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ABSTRACT

KETONES IN THE TROPOSPHERE:

STUDIES OF LOSS PROCESSES, EMISSIONS, AND PRODUCTION

Ketones play an important role in atmospheric chemistry of the troposphere because they
are oxidized VOC:s that are both relatively abundant with sufficiently long-lifetimes to be
distributed regionally. Ketone photolysis is a potentially important source of HOx radicals in the
upper troposphere; it can also serve as a source of peroxy radicals which contribute to the
formation of peroxy acyl nitrate-type (PAN-type) compounds. My thesis focuses on the
atmospheric processes and budgets of smaller ketones.

In this thesis, we discuss a series of four studies aimed at understanding the importance of
atmospheric ketones to production of oxidants and PAN-type compounds. The four studies
covered here involve laboratory measurements, interpretation of atmospheric observations, and
modeling calculations.

Chapter 2 of this thesis discusses an update to and global sensitivity analysis of the global
budget of acetone. We test how sensitive a global simulation of acetone is to literature-derived
ranges of input factors used to represent 1) direct emissions and secondary natural sources of
acetone from the biosphere; 2) loss via photolysis; and 3) dry deposition. We use the Morris
method (one-at-a-time variations) to identify and prioritize potential reasons for model-
measurement differences for acetone. This study helps identify what specific processes and/or
geographic regions deserve further attention via modeling and/or measurements to constrain the

global budget of this species. Of the sources tested, acetone is globally most sensitive to the



direct emissions from the biosphere, with other sources and sinks being important on a seasonal
and regional basis.

Chapter 3 presents the results of laboratory measurements of absorption cross sections of
MEK and DEK (along with their uncertainties) measured in the laboratory between 200-335 nm
at temperatures ranging from 242-320 K, with a spectral resolution of 1 nm. We also report
absorption cross sections for PEK at the same resolution and wavelengths at 296 K. We present a
simple “two-state” physically based model to understand the temperature variation of the cross
sections and to extrapolate cross sections beyond the temperatures of the measurements. The
implementation of these temperature-dependent cross-sections is most important in the colder
upper troposphere, where this work suggests a ~20% decrease in MEK photolysis rate relative to
the previous understanding.

In Chapter 4, we present an analysis of aircraft observations of MEK in the remote marine
troposphere from the Atmospheric Tomography (ATom) project. We show that the observed
vertical profiles over clean oceans suggests an oceanic source of MEK. We show that the ocean
serves as a source of MEK to the atmosphere during both meteorological winter and summer.
MEK in clean marine air over the remote oceans correlates with both acetone and acetaldehyde,
whose primary sources in the ocean water are the photooxidation of organic material.

Finally, in Chapter 5, we bring together the information gathered from Chapters 2 and 3 to
improve our ability to model MEK globally and, with these and other model improvements,
present the first global budget of MEK. We discuss the magnitudes, distribution, and seasonality
of the sinks, sources, and atmospheric mixing ratios of MEK as well. We also present a
comparison of simulated MEK abundances using a suite of available aircraft observations of

MEK from around the globe. Our results suggest that MEK is much less abundant in the



atmosphere than acetone, but the fluxes of MEK into the atmosphere are about a tenth as those of
acetone. The most important sources of MEK to the atmosphere are from the ocean and the
oxidation of primarily anthropogenic alkanes, while the most important sinks of MEK are
photolysis and oxidation by OH.

We pull the information from all these four studies to show that our knowledge of the
atmospheric role of acetone and MEK are improved. We also identify gaps in our knowledge that

should be pursued to further improve quantifications of the roles of ketones in the troposphere.
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DEDICATION

Ce qui est simple est toujours faux. Ce qui ne [’est pas est inutilisable.
Paul Valery

All models are wrong. Some are useful.
George Box

“Can you see anything?”
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Dr. John Hall
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CHAPTER 1: INTRODUCTION

1.1. Atmospheric Oxidation

The most important change to Earth’s atmospheric composition happened 2.3 billion years
ago. Prior to this point, our planet’s atmosphere was primarily made of carbon dioxide (CO>),
methane (CHs), sulfuric gases, and nitrogen (Canfield et al., 2013). This is not because elemental
oxygen is in any way rare — it is believed to be the third most abundant element in the universe
(Croswell, 1996). Rather, oxygen is extremely reactive, and in the ancient pre-history of earth it
was primarily bound up in compounds with other elements rather than being freely available in
the atmosphere. Sometime around 3 billion years ago — possibly as early as 3.5 billion and
certainly by 2.7 billion - the first photosynthetic bacteria evolved a new trick: they could use the
energy in sunlight to split water and CO; to make sugar, and in the process release molecular
oxygen, Oy (Pierson, 1994). For the first several hundred million years of photosynthesis, this
process mostly did not change the atmosphere itself. Instead, the newly liberated oxygen
generally returned to earth almost immediately through reaction with minerals on the surface and
in the oceans — the planet itself began to rust (Canfield et al., 2013; Holland, 2006). By 2.3
billion years ago, oxygen began to accumulate in the atmosphere, where it today makes up 21%
of each breath we take (Canfield et al., 2013; Holland, 2006).

Chemically, it would not be entirely wrong to think of this change as setting fire to the
atmosphere. In the language of a chemist, Earth’s atmosphere is an oxidizing medium: that is to
say, oxygen dominates the chemistry of the atmosphere and determines the fate of nearly every
trace gas released into the atmosphere. This process may most easily be understood by
considering the reaction of the simplest alkane — CH4 — with O in Equation (1) below:

(1) CHy + 202 — 2H0 + CO;



This is the same basic reaction that occurs in a natural gas burner and, for that matter,
essentially the same reaction that powers each of our cells: combine a reduced species made up
mostly of carbon and hydrogen (e.g., natural gas, octane fuel, glucose) with oxygen to produce
water, CO», and energy. Of course, both flames and cells use various other tricks of chemistry to
make this reaction go more quickly. The carbon-hydrogen bonds in CH4 are otherwise so strong
that it is nearly impossible for molecular oxygen to break them. Indeed, under atmospheric
conditions, reaction (1) essentially never occurs as written. A family of oxidizing radicals that

are the true drivers of atmospheric oxidation: the odd hydrogen radicals (HOx =OH + HO»).

For most trace gases, OH is the dominant loss process in the troposphere. OH is sufficiently
reactive that each molecule reacts with another gas and is destroyed almost as quickly as it forms
— the species has a mean atmospheric lifetime of only a few seconds. Mean concentrations of OH
radicals are thus highly variable, ranging up to ~107 molecules/cm? in daytime near the surface,
~10° molecules/cm?® in daytime in the upper troposphere (Spivakovsky et al., 2000), and
essentially 0 at night time. Even such low concentrations are sufficient to dominate atmospheric

chemistry. The first reaction for the atmospheric oxidation of most VOCs takes the form:
RH + OH - HO +R

In the case of CH4, R is CH3. Where CHy4 (i.e., RH) with its full set of four bonds was not
reactive enough with oxygen to break the C-H bond quickly, the CH3 radical will react almost

immediately with O».

The OH and HO; radicals are often treated together as HOx because the two species
rapidly interconvert in the presence of NO, so the production of one HO> is roughly equivalent to
the production of one OH. The primary HOx source in the global troposphere is believed to be

the photolysis of ozone (O3) to produce O('D), whose subsequent reaction with water vapor



produces OH radicals (Levy, 1971). However, in regions where water vapor is scarce, such as
the upper troposphere, other sources of OH become more important. One of the most important
non-H>O sources of HOy are the ketones (McKeen et al., 1997; Singh et al., 1995; Wennberg et

al., 1998).

1.2. Ketones as HOx Sources in the Upper Troposphere

The ketones are a family of carbonyl compounds with both primary and secondary
anthropogenic and natural sources. Their archetypical formula is RC(O)R’, where both R and R’
are functional groups with at least one carbon. Ketones play an important role in atmospheric
chemistry because they are both relatively abundant and relatively stable oxidized VOCs
(OVOCs; H.B. Singh et al., 1994, 2000, 2001; Yafiez-Serrano et al., 2016). The smallest and
most abundant ketone is the three-carbon acetone (CH3C(O)CH3) (H.B. Singh et al., 1994); the
four-carbon methyl ethyl ketone (MEK; CH3C(O)C,H5) is the second most abundant ketone in
the atmosphere (H.B. Singh et al., 2000; Yafiez-Serrano et al., 2016). Other saturated ketones,
including diethyl ketone (DEK; CoHsC(O)C,Hs) and propyl ethyl ketone (PEK; CsH7C(O)C>Hs)
can be directly emitted into the atmosphere or secondarily produced by the oxidation of alkanes
and alcohols (Siegel & Eggerdorfer, 2002; Singh et al., 2004; Yafiez-Serrano et al., 2016),
although we are unaware of reports of atmospheric concentrations of these compounds. Ketones
have the potential to serve as an additional and significant source of HOy radicals in the upper
troposphere (McKeen et al., 1997; Singh et al., 1995; Wennberg et al., 1998). Recent work
suggests that the magnitude of the HOy source from acetone photolysis in the upper troposphere,
where water vapor concentrations are small, could be as much as that via Oz photolysis in the

same region, depending upon the season (Neumaier et al., 2014). The UV absorption cross



section of DEK and PEK in the actinic region are similar to that of MEK (Brewer et al., 2019;
Horowitz, 1999; Keller-Rudek et al., 2013; Martinez et al., 1992), and the rate coefficient for
DEK’s reaction with OH radicals is approximately 2.5 times larger than that of MEK
(Burkholder et al., 2015). By analogy to acetone and MEK, DEK and PEK could potentially

contribute to production of HOx compounds in the troposphere.

1.3. Ketones and Reactive Nitrogen

In addition to their important role in atmospheric oxidation, ketones play an important
part in reactive nitrogen chemistry via their part in the formation of acyl peroxy nitrates (PANs).
PAN-type compounds are important reservoir species for nitrogen oxide radicals (NOx = NO +
NO»), which transport NOx over long distances and contribute to tropospheric ozone (O3)
production (Singh & Hanst, 1981). PANs are formed in polluted environments via the reaction
between NOy and carbonyl peroxy radicals, with a characteristic form RC(O)OONO,. PANSs are
important because their stability depends upon ambient temperature. When warm, PAN species
tend to decompose; when cold, they can be stable over a long time period, enabling long distance
transport (Hudman et al., 2004; Singh, 1987). In this way PANSs can introduce NOx into remote
regions of the troposphere where it otherwise might not be present and where it is most efficient
at producing O3 and OH (Fischer et al., 2010; Hudman et al., 2004; Hanwant B. Singh, 1987).
Acetone is a significant precursor to PAN formation, responsible for ~9% of PAN formation
globally (Fischer et al., 2014). MEK has not previously been shown to directly contribute
significantly to PAN production globally, though the possibility remains that it could be

regionally important in certain highly polluted areas; similarly, DEK and PEK remain total



unknowns in an atmospheric context but could potentially play a similar role due to their similar

photolysis.

1.4. Photochemical Processes

Photolysis is the breaking of chemical bonds via the input of solar energy. This process
represents both an important loss pathway for the ketones and the key to their atmospheric
importance. Overall, solar photon absorption by a ketone in the troposphere leads to the

following generalized representation:

(R1) RC(O)R' + hv > RC(0) + R’

Subsequently, both R’ and RCO undergo atmospheric degradation and lead to HOx via
reactions of RO radicals that are produced in the process, especially in the presence of sufficient

NOsx. In reactions (R2), we show the oxidation of R’ radical:

M NO
(R2a)R' + 0, > R'0,— R'0O + NO,

(R2b) R'0 + 0, » R"0 + HO,

In the case of acetone, R’ is CH3 and R”O is CH»O. Thus the photolysis of acetone
produces two HOj radicals and two CH>O molecules; CH>O can photolyze to produce additional

HOx (Cooke et al., 2010) or react with OH leading to no net loss of HOy. If the photolysis of



MEK (R1) yields R’ as CH3, R”O will also be CH»O. If the photolysis of MEK (R1) yields R’
instead as CoHs, R”O is acetaldehyde (CH3C(O)H). The photolysis of CH3C(O)H produces an
additional HOx molecule and another CH,O molecule (Millet et al., 2010). Of course,

acetaldehyde can also react with OH, and this fate would also generate additional HOx through

the formation of CH-O.

The RCO radical formed via photolysis (R1) also undergoes a similar sequence of
reactions in the presence of NOy. The end result is the formation of another R radical, and its

oxidation via R3 is additional HOx production.

NO
(R3) RC(0) + 0, - RC(0)0, — RC(0)0 + NO, » R+ CO, + NO,

If R is an ethyl radical (as can occur in MEK, DEK, and PEK photooxidation), then
RC(O) is a propionyl radical. If R is a methyl radical (as in the case of acetone and MEK
photooxidation), then RC(O) is an acetyl radical. Even in low NOy conditions, the reaction
between O; and a propionyl radical can serve to produce HOx through the subsequent reactions
of the peroxy radicals. In high NOx conditions with sufficient of NO> present, the peroxide
intermediate formed by the initial step of R3 (RC(0)0O.) can react with NO, to form a PAN-type
compound (RC(O)OONO:,). Occasionally, the first step of reaction R3 can also lead directly to
OH production via an isomerization of the carbonyl radical, leading to a series of lactone-type
products and OH production (Hou & Wang, 2007; Romero et al., 2005). These yields tend to be
fairly low at atmospherically relevant temperatures - between 6% (213 K, 330 hPa) and 20%

(213 K, 70 hPa) for MEK (Hou & Wang, 2007; Romero et al. 2005) and at most 1-2% at



atmospherically relevant pressures for acetone (Gross et al., 2014; Papadimitriou et al., 2015).
This source is not generally considered in global HOx simulations, but has been occasionally
used in laboratory studies as a means of studying ketone quantum yields (Romero et al., 2005).
Overall, atmospheric ketone photolysis initiates reactions (R1 — R3) which efficiently produce
HOx radicals; in polluted environments, this process can diverge in step (R3) to produce PAN-

type compounds as well.

The reaction of ketones with OH follows a similar sequence, with slightly more steps. In
place of reaction R1, ketone oxidation proceeds as follows. Note that, for comprehension, one of
the hydrogen atoms previously assumed to be included inside the R group is now listed as

distinct — what was R in R1 is now RHj3 in R4.

(R4) R'C(O)RH; + OH - R'C(O)RH, + H,0
In acetone — the simplest case — R is just a single carbon, RH3 is CH3, and the radical product of
R4 is the radical CH3C(O)CHoa. This radical will quickly react with molecular oxygen in a

manner analogous to R3:

(R5) R'C(O)RH, + 0, » R'C(O)RO, = R'C(O)RH,0 + NO,

The radical product of this reaction (R'C(O)RH,0) can either decompose into an
aldehyde and peroxy radical or react with another oxygen molecule to abstract a second
hydrogen from the RH>O group, resulting in the production of a HOx molecule. These paths are
laid out in reactions R6 and R7, respectively.

(R6) R'"C(O)RH,0 —» R'C(0) + RH,0
(R7) R'C(O)RH,0 + 0, » R'C(O)R(0O)H + HO,
The decomposition case — reaction (R6) — creates the same peroxy radical as R1.

Similarly, the aldehyde created in R6 will be CH>O in the case of acetone and either CH,O or



acetaldehyde (CH3CHO) in the case of MEK, as was the case for the products of reaction R2b.
R7 does lead to a stable dicarbonyl compound. These dicarbonyls can also consequently
photolyze and react with OH, giving rise to similar product sets as the ketones from which they
arose (e.g. HOx, aldehydes, PAN-type compounds). In the case of acetone, where R is just a
single carbon atom, this product is methylglyoxal; for MEK, more complex dicarbonyls can

result.

