Ahmadov et al., 2015; Baker et al., 2008; Gilman et al., 2013; Katzenstein et al., 2003; Pétron
and Karion, 2014; Pétron et al., 2012). The Denver-Julesberg basin (which includes northeastern
Colorado, southeastern Wyoming, western Kansas, and Western Nebraska) has been one of the
most rapidly-developing oil and natural gas (O&NG) producing areas in the world. For example,
more than 10,000 new wells have opened in Weld county alone (northeast Colorado) since 2005

and top-down estimates of the sum of propane, n-butane, i-pentane, n-pentane, and benzene from
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wells in Weld county exceed 25 tons/hour (Pétron and Karion, 2014). Oklahoma has historically
been a major extractor of crude oil in the US and currently produces about 180,000 barrels per
day (3% of the national total). In recent years, Oklahoma has heavily invested in natural gas
extraction, and currently has more than 62,000 natural gas wells which produce 4.3 billion cubic
feet of natural gas per day (8% of the national total) (Boyd, 2009). Kansas has followed a similar
path to Oklahoma, and currently produces more than 800 million cubic feet of natural gas per
day while still producing 128,000 barrels of crude oil per day [Kansas Geological Survey, 2015].
As a result, the entire central US region has relatively enhanced levels of O&NG related
NMHCs, where even rural areas may have certain NMHCs that are present in levels that are
similar to those in polluted urban areas. For example, Katzenstein et al. (2003) saw n-butane
(emitted from O&NG operations) levels in excess of 400 pptv throughout the majority of the

central US and extending into the southeastern US.

1.2.4 Halocarbons

Halocarbons are ubiquitous throughout the atmosphere, and have a wide range of sources,
lifetimes, and effects on atmospheric chemistry. Halocarbons are often categorized under
different classes that are determined by chemical structure and properties. Chlorofluorocarbons
(CFCs) are halocarbons that only contain carbon, chlorine, and fluorine.
Hydrochlorofluorocarbons (HCFCs) have hydrogen atoms in addition to carbon, chlorine, and
fluorine. Halocarbons containing bromine, chlorine, and fluorine are classified as Halons.
Throughout the rest of this work, two additional classes of halocarbons will be used: long-lived
halocarbons (LLHC) and very short-lived halocarbons (VSLH). LLHC are defined here as

halocarbons that are not classified as CFCs, HCFCs, or halons and have atmospheric lifetimes
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greater than six months. VSLH are defined here as halocarbons that are not classified as CFCs,

HCFCs, or halons and have atmospheric lifetimes less than six months.

Halocarbons play a diverse role in the chemistry of the atmosphere. One reaction that is
common to all halocarbons is the release of halogen atoms upon absorption of high-energy UV
light. For example, the photolysis of CCl3F (known by its refrigerant trade name, CFC-11, and
discussed in greater detail below) by short-wave UV light (A <230 nm, which is not normally

found in the troposphere) is shown below (Molina and Rowland, 1974):

k
CCLF + hv = CCLF+ Cl (1.20)

This production of atomic chlorine is important as it acts to catalytically destroy Os:

k
Cl+ 0; — ClO+0, (1.21)
k
ClI0 +0 = Cl+ 0, (1.22)

This catalytic cycle is terminated by conversion of Cl or CIO to non-radical chlorine reservoirs

via reaction with hydrocarbons (RH in reaction 1.23) or NO:

k
Cl+ RH =25 HCI+R (1.23)

k
Cl0 + NO, + M = CINO; + M (1.24)

Similar reactions occur for atomic bromine and iodine, as well. However, bromine has, on
average, an O3 destruction efficiency that is 60 times higher than that of chlorine, and iodine is
more efficient still (Montzka et al., 2010). The catalytic destruction of O3 by halogen atoms is
especially important in the stratosphere, where high amounts of UV light, O3, and atomic oxygen
are present, while negligible amounts of hydrocarbons and NOy are present. In the troposphere,
atomic halogens can still destroy O3, but are more likely to be removed by reactions 1.23 and

1.24 before appreciable O3 loss can occur. It should be noted, however, that tropospheric ozone
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depletion events do occur on occasion, and are linked to infrequent events where high levels of
BrO are produced from heterogeneous reactions on ice and snow in the arctic (Koo et al., 2012).

The ozone depleting potential (ODP) of a given halocarbon is defined as the cumulative
ozone depletion for the same mass pulse emission (same location and time of year) of a given
substance versus that of CFC-11 (CCIsF) (Prather, 1997, 2002; Solomon et al., 1992). For
halocarbons that have very long lifetimes (and thus relatively uniform mixing ratios throughout
the troposphere), ODP values are independent of location and time of emission. However, for
VSLH, ODPs vary greatly with location, time of the year, and the presence or lack of rapid
vertical transport processes such as convection. For VSLH destroyed in the lower troposphere,
the atomic halogen(s) produced will have little effect on O3 depletion, while VSLH that are
destroyed in the stratosphere will affect O3 destruction. The time and spatial evolution of ozone
depletion is also very different for long-lived versus short-lived substances: the cumulative O
loss by a pulse of a long-lived halocarbon like CFC-11 may be spread out over several dozen
years and focused in the middle and upper stratosphere, while the cumulative O3 loss by a pulse
of a VSLH may last only a year or less, with most of the O3 loss occurring near the tropopause.
In effect, long-lived halocarbons tend to destroy O3 in regions of the atmosphere that are
important for surface UV radiation (i.e. the middle and upper stratosphere), while short-lived
halocarbons tend to destroy O3 in regions of the atmosphere that are very climate-sensitive, such
as the UT/LS. Thus, an in-depth understanding of the emissions and vertical transport of VSLH
is required to fully understand O3 loss processes in our atmosphere and their associated effects
on climate.

Aside from destruction of O3, halogen atoms also can impact the oxidizing capacity of

the atmosphere. Atomic halogens are extremely reactive towards VOCs and often have rate
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constants that are greater than an order of magnitude larger than those of OH (Atkinson et al.,
2006). Atomic halogens (particularly chlorine) are thought to be primarily produced by
heterogeneous reactions involving sea salt, and therefore were believed to be of little concern
outside of the marine boundary layer. Recent measurements of atomic chlorine precursors in
urban mid-continental environments have begun to expand our understanding the potential
impact of chlorine to the entire troposphere (Mielke et al., 2011; Thornton et al., 2010). In very
remote regions of the atmosphere, such as the UT/LS, an additional mechanism — the production
of chlorine from halocarbons - may be an important source of atomic chlorine. In convective
conditions, where OH may be produced in the UT/LS and NOy is produced by lightning,
halocarbons may react with OH and undergo chemical reactions that produce atomic chlorine.

An example is shown below, where dichloromethane (CH,Cl,) is oxidized (Libuda et al., 1990):

CH,Cl, + OH <5 CHCl, + H,0 (1.23)
CHCL, + 0, 2%, CHCL,0, (1.24)

CHCL,0, + NO s CHCL,0 + NO, (1.25)
CHCL,0 N cocl, + H (~5%) (1.26)

CHCL,0 27, cHoCl+cl (~95%) (1.27)

The ability of atomic halogens to act as potential sources of O3 (via halogen-VOC-NOy
chemistry similar to the OH-VOC-NOy chemistry highlighted in sections 1.2.1 and 1.2.3) or
sinks of O3 depends on their surrounding environment. In the lower troposphere, most atomic
halogens will react with the abundant VOCs and thus not participate in catalytic O3z destruction
cycles. In the stratospheric overworld, where Oz and atomic oxygen are very abundant but
reactive VOCs are not, halogens tend to act primarily as destroyers of Os. In the UT/LS, the role
of atomic halogens can fall into either category depending on how troposphere-like or

stratosphere-like the surrounding airmass is. Because of this dual role that halogen atoms may

17



play in the UT/LS, it is very important to understand the vertical distributions of halocarbons —
particularly VSLH — and the processes that affect them.
1.2.4.1 CFCs

CFCs are man-made compounds that have no natural source, and are incredibly stable in
the troposphere where they are unaffected by oxidants like OH. This stability led to their
widespread use as solvents, refrigerants, and propellants. In the 1970’s, Rowland and Molina
showed that CFCs photolytically decompose in the stratosphere to form atomic chlorine, which
later goes on to catalytically destroy ozone (i.e. reactions 1.20 — 1.22) (Molina and Rowland,
1974, Stolarski and Cicerone, 1974). This work and the later discovery of the Antarctic ozone
hole in 1985 led to an international ban of CFCs under the 1987 Montreal Protocol. Under the
Montreal Protocol, CFCs were listed under Group | of Annex A and were slowly phased out
until 1996, whereupon their use in developed countries was restricted. Because there is no
appreciable source of CFCs throughout the world, CFC mixing ratios are essentially constant
throughout the troposphere, and do not begin to decline appreciably until well above the
tropopause. Over the past decade, CFC mixing ratios have begun to slowly and steadily decrease

by 0.5-1% per year (Montzka et al., 2010). Select CFCs are presented in
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Table 1.2.

Table 1.2. classification, chemical formula, and lifetimes of selected halocarbons

Compound formula Lifetime ODP° Montreal Protocol
Requlation
CFC-11 CCl3F 45 yr* 1 Annex A, Group 1¢
CFCs CFC-12 CCl,F, 100 yr? 0.82 Annex A, Group 1°
CFC-113 CCI,FCCIF, 85 yr* 0.85 Annex A, Group 1°
CFC-114 CCIF,CCIF, 190 yr® 0.58 Annex A, Group 1°
H-1211 CBrCIF, 16 yr? 7.9 Annex A, Group 2°
Halons H-1301 CBIF; 65 yr? 15.9 Annex A, Group 2°
H-2402 CBIF,CBIF, 20 yr? 13.0 Annex A, Group 2°
HCFC-22 CHF,CI 12y 0.04 Annex C
HCFCs HCFC-141b CH,CCIF, 9yr® 0.12 Annex C'
HCFC-142b CH;CCIF, 18 yr? 0.06 Annex C'
Methyl chloroform CH,CCl3 5yr? 0.16 Annex B
LLHCs Carbon tetrachloride CCl, 26 yr* 0.82 Annex B*
Methyl chloride CH,CI 1yr 0.02 Unregulated
Methyl bromide CHBr 0.8 yr? 0.66 Annex E?
Dibromomethane CH,Br, 3-4 moP Unregulated
Dichloromethane CH,CI, 3-5 mo® Unregulated
Chloroform CHCI, 3-5ma” 0.01 Unregulated
Trichloroethene C,HCl; 5 d° Unregulated
VSLH Tetrachloroethene C,Cl, 2-3 moP 0.007 Unregulated
1,2-Dichloroethane CH,CICH,CI 1-2 mo® Unregulated
Bromodichloromethane CHBIrCl, 2-3ma” Unregulated
Dibromochloromethane CHBr,CI 2-3ma” Unregulated
Bromoform CHBr3 11d° Unregulated
Ethyl Chloride CH;CH,CI 1mo® Unregulated
Methyl lodide CHjl 4d° Unregulated

& photolysis lifetimes are taken from Montzka and Riemann (2010)
> Calculated at 298 K using a 12-hour OH concentration of 1 x 10° molecules/cm?® (Atkinson et al., 2008)
¢ taken from WMO/ UNEP( 2010). The ODPs of many VSLH are not reported.
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4 Complete phase-out by 1996

¢ Complete phase-out in developed countries by 1994, developing countries by 2010

"90% phase-out by 2015 in developed countries. Complete phase out by 2020 in developed countries, 2030 in
developing countries.

9 complete phase-out by 2005

1.2.4.2 HCFCs

HCFCs were introduced as alternatives to CFCs due to their shorter atmospheric
lifetimes, which results in them delivering less chlorine to the stratosphere and thus having a
smaller impact on stratospheric Oz depletion. Because HCFCs contain at least one C-H bond,
they are susceptible to reaction with OH in the troposphere, where the chlorine they release will
not destroy appreciable amounts of O3. Under the Montreal Protocol Annex C, HCFCs are
mandated to be completely phased out by 2020 in developed countries, and 2030 in developing
countries. Current legislation dictates that developed countries must have achieved a 90%
reduction from peak levels by 2015. Because of this, HCFCs currently have a negligible source
in the US, and only have a small global source that is distributed among developing countries.
Global annual mean atmospheric mixing ratios of HCFCs spiked in the 1990’s, began to plateau
in the early 2000’s, and have recently begun increasing again by 2-4% per year (Montzka et al.,
2010). Because of the relatively long atmospheric lifetimes of HCFCs and only limited use
taking place in developing countries, HCFCs are well-mixed throughout the troposphere, and
mixing ratios over the US are essentially stable over short time scales. Like CFCs, the vertical
profiles of HCFCs do not feature an appreciable decrease until well above the tropopause. Select
HCFCs are presented in Table 1.2, above.
1.2.4.3 Halons

Halons are primarily used as fire suppressing agents, although their use has also been

banned under the Montreal protocol where a complete ban (except for essential use applications)
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was mandated in developed countries in 1994, and in developing countries in 2010. As a result,
global annual means of halons have steadily decreased since the mid-1990’s, and are currently
decreasing by 0.5-1% per year, with the exception being Halon-1301, which has remained at a
stable atmospheric concentration for the past several years (Montzka et al., 2010). Because
Halons have relatively long lifetimes, no appreciable source in the troposphere, and a sole sink in
the stratosphere, their mixing ratios are relatively constant on both horizontal and vertical scales
in the troposphere. Like CFCs and HCFCs, the vertical profiles of halons do not show
appreciable decreases until well above the tropopause. Select Halons are presented in Table 1.2,
above.
1244 LLHC

LLHC have both anthropogenic and biogenic sources, and in some cases are regulated by
the Montreal Protocol. Two LLHC: Carbon tetrachloride (CCl4) and methyl chloroform
(CH3CCl5) are entirely man-made and have been used as solvents, cleaning agents, and chemical
feedstocks for the synthesis of other chemicals such as hydrofluorocarbons and HCFCs. Both
were banned under Annex B of the montreal protocol and have global annual means that are
currently decreasing (-1% per year for CCly, and -17% for CH3CCl3) (Mcculloch, 1999; Montzka
et al., 2010). Methyl bromide (CH3Br) has anthropogenic uses as a fumigant and pesticide, and
biogenic sources from oceans and biomass burning. Because of its high ODP, the production and
use of CH3Br has been eliminated under the Montreal Protocol Annex E. The global annual
mean of CH3Br is currently decreasing by about 3% per year (Montzka et al., 2010). Methyl
Chloride (CH3CI) is the most abundant chlorine-containing organic compound in the atmosphere,
and is believed to contribute ~16% of the total chlorine from LLHC despite only having one

chlorine atom. Although it is not a controlled substance, CH3;Cl has many sources in common
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with CH3Br and its global annual mean is increasing by 0.5-1% per year (Montzka et al., 2010).
Select LLHC are presented in Table 1.2, above.
1.2.45VSLH

Of all of the classes of halocarbons, VSLH are perhaps the most dynamic and least
understood. VSLH have anthropogenic sources that include solvent use, fumigation, cleaner use,
and fossil fuel use, and biogenic sources that include oceans and biomass burning. In general,
chlorinated VSLH tend to be mostly anthropogenically-produced, while brominated and
iodinated VSLH tend to be biogenically produced. Notable exceptions to this rule are chloroform
(CHCl3, 75% biogenic and 25% anthropogenic, globally), dichloromethane (CH,Cl,, 25%
biogenic and 75% anthropogenic, globally), ethyl chloride (C,HsCl, about 50% biogenic and
50% anthropogenic, globally) and bromoform (CHBr3, 80% biogenic and 20% anthropogenic,
globally) (Law and Sturges, 2006).

At present, VSLH are believed to account for ~25% of all bromine and 1-5% of all
chlorine in the stratosphere (Montzka et al., 2010). These relative contributions will likely
increase in the future as the concentrations of gases that are regulated by the Montreal Protocol
continue to decline (Dessens et al., 2009; Hossaini et al., 2012). Once transported to the
stratosphere, VSLH affect the natural balance of O3, with the majority of this effect occurring in
the LS where perturbations in ambient O3 concentrations will have the largest affect on
temperature and climate (Hartmann et al., 2013). VSLH may also play an important role in the
UT: Previous field studies and model simulations have shown the presence of appreciable
amounts of VSLH in the UT (Hossaini et al., 2010; Schauffier et al., 1998, 1999), and recent
work has shown that halogen chemistry initiated by VSLH in the upper troposphere can also

have an impact on Oz loss in the region (Saiz-Lopez et al., 2012). In a recent study by Hossaini et
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al. (2015), VSLH-driven O3 loss in the troposphere and stratosphere was found to reduce the
radiative forcing of the atmosphere by 0.16 — 0.23 W/m? (although it should be noted that the
only VSLH considered in this study were CHBr3, CH;,Br,, CHCI3, CH,Cl, and CHg3l). Based on
this, it is essential that we better understand not only the source strength of each VSLH, but also
the processes that affect vertical mixing. Although the strength of the Brewer-Dobson circulation
IS expected to be affected by climate change, this will likely only result in a small change in
VSLH loading in the UT/LS due to the short lifetimes of VSLH (Hartmann et al., 2013). Deep
convection, however, can facilitate the rapid lofting of VSLH from the PBL to the UT/LS,
although the importance of this process in affecting vertical distributions of VSLH is unclear
(Law and Sturges, 2006; Montzka et al., 2010; Riese et al., 2012). Select VSLH are presented in

Table 1.2, above.

1.2 Stratosphere-Troposphere Exchange, Deep Convection, and the Formation of the

Extra-Tropical Transition Layer

The composition of the troposphere and stratosphere are fundamentally different: The

troposphere has relatively high levels of water vapor and reactive VOCs, but relatively low
levels of O3, while the stratosphere has very low levels of water vapor and reactive VOCs, but
high levels of O3. Thus, airmass exchange across the tropopause is of great interest. There are
two commonly used methods for determining the height of the tropopause. The first method
identifies what is called the “thermal tropopause,” and uses the WMO definition of the lowest
level at which the temperature lapse rate decreases to 2 K/km or less, and the lapse rate averaged
between this level and any level within the next 2 km does not exceed 2 K/km (Stohl, 2003). The
second method identifies what is called the “dynamic tropopause,” and involves calculation of
potential vorticity whereby the tropopause height is considered the altitude where the potential
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vorticity is equal to 2 pvu (potential vorticity units = 10° m? s* K kg™) (Browell, 2003; Stohl,
2003). Through aircraft measurements, it has been shown that using chemical gradients to
calculate tropopause heights yields values that are very similar to the calculated thermal
tropopause height, and about 1-2 km higher than the 2PVU tropopause height (Konopka and Pan,
2012; Pan, 2004). Because the primary topic of this dissertation is to identify changes in the
chemistry and composition of the UT/LS due to convection, the thermal tropopause height will
be used as the primary metric for estimating tropopause height.

In the tropics, the tropopause is located at an altitude of 15-18 km, and slopes downwards
towards the poles where it may be as low as 6-8 km. stratosphere-troposphere exchange (STE)
occurs in two directions: troposphere-to-stratosphere transport (TST) and stratosphere-to-
troposphere transport (STT). TST occurs primarily in the tropics, where airmasses rise slowly to
the tropical tropopause layer (TTL), and then slowly move poleward and across the tropopause
where they enter the midlatitude lower stratosphere. This process may take in excess of one year
(Law and Sturges, 2006). STT occurs primarily in the midlatitudes as part of a slow, large-scale
descent described by Brewer-Dobson circulation. Rapid STT may also occur on occasion due to
tropopause folds, and is described in detail below. Deep convection in both the tropics and
midlatitudes frequently allows air from the PBL to reach the UT, and occasionally penetrate into
the LS in midlatitude regions via overshooting tops of deep convective storms. As a result of
these transport mechanisms, there is a finite tropopause transition layer, called the “extra-tropical
tropopause layer (ExTL)” that is 1-3 km thick and centered on the thermal tropopause in
midlatitude regions (Hintsa et al., 1998; Homeyer et al., 2014b; Konopka and Pan, 2012; Pan,

2004). A diagram of these mixing processes is presented in Figure 1.2.
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Figure 1.2. Diagram of transport processes that affect the UT/LS. Large scale ascent or airmasses from the PBL to the TTL
(green highlighted region) occurs in the tropics (purple arrow), whereupon it moves poleward (golden arrow) into the midlatitude
lower stratosphere. Here, large scale descent (blue arrow) eventually pushes it down into the midlatitude troposphere. Two
convective storms are shown: in the midlatitudes, the storm is shown penetrating into the stratosphere — rapidly injecting PBL air
into the LS — while the tropical convection is shown rapidly lofting PBL air into the TTL. A tropopause fold is shown as a dashed
line through the tropopause (thick black line). The EXTL is highlighted as an orange layer that extends 1-2 km above and below
the tropopause.

1.3.1 Stratosphere-to-Troposphere Transport

STT commonly occurs at mid- to high latitudes as part of a general large-scale downward
mass flux, and its impact on regional and global tropospheric O3 has been studied (Avery et al.,
2010; Blker et al., 2008; Langford et al., 2012; Lin et al., 2012). The average depth to which
stratospheric airmasses penetrate into the midlatitude troposphere has a seasonal variation, with

the deepest STT events occurring in winter and spring [Stohl, 2003]. Midlatitude STT events are
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associated with synoptic-scale and mesoscale processes, including the formation of tropopause
folds in the vicinity of polar and subtropical jet streams (Langford et al., 1996a; Vaughan et al.,
1994), erosion and folding of the tropopause by convective activity near cut-off-lows (Ancellet
and Beekmann, 1994; Price and Vaughan, 1993; Sprenger et al., 2007), mesoscale convective
systems (Poulida et al., 1996) and isolated convective storms (Cho et al., 2001; Colette and
Ancellet, 2006; Pan et al., 2014, Stohl, 2003). From this, it can be inferred that STT in the
midlatitudes is sporadic in nature and generally associated with unstable meteorological
conditions, often in the immediate vicinity of convection. On a global scale, 30-50% of Os in the
UT is believed to have originated from the stratosphere, and, through photochemical reactions in
the presence of water vapor, is the dominant natural source of OH in the troposphere (i.e.
reactions 1.3 — 1.6) (Crutzen et al., 1999; Fusco, 2003). Figure 1.3 shows regions of the UT in

the northern hemisphere that are frequently affected by STT.
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Figure 1.3. Upper-tropospheric “destinations” of shallow stratospheric intrusions averaged over 1979-1993. Values are color-
coded by the probability that a given airmass was affected by shallow STT at any time over the previous four days. Adapted from
Stohl et al., (2003)
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Because they have high concentrations of Oz and low levels of water vapor and CO,
pristine stratospheric intrusions are relatively easy to detect by ground-based lidar and simple in-
situ surface and airborne-based measurements (Bithell et al., 2000; Browell, 2003; Fenn et al.,
1999; Langford et al., 2012; Lin et al., 2012; Vaughan et al., 2001). After mixing with relatively
polluted tropospheric air, detection of stratospheric influence becomes more difficult, because O
will be diluted and the introduction of water vapor, CO and VVOCs effectively acts to mask the
stratospheric character (Stohl et al., 2003). The cosmogenic nuclide 'Be has often been used as a
tracer for stratospheric air, but its usefulness is questionable as it is estimated that a third of all
"Be originates in the UT, and is removed by deposition onto aerosols and wet scavenging (Dibb
et al., 1994; Doering and Akber, 2008; Gerasopoulos et al., 2001; Koch, D., Mann, 1996).
Certain anthropogenic halocarbons including long-lived species like CFCs and their replacement
HCFCs, are only photochemically destroyed in the stratosphere and (as a result of the Montreal
Protocol) currently have minimal surface sources, even on a global scale (see section 1.2.4). As a
result, these halocarbons are evenly distributed throughout the troposphere, but relatively
depleted in the stratosphere - making them ideal tracers for stratospheric air. Nitrous oxide
(N20) is also relatively evenly-distributed in the troposphere and solely destroyed in the
stratosphere, and has been used as a tracer for stratospheric air (Assonov et al., 2013; Ishijima et
al., 2010).