1.5. Global Budgets

Atmospheric chemists rely on three tools to study the atmosphere: laboratory studies,
atmospheric observations, and chemical models. Each of these tools has significant advantages
and limitations. A laboratory experiment is a controlled system better suited to truly understand
physical and chemical processes at the cost of a loss of complexity. Atmospheric observations
capture the atmosphere as it exists, but they can be complex and necessarily limited in time and
space. Atmospheric chemists therefore turn to chemical models to contextualize processes,
interpret observations, and make forecasts and projections about the future (Jacob, 1999). The
simplest model calculation we use to understand the role of various compounds in the
atmosphere is essentially the continuity equation for a species in the atmosphere: the global
budget. By tallying up the sources and sinks of a given species in the atmosphere and tracing its
precursors and its products, the abundance and importance of a given species can be understood.
This matters for many reasons, but one of the most notable is that the abundance of a species
does not necessarily imply its chemical importance — short-lived but highly reactive compounds
can be far more important to chemical processes than their concentrations suggest, as is the case

with OH — and therefore understanding the sources and sinks of a compound can be just as



important as documenting its abundance. Even knowing that the model may inevitably be wrong,
we can use the comparison between modeled understanding and observations to try to gain an
understanding of what is and is not known about the sources, sinks, and importance of a given
species in the complex atmospheric chemical system (Jacob, 1999; Oreskes et al., 1994).

Global chemical transport models (CTMs) allow us to add a layer of sophistication to
what is essentially a back of the envelope calculation. They remove the flux divergence/transport
question from the equation by using analyzed wind fields and allow scientists to include some
basic principles about the planet that are hard to take into account in other ways. For example,
any process involving exchange between the ocean and the atmosphere will likely be more
important in the Southern Hemisphere; any process involving anthropogenic influence on the
atmosphere is more likely to be important in the Northern Hemisphere, where 88% of Earth’s
population lives. The tropics hold the most productive forests and peatlands in the world, while
the immediate subtropics are the site of seasonal fires, primarily of human origin. By combining
our understanding of where human and natural activities take place with our understanding of
atmospheric chemistry and transport, we can begin to get a handle on the fluxes and abundance

of species of interest in the atmosphere.

1.6. The Importance, Abundance, and Budgets of Ketones in the Atmosphere

In the research discussed here, we have mostly focused on the two most abundant saturated
atmospheric ketones, acetone and MEK. A general background on these two species is included
below. In chapter 3, we also address the photochemistry of two larger saturated ketones, diethyl
and propyl ethyl ketone. As discussed above, these species can be directly emitted into the

atmosphere or secondarily produced by the oxidation of alkanes and alcohols (Siegel &



Eggerdorfer, 2002; Singh et al., 2004; Yanez-Serrano et al., 2016). Other unsaturated ketone
species with significant atmospheric concentrations are present in the atmosphere; most notable
is MVK, which is a product of isoprene oxidation in the atmosphere. While the photochemistry
of these species can also be atmospherically important (Fuchs et al., 2018), this thesis is focused

solely on the saturated ketones.

1.6.1. Acetone (propanone)

Acetone is the most abundant ketone in the atmosphere, and is thought to be a major source
of HOx radicals in the upper troposphere (e.g., Singh et al. (1994)); its exact contribution to the
overall HOx budget is uncertain, but acetone’s contribution to upper tropospheric HOx abundance
may be as high as 95% of that produced by O3 photolysis (Neumaier et al., 2014). Acetone is
also a precursor for PAN, a temporary reservoir of NOx, and thus affects the tropospheric
distribution of NOx and O3 (Fischer et al., 2014; Singh et al., 1994). The global budget of acetone
has been periodically revisited because this species is of global importance and there are major
uncertainties in important source and sink terms (Arnold et al., 2005; Fischer et al., 2010; Jacob
et al., 2002; Khan et al., 2015; Singh et al., 1995).

Sources of acetone include direct emission from anthropogenic sources (Jacob et al., 2002;
Singh et al., 1994), vegetation (Guenther et al., 1999, 2012; Singh et al., 1994), biomass burning
(Akagi et al., 2011; Singh et al., 2000), and the ocean (Kanakidou et al., 1991; Singh et al., 1994;
Tanimoto et al., 2014). Acetone is also produced in the atmosphere from the oxidation of both
biogenic (Orlando et al., 2000; Pozzer et al., 2007; Reissell et al., 1999; Sindelarova et al., 2014)
and anthropogenic volatile organic compounds (VOCs) (Kanakidou et al., 1991; Kasting &

Singh, 1986; Pozzer et al., 2007). Acetone is lost via photolysis (Gierczak et al., 1998; Singh et
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al., 1995), oxidation by OH (Jaegl¢ et al., 1997; Singh et al., 1995), and both terrestrial and
marine surface uptake (Chatfield et al., 1987; Jacob et al., 2002; Karl et al., 2005). Jacob et al.
(2002) hypothesized that the oceans provide a major source of acetone to the atmosphere and
that this source is responsible for observed acetone mixing ratios of 200—-500 pptv over remote
regions away from land sources. A revision to the quantum yield for photolytic loss of acetone in
2004 suggested that the global acetone lifetime in the upper troposphere is 3 - 3.5 times longer
than previously calculated (Arnold et al., 2005; Blitz et al., 2004; Fischer et al., 2012; Gierczak
et al., 1998; Jacob et al., 2002). Fischer et al. (2012) revised the earlier Jacob et al. (2002) global
budget to conclude that a large net ocean source is not required to reproduce the observed global

patterns of acetone abundance and ocean-atmosphere fluxes.

1.6.2. Methyl Ethyl Ketone (MEK, 2-butanone)

The importance of MEK in the atmosphere remains uncertain (Singh et al., 2004; Yafiez-
Serrano et al., 2016). Methyl Ethyl Ketone (MEK; C4HgO; 2-butanone) is an oxygenated volatile
compound (OVOC) that occurs in the atmosphere over a wide variety of environments with
typical mixing ratios ranging from a few ppt to ~10 ppb in the most polluted environments
(Sinha et al., 2014; Yafnez-Serrano et al., 2016). Similar to acetone, MEK photolysis in the near-
UV can produce HOx radicals (Brewer et al., 2019; Martinez et al., 1992; Romero et al., 2005).
The number of HOx produced by photolysis of each MEK in the upper troposphere should be
comparable to or higher than that from each acetone molecule in this region. The exact yield of
HOx will depend on the concentration of NO and the as-yet-uncertain quantum yields in the
photolysis of MEK at upper troposphere pressures and temperatures. The sources of MEK are

not fully understood (Yafnez-Serrano et al., 2016). Known sources of MEK include direct
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emissions from biomass burning and the terrestrial biosphere, as well as secondary production
from the oxidation of anthropogenic alkanes (Cappellin et al., 2016; Jordan et al., 2009; Yainez-
Serrano et al., 2016). The primary chemical sinks of MEK in the atmosphere are photolysis and
reaction with OH (Chew & Atkinson, 1996; Raber & Moortgat, 1987; Romero, Blitz, Heard,
Pilling, Price, & Seakins, 2005; Yafiez-Serrano et al., 2016). Reactions with both nitrate (NO3)
and chlorine radicals (Cl) also occur, although these sinks are believed to be relatively minor
globally (Calvert et al., 2011). MEK is also lost via dry deposition (Jordan et al., 2009; Talbot,
2005), and in this work we show that ocean exchange is also probable. Better quantification of
the sources of MEK are needed to constrain the abundances, seasonality, and transport of MEK
throughout the atmosphere, all of which are necessary to estimate the contribution of MEK to the

HOx budget in the upper troposphere.

1.7. Dissertation Overview
This thesis consists of four studies involving laboratory measurements, interpretation of

atmospheric observations, and modeling calculations — the full breadth of atmospheric chemistry.

1.7.1. Chapter 2. A sensitivity analysis of key natural factors in the modeled global
acetone budget.
Chapter two presents an update of the global acetone budget (Fischer et al., 2012; Jacob et
al., 2002) based on advances in model development and observations. We test how sensitive a
global simulation of acetone is to literature-derived ranges of input factors used to represent 1)
direct emissions and secondary natural sources of acetone from the biosphere; 2) loss via

photolysis; and 3) dry deposition. We use this approach to identify and prioritize potential

reasons for model-measurement differences for acetone, in order to identify what specific
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processes and/or geographic regions deserve further attention via modeling and/or measurements
to constrain the global budget of this species. Of the sources tested, acetone is globally most
sensitive to the direct emissions from the biosphere, with other sources and sinks being important

on a seasonal and regional basis.

1.7.2. Chapter 3. Atmospheric photolysis of methyl ethyl, diethyl, and propyl ethyl ketones:
temperature dependent UV absorption cross sections.

In this chapter, we report absorption cross sections of MEK and DEK (along with their
uncertainties) measured in the laboratory between 200-335 nm at temperatures ranging from
242-320 K, with a spectral resolution of 1 nm. We also report absorption cross sections for PEK
at the same resolution and wavelengths at 296 K. The data are also used to calculate
representative first-order rate coefficients for the photodissociation (J-values) of each compound
for a few representative sets of atmospheric conditions, enabling us to contextualize the
atmospheric importance of the cross section temperature dependence to the photolysis rate of
these compounds, as well as provide atmospheric modelers a basis for comparison to their own
ketone photolysis rate calculations. We present a simple “two-state” physically based model to
understand the temperature variation of the cross sections and to extrapolate cross sections
beyond the temperatures of the measurements. The implementation of these temperature-

dependent cross-sections is most important in the colder upper troposphere, where this work

suggests a ~20% decrease in MEK photolysis rate relative to the previous understanding.

1.7.3. Chapter 4. An oceanic source of MEK to the atmosphere.

In Chapter 4, we present an analysis of aircraft observations of MEK in the remote marine

troposphere from the Atmospheric Tomography (ATom) project. We show that the observed
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vertical profiles over clean oceans suggests an oceanic source of MEK. We show that the ocean
serves as a source of MEK to the atmosphere during in both meteorological winter and summer.
There is pronounced seasonality in the MEK profiles in the extra tropical troposphere, with
higher MEK mixing ratios observed in summer than in winter. MEK in clean marine air over the
remote oceans correlates with both acetone and acetaldehyde, whose primary sources in the
ocean water are the photooxidation of organic material. We show that even a small (>1 nM)
concentration of MEK in surface waters is sufficient to allow the ocean to be a net source of

MEK to the atmosphere over many ocean basins across multiple seasons.

1.7.4. Chapter 5: Global Atmospheric Budget and Importance of Methyl Ethyl Ketone
(MEK): Chemical Transport Analysis and Constraints from In-Situ Aircraft
Observations

In this chapter, we bring together the information gathered from the previously noted studies
and present an analysis of the sinks and sources of MEK. In our simulations, MEK has direct
sources from the biosphere (Jordan et al., 2009; Yanez-Serrano et al., 2016), direct
anthropogenic emissions (EMEP, 2015; Hoesly et al., 2018; U. S. EPA, 2013), biomass burning

(Akagi et al., 2011; Andreae, 2019), and oceanic emissions (see Chapter 4). MEK is also

secondarily produced from the atmospheric oxidation of predominantly anthropogenically

emitted alkanes, most importantly n-butane (Jenkin et al., 1997). Sinks for MEK in our

simulation are photolysis (IUPAC, 2005), oxidation by OH, NO3, and Cl (Calvert et al., 2011),

ocean uptake (see Chapter 4), and dry deposition (Jordan et al., 2009; Talbot, 2005). This chapter

discusses the magnitudes of the sinks, sources, and atmospheric mixing ratios of MEK as well as

the comparison of modeled MEK to available observations.
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CHAPTER 2: A SENSITIVITY ANALYSIS OF KEY NATURAL FACTORS
IN THE MODELED GLOBAL ACETONE BUDGET !

2.1 Introduction

Acetone is one of the most abundant carbonyl compounds in the atmosphere, and it serves as
an important source of HOx (OH + HO») radicals in the upper troposphere and a precursor for
peroxyacetyl nitrate (PAN). We present a global sensitivity analysis targeted at several major
natural source and sink terms in the global acetone budget to find the input factor or factors to
which the simulated acetone mixing ratio was most sensitive. The ranges of input factors were
taken from literature. We calculated the influence of these factors in terms of their Elementary
Effects on model output. Of the six factors tested here, the four factors with the highest
contribution to total global annual model sensitivity are direct emissions of acetone from the
terrestrial biosphere, acetone loss to photolysis, the concentration of acetone in the ocean mixed
layer, and the dry deposition of acetone to ice-free land. The direct emissions of acetone from the
terrestrial biosphere are globally important in determining acetone mixing ratios but their
importance varies seasonally outside the tropics. Photolysis is most influential in the upper
troposphere. Additionally, the influence of the oceanic mixed layer concentrations are relatively
invariant between seasons, compared to the other factors tested. Monoterpene oxidation in the
troposphere, despite the significant uncertainties in acetone yield in this process, is responsible

for only a small amount of model uncertainty in the budget analysis.

In this chapter, we present an update of the global acetone budget (Fischer et al., 2012; Jacob

et al., 2002) based on advances in model development and observations. Using this updated

! Portions of this chapter contain published work. Citation: Brewer, J. F., Bishop, M., Kelp, M., Keller, C.,
Ravishankara, A. R., & Fischer, E. V. (2017). A sensitivity analysis of key natural factors in the modeled global
acetone budget. Journal of Geophysical Research, 122(3), 2043-2058. https://doi.org/10.1002/2016JD025935
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budget, we test how sensitive a global simulation of acetone is to literature-derived ranges of
input factors used to represent 1) direct emissions and secondary natural sources of acetone from
the biosphere, 2) loss via photolysis and 3) dry deposition. For the purposes of this sensitivity
analysis, we represent the literature-derived uncertainty ranges as uniform distributions of
equally likely values. We do not assign differing trust to different literature values. We rely on
the Morris Method of global sensitivity analysis, also called the Elementary Effects method of
sensitivity analysis. This technique is effectively an average of derivatives over the space of
input factors. It is generally considered a cost-effective method for making a sensitivity analysis
of computationally expensive models [Morris, 1991; Saltelli and Annoni, 2010]. We use this
approach to identify and prioritize potential reasons for model-measurement differences for
acetone, in order to identify what specific processes and/or geographic regions deserve further
attention by the modeling and/or measurement communities to constrain the global budget of this

species.

2.2 Methods

2.2.1 GEOS-Chem Model Description

We use GEOS-Chem v10-01, a 3-D chemical transport model that includes detailed
tropospheric oxidation chemistry, to simulate the global distribution of acetone (www.geos-
chem.org) (Bey et al., 2001; Fischer et al., 2012; Jacob et al., 2002). GEOS-Chem is driven by
NASA-GEOSS assimilated meteorological data with 0.5¢ X 0.67° horizontal resolution, 47
hybrid pressure-sigma vertical levels up to 0.010 hPa, and 3—6 h temporal resolution. We
degraded the horizontal resolution to 4° x 5° for input into the GEOS-Chem simulations due to
computational limitations associated with the number of simulations presented here. However,

there are not major differences in the acetone budget between the 4° x 5° GEOS-Chem
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simulations and the higher resolution 2° x 2.5° simulations we have performed. A comparison of
the acetone budget between the 4° x 5° and 2° x 2.5° simulations is included in appendix A, but
the values are similar. For each analysis we used 1-year simulations for 2006, preceded by 1-
year spin-ups to remove the effect of initial conditions. However, because GEOS-Chem has very
little year-to-year variability in modeled acetone mixing ratios (Fischer et al., 2012, 2014), the
results obtained in this work do not only apply to 2006. The global acetone budget for GEOS-

Chem version 10-01 is summarized in Table 2.1.
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Table 2.1: Global and hemispheric budgets for atmospheric acetone in GEOS-Chem
v10-01 compared to Fischer et al. (2012) and Jacob et al. (2002). The ‘Oxidation of
Isoalkanes’ category includes the source of acetone from both propane and lumped
alkanes with 4 or more carbon atoms. Units are in Tg of acetone. We calculate the average
monthly global acetone burden is 5.57 Tg. The average monthly acetone burden is 2.92
Tg and 2.65 Tg of acetone in the Northern and Southern Hemisphere respectively.