1.3.2 Troposphere-to-Stratosphere Transport

TST occurs primarily via slow ascent in the tropics as part of the Brewer-Dobson
circulation. Upon reaching the TTL, airmasses are transported poleward before beginning slow
descent into the LS. Since the vertical transport time for surface emissions to reach the TTL is

roughly six months and the horizontal transport time from the TTL to the stratosphere is 20-80
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days, the flux of short-lived substances into the stratosphere via this pathway is small and highly
sensitive to the location and timing of the emission of these substances (Law and Sturges, 2006;
Levine et al., 2007; Park et al., 2010). Infrequent deep convection in the tropics provides a fast
pathway for surface emissions to reach altitudes as high as 15 km. Liang et al. (2014) showed
that convection in the tropics can contribute 8 ppt of total bromine (in the form of VSLH) to the
TTL, and Law et al. (2010) estimated that 10-50% of airmasses sampled in the TTL over West
Africa during the summer monsoon were affected by local convection.

In the extra-tropics, TST can occur by diabatic ascent and by deep convection that
penetrates above the tropopause (Hintsa et al., 1998; Poulida et al., 1996). Because the average
circulation pattern in this region is downward, airmasses that cross the tropopause into the LS do
not ascend to the stratospheric overworld and instead remain in the LS, generally for long lengths
of time (Sprenger et al., 2007; Stohl, 2003). In the extra-tropics, deep convective storms are
frequent but sporadic in nature and have peak activity during spring and summer over the
continental United States (Carbone et al., 2002). Deep convective storms can rapidly transport
air from the PBL to the UT/LS region, with observed transport times ranging from 15-120
minutes (Apel et al., 2012; Aschmann et al., 2009). Several studies have aimed to quantify the
transport of water vapor and O3 into the LS by midlatitude deep convective storms, but none
have directly addressed the transport of NMHCs or halocarbons and their potential impacts on
chemistry in the region (Hintsa et al., 1998; Homeyer et al., 2014a, 2014b; Peevey et al., 2014;

Poulida et al., 1996).
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Figure 1. 4. The .probability that an airmass from t-he IoWer troposphere will be transported upwards into the LS at any time
during the next four days. Adapted from Stohl et. al. (2003).

1.4 Objectives and Motivation for This Work

Over the continental US, convection (and associated TST) peaks over summer, while
STT has a peak over winter. As a result, the EXTL has a strong tropospheric character during
summer and a stratospheric character during winter. In summer, the UT will be heavily
influenced by frequent convection, and the LS will be somewhat influenced by convection. In
winter, the LS will be strongly stratospheric in character, while the UT will be somewhat
stratospheric in character with infrequent convective events lofting air from the lower
troposphere. In spring and fall, the UT/LS will be in a state of transition and may have a high
amount of variation from day-to-day. Because of this, spring and fall provide excellent
opportunities to sample frequent deep convection and the associated TST and STT that come
with it, and understand the roles of these processes in controlling the chemistry and composition

of the UT/LS.
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The DC3 field experiment was based out of Salina, Kansas from May-June 2012, and had
two primary scientific objectives: 1) to quantify and characterize the convective transport of
fresh emissions and water to the UT/LS within the first few hours of convection, and 2) to
quantify the changes in chemistry and composition of the UT/LS that result from this transport
(Barth et al., 2014). DC3 aimed to sample convective storms over three regions: Northeast
Colorado, Oklahoma, and Northern Alabama. Having three study regions afforded investigators
the opportunity to study the effects of convection under different surface emission regimes.
Colorado tends to have relatively low NOx emissions, but high CO and VOC emissions from oil
and gas infrastructure. Oklahoma has surface emissions that are similar to Colorado, but with
more emissions of biogenic VOCs. Of the three regions, Alabama has the highest emissions of
NOy, CO, anthropogenic VOCs, and biogenic VOCs (Barth et al., 2014). Two airborne scientific
platforms were used during DC3: the NASA DC-8 and the NCAR/NSF GV. Two primary types
of flight plan were flown: in the first, the two aircraft worked together to sample the inflow and
outflow regions of active convective storms (i.e. in the PBL below the storm, and the “anvil” of
the storm in the UT/LS), while the second type of flight focused on sampling aged convective
outflow in the UT/LS 24-48 after convection had dissipated. A technical overview of DC3 is
provided in chapter 2 of this work.

The transport efficiency of chemical species by deep convection is not uniform. For
example, water-soluble species such as HCI and HNO3z may be removed by wet deposition
during convection, while relatively insoluble species such as NMHCs may be unaffected (Apel et
al., 2012; Riese et al., 2012). Aside from wet-scavenging of soluble species, all chemical species
that are not vertically well-mixed within the troposphere will be affected by dilution. For

example, in convective outflow, the mixing ratio of long-lived species such as CH, will be
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relatively unaffected by dilution (since the mixing ratio of CHy is relatively constant throughout
the troposphere), while mixing ratios of short-lived species like isoprene will be affected by
dilution with isoprene-depleted air in the free troposphere. The degree to which both wet-
scavenging and dilution occur depends on the residence time of an airmass in a convective storm
- a rapidly-lofted airmass may experience less wet-scavenging and dilution than a slowly-lofted
airmass. Thus, the mixing ratio of a given species in the convective outflow of a storm will be a
function of its mixing ratio in the inflow region of the storm, its solubility, its residence time in
the storm, and its atmospheric lifetime. In chapter 3 of this dissertation, tracers are created to
identify airmasses affected by STT, PBL air, background UT air, convective outflow in the UT,
background LS air, and overshooting tops (i.e. convective outflow above the tropopause) that
were sampled during DC3. These data are then used to make inferences about vertical transport
times and to investigate dilution of convected airmasses with background air in the free
troposphere and UT.

Deep convection is important for the redistribution and production of hydrogen oxides
(HOx = OH + HOy) and HOy precursors such as formaldehyde (HCHO). The convective
redistribution of HOy precursors to the UT/LS was first theoretically recognized by Chatfield and
Crutzen (1984), but early observations of HO, in the UT over the central pacific sometimes
exceeded model predictions by a factor of 2 or more (Jaegle et al., 1997). Later work by
Crawford et al. (1999) presented results that supported the hypothesis of HOy precursors being
lofted into the UT over the central pacific by convection, although the levels observed did not
close the modeled HO disrepency. At the time of this writing, this discrepancy still has not been
fully resolved. In chapter 4 of this work, a suite of long-lived halocarbons is used to identify

stratospheric intrusions that were sampled during DC3 and provide evidence that stratospheric
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intrusions with high levels of O3 may mix with the high levels of water vapor found in
convective outflow to produce OH via the pathway shown in reactions 1.3-1.6.

In section 1.2.4, halocarbons, particularly VSLH, were presented as important gases with
respect to O3 loss in the UT/LS, and deep convection was described as a process that may
facilitate the rapid transport of VSLH from the PBL to the UT/LS. The extent to which
convection amplifies the VSLH loading in the UT/LS depends on the background composition of
the UT/LS and the composition of the convected air. Because chlorinated VSLH tend to be
primarily emitted by anthropogenic activity but brominated VSLH tend to be primarily emitted
by oceans, continental convection over the central US may transport high amounts of chlorinated
VSLH but relatively low amounts of brominated VSLH. Furthermore, the background
composition of the UT/LS may vary day-to-day, and may be influenced by long-range transport
of airmasses with starkly different chemical compositions (Cooper et al., 2007; Hudman et al.,
2004). For example, if the background UT/LS is influenced by long-range transport of air from
Asia, it may feature relatively high mixing ratios of chlorinated halocarbons and low mixing
ratios of brominated halocarbons, but if it is influenced by long-range transport of air from the
central pacific it may feature relatively high mixing ratios of brominated halocarbons and low
mixing ratios of chlorinated halocarbons. In chapter 5 of this work, the influence of deep
convection and long-range transport on halocarbon mixing ratios in the UT/LS is investigated

throughout the DC3 study region.
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2. Methods

All data presented in this dissertation were collected onboard the NASA DC-8 during the
DC3 field campaign, which took place during May-June of 2012 over the central US.
Measurements of VOCs were obtained via UC Irvine’s whole air sampler (WAS) instrument,
while measurements of CH,4, O3, NOy, N2O, water vapor, CO, and meteorological variables were
performed by a variety of other instruments operated by collaborators onboard the DC-8.
Detailed technical descriptions of study design, sampling protocol, and analytical
instrumentation are provided below.
2.1 Study Design

During DC3, the NASA DC-8 flew18 research flights over the central US with a main
operations base in Salina, Kansas (UTC — 5:00 hours). Of these 18 flights, 14 had a primary
objective of sampling active convective storms in one of the three primary study regions:
Northeast Colorado, Oklahoma, and Northern Alabama. The four remaining flights focused on
tracking aged outflow from storms that were sampled the previous day. For flights where active
convection was sampled, the DC-8 flew “L” shaped patterns at low altitudes in the inflow region
of the storm (typically 1-4 km altitude), while a second aircraft, the NCAR/NSF GV, sampled
the outflow region at high altitudes. After sampling the inflow region, the DC-8 then spiraled up
to 9-12 km and flew passes through the outflow before returning to Salina. An example of this
type of flight is shown in Figure 2. 1, where typical DC-8 inflow (top panel) and outflow (bottom
panel) sampling patterns are shown. Information about all 18 DC-8 flights, including the date,
sampling region, and the primary objective of each flight is presented in table 2.1. A list of all

species and variables measured onboard the DC-8 that will be used in later chapters of this work
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is presented in section 2.2. Since only data collected onboard the DC-8 was used for analysis in
this dissertation, the NCAR/NSF GV will not be discussed.

Model forecasts, radar returns, and satellite images were used to determine the
probability of thunderstorms occurring in each sampling region and to predict the location of
aged convective outflow in the UT 12-48 hours after active convection. Weather Research and
Forecasting (WRF) model simulations were conducted twice a day (00 and 12 UTC) using a 3
km grid spacing to determine the location of active convection (Romine et al., 2013). The
FLEXible PARTicle dispersion model (FLEXPART; Stohl et al., 2005) was used to precisely
identify the location of the downwind outflow plume 12-48 hours later, and was initialized using
the location of convective outflow from active storms that were sampled by the aircraft.
FLEXPART was also used to give context on the chemical environment of the UT, including
information on the effects of biomass burning and long-range transport. Satellite measurements
of NO, column densities from once-daily overpasses of the Global Ozone Monitoring Instrument

(GOME-2) were used to further corroborate the location of aged convective outflow.
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Research Flight 2, 21:03 - 01:01 UTC
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Figure 2. 1. Flight tracks from research flight 2 showing the DC-8 sampling the inflow area at low altitudes (top panel) and the

outflow area at high altitudes (bottom panel). A radar image shows the location of the storm that was being sampled during this
flight.
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Table 2.1. Flight information for all 18 research flights flown by the DC-8 during DC3.

Research Date (2012), Takeoff Region Primary Objective
Flight Time (UTC)

1 5/18, 14:04 CO Active Convection
2 5/19, 16:03 OK/TX Active Convection
3 5/21, 11:00 AL Active Convection
4 5/25, 15:11 OK/TX Active Convection
5 5/26, 14:04 TN Tracking outflow from RF 4
6 5/29, 14:54 OK Active Convection
7 5/30, 13:33 VA Tracking outflow from RF 6
8 6/1, 14:39 COITX Source characterization, active convection
9 6/2,13:13 Cco Active Convection
10 6/5, 15:00 Cco Active Convection
11 6/6, 14:11 Cco Active Convection
12 6/7, 13:30 MO/AR Tracking outflow from RF 11
13 6/11, 10:00 AL Active Convection
14 6/15, 13:00 Cco Active Convection
15 6/16, 16:07 OK/TX Active Convection
16 6/17, 15:07 AR/LA Tracking outflow from RF 15
17 6/21, 5:58 OK/MO Sampling outflow from an overnight storm
18 6/22, 14:54 Cco Active Convection

2.2 Airborne measurements

A variety of chemical species and meteorological variables were measured onboard the

DC-8. Species used for data analysis in this work are presented in Table 2.2. Whole air sample

collection on board the DC-8 was controlled using a dual-head metal bellows pump (connected

in series) attached to a 0.25” forward-facing inlet on the outside of the aircraft. The outlet of the

pump was connected to a sampling manifold, allowing air to be drawn from outside the plane

and directed towards sampling canisters. Sampling canisters were 2 L stainless steel canisters

that were evacuated before use, and manually opened and closed during flight using a metal

bellows valve. Sampling canisters were arranged in “snakes” of 24 canisters, where eight

canisters were placed in series and were interconnected with two other rows of canisters using
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stainless steel flex tubing and ultra-torr unions. When all cans were closed, air was flowed from
the pump outlet and through the snake lines before exiting via an exhaust line that vented outside
the aircraft. This allowed the sampling manifold to be constantly flushed with fresh air from
outside the plane. Sample collection was done by closing this exhaust line and opening a given
canister until a final pressure of 35-40 psig was reached. Typically, this took anywhere from 30
seconds to 2 minutes, depending on altitude. In total, 1,795 WAS samples were collected over
the 18 research flights, and sample frequency ranged from every 0.5 — 5 min depending flight
objectives and the location of the aircraft relative to points of interest. An on-board live feed
provided aircraft location, precipitation radar, wind direction, and mixing ratios of NO, CO, and
Os. On a typical 4-7 hour research flight, 70-110 samples were collected. All samples were then
shipped back to UC Irvine and analyzed by gas chromatography within one week of collection.
Canister preparation procedures and a description of UC Irvine’s gas chromatography system are
provided in section 2.3.

Mixing ratios of CO, N,O, Oz, CHy4, and water vapor were measured every second, while
O3 vertical profiles were updated every minute. Carbon monoxide, N,O, and CH, were measured
every 1-s by mid-infrared tunable diode laser absorption spectroscopy (DACOM), operated by
NASA Langley (Diskin et al., 2002; Sachse and Hill, 1987; Sachse et al., 1991). Water vapor
was measured every 1-s by a near-infrared long-path laser hygrometer, also operated by NASA
Langley (Diskin et al., 2002; Podolske, 2003). Ozone was measured every 1-s using
chemiluminescence, operated by NOAA’s Earth System Research Laboratory (Carroll et al.,
1992). These 1-s data were useful for identifying the exact times the DC-8 entered or exited a
specific airmass — for example locating the exact times when the DC-8 entered or exited

convective outflow in the UT. For comparison with WAS data, these 1-s data were averaged
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over the filling period of a given WAS canister (the so-called “WAS data merge”, accessible at

http://wwwe.air.larc.nasa.gov/cgi-bin/ArcView/dc3). Ozone lidar profiles were collected by

differential absorption lidar (DIAL), operated by NASA Langley (Browell, 1989; Fenn et al.,
1999; Rogers et al., 2009). Lidar profiles were collected every 10-s and averaged over a period
of one minute. The “blind spot” for the DIAL instrument (i.e. where the overlap function dictated
by the lidar geometry is less than 1) was * 2.5 km, and vertical profiles extended from near-
surface up to 22 km. These lidar profiles were useful for ascertaining locations and shapes of

potential stratospheric intrusions.

Table 2.2. List of species used for analysis in this dissertation, and the instruments they were measured with.

Instrument Name PI, Instution Species Measured References
Whole Air Sampler .
(WAS) Blake, UC Irvine VOCs Colman et al. (2001)
Differential Absorption )
of CO and Methane Diskin, NASA CO, CH, N;0 SDé‘;iff] ?t Z'I' (é%%?)
(DACOM) '

Differential Laser Diskin et al. (2002);

Hygrometer (DLH) Diskin, NASA H0 vapor Podolske (2003)
NO, and O3 measuring
instrument (NO,Os) Ryerson, NOAA O3 Carroll et al. (1992)
Differential Absorption . . . Browell (1989); Fenn et
LIDAR (DIAL) Hair, NASA O3 vertical profiles al, (1999)

A meteorological variable - tropopause height - was also calculated along the DC-8 flight
path for each flight. This was done by interpolating the National Centers for Environmental
Prediction Global Forecast System (NCEP-GFS) model analysis in space and time and
comparing it to aircraft location at a given time. From this, the local thermal tropopause height
above (or below) the DC-8 was calculated using the WMO lapse rate definition. The associated

uncertainty in calculated tropopause height is proportional to the GFS vertical resolution, and is
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generally around ~500 meters (Homeyer et al., 2014). These data were calculated by NCAR, and
are also available in the DC3 WAS data merges.
2.3 VOC Measurement
2.3.1 Canister Preparation

Prior to use during DC3, canisters were conditioned to ensure analytical precision. In the
first stage of the conditioning process, all canisters were pressurized to 35 psig using ambient air
and then flushed. This process was repeated ten times for each canister to ensure that any
impurities or adsorbed species were removed. Next, the canisters were baked at 150 °C under
humidified, ambient air conditions. This creates an oxide layer on the interior surface of each
canister, which prevents surface adsorption of gases. After baking, canisters were pressurized
with air that was collected at White Mountain Research Station (WMRS, altitude 10,200 feet), a
remote, atmospherically-clean location in the eastern Sierra Nevada Mountains. After two
minutes, cans were vented then re-pressurized. This process was repeated 15 times, and after the
last pressurization the canisters were pumped down to 10 torr. Next, canisters were flushed with
ultra-high-purity helium that had been further purified by flowing through stainless steel tubing
filled with glass beads that was submerged in liquid nitrogen. After flushing with helium,
canisters were again pumped down to 1072 torr. All canisters were then sealed for two weeks,
after which they were checked for leaks. Finally, 17 torr of water vapor was added to each
canister to quench active surface sites.

Sensitivity tests have been conducted to assess the long-term stability of VOCs housed in
these canisters (Sive, 1998). These tests showed that, following these pre-conditioning
procedures, VOC mixing ratios are stable over a period of two weeks. Over a two month period,

small growths of ethene, ethyne, propene, benzene, and toluene were observed, and small losses
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of heavy hydrocarbons (i.e. Cg and higher alkanes, terpenes, etc.) were observed. Growth rates
generally were between 0.1-0.2 pptv/day, and loss rates were of a similar magnitude. To
minimize these internal growth and losses, all samples collected during DC3 were analyzed
within one week of collection.
2.3.2 VOC Analysis

VOCs were analyzed by gas chromatography in the Rowland-Blake group laboratory.
Pressurized samples were introduced into a manifold which contained a 2 L “excess volume”
stainless steel canister (same size and construction as the sampling canisters) via an ultra-torr
union. The sampling canister was used to pressurize the excess volume canister to 900.0 torr.
Following pressurization, the sampling canister was closed and removed from the manifold.
Next, an aliquot of sample was pulled from the excess volume can through a 5 cm® pre-
concentration loop immersed in liquid nitrogen by use of a downstream pump. This loop
consisted of 0.25” stainless steel tubing packed with glass beads. During DC3, samples were
flowed through this pre-concentration loop until the pressure in the manifold (upstream from the
loop) reached 100.0 torr. This corresponded to a 2033 cm® sample aliquot (at STP) that was
flowed through this pre-concentration loop. While flowing through this pre-concentration loop,
VVOCs with boiling points significantly higher than that of liquid nitrogen (77 K) readily
condense on the glass beads while gases with boiling points that are near or lower than that of
liquid nitrogen are effectively removed. After this pre-concentration process, the loop was closed
from the manifold and downstream pump, and a hot water bath was introduced to re-volatilize
the sample. Next, a helium carrier gas was flowed through the loop and carried towards the gas
chromatographs (GCs). Upstream from the GCs, a splitter box divided the sample into five

streams which were sent to five different column/detector combinations housed among three
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Hewlett-Packard 6890 GCs. The first GC housed a J&W Scientific DC-5ms column coupled to a
quadrupole mass spectrometer detector (MSD) and a RESTEK-1701/DC-5 column coupled with
an electron capture detector (ECD). A second GC housed a RESTEK-1701 column connected to
a second ECD and a J&W PLOT/J&W DB-1 column connected to a flame ionization detector
(FID). The final GC housed a J&W DB-1 column connected to a second FID, and a Cyclodex
column connected to a third FID. FIDs allowed for the detection of hydrocarbon compounds,
while ECDs allowed detection of halocarbons and alkyl nitrates. The MSD allowed detection of
a subset of hydrocarbons, halocarbons, and alkyl nitrates and allowed for identification of
potentially unknown compounds. Signal output from the ECDs and FIDs were sent to a PC
running Chromeleon software, and the MSD signal output was sent to a second PC running
Hewlett-Packard Chemstation. A brief summary of these column/detector combinations is
provided in Table 2.3, and a visual schematic of this setup is shown in Figure 2.2. A list of all
VVOCs measured during DC3 is provided in Table 2.4.

Working standards were run after every eighth sample. Working standards were
contained in 34 L pressurized pontoons, and were analyzed in the same manner as sample
canisters (i.e. via the excess volume canister). In addition, separate standards were analyzed once
daily for comparison to the working standard. Standard preparation occurred in-house, and was
done by pressurizing pontoons with air collected at WMRS. This ensured that levels of
permanent gases like nitrogen and oxygen were identical between standards and samples, and
that CH,4, CO, and CO, mixing ratios in standards were similar to those measured in samples.
This similarity in composition ensured consistent behavior between samples and standards in our

analytical systems. Small aliquots of high-concentration synthetic standards were used to dope
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these standards with VOCs of interest. All whole air standards were previously calibrated using a

combination of synthetic standards and previously-calibrated whole air standards.

Instrument response factors for each compound were calculated by taking the ratio of the

peak area of a given compound to the known mixing ratio of that compound in the working

standard. These response factors were then fit to a polynomial curve relative to the injection time

of each working standard. Mixing ratios of compounds in samples were then calculated by

comparing the peak area of a given compound (with a given sample injection time) to the

calculated polynomial fit for the response factor at that time.

Table 2.3. GC column/detector combinations used for VOC analysis during DC3

GC Column Detector Compound Classes
Hydrocarbons,
1 60m J&W DB-5ms MSD halocarbons, alkyl nitrates
30m J&W DB-5 + 5m .
RESTEK-1701 ECD Halocarbons, alkyl nitrates
2 60m J&W DB-1 FID C3-C10 NMHCs
60m Cyclodex FID C5-C10 NMHCs
3 60m Restek-1701 ECD Halocarbons, alkyl nitrates
30m J&W PLOT + 5m
J&W DB-1 FID C,-C¢ NMHCs
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Figure 2.2. Schematic of the analytical system used for VOC analysis
Table 2.4. VOCs measured during DC3 using UC Irvine’s analytical system
Compound Formula LOD Precision Accuracy
(pptv) (%) (%)
Alkanes Ethane C,Hg 3 1 5
Propane CsHg 3 2 5
i-Butane C4Hyg 3 3 5
n-Butane CsHqo 3 3 5
i-Pentane CsHy, 3 3 5
n-Pentane CsHyo 3 3 5
n-Hexane CsHis 3 3 5
n-Heptane C/Hqg 3 3 5
2,3-Dimethylbutane CsHia 3 3 5
2-Methylpentane CeHy4 3 3 5
Alkenes and Ethene C,H, 3 3 5
Alyknes Propene CsHs 3 3 5
Ethyne C,H, 3 3 5
Aromatics Benzene CsHg 3 3 5
Toluene C;/Hg 3 3 5
Ethylbenzene CsHyp 3 3 5
m + p—Xylene CgHyo 3 3 5
0-Xylene CsHyp 3 3 5
3-Ethyltoluene CsHyp 3 3 5
4-Ethyltoluene CsHyp 3 3 5
2-Ethyltoluene CsH1o 3 3 5
1,3,5-Trimethylbenzene CoH12 3 3 5
1,2,4-Trimethylbenzene CoHy» 3 3 5
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Table 2.5. Continued.