This work Fischer  Jacob
et al. et al.
[2012] [2002]
Sources
NH SH Global
2 Anthropogenic 3.2 0.4 3.6° 0.7 1.1£0.5
’% Biomass Burning 1.1 1.5 2.6 2.8 45+1.6
‘E Terrestrial Biosphere 153 | 22.0 | 37.1 32.0 350+
= 10.0
o Oxidation of Isoalkanes 14.8 3.6 18.3 26.0 21.0+
= 5 (Primarily Anthropogenic) 5.0
<3S
? % Oxidation of Biogenic 24 34 5.8 5.0 7.0+ 3.0
E £ vocs
< =9
Sinks
Oxidation by OH 13.6 12.0 | 25.6 33.0 27.0
Photolysis 9.7 11.3 | 21.0 19.0 46.0
Land Uptake 7.0 54 12.4 12.0 9.0
Net Ocean Exchange
Ocean Source 20.4 31.2 | 51.8 80.0 NA
Ocean Sink 27.1 32.1 | 59.2 82.0 NA
Net Exchange -6.6 -0.9 -7.5 -2.0 NA

4ncluding biofuel use

The first global budget of acetone within GEOS-Chem was constructed by Jacob et al.
(2002) and included sources from anthropogenic emissions, biomass burning, terrestrial
vegetation, plant decay, photochemical production in the ocean, and the atmospheric oxidation of
isoalkanes, monoterpenes, and methylbutenol. We did not test the sensitivity to the emissions of

the isoalkanes, or their acetone yields, and there is evidence that the emissions of propane may
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be rapidly changing (Helmig et al., 2016). Global anthropogenic emissions of propane and >C3
alkanes are from the RETRO inventory (Pulles et al., 2005), and are overwritten with regional
inventories for the United States (EPA/NEI2011; U. S. EPA, 2013), Europe (EMEP; EMEP,
2015; Vestreng & Klein, 2002), and Asia (MIX; Li et al., 2015)). This accounts for the
difference in this source of acetone between Table 2.1 and the simulation presented in Fischer et
al. (2012), which used only the base RETRO inventory without any regional inventories. Jacob
et al. (2002) included losses via oxidation by OH, photolysis, and dry deposition to terrestrial
environments. Fischer et al. (2012) implemented local calculations of air-sea acetone fluxes by
applying the two-film model of Liss & Slater (1974) with updated liquid and gas-phase transfer
velocities (Johnson, 2010; Nightingale et al., 2000) and a fixed seawater concentration of 15 nM.
That simulation was able to largely reproduce global patterns of atmospheric abundances, and
model calculations suggested that the ocean is in near-equilibrium with the atmosphere on a
global scale. The model version presented here (v10-01) includes updates to several modules
relevant for the acetone budget, including both the FASTJX photolysis module (Eastham et al.,
2014), which updated the implementation of the acetone photolysis parameterization
recommended by Blitz et al. (2004), and the MEGAN biosphere emissions module (Guenther et
al., 2012). The revised implementation of acetone photolytic loss rates in GEOS-Chem v10-01
(discussed below) widens the differences between modeled and measurement abundances as
compared to Fischer et al. (2012), and results in a 43% increase in the annual total photolysis
sink for acetone compared to Fischer et al. (2012) in some regions of the globe. Both model
versions perform similarly when compared to the suite of acetone observations compiled by
Fischer et al. (2012): the mean bias of GEOS-Chem v9 when compared to a selection of

available vertical profiles of acetone is -0.14 ppb acetone, while the mean bias of v10 is -0.12
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ppb (de Gouw et al., 2001, 2006; Hornbrook et al., 2011; Jacob et al., 1996; Lelieveld, 2002;
Lewis et al., 2005; Mao et al., 2006; Marandino, 2005; Murphy et al., 2010; Singh et al., 1994,
2000, 2001, 2004, 2009; Warneke & de Gouw, 2001; Williams et al., 2004). Plots summarizing
comparisons of model results with observations are shown in appendix A. In general, the
relative variation of acetone abundance as a function of altitude is predominantly determined by
the photolytic loss rate and vertical transport, while the abundances in the boundary layer and

lower troposphere are determined by both emissions and loss processes.

2.2.2  The Morris Method of Sensitivity Analysis

Sensitivity analyses are used to corroborate hypotheses, set research priorities, simplify
models, identify critical or interesting regions in the space of the input factors within models, and
identify factors which interact and may thus generate extreme values (Oreskes et al., 1994;
Saltelli & Annoni, 2010). Here we focus on 1) research prioritization and the identification of
spatial dynamics in model sensitivity, and 2) the impact of uncertainties in the representation of
various processes within the GEOS-Chem model used to simulate the global distribution of
acetone. As in Saltelli (2004), we seek “that factor which, on average, once fixed, would cause
the greatest reduction in variance” for simulated acetone mixing ratios. This factor is therefore

the most important, and it exhibits the highest sensitivity.

The Morris Method is a qualitative global one-at-a-time sensitivity analysis. One-at-a-
time sensitivity analyses are generally considered to be flawed methods for use on large,
complex models because they cannot detect factor interactions or non-linear sensitivities (Saltelli
& Annoni, 2010). The Morris Method circumvents these problems using multiple input

trajectories through the sample space to use the average of derivatives and standard deviations
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over the space of input factors. Consequently, the Morris Method can achieve a relatively
sophisticated sensitivity analysis using a few dozen model runs, rather than the thousands
required for more comprehensive variance-based analyses (Morris, 1991; Saltelli & Annoni,

2010).

In the Morris Method, a model with & independent input factors that vary across p factor
levels has an input space that can be represented as a k-dimensional grid with spacing
determined by p. As in the case of this paper, these factors represent uncertainties in the model
inputs. They are used as given in the available literature and can either represent actual ranges of
possible inputs or percent variations in input factors. The distribution of elementary effects
associated with the ith input factor is found by creating random trajectories through the input
space. Each trajectory is determined by randomly selecting a starting point within the input
space, and then iterating through it in increments of p, creating a series of input vectors which
each differ from the prior trajectory entry by a single value, i.e., <Xi, X2, X3, X4>, <Xi, Xo+p2,
X3, X4>, <Xi, Xotp2, X3, Xatps>, ..., <Xi1+p1, Xo+p2, X3+p3, X4+ps>. Each trajectory therefore
contains (k+1) input vectors, where k is the number of variables tested. If the chosen k factors
are not independent, the small number of runs required by the Morris Method will not be

sufficient to determine the elementary effects, and this methodology fails.

The above process is repeated r times where r is as large as possible, given the size of the
model and the computational resources available (Campolongo et al., 2007; Saltelli & Annoni,
2010). Using a larger r enables a smaller choice of p and therefore a more detailed examination
of the sample space. The total number of model runs (n) is thus n = r x (k+1), where r is the
number of trajectories and k is the number of input factors tested. This number n will always be

considerably smaller than the thousands of runs required for variance-based sensitivity analyses
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or Monte Carlo methods, and is very well suited for use with computationally expensive models

(Morris, 1991).

p* and o are, respectively, the mean of the absolute values and the standard deviation of
the distribution of the elementary effects. Taken together, they provide a qualitative ranking of
the importance of the various factors tested, and thus are without units. p is a measure of the
overall influence of the factor on the output. Following Campolongo et al. (2007), we use p* to
discuss factor effects instead of simply using p. p is the mean of the distribution of the
elementary effects, while p* is the mean of the absolute values of the elementary effects. This
alteration avoids the possibility of missing model sensitivity due to non-monotonic effects or
interactions between the chosen variables. In this analysis, p* represents the absolute sensitivity
of the modeled acetone mixing ratios to the literature-derived uncertainty ranges of the model
representations of the chosen input factors. A different p* is calculated for each factor. Because
this ranking is qualitative, the units of p* and ¢ are ignored, as their values are only relevant for

comparison both within and between the two statistics.

6, on the other hand, estimates the standard deviation of the factor’s effects, whether due
to nonlinearity on the part of the tested factor and/or due to interactions with other factors. If, for
a given input, we find a high o value, then the elementary effects of this factor depend strongly
on the initial sample point chosen, and potentially upon the values of the other input factors in
the same trajectory. If we find a relatively low o, then the various elementary effects have similar
values no matter what starting point is chosen and are independent of the other respective input
factors. The importance of the factor independence becomes especially clear here: if the chosen
factors are not all independent, then o will overestimate the impact of the related factors, thus

rendering it non-representative. In the context of this work, ¢ represents the sensitivity of the
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modeled acetone mixing ratios to non-linearities in or interactions between various input factors.
Thus, if two of the chosen input factors exhibit a high ¢ value, a change in one has a relatively

large impact on the effect of a change in the other.

Here, we present two complementary Morris Method analyses targeted at simulated
acetone in GEOS-Chem. In the first analysis, we test the sensitivity for the five factors used to
simulate acetone mixing ratios: (i) direct acetone emissions from the terrestrial biosphere, (ii)
monoterpene emissions from the terrestrial biosphere, (iii) acetone yields from monoterpene
oxidation, (iv) ocean mixed layer acetone concentration, and (v) acetone dry deposition over ice-
free land. Two analyses were made rather than one because of computational limitations on the

total number of runs we were able to execute at one time.

Our second Morris Method analysis tests the sensitivity of simulated acetone mixing
ratios to three of the factors explored in the first Morris Method analysis: acetone emissions
from the terrestrial biosphere, ocean mixed layer acetone concentration, acetone dry deposition.
The two factors controlling secondary biogenic emissions were omitted due to their lower
importance (shown below in Section 3.3). Uncertainty in the model representation of acetone
photolysis was added to the analysis because model results are highly dependent on the Blitz et
al. (2004) quantum yield implementation, as demonstrated by differences between the Jacob et
al. (2002), Fischer et al. (2012), and v10-01 simulations. The sensitivities of the common factors
(acetone emissions from the terrestrial biosphere, ocean mixed layer acetone concentration, and
acetone dry deposition over ice-free land) show similar results between the two runs, with only
dry deposition showing significant differences (up to 40% in specific regions) between the two
model runs. To account for these differences, we present the more conservative sensitivity values

for each shared factor between the two runs except where otherwise denoted. For both analyses,
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we use an r of 8, resulting in 48 model runs for the first analysis and 40 for the second — a total

of 88 model runs.

2.2.3 Bounding the Ranges of Uncertainties

As discussed above, we focus on six factors (processes) of importance for the global
acetone budget for this sensitivity analysis. We summarize the available literature regarding the

uncertainty range associated with each of these processes below.

2.2.3.1 Direct biogenic acetone and monoterpene emissions

Many plants emit acetone and other VOCs as a by-product of both ordinary metabolism
and of plant wounding and subsequent drying (Fall, 1999; de Gouw et al., 1999). Monoterpenes
consist of a large number of olefinic natural hydrocarbons. Many types of vegetation emit
monoterpenes, and they are estimated to account for 15% of total global biogenic VOC
emissions (Guenther et al., 2012; Sindelarova et al., 2014). The Model of Emissions of Gases
and Aerosols from Nature (MEGAN) v2.1 is used to calculate acetone and monoterpene
emissions within GEOS-Chem for different land cover types. The emissions of each species have
specific dependencies on leaf-area index, species composition, and meteorological parameters
(Guenther et al., 2012). Guenther et al. (2012) estimate that global emissions of acetone are
known within a factor of two. MEGAN v2.1 calculates the emissions of 41 different types of
monoterpenes (Guenther et al., 2012), but only 8 of these species (listed in Table 2.2) are
incorporated into the version of GEOS-Chem used here. The lifetime of this chemical family is
on the order an hour, and GEOS-Chem v10.01 does not transport them between grid boxes. As

discussed next, acetone production is calculated immediately following emission using a scaling
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factor. Guenther et al. (2012) estimate a higher uncertainty in monoterpene emissions compared
to the emissions of acetone because no annual global assessment of these compounds has been

made. They estimate that the global emissions are known within a factor of three.

In order to accommodate uncertainties on both tails of the distribution, therefore, we both
multiplied the flux of acetone from the biosphere by factors of 2 and '%; similarly, we multiplied
the flux of monoterpenes by 3 and 1/3. Because of their distinct light- and land-cover-type
dependence, the emissions of monoterpenes are treated as independent from the direct emissions
of acetone from the biosphere for this sensitivity analysis. This determination is necessary in

order to make use of the Morris Method, as discussed above in Section 2.2.2.

2.2.3.2 Acetone Production from Atmospheric Oxidation of Monoterpenes

Monoterpenes are not represented in the full-chemistry version of GEOS-Chem. Their
inclusion into the full chemistry version has been sporadic (e.g., Fischer et al. (2014)) and has
not been included in the standard public release version of the model. Fischer et al. (2014)
lumped terpenes with one double bond and included the RACM2 chemical mechanism for this
lumped class. In this case, their integrated acetone yield over the course of a year (as diagnosed
by a difference of simulations with and without terpene chemistry) was 0.017 (1.7%). Given the
uncertainty in the chemistry, we did not implement, test, and evaluate an oxidation scheme for all
8 terpene species represented in the model. It would be useful to separately carry out a sensitivity
study on the oxidation mechanism of the various terpenes using the known ranges of their

emission.

Currently, the full-chemistry version of GEOS-Chem calculates acetone production using

a single scaling factor of 0.116, representing the yield of acetone from monoterpene oxidation,
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applied to the sum of the MEGAN emissions of 8 monoterpene species. In this sensitivity
analysis, we adjust this yield between 7 and 21% to account for the fact that there are multiple
monoterpene species being evaluated, all of which have uncertain acetone yields during
atmospheric oxidation. Using the MEGAN monoterpene speciation and the minimum and
maximum acetone yields taken from the literature, we construct a fractionally-weighted average
of acetone yields, with each monoterpene weighted by its fraction of the total MEGAN-emitted

monoterpenes. This information is summarized in Table 2.2.

Table 2.2: Weighted monoterpene-to-acetone percentage yields. Minimum and maximum
yields are weighted according to the fraction of the total monoterpenes emitted from the
MEGAN model.

Fraction Of | Weighted
Max Yields | Min Yields Total Max Weighted Min
a-Pinene 0.20° 0.02¢ 0.34" 0.07 0.01
B-pinene 0.15° 0.01¢ 0.17" 0.03 0.00
Limonene 0.20’ 0.004s 0.09" 0.02 0.00
Sabinene 0.30°¢ 0.16¢ 0.07" 0.02 0.01
Myrcene 0.51¢ 0.228 0.03" 0.02 0.01
A-3-Carene 0.18¢ 0.098 0.06" 0.01 0.01
Ocimene 0.20f 0.18f 0.23" 0.05 0.04
Other 0.50' 0.02 0.01" 0.01 0.00
TOTAL 0.21 0.07

aVinckier et al. (1998)
"Wisthaler et al. (2001)
¢Carrasco et al. (2006)
dReissell et al. (1999)
¢Orlando et al. (2000)
Reissell (2002)

gLee et al. (2006)
hSindelarova et al. (2014)
Jo-pinene analogue
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2.2.3.3 Oceanic Acetone Concentrations

There is evidence that the ocean can serve as a significant source of acetone to the
atmosphere in certain regions and a significant sink in others (Marandino, 2005; Tanimoto et al.,
2014; Yang et al., 2013; Zhou & Mopper, 1997). Several very recent papers have increased our
understanding of the ocean-atmosphere exchange of acetone (Beale et al., 2013, 2015; Dixon et
al., 2013, 2014; Tanimoto et al., 2014; Yang et al., 2013, 2014). Enriched concentrations of
acetone have been measured in the surface mixed layer (Beale et al., 2013) and surface
microlayer (Zhou & Mopper, 1997). Studies suggest that acetone in the oceans has multiple
sources, including exchange with the atmosphere (Beale et al., 2013; Marandino, 2005; Yang et
al., 2014; Zhou & Mopper, 1997), photochemical production from colored dissolved organic
matter (CDOM) (Beale et al., 2013, 2015; Dixon et al., 2014; Zhou & Mopper, 1997), and
bacterial production (Nemecek-Marshall et al., 1995). Acetone in the ocean is lost to the
atmosphere (Beale et al., 2013; Yang et al., 2014), oxidation in the liquid phase to CO» (Dixon et
al., 2014), and microbial uptake (Beale et al., 2013; Dixon et al., 2014). Acetone in Atlantic
surface waters has an observed seasonal cycle with a maximum in the spring and summer
followed by a fall-winter minimum (Beale et al., 2015), as well as a significant meridional

gradient (Yang et al., 2014).