Compound Formula LOD Precision Accuracy (%)
(pptv) (%0)
Aromatics 1,2,3-Trimethylbenzene CgHj» 3 3 5
Biogenics Isoprene CsHg 3 3 5
o-Pinene CioH1s 3 3 5
B-Pinene CioH1s 3 3 5
CFCs CFC-11 CCIsF 10 1 3
CFC-12 CCl,F, 10 1 3
CFC-113 CCIl,FCCIF, 5 1 3
CFC-114 CCIF,CCIF, 1 1 5
Halons H-1211 CBrCIF, 0.1 1 5
H-1301 CBrF; 0.1 10 5
H-2402 CBrF,CBrF, 0.01 1 5
HCFCs HCFC-22 CHF,CI 2 5 5
HCFC-141b CH,CCIF, 0.5 3 10
HCFC-142b CH,CCIF, 0.5 3 10
LLHCs Methyl chloroform CH5CCly 0.1 5 5
Carbon tetrachloride CCl, 1 5 5
Methyl chloride CH;CI 50 5 10
Methy! bromide CH;Br 0.5 5 10
VSLHs Dibromomethane CH,Br, 0.01 5 20
Dichloromethane CH,CI, 1 5 10
Chloroform CHCI,4 0.1 5 10
Trichloroethene C,HCI; 0.01 5 10
Tetrachloroethene C,Cl, 0.01 5 10
1,2-Dichloroethane CH,CICH,CI 0.1 5 10
Bromodichloromethane CHBICl, 0.01 10 50
Dibromochloromethane  CHBTr,ClI 0.01 5 50
Bromoform CHBr; 0.01 10 20
Methyl lodide CHgl 0.005 5 10
Alkyl Nitrates Methyl nitrate CH3;0ONO, 0.02 5 10
Ethyl nitrate C,HsONO, 0.02 5 10
i-propyl nitrate C;H;ONO, 0.02 5 10
n-propyl nitrate C;H;ONO, 0.02 5 10
2-butyl nitrate C4HyONO, 0.02 5 10
2-pentyl nitrate CsH;;ONO, 0.02 5 10
3-pentyl nitrate CsH2,0ONO, 0.02 5 10
3-methyl 2-butyl nitrate  CsH;;ONO, 0.02 5 10
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3. Development of Chemical Tracers for Convection and STT over the DC3
Study Region
Using known VVOC atmospheric lifetimes and measured VOC mixing ratios in the PBL, a

tracer for rapid vertical lofting of air from the PBL to the UT/LS by convection was created. In
this study, it was found that light hydrocarbons associated with O&NG and vehicular sources
were widespread throughout the PBL of the DC3 study regions. In the UT/LS, enhanced levels
of these light hydrocarbons were strongly correlated with water vapor, indicating a convective
source. On the other hand, decreases in the measured mixing ratios of CFCs, HCFCs, and
LLHCs in the UT were used as tracers for STT. These two sets of tracers were used to divide the
DC3 WAS merge into many subsets of data corresponding to: the PBL, convective outflow in
the UT, convective outflow in the LS (i.e. overshooting tops), STT-influenced air in the
troposphere, background UT air, and background LS air. In this section, descriptions and
statistical justifications for the use of these tracers are presented, and dilution factors for the rapid
vertical lofting of air from the PBL to the UT by deep convection are calculated. Readers are
referred to Figure 3.10 at the end of this chapter for a visual representation of the hierarchy of

filters used to partition the WAS data merge into sub-sets of data.

3.1. Development of a Tracer for Stratospherically-Influenced Air over the DC3 Study
Region

As discussed in Chapter 1 of this work, STT can affect the composition of the
troposphere, particularly the UT, and is often associated with deep convection. Thus,
development of a tracer for stratospheric influence is necessary for understanding the effects of

convection on the composition and chemistry of the UT/LS. Furthermore, development of this
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tracer can be used to serve two purposes: to identify STT in the troposphere, and to detect

background air in the LS (that is, air in the LS that has little to no influence from TST). To

determine which air masses had stratospheric influence, a tracer with a distinct tropospheric vs.

stratospheric profile must be used, ideally with little to no altitudinal variation within the

troposphere. To accomplish this, an ensemble of eight long-lived halocarbons was used. These

halocarbons are listed in Table 3.1.

Table 3.1. Gases used as tracers for stratospheric air. Min, max, average, and 25t percentile values are from the entire DC3

dataset.

Lifetime* | Measurement Min Max Avg 25" percentile

Gas Formula (years) Precision (%) | (pptv) | (pptv) | (pptv) value (pptv)
CFC-11 CCI3F 45 1 209 250 240.8 239
CFC-12 CCl,F, 100 1 238 557 541.3 538
CFC-113 CCI,FCCIF, 85 1 58.7 81.3 70.3 67.5
H-1211 CBrCIF, 16 1 3.31 4.90 4.23 4.17
HCFC-22 CHF,CI 11.9 1 216.4 2789 2477 242.3
HCFC-141b CH;CCIL,F 9.2 5 17.3 31.1 23.6 22.4
HCFC-142b CH,CCIF, 17.2 3 19.7 26.5 22.6 22.1
Carbon Tetrachloride CCl, 26 3 73.5 97.5 91.7 90.9

As described in Chapter 1 of this dissertation, these long-lived halocarbons have minimal

emissions on a global scale, near-zero emissions in the US, and are essentially inert with respect

to gas-phase oxidation by OH. The exceptions to this are the HCFCs, which do react with OH.

However, the rate at which HCFCs react with OH is significantly slower than the rate at which

they photolyze, meaning that they still have a very pronounced gradient across the tropopause.

Essentially, photolysis by UV light is the primary sink for all eight of these compounds, and is

strongest in the stratosphere and negligible in the troposphere. Furthermore, all eight have

sufficiently long atmospheric lifetimes that they are globally well-mixed and have very little

variation in tropospheric mixing ratios (Forster and Thompson, 2010; Law and Sturges, 2006;

Montzka et al., 2010).

A simple quantitative analysis was used to differentiate “stratospherically-influenced”

(abbreviated Sl throughout the rest of this thesis) samples from the rest of the WAS merge. To be
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labeled as an SI sample, certain criteria had to be met: If, in a given sample, the mixing ratios of

at least seven of the eight gases listed in Table 3.1 were in their respective lowest quartile from

the entire DC3 data set, that sample was labeled as “SIL.” In this case, SI samples could be

samples collected in the stratosphere, in fresh stratospheric intrusions in the troposphere, or in air

masses where a detectable amount stratospheric air has mixed with tropospheric air. Histograms

showing the distribution of mixing ratios for each of these eight gases are shown in Figure 3.1,

where the lowest quartile cutoff value is indicated with a dashed black line. Of the 1,795 whole

air samples collected during DC3, only 96 met these criteria. These samples were collected on 13

of the 18 research flights, which are listed in Table 3.2.

Table 3.2. Flights in which stratospherically-influenced (SI) samples were collected.

Research Date, Takeoff Time Primary Obijective of Flight Number of SI samples
Flight (UTC) collected
1 5/18, 19:04 Active Convection 18
2 5/19, 16:03 Active Convection 17
3 5/21, 16:00 Active Convection 12
4 5/25, 20:11 Active Convection 3
5 5/26, 19:04 Tracking aged outflow 4
6 5/29, 19:54 Active Convection 3
7 5/30, 18:33 Tracking aged outflow 7
11 6/6, 18:11 Active Convection 2
13 6/11, 16:03 Active Convection 5
14 6/15, 18:32 Active Convection 6
15 6/16, 20:07 Active Convection 3
16 6/17, 19:07 Tracking aged outflow 8
18 6/22, 19:54 Active Convection, Biomass Burning 8
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To assess the sensitivity of this result to the criteria selected (that is, the number of SI
samples detected by the method described above), the percentile used as a cutoff was allowed to
vary. For example if, instead of requiring at least seven gases to have mixing ratios in their
lowest 25%, we require at least seven gases to have mixing ratios in their lowest 30%, 194 SI
samples are identified. Following this method, the cutoff percentile was allowed to vary by steps
of 5% over the range 10-50%, and the number of SI samples identified at each step was counted.
These results are shown in Figure 3.2, and suggest that using 25% as a cutoff was the best way to
maximize the number of SI samples identified while still remaining fairly conservative - using a
cutoff larger than 25% leads to a marked increase in the number of SI samples identified and in
the slope of each line segment.

Instrumental drift during the sample analysis stage could potentially produce a false-
positive, as a low bias could be applied across all measured compounds in a given sample. To
check for this, N,O, which was measured by another instrument aboard the DC-8 (DOAS-
DACOM), was used. Like the gases used in Table 3.1, N,O also has a primary sink of UV
photolysis in the stratosphere, and can be used to identify some stratospheric airmasses (Assonov
et al., 2013; Ishijima et al., 2010). Due to instrumental errors, N,O measurements were not
collected for flights 1, 6, and 13-18, and thus N,O could not be used as a tracer alongside the
gases listed in Table 3.1. However, of the SI samples where N,O data are available, 84% have an
N2O mixing ratio in its lowest quartile from among all DC3 measurements. It should be noted
that the average N,O mixing ratio (+ 1o) from the DC3 WAS merge was 325.3 £+ 1.7 pptv, while
the lowest quartile threshold was 324.8 pptv.

This Sl dataset was further partitioned into two subsets: one corresponding to Sl air in the

stratosphere (as opposed to overshooting tops or TST-influenced air in the stratosphere), which
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will be later used to establish a stratospheric background composition, and one corresponding to
stratospherically-influenced air in the troposphere from STT. This was done by comparing the
altitude of a given Sl sample to the calculated local thermal tropopause height (described in
Chapter 2). Since the uncertainty in the calculated tropopause height is = 500 meters, SI samples
collected more than 500 meters above the tropopause were labeled as “Background-LS,”, and SI
samples collected more than 500 meters below the thermal tropopause were labeled as “STT.”

These abbreviations for these data sets will be used during the rest of this dissertation.
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3.2. Distribution of VOCs in the PBL of the DC3 Study Region

In order to develop a tracer for the rapid lofting of air from the PBL to the UT/LS by
deep convection, the composition of the PBL throughout the DC3 study region must be known.
During the summer months, the PBL starts off as a very shallow layer during the morning hours
before expanding to depths of 2-3 km (above ground level — AGL) during the day with a peak in
the mid-afternoon. As surface temperatures cool down in the late afternoon and evening, the PBL
begins to collapse and returns to being a shallow layer after sunset. Since most flights during
DC3 focused on sampling the low-altitude inflow region of convection during the mid-to-late
afternoon, an upper limit of 2 km (AGL) was chosen to represent PBL depth during DC3. This
upper limit was applied to all WAS data, and allowed for isolation of PBL samples from the
WAS data merge (Bechara et al., 2010; Bertram et al., 2007). From this PBL subset of data,
samples collected in the three primary regions of study (Colorado, Oklahoma, and northern

Alabama) were flagged and separated for further analysis. Figure 3.3 shows all PBL samples
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collected during DC3, and shows the latitude and longitude bounds used to flag PBL samples

collected in the three primary study regions.

Latitude

-100

Longitude
Figure 3.3. All WAS samples collected below 2 km (above ground level) during DC3. Blue boxes indicate the bounds used to
identify the three primary study regions.

With PBL samples from each primary study region flagged, the mean, standard deviation,
maximum, and minimum mixing ratios of different trace gases were calculated in each primary
study region. These values are presented in Table 3.3. In general, Oklahoma had the highest
average values of short-chained NMHCs (likely due to O&NG emissions) while northern
Alabama had the lowest. It should be noted, however, that while Colorado had lower average
values of short-chained NMHCs than Oklahoma, it had max values and relative standard
deviations that are higher than Oklahoma, which indicates that the PBL airmasses sampled over
Colorado were relatively less homogeneous than Oklahoma. Ratios of i-pentane/n-pentane for
Colorado and Oklahoma (0.95 + 0.014 and 0.86 + 0.011, respectively) suggest O&NG as a

primary source of short-chained NMHCs in those regions (Gilman et al., 2013; Pétron et al.,
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2012). In northern Alabama, this ratio (1.6 + 0.11) was closer to that of vehicle exhaust (~2),
which suggests a strong vehicular source of NMHCs mixed with O&NG emissions from upwind
areas (Russo et al., 2010; Ryerson, 2003). This was further corroborated by examining
correlations between short-lived NMHCs and CO. For example, northern Alabama had an n-
butane/CO ratio of 2.3 + 0.15 and moderate degree of correlation between the two species (r*
=0.60), while Colorado and Oklahoma had ratios of 22.1 + 5.5 and 10.5 £ 4.5, respectively, and
showed no statistical correlation between the two gases (r* < 0.15 in both cases). Because
NMHCs produced by vehicular emissions will be co-emitted with CO, this ratio should be lower
in areas where vehicles are the primary NMHC source, and higher in areas where O&NG
operations are the primary NMHC source (and should have little to no correlation) (Simpson et
al., 2013). Northern Alabama also had substantially higher mixing ratios of biogenics,
particularly isoprene, which had an average value of 270 pptv and a max value of nearly 2 ppbv,
while Oklahoma and Colorado had relatively low levels of these gases.

In general, halocarbons did not vary significantly between regions, with a few notable
exceptions. For example, C,Cl4, which has an industrial source, is highest in northern Alabama,
while CHBr3 and CHgl - which have oceanic and agricultural sources - were lowest in Colorado
and highest in Oklahoma (Montzka et al., 2010). Even though average values of most
halocarbons do not vary between regions, maximum values of VSLH did show some variation,
which suggests the presence of isolated and unevenly-distributed point sources. For example, a
maximum mixing ratio of CH,Cl, of 95.2 pptv was measured in Colorado, even though the

average for this region is not statistically higher than that of Oklahoma and Alabama.
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Table 3.3. Mixing ratio statistics of different trace gases in the PBL of each of the three primary study regions. “LOD” signifies a
value that is below the limit of detection for that compound. All gases are measured in pptv unless otherwise noted.

Colorado Oklahoma Northern Alabama

Compound avg st. dev min max avg st. dev min max avg st. dev min max
Methane (ppbv) 1860 18 1833 1931 | 1881 33 1821 1959 1890 20 1858 1935
O3 (ppbv) 54.7 10.9 33.9 76.3 53.1 10.5 317 78.7 52.8 149 29.9 74.4
CO (ppbv) 115 12 95 154 127 20 92 160 133 16 110 161
Ethane 2806 2186 711 12102 | 4510 3095 1203 15495 | 1496 139 1242 1851
Propane 1498 1567 205 8209 | 2645 2228 305 11440 | 452 79 326 661
i-Butane 206 256 11 1513 370 279 42 1419 61 23 29 122
n-Butane 534 682 50 3834 937 831 63 4421 119 37 66 252
i-Pentane 160 210 10 1230 262 207 22 1105 68 33 30 224
n-Pentane 157 218 9 1297 268 240 14 1170 45 18 21 112
Hexane 40 60 LOD 384 78 72 3 337 13 7 4 38
Heptane 11 15 LOD 96 24 22 LOD 107 5 4 LOD 20
2,3-Dimethylbutane 4 5 LOD 30 8 20 LOD 144 LOD nla LOD 7
2-Methylpentane 21 33 LOD 214 38 35 LOD 174 7 4 LOD 25
Ethene 50 39 11 205 56 27 7 134 48 23 9 103
Propene 11 22 LOD 181 8 9 LOD 37 4 4 LOD 18
Ethyne 125 53 60 334 146 52 52 257 161 47 98 313
Benzene 28 19 8 104 36 16 11 99 24 6 15 41
Toluene 13 26 LOD 133 18 13 LOD 69 12 10 LOD 50
Ethylbenzene LOD nla LOD 21 LOD nla LOD 13 LOD nla LOD 32
m+ p-Xylene LOD nla LOD 42 LOD nla LOD 15 LOD nla LOD 84
0-Xylene LOD n/a LOD 16 LOD nla LOD 6 LOD nla LOD 14
3-Ethyltoluene LOD nla LOD 17 LOD nla LOD 5 LOD nla LOD 11
4-Ethyltoluene LOD n/a LOD 21 LOD nla LOD 5 LOD nla LOD 15
2-Ethyltoluene LOD nla LOD 19 LOD nla LOD 4 LOD nla LOD 15
1,3,5-Trimethylbenzene LOD n/a LOD 28 LOD nla LOD 6 LOD nla LOD 20
1,2,4-Trimethylbenzene LOD n/a LOD 44 LOD n/a LOD 12 LOD n/a LOD 31
1,2,3-Trimethylbenzene LOD n/a LOD 41 LOD nla LOD 13 7 18 LOD 84
Isoprene 11 11 LOD 52 46 80 LOD 420 270 347 LOD 1953
a-Pinene LOD n/a LOD 57 LOD nla LOD 22 14 25 LOD 118
B-Pinene 4 14 LOD 99 44 87 LOD 465 53 105 LOD 596
CFC-11 241 4 231 250 243 3 237 248 244 2 239 247
CFC-12 537 6 525 565 541 6 531 549 540 3 531 546
CFC-113 7.7 3.8 66.4 79.3 70.2 3.6 65.5 78.1 69.4 2.6 65.9 737
CFC-114 16.9 0.3 16.4 17.7 17.0 04 16.4 17.9 17.3 0.3 16.8 17.9
H-1211 4.2 0.1 41 45 4.3 0.1 4.0 44 41 0.1 39 45
H-1301 3.2 0.1 3.0 36 3.7 11 3.0 7.2 3.2 0.2 3.0 36
H-2402 0.5 0.0 0.5 0.6 0.5 0.0 0.5 0.5 0.5 0.0 0.5 0.5
HCFC-22 250.6 10.2 2348 304.6 | 2535 8.7 238.7 2871 | 2633 16.8 2488 317.0
HCFC-141b 24.0 17 20.6 29.2 238 15 20.0 26.8 24.3 14 222 31.0
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Table 3.3. Continued.

Colorado Oklahoma Alabama

Compound avg st. dev min max avg st. dev min max avg st. dev min max
HCFC-142b 228 0.6 212 246 22.7 13 211 332 24.0 6.6 212 70.2
CH3CCl; 5.9 0.2 53 6.3 6.0 0.2 5.6 6.5 6.0 0.2 5.6 6.4
CCl, 91.8 13 88.0 97.5 92.2 11 89.0 94.2 925 1.0 90.3 95.0
CHsClI 629 35 578 699 681 54 611 829 657 53 587 753
CH3Br 9.2 0.8 7.8 12.2 9.9 0.8 8.7 15.1 10.1 43 8.5 37.2
CH.Br, 0.73 0.12 0.51 1.12 0.89 0.17 0.56 1.37 0.75 0.10 0.58 1.13
CHCl, 351 8.3 19.2 95.2 30.0 6.1 17.3 44.0 332 5.7 238 47.2
CHCl; 9.9 1.0 8.0 12.4 10.2 15 74 15.3 10.3 1.0 8.5 135
C,HCls 0.23 0.24 0.00 177 0.28 0.12 0.11 0.75 0.33 0.17 0.10 0.96
C,Cly 3.6 2.3 2.0 16.0 35 1.0 1.7 7.1 49 2.6 2.3 154
CH,CICH.CI 10.7 19 6.5 17.0 13.3 8.1 4.9 44.0 12.5 14 9.0 15.8
CHBrCl, 0.19 0.07 0.12 0.49 0.24 0.05 0.14 0.41 0.24 0.05 0.19 0.43
CHBr.Cl 0.10 0.04 0.05 0.29 0.16 0.05 0.08 0.38 0.12 0.03 0.08 0.23
CHBr3 0.64 0.54 0.21 3.13 1.48 0.87 0.38 5.59 0.99 0.39 031 1.68
CH;sl 0.21 0.11 0.10 0.53 0.49 0.16 0.13 0.84 0.45 0.13 0.17 0.60
Methyl nitrate 24 0.8 1.2 6.0 24 0.4 1.6 34 2.7 0.4 1.7 3.7
Ethyl nitrate 3.2 15 12 8.4 3.7 11 14 7.3 2.7 0.4 1.8 3.6
i-Propyl nitrate 11.8 8.9 17 41.6 15.3 7.2 3.8 39.3 8.2 1.3 59 11.7
n-Propyl nitrate 14 1.0 0.2 44 1.6 0.7 0.4 4.0 0.8 0.1 0.5 1.2
2-Butyl nitrate 21.8 20.8 13 96.5 27.4 17.5 5.9 86.2 8.9 1.6 5.7 135
2-Pentyl nitrate 11.0 114 0.3 51.4 12.6 9.1 21 42.7 3.6 11 11 6.7
3-Pentyl nitrate 6.3 6.1 0.2 27.2 7.3 49 13 234 2.3 0.6 1.0 41
3-Methyl-2-butyl nitrate 6.6 6.4 0.4 28.4 8.3 49 1.8 23.9 3.2 11 2.0 7.7

Even in areas outside of the three primary study regions, hydrocarbons were abundant.
The DC-8 sampled the PBL outside of the three primary study regions for a variety of reasons,
including: departing and returning to the operations base in Kansas, sampling a biomass burning
event in southern Colorado, sampling O&NG infrastructure near Dallas, and coordinating an
inter-comparison with a surface monitoring site in Missouri. During these segments, short-
chained hydrocarbons were prevalent. For example, the lowest mixing ratios of both propane and
n-butane outside of the three primary regions were 455 and 103 pptv, respectively, and were

higher than the minimum values measured inside the three primary study regions (205 and 50
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pptv, respectively). To examine the spatial distribution of short-chained NMHCs, mixing ratios
of both propane and n-butane in the PBL across the entire DC3 study region were fit to matrices
(500 x 500 points), and are displayed in Figure 3.4. It should be noted that, at similar latitudes,
background mixing ratios of propane and n-butane in the remote pacific are ~60 pptv and ~15
pptv, respectively (Simpson et al., 2012). This suggests that all airmasses in the PBL of the DC3

study region have been influenced to some extent by anthropogenic activity.
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Figure 3.4. Matrix-fitted values of propane (top panel) and n-butane (bottom panel) in the PBL over the entire DC3 study region.
Mixing ratios in samples (black circles) were fit to 500 x 500 point matrices and are colorized on a logarithmic scale. The lowest
mixing ratios of propane and n-butane were measured in northern Colorado, and were 205 and 50 pptv, respectively.
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3.3. Development of a Tracer for Recently-convected Air in the UT/LS over the DC3 Study
Region

To determine whether or not a specific air mass in the UT/LS has been impacted by
convective lofting of anthropogenically-influenced air from the PBL, a filter must be applied. An
ideal chemical tracer with which to create this filter must have the following characteristics: (1) a
significant source that is associated with human activity, (2) widespread distribution over the
entire DC3 study region, and (3) a moderate atmospheric lifetime (long enough so we can detect
both fresh pollution and pollution that is a few days old, but short enough to still have a strong
vertical gradient in the absence of convection). CO (lifetime ~ 2 months) is a useful marker for
anthropogenic activity, but its long lifetime leads to an observable seasonal trend even in
background UT air, and thus it is not necessarily a good marker of individual convective events
(Gonzélez Abad et al., 2011; Homeyer et al., 2014; Huang et al., 2012). As discussed in section
3.2, light hydrocarbons from O&NG processes were ubiquitous throughout the PBL of the DC3
study region. Of these light hydrocarbons, propane and n-butane make ideal choices for
anthropogenic filters. With lifetimes of ~11 days and ~5 days respectively, enhancements in
propane and n-butane will still be measured several days downwind of sources, which results in
their widespread distribution in Figure 3.4. Hydrocarbons with shorter lifetimes will tend to be
more concentrated around point sources, and less homogeneous throughout the region. Because
the average transport time from the PBL to the UT in the absence of convection is ~1-2 months
(Apel et al., 2012), both propane and n-butane will also have low mixing ratios in the UT in the
absence of convection. Thus, if a deep convective storm were to occur anywhere in the DC3
study region, air from the PBL with propane values greater than 205 pptv and n-butane levels
greater than 50 pptv (the minimum values measured for each gas in the PBL — see section 3.2)

would be lofted into the UT/LS, and a strong enhancement in these two gases would be observed
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in association with elevated levels of water vapor. This concept is highlighted in Figure 3.5,
where at a given altitude in the UT/LS, high propane and n-butane mixing ratios are always
associated with high levels of water vapor, indicating recent vertical transport by deep
convection (Aschmann et al., 2009; Barth et al., 2014; Bechara et al., 2010). For comparison, CO
is also shown in Figure 3.5, and many high- altitude samples with low levels of water vapor are
shown to have relatively high levels of CO (over 125 ppbv in some cases). This indicates that
elevated levels of CO can be present in the UT/LS even in the absence of recent convection,
making it a non-ideal tracer for this application. For reference, the lowest CO mixing ratio
measured in the PBL over the DC3 study region was 90 ppbv, and the average CO mixing ratio
from all PBL samples was 125 ppbv.