Reported acetone abundances in the ocean mixed layer range from ~2 nM (Beale et al.,
2013; Dixon et al., 2014; Zhou & Mopper, 1997) to 41 nM (Tanimoto et al., 2014), with multiple
other reported values falling within that range (See Table 2.3). Generally, acetone produced in
the ocean mixed layer is expected to equilibrate rapidly with the atmosphere. GEOS-Chem v10

uses a prescribed fixed mixed layer acetone concentration of 15 nM (Fischer et al., 2012) and the
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subsequent ocean fluxes are parameterized using a two film model (Liss & Slater, 1974). Gas
and liquid-transfer velocities are taken, respectively, from Johnson (2010) and Nightingale et al.
(2000). Thus the parameterization over-simplifies the oceanic acetone in several consequential
ways. In this representation there are no spatial or temporal variations in concentrations of
acetone in the mixed layer, and oceanic concentrations of acetone are independent of both
atmospheric acetone concentrations and incoming solar radiation. This representation, therefore,
does not account for significant interactions between oceanic acetone concentrations and acetone
emissions from the terrestrial biosphere. For this sensitivity analysis, we considered acetone
concentrations to be between 2 and 20 nM and applied each chosen concentration as a single

global value to the modeled ocean.

Table 2.3: Measurements of acetone concentrations (nM) in surface seawater. Values
listed where available in the reference literature.

Mean (nM) Min (nM) | Max (nM) Reference
17.6 9.0 20.0 | Williams et al. (2004)
14.5 1.8 27.2 | Marandino et al. (2005)
19.0 4.4 41.3 | Tanimoto et al. (2014)
3.0 2.0 15.0 | Zhou & Mopper (1997)
7.0 10.0 | Yang et al. (2013)
7.5, 3.0° 2.0 8.2 | Dixon et al. (2014)
6.0 2.0 10.0 | Beale et al. (2015)
13.7 3.0 36.0 | Yang et al. (2014)
5.0 14.0 | Read et al. (2012)
2.0 24.0 | Beale et al. (2013)
2.0 20.0 | Dixon et al. (2013)

aSSummer Measurement
b\Winter measurement

There is a possibility that these measured concentrations, when determined using a
membrane and gas phase analysis, like that described in Yang et al. (2014), could possibly

overstate the concentrations of acetone in the water sampled due to keto-enol tautomerism — that
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is, the tendency of molecules to exist in some equilibrium between keto- and -enol forms. If this
equilibrium constant were high enough, the removal of 2-propanone (the keto- form of acetone)
from the medium might induce the conversion of 2-propenol to 2-propanone, thus over-
estimating the actual amount of acetone in the water. However, the keto-enol tautomerism for
acetone in seawater is sufficiently low that we do not believe it to be a source of error in these

measurements (Chatfield et al., 1987).

2.2.3.4 Dry Deposition of Acetone over Ice-Free Land

Acetone dry deposition velocities in the model are set at a constant value of 0.10 cm s°!
over dry land, with no deposition over snow and ice. This value produces simulated diurnal
acetone cycles in eastern North America during summer months that agree with observations
(Jacob et al., 2002). The current 0.10 cm s™! deposition rate is designed to yield a 20% decrease
in atmospheric mixing ratios of acetone relative to no deposition (Jacob et al., 2002). However,
there is a large range of dry deposition velocities reported in the literature. The minimum and
maximum values reported recently in the literature are 0.02 cm s! (Karl et al., 2005) and 0.14 cm
s”! (Karl, 2004) over forested regions. We did not consider the higher rates of dry deposition
found in older studies (up to 2.6 cm s™'; Judeikis, 1982) since they were exclusively based on

laboratory studies under unrealistic conditions.

2.2.3.5 Acetone Photolysis Rates
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Acetone is photolyzed by wavelengths in the near UV to give methyl and an acetyl
radical (Calvert & Pitts, 1966; IUPAC, 2013). When a molecule of acetone is photolyzed, it can
produce a total of 3.2 OH radicals over two steps (Singh et al., 1995) in the presence of sufficient
NOx, or a peroxyacetyl radical (Fischer et al., 2014). This process has been modeled in GEOS-
Chem in multiple ways. In Jacob et al. (2002), acetone photolysis was modeled using the
quantum yields and cross-sections from Gierczak et al. (1998), while GEOS-Chem v9.0, used in
Fischer et al. (2012), includes the updated quantum yields from Blitz et al. (2004). In GEOS-
Chem v10.01, the implementation of the photolysis parameterization was updated again using a
customized version of the FAST-JX v7.0a, a photolysis model to simulate tropospheric
photolysis (Eastham et al., 2014; Wild et al., 2000). This update was not based in new
measurements, but rather because of an improved implementation of the photolysis calculation.
FAST-JX v7.0a uses 18 wavelength bins covering the 177-850 nm range, at altitudes up to 60
km (Eastham et al., 2014). The acetone photolysis parameterization uses absorption cross-
sections from JPL 10-06, and, for each wavelength bin, applies a quantum yield for the
destruction of acetone. Combining this information with the online actinic flux calculation,
FAST-JX v7.0a integrates across all wavelength bins to find a photolysis frequency (j-value) in
units of per second. Recent revisions to FAST-JX have incorporated lower quantum yields at
low-temperature-long-wavelength conditions, first described by Blitz et al. (2004) and since
supported by laboratory measurements at wavelengths of 248 and 308 nm (Nadasdi et al., 2010)
and 300 and 308 nm (Khamaganov & Crowley, 2013). Recent research suggests highly
significant acetone photolysis at ranges up to 330 nm (Blitz et al., 2006), which have not yet

been verified in laboratory studies . To account for uncertainty associated with the representation
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of photolysis, we inserted a modifying scalar to all modeled acetone photolysis frequencies (j-

acetone) and allowed it to vary by a factor of 2 in our sensitivity analysis.

2.2.3.6 Direct biogenic acetone and monoterpene emissions

We have chosen to represent all of the uncertainty ranges as uniform distributions of
equally likely values, in order to emphasize sampling the entire sample space over a more
explicit but less complete representation. If we had chosen a different distribution — the normal
distribution about the ‘best guess’, for example — we would have fewer runs with which to span
the entire space, potentially missing interactions at the extreme values. This assumption is more
appropriate for some factors than others. For the cases of dry deposition velocity and the acetone
yield from monoterpene oxidation, there are insufficient data to conclusively favor certain values
beyond setting the limits of the sample space. In contrast, the acetone and monoterpene outputs
from MEGAN represent the best estimate. Guenther et al. (2012) provide an uncertainty range
associated with the total global emission, but do not recommend a distribution for the uncertainty

based on the model outputs.

2.3 Elementary Effects and their interdependencies

We performed two analyses: a five-factor run, including direct acetone emissions from
the terrestrial biosphere, monoterpene emissions from the terrestrial biosphere, acetone yields
from monoterpene oxidation, ocean mixed layer acetone concentration, and acetone dry
deposition over ice-free land, and a four-factor run which substituted photolysis uncertainty for
the monoterpene oxidation and yield factors. Of the three shared factors between the two rounds

of analyses (direct acetone emissions from the terrestrial biosphere, ocean mixed layer acetone
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concentration, and acetone dry deposition) we present the sensitivity values calculated from the

four-factor run for each shared factor between the two runs except where otherwise denoted.

Figure 2.1 presents the calculated elementary effects (u*) for the surface, 500 mb, and
300 mb heights, respectively. The elementary effects associated with uncertainty for acetone
yield from monoterpene oxidation, dry deposition, monoterpene emissions, and acetone
emissions show similar spatial patterns. All four of these processes have different vegetation
type, light, and temperature dependencies. The largest emissions of acetone and monoterpenes
from biogenic sources are located in the Amazon and Congo rainforests, and both these

equatorial regions impact both hemispheres, depending on transport.
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Figure 2.1: Model sensitivity (u*) at the surface, 500 mb and 300 mb in arbitrary
qualitative units for a) January and b) July. Note scale is non-linear.

concentrations have the largest absolute effects. The uncertainty associated with the emissions of
acetone from the terrestrial biosphere is most important at the surface, but the magnitude of
emissions is large, and thus the scale of the impact via advection is larger than the other factors
investigated here, even when further away from the primary source regions. In contrast,
uncertainty associated with ocean mixed layer concentrations of acetone impact large areas of
the globe, but they are not important over land when compared to emissions from the terrestrial

biosphere. The impact of the ocean also decreases rapidly with altitude. The uncertainty



associated with the parameterization of photolysis in the model has a global impact. At the
surface, the largest sensitivities to j-value uncertainty are seen over the continents related to the
larger acetone abundance. Because the model does not exhibit significant interannual variability,

we can generalize the results from these model runs for 2006 (Fischer et al., 2012).

Figure 2.2 presents the model factor interactions at three levels. The magnitude of the
elementary effects (p*) presented in Figure 2.1 vary similarly to the sensitivity due to the
interdependency between factors (o) plotted in Figure 2.2. They are both comparable and have a
similar spatial distribution. This is to be expected, as with p*, the ¢ associated with the way
acetone emissions from the biosphere are parameterized in the model is the largest factor and the
most consequential. In other words, a change in the abundance of acetone due to changes in

emissions will make changes in any of the loss processes more consequential.
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qualitative units for a) January, and b) July. Note scale is not linear.

Figure 2.3 summarizes the p* and o presented in Figures 2.1 and 2.2 aggregated by factor
across the entire globe. Additionally, Figure 2.3 distinguishes between analysis runs for the three
factors tested in both analyses (direct acetone emissions from the terrestrial biosphere, ocean
mixed layer acetone concentration, and acetone dry deposition). In terms of total global
importance, Figure 2.3 shows a clear ranking of factor importance within the model.
Uncertainties associated with emissions of acetone from the terrestrial biosphere and the
representation of photolysis are the most important sources of model uncertainty in the acetone

abundance for the globe, as indicated by their high p* and o terms, with oceanic acetone mixed
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layer concentrations third. Figure 2.3 also shows that uncertainties associated with dry deposition
velocity, the emissions of monoterpenes, and the acetone yield from monoterpene oxidation are
less important to the simulated acetone abundances than either direct emissions from the
terrestrial biosphere or photolysis. While the five-factor run displays lower sensitivities across all
model runs, the qualitative relationships between the importance of the factors do not change
depending on which analysis is used, with the exception of the relationship between the relative
o terms of the acetone emissions and photolysis factors. In the 5-factor analysis, the o
(interaction term) of the acetone emissions is lower than the o of the photolysis term, while the
p* (direct influence) of the acetone emission term is larger than the p* of the photolysis. This is
the only non-linear relationship in the analysis; however the 5-factor analysis did not

simultaneously take photolysis into account, making this comparison superficial.
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Figure 2.3: Annual total global model sensitivity (u*) and interdepencies (o) by factor and
Morris Method run. Blue circles represent factor sensitivities from the 5-factor analysis
(including monoterpene emissions and the yield from monoterpene oxidation but not
photolysis). Red triangles represent factor sensitivities from the 4-factor analysis (including
photolysis but not either monoterpene factor. Green squares represent factors that were only
represented once. Because of this arrangement of factors within the two analyses, it is not
appropriate to directly compare the 5-factor acetone emission sensitivity (in blue in the upper
right of the plot) to the photolysis sensitivity, despite the fact that they appear initially to have
a unique p*-o relationship.

Figure 2.4 shows the larger set of sensitivities from Figure 2.3 aggregated by season —
summer and winter, respectively, in each hemisphere. Plotting the smaller values from Figure 2.3
does not meaningfully change the distribution of sensitivities by hemisphere. In general,
sensitivity in the Northern Hemisphere is larger than in the Southern Hemisphere during both
summer and winter. In both hemispheres, summer acetone mixing ratios are most sensitive to

uncertainties in acetone emissions and photolysis. In the boreal summer, dry deposition is third
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most important, while in the austral summer, oceanic acetone concentrations are third most
important. This is due to the differences in distribution of land and ocean areas between the two
hemispheres. Overall sensitivity of acetone concentrations are lower in the winter relative to the

summer, most likely because of the importance of biogenic acetone sinks and sources.
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Figure 2.4: Aggregated model sensitivity (u*) and interdepencies (o) by hemisphere, factor,
and season for the Northern (blue circles) and Southern (orange triangles) Hemispheres.

Panel a) presents summer in each hemisphere (January in the SH, July in the NH), while panel
b) presents winter (July in the SH, January in the NH). Panels a) and b) are plotted on the
same axis.

Figure 2.5 also aggregates sensitivities by season and by region, but instead of
hemispheres, it displays model sensitivity in the tropics as well as the austral and boreal

subtropics. For this figure, the tropics are defined as the latitudes which fall between 30° N and
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30° S. This figure treats the tropical summer as July and the tropical winter as January, but due
to the lack of seasonal variability in the tropics, this assumption makes no difference to the

conclusions; winter and summer sensitivities in the tropics are effectively the same.
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Figure 2.5: Aggregated model sensitivity (u*) and interdependencies (o) by region, factor,
and season for the boreal (blue circles) and austral (orange triangles) subtropics, as well as the
tropics (green squares). Panel a) represents summer in each region (January in the austral
subtropics, July in the boreal subtropics and tropics) and panel b) presents winter (July in the
austral subtropics, January in the boreal subtropics and tropics). Panels a) and b) are plotted
on the same axis. Because the tropics exhibit relatively little seasonality, the choice to
represent July as tropical summer is arbitrary; representing tropical summer with January data
does not change the conclusions of the plot except that it represents photolysis in the tropics
as slightly more important than in the Boreal Subtropics.

As Figure 2.5 shows, the sensitivity of the tropics to the most important four factors
(biogenic acetone emissions, photolysis, oceanic mixed layer concentrations, and dry deposition
velocity) are each larger than any of the sensitivities found during extra-tropical winters. In the
summertime, direct emissions of acetone from the boreal subtropics are still the most important

factor, followed by the biogenic emissions from the tropics. Photolysis is the next most important
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factor in both tropical and northern subtropical regions. In the tropics, the ocean mixed layer is
the third most important factor; in the boreal subtropics dry deposition is third most important. In
the austral subtropics, photolysis is the most important factor, followed by direct biogenic
emissions and the ocean mixed layer concentration. In all regions, the sensitivities associated
with monoterpene parameterization (monoterpene emissions and monoterpene oxidation yield)

are least important.

The main difference between the sensitivities of the Northern Hemisphere and Southern
Hemisphere is the relative importance of the uncertainty associated with acetone concentration in
the ocean mixed layer, though this is less true if the tropics are treated as a distinct region, as in
Figure 2.5. The proportionately larger land surface area in the Northern Hemisphere causes the
sensitivities to direct emissions of acetone from the terrestrial biosphere, the representation of
photolysis, dry deposition velocity, and emissions of monoterpenes to be much larger than the
ocean term in both p* and ¢ at their peak summer values. The large ocean surface area in the
Southern Hemisphere leads to its dominance in the Southern Hemisphere winter even when the
tropics are included (as in Figure 2.4) and remains important in the Southern Hemisphere
summer. In the boreal subtropics, the ocean matters very little during the summer but again
becomes important in the winter. Indeed, during the winter in both subtropical regions, the
oceans become the most important of the factors tested. Ocean exchange in the version of
GEOS-Chem used here is parameterized using the Henry’s law based Liss & Slater (1974)
model. Because the Henry’s law constant for acetone has a strong temperature dependence, this
parameterization causes the low-latitude oceans to be a net source of acetone to the atmosphere,
and there are minimal seasonal variations in this source. In contrast, cold high latitude oceans

generally serve as a sink of acetone; the strength of this sink is proportional to the overlying
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concentration of acetone in the air, sea surface temperatures (SST), and wind speed. During the
winter at high latitudes, SST is lower and wind speed is often higher, increasing the amount of
acetone sequestered into the ocean. These variables are most likely responsible for the increase
in the sensitivity of the sub-polar and polar oceans shown in Figure 2.1. As previously discussed,
the tropics experience almost no inter-seasonal variability in sensitivity and show a nearly

identical set of sensitivities between January and July simulations.

Separating this sensitivity by altitude shows broadly similar patterns across the
hemispheres. The effects of uncertainty associated with acetone emissions dominate at the
surface, but the other sources of uncertainty become important aloft. The importance of
uncertainty associated with the way photolysis is parameterized in the model increases with
altitude, and it becomes of comparable importance above 300 mb to the uncertainty associated
with direct biogenic emissions of acetone. Regardless of altitude or analysis run used,
uncertainty associated with the amount of acetone in the ocean mixed layer is more

consequential in the austral than the boreal troposphere.

There are other sources of model uncertainty in addition to those tested here, including
other major known sources and sinks in the acetone budget (as summarized in Table 2.1) as well
as more structural uncertainties involving model creation, such as oxidation schemes or
transport. Evaluating structural uncertainties was beyond the scope of our work in this paper. For
example, the OH fields in the models are calculated and do not have variable inputs. OH
abundances vary drastically from location to location, making it challenging to systematically
vary them. We have also not examined model sensitivity to the emission of alkanes, which could
indeed be a very important factor over terrestrial regions. As we note in Table 2.1, the

atmospheric oxidation of propane and >C3 alkanes represents the third largest source of acetone
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to the global budget. We anticipate high model sensitivities as a result of changing propane
emissions. Propane abundances are currently changing in the Northern Hemisphere (Helmig et
al., 2016), and the most recent changes have been attributed to U.S. oil and natural gas
production. Constraining the emissions of propane and other light alkanes better using GEOS-
Chem and unpublished observations (i.e., from field campaigns in the last year) is the subject of
ongoing work in our research group and our collaborators. A full investigation of the source of
acetone from the oxidation of propane and the isoalkanes will require further studies to
understand the uncertainty in both the quantity and spatial distribution of the emissions, as well
as the oxidation scheme. Unlike monoterpenes, the oxidation of propane and larger alkanes is
treated explicitly in the chemical mechanism. However, the lumping scheme has not been

revisited this decade.

2.4 Implications

There are several implications of this work. Though definitive conclusions can't be made
without performing a Morris Method analysis on other models, we expect that the following
general implications of this work are broadly applicable to many global chemical transport

models.

1. In both hemispheres, uncertainty associated with the direct emissions of acetone from
the terrestrial biosphere is the most important factor of the six sources of model uncertainty that
we tested. However, the source of acetone from the terrestrial biosphere is the largest unbalanced
source of acetone considered in this analysis (The raw oceanic source is larger, but it is balanced
by the large ocean sink such that the net ocean exchange is small - see Table 2.1). Uncertainties

in how acetone emissions from the terrestrial biosphere are represented have more impact on the
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acetone abundances in the model even though the range of uncertainty (a factor of two) is
relatively small compared to several of the other factors examined. Therefore, establishing more
accurate direct biogenic emission estimates should be a major research priority for improving the

acetone budget.

2. The GEOS-Chem model is relatively insensitive to variations in the acetone source
from monoterpene oxidation. Monoterpene oxidation is a significant source of acetone that
should be accounted for in global budget studies. We ran a simulation where we used the upper
bound of both MEGAN emissions of monoterpenes and the highest literature yields from Table
2.2. This simulation produced an acetone source of the same order of magnitude as that found in
(Khan et al., 2015), and represents a more than 500% increase relative to the standard version of
GEOS-Chem, as represented in Table 2.1 (Kelp et al., 2015). The global total emissions of
monoterpenes in Khan et al. (2015) are 127.0 Tg/yr, while the global total emissions of
monoterpenes in our simulation are 123.4 Tg/yr; Khan et al. (2015) do not specify the speciation
of monoterpene emissions. We provide speciation in Figure 2.2 for our simulation. However, the
yield implied from Table 1 in Khan et al. (2015) is significantly higher than the literature values
presented in our Table 2.2. Based upon the sensitivities of the GEOS-Chem model version
presented here and the current oxidation yield ranges available in the literature, monoterpene
oxidation is less important in determining acetone mixing ratios than the other factors tested

here.

3. Accurately representing the amount of acetone in the ocean mixed layer is more
important for simulating atmospheric abundances of acetone in the Southern Hemisphere than in
the Northern Hemisphere because of the lower land surface in the NH relative to that in the SH.

Accurately representing oceanic acetone exchange is also very important in modeling sub-
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tropical wintertime acetone mixing ratios. In the austral winter (July), uncertainty associated with
the concentration of acetone in the ocean mixed layer is of comparable importance to the
uncertainty associated with direct emissions of acetone from the terrestrial biosphere. In austral
summer (January), uncertainties in the representation of ocean exchange are more important to
the acetone budget than they are in the boreal summer (July). The current representation of
ocean exchange in our model is simplistic. On a global scale the ocean is in near-equilibrium
with the atmosphere, with the ocean acting as a net sink at high latitudes and a net source in
equatorial regions. Improvements to ocean exchange in global chemical transport models would
include a specific mechanism for acetone production and destruction in the ocean mixed layer.
Models that do not include a representation of ocean exchange of acetone are unlikely to

correctly simulate atmospheric acetone abundances, particularly in the Southern Hemisphere.

4. In both hemispheres, the model is very sensitive to the representation of acetone
photolysis frequency, especially in the mid to upper troposphere, where acetone is hypothesized
to be an important source of HOx. The updated acetone photolysis rates indicate that that loss via

oxidation and photolysis are comparable on a global scale.
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CHAPTER 3: ATMOSPHERIC PHOTOLYSIS OF METHYL ETHYL, DIETHYL,
AND PROPYL ETHYL KETONES — TEMPERATURE DEPENDENT UV
ABSORPTION CROSS-SECTIONS 2

3.1. Chapter Introduction

Ketone photolysis is a potentially important source of HOx radicals in the upper troposphere.
To represent this photolysis, models need to include actinic flux, quantum yield, and absorption
cross sections over a range of atmospherically relevant conditions. This work seeks to improve
the representation of ketone UV absorption by quantifying it as a function of temperature. We
present observations of 1 nm resolution absorption cross sections from 200-335 nm of methyl
ethyl ketone (MEK) and diethyl ketone (DEK) at temperatures between 242 and 320 K, as well
as propyl ethyl ketone (PEK) cross sections at 296 K. Our measured room-temperature
absorption cross sections agree to within 2%, 2% and 5% with previous studies for MEK, DEK,
and PEK spectra, respectively. We parameterize the temperature dependence of the cross
sections of MEK and DEK using a two-state model, which reproduces our experimental results
well. With additional assumptions, this model can be applied to the temperature dependence of
PEK in the absence of experimental data. This model is appropriate for atmospherically relevant
temperatures both inside and outside the temperatures used in this study and is suitable for
incorporation into model atmospheric photolysis schemes. R programs to facilitate usage of these
data are included in appendix B. Inclusion of temperature dependent absorption cross sections in

atmospheric photolysis calculations decreased the rate coefficients of MEK, DEK, and PEK

2 Portions of this chapter contain published work. Citation: Brewer, J. F., Papanastasiou, D. K., Burkholder, J. B.,
Fischer, E. V., Ren, Y., Mellouki, A., & Ravishankara, A. R. (2019). Atmospheric Photolysis of Methyl Ethyl,
Diethyl, and Propyl Ethyl Ketones: Temperature Dependent UV Absorption Cross Sections. Journal of Geophysical
Research: Atmospheres. https://doi.org/10.1029/2019JD030391
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photolysis in the upper troposphere when compared to those calculated using only the room

temperature cross sections; the decrease can be as large as 20-25%.

In this chapter, we report absorption cross sections of MEK and DEK (along with their
uncertainties) between 200-335 nm at temperatures ranging from 242-320 K, with a spectral
resolution of 1 nm. We also report absorption cross sections for PEK at the same resolution and
wavelengths at 296 K. The measured temperature dependent cross sections are parameterized
for use in models. The data are also used to calculate representative first-order rate coefficients
for the photodissociation (J-values) of each compound for a few representative sets of
atmospheric conditions. The model calculations enable us to contextualize the atmospheric
importance of the cross section temperature dependence to the photolysis rate of these
compounds, as well as provide atmospheric modelers a basis for comparison to their own

ketone photolysis rate calculations.

Characterization of ketone photolysis pathways is needed because the process produces
HOx. Ketones are photolyzed in the troposphere between ~290 to 350 nm. Absorption in this
range is due to an electronic transition centered around the CO double bond, which is the
chromophore. Following excitation to the singlet upper state, the molecule quickly undergoes
intersystem crossing to a longer-lived triplet state, from which it can dissociate or be quenched
(Haas, 2003). Radiative deactivation can be shown to be essentially negligible at tropospheric
pressures given the rapid intersystem crossing to the triplet state and long radiative lifetime of
the triplet state (Haas, 2003). The exact amount of HOx produced from the photolysis of
ketones depends on the abundance of NOy, possibility of wet scavenging, and transport to other

regions.
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Keller-Rudek et al. (2013) have summarized all the available cross sections data on
ketones. Multiple measurements of the absorption cross sections of MEK (Martinez et al.,
1992; McMillan, 1966; Yujing & Mellouki, 2000) and DEK (Koch et al., 2008; Koch &
Hanson, 2003; McMillan, 1966) exist at room temperature and higher. PEK cross sections have
been reported at only room temperature. (Horowitz, 1999). Nadasdi et al. (2007) have reported
MEK cross sections at atmospherically-relevant lower temperatures, but only at a few select
wavelengths. Therefore, measurements of the absorption spectra of MEK and DEK at lower
atmospheric temperatures are needed to accurately represent their photolysis in chemical
transport models and to calculate their HOx production potential in the troposphere, especially

at the upper troposphere where the temperatures are lower than 298 K.

3.2. Materials and Methods
3.2.1. Experimental Setup

A schematic of the system used to measure the gas phase spectra of MEK, DEK, and
PEK is shown in Figure 3.1. This apparatus is similar to those used in past studies for similar
measurements (e.g., Papanastasiou et al. (2011)). Two absorption cells, one at room temperature
and another at temperature of interest, were connected in series. The same mixture of a given
ketone in a diluent gas was flowed through each absorption cell; in some instances, the

measurements were made using static mixtures, which filled both cells.
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Figure 3.1- A schematic of the UV/visible absorption apparatus, which consists of two
cells, one temperature controlled and illuminated with deuterium lamp (D2/CCD Cell) and one at
room temperature illuminated by a mercury lamp (Hg/PD cell). Pressure is measured using 100
and 1000 Torr capacitance manometers.

The absorption spectra of MEK, DEK and PEK were measured between 200-335 nm and
at the different temperatures using the apparatus shown in Figure 3.1. This setup consisted of
UV/visible light from a collimated 30 W D; lamp, a temperature-regulated absorption cell, an
absorption cell maintained at room temperature, and a 0.5 m spectrometer equipped with a
charge-coupled device (CCD) detector. The absorption cell (shown in Figure 3.1 and labeled
D2/CCD cell) was a jacketed Pyrex tube (I.D. ~2.5 cm) where the temperature-controlled section
was 90.5 cm long. The inset quartz windows ensured that the entire absorption path length was at
the specified temperature. This cell was cooled or heated by flowing a silicone fluid from a
temperature-controlled bath. The temperature was constant to within 2 K over the entire length of

the tube for all temperatures except at the lowest temperature of the study where the difference
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between the coolant entrance and exits ports was ~5 K. The temperature in the cell was taken to
be the average of the temperature between the two ends. The measured temperatures were
accurate to 0.5 K. The output of the D, lamp was collimated, passed through the absorption cell,
and focused onto the entrance slit of the 0.5 m spectrometer which was equipped with a 512 x
2048-pixel CCD camera. Only the central (~100 x 2048 array) pixels were used. The entrance slit
width was adjusted to 100 um that yielded a resolution of ~1 nm as measured by the width of a
mercury atomic line. A mechanical shutter in front of the entrance slit controlled the exposure
(roughly 0.3 s) such that the CCD pixels were almost completely filled (~80-90%) when the
absorption cell was empty. The absorbance at each pixel was calculated using the linearized

Beer-Lambert law:

lo()
I

B1AW) = —ln( ) = d(A,T) X [sample] X L

where Io(A) and I(A) were the intensities measured at each wavelength with the cell either

empty or filled with the non-absorbing diluent gas and with the absorbant in the cell,
respectively. 6(A,T) was the ketone cross section at wavelength | and at the temperature of the

cell, [sample] was the ketone concertation in the absorption cell, and L was the absorption
pathlength. Typically, 120 spectra were measured and co-added to obtain each I(XA) and Io(A). The
measured absorbance at each wavelength varied linearly with ketone concentration. The
absorption spectrum reported in this work was measured at the highest concentration practicable
for the temperature and species in question, i.e., our best quality spectrum with the highest
possible absorbance (<1.1, base e absorbance) and lowest possible baseline fluctuation (<0.001
absorbance unit). The entire absorption spectrum was then converted to cross sections by scaling

to the cross section at the peak of the near UV band (~280 nm) measured following a Beer’s law
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analysis. Ketone concentration in the absorption cells was calculated using pressure
measurements and the mixing ratio of manometrically-prepared ketone/N, mixtures in 12 L

Pyrex bulbs.

A second cell, held at room temperature, was used to measure the ketone absorbance at
254 nm. This cell (Hg/PD Cell) was 100.4 cm long with quartz windows. UV light from a penray
mercury lamp (254 nm Hg line) was passed through this cell to measure the absorbance at room
temperature at this one fixed wavelength. Both the input and transmitted 254 nm light intensities
were measured using two photodiodes, positioned before and after the UV beam passed through
the cell (Figure 3.1). This arrangement enabled precise measurements of the attenuation by
continually accounting for the lamp intensity fluctuation. Absorbance was calculated using the
Beer-Lambert law as in the D2/CCD cell (Equation 3.1). In the Hg/PD cell, however, Io(A) and
I(A) represented the ratios between the intensities measured by the photodiode at the far end of
the cell (normalized to the measured lamp input) with and without a sample present.
Absorbances over a range of concentrations were measured and plotted against the concentration
calculated using manometric measurements and sample mixing ratio in the mixture of ketone in
bath gas. The absorption cross section (0254) at 254 nm was calculated using linear unweighted
least squares regression. Once the absorption cross section at 254 nm was established, the ketone
concentration in the temperature variable could be derived from the room temperature 254 nm

measurements.

The absorption cells were flushed with bath gas (He, UHP, >99.99%) and then evacuated
to measure Io(A) prior to filling or flowing through them with ketones at known concentrations.
Subsequent to the measurements with the ketone to obtain I(A), the cell was again evacuated or

filled with the bath gas to obtain another value of Io(A). Comparing the Io(A) measured before and
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after filling with the ketone mixture allowed us to verify that the lamps and optical systems were
stable during the measurement of I(A). These measurements also helped ascertain if ketones were
sticking on the surfaces or the absorption cell and cold windows. We recorded six ketone spectra
at each temperature with different concentrations in the cell. The system was plumbed such that
sample flowed first into the Hg/PD cell, then to the D2/CCD cell; however, we repeated several
of the individual experiments with the flow reversed, and the results were not different, i.e.,
ketone was not lost in the cells. The measured absorbance at 254 nm at 298 K in the Hg/PD cell

agreed to within 1% with that in the D2/CCD cell.

A large range of ketones concentrations were used in determining the cross sections of
MEK. However, the vapor pressures of DEK at 253 K and 242 K are 1.29 Torr and 0.43 Torr,
respectively (Collerson et al., 1965; Majer et al., 1985) and that of PEK is ~3 Torr at 273 K
(Collerson et al., 1965; Majer et al., 1985). Therefore, we were constrained to measuring DEK

cross sections to T>242 K and PEK cross sections to only 298 K.