Thus, a filter was constructed whereby samples with both a propane mixing ratio
exceeding 205 pptv and an n-butane mixing ratio exceeding 50 pptv were labeled as
anthropogenically influenced. Samples collected in convective outflow were further flagged as
those that were anthropogenically-influenced and were collected above 8 km. In total, 421
samples met these criteria to be labeled as convective outflow. Sensitivity tests showed that
loosening these requirements (for example, using 160 pptv of propane and 40 pptv of n-butane as
cutoffs) resulted in large increases in the number of samples that were flagged as
“anthropogenically-influenced,” while making these requirements more conservative resulted in
a small increase in the number of samples that were flagged. In effect, nearly all
anthropogenically-influenced samples had propane mixing ratios much greater than 205 pptv and
n-butane mixing ratios much greater than 50 pptv. In Figure 3.6, altitude profiles of propane and
n-butane from all DC3 data are shown, and the 421 samples that were flagged as convective

outflow are marked with black dots.
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Figure 3.5. Altitude profiles from the DC3 WAS data merge. In the upper left panel, samples are colored by propane mixing
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Figure 3.6. Vertical profiles of propane and n-butane (red). Samples that were flagged as convective outflow are marked with
black dots.

As discussed in Chapter 1 of this dissertation, the radiative and ozone-depleting
properties of an airmass can change depending on whether that airmass is above or below the
tropopause. For this reason, these convective outflow samples were further partitioned into two
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data sets that represent convective outflow that was sampled in the UT and convective outflow

that was sampled in the LS. These two data sets are described in sections 3.3.1 and 3.3.2.

3.3.1. Convective Outflow in the UT over the DC3 Study Region

To differentiate between convective outflow samples collected in the UT (i.e. below the
tropopause) from those collected in the LS (i.e. above the tropopause), the location of each
sample relative to the local tropopause height was used as a filter. As discussed in chapter 2 of
this work, tropopause heights were calculated by interpolating the GFS modeled thermal
tropopause height in space and time relative to the position of the DC-8 at a given time. Because
the uncertainty in the calculated tropopause height is £ 500 meters, convective outflow samples
that were located more than 500 meters below the tropopause height were flagged as “UT
convective outflow samples.” Of the original 421 samples that met the criteria to be labeled as
convective outflow, 413 were located in the UT. This subset of data will hereafter be referred to
as “Outflow-UT.” A histogram showing the number of Outflow-UT samples collected during
each flight is shown in Figure 3.7, and a table showing the average, standard deviation,

minimum, and maximum mixing ratios of measured trace gases is shown in Table 3.4.
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Figure 3.7. Histogram showing the number of Outflow-UT samples collected during each research flight.
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Table 3.4. Trace gas mixing ratio averages, standard deviations, minimum values, and maximum values for all samples collected

in convective outflow in the UT. All mixing ratios are pptv unless otherwise noted.

Compound avg st. dev min max
Methane (ppbv) 1847 15 1808 1893
O3 (ppbv) 84 20 49 167
CO (ppbv) 109 17 76 284
Ethane 2109 790 488 5444
Propane 951 512 207 3307
i-Butane 110 66 19 394
n-Butane 274 177 50 1086
i-Pentane 62 50 3 323
n-Pentane 63 50 5 292
Hexane 14 15 LOD 107
Heptane 4 6 LOD 79
2,3-Dimethylbutane LOD n/a LOD 24
2-Methylpentane 6 8 LOD 44
Ethene 30 147 LOD 1932
Propene 6 47 LOD 634
Ethyne 129 59 66 700
Benzene 21 26 LOD 289
Toluene 4 15 LOD 168
Ethylbenzene LOD n/a LOD 21
m+ p-Xylene LOD n/a LOD 30
0-Xylene LOD n/a LOD 11
3-Ethyltoluene LOD n/a LOD 8
4-Ethyltoluene LOD n/a LOD 5
2-Ethyltoluene LOD n/a LOD 5
1,3,5-Trimethylbenzene LOD n/a LOD 19
1,2,4-Trimethylbenzene LOD n/a LOD 19
1,2,3-Trimethylbenzene LOD n/a LOD 17
Isoprene LOD n/a LOD 23
a-Pinene LOD n/a LOD 22
B-Pinene LOD n/a LOD 41
CFC-11 240 3 229 249
CFC-12 542 7 526 559
CFC-113 70.2 4.1 58.7 78.7
CFC-114 17.0 0.3 16.3 17.8
H-1211 4.2 0.1 4.1 4.5
H-1301 3.2 0.1 29 4.4
H-2402 0.5 0.0 0.5 0.6
HCFC-22 248.6 6.5 231.0 269.0
HCFC-141b 23.2 1.6 214 26.4
HCFC-142b 224 1.2 20.9 24.4
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Table 3.4. Continued.

Compound avg st. dev min max
CH3CCl, 5.8 0.2 5.3 6.4
CCl, 91.8 1.4 87.0 96.0
CHzCI 674 46 601 1226
CH3Br 9.2 29 7.6 66.6
CH,Br, 0.78 0.16 0.41 1.69
CH.CI, 32.9 4.4 20.1 64.0
CHCl; 9.5 1.1 6.9 17.6
C,HCl; 0.13 0.12 0.00 0.67
C.Cl, 2.6 0.6 1.3 5.8
CH,CICH,CI 10.9 2.7 3.9 30.5
CHBrCl, 0.20 0.05 0.11 0.43
CHBI,CI 0.11 0.06 0.03 0.95
CHBrs 0.91 0.73 0.02 4.07
CH;l 0.14 0.13 LOD 1.10
Methyl nitrate 2.2 0.7 1.0 8.1
Ethyl nitrate 2.5 0.7 1.0 54
i-Propyl nitrate 8.8 4.2 1.3 26.3
n-Propyl nitrate 0.7 0.5 LOD 2.4
2-Butyl nitrate 11.0 9.1 0.1 59.4
2-Pentyl nitrate 3.4 3.7 LOD 16.9
3-Pentyl nitrate 2.4 2.3 LOD 10.4
3-Methyl-2-butyl nitrate 2.4 2.4 LOD 11.2

While the Outflow-UT dataset might be useful for evaluating the overall effects of
convection on the composition of the UT, it is not useful making comparisons to the composition
of the PBL. Even though active convection was only sampled in the three primary study regions,
convective outflow could extend hundreds of miles downwind from the core of a storm. This is
particularly relevant for flights where the primary objective was to sample aged outflow from a
storm that occurred the previous day. For example, in research flight 5 the DC-8 sampled a storm
over central Oklahoma, and in research flight 6 the DC-8 sampled the aged outflow from that
storm 24 hours later, which was then located over Virginia. At this point, the aged outflow would
have mixed with background UT air, and will appear significantly different in composition from

both its location of origin (i.e. the PBL in Oklahoma) and the PBL directly beneath it.
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Furthermore, the histogram presented in Figure 3.7 suggests that the Outflow-UT data might be
unequally weighted towards aged outflow (i.e. the high number of Outflow-UT samples
collected during research flights 7, 12, and 16), which will have a different composition than
fresh outflow. Because of this, the Outflow-UT data cannot be directly compared to the PBL data
provided in Table 3.3.

In order to compare convective outflow composition to PBL composition and calculate
dilution factors for the rapid vertical transport of air by convection, the Outflow-UT dataset was
further partitioned. To calculate dilution factors, convective outflow from an active storm must
be directly compared to air sampled in the PBL below the same storm. To accomplish this, the
Outflow-UT dataset was further partitioned so that samples collected during active convection
(i.e. Outflow-UT samples collected during research flights 1, 2, 3, 4, 6, 9, 10, 11, 13, 14, 15, and
18) were separated from aged convective outflow samples (i.e. Outflow-UT samples collected
during research flights 5, 7, 12, and 16). These subsets are hereafter referred to as Active-
Outflow-UT and Aged-Outflow-UT, respectively.

3.3.2. Convective Outflow in the LS

Convective outflow that was sampled in the LS was separated from the convective
outflow dataset by comparing sample altitude to the local tropopause height. Convective outflow
samples in the LS were defined as convective outflow samples that were collected above the
local thermal tropopause, and are hereafter referred to as “Outflow-LS.” In total, five samples
met these criteria. These samples were collected from 500 meters above the tropopause (the
uncertainty in the calculated tropopause height) up to 1.1 km above the tropopause, and were

collected during research flights 2 (three samples), 3 (one sample), and 7 (one sample). The
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average, standard deviation, minimum, and maximum mixing ratios for the Outflow-LS dataset

are provided in Table 3.5.

Table 3.5. Trace gas mixing ratio averages, standard deviations, minimum values, and maximum values for all samples collected
in convective outflow in the LS. All mixing ratios are pptv unless otherwise noted.

Compound avg st. dev min max
Methane (ppbv) 1841 45 1799 1889
O3 (ppbv) 161 78 78 230
CO (ppbv) 98 24 76 123
Ethane 2448 1141 820 3259
Propane 1210 698 206 1706
i-Butane 157 96 46 238
n-Butane 384 258 51 594
i-Pentane 93 85 9 168
n-Pentane 92 82 13 164
Hexane 31 20 8 44
Heptane 10 5 4 13
2,3-Dimethylbutane LOD n/a LOD 4
2-Methylpentane 18 1 17 19
Ethene 38 16 19 48
Propene 11 11 11
Ethyne 121 35 74 158
Benzene 19 11 6 26
Toluene 9 2 7 10
Ethylbenzene LOD n/a LOD LOD
m+ p-Xylene LOD n/a LOD LOD
0-Xylene LOD n/a LOD LOD
3-Ethyltoluene LOD n/a LOD LOD
4-Ethyltoluene LOD n/a LOD LOD
2-Ethyltoluene LOD n/a LOD LOD
1,3,5-Trimethylbenzene LOD n/a LOD LOD
1,2,4-Trimethylbenzene LOD n/a LOD LOD
1,2,3-Trimethylbenzene LOD n/a LOD LOD
Isoprene 17 1 LOD 18
a-Pinene LOD n/a LOD LOD
B-Pinene LOD n/a LOD LOD
CFC-11 233 6 224 238
CFC-12 529 6 520 532
CFC-113 66.2 1.8 63.6 67.4
CFC-114 16.7 0.4 16.4 17.1
H-1211 3.9 0.1 3.7 4.0
H-1301 3.6 0.7 29 4.3
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Table 3.5. Continued.

Compound avg st. dev min max
H-2402 0.5 0.0 0.5 0.5
HCFC-22 235.3 4.6 229.5 239.8
HCFC-141b 21.8 0.9 21.1 23.0
HCFC-142b 215 0.3 21.1 21.8
CH3CCl, 5.9 0.1 5.8 6.0
CCl, 87.6 2.8 83.6 89.9
CHzCI 618 22 597 643
CH3Br 8.6 0.4 8.2 9.0
CH,Br, 0.56 0.22 0.27 0.77
CH,Cl, 27.6 7.9 19.0 354
CHCl; 7.9 2.3 5.9 10.6
C,HCl; 0.17 0.20 LOD 0.37
C.Cl, 2.3 1.4 0.9 3.7
CH,CICH,CI 6.73 4.66 2.18 11.96
CHBrCl, 0.17 0.08 0.08 0.24
CHBI,CI 0.07 0.04 0.03 0.11
CHBrs 0.38 0.31 LOD 0.65
CH;sl 0.17 0.16 0.03 0.35
Methyl nitrate 1.6 0.7 1.0 2.4
Ethyl nitrate 1.9 1.6 0.3 3.5
i-Propyl nitrate 7.2 6.4 0.8 12.8
n-Propyl nitrate 0.7 0.7 0.1 1.3
2-Butyl nitrate 13.0 10.9 0.4 19.5
2-Pentyl nitrate 7.6 0.2 75 7.8
3-Pentyl nitrate 4.6 0.2 4.5 4.7
3-Methyl-2-butyl nitrate 5.8 0.3 55 6.0

In general, the Outflow-LS dataset has average NMHC mixing ratios that are higher than

those the Outflow-UT dataset. This is an unexpected result, as convective outflow above the

tropopause would have been diluted with not only clean air from the UT, but also very clean air

from the LS, while convective outflow below the tropopause would only be diluted with clean air

from the UT. Two factors may contribute to this result: 1) the statistically-small Outflow-LS

dataset is biased towards active convection (only one sample was collected in aged outflow),

while the Outflow-UT dataset is biased towards aged outflow, and 2) the Outflow-LS dataset is
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biased towards fresh outflow collected during research flight 2 (3/5 of Outflow-LS samples were
collected then), which occurred over the NMHC-rich Oklahoma region. It should be noted that
combustion tracers, such as CO and ethyne, are lower in the Outflow-LS dataset, which also
reflects these geographic biases. On the other hand, the average O3 mixing ratio in the Outflow-
LS dataset is significantly higher than the Outflow-UT dataset (92% higher). This is due to

dilution of convective outflow with Os-rich air from the LS.

3.4. Composition of the Background UT and LS

In order to fully quantify the effects of convection on the composition of the UT/LS, it is
necessary to quantify the background composition of the UT/LS. Background UT samples were
separated from the WAS merge by identifying samples that were collected between 8 km and the
local tropopause height that were neither influenced by convective outflow or STT. 196 samples
met these criteria, and will be referred to as the Background-UT dataset throughout the rest of
this dissertation. These Background-UT samples were collected on every flight except research
flight 17. A histogram showing the distribution of these Background-UT samples among the 18
research flights is shown in Figure 3.8, and the average, standard deviation, minimum, and
maximum mixing ratios for the Background-UT dataset are shown in Table 3.6. Background LS
samples were separated from the WAS merge by identifying samples that were collected above
the local tropopause, met the criteria to be labeled as “SI”, and had no influence from convective
outflow. 11 samples met these criteria, and will be referred to as the Background-LS dataset
throughout the rest of this dissertation. These Background-LS samples were collected on three

flights: research flight 2 (three samples), research flight 3 (seven samples), and research flight 7
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(one sample). The average, standard deviation, minimum, and maximum mixing ratios for the

Background-LS dataset are shown in

Table 3.7. It should be noted that these three flights are the same flights in which convective

outflow was sampled in the LS as well.

Table 3.6. Trace gas mixing ratio averages, standard deviations, minimum values, and maximum values for all Background-UT
samples. All mixing ratios are pptv unless otherwise noted.

Compound avg st. dev min max
Methane (ppbv) 1829 15 1786 1868
O3 (ppbv) 88 25 40 160
CO (ppbv) 99 19 57 188
Ethane 771 183 316 1334
Propane 112 59 8 297
i-Butane 10 8 LOD 40
n-Butane 18 13 LOD 49
i-Pentane 4 4 LOD 17
n-Pentane 4 4 LOD 18
Hexane LOD n/a LOD 9
Heptane LOD n/a LOD 13
2,3-Dimethylbutane LOD n/a LOD LOD
2-Methylpentane LOD n/a LOD LOD
Ethene 9 25 LOD 294
Propene LOD n/a LOD 21
Ethyne 137 79 35 686
Benzene 11 13 LOD 104
Toluene LOD n/a LOD 18
Ethylbenzene LOD n/a LOD LOD
m+ p-Xylene LOD n/a LOD LOD
0-Xylene LOD n/a LOD LOD
3-Ethyltoluene LOD n/a LOD LOD
4-Ethyltoluene LOD n/a LOD LOD
2-Ethyltoluene LOD n/a LOD LOD
1,3,5-Trimethylbenzene LOD n/a LOD LOD
1,2,4-Trimethylbenzene LOD n/a LOD LOD
1,2,3-Trimethylbenzene LOD n/a LOD LOD
Isoprene LOD n/a LOD LOD
a-Pinene LOD n/a LOD 12
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B-Pinene LOD n/a LOD 90
CFC-11 241 3 228 258
CFC-12 543 6 525 575
CFC-113 70.3 3.4 63.7 775
CFC-114 17.0 0.3 16.3 18.0
H-1211 4.3 0.1 4.0 4.5
Table 3.7. Continued.
Compound avg st. dev min max
H-1301 3.2 0.1 2.4 3.7
H-2402 0.5 0.0 0.5 0.5
HCFC-22 242.7 6.4 227.0 261.6
HCFC-141b 22.7 1.2 18.5 26.9
HCFC-142b 22.3 0.6 20.8 24.1
CH3CCl, 5.8 0.2 4.9 7.0
CCl, 91.0 1.8 84.4 98.4
CH3CI 666 56 574 1137
CH3Br 8.8 0.8 7.2 14.9
CH,Br, 0.60 0.18 0.04 0.93
CHCI, 33.7 8.5 8.6 69.7
CHCl; 9.1 1.8 2.1 16.1
C,HCl; 0.1 0.1 LOD 0.4
C.Cl, 2.0 0.7 0.1 4.0
CH,CICH,CI 10.42 5.20 0.17 31.70
CHBrCl, 0.15 0.04 0.04 0.28
CHBr,ClI 0.07 0.04 LOD 0.26
CHBr; 0.38 0.40 LOD 2.92
CHal 0.05 0.06 LOD 0.44
Methyl nitrate 2.0 1.0 0.4 7.3
Ethyl nitrate 1.2 0.5 0.1 2.9
i-Propyl nitrate 2.1 1.6 0.1 14.6
n-Propyl nitrate 0.2 0.1 LOD 0.8
2-Butyl nitrate 1.1 13 LOD 7.9
2-Pentyl nitrate 0.3 0.4 LOD 2.1
3-Pentyl nitrate 0.2 0.3 LOD 1.9
3-Methyl-2-butyl nitrate 0.2 0.3 LOD 1.7
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Figure 3.8. Histogram showing the distribution of Background-UT samples among the 18 research flights.

Table 3.7. Trace gas mixing ratio averages, standard deviations, minimum values, and maximum values for all Background-LS
data. All mixing ratios are pptv unless otherwise noted.

Compound avg st. dev min max
Methane (ppbv) 1753 32 1703 1791
O3 (ppbv) 337 71 231 432
CO (ppbv) 46 14 23 69

Ethane 334 149 115 582
Propane 28 21 LOD 67

i-Butane LOD n/a LOD 5

n-Butane LOD n/a LOD 7

i-Pentane LOD n/a LOD LOD
n-Pentane LOD n/a LOD LOD
Hexane LOD n/a LOD LOD
Heptane LOD n/a LOD LOD
2,3-Dimethylbutane LOD n/a LOD LOD
2-Methylpentane LOD n/a LOD LOD
Ethene 4.8 8.3 LOD 21

Propene LOD n/a LOD LOD
Ethyne 39 20 9 70

Benzene LOD n/a LOD LOD
Toluene LOD n/a LOD LOD
Ethylbenzene LOD n/a LOD LOD
m+ p-Xylene LOD n/a LOD LOD
0-Xylene LOD n/a LOD LOD
3-Ethyltoluene LOD n/a LOD LOD
4-Ethyltoluene LOD n/a LOD LOD
2-Ethyltoluene LOD n/a LOD LOD
1,3,5-Trimethylbenzene LOD n/a LOD LOD
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Table 3.7. Continued.

Compound avg st. dev min max
1,2,4-Trimethylbenzene LOD n/a LOD LOD
1,2,3-Trimethylbenzene LOD n/a LOD LOD
Isoprene LOD n/a LOD LOD
a-Pinene LOD n/a LOD LOD
B-Pinene LOD n/a LOD LOD
CFC-11 222 7 209 232
CFC-12 517 8 508 532
CFC-113 63.8 1.9 59.4 66.5
CFC-114 16.3 0.3 15.9 16.7
H-1211 3.7 0.2 3.3 4.0
H-1301 3.0 0.2 2.5 3.3
H-2402 0.5 0.0 0.4 0.5
HCFC-22 221.3 6.1 216.4 235.0
HCFC-141b 19.2 13 17.3 20.8
HCFC-142b 20.5 0.6 19.7 215
CH3CCl, 55 0.4 45 6.0
CCl, 82.5 35 73.5 86.3
CH3CI 568 34 509 633
CH;Br 7.6 0.6 6.6 8.4
CH,Br, 0.22 0.15 0.05 0.61
CH,Cl, 13.3 5.8 4.9 21.0
CHCl, 4.5 1.8 1.8 7.1
C,HCl; LOD n/a LOD LOD
C,Cl, 0.4 0.3 0.1 0.8
CH,CICH,CI 1.24 1.23 0.16 4.07
CHBrCl, 0.05 0.03 0.02 0.11
CHBIr,Cl 0.03 0.01 0.02 0.05
CHBr3 0.06 0.05 LOD 0.18
CH;l 0.02 0.01 0.01 0.03
Methyl nitrate 0.5 0.2 0.2 0.9
Ethyl nitrate 0.2 0.1 0.1 0.5
i-Propyl nitrate 0.3 0.2 0.1 1.0
n-Propyl nitrate 0.03 0.08 LOD 0.03
2-Butyl nitrate 0.1 0.1 LOD 0.11
2-Pentyl nitrate 0.03 0.1 LOD 0.2
3-Pentyl nitrate 0.03 0.1 LOD 0.2
3-Methyl-2-butyl nitrate LOD n/a LOD LOD
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When comparing the Outflow-UT dataset to the Background-UT dataset, gases with
relatively short lifetimes are enhanced in the Outflow-UT dataset. Short-chained hydrocarbons
associated with O&NG emissions were enhanced by a factor of 5-12, while long-chained
hydrocarbons and other short-lived NMHCs — which were below our limit of detection in the UT
background — were present in detectable amounts. These short-lived NMHCs tended to have
greater variability in the outflow than longer-lived NMHC:s, likely due to their highly-variable
distribution in the PBL of the study region. When comparing the Outflow-LS dataset to the
Background-LS dataset, nearly all gases are enhanced in the Outflow-LS dataset, with O3 being
the sole exception that is higher in the Background-LS dataset. When comparing the
Background-UT dataset to the Background-LS dataset, nearly all gases are enhanced in the
Background-UT dataset, with Oz again being the sole exception. These results match
theoretically expected results that predict enhancements in trace gases in convective outflow
relative to background levels, and lower trace gas mixing ratios in the LS than in the UT.