3.2.2. Materials and Handling

MEK, DEK, and PEK samples were purchased from Sigma Aldrich and had stated chemical
purities of > 99.7%, >99%, and > 99%, respectively. The liquids were degassed by freeze-pump-
thaw cycles prior to use. The samples were vaporized into the 12 L glass bulbs and diluted with
N2 (ultrahigh purity (UHP), >99.99%, Matheson Tri-Gas company) to a total pressure of ~800
Torr; the mixing ratios of ketones in N> ranged between 1-3%. The mixing ratio of ketones in
these mixtures was also measured using a multipass infrared (IR) absorption cell with a total

optical pathlength of 485 cm using the IR cross section from Sharpe et al. (2004). The mixing
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ratios derived from IR and manometric measurements agreed to within ~2-3%. We further
verified that the composition of the mixture did not change over time by repeatedly measuring

the infrared absorption over the course of several weeks of the measurements.

3.3. Results

3.3.1. Measured Absorption Cross Sections
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Figure 3.2 — These panels present UV absorption cross sections (o) in 10-2° cm? of the
three species studied in this work from 200-340 nm. MEK (C>HsC(O)CH3) and DEK (C,Hs C(O)
C>Hs) cross sections at 242, 253, 273, 296, and 320 K are shown the top two panels. DEK cross
sections are shorter at 242 and 253 K due to the higher uncertainty at those lower temperatures.
The third panel shows the PEK (C>Hs C(O) CsH7) cross sections at 296 K, the only temperature
at which it was measured.

The top and middle panels of Figure 3.2 show the absorption cross sections of MEK and
DEK at five temperatures. The lower panel shows the absorption cross sections of PEK at room

temperature. These cross sections are also tabulated in appendix B (Table B1). The ketones have
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large absorption cross sections at ~200 nm corresponding to the 7—x* electronic transition.
These wavelengths, however, are less important for tropospheric photolysis since the actinic flux
at wavelengths less than 280 nm is negligible in this region. All three species exhibit a minimum
in cross sections around ~210 nm. The peak of the n—x* electronic transition is around 277 nm.
The absorption due to the n—x* transition between ~280 and 335 nm is most relevant for

tropospheric photolysis.

Figure 3.3 shows the ratios of absorption cross sections at various temperatures, o(T), to
those measured at 298 K, a(298 K), for both MEK and DEK. The UV absorption of MEK and
DEK increases with increasing temperature at wavelengths > 277 nm. As temperature increases,
the absorption band broadens and the cross sections at longer wavelengths increase. Temperature
dependence of the cross sections for MEK and DEK differ at short wavelengths, <240 nm. The
key point to note is that the cross sections have simpler relationships with temperature within the

atmospherically relevant wavelength region.
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Figure 3.3 — These panels show the ratio of absorption cross sections (o) of MEK and
DEK at various temperatures to those measured at 298 K, as a function of wavelength.

We have also plotted the fractional uncertainties in the measured cross sections at each
wavelength in appendix B (Figure B1). We report cross sections at wavelengths where
absorbances were at least 0.015-0.02, ten times our detection limit of 0.0015-0.002 at the 3-
sigma level. The reported uncertainty in the UV cross sections of MEK, DEK and PEK, is at the
20 level and includes: 1) the precision of the cross section at its peak (~1%); i1) the fluctuation of
the D> light intensity (baseline stability) which is typically ~0.1% at wavelengths longer than 215
nm; ii1) the accuracy of the pressure measurements (~0.5%) for the mixture preparation as well
as for pressure measurement in the absorption cells; and iv) the uncertainty in the optical
pathlength (~0.2 cm) Because these factors are assumed to be uncorrelated, the total uncertainty
in the measured absorption was calculated by adding these contributions in quadrature. These

errors contribute minimally until the cross sections decrease rapidly at the two extremes of our
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measurements. At the atmospherically important wavelengths near 300 nm, the measured

absorbance is uncertain to +1.5%, except for DEK at 296 K.

3.3.2. Comparison to Prior Measurements
In Figure 3.4, we compare our measured cross sections with those from prior measurements

for the compounds studied here. For comparison, we also show the cross sections for acetone.
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Figure 3.4 — A comparison of the UV absorption spectra in 102° cm? from this (black)
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Figure 3.4 compares the room-temperature UV absorption spectrum of MEK, DEK, PEK
determined in this work with those from previous work, as well as with that of acetone. For
MEK, the International Union of Pure and Applied Chemistry (IUPAC) recommends the use of
cross section measurements of Martinez et al. (1992) (IUPAC, 2005). Overall, the cross sections
measured in this study are in excellent agreement with the previous data from 210 — 335 nm,
within 2%, 2% and 5% of the Martinez et al. (1992) and Horowitz (1999) measurements,

respectively, for MEK and DEK, and PEK.

3.3.3. Temperature Dependencies of Cross Sections

In order to use our measured cross sections for interpolation between measured temperatures
and for extrapolation beyond the temperatures our measurements, we have created a two-state
model to represent the temperature dependence of the absorption cross section of C3-Cs saturated
ketones. Following the method of Nicovich & Wine (1988) for H,O» cross sections, we assume
that the temperature dependence observed in the absorption cross sections of ketones arises from
the changes in the population of the C=0 stretch in the ground state. This methodology has
already been used for acetone by Hynes et al. (1992), who also used the model to extrapolate
MEK (using only room-temperature measurements) to other temperatures, using the dependence
seen for acetone. The electronic transition in the carbonyl group is responsible for the UV
absorption, and so we parameterize our two-state model using a carbonyl stretching frequency
(AE) of the ketones. The carbonyl AE for aliphatic ketones is between 1705-1725 ¢cm™!
(Silverstein et al., 1981); consequently, we expect that, at temperatures <350K, only the first
vibrationally excited state in the C=0 stretch to have significant population relative to that of the

ground state, and thus a model with only two states is adequate.
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We model a(A, T) of each ketone as a linear combination of ao()), representing the
absorption cross section for electronic excitation from ground state, and a1(A), representing the
cross sections for electronic excitation from the first vibrational state (Nicovich & Wine, 1988).
The populations in these two states are partitioned according to the fractional populations , Xo

and X, which are themselves functions of T and AE, as shown below.

—AE
(32)Q =1+ e&rT

(3.3) X, =

Q-1
34) X, =1—Xp = ——
(3.4) X, 0 0

such that the overall absorption cross section is:

(3.5 (A, T) = Xo(T)ap(D) + X1(T)o1 ()

We fit the measured cross sections at each temperature to equation 3.5 while affixing AE
at the value expected for the C=0 stretch in each of the ketones. These ao(A) and o1(A) are
shown below in the left column of Figure 3.5 for the four ketones. The second column displays
model performance for each ketone compared either to our measurements (in the case of MEK
and DEK) or to [UPAC recommended values (in the case of acetone). Comparable plots for PEK
are displayed but the compound is treated differently due to the lack of low-temperature data;
this is discussed below. The calculated values for o1(A) for acetone, MEK, and DEK are realistic
and comparable to those for highly absorbing species such as O3 and NOs (Sander et al., 2011).
We do not claim that ao(L) and o1(A) represent the cross sections from ground and excited states

respectively, but they are consistent with a situation in which temperature changes impact the
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populations of ketone molecules in the vibrational levels of the ground state, thereby facilitating
the transition of those molecules to their excited state. Additionally, although this model tends to
result in specific structure in the o1(A) cross section and diffuse structure in the ao(A), we have
no data to suggest that this observation is an accurate physical representation of the two states. It
would be interesting to measure the cross sections at lower temperatures and at much higher
temperatures. However, our model successfully represents the measured cross sections at all
temperatures and wavelengths of this study. Furthermore, in the absence of experimental data,
this model provides an empirical method to calculate ketone cross sections at atmospherically

relevant temperatures beyond those measured in our study.

Using our measured data and assuming AE = 1720 cm™', equation (3.5) gives an
overdetermined system of five equations and two unknowns, and can thus be solved at each
nanometer increment using a QR decomposition algorithm (Gander, 1980). This solution is
shown in Figure 3.5 below. According to this solution, a1(A) is ~2-3 orders of magnitude higher
than oo(A). The performance of this model relative to observations is shown in Figure 5b as a
ratio between modeled to observed o(A, T). This model deviates only ~5% at longer and more
atmospherically relevant wavelengths, which compares well with more traditional higher order
polynomials. The observed red-shifting of o relative to gy is also consistent with excitation from

an upper vibrational state to the same electronic upper state.
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Figure 3.5 - A two-state model for C3-Cg saturated ketones, parameterized with a C=0
stretch frequency of 1720 cm™. In all cases, the left column presents oo(A) and o1()) in units of
108 cm™2. o(A), displayed in orange with its values on the left y-axis, is 2-3 orders of magnitude
lower than a1()), displayed in blue on the right y-axis. The right column shows the ratio of
modeled o to that observed at temperatures and wavelengths of our study. Panels a) and b) show
the model results for acetone, using data from Gierczak et al. (1998). All other panels use data
taken in this study. Panels ¢) and d) show the results for MEK; panels e) and f) show the results
for DEK; and panel g) shows the model results for PEK.
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In order to verify that our method works generally for short aliphatic ketones, we
performed the same calculations for acetone using AE = 1720 cm™!, and the acetone spectra
measured at temperatures from 235 K to 298 K by Gierczal et al. (1998). In that paper, the
authors improved upon the resolution of the acetone measurements relative to Hynes et al.
(1992) but found that the two-state system did not reproduce their results well. However, by
using AE = 1720 cm™' and our QR decomposition methodology, we were able to produce a
useful fit, comparable to the quality of fit for MEK and DEK, which is presented in Figure 3.5a)
and 5b). The oo(A) and a1(\) values in Figure 3.5a) are comparable to those found in Figures
3.5¢) and 3.5e), and the fit as shown in Figure 3.5b) is also within 5% except at the very low
cross section values beyond 325 nm. The parameterized model values for oo(A) and o1()) for all

four compounds are tabulated in appendix B (Table B2).

Because we did not measure PEK spectra at temperatures beyond room temperature, we
cannot explicitly model PEK in the same way as acetone, MEK, and DEK. However, in the
absence of experimental data at temperatures other than 296 K, we can use this physical model to
give us an empirical basis for PEK temperature-dependent absorption; of course, this is not
verified by observations and could be uncertain. If we assume that any differences between DEK
and PEK spectra are due solely to differences in the ground state absorption (ay), it is possible to
construct a useable model for the temperature dependence of the PEK spectra. As with DEK, we
build the model using AE = 1720 cm™!, but affix ao(X) such that the model correctly represents
our room temperature measurements of the PEK spectrum. Figure 3.5g) thus closely resembles

Figure 3.5¢), with a slightly higher peak value of a1()).

We considered the possibility of deriving AE via optimization of ao(A) and o1()), rather

than using canonical values of the C=0 stretch frequency, as Hynes et al. (1992) did for acetone.
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We tested a range of AE values between 1 and 2000 cm™'. The results of this analysis are
included in appendix B (Figure B2). For MEK, aggregated error and the number of negative
values is minimized at AE = 800 cm™' and AE = 600 cm!, respectively, which is similar to AE =
950 cm™! found by Hynes et al. (1992) for acetone. At 350 K, AE = 600 cm™ implies that 7.8% of
molecules would be in the first vibrationally excited level, which may challenge our assumption
of a two-state model (i.e., the population in the next vibrational level would not be negligible).
The larger value of AE ensures that a two-state model is reasonable over the temperature range

of our study.

Regardless of which AE is used, this two-state model allows us to extrapolate our data to
temperatures outside of the range we were able to measure. Neither choice of AE causes large
discontinuities in o relative to measured values when modeled at temperatures up to 350 K and
down to 160 K. As one might expect from comparing the relative magnitudes of oo(A) and a1(L)
in Figure 3.5a) (and 3.5¢ and 3.5¢), the model parameterized with AE = 1720 cm™! produces a
smaller temperature response with decreasing temperatures relative to the model parameterized
with AE = 600, while the reverse is true at temperatures >350 K. Whichever parameterization is
chosen, the model produces useable results at atmospherically relevant temperatures outside the
range of measurements. Figure B3 shows the performance of the model at these extreme values.
For atmospheric applications, we provide models parameterized at AE = 1720 cm™!, whose o())
and o1(A) values are provided in appendix B (Table B2). We also include an R program
(Brewer JValue Subroutines Code B1.R) which can use the two-state models provided in
Table B2 to output cross sections at any atmospherically relevant temperature. This code will be

discussed in more detail below.
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As many modeling applications of J-Value calculation take place in demanding
computation environments (i.€., in the context of a globally-resolved chemical transport model),
modeling applications of cross sections tend to use some form of wide-band average binning in
order to efficiently and accurately compute j-values, such as the Fast-J (Wild et al., 2000)
binning schemes. As such, we believe that adapting our data for a wide array of binning schemes
will be most useful in facilitating its future use by the community. Thus we have produced a
Fast-J (Wild et al., 2000) treatment of our cross section data, which is included in appendix B
(Table B4). In appendix B, we have also included an R program capable of binning our data in

other binning schemes; this code is also discussed further in section 3.3.5.

3.3.4. Calculated J-Value Comparisons
The first order rate coefficient for the removal of ketones, the J-Value (s™!), is given by

Equation 3.6:

Az
(3.6)]=L s(LT) X O(LT,P) x F(6,1)

where F is the actinic flux (quanta cm™? s nm™), @ is the quantum yield for the destruction of
the molecule, o(A, T) is the absorption cross section (cm?) of the molecule, and A; and A are the

limits of wavelengths available in the atmosphere over which the molecule absorbs,

We have calculated J-values for each compound using model-derived clear-sky actinic
flux to roughly show the photolytic loss rate coefficients for these ketones in the troposphere. We
used the National Center for Atmospheric Research (NCAR) Tropospheric Ultraviolet Visible

(TUV) radiative transfer model version 5.3.1 (publicly available at
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https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model)
to simulate monthly average solar noon actinic flux in 10° latitude bins for a variety of altitudes.
This model uses the top of atmosphere irradiance modified by scattering and absorption to
calculate an actinic flux for a given condition using a 4-stream pseudo-spherical approximation

(Madronich & Flocke, 1999).

Figure 6 shows the calculated J-values for MEK for quantum yields from IUPAC
recommendations and Romero et al. (2005). For each of these quantum yields, we calculate J-
values using two sets of cross sections: 1) modeled temperature-dependent cross sections as per
section 3.3 of this paper; and 2) the [IUPAC recommended room temperature cross sections from
Martinez et al. (1992), referred to as O'Martinez in Figure 6. Quantum yields and cross sections
were calculated using the same reanalysis-derived temperature and pressure data in order to
ensure that both factors vary simultaneously, as they do in the real atmosphere. Additionally, we
compare these photolysis rate coefficients to the rate coefficients for removal of MEK by
reaction with OH. Concentrations of OH were from Spivakovsky et al. (2000) that does not
include any HOx produced from the oxidation of MEK, DEK, or PEK. The rate coefficients for
OH reaction with the various ketones are taken from the NASA JPL data evaluation (Burkholder
et al., 2015). The temperature, pressure, and OH profiles used to generate this plot are included
in appendix B (Table B3), as are the R programs used to calculate all the quantum yields used in

this paper (Brewer JValue Subroutines Code BI1.R), discussed in section 3.3.5 below.
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Figure 3.6 - a) photolytic and OH-reaction loss rate coefficients (10 s™') for MEK in
April at the Equator with no clouds present. J-values are calculated using two different
absorption cross sections (from this study and Martinez et al. (1992)) and two different quantum
yield possibilities. Shaded areas in plots a), ¢), and e) represent the upper and lower bounds of
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uncertainty in the cross sections propagated through to the J-value. The quantum yields are from
the [UPAC recommendations (IUPAC, 2005) and Romero et al. (2005). b) the ratio of the J-
values calculated with our cross sections to those using the [IUPAC recommendations for each
quantum yield used (IUPAC, 2005). Shaded area in plots b), d), and f) represent the ratio
between the upper (and lower) bounds of this study’s calculated J-values to the upper (and
lower) bounds of the J-values calculated according IUPAC cross sections. Panels ¢) and e) show
DEK and PEK J-values under the same conditions. These J-values are also calculated using two
different absorption cross sections but using only the quantum yield from Romero et al. (2005)
for DEK and an assumed quantum yield of 1 for PEK. J-value uncertainties in a), ¢), and e)
reflect only the uncertainties in cross sections and not those in the various quantum yields used.
Panels d) and f) show the same ratio as panel b), calculated for DEK and PEK, which each use
only one quantum yield.