3.5. Calculation of Dilution Factors

To obtain a quantitative understanding of vertical transport of trace gases from the PBL
to the UT by deep convection, the fractional changes of selected VOCs were calculated. In
effect, the fractional change (f) represents the fraction of PBL air that is present in convective

outflow, and was calculated using equation 3.1 (Bertram et al., 2007):

_ (fi,Active—Outflow—UT - fi,Backround—UT) (31)

fi=

(xi,PBL - xi,Background—UT)

In this equation, :r; indicates the mean value of a given VOC in a given dataset (i.e. Active-
Outflow-UT, Background-UT, or PBL) during a given research flight (i). In this way, the

fractional change of each chosen VOC can be calculated for each relevant research flight. Eight
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relevant VOCs were chosen for this analysis (lifetime given in parenthesis): CHCI; (~160 days),
CH,Cl, (~140 days), CO (~60 days), ethane (45 days), propane (11 days), benzene (10 days), i-
butane (5.5 days), and n-butane (5 days). These VOCs were chosen for two reasons: 1) they have
very low Henry’s law constants and thus will not be removed by wet deposition or rain-out
during the transport process, and 2) they have ideal atmospheric lifetimes for this work. Gases
with longer lifetimes (such as methane) will not have a significant vertical profile, and thus will
likely only be marginally affected by dilution. Gases with very short lifetimes (such as isoprene)
have sporadic surface sources and are not evenly-distributed horizontally in the boundary layer.
This means that the distribution of these short-lived gases will be very non-homogeneous in
convective outflow, leading to unacceptably large uncertainties in the calculated fractional
change. Fractional changes for these eight VOCs were calculated during research flights where
sampling active convection was the primary goal (i.e. research flights 1, 2, 3, 4, 6, 8, 9, 10, 11,
13, 14, 15, and 18). For flights where statistically inadequate sampling of the outflow, UT
background, or PBL (i.e. n < 3 for any of the preceding data sets — which occurred during
research flights 8 and 15), fractional changes were not calculated.

From these per-flight fractional changes, the overall mean fractional change for all active
convection during DC3 was calculated by averaging the fractional changes for each VOC over
the entire range of research flights. This is presented in

Figure 3.9, where the average fractional change of each VOC during the entire DC3 field
campaign is plotted against the atmospheric lifetime (in days) for that VOC. In general, the
uncertainty in the average fractional change decreases with increasing VOC lifetime. This is
because shorter-lived VOCs tend to be less evenly distributed in the PBL, which introduces

higher uncertainties to the mean PBL and mean convective outflow values. Two notable
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exceptions are CH,Cl, and CHCI3, which have the longest atmospheric lifetimes of the eight
chosen VOCs, but the highest calculated uncertainty in their fractional changes. The cause for
this uncertainty in halocarbon mixing ratios in the UT is thoroughly investigated in Chapter 5 of
this dissertation. The two VOCs with the smallest uncertainty in f were ethane and CO. Using
ethane as a tracer for dilution during active convection, we report a fractional change of 0.64 +
0.21, while using CO yields a fractional change of 0.60 £ 0.15. These ranges fall within the
ranges reported in the literature. Bechara et al. (2010) measured the fraction of boundary layer
air contained in convective outflow in West Africa to be 0.40 = 0.15, while Cohan et al. (1999)
measured this fraction to be 0.32 — 0.64 over the tropical West Pacific. The discrepancy between
our measured value and literature values is likely due to the latitudes at which storms were
sampled. In the midlatitudes, where DC3 took place, the tropopause height is generally ~12 km,
and the majority of convective outflow during DC3 was sampled around ~10 km. Over West
Africa and the West Pacific, the tropopause height is much higher, and Bechara et al. (2010)
typically sampled convective outflow around ~12 km. Typically, midlatitude convective storms
also have faster updraft velocities than tropical convective storms (Barth et al., 2014). Thus, it
can be inferred that the vertical transport time in midlatitude convective storms may be shorter
than that in tropical convective storms, resulting in less dilution via mixing with background air
from the free troposphere. Because most DC3 storms were sampled around sunset and negligible
photochemistry happens in the dark centers of convective storms, a photochemical clock (that is,
a model that looks at the time-dependant relationship between two sets of gases — usually a
reactant/product pair or two reactants with dissimilar lifetimes) cannot be used to estimate
vertical transport times. Since there were only 5 outflow samples collected above the tropopause

(over three flights), a similar analysis for the Outflow-LS dataset cannot be performed.
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Figure 3.9. The calculated average fractional change for each VOC, averaged over all research flights where active convection
was adequately sampled during DC3. This is plotted versus the atmospheric lifetime of each VOC (given in days), which are
given in Chapter 1 of this dissertation.

3.5. Summary

The WAS data merge from the DC3 field project was divided into several subsets of data.
Stratospherically-influened (SI) samples were identified using a suite of long-lived halocarbons,
which are listed in Table 3.1. This Sl subset of data was used to identify background LS samples
and samples in the troposphere that were affected by recent STT. Samples collected below 2 km
were identified as PBL samples. Throughout the PBL, short-chained hydrocarbons such as
propane and n-butane were ubiquitous. These two short-chained hydrocarbons were then used as
tracers for convective outflow in the UT/LS. This convective outflow dataset was divided further
using the tropopause as a filter, and two datasets pertaining to outflow in the LS and outflow in
the UT were created. From the Outflow-UT dataset, two more subsets of data were created,
which include fresh outflow (the Active-Outflow-UT dataset) and aged outflow (the Aged-

Outflow-UT dataset). Background UT air was defined as any air sampled between 8 km and the
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tropopause that was unaffected by convection or STT. This hierarchy of datasets is shown in
Figure 3.10. It should be noted that the SI dataset is not completely unique — SI samples may be
present in the Outflow-LS dataset (i.e. outflow that has mixed with stratospheric air above the
tropopause), the Outflow-UT dataset (i.e. convective outflow that has mixed with a stratospheric
intrusion in the UT), and in the PBL dataset. Lastly, the Active-Outflow-UT, Background-UT,
and PBL datasets were used to calculate the fraction of PBL air that is present in the outflow of
active storms. In this work, eight different VOCs were evaluated as tracers for this type of
dilution, and it was found that ethane and CO resulted in the lowest uncertainties. Using ethane
as a tracer, we calculated the fraction (f) of PBL air in active outflow to be 0.64 = 0.21, while

using CO as a tracer yielded an f of 0.60 = 0.15.
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4. Evidence of Mixing Between Polluted Convective Outflow and
Stratospheric Air in the Upper Troposphere during DC3

Note: Portions of this chapter are adapted from the following paper: Schroeder, J. R., L. L. Pan, T. Ryerson, G.
Diskin, J. Hair, S. Meinardi, I. Simpson, B. Barletta, N. Blake, and D. R. Blake (2014), Evidence of mixing between
polluted convective outflow and stratospheric air in the upper troposphere during DC3, J. Geophys. Res. Atmos.,
119(19), 11477-11491, doi: 10.1002/2014JD022109.

The WAS data merge and its derived subsets of data (described in Chapter 3) were used
to investigate interactions and mixing between stratospheric intrusions and tropospheric air
mases. A large number of stratospherically-influenced samples were found to have reduced
levels of Oz and elevated levels of CO (both relative to background stratospheric air); indicative
of mixing with anthropogenically-influenced air. Using n-butane and propane as tracers of
anthropogenically-influenced air, it is shown that this type of mixing was present both at low
altitudes and in the upper troposphere (UT). At low altitudes, this mixing resulted in O3
enhancements consistent with those reported at surface sites during deep stratospheric intrusions,
while in the UT, two case studies were performed to identify the process by which this mixing
occurs. In the first case study, stratospheric air was found to be mixed with aged outflow from a
convective storm, while in the second case study, stratospheric air was found to have mixed with
outflow from an active storm occurring in the vicinity of a stratospheric intrusion. From these
analyses, it was concluded that deep convective events may facilitate the mixing between
stratospheric air and polluted boundary layer air in the UT. Throughout the entire DC3 study
region, this mixing was found to be prevalent: 72% of all samples that involve stratosphere-
troposphere mixing show influence of polluted air. Applying a simple chemical kinetics analysis
to these data, it is shown that the instantaneous production of OH in these mixed stratospheric-
polluted air masses was 11 + 8 times higher than that of stratospheric air, and 4.2 + 1.8 times

higher than that of background upper tropospheric air.
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4.1 Spatial Distribution of Tropospheric Samples Influenced by STT

The spatial distribution of tropospheric samples that were influenced by STT was
investigated using the STT dataset (see Chapter 3 for description). During DC3, active
convective storms were only sampled in three primary study regions where ground imaging was
available (Chapter 2). As a result, sample locations were biased towards these three regions, and
this bias is also reflected in the geographic distribution of STT samples, as seen in Figure 4.1. Of
the 85 STT samples, 40 were collected in the first three research flights, and the majority of low-
altitude STT samples were collected near the CO/WY/NE border. These trends were expected,
as previous modeling and field work suggest that STT over the US peaks in spring and grows
weaker into summer, with most deep STT events occurring over the western US (Kuang et al.,

2012; Langford et al., 2012; Lefohn et al., 2011; Lin et al., 2012; Stohl et al., 2003).
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Figure 4.1. Location of WAS samples determined to have stratospheric influence. Samples are colorized by flight number, and
sized by altitude with the largest dots being closest to ground level. Sample altitudes ranged from 0.8 km to 12.5 km. The three
primary areas of study are circled.

During deep STT events, O3 levels at the surface may exceed national ambient air quality
standards set by the US EPA. To investigate the resulting O3 enhancements caused by STT, the
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Sl dataset was compared to a modified version of the WAS merge, which was created by
removing all SI samples from the WAS data merge. O3 values in these non-SI samples were fit to
a line using a least squares linear regression (with altitude as the independent variable), and the
95% confidence interval for this line was calculated. It is important to note that, in this analysis,
non-SI samples could include both polluted and non-polluted tropospheric air, and therefore
represents the regional troposphere as a whole rather than a true “background” (that is, the
background defined here is not a true global background). At each altitude in which an SI sample
was collected, the percent enhancement of O3 (that is, enhancement in O3 in S| samples relative
to the non-SI tropospheric O3 background) was calculated. Figure 4. 2 shows the percent
enhancement of O3 for each SI sample. As expected, O3 enhancements are largest at high
altitudes where the DC-8 would have flown through fresh, undiluted stratospheric intrusions, or
in the stratosphere itself. At low altitudes, modest enhancements were still observed. For
example, the lowest-altitude SI sample (819 meters above ground level) had an O3 mixing ratio
of 70 ppbv - an enhancement of 29 + 11% over modeled tropospheric levels. This falls within the
range observed by Langford (2012) - who observed a 23% O3 enhancement at surface sites in
southern California during a deep stratospheric intrusion - and Lin (2012) who observed surface
O3 levels of 60-75 ppbv across the western US during deep stratospheric intrusions. This sample,
however, shows significant tropospheric character as evidenced by its CO mixing ratio of 130
ppbv. In fact, the majority of SI samples with modest O3 enhancements (< 30% above

background) have CO mixing ratios greater than 100 ppbv.
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Figure 4. 2. Percent enhancement of O3 in Sl samples compared to the modeled background.

4.2. O3 vs. CO Tracer Space, and its Implications on Stratosphere-Troposphere Mixing

A plot of O3 vs CO for the WAS data merge shows two distinct branches: a positive slope
indicating photochemical production of O3 (that is, of tropospheric origin), and a negative slope
indicating stratospheric origin (Figure 4.3). The area where these two lines intersect may be the
result of mixing between tropospheric and stratospheric air. Here, this mixing was observed at
many altitudes — both near and well below the tropopause. Pan (2004) showed that the extra-
tropical tropopause is best represented as a layer, rather than a surface. This layer can be as much
as 3 km thick, and is centered on the thermal tropopause. In this work, the thermal tropopause is
used as the upper boundary of the troposphere (described in Chapter 2). When the SI samples are
highlighted in this tracer space (red dots in Figure 4.3), it can be seen that some samples that are
well within the tropospheric branch have stratospheric influence. These SI samples would go
un-detected by conventional analysis, as O3 has either been significantly diluted or chemically

removed, and polluted air has masked the pristine stratospheric nature. However, these well-
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mixed samples may be important from a local chemistry standpoint, as will be described in

section 4.6.
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Figure 4.3. O; vs CO for the WAS data merge. Samples that met the criteria to be labeled as SI samples are indicated by red
dots. All samples are colored by distance below the thermal tropopause, and cyan samples were collected above the thermal
tropopause.

97

(wy) esnedodol| mojag aoue)si(



In the lower troposphere, this mixing likely occurred when deep stratospheric intrusions
mixed with polluted air in the PBL, as has been described elsewhere (Langford et al., 2012; Lin
etal., 2012). In the upper troposphere, this mixing likely occurred when polluted air was lofted
to the UT by deep convection in the vicinity of a stratospheric intrusion. In the following
sections, we focus our attention on this mixing in the UT and aim to do the following: Show
evidence of a specific case where polluted convective outflow mixed with stratospheric air,
determine a timescale for this mixing during DC3 (did it occur while storms were active, or after
they had dissipated?), and assess the extent of this mixing during DC3 and potential impacts on
chemistry of the UT.

4.3 Case study: Evidence of Stratospheric Air Mixing with Aged, Polluted Convective
Outflow

During DC3 research flight 16 (June 17 2012), the DC-8 had a primary objective of
tracking down and probing aged outflow from a storm that had occurred the previous day over
Oklahoma. The DC-8 altitude profile (colorized by the measured 1 Hz O3 mixing ratio) for this
flight is shown in Figure 4.4. While flying at altitudes between 8-12 km over the target area, the
DC-8 regularly encountered air with elevated propane and n-butane values (i.e. over 205 pptv
and 50 pptv, respectively), indicative of convective outflow (i.e. the Outflow-UT dataset
described in Chapter 3). In Figure 4.4, propane mixing ratios are indicated by red bars and a
dashed red line represents the chosen cutoff of 205 pptv, while n-butane mixing ratios are
omitted for the sake of clarity. At 21:00 and 21:30 UTC air with elevated propane and O3 levels
was encountered. In these patches of high Os, four SI samples were identified. The entire flight

took place below the thermal tropopause (thick black line in Figure 4.4), suggesting that at some
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point in the previous 24 hours, stratospheric air had entered the troposphere and mixed with this

outflow.
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Figure 4.4. The DC-8 altitude profile for DC3 research flight 16. The flight path is colored by 1-s O; measurements, and Sl
samples are marked with circles. WAS propane mixing ratios (right axis) are shown as red bars, and are used to indicate the
presence of convective outflow. A dashed red line marks the propane cutoff value of 205 pptv described in section 4.3. The
entire flight took place below the thermal tropopause, which is indicated by a thick black line.

To determine when this mixing took place, we looked at the origin of this convective
outflow. Back trajectory analyses were performed using the NOAA HYSPLIT model. Although
these trajectories do not accurately reproduce convective motion, they do identify the location of
convective systems responsible for the observed outflow. These analyses show that the aged
convective outflow sampled during research flight 16 originated from a convective storm near
the Texas/Oklahoma border that had occurred the previous day (research flight 15; June 16,
2012). During research flight 15, the DC-8 sampled the inflow and outflow regions of this
storm. The inflow air contained high levels of propane, n-butane, and other hydrocarbons

associated with the widespread regional oil and natural gas extraction activities. While sampling
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the outflow from the active storm on June 16, three SI samples were detected at altitudes of 11 -
11.5 km. Of these three SI samples, two had evidence of mixing with polluted convective
outflow — elevated levels of not only propane and n-butane, but other short-lived hydrocarbons
associated with oil and natural gas extraction including n-heptane (lifetime ~ 1.7 days) and
ethene (lifetime ~ 1.4 days). This supports a hypothesis that mixing with stratospheric air may
occur as a convective storm is developing. However, since only three SI samples were collected
during research flight 15, it is difficult to draw any firm conclusions about the dynamics of
mixing near an active storm. For a more detailed perspective on the dynamics of this mixing, we
examined a flight where a higher number of SI samples were collected near an active storm.
4.4 Case Study: Evidence of Stratospheric Air Mixing With Outflow from an Active Storm
To more thoroughly evaluate the mixing dynamics near active storms, more SI samples
are needed in the vicinity of a storm. Research flight 2 (May 19, 2012) had a primary objective
of probing the inflow and outflow regions of an isolated, active convective storm over
Oklahoma. During this flight, 17 SI samples were collected. The DC-8 flew L-shaped patterns in
the low-altitude inflow region of the storm — which was characterized by elevated levels of
hydrocarbons and biogenic emissions like isoprene - then spiraled up to an altitude of 12 km to
probe the outflow of this storm. The altitude profile for this flight is shown in Figure 4. 5. The

track of the spiral-up and outflow pass segments are shown in Figure 4.6.
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Figure 4.6. The DC-8 flight track for the spiral-up and outflow segments of DC3 research flight 2 (flight path begins at 23:55
UTC in the bottom left corner, and ends at 02:00 UTC at the top of the image). The flight path is colorized by 1-s O
measurements, and S| samples are indicated by black circles. A NEXRAD radar image from 01:05 UTC is overlain, showing the
weather pattern probed by the DC-8. The portion of the flight where the DC-8 flew through convective outflow is circled in red.
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Before entering the convective outflow at about 00:45 UTC (end of the upward spiral
segment), an air mass with strong stratospheric character was observed (O3 levels above 100
ppbv, large decreases in mixing ratios of long-lived halocarbons and N,O, low water vapor
content, very low levels of hydrocarbons), and three SI samples were identified. These Sl
samples were located about 1.3 km below the thermal tropopause. Then, from 00:43 —01:16
UTC the DC-8 flew two passes through convective outflow from this active storm (red rectangle
in Figure 4.5; red oval in Figure 4.6). During both of these outflow passes, the DC-8 remained
below the thermal tropopause. The outflow was marked by large enhancements in both short-
lived and long-lived hydrocarbons. For example, long-lived species like ethane (lifetime ~ 47
days) were enhanced by several hundred percent over background UT mixing ratios at the same
time that very-short-lived species (like isoprene, which has an average atmospheric lifetime of ~
3 hours and is below our 3 pptv detection limit in background UT air masses) were observed in
detectable amounts. Upon entering the convective outflow, O3 levels decreased, water vapor
increased, and hydrocarbon levels increased, effectively masking any obvious stratospheric
character that may be mixed in. However, four SI samples were identified in the outflow,
indicating that stratospheric air had indeed mixed with the outflow.

After leaving the convective outflow, the DC-8 ascended to 12 km, flew around the south
end of the convective cell, and returned to Salina along the backside of the storm front. Upon
ascending, the DC-8 briefly crossed the thermal tropopause and sampled stratospheric air around
01:20 UTC. Four SI samples were collected during this flight segment. After spending several
minutes above the tropopause, the DC-8 then descended below the tropopause, but the same

strong stratospheric character remained, and 5 SI samples were identified. Lidar O3 profiles from
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this backside segment show an air mass with a strong stratospheric character reaching down to
10 km (Figure 4.5). A dip in the thermal tropopause height, from 12 km to 11 km, was also
observed in this region. From this, it is apparent that stratospheric air had penetrated below the
tropopause on the backside of the storm front, and this stratospheric air had mixed, in varying
degrees, with the outflow on the east side of the storm. This information, combined with the in
situ evidence regarding the SI samples, shows that the polluted boundary layer air encountered in
this convective outflow was rapidly mixed with stratospheric air upon being lofted to the UT. In
this case, mixing was likely facilitated by the strong northwesterly winds observed in the UT
behind the storm front. A 3-D representation of this event is provided in Figure 4.7. On the right
side of this figure, the DC-8 is sampling the convective outflow, and encountering relatively low
O3 values while high O3 values are contained in the stratosphere above the DC-8, as indicated by
the Lidar profile. Upon rounding the bottom of the storm, the DC-8 encounters SI samples, and a
decreasing tropopause height. On the backside of the storm (near-side of Figure 4.7), several Sl
samples are detected along with high in-situ values of Os. The Lidar profile during this segment
shows high O3 values above the DC-8, and a narrow band of high O3 below the DC-8, indicating

that the DC-8 was above the local tropopause during this segment.
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Figure 4.7. A 3-D representation of the DC-8 flight path during the last half of research flight 2 (i.e. the same segments shown in
Figure 4.5 and Figure 4.6). Lidar profiles of O3 are shown where available. The NEXRAD radar image shown in Figure 4.6 is
depicted here as a surface at 9500 meters, for visibility purposes. Both the DC-8 flight path and the Lidar O, profiles are colored
by O3 values, and SI samples are marked as white boxes along the flight path.

4.5 Evidence of Wide-scale Mixing of Stratospheric Air with Convective Outflow

To assess the overall impact of mixing between polluted convective outflow and
stratospheric air, overlap region between the SI and outflow-UT datasets was investigated. That
is, all SI samples that had propane values over 205 pptv and n-butane values over 50 pptv were
considered for this analysis. Ozone was used as an approximate indicator for the level of dilution
of a stratospheric air mass. Sl samples with high O3 values were either collected in the
stratosphere or were fresh, recent stratospheric intrusions. Sl samples with reduced O3 values
(i.e. below 150 ppbv) are the result of dilution of a stratospheric air mass — either by mixing with
clean background air in the FT, mixing with boundary layer air that has been convectively lofted

into the FT, or direct mixing with boundary layer air during a deep stratospheric intrusion. It
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should be noted that O3 levels are not constant within the stratosphere, and are subject to
variation by altitude, geographic location, and seasonal changes (Stohl et al., 2003; Zeng et al.,
2010). Because of this, we make no attempt to quantify the amount of dilution observed here.
Figure 4.8 shows the tropopause-relative altitude profile for O3 in all SI samples collected
during DC3. Based on their propane and n-butane mixing ratios, samples were binned as having
relatively recent anthropogenic influence (i.e. propane > 205 pptv, n-butane > 50 pptv) or not.
As expected, SI samples with the highest O3 values are located near the tropopause and show no
recent anthropogenic influence, as they consist mostly of undiluted stratospheric air. By contrast,
most SI samples collected below the tropopause had elevated propane and n-butane levels,
implying that the SI samples had mixed with polluted boundary layer air to some extent. Based
on all SI samples with O3 values below 150 ppbv, 72% met our criteria to be labeled as
anthropogenically-influenced. Even in the UT, most SI samples that have experienced significant
mixing with tropospheric air (O3 < 150 ppbv) have done so by mixing with polluted air rather
than clean free tropospheric air. This result suggests that over central US in late spring the
primary mixing mechanism for storm-associated stratospheric intrusions is the mixing with

convective outflow that has recently been lifted out of the polluted boundary layer.
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Figure 4.8. All Sl samples from DC3. Black circles indicate samples that did not meet our criteria to be labeled
“anthropogenically-influenced”, and red circles indicate samples that did meet these criteria. Altitudes are listed relative to the
tropopause height calculated for each sample, where positive altitudes were collected above the tropopause and negative altitudes
were collected below the tropopause.