Figure 6 shows that, for all three compounds, the inclusion of the temperature-dependent
cross sections leads to a decrease in the J-value in the upper troposphere. In these specific
location, season, and cloudless conditions, the change is on the order of 20-25%. Figure B4 in
appendix B replicates Figure 3.6 with an assumed cloud optical depth of 25 and 100% cloud
cover; the change in the J-value due to the temperature dependence is unaffected by this
parameter and remains on the order of 20-25%. Because the reference [UPAC values are for 296
K, we expect a decrease in the J-value as a result of using our temperature-dependent cross
sections, which decrease with temperature. In addition, panel 3.6a) shows that the choice of
quantum yield is important to understanding the change of J-Value with altitude, especially
under upper tropospheric conditions. Irrespective of cross section used, the inclusion of the
wavelength-dependent QY from Romero et al. (2005) decreases the J-value relative to the
IUPAC QY recommendation below 6 km; above 6 km, using these cross sections increases the J-
Value relative to the [IUPAC recommendations. Furthermore, because no experimental studies of
PEK quantum yields are known, Figures 3.6¢ and 3.6f assume a quantum yield of 1 at all
wavelengths and pressures, which accounts for the different shapes of the vertical J-value profile
in Figure 3.6e as compared to Figures 3.6a and 3.6¢; the calculated J values are, therefore, upper

bounds for PEK loss. These observations point to a need for more detailed quantum yield
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measurements for these species as well. Finally, Figure 3.6 shows that loss rates to photolysis are

larger than due to reaction with OH at all altitudes for MEK and above 5 km for DEK and PEK.

Altitude (km)

MEK

J-Value

(1076 s"-1)
21

Altitude (km)

Latitude Latitude

Figure 3.7 — The contours here show MEK J-values in 10 s°! for four seasons. Pressures
and temperatures used to generate these values are 10-year (2007-2017) monthly means from
NCEDP reanalysis; the cross sections used are from the 2-state model presented in this study; the
quantum yields are from Romero et al. (2005). The actinic fluxes are used in this plot are solar
noon values created using a customized TUV model run. We used the photochemistry-optimized
standard TUV input file with the following specific conditions: 1) We used a four year pre-
stratospheric O3 depletion total Oz column values (mean monthly values from 1978-1982) from
the TOMS instrument aboard the Nimbus 7 (Keating et al., 1989); 2) We assumed clear sky, and
we fixed the surface albedo value at 0.1 irrespective of surface type (i.e. water or land); 3) We
used an aerosol single scattering albedo of 0.99; We used a continental aerosol profile (aerosol
optical depth at 550 nm = 0.235) (Elterman, 1968); and 5) We used temperature and pressure
profiles from a 2007-2017 average of monthly NCAR NCEP reanalysis data (Kalnay et al.,
1996). These assumptions were chosen to create a simplified model output that others could
easily replicate.

Figure 3.7 presents MEK J-values in the troposphere derived using our measured
temperature-dependent cross sections at local solar noon at each 10° latitude bin (i.e. -90, -80,

..., 80, 90) during four different months representative of seasons: January (Boreal Winter),
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April (Boreal Spring), July (Boreal Summer), and October (Boreal Autumn). This is done to
exemplify how photolysis rate coefficient changes with location and season. Photolysis rate
coefficients are largest in the tropical tropopause throughout the year, with J-values reaching
~2x103 s!. However, this figure uses actinic flux characteristic of a cloudless sky and constant
AQD, as such it should be primarily be treated as a comparison with modeled photolysis rates
coefficients and quick look up. It is not meant to represent true atmospheric values. A similar
pattern and rough values are to be expected for DEK or PEK. These rates will change depending
upon the parameters specific to various atmospheric models; however, we include this
generalized example for illustrative purposes. As to be expected, the photolysis maximizes in the
tropical upper troposphere. From Figure 3.6, it appears that for MEK, photolysis is likely to be
more important than loss to OH, regardless of the quantum yield used. For PEK and DEK, the
two loss processes compete in the lower troposphere. Our study highlights the need for

elucidation of the quantum yields of these species under atmospheric conditions.

3.3.5. Implementation in R

The schemes presented here have been implemented as a program in R, an open-source
programming environment (R Development Core Team, 2010) which is available on all
operating systems. The program (Brewer JValue Subroutines Code B1.R) makes use of

multiple nested subroutines and wrapper functions in order to perform three computations:
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1. Use the two-state models provided in Table B2 to output a cross section for MEK, DEK,

PEK, or Acetone at any atmospherically relevant temperature.

2. Calculate the quantum yields for MEK, DEK, or PEK used in Figure 3.6.

3. Bin any quantum yield, cross section, or actinic flux according to a given wide-band
binning scheme, such as those found in global models or other applications where

calculation speed must be given highest priority (Wild et al., 2000).

The modular approach to the code included allows additional quantum yield schemes to be added
in as separate functions, which can be called in their own right. Moreover, the code to perform
the wide-band binning is extensible and should be usable for most binning schemes; the details
are discussed further in the Supporting Information. Finally, this paper also includes an
additional program (Brewer JValue Example Code B2.R) which gives an example

implementation of the subroutines included in Brewer JValue Subroutines Code BI.R.

3.4 Conclusions

We present new measurements of MEK and DEK absorption cross sections at temperatures
between 242 K - 320 K and of PEK at 298 K between 200 and 335 nm. We use these measured
values to refine our understanding of the role of photolysis in the tropospheric chemistry of these
compounds. We show that the measured cross sections are robustly represented by a two-state
model. While we don’t have data to assess the accuracy of the model at temperatures below 242
K, this model can be extrapolated to temperatures below our measurements to provide empirical,
numerically stable, and physically reasonable ketone cross sections at all tropospherically

relevant temperatures. We further show that this same model also allows us to simulate the
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temperature dependence of acetone UV absorption cross sections and we suggest that an
analogous treatment works for PEK. For MEK, DEK, and PEK, the inclusion of temperature
dependence leads to a decrease in photolysis rate coefficients of up to 20-25%, when compared
to photolysis rate coefficients derived using available room temperature literature
recommendations. This decrease is largest in the upper troposphere (Figures 6 and 7), where
ketone photolysis is thought to be most important to global oxidation potential. We provide a set
of calculated J values for easy comparison at both 1 nm and wide-binned resolutions, and
produce first-order estimates of photolysis rates in the troposphere. We also provide the code

necessary to extend and modify this work as needed in future applications.
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CHAPTER 4: AN OCEANIC SOURCE OF MEK TO THE ATMOSPHERE ?

4.1. Chapter Introduction

Many volatile organic compounds (VOCs) are emitted from the ocean surface from a variety
of biogenic and abiogenic sources. Dimethyl sulfide (DMS), a crucial contributor to the global
sulfur cycle and particle formation, is produced by phytoplankton in seawater (Kloster et al.,
2006; Yu & Luo, 2010). The production of DMS is so tightly coupled to oceanic productivity
that seabirds use it as a cue to find prey in the open ocean (Nevitt et al., 1995). Other VOCs have
primarily photochemical sources in the ocean: acetaldehyde in the surface ocean has been shown
to originate from the photolysis of chromophoric dissolved organic matter (CDOM; Keiber et al.,
1990; Millet et al., 2010; Wang et al., 2019). VOCs such as methyl nitrate (CH3ONO») have
potentially more complicated oceanic sources. While the primary oceanic production of methyl
nitrate is likely to be the photolysis of CDOM (Fisher et al., 2018; Moore & Blough, 2002), the
distribution of methyl nitrate in the water column suggests the possibility of additional biological
sources (Moore & Blough, 2002). Acetone has been shown to have a large oceanic emission
(Fischer et al., 2012; Yang et al., 2014, 2016), though its ultimate source remains complex.
Acetone is known to be produced by CDOM photolysis in seawater (Dixon et al., 2013, 2014;
Keiber et al., 1990; Zhou & Mopper, 1997), while biological production has been demonstrated
in laboratory studies and is considered likely to occur in the ocean as well (Dixon et al., 2013,
2014; Nemecek-Marshall et al., 1995). The two processes are not exclusively independent: in

mesocosm experiments on phytoplankton blooms, Sinha et al. (2007) found that the largest

3 Portions of this chapter contain published work. Citation: Brewer, J. F., Fischer, E. V., Commane, R., Wofsy, S.
C., Daube, B. C., Apel, E. C., et al. (2020). Evidence for an Oceanic Source of Methyl Ethyl Ketone to the
Atmosphere. Geophysical Research Letters, 47(4). https://doi.org/10.1029/2019GL086045
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fluxes of acetone occurred during the bloom decline phase, marked by relatively high
phytoplankton abundance, with less acetone during the low-biomass post-bloom phase. Based on

these findings, it is likely that MEK could also have varied oceanic sources.

4.2. Methods
4.2.1. Observations of MEK

We use observational data from the first two deployments of the NASA Atmospheric
Tomography (ATom) mission. The ATom project is a global survey of atmospheric chemistry,
which offers a representative investigation of the composition of the remote atmosphere. ATom
flights consisted of a series of ascending and descending profiles along the flight track to create a
tomography of the atmosphere. The ATom-1 and ATom-2 missions took place from 29 July — 23
August 2016, and 26 January — 21 February 2017, respectively.

MEK, acetaldehyde, and acetone concentrations are available for every two minutes
during ATom using the Trace Organic Gas Analyzer (TOGA) (Apel et al., 2015; Wang et al.,
2019). Sampling for the abundances of methyl nitrate and DMS from the Whole Air Sampler
(WAS) (Barletta et al., 2011; Colman et al., 2001) was manually controlled and unevenly spaced
in time, but it averaged one measurement every ~3 minutes. The WAS samples were shipped
back to the laboratory at UC Irvine and analyzed with gas chromatography (Colman et al., 2001).
The lower limits of detection for MEK, acetaldehyde, and acetone were 1 ppt, 5 ppt, and 5 ppt,
while those for DMS and methyl nitrate are 0.1 ppt and 0.01 ppt, respectively. Data from both
WAS and TOGA registering below the limit of detection was dynamically assigned a value
between 0 and the LLOD as a linear function of how many LLOD-flagged values were recorded

on a given flight: the more LLOD-flagged non-NA observations, the closer the assigned value
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was to 0. This methodology did not change any of the conclusions relative to filling LLOD data
with half the LLOD, another common strategy. Because TOGA and WAS measurements were
taken at different timesteps, we group the data from both instruments into 1-km vertical bins on
ascent and descent of each flight. Carbon monoxide (CO), also used in this analysis, was
measured using a Quantum Cascade Laser Spectrometer (QCLS; Accuracy 3.5 ppb, 0.15 ppb
precision at 1s) (Santoni et al., 2014) and was essentially continuous with a 1 second resolution.

MEK has an estimated atmospheric lifetime against OH oxidation of ~5-6 days at OH
concentrations of ~1.5x10° cm™ (Jordan et al., 2009; Yafiez-Serrano et al., 2016); its most
important alkane precursors (n-butane and i-pentane) have global mean atmospheric lifetimes
against OH oxidation of up to 2-4 days under the same OH concentrations, with longer lifetimes
on the order of weeks possible during wintertime (Hodnebrog et al., 2018; Lee et al., 2006;
Rossabi & Helmig, 2018). These lifetimes are long enough that both MEK and its precursors can
be transported into the remote marine atmosphere from terrestrial sources. To isolate clean
marine air masses, we define a series of conservative estimates of CO background mixing ratios
by region and season. In the Southern Ocean, we define the background CO mixing ratio as 50
ppb in January-February and 60 ppb in July-August; in the South Atlantic and South Pacific we
define the background CO mixing ratios as 55 ppb in January-February and 65 ppb in July-
August; in the Western Tropical Pacific the values are defined as 85 ppb during January-
February and 70 ppb during July-August. These values were chosen considering the
GLOBALVIEW-CO observations from the same year (GLOBALVIEW-CO, 2009), and do not
reflect a specific CO percentile in the ATom dataset; this choice was made because different
regions and seasons sampled by ATom can have more or less data ‘above background’,

reflecting the number of polluted airmasses sampled. We have examined the sensitivity of our
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results to the choice of background: increasing background CO by 5 ppb makes little difference
to our results, while reducing background values by 5 ppb reduces the number of ‘clean marine’
observations and renders statistical analysis difficult in some regions and seasons, especially in
the South Atlantic. This sensitivity is included in the text where relevant. We use these
background values to eliminate recent influence from sources of MEK on land, and thus isolate
‘clean marine’ air masses in which CO is produced primarily from the oxidation of long-term
reservoirs of natural and anthropogenic reservoir species. In the ATom 1 and 2 datasets in the
regions of interest (including data above CO background), MEK is weakly correlated with CO (r
=(0.245, p = 2.5x107"°) because the two species share several sources (biomass burning, alkane
oxidation). At CO mixing ratios at or below background, however, MEK and CO are not
correlated in these regions (r=0.07, p = 0.07).

We have grouped the ATom observations over the remote oceans by the regions shown in
Figure 4.1. This figure also shows the clean-marine (colored) and anthropogenically-influenced
(grey) data points, as well as the vertical distribution of the sampling (color scale). Because we
are attempting to identify clean marine air masses, we have restricted this study to four relatively
remote and clean regions sampled by ATom: the Western Tropical Pacific (WTP), the South
Pacific (SP), the South Atlantic (SA), and the Southern Ocean (SO). There are additional ATom
data in the Eastern Tropical Pacific and Tropical Atlantic, but they are largely land-influenced,
and we omit them from this analysis. Stratospheric influences in the dataset were removed by
using only points below 10 km. We also tested our results by including only measurements

where ozone < 90 ppb to remove stratospheric influence; the results were unchanged.
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Figure 4.1 ATom-1 (Jul-Aug) and ATom-2 (Jan-Feb) sampling locations. Grey data points are
classified as anthropogenically influenced, and not included in our analysis. The colored points
are at or below CO background as defined in the text and are classified as clean marine airmasses
(see text). The color scale shows the aircraft altitude. Data has been grouped into four coherent
regions: Western Tropical Pacific, South Pacific, Southern Ocean, and South Atlantic.

4.2.2. Flux Calculations

We use a simplified two-layer model developed by Liss & Slater (1974) to calculate the

air-sea exchange of MEK. This model, used in many air-sea flux schemes (Fischer et al., 2012;

Johnson, 2010; Wang et al., 2019), parameterizes the flux of a gas into or out of the ocean based
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on windspeeds and concentration gradients. We supplement the original two-layer model with
updated air (Johnson, 2010) and water (Nightingale et al., 2000) transfer velocities. The
necessary variables for this parameterization were from in situ ATom observations taken at less
than 200 m above sea level (temperature, pressure, atmospheric MEK mixing ratios, windspeed),
non-ATom observations (oceanic MEK mixing ratios, discussed below), and satellite
observations (sea surface temperature, salinity). Sea surface temperature (SST) for the ATom-1
and ATom-2 time periods are from the Moderate Resolution Imaging Spectroradiometer
(MODIS)-Aqua L3 11 micron SST product (NASA Ocean Biology Processing Group, 2015);
salinity is from the Aquarius rain-corrected monthly sea surface salinity product for the relevant
months in 2014 (the last year available from Aquarius) (JPL, 2015). We also re-ran the model
using a regional mean surface windspeed from the Modern-Era Retrospective analysis for
Research and Applications version 2 (MERRA-2) reanalysis (Gelaro et al., 2017) over the same

time period, with similar results. All calculation inputs are included in appendix C (Table C1).

4.3. Results
4.3.1. Multi-basin evidence for an oceanic MEK source

Figure 4.2 presents vertical profiles of MEK over the remote ocean regions sampled by
the ATom missions. The data are presented in 1 km altitude bins, and further classified by
meteorological season. We define meteorological winter as December-February in the Northern
Hemisphere and June-August in the Southern Hemisphere, while meteorological summer is the
reverse. In the equatorial regions, this classification becomes less meaningful, but little
seasonality was observed in the vertical profiles in those regions. We denote the 25%, 501, and

75™ percentile for each 1-km altitude bin and season. Solid colors denote the profile with a CO
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filter applied; in dashed lines we show the same statistics calculated using all of the data. In
taking this approach, we assume that there is some atmospheric background profile, through
which more polluted coherent air masses advect. By filtering out the polluted air signal and

averaging across the region, we hope to visualize a profile that reflects only the regional

emissions.
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Figure 4.2 MEK observations from ATom-1 and ATom-2 in the a) South Atlantic, b) South
Pacific, ¢) Southern Ocean, and d) Western Tropical Pacific in 1 km altitude bins. Vertical lines
connect the median value for each binned vertical km, and horizontal bars show the spread of the
25" and 75" percentiles. Blue lines summarize data from the meteorological winter (January-
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February in the Northern Hemisphere, July-August in the Southern Hemisphere) and orange
lines summarize data from meteorological summer. The solid lines show the data from the clean
marine airmasses, where CO mixing ratios are at or below the regional background (as described
text). Dashed lines present the same analysis using all available MEK data. Sample sizes at each
vertical level, region, and season are included in appendix C (Figure C1).

The vertical distribution of MEK over the remote oceans is consistent with a source at the
surface and a sink aloft. The consistent profile shape is present during both summer and winter in
all regions including the Southern Ocean. Except in the tropics, the summer surface enhancement
is generally larger than the winter surface enhancement. The South Pacific and Southern Ocean
summer surface enhancements are larger than their winter counterparts. The highest median
MEK surface mixing ratios were encountered in the South Pacific, while the highest extremes in
the unfiltered data were measured in the Western Tropical Pacific; in the filtered data, both
maxima were in the South Pacific. The similarity in shapes between the filtered (i.e., clean
marine) and full-data vertical profiles in the middle and lower troposphere strengthens the
evidence for an oceanic source; it also means that our analysis is not sensitive to the choice of
background CO mixing ratio(s). The only major feature removed by filtering for CO occurs in
the mid to lower troposphere during the South Atlantic winter is the MEK spike at 2 km in the
full-data profile. Examination of other fire tracer mixing ratios observed with TOGA (HCN,
CH3CN) suggests that the source of this MEK enhancement was biomass burning. Additional
examination of the n-butane and i-pentane abundances measured by WAS over the study region
shows that concentrations of these species are either negligible or too small to explain the
observed MEK signal; they also have the opposite seasonality (i.e., concentrations are larger in
the winter than the summer). We thus do not believe that the observed MEK profile can be

explained by a terrestrial or otherwise anthropogenic source. Sample sizes for each vertical level,

region, and season are included in appendix C (Figure C1).
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4.3.2. Possible sources of oceanic MEK

We suggest that there are at least two potential oceanic sources of MEK, (1) Phytoplankton
in the remote oceans and (2) another chemical or photochemical process in the surface ocean. If
MEK were produced mostly by phytoplankton, we would expect to observe a correlation
between the abundance of MEK and tracers for oceanic production. We calculated correlations
between MEK and four OVOCs with documented ocean sources: methyl nitrate, acetone,
acetaldehyde, and DMS. The atmospheric lifetimes of these species to chemical loss (primarily
oxidation by OH and photodissociation) vary. The global mean lifetimes of methyl nitrate,
acetone, and acetaldehyde, respectively, are 26 days (Fisher et al., 2018), 19 days (Brewer et al.,
2017), and 20 hours (Millet et al., 2010); the mean atmospheric lifetime of DMS is 1-2 days
(Kloster et al., 2006; Marandino, 2005). These lifetimes bracket the lifetime of MEK of 5-6 days
to chemical loss at an OH concentration ~1.5x10° cm™ (Jordan et al., 2009; Yafiez-Serrano et al.,
2016). Figure 4.3 presents the correlation between the MEK and these species in clean marine air
below 1 km in each of the regions in Figure 4.1. Sample sizes are limited to 20 and 37 in the
Western Tropical Pacific and Southern Ocean and to 25 and 14 in the South Atlantic and South
Pacific respectively. To ensure the maximum reliability in the statistics, this analysis does not
discriminate between seasons — all clean marine data are combined in this analysis regardless of
season. The one exception is the acetaldehyde-MEK correlation, which shows dramatic
differences between seasons. Scatterplots showing the complete dataset summarized in Figure

4.3 are included in appendix C (Figures S2-S5).
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Figure 4.3. Pearson correlation coefficients between individual near-surface (<1 km) profile-
averaged ATom observations of MEK and various species in clean marine air by region. Total
sample n is shown on the y-axis for each region. Tiles are colored by the sign of the Pearson
correlation coefficient in that region. Grey tiles indicate that the sample size is too small for
correlation to be meaningful (n < 10). The p-value is shown on each tile, along with stars
showing the relative p-value magnitudes in each region: one star corresponds to a p-value
between 1x1073-1x1072, two stars 1x10-3-1x104, and three stars p <= 1x10*. Acetaldehyde has
been separated into winter and summer correlations because the distributions differ between
seasons in all regions, which is not true for the other three species shown; as such, the n values
given for each region refer to the total sample size of winter and summer combined.

Figure 4.3 shows that MEK and acetone are well-correlated across ocean basins, while the

other species show more heterogeneity in the relationships to MEK in this dataset. Correlation

coefficients between acetone and MEK range from 0.72-0.95, three of which have p-values <

1.5x10°°. This robust correlation in clean marine air across ocean regions suggests that acetone

and MEK share an oceanic source. This source is sufficiently large that observed mixing ratios of

MEK are around 10% of that of acetone in the remote marine boundary layer. Given the
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disparity in lifetime between these two compounds, the flux of MEK out of the surface layer
must be greater than 10% of that of acetone. Acetaldehyde and MEK are also positively
correlated, but less strongly than acetone and MEK. Unlike in the MEK-acetone case, the
correlations between MEK and acetaldehyde differ seasonally. For this reason, we present the
seasonal correlations for acetaldehyde in each region and season in which sample sizes were
sufficiently large. A possible explanation for this correlation is that the photooxidation of MEK
can produce acetaldehyde (Calvert et al., 2011), and so we might expect the two species to
appear correlated due to causation, even absent a common source. To examine this possibility,
we used a back trajectory analysis (Bowman, 1993; Bowman & Carrie, 2002) to estimate the
mean time that a sampled air mass had been in contact with the oceanic boundary layer. The
specifics of this procedure, and the results of the modeling, are included in appendix C (Figure
C6). In all locations and seasons studied, the median air mass sampled had been in the boundary
layer for less than five days. Given the relatively long atmospheric lifetime of MEK, the
correlations observed are still likely to represent a common source rather than the atmospheric
production of acetaldehyde from MEK. In the Western Tropical Pacific and South Pacific during
summer, a small number of air masses sampled were within the boundary layer for between 12-
15 days. Therefore, it is possible that the particularly strong correlation shown between MEK
and acetaldehyde in the Western Tropical Pacific summer might be the result MEK
photooxidation; in light of the similar correlations shown in other regions, we still believe that
the weight of evidence rests on the side of a common oceanic source for the two species. Methyl
nitrate shows a strong negative correlation with MEK in the Western Tropical Pacific. This may
simply be an artifact of the greater variability of methyl nitrate in these regions (mixing ratios

range from 4-88 ppt for methyl nitrate and 5-39 ppt for MEK), but the robustness of the negative
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correlation observed does suggest the possibility of some real and unexplained inverse
relationship between MEK and methyl nitrate emissions. In our analysis, DMS is mostly
uncorrelated with MEK, with the sole exception being a weak positive correlation observed in
the South Pacific (r=0.47, p = 0.02). This correlation may simply reflect the summertime
increases in both MEK and DMS in the region (See Figure C3 in appendix C) and the near-zero
DMS values observed during winter. Because the rate of reaction with OH is ~10x slower for
MEK than DMS (Burkholder et al., 2015) and our back-trajectory modeling shows that most
airmasses sampled had been in contact with the oceanic boundary layer for more than a day (the
mean lifetime of DMS; see Figure C6 in appendix C), we cannot rule out the possibility that
MEK and DMS were co-emitted in these regions and over time the co-emitted DMS reacted
away and was not observed by our study. However, given that acetaldehyde did show a
correlation with MEK despite having a similar atmospheric lifetime to DMS, we believe that the
emissions of DMS and MEK are unlikely to be correlated. Given the observed connections
between the decline of phytoplankton blooms and acetone emissions (Sinha et al., 2007), it is
possible that a time-lagged correlation between MEK and DMS might exist; however the
temporal resolution of our data does not allow the analysis necessary to observe such a
connection. These results are insensitive to the choice of background CO. Based on this analysis,
our observed correlations between MEK and acetone as well as those between MEK and
acetaldehyde, are robust and consistent with the three species sharing similar oceanic sources.
We are only aware of a two papers detailing observations of MEK in seawater, which give
wildly divergent results. In one case, the samples were taken in Australian coral reefs (Swan et
al., 2016). Observed concentrations of MEK in seawater range from 102-119 nM. Swan et al.

(2016) documented similar seawater acetone concentrations (74-183 nM), which are an order of
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magnitude higher than the range of previously recorded open ocean mixed layer acetone
concentrations (Brewer et al., 2017; Fischer et al., 2012), and roughly 2-4 times as high as the
highest previous measurements in the open ocean (Tanimoto et al., 2014). Since acetone
concentrations are observed to be lower in the pelagic environment than in coral reef seawater,
we assume that open-ocean MEK concentrations are also much lower than those observed by
Swan et al. (2016). Therefore, we treat their observation as an upper limit for our model
calculations. In the other set of observations, taken over the South China Sea and Sulu Sea in
November 2011, the median oceanic MEK concentration observed was 0.88 nM (Schlundt et al.,
2017). Although it should not be surprising that the chemical environment differs between a
coral reef and a pelagic environment, it is not known why these observed values are so different
from those seen by Swan et al. (2016); there is clearly significant variability in oceanic MEK
concentrations.

The air-sea exchange of MEK can also be represented using a flux model (Section 4.2.2).
When we estimate the flux of MEK using realistic ocean conditions with seawater MEK
concentrations two orders of magnitude lower than those observed by Swan et al. (2016), the
model produces a net positive flux of MEK in all seasons and regions examined. For all regions
and both seasons, the ocean does not uptake MEK until the seawater concentration of MEK falls
below 1 nM (~10 nmol mol"). These model results are presented in greater detail in appendix C
(Figure C7), and agree with prior models of MEK air-sea exchange (Schlundt et al., 2017).

While seawater MEK concentrations are as of now mostly unknown, existing measurements
suggest that MEK shares a similar oceanic abundance to acetone. The lowest acetone observed in
the surface ocean ranges from 2-5 nM, as summarized by Brewer et al. (2017). Our calculations

suggest that ocean regions shown in Figure 4.1 likely serve as a net source of MEK to the
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atmosphere. For comparison purposes, a 3 nM average seawater MEK concentration in the

Southern Ocean implies a ~0.5 Tg annual source from that region.

4.4. Conclusions

Using data from clean marine air masses sampled in the ATom-1 and ATom-2 field
campaigns, we provide evidence that the ocean is a source of MEK to the atmosphere. Outside
the tropics, this source is more pronounced during summer than winter; less seasonality is
observed in the tropics. MEK in the regions we examined is sometimes weakly correlated with
DMS — a reliable tracer of marine biological activity. Ocean-produced MEK is strongly
correlated with acetone and slightly less strongly correlated with acetaldehyde, which suggests
the three species could share similar sources. Acetone and MEK have similar abundances in the
only existing measurements of both species in seawater, providing additional evidence of a
similar source, and even a small concentration of MEK in surface seawaters results in a flux of
MEK out of the surface waters.

ATom observations suggest that MEK’s flux out of the ocean is >10% of that of acetone. As
MEK oxidation is a source of acetaldehyde in the troposphere, this oceanic MEK might serve as
a source of acetaldehyde in regions where current sources fail to explain observations (Wang et
al., 2019; Wolfe et al., 2019). Quantification of the sources and sinks of MEK in the oceans is

needed to improve our understanding of MEK and its implications for global oxidation capacity.
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CHAPTER 5: GLOBAL ATMOSPHERIC BUDGET AND IMPORTANCE OF METHYL
ETHYL KETONE (MEK): CHEMICAL TRANSPORT ANALYSIS AND CONSTRAINTS
FROM IN-SITU AIRCRAFT OBSERVATIONS

5.1. Chapter Introduction

In this chapter, we present an analysis of the sources and sinks of MEK in the troposphere.
Our analysis includes four direct sources and one indirect sources of MEK: (1) direct emission
from the biosphere (Jordan et al., 2009; Yafiez-Serrano et al., 2016); (2) direct anthropogenic
emissions (EMEP, 2015; Hoesly et al., 2018; U. S. EPA, 2013); (3) biomass burning (Akagi et
al., 2011; Andreae, 2019); and (4) oceanic emissions (see Chapter 4). It also includes one
indirect sources of MEK via secondarily production from the atmospheric oxidation of
predominantly anthropogenically emitted alkanes, most importantly n-butane and to a lesser
extent i-pentane and longer alkanes (Jenkin et al., 1997). Sinks for MEK in our simulation are to
photolysis (IUPAC, 2005), oxidation by OH, NO3s, and CI (Calvert et al., 2011), uptake to the
ocean (see Chapter 4), and dry deposition (Jordan et al., 2009; Talbot, 2005). We compare our
modeled MEK mixing ratios to a suite of aircraft and surface observations and evaluate model

performance.

5.2. Methods
5.2.1. Model Framework

We simulate the sources, sinks, and global tropospheric distribution of MEK using the
detailed atmospheric oxidation scheme in the GEOS-Chem global 3-D Chemical Transport
model (version 12.0.0, www.geos-chem.org; Bey et al., 2001). We have improved the
representation of several processes within the model in order to explicitly include the emissions

of MEK and its atmospheric fate, and these updates are explained in the following sub-sections.
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The GEOS-Chem simulations presented here use GEOS-FP assimilated meteorological data
provided by the Global Modeling and Assimilation Office (GMAO) at the NASA Goddard
Space Flight Center. This data is produced on a 1/4° x 5/16° grid, with time resolution of 1 hour
averages for surface fluxes and 3 hour averages for upper air tendencies (GMAO, 2013). We
regrid this data to a horizontal resolution of 2° x 2.5° with 47 hybrid pressure-sigma vertical
levels up to 0.66 hPa, 15-minute transportation timesteps, and 30-minute chemistry timesteps.
These simulations also use the GEOS-Chem Tropchem scheme, which explicitly represents
tropospheric chemistry while parameterizing the stratosphere. We use two different sets of
simulations: 1) a one-year simulation of 2016 conditions; and 2) two-month simulations covering
each of the four two-month ATom studies (July-August 2016, January-February 2017,
September-October 2017, and April-May 2018). Each simulation is initiated using a one-year

model spin-up.

5.2.1.1. Secondary Chemical Production of MEK

In the default chemistry scheme included in GEOS-Chem 12.0.0, MEK is not treated as
an independent species; rather, it has been used up to this point as a lumped stand-in for >3
carbon ketones, referred to hereafter as ‘pseudo-MEK’ (Paulot, Crounse, Kjaergaard, Kroll, et
al., 2009; Paulot, Crounse, Kjaergaard, Kiirten, et al., 2009). This choice was made due to
computational limitations, but it has major implications for diagnosing the actual source of MEK
because pseudo-MEK includes a secondary chemical source from the atmospheric oxidation of
isoprene and various monoterpenes. These reactions are unlikely to occur in an oxidizing

medium such as the troposphere, and indeed no mechanistic pathways have been proposed for
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production of MEK from atmospheric oxidation of isoprene, a- or B-pinene, or methyl butenol
oxidation (Rollins et al., 2009; Singh et al., 2004; Yafnez-Serrano et al., 2016).

To better represent explicit MEK chemistry, we follow the example of Goliff et al. (2013)
and split the lumped pseudo-MEK species into two different model species: an explicit MEK and
a >C4 ketone tracer (KET). KET is photolyzed in the same way as MEK but is otherwise handled
identical to the previously existing pseudo-MEK. This speciation necessitates changes to both
the production (discussed here) and removal (discussed below in Section 5.2.1.2) of MEK in
GEOS-Chem