4.6 Effects on OH production

With moist air from convective outflow mixing with the high-Og air of stratospheric
intrusions, the oxidizing capacity of convective outflow — and the regional upper troposphere —
may be altered via an increased production of OH radicals. The mechanism by which OH
radicals are produced by O3z and water vapor is described in Chapter 1 (section 1.2.1), and
referenced here. Assuming steady-state conditions for O(*D) and ks >> ks, the instantaneous

production of OH (Poy) can be calculated by equation 4.1 (Crutzen et al., 1999; Fusco, 2003):

= 2kske [03][H20] (4.1)
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When comparing the relative OH productivity of two air masses, equation 4.1 can be further
simplified into equation 4.2 under the assumption that both air masses have identical temperature

and pressure conditions:

= (4.2)

Table 4.1 shows relevant chemical data used for calculating this ratio, and includes the
mean and 95% confidence interval for both H,O and O3. Sl samples collected at altitudes above
8 km with O3 values above 200 ppbv and no anthropogenic influence (as per the propane and n-
butane filter described in Chapter 3) were labeled as fresh stratospheric intrusions. These were
compared to a modified version of the Background-UT dataset where all SI samples were
removed. Mixed stratospheric/convective outflow samples were identified as SI samples
collected above 8 km with detectable anthropogenic influence (i.e. propane > 205 pptv and n-
butane > 50 pptv).

Using equation 4.2, Poy for mixed stratospheric/convective outflow was calculated to be
higher than Poy for fresh stratospheric intrusions by a factor of 11 + 8. The high uncertainty is
due to the low levels of water vapor present in stratospheric air and the wide range of O3 values
allowed to be classified as “fresh stratospheric intrusions” — a difference of even a few ppb of O3
and water vapor between samples results in a high uncertainty in the mean value. Comparing
mixed stratospheric/convective outflow to background UT air, this factor was calculated to be

4.2 +1.8. These results are summarized in Table 4.1.
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Table 4.1. Chemical data for different air masses in the UT and their calculated instantaneous OH production. Here, “mixed”
refers to airmasses where stratospheric air has mixed with convective outflow. Error bars represent 1o.

Air mass H,O (ppb) O3 (ppb) P ot mixed
POH,airmass

Fresh stratospheric 13,000 + 8300 333+128 11+8
intrusion
Background UT 138,000 + 39,000 82+18 42+18
Mixed 371,000 + 64,080 125 £ 50 1
stratospheric/convective
outflow

If our hypothesis from section 4.5 is true — that storm-associated stratospheric intrusions
often mix with convective outflow — then this could be a potentially large source of OH radicals
in the UT over the central US and affect chemistry in the UT, particularly in areas where deep
convection is frequent. In the presence of this type of mixing, the lifetimes of OH-controlled
VOCs would be shorter than currently predicted. This could alter the radiative forcing of the UT
by reducing the lifetimes of radiatively-important gases like CH,4and ethane, while cirrus cloud
formation may be altered due to the enhanced production of secondary VOCs and their
associated changes in gas/particle partitioning (Riese et al., 2012). Recent studies by Pan et al.
(2014) and Homeyer et al. (2011) have also investigated this relationship between convection
and stratospheric intrusions, but focused on the meteorological aspects rather than chemistry. At
this point, however, there is still no consensus as to how frequent these mixing events are, nor
whether or not we can say with certainty that these results hold true on a global scale over a

period of a whole year. Further work must be done to assess the validity of this study.

4.7 Conclusions
The SI and Convective outflow datasets were used to investigate the mixing between
stratospheric intrusions and convection in the UT. Og levels in SI samples indicated that, below

the tropopause, stratospheric air had been mixed with tropospheric air on a number of occasions.
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Many of these samples with mixed stratospheric-tropospheric character had elevated levels of
CO - indicative of anthropogenic influence. These mixed samples were identified in both the
PBL and the UT. During DC3, rapid vertical transport of polluted air occurred via deep
convective lofting of air from the PBL to the UT. This polluted convective outflow was detected
during active storms, where it remained in the UT and was transported downwind for several
days. To investigate the process by which stratospheric air mixes with convectively-lofted
polluted air, a case study was performed: Using the Convective outflow dataset and back
trajectories, aged, polluted convective outflow (lofted to the UT one day prior to sampling) was
identified as having been sampled during research flight 16. Embedded within this outflow were
six samples that had both anthropogenic and stratospheric influence. A case study performed on
a flight where an active storm was sampled (research flight 2) also shows evidence of this type of
mixing. During this flight, a large stratospheric intrusion was identified behind a storm front
passing over Oklahoma. While probing the outflow from this storm, five samples were collected
that met our criteria to be labeled as stratospherically-influenced. These results indicate that
active convection may act to facilitate the mixing between stratospheric and polluted air in the
UT, although we do not attempt to draw any conclusions about the meteorological relationship
between co-located stratospheric intrusions and deep convective storms and the frequency by
which this type of mixing occurs. Since the DC-8 primarily sampled convective outflow below
the tropopause, and nearly all SI samples with detectable anthropogenic influence were collected
below the tropopause, we can not speculate about the presence of this type of mixing in the
lowermost stratosphere.

Of all SI samples collected during DC3, 72% showed detectable anthropogenic influence.

In the UT, the majority of SI samples that had experienced some degree of mixing with
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tropospheric air had done so by mixing with polluted convective outflow. Relative to
tropospheric air, stratospheric air has very high O3 levels, while, relative to stratospheric air,
tropospheric air has very high levels of water vapor. Thus, mixing between the two is expected
to lead to an enhanced instantaneous production of OH relative to un-mixed stratospheric or
tropospheric air. Indeed, based on Oz and water vapor mixing ratios measured during DC3, air
masses that had both stratospheric and anthropogenic influence was calculated to have an
instantaneous production of OH that is 11 + 8 times higher than undiluted stratospheric
intrusions, and 4.2 £ 1.8 times higher than background tropospheric air. This process creates a
unique chemical environment where boundary layer pollution that is convectively lofted in the
upper troposphere may experience higher-than-expected loss rates of OH-controlled trace gases.
Although the work presented here may help lay the groundwork for understanding this type of
mixing, future measurements and modeling studies must be done to assess the regional, global,
and temporal trends of this type of mixing, and any potential impacts on tropospheric chemistry.

Although the observations made here were not extensive enough to allow for an estimate
of O3 flux from the stratosphere via this pathway, this pathway may be significant because
hundreds of deep convective storms occur over the continental US every year. The topic of upper
tropospheric O3 enhancements over North America has been the focus of many studies, and the
general consensus in recent years has been that the chemical production of O3 from lightning-
NOx (LNOy) is the main cause (Cooper et al., 2006, 2007, 2009). Taking the work presented here
into consideration, this notion may need to be edited to include the introduction of stratospheric
airmasses into the UT and the potential for enhanced production of OH when convective outflow
is mixed with stratospheric air. Under these enhanced-OH conditions, the OH-VOC-LNOy

chemistry will be altered in a way where the timescale for O3 production in convective outflow

110



may be shortened. In effect, mixing ratios of VOCs and LNOy would be highest shortly after
convection, as would Poy, which would result in a “pulse” of O3 production that is both shorter
and greater in magnitude than a similar convective event where mixing between convective
outflow and stratospheric air did not take place. This would have important implications on the
distribution of O3 in the UT/LS (via both cross-tropopause transport and photochemical

production) and the lifetimes of OH-controlled GHGs such as CH,4 and ethane.
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5. Vertical Redistribution of Halogenated VOCs by Midlatitude Convective

Storms during the DC3 Field Campaign

The WAS data merge and its derived subsets of data (see Chapter 3) were used to
investigate the effects of deep convection on mixing ratios of organic chlorine and organic
bromine in the UT and LS over the DC3 study region. In the LS, it was found that mixing ratios
of organic chlorine in overshooting tops were higher than mixing ratios of organic chlorine in the
background LS by an average of 217 + 179 pptv (6.3 + 5.2% enhancement, £ 1o uncertainty). Of
all the classes of halocarbons described in this work, mixing ratios of VSLH organic chlorine
(enhanced by 76 + 42 pptv), LLHC organic chlorine (enhanced by 65 + 69 pptv), and CFC
organic chlorine (enhanced by 56 + 78 pptv) were most enhanced in overshooting tops relative to
the background LS. The total organic bromine mixing ratio in overshooting tops was higher than
that of the background LS by an average of 2.8 + 3.2 pptv ((17.4 = 19.9% enhancement), + 1c
uncertainty), with VSLH organic bromine (enhanced by 1.3 = 1.9 pptv) contributing the most to
this enhancement, and halons and LLHC contributing less to this enhancement (organic bromine
from both halons and LLHC were enhanced by 0.8 £ 1.2 pptv in overshooting tops).

In the UT, convection was found to play a much more complicated role on the organic
halogen content of the region. Organic chlorine mixing ratios in the background UT and organic
bromine mixing ratios in convective outflow were both found to have very large ranges of
mixing ratios, leading to relatively large uncertainties when calculating enhancements from
convective outflow (i.e. the average value in convective outflow minus the average value in the
background UT). Model back trajectories and analysis of the chemical composition of the
background UT revealed that long-range transport of outflow from East Asia and from the

central Pacific affected the background UT of the DC3 study region to varying degrees on
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different days. When the background UT was affected by East Asian outflow, mixing ratios of
organic chlorine in local convective outflow from storms over the central US were lower than
those of the local background UT by up to 150 + 115 pptv (VSLH organic chorine was lower by
up to 24 = 20 pptv, and LLHC organic chlorine was lower by 73 + 23 pptv). On the other hand,
when the background UT was affected by clean outflow from the central Pacific, mixing ratios of
organic chlorine in convective outflow were higher than the local background UT by up to 115 +
98 pptv (VSLH organic chlorine was higher by up to 22 + 21 pptv, and LLHC organic chlorine
was higher by up to 34 £ 22 pptv). Mixing ratios of organic bromine in the background UT were
unaffected by these long-range transport processes. However, mixing ratios of organic bromine
in convective outflow were highly variable and were affected by the transport of brominated
VSLH from the Gulf of Mexico to the surface of the DC3 study region. When organic bromine
enhancements in convective outflow were calculated on a flight-by-flight basis, organic bromine
mixing ratios in convective outflow were higher than those in the background UT by an average
of 1.7 £ 1.6 pptv (range -0.3 to 6.0 pptv), VSLH organic bromine was higher by an average of
1.3 £ 1.5 pptv (range -0.3 to 6.0 pptv), and LLHC organic bromine was higher by an average of
0.5 £ 0.5 pptv (range -0.1 to 2.0 pptv).
5.1. Organic Halogens in the UT/LS

The total mixing ratio of a given organic halogen in a given sample was calculated using
equation 5.1, where C; is the mixing ratio of VOC i, and N; is the number of atoms of X (X=
chlorine or bromine) in VOC i:

Total Organic X = Z C;N; (5.1)

i
For example, CFC-11 (CCI3F) contains 3 chlorine atoms, and at a mixing ratio of 250 pptv

would contribute 750 pptv of organic chlorine, while methyl bromide (CH3Br) contains one
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bromine atom, and at a mixing ratio of 8 pptv would contribute 8 pptv of organic bromine. The
organic halogen contribution from different classes of halocarbon (i.e. CFCs, HCFCs, VSLH,
etc.) was also calculated using equations 5.2 — 5.6:

Total X from CFCs = z C;N; (5.2)

J
In equation 5.2, C; is the mixing ratio of CFC j, and N; is the number of X atoms in CFC j.

Total X from HCFCs = z Ci Ny (5.3)

k
In equation 5.3, Cy is the mixing ratio of HCFC k, and Ny is the number of X atoms in HCFC k.

Total X from Halons = Z C,N, (5.4)

l
In equation 5.4, C; is the mixing ratio of Halon I, and N, is the number of X atoms in Halon 1.

Total X from LLHCs = Z CNpn (5.5)

m
In equation 5.5, Cy, is the mixing ratio of LLHC m, and Ny, is the number of X atoms in LLHC m.

Total X from VSLH = Z Cpn (5.6)

In equation 5.6, C, is the mixing ratio ofTIl_LHC n, and N, is the number of X atoms in LLHC n.
Because convection that penetrates into the LS is a somewhat rare event and was sampled
to a much lesser extent during DC3, the effects of convection on the organic halogen content of
the UT and in the LS are considered separately in this work. To determine the difference in
organic halogen mixing ratios (and the species that contribute most to these differences) between
convective outflow in the UT and background UT air, the Outflow-UT dataset was compared to
the Background-UT dataset, with SI samples having been removed from both datasets (see
Chapter 3 for descriptions of these datasets). To determine the difference in organic halogen
mixing ratios between overshooting tops and background LS air, the Outflow-LS dataset was
compared to the Background-LS dataset. The following two sections will focus on the effects of

convection on local mixing ratios of organic chlorine and organic bromine, respectively.
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5.2. Organic Chlorine in the UT/LS

As described in Chapter 1, atomic chlorine plays an important role in catalyzing O3
destruction (Molina and Rowland, 1974; Stolarski and Cicerone, 1974). This catalytic
destruction occurs primarily in the stratosphere, where sinks of atomic chlorine are weaker than
in the troposphere, but can also occur in the UT (Hossaini et al., 2015; Saiz-Lopez et al., 2012).
All classes of halocarbon discussed in Chapter 1 (CFCs, HCFCs, Halons, LLHC, VSLH)
contribute to the organic chlorine content of an airmass. In general, chlorinated VOCs tend to
have anthropogenic sources, with only a few VSLH having significant natural sources (Montzka
et al., 2010). Because DC3 focused on continental convection and the convective outflow
sampled during DC3 showed anthropogenic influence (see Chapter 3), we expect convection to
enhance mixing ratios of organic chlorine in the UT/LS. Of all of the classes of halocarbon
considered here, UT/LS mixing ratios of chlorinated VSLH are expected to be most affected by
the presence of convection because of their short lifetimes. Furthermore, CFCs, HCFCs, halons,
and many LLHCs (CH3Cl being the notable exception that is not regulated) have been
completely banned or have heavily-restricted use, meaning mixing ratios of these compounds in
the UT are expected to be relatively unchanged by deep convection, and mixing ratios of these
compounds in the LS are expected to be only modestly enhanced (relative to VSLH) by deep
convection. This section will be partitioned into two subsections that focus on the effects of
convection on the organic chlorine content of the UT and LS, respectively.
5.2.1. The Effects of Deep Convection on Organic Chlorine in the LS

Using equations 5.1-5.6, the total organic chlorine content and organic chlorine
contributions from different halocarbon classes were calculated for each sample in the Outflow-

LS and Background-LS dataset. These calculated values are shown in Table 5.1, and are visually
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represented in Figure 5.1. Mixing ratios of total organic chlorine calculated here in both the
background LS (3431 + 95 pptv) and in overshooting tops (3648 + 86 pptv) are higher than the
tropospheric background organic chlorine mixing ratio of ~3350 pptv reported in the 2010
Scientific Assessment of Ozone Depletion (Montzka et al., 2010). It should be noted that the
estimates used in Montzka et al. (2010) do not include organic chlorine contributions from CFC-
114 or halons, include an estimate of 550 pptv of organic chlorine from CHsCI (which is lower
than the 666 pptv measured in the background UT and lower than the 568 pptv measured in the
background LS), and include a constant estimate of 80 pptv of organic chlorine from VSLH. The
values presented here suggest that estimates of organic chlorine in the troposphere may be
underestimated by a significant amount, and, as a result, the modeled amount of organic chlorine
transported to the stratosphere will be underestimated as well, as mixing ratios of organic

chlorine in the stratosphere are controlled by input from the troposphere.

Table 5.1. Calculated values for total organic chlorine, and the organic chlorine contribution from different classes of
halocarbons in the Outflow-LS and Background-LS datasets. All values listed have units of pptv. The average outflow
enhancements over background were calculated by subtracting the average value from the Background-LS dataset from the
average value from the Outflow-LS dataset. The maximum enhancement was calculated by subtracting the minimum value from
the Background-LS dataset from the maximum value from the Outflow-LS dataset (i.e. Outflow-LS max — Background-LS min),
and the minimum enhancement was calculated by subtracting the maximum value from the Background-LS dataset from the
minimum value from the Outflow-LS dataset (i.e. Outflow-LS min — Background-LS max).

Total organic  CFCs HCFCs Halons LLHCs VSLH
chlorine
Outflow-LS Average 3648 2274 297 3.9 979 95
max 3736 2307 307 4.0 1011 143
min 3533 2232 284 3.7 949 64
St. dev. 86 38 8 0.1 22 33
Background-LS Average 3431 2218 280 35 914 19
max 3536 2262 298 39 996 34
min 3317 2161 271 3.3 816 18
St. dev. 95 34 8 0.2 47 9
Outflow enhancement Average 217 56 17 0.5 65 76
over background max 419 146 36 0.7 195 125
min -3 -30 -14 -0.2 -47 30
St.dev 179 78 16 0.3 69 42
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Figure 5.1. A visual representation of the average, maximum, and minimum values of organic chlorine from different classes of
halocarbons. Error bars are asymmetric and cover the range of calculated values (i.e. error bars represent the max and min values
shown in Table 5.1).

Mixing ratios of total organic chlorine in the Outflow-LS dataset are higher than those in
the Background-LS dataset by an average of 217 £ 179 pptv (+ 1oc). Of all the classes of
halocarbon considered here, mixing ratios of VSLH organic chlorine (enhanced by 76 + 42
pptv), LLHC organic chlorine (enhanced by 65 * 69 pptv), and CFC organic chlorine (enhanced
by 56 + 78 pptv) contribute the most to this enhancement over the background LS (that is, the
enhancement of overshooting tops relative to the background LS). Because the standard
deviations are quite large (larger than the average enhancement in some cases), the range of
enhancements should also be considered. The maximum enhancement for a given species (i.e.
total chlorine, chlorine from CFCs, etc.) was calculated by subtracting the minimum value from
the Background-LS dataset from the maximum value from the Outflow-LS dataset, and is shown

in Figure 5.2. The minimum enhancement was calculated by subtracting the maximum value
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from the Background-LS dataset from the minimum value from the Outflow-LS dataset. A
negative value for the minimum suggests the presence of at least one sample in the Background-
LS dataset that yielded a higher value than the minimum value in the Outflow-LS dataset. These
large ranges may suggest some limitations of the filtering process described in Chapter 3 — that
perhaps using a set of hydrocarbons as tracers for convection is not an ideal tracer for convection
above the tropopause. That is, some samples that were flagged as “Background-LS” could
actually be from convective outflow, but may not have been flagged as convective outflow due
to high dilution of hydrocarbons. Because both the Outflow-LS and Background-LS datasets are
quite small (N=5 and N=11, respectively), this cannot be remedied by creating a new tracer for

convection above the tropopause.
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Figure 5.2. A visual representation of the average enhancement of organic chlorine in the Outflow-LS dataset relative to the
Background-LS dataset. Error bars are asymmetric and represent the calculated range of enhancements (i.e. the min and max
enhancements calculated in Table 5.1).
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While the majority of organic chlorine is contained in CFCs, VSLH and LLHC were
most enhanced in the LS in the presence of convection (organic chlorine from VSLH enhanced
by 76 + 42 pptv, organic chlorine from LLHC enhanced by 65 + 69 pptv, and organic chlorine
from CFCs enhanced by 56 + 78 pptv). VSLH lofted into the LS by deep convection contribute
the largest enhancement to organic chlorine in the LS, and, as a group, have the smallest relative
range of enhancement values (i.e. the error bars in Figure 5.2 are the smallest for VSLH, relative
to the average value). During previous airborne studies conducted in the tropical UT, such as
PEM-West A and B, TC4, Pre-AVE, and CR-AVE, the lower limit for organic chlorine entering
the LS in the form of VSLH via slow, poleward transport from the TTL (described in Chapter 1)
was estimated to be 55 pptv (38-80 pptv range) (Laube et al., 2008; Law and Sturges, 2006;
Schauffler et al., 1999). This number is significantly higher than the 19 pptv (18-34 pptv range)
of VSLH organic chlorine that was observed in the background LS during DC3. Since the
mixing ratio of VSLH organic chlorine in the Background-UT dataset was 124 pptv (range 76-
246 pptv), this suggests that the background LS air that was sampled during DC3 may have been
diluted with air from the middle and/or upper stratosphere. This is further corroborated by the
fact that very long-lived compounds like CFCs and CCl, are also largely enhanced in the
Outflow-LS dataset relative to the Background-LS dataset.

In Figure 5.3, the average organic chlorine enhancement in overshooting tops
(enhancement relative to the background LS) from individual halocarbons is shown. Mixing
ratios of CFC-11 and CFC-12 were enhanced by an average of 11 and 12 pptv respectively
(resulting in the 33 and 24 pptv of organic chlorine shown in Figure 5.3), while mixing ratios of

CFC-113 and CFC-114 were only marginally enhanced. This is a result of the higher mixing
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ratios of CFC-11 and CFC-12 that are present in the troposphere (~240 and 540 pptv,
respectively) — for example, if mixing ratios of CFC-11 in the LS were 10% lower than in the
troposphere, that would result in a larger reduction in organic chlorine than a 10% reduction in
CFC-114, which has a tropospheric mixing ratio of ~17 pptv. Also of note are HCFC-22 and
CCly, which were enhanced by 14 and 5 pptv, respectively (resulting in the 14 and 20 pptv of
organic chlorine shown). The large enhancements in organic chlorine from these long-lived
halocarbons (lifetimes of 12 and 25 years, respectively) are also due to their relatively high
abundances in the troposphere (~240 and 90 pptv, respectively). HCFCs and LLHCs with lower
tropospheric abundances were not as greatly enhanced in overshooting tops. Of the shorter-lived
halocarbons, CH;Cl and CH,Cl, produced large enhancements in organic chlorine: mixing ratios
of CH3Cl were enhanced by 50 pptv in overshooting tops, while mixing ratios of CH,Cl, were
enhanced by 14.5 pptv in overshooting tops (resulting in the 50 and 29 pptv of organic chlorine
shown). This is due to the relatively short lifetimes of these compounds (lifetimes 12 months and

4 months, respectively), and their resulting vertical gradient across the tropopause.
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Figure 5.3. The average enhancement of organic chlorine (outflow — background) in overshooting tops for different halocarbon
species. CFCs are colored gray, HCFCs are light blue, LLHC are green, and VSLH are colored brown. Error bars are asymmetric
and represent the maximum and minimum enhancement for each species. Halons contribute a negligible amount to the total
organic chlorine enhancement, and have been omitted for clarity.

Because the Outflow-LS dataset is small (N=5), these calculations cannot be further
broken down to examine trends on a regional or flight-by-flight basis while remaining
statistically significant.

5.2.2. The Effects of Deep Convection on Organic Chlorine in the UT

Using equations 5.1-5.6, mixing ratios of total organic chlorine and organic chlorine
contributions from different halocarbon classes were calculated for each sample in the Outflow-
UT and Background-UT datasets. These calculated values are shown in Table 5.2, and are
visually represented in Figure 5.4. In contrast to overshooting tops, convective outflow in the UT
appears to have, on average, little effect on the total organic chlorine content of the UT. Of all
the classes of halocarbons considered here, only organic chlorine from VSLH is, on average,

modestly enhanced over background levels. However, mixing ratios of VSLH organic chlorine in
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convective outflow have a large range (86 — 247 pptv), and background mixing ratios of VSLH
organic chlorine have an even larger range (24 — 249 pptv), including a maximum that is higher
than the maximum value measured in convective outflow. This result is unexpected, as VSLH
are not predicted to have a large presence in the background UT due to their relatively short
lifetimes and the long transport time (around one month) required to reach the UT in the absence
of deep convection (Apel et al., 2012; Bechara et al., 2010). The lack of significant enhancement
in total organic chlorine and the high variability in total organic chlorine in both convective
outflow and the background UT suggest the presence of some highly-varying factor that affects
organic chlorine mixing ratios in convective outflow and/or organic chlorine mixing ratios in the
background UT. It is possible that this variability is derived from geographic location: Surface
sources of chlorinated halocarbons — which are primarily anthropogenic — tend to be unevenly
distributed geographically, which would result in a noticeable geographic distribution in organic
chlorine mixing ratios in convective outflow, as well. In order to investigate this theory,
convective outflow samples and background UT samples were binned based on their geographic
location, which allowed direct comparison between co-located outflow and background samples.
Another possible source of variability is temporal variation: large day-to-day variations in either
the organic chlorine content of convective outflow or the organic chlorine content of the UT
background (likely via long-range transport) would result in a wide range of measured
enhancements, and a relatively modest average enhancement. Both of these sources of variability

(spatial and temporal) are investigated in the remainder of this section.
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Table 5.2. Calculated values for total organic chlorine, and the organic chlorine contribution from different classes of
halocarbons in the Outflow-UT and Background-UT datasets, where SI samples have been removed from both datasets. All
values listed have units of pptv. The average outflow enhancements over background were calculated by subtracting the average
value from the Background-UT dataset from the average value from the Outflow-UT dataset. The maximum enhancement was
calculated by subtracting the minimum value from the Background-UT dataset from the maximum value from the Outflow-UT
dataset (i.e. Outflow-UT max — Background-UT min), and the minimum enhancement was calculated by subtracting the
maximum value from the Background-UT dataset from the minimum value from the Outflow-UT dataset (i.e. Outflow-UT min —

Background-UT max).

Total organic  CFCs HCFCs Halons LLHCs VSLH
chlorine
Outflow-UT Average 3860 2354 318 4.3 1059 167
max 4407 2415 344 4.5 1607 247
min 3754 2281 246 3.9 976 86
St. dev. 56 22 9 0.1 45 17
Background-UT Average 3840 2354 310 43 1047 124
max 4406 2509 335 45 1520 249
min 3647 2280 291 4 949 24
St. dev. 90 22 8 0.1 57 33
Outflow enhancement Average 20 0 8 0 12 43
over background max 760 135 53 0.5 658 223
min --655 -228 -89 -0.6 -544 -163
St.dev 146 44 17 0.2 102 50
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Figure 5.4. A visual representation of the average, maximum, and minimum values of organic chlorine from different classes of
halocarbons. Error bars are asymmetric and cover the range of calculated values (i.e. error bars represent the max and min values

shown in Table 5.2).
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To determine the impact of spatial variability on the overall variability seen in Figure 5.4,
samples from the Outflow-UT and Background-UT datasets were binned into 2° x 2° boxes. For
each box, the average mixing ratio of total organic chlorine was calculated, and boxes containing
fewer than three samples were discarded. The resulting boxes are shown in Figure 5.5. In
general, there does not appear to be a significant trend in organic chlorine mixing ratios in either
the convective outflow or background UT. That is, high and low values appear to be scattered,
particularly in the background UT where the highest and lowest average mixing ratios appear.
Using these boxes, the average enhancement in total organic chlorine from convective outflow in
a given box was calculated by subtracting the background UT average from the convective
outflow average in a given box. If a given box did not have average values for both convective
outflow and UT background, this enhancement was not calculated. The resulting boxes are
shown in Figure 5.6. These enhancements also appear to be scattered and have no discernible
geographic trend. However, it is apparent that the magnitude of the enhancement generally
follows the amount of organic chlorine in the background UT. That is, the amount of organic
chlorine in the background UT is driving the enhancement due to convection, rather than the

convection itself.
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Figure 5.5. Geographic distribution of organic chlorine in convective outflow (top) and in the UT background (bottom) during
DC3. Samples were binned into 2° x 2° boxes, and the average value of each box was calculated. Boxes where fewer than three
samples were collected are not shown.
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Figure 5.6. Geographic distribution of the enhancement in organic chlorine in convective outflow relative to the UT
background. Samples were binned into 2° x 2° boxes, and the average value of each box was calculated.

To check this hypothesis, least squared regressions were made between co-located
Outflow-UT boxes and enhancement boxes (i.e. the boxes in the top panel of Figure 5.5 vs. co-
located boxes from figure 5.6.), and the Background-UT boxes and co-located enhancement
boxes (i.e. the boxes in the bottom panel of Figure 5.5 vs. co-located boxes in figure 5.6.). These
linear regressions are presented in Figure 5.7 along with r? values for each fit. The r? value for
the Background-UT fit is 0.75, which indicates a fairly high degree of correlation, while the r?
value for the Outflow-UT fit is 0.16, which indicates no statistical correlation. Indeed, this result
suggests that the degree to which convection affects the total organic chlorine content of the
regional UT is a function of the composition of the regional background UT, rather than the
composition of convective outflow itself. The Durbin-Watson test was used to determine if the
Background-UT fit showed autocorrelation (i.e. a serial correlation between the residuals of

adjacent observations) (Durbin and Watson, 1950). The Durbin-Watson statistic (d) was
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calculated using equation 5.7, where x represents the number of observations (in this case, the
number of points shown in Figure 5.7), and e, represents the residual associated with observation
X. Essentially, the Durbin-Watson test calculates the ratio of the sum of the squares of lagx-

residuals to the sum of the squares of residuals:

iz(ex - ex—l)z (5.7)

X 52
X1 ex

Values of d always lie in the range 0-4, where a value of d = 2 indicates no autocorrelation, d < 1
indicates substantial positive autocorrelation, and d > 3 indicates substantial negative
autocorrelation. For the Background-UT fit shown in Figure 5.7, a value of d = 2.15 was
calculated, indicating no significant autocorrelation. The Durbin-Watson test was not applied to

the Outflow-UT fit, as the degree of correlation was statistically significant.
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Figure 5.7. Correlations between the total organic chlorine boxes presented in figure 5.5 and the outflow enhancement boxes
presented in figure 5.6.

Since VSLH were expected to be the class of halocarbon that is most affected by
convection, similar correlations were made for VSLH organic chlorine enhancements, and are

shown in Figure 5.8. Indeed, VSLH organic chlorine enhancements in convective outflow are
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strongly correlated with the amount of VVSLH organic chlorine in the UT background (r? = 0.91)
and show no statistical correlation with the amount of VSLH organic chlorine in convective
outflow (r* = 0.20). These results necessitate a further understanding of the factors that drive the
variation in the organic chlorine content and the VSLH organic chlorine content of the
background UT. The Durbin-Watson test for autocorrelation (equation 5.7) was applied to the
Background-UT fit for VSLH (i.e. the left panel of Figure 5.8), and yielded a value of d = 2.09,
indicating no significant autocorrelation. This test was not applied to the Outflow-UT fit (i.e. the

right panel of Figure 5.8) because the degree of correlation was not statistically significant.
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Figure 5.8. Correlations between VSLH organic chlorine in UT background boxes and outflow enhancements (left panel) and
between VSLH organic chlorine in convective outflow boxes and outflow enhancement boxes (right panel).

Because the effects of deep convection on the organic chlorine content of the local UT are
strongly dependent on the amount of organic chlorine in the background UT, the process(es) that
drive the variation in organic chlorine mixing ratios in the background UT must be understood.
To investigate this, temporal trends of organic chlorine in convective outflow and in the
background UT were evaluated. The average mixing ratio of organic chlorine in the Outflow-UT

and Background-UT datasets was calculated for each research flight. The average values (= 1o)
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for total organic chlorine, LLHC organic chlorine, and VSLH organic chlorine are shown in
Figure 5.9. Next, the average enhancement from convective outflow (that is, Outflow-UT —
Background-UT) for each flight was calculated for total organic chlorine (Figure 5.10), LLHC
organic chlorine (Figure 5.11) and VSLH organic chlorine (Figure 5.12). In these figures, a
negative enhancement represents a flight in which organic chlorine mixing ratios encountered in
the background UT were higher than those in convective outflow.

In Figure 5.9 it is apparent that there is a greater day-to-day variability in background UT
organic chlorine mixing ratios than in convective outflow. There also appear to be trends in
background UT organic chlorine values: For example, background UT mixing ratios of total
organic chlorine reached a local minimum during research flight 12, but then increased during
each flight until it peaked during research flight 16. Conversely, VSLH organic chlorine reached
a local maximum during research flight 2, and then began decreasing until reaching a local
minimum during research flight 6. During both of these events (the build-up during research
flights 12-16 and the drop-down during research flights 2-6), organic chlorine mixing ratios in
convective outflow stayed relatively stable. These trends are also apparent in Figure 5.10 - 5.12,
where enhancements in organic chlorine from convective outflow (relative to the UT
background) also reach a local maximum during research flight 6 (when UT background mixing
ratios of organic chlorine reached a local minimum), and reach a local minimum during research
flight 16 (when UT background mixing ratios reached a local maximum). Of particular interest
are research flights 2 and 16, where LLHC organic chlorine and VSLH organic chlorine mixing

ratios are significantly higher in the UT background than in convective outflow.
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Figure 5.9. The average mixing ratios of total organic chlorine (top panels), LLHC organic chlorine (middle panels), and VSLH
organic chlorine (bottom panels) for each research flight from the Outflow-UT (left side) and Background-UT (right side)
datasets. Error bars represent +1c. Note: no Background-UT samples were collected during research flight 17.
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Figure 5.10. The average (+1c) enhancement in total organic chlorine in convective outflow relative to the UT background for
each research flight. Note: no background samples were collected during research flight 17, so the enhancement was not
calculated.
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Figure 5.11. The average (+1c) enhancement in LLHC organic chlorine in convective outflow relative to the UT background for
each research flight. Note: no background samples were collected during research flight 17, so the enhancement was not
calculated.
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Figure 5.12. The average (+1c) enhancement in VSLH organic chlorine in convective outflow relative to the UT background for
each research flight. Note: no background samples were collected during research flight 17, so the enhancement was not
calculated.

The presence of these build-up and drop-down events suggests that a slow, large-scale
process such as long-range transport is affecting background UT mixing ratios of organic
chlorine. To investigate this hypothesis, back trajectory analyses of the background UT during
several research flights were run. Back trajectory analyses were performed using the Global Data
Assimilation System (GDAS) meteorological data supplied within the NOAA HYSPLIT
lagrangian particle trajectory model. Model runs were initiated using a matrix of 111 initial
locations at an initial altitude of 10 km, covering the UT over the entire DC3 study region. Back
trajectory analyses were carried out for 168 hours (7 days) for research flights of interest. While
the HYSPLIT model does not accurately represent small-scale local convection, it does
accurately depict large-scale flow and long-range transport. Back trajectory analyses were
carried out for research flights 1, 2, 6, 8, 12, and 16. These flights were chosen because they

represent a range of organic chlorine enhancements and cover much of the variability in
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background UT mixing ratios of total organic chlorine, LLHC organic chlorine, and VSLH
organic chlorine. Depictions of these back trajectories are available in the Appendix of this
section. In general, research flights 2, 8, and 16 (flights with blue bars in Figure 5.10, which
represent a flight in which higher organic chlorine mixing ratios were observed in the
background UT than in convective outflow) showed a strong influence from Eastern Asia, while
research flights 1, 6, and 12 (flights with red bars in Figure 5.10, which represent a flight in
which higher organic chlorine mixing ratios were observed in convective outflow than in the
background UT) showed a strong influence from the central Pacific Ocean and a minor influence

from East Asia.

The results obtained from these back trajectories are consistent with the calculated mixing
ratios of total organic chlorine, LLHC organic chlorine, and VSLH organic chlorine in the UT
background. The presence of airmasses originating from East Asia in the UT background over
the central US on some days would imply higher mixing ratios of chlorinated halocarbons during
those days, since many chlorinated halocarbons have strong anthropogenic sources and are often
most heavily-used in East Asia. On the other hand, since few chlorinated halocarbons have
strong oceanic sources, the presence of airmasses originating from the central Pacific on some
days would imply relatively low levels of chlorinated halocarbons in the background UT during

those days.

Further analysis of the chemical composition of the background UT was used to confirm the
presence of airmasses originating from East Asia and airmasses originating from the central
Pacific. Research flights in which organic chlorine in the background UT was enhanced over

organic chlorine in convective outflow (i.e. research flights 2, 8, 15, and 16 — the suspected “East
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Asian Influence” flights) were binned together, and research flights in which organic chlorine in
convective outflow was enhanced over organic chlorine in the background UT (i.e. research

flights 1, 4, 6, 10, 12, and 18 — the suspected “Oceanic Influence” flights) were binned together.
The average, standard deviation, maximum, and minimum values for these bins were calculated

and are presented in Table 5.3.

Table 5.3. Compiled averages from the Background-UT dataset for selected research flights. All mixing ratios have units of pptv
unless otherwise noted.

Research flights 1, 4, 6, 10, 12, 18 Research flights 2, 8, 15, 16
(Suspected Oceanic Influence) | (Suspected East Asian Influence)

avg st. dev.  max min avg st.dev  max min

CO (ppbv) 89 16 130 63 | 167 22 188 94
PAN 93 59 218 24 | 264 111 601 109
HCHO (ppbv) | 111 88 313 26 | 163 109 427 82

Methyl Nitrate | 230 142 727 076 | 1.76 044 268 094
CHBr; 038 020 082 002 | 030 012 048  0.02
HCFC-22 240 7 255 227 | 248 5 262 240
HCFC-141b | 223 1.1 244 195 | 234 16 269 212
HCFC-142b | 222 06 235 208 | 227 06 239 216

CH;CI 641 35 730 573 737 111 1137 626
CH;CCl; 5.8 0.2 6.3 5.1 5.7 0.2 6.2 5.4
CCl, 91 2 94 84 92 2 98 89
CHCI, 30 6 39 17 45 11 67 28
CHCl; 8.6 11 10.5 6.8 11.3 25 16.1 7.1
C.Cl, 1.76 0.46 2.77 095 | 2.59 0.74 3.75 1.13
C,HCl; 0.08 0.09 029 LOD | 0.11 0.09 033 LOD
CH,CICH.CI 9.5 3.5 17.8 2.7 17.5 7.5 31.7 2.9
CHBrCl, 0.15 0.03 0.21 0.07 | 0.14 0.03 0.20 0.08
CHBr,Cl 0.08 0.03 0.16 0.02 | 0.59 0.14 0.80 0.21

In Table 5.3, mixing ratios of HCFCs, LLHC, and VSLH are presented, while CFCs and

halons were omitted due to their lack of variability. In general, the suspected “East Asian-
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influenced” flights featured higher mixing ratios of most chlorinated halocarbons than the
suspected “oceanic-influenced” flights. HCFCs were modestly higher in these flights (HCFC-22
higher by ~3%, HCFC-141b and HCFC-142b higher by ~5% and ~3%, respectively), which
suggests an East Asian influence, as the most significant global source of HCFCs is China. Of
the LLHCs, only mixing ratios of CH3Cl were significantly higher in the “East Asian-
influenced” flights than the “oceanic-influenced” flights (~15%). Mixing ratios of many
chlorinated VSLH were also higher in the “East Asian-influenced” flights, including CH,Cl,
(higher by ~50%), CHCI3 (higher by ~30%), C,Cl,4 (higher by ~50%), and CH,CICH,CI (higher
by ~85%). These chlorinated VSLH all have anthropogenic sources (many of which are
produced by coal burning), which provides further evidence that the background UT sampled
during some research flights was affected by long-range transport from East Asia. Additional
anthropogenic tracers, including CO, peroxy acetyl nitrate (PAN), and HCHO were included in
this analysis. Mixing ratios of these tracers were also significantly higher in the suspected “East
Asian-influenced” flights. Mixing ratios of CO, which is primarily produced during combustion,
were higher by ~90%, while mixing ratios of PAN and HCHO, which are tracers of
photochemical oxidation (furthermore, PAN is only produced in the presence of NOy), were
higher by ~180% and ~50%, respectively. Tracers of oceanic influence, such as CHBr3; and
methyl nitrate, had lower mixing ratios in the suspected “East Asian-influenced” flights than in
the suspected “Oceanic-influence” flights, but not by a statistically significant amount. Given the
evidence at hand, it is clear that research flights with high background UT mixing ratios of
organic chlorine were affected, to varying degrees, by long-range transport of airmasses from
East Asia. Meanwhile, other research flights were affected, to varying degrees, by long-range

transport of airmasses from the central Pacific and had lower mixing ratios of organic chlorine.

137



Linear least squares regressions were made between the average total organic chlorine
enhancement for each flight (as shown in Figure 5.10) and the mixing ratio of organic chlorine in
convective outflow in the UT and in the background UT for each flight, and are shown in Figure
5.13. In general, fits with organic chlorine in convective outflow show no statistical correlation,
while fits with organic chlorine in the background UT show modest correlations. The Durbin-
Watson test was performed for each regression had an r? value greater than 0.30, and no evidence
of autocorrelation was found. The sum of VSLH organic chlorine and LLHC organic chlorine in
the background UT (bottom panel of Figure 5.13) yields a high degree of correlation (r* = 0.74)
with the convective outflow enhancement (nearly as high as the degree of correlation between
convective outflow enhancement and total organic chlorine in the background UT, where r? =
0.76), meaning that, on a flight-by-flight basis, nearly all of the variation in organic chlorine

enhancements from convective outflow are due to these two classes of halocarbon.
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Figure 5.13. Correlations between the average total organic chlorine enhancement in convective outflow from each flight (i.e. the
average mixing ratio of organic chlorine in the convective outflow of flight i minus the average mixing ratio of organic chlorine
in the background UT of flight i) and the organic chlorine contribution from different halocarbon species. Panels on the left show
correlations between enhancements and organic chlorine in convective outflow, while panels on the right shown correlations
between enhancements and organic chlorine in the background UT. The bottom panel shows the correlation between the outflow
enhancement in organic chlorine and the sum of organic chlorine from VSLH and LLHC. All graphs are color-coded as follows:
purple points represent “oceanic-influenced” flights, red points represent “East Asian-influenced” flights, and green points
represent flights where the background UT was likely influenced by both regions.
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The results presented in this section indicate that deep convection over the central US can
affect the organic chlorine content of the UT on a regional scale. However, the sign and
magnitude of this effect are highly dependent on the organic chlorine content of the background
UT rather than on the organic chlorine content of the convective outflow itself. During flights
where the UT background was strongly-influenced by relatively clean air from the central
Pacific, deep convection enhanced the local mixing ratio of organic chlorine in the UT. The
largest enhancement in total organic chlorine from deep convection that was observed during any
DC3 flight was 115 + 98 pptv, which occurred during research flight 18. During this flight
organic chlorine from LLHC was enhanced by 34 + 22 pptv over the local UT background, while
organic chlorine from VSLH was enhanced by 22 + 21pptv over the local UT background. On
the other hand, when the UT background was strongly-influenced by the long-range transport of
polluted air from East Asia, deep convection actually lowered the local mixing ratio of organic
chlorine in the UT. During research flight 2, mixing ratios of total organic chlorine in the
background UT were 150 + 115 pptv higher than those in convective outflow. During this flight,
mixing ratios of organic chlorine from LLHC and VSLH were also higher in the background UT
than in convective outflow (LLHC organic chlorine was higher by 73 + 23 pptv and VSLH

organic chlorine was higher by 24 + 20 pptv).

5.3. Organic Bromine in the UT/LS
As described in Chapter 1, atomic bromine catalytically destroys O3 about 60 times more
efficiently than atomic chlorine (Molina and Rowland, 1974; Montzka et al., 2010; Stolarski and

Cicerone, 1974). Of the classes of halocarbon discussed in Chapter 1, only halons, LLHC and
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VSLH contribute to the organic bromine content of an airmass. Halons have purely
anthropogenic sources, while brominated LLHC and VSLH tend to have strong biogenic sources
(primarily oceanic) and small anthropogenic sources (Montzka et al., 2010). Because DC3
focused on continental convection rather than marine convection and the convective outflow
sampled during DC3 showed anthropogenic influence (see Chapter 3), we expect the deep
convection sampled during DC3 to provide a modest enhancement in mixing ratios of organic
bromine in the UT/LS. Of all of the classes of halocarbon considered here, UT/LS mixing ratios
of brominated LLHC and VSLH are expected to be most affected by the presence of convection
because of their short lifetimes. Unlike the diverse group of chlorinated LLHC considered in
section 5.2, only one brominated LLHC, CH3Br, was measured during DC3. It should be noted
that, of all of the LLHC considered in this dissertation, CH3Br has the shortest atmospheric
lifetime (~ 8 months) and falls only just above the six-month lifetime cutoff used to differentiate
LLHC from VSLH. Thus, while the definitions of LLHC and VSLH used in the literature would
consider CH3Br a LLHC, its vertical distribution in the atmosphere more closely resembles that
of a VSLH than a very-long-lived halocarbon (Montzka et al., 2010).To be consistent with the
literature, CH3Br is considered a LLHC in this work. This section will be partitioned into two
subsections that focus on the effects of convection on mixing ratios of organic bromine in the UT

and LS, respectively.

5.3.1. The Effects of Deep Convection on the Organic Bromine in the LS

Using equations 5.1-5.6, mixing ratios of total organic bromine and organic bromine
contributions from different halocarbon classes were calculated for each sample in the Outflow-
LS and Background-LS dataset. These calculated values are shown in Table 5.4, and are visually

represented in Figure 5.14. Mixing ratios of total organic bromine in the Outflow-LS dataset are
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higher than those of the Background-LS dataset by an average of 2.8 + 3.2 pptv (x 1c). Of all the
classes of halocarbon considered here, VSLH (VSLH organic bromine enhanced by 1.3 + 1.9
pptv) contribute the most to this enhancement over the background LS, while both halons and
LLHC contribute less to the total organic bromine enhancement (organic bromine from both
halons and LLHC were enhanced by 0.8 + 1.2 pptv in outflow). Because the standard deviations
are quite large (larger than the average enhancement in all cases), the range of enhancements
should also be considered. The maximum enhancement for a given species (i.e. total bromine,
bromine from halons, etc.) was calculated by subtracting the minimum value from the
Background-LS dataset from the maximum value from the Outflow-LS dataset, and is shown in
Figure 5.15. The minimum and maximum enhancements were using the method described in
section 5.2.1. The large ranges of enhancements presented here may further suggest some
limitations of the filtering process described in Chapter 3. Because both the Outflow-LS and
Background-LS datasets are quite small (N=5 and N=11, respectively), this cannot be remedied

by creating a new tracer for convection above the tropopause.

Table 5.4. Calculated values for total organic chlorine, and the organic chlorine contribution from different classes of
halocarbons in the Outflow-UT and Background-UT datasets, where S| samples have been removed from both datasets. All
values listed have units of pptv. The average outflow enhancements over background were calculated by subtracting the average
value from the Background-UT dataset from the average value from the Outflow-UT dataset. The maximum enhancement was
calculated by subtracting the minimum value from the Background-UT dataset from the maximum value from the Outflow-UT
dataset (i.e. Outflow-UT max — Background-UT min), and the minimum enhancement was calculated by subtracting the
maximum value from the Background-UT dataset from the minimum value from the Outflow-UT dataset (i.e. Outflow-UT min —
Background-UT max).

Total organic Halons LLHCs VSLH
bromine
Outflow-LS Average 19.1 8.4 8.4 2.2
max 22.1 9.3 9.0 3.9
min 16.5 7.6 7.6 0.7
St. dev. 2.7 0.8 0.6 15
Background-LS Average 16.1 7.6 7.6 0.9
max 16.8 7.9 8.4 1.6
min 14.2 6.6 6.6 0.6
St. dev. 0.5 0.4 0.6 0.4
Outflow enhancement over Average 2.8 0.8 0.8 1.3
background max 7.9 2.7 24 3.3
min -0.3 -0.3 -1.2 -0.9
St.dev 3.2 1.2 1.2 1.9
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Figure 5.14. A visual representation of the average, maximum, and minimum values of organic bromine from different classes of
halocarbons. Error bars are asymmetric and cover the range of calculated values (i.e. error bars represent the max and min values
shown in Table 5.4).
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Figure 5.15. A visual representation of the average enhancement of organic chlorine in the Outflow-LS dataset relative to the
Background-LS dataset. Error bars are asymmetric and represent the calculated range of enhancements (i.e. the min and max
enhancements calculated in Figure 5.14).
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Previous airborne studies of the tropical UT, such as PEM-West A and B, TC4, Pre-AVE,
and CR-AVE, estimate the amount of organic bromine from VSLH entering the stratosphere to
be 2.7 pptv (range 1.4 — 4.6 pptv) (Laube et al., 2008; Law and Sturges, 2006; Montzka et al.,
2010; Schauffler et al., 1999). Additional estimates of the organic bromine contribution from
VSLH in the stratosphere were obtained using ground- and space-based vertical profile
measurements of BrO and subtracting the modeled BrO contributions from halons and LLHC
(Hendrick et al., 2008; McLinden et al., 2010; Salawitch et al., 2010; Sinnhuber et al., 2005;
Theys et al., 2007). These studies estimate ~ 6 pptv (range 0-11 pptv) of bromine in the
stratosphere originated from VVSLH. All of these studies are higher than the 0.9 pptv (range 0.6 —
1.6 pptv) of VSLH organic bromine measured in the LS during DC3. As discussed in section
5.2.1, the lower mixing ratio of VSLH organic bromine measured in the background LS during
DC3 was likely a result of the midlatitude location of the study, and the associated dilution of
TTL air with air from the middle stratosphere as it moves poleward towards the midlatitudes.

In Figure 5.16, the average organic bromine enhancement in overshooting tops
(enhancement relative to the background LS) from individual halocarbons is shown. H-1211 and
H-1301, which each contain one bromine atom, contributed an average of 0.20 and 0.53 pptv of
organic bromine to the average enhancement, while H-2402 was enhanced by a negligible
amount. The LLHC CH3Br contributed an average of 0.82 pptv of organic bromine to the
average enhancement. Of the brominated VSLH, CH,Br, and CHBr3; were the most enhanced in
convective outflow (enhancements of 0.3 and 0.25 pptv, respectively), and contributed averages

of 0.6 and 0.75 pptv of organic bromine to the enhancement.
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Figure 5.16. The average enhancement of organic bromine (outflow — background) in overshooting tops for different halocarbon
species. Halons are colored cyan, LLHCs (CH3Br) are green, and VSLH are colored tan. Error bars are asymmetric and represent
the maximum and minimum enhancement for each species.

5.3.2. The Effects of Deep Convection on Organic Bromine in the UT

Using equations 5.1-5.6, mixing ratios of total organic bromine and organic bromine
contributions from different halocarbon classes were calculated for each sample in the Outflow-
UT and Background-UT datasets. These calculated values are shown in Table 5.5. In contrast to
organic chlorine, which had, on average, a negligible enhancement in convective outflow relative
to the background UT, organic bromine was, on average, modestly enhanced in convective
outflow relative to the background UT — although the associated uncertainty for this
enhancement is quite large (relative standard deviation of 220%). Of all the classes of

halocarbons considered here, only organic bromine from VSLH was, on average, modestly
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enhanced over background levels — although the associated uncertainty for this enhancement is
also quite large (relative standard deviation of 180%). Just as in section 5.2.2, geographic
variability in the organic bromine content of convective outflow or the organic bromine content
of the background UT could be driving the variability in the organic bromine enhancement noted
here. Even though DC3 focused on continental convection, the surface of the south and central
US is often influenced by warm, moist air from the Gulf of Mexico. In fact, this warm, moist air
is the driving force behind the genesis of much of the convection over the region (Barth et al.,
2014). Thus, it is possible that regions close to the Gulf of Mexico (such as Alabama or
Oklahoma) may have higher mixing ratios of organic bromine than regions far from the Gulf of
Mexico (such as Colorado), and a detectable geographic trend in mixing ratios of organic
bromine will be observed. To investigate this, convective outflow samples and background UT
samples were binned based on their geographic location, which allowed direct comparison
between co-located outflow and background samples. Another possible source of variability is
temporal variation. In section 5.2.2 it was noted that the organic chlorine content of the
background UT was highly variable and was influenced by long-range transport of air from East
Asia and the central Pacific. In this section we will also investigate the effects of long-range
transport on the organic bromine content of the background UT, and how this affects the

magnitude of enhancement in organic bromine from convective outflow.

146



Table 5.5. Calculated values for total organic chlorine, and the organic chlorine contribution from different classes of
halocarbons in the Outflow-UT and Background-UT datasets, where SI samples have been removed from both datasets. All
values listed have units of pptv. The average outflow enhancements over background were calculated by subtracting the average
value from the Background-UT dataset from the average value from the Outflow-UT dataset. The maximum enhancement was
calculated by subtracting the minimum value from the Background-UT dataset from the maximum value from the Outflow-UT
dataset (i.e. Outflow-UT max — Background-UT min), and the minimum enhancement was calculated by subtracting the
maximum value from the Background-UT dataset from the minimum value from the Outflow-UT dataset (i.e. Outflow-UT min —
Background-UT max).

Total organic  Halons LLHCs VSLH
bromine
Outflow-UT Average 225 8.4 9.2 4.8
max 81.0 9.6 66.6 15.3
min 18.1 7.9 7.6 1.0
St. dev. 4.0 0.2 2.9 25
Background-UT Average 19.9 8.5 8.8 2.6
max 28.4 9.0 14.9 11.2
min 15.6 7.5 7.2 0.2
St. dev. 1.8 0.2 0.8 15
Outflow enhancement Average 2.6 -0.1 0.4 2.2
over background (ppt) max 65.4 2.1 59.4 15.1
min -10.3 -1.1 -7.3 -10.2
St.dev 5.8 0.4 3.7 4.0

To determine the impact of spatial variability on the overall variability in organic

bromine enhancements from convective outflow, samples from the Outflow-UT dataset were

binned into boxes based on their geographic area, as described in section 5.2.2. These boxes are
shown in Figure 5.17. For the convective outflow boxes (top panel of Figure 5.17), there appears
to be relatively high organic bromine mixing ratios over the great plains and lower mixing ratios
towards the south and east. For the background UT boxes, the opposite is true, and the highest
mixing ratios were observed near the Gulf States. However, the range of values for the
background UT boxes is smaller than the range of values for the convective outflow boxes.
Using these boxes, the enhancement in total organic bromine from convective outflow in a given
box was calculated, as described in section 5.2.2. This is shown in Figure 5.18. These
enhancements are generally positive (that is, there was more organic bromine in the convective

outflow samples in each box than the background UT samples) and have no discernible
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geographic trend. However, it is apparent that the magnitude of the enhancement generally
follows the amount of organic bromine in the convective outflow, rather than the UT background

as was the case for organic chlorine.
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Figure 5.17. Geographic distribution of organic bromine in convective outflow (top) and in the UT background (bottom) during
DC3. Samples were hinned into 2° x 2° boxes, and the average value of each box was calculated. Boxes where fewer than three
samples were collected are not shown.
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Enhancement in Total Organic Bromine
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Figure 5.18. Geographic distribution of the enhancement in organic bromine in convective outflow relative to the UT
background. Samples were binned into 2° x 2° boxes, and the average value of each box was calculated.

Least squares regressions were made to determine if the magnitudes of the enhancements
in organic bromine in convective outflow were correlated with organic bromine mixing ratios in
the background UT or with organic bromine mixing ratios in convective outflow. These
regressions were made using the same methods described in section 5.2.2, and are presented in
Figure 5.19 along with r* values for each fit. The r? value for the background UT fit is 0.25,
which indicates no statistical correlation, while the r* value for the convective outflow fit is 0.77,
which indicates a fairly high statistical correlation. Indeed, these results suggest that the degree
to which convection affects the total organic bromine content of the regional UT is a function of
the composition of the convective outflow in the region, rather than the composition of the
regional background UT as was the case for organic chlorine. The Durbin-Watson test (equation

5.7) was used to determine if the convective outflow fit (right panel of Figure 5.19) showed
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autocorrelation. A Durbin-Watson statistic d=1.96 was calculated, and suggested no
autocorrelation. The Durbin-Watson test was not applied to the background UT fit, as the degree

of correlation was not statistically significant.
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Figure 5.19. Correlations between the total organic bromine boxes presented in figure 5.16 and the outflow enhancement boxes
presented in figure 5.18.

Since VSLH were expected to be the class of halocarbon that is most affected by
convection, similar correlations were made for VSLH organic bromine enhancements, and are
shown in Figure 5.20. Indeed, VSLH organic bromine enhancements were correlated with the
amount of VVSLH organic bromine in the convective outflow of the region (r* = 0.74) and
showed no statistical correlation with the amount of VSLH organic bromine in the regional
background UT (r?= 0.03). The Durbin-Watson test for autocorrelation (equation 5.7) was
applied to the convective outflow fit for VSLH (i.e. the right panel of Figure 5.20), and yielded a
value of d = 2.10, indicating no significant autocorrelation. This test was not applied to the
background UT fit (i.e. the left panel of Figure 5.20) because the degree of correlation was not

statistically significant.
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Figure 5.20. Correlations between VVSLH organic bromine in UT background boxes and outflow enhancements (left panel) and
between VSLH organic bromine in convective outflow boxes and outflow enhancement boxes (right panel).

In contrast to organic chlorine, the degree to which convection affects the organic bromine
content of the regional UT is a function of the organic bromine content of the convective
outflow, and not the organic bromine content of the regional UT background. While organic
bromine in the background UT showed modest spatial variability, it shows very little temporal
variability. Figure 5.21 shows the average (+ 1o) mixing ratios of total organic bromine, LLHC
organic bromine, and VSLH organic bromine in the convective outflow and background UT for
each flight. While the convective outflow shows some temporal variability, especially for total
organic bromine and VSLH organic bromine, the background UT shows very little temporal
variability except for research flight 13. During research flight 13, the DC-8 flew south towards
the Gulf of Mexico and may have encountered outflow from recent marine convection. Because
the boundary over the Gulf of Mexico would not contain appreciable mixing ratios of the
hydrocarbons used to detect convective outflow over the DC3 study region (see Chapter 3), this
marine convective outflow may not have been detected by our filters, and thus would have been
incorrectly flagged as a background UT sample. This may explain the high mixing ratios of the
LLHC CHj3Br - which has a strong oceanic source - seen in the background UT during research
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flight 13. Because of this potential outlier, some correlations and calculations in the following
paragraphs are performed twice: both including research flight 13 and excluding research flight
13. Because of the small variability in the total organic bromine content of the background UT
(19.8 £ 0.7 pptv of organic bromine if research flight 13 is included, 19.7 + 0.5 pptv of organic
bromine if research flight 13 is excluded) and the lack of build-up and drop-down events that
were observed for organic chlorine, it is apparent that mixing ratios of organic bromine in the
background UT over the DC3 study region are not significantly affected by long-range transport
of air from East Asia or the Central Pacific region.

Linear least squares regressions were made between the average total organic bromine
enhancement for each flight and the mixing ratio of organic bromine in convective outflow and
in the background UT for each flight, and are shown in Figure 5.22. In general, fits with organic
bromine in convective outflow show some degree of statistical correlation, while fits with
organic bromine in the background UT show no statistical correlation. LLHC organic bromine
has a low degree of correlation with the organic bromine enhancement (r? = 0.10) that increases
slightly to 0.11 if data from research flight 13 is removed. VSLH organic bromine has a strong
correlation with the organic bromine enhancement (r? = 0.84) that increased to 0.86 if data from
research flight 13 are removed. The Durbin-Watson test was performed for each regression had
an r? value greater than 0.30, and no evidence of autocorrelation was found. Because VSLH
show a strong correlation with the total organic bromine enhancement and other brominated
species show weak or no correlation, brominated VSLH are the primary drivers behind the
enhancement in UT mixing ratios of organic bromine due to convection. Because brominated
VSLH are primarily emitted by oceans, this suggests that the degree to which oceanic air from

the Gulf of Mexico affects the surface of the DC3 study area (and hence, the convective outflow
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that would be produced over that area) determines the degree to which convective outflow

affects the organic bromine content of the regional UT.
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Figure 5.21. The average values of total organic bromine (top panels), LLHC organic bromine (middle panels), and VSLH
organic bromine (bottom panels) for each research flight from the Outflow-UT (left side) and Background-UT (right side)
datasets. Error bars represent +1c. Note: no Background-UT samples were collected during research flight 17.Halons have been

excluded for clarity.
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Figure 5.22. Correlations between the average total organic bromine enhancement in convective outflow from each flight (i.e.
the average mixing ratio of organic chlorine in the convective outflow of flight j minus the average mixing ratio of organic
chlorine in the background UT of flight j) and the organic bromine contribution from different halocarbon species. Panels on the
left show correlations between enhancements and organic bromine in convective outflow, while panels on the right show
correlations between enhancements and organic bromine in the background UT. In all graphs, the average value from research
flight 13 is highlighted in green. Unless otherwise noted, this value was included in determining the r? value for each correlation.
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5.4. Conclusions

In this section, the effects of convection on mixing ratios of organic chlorine and organic
bromine were investigated. Because the tropopause acts as a fairly strong barrier to mixing
between the troposphere and stratosphere, convective outflow that was sampled above the
tropopause was considered separately from convective outflow that was sampled in the UT.

Deep convection that penetrates above the tropopause was found to increase the organic
halogen loading of the regional LS by a considerable amount. The total organic chlorine mixing
ratio in overshooting tops was higher than that of the background LS by an average of 217 £ 179
pptv (= 1o), with VSLH (enhanced by 76 + 42 pptv), LLHCs (enhanced by 65 + 69 pptv), and
CFCs (enhanced by 56 + 78 pptv) contributing the most to this enhancement over the
background LS mixing ratios. The atmospherically-abundant refrigerants CFC-11, CFC-12, and
HCFC-22 were enhanced in overshooting tops by an average of 11 pptv, 12 pptv, and 14 pptv
respectively (contributing 33 pptv, 24 pptv, and 14 pptv of organic chlorine to the total
enhancement in overshooting tops). The long-lived, atmospherically-abundant species CCl, was
enhanced by 5 pptv in overshooting tops, contributing 20 pptv of organic chlorine to the total
enhancement in overshooting tops). Long-lived species with low tropospheric abundances were
also enhanced in overshooting tops, but contributed a much smaller amount to the total organic
chlorine enhancement in overshooting tops. Of the shorter-lived halocarbons, CH3;CIl and CH,Cl,
produced large enhancements in organic chlorine in overshooting tops: CHsCl was enhanced by
50 pptv, while CH,CI, was enhanced by 14.5 pptv in overshooting tops (contributing 50 and 29
pptv of organic chlorine to the total enhancement in overshooting tops). The total organic
bromine mixing ratio in overshooting tops was higher than that of the background LS by an

average of 2.8 + 3.2 pptv (+ 1), with VSLH (enhanced by 1.3 + 1.9 pptv) contributing the most
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to this enhancement, and halons and LLHC contributing less to this enhancement (organic
bromine from both halons and LLHC were enhanced by 0.8 + 1.2 pptv in overshooting tops). H-
1211 and H-1301, which each contain one bromine atom, contributed an average of 0.20 and
0.53 pptv of organic bromine to the average organic bromine enhancement in overshooting tops,
and the LLHC CH3Br contributed an average of 0.82 pptv of organic bromine. Of the brominated
VSLH, CH;,Br, and CHBr3; were the most enhanced in convective outflow (enhancements of 0.3
and 0.25 pptv, respectively), and contributed averages of 0.6 and 0.75 pptv of organic bromine to
the organic bromine enhancement in overshooting tops.

In overshooting tops, VSLH contribute an additional 76 pptv of organic chlorine and 1.3
pptv of organic bromine to the organic halogen loading of the regional LS. For organic chlorine,
this represents 2.2% of the total organic chlorine in the LS. For organic bromine, this represents
8.1% of the total organic bromine in the LS. If we include the LLHCs CH3Cl and CH3Br, which
have atmospheric lifetimes of less than one year, these numbers increase to 126 pptv (3.7%) for
organic chlorine and 2.1 pptv (13.2%) for organic bromine. These numbers may have a great
importance. The ODP of a given substance is measured relative to that of CFC-11. Because these
compounds have atmospheric lifetimes that are much shorter than CFC-11, they have
disproportionately small ODPs. However, the Os-depleting effects of these short-lived
halocarbons are non-linear with respect to CFC-11, and are maximized when considering shorter
time scales (i.e. less than one year). In effect, introducing a pulse of VSLH into the LS will result
in a loss of O3 in a relatively small area — in this case the midlatitude LS, while introducing a
pulse of a long-lived halocarbon such as CFC-11 will result in O3 loss that is spread throughout
the stratosphere and focused on the mid and upper stratosphere. Because the GWP of O3 is

altitude-dependant and maximized near the tropopause (see Chapter 1), halogenated VSLH that
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are injected into the LS by convection may play a disproportionately large role in controlling the
radiative effects of the region.

In the UT, the effects of convection on organic halogen mixing ratios were more
complicated. On average, organic chlorine mixing ratios in convective outflow in the UT were
similar to those in the background UT. When the enhancement in organic chlorine (i.e. organic
chlorine in outflow — organic chlorine in the background UT) was examined spatially, there was
a strong correlation between the enhancement in organic chlorine and the mixing ratio of organic
chlorine in the regional background UT. When examined on a flight-by-flight basis, the mixing
ratio of organic chlorine in the background UT appeared to have a temporal trend, which
manifested itself as a temporal trend in the average enhancement in organic chlorine in
convective outflow. Using modeled back trajectories and examining the chemical composition of
the background UT, it was found that outflow from East Asia and from the central Pacific
affected the background UT over the DC3 study region. During days when the Background UT
was influenced by East Asian outflow, local convection actually had a lower mixing ratio of
organic chlorine than the local background UT by up to 150 + 115 pptv (VSLH organic chorine
was lower by up to 24 + 20 pptv, and LLHC organic chlorine was lower by 73 + 23 pptv).
During days when the Background UT was influenced by clean air originating from the central
Pacific, local convection had a higher mixing ratio of organic chlorine than the local background
UT by up to 115 + 98 pptv (VSLH organic chlorine was higher by up to 22 + 21 pptv. And
LLHC organic chlorine was higher by up to 34 + 22 pptv).

For organic bromine in the UT, the opposite was observed: convective outflow had, on
average, higher mixing ratios of organic bromine than the background UT (higher by an average

of 2.2 + 5.8 pptv). When examined both spatially and temporally, there was a strong correlation
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between organic bromine in convective outflow and the enhancement in organic bromine in
convective outflow (i.e. organic bromine in convective outflow — organic bromine in the
background UT). Of all the classes of halocarbon considered here, brominated VSLH had the
strongest correlation with this enhancement. The background UT showed very little variation
from day-to-day, indicating that organic bromine mixing ratios in the background UT were not
affected by long-range transport processes in the same way that organic chlorine mixing ratios
were. When organic bromine enhancements in convective outflow were calculated on a flight-
by-flight basis, organic bromine mixing ratios in convective outflow were higher than those in
the background UT by an average of 1.7 = 1.6 pptv (range -0.3 to 6.0 pptv), VSLH organic
bromine was higher by an average of 1.3 = 1.5 pptv (range -0.3 to 6.0 pptv), and LLHC organic
bromine was higher by an average of 0.5 = 0.5 pptv (range -0.1 to 2.0 pptv).

In general, the effects of convection on organic halogens in the UT are as follows: when
a deep convective storm occurs over the DC3 study region, a relatively constant amount of
organic chlorine is injected into a background with highly-variable organic chlorine mixing
ratios. These background organic chlorine mixing ratios are affected by long-range transport,
and can have organic chlorine mixing ratios higher than that of convective outflow. On the other
hand, variable amounts of organic bromine are injected into a background that has a relatively-
constant mixing ratio of organic bromine. The amount of organic bromine contained in
convective outflow depends on the degree to which air at the surface is affected by oceanic
outflow from the Gulf of Mexico.

The results presented in this chapter highlight the wide range of variables one must

account for to successfully model the effects of halogens on the chemistry of the UT/LS: 1) The

location of the convective outflow relative to the local tropopause height, 2) the impact of long-
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range transport on the composition of the regional UT, and 3) variations in the geographic
location and strength of halocarbon sources at the surface. In order to understand these results in
the context of a global climate, global models that incorporate detailed chemical and climate
schemes would need to be used. The results presented here can be used to help provide missing
pieces of data regarding the effects of deep convection on the organic halogen (particularly
VSLH) budget of the UT/LS, and can be used to constrain global chemistry/climate models that

incorporate convection and Os-halogen chemistry into their calculated UT/LS outputs.
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5.6 Appendix

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 18 May 12
GDAS Meteorologlcal Data

(\"*’

Source * at multiple locations

Meters AGL

Job 1D: 157524 Job Start: Tue Apr 21 20:21:47 UTC 2015
Source 1 lat.: 33.200000 lon.:-102.900000 height: 10000 m AGL

T:fma Direction: Backward Durabon 168 hrs
Verti otion Calculation Method Model Vertical Velocity
Meteorology: 0000Z 15 May 2012 - _GDAS1
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Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 19 May 12
GDAS Meteorological Data

Source * at multiple locations

Job 1D: 157473 Job Start: Tue Apr 21 20:20:35 UTC 2015
Source 1 lat.: 33.200000 lon.: -102.800000 height: 10000 m AGL

Trajectory Direction: Backward  Duration: 188 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 15 May 2012 - GDAS1
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NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 29 May 12
GDAS Meteorological Data

({.\, n W;f”L %

Source * at multiple locations

Meters AGL

Job ID: 157567 Job Start: Tue Apr 21 20:23:03 UTC 2015
Source 1 lat.: 33.200000 lon.:-102.800000 height: 10000 m AGL

Trajectory Direction: Backward  Duration: 168 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 29 May 2012 - GDAS1
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Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 01 Jun 12
GDAS Meteorological Data
S .
\

i N

Source * at multiple locations

Job ID: 157618 Job Start: Tue Apr 21 20:24:24 UTC 2015
Source 1 lat: 33.200000 lon.:-102.2900000 height: 10000 m AGL

Trajectory Direction: Backward  Duration: 168 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 1 Jun 2012 - GDAS1
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Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 07 Jun 12
GDAS Meteorologlcal Data

Source * at multiple locations

Job ID: 157648 Job Start: Tue Apr 21 20:25:48 UTC 2015
Source 1 lat.: 33.200000 lon.:-102.800000 height: 10000 m AGL

Trajectory Direction: Backward  Duration: 168 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorclogy: 0000Z 1 Jun 2012 - GDAS1
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Meters AGL

Source * at multiple Iocations

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 17 Jun 12

GDAS Meteorological Data
/ "i:\\ *73?’
/.\} )

Job ID: 157701 Job Start: Tue Apr 21 20:28:38 UTC 2015
Source 1 lat: 33.200000 lon.:-102.900000 height: 10000 m AGL

Trajectory Direction: Backward  Duration: 168 hrs
Vertical Motion Calculation Method: Model Vertical Velocity

Metecrology: 0000Z 15 Jun 2012 - GDAS1
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