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Chapter 1

Introductionl!

1.1 The Earth’s Atmosphere

The Earth’s atmosphere consists of several layers of which the troposphere is the closest
to the surface. The troposphere extends from the Earth’s surface to the tropopause, which is
approximately 10-15 km in altitude, depending on the location and time of year (Seinfeld and
Pandis|, [1998). At the tropopause, the pressure in the atmosphere is 1/100 of the pressure
at the Earth’s surface. It is a very small part of the total volume of the atmosphere, but
it contains approximately 80% of the total atmospheric mass (Seinfeld and Pandis| |[1998).
The troposphere is a complex mixture of suspended gases and particles that can react and
interact with each other, with the light entering the atmosphere from the sun, and with the
heat emitted from the Earth’s surface. Biogenic particles and gases are those released into
the atmosphere from natural sources such as plants, microorganisms, oceans, and lightning.
Those that are emitted as a result of human activities, such as from vehicles or industry,
are called anthropogenic species. These designations are important for atmospheric policy

makers because it is difficult for humans to control biogenic emissions, but it is possible to

!This introduction will be part of a series compiled by the Wisconsin Initiative for Science Literacy (WISL)
to “promote literacy in science, mathematics and technology among the general public.” It is intended to
“explain [this] scholarly research and its significance to a wider audience that includes family members,
friends, civic groups, newspaper reporters, state legislators, and members of the U.S. Congress.”



control pollution from anthropogenic sources through emissions regulations and laws.
Nitrogen (78%) and oxygen (21%) make up the majority of atmospheric gases (exclud-
ing water). Their concentrations are very stable and they are present in such large quantities
in the atmosphere that they are considered background gases. Water vapor concentrations
vary widely, depending on location and altitude, and can contribute up to 3% of the gases in
certain regions. Argon (0.9%) is the next most abundant, but it does not undergo any chem-
ical reactions and does not affect human health or global climate change. The trace gases,
the remaining 0.01%, are the most chemically interesting. Even though their concentrations
are small, these gases affect pollution, human health, and climate. Government agencies
regulate some of these gases and aerosols, while others are important for their role in the
production of pollutants and greenhouse gases. Therefore, it is important to understand

their production and fate in the atmosphere.

1.1.1 Ozone and VOC oxidation

Ozone (O3) has come to public awareness as a species of high importance to both
climate change and its effect on incoming solar radiation. However, Og is a pollutant in the
troposphere, and also has adverse effects on human and plant health and can often be a
component of smog. The photolysis, or reaction with light, of NOg produces NO and Og,

which can then react to form NOs.

1.1
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Since these reactions essentially cancel each other out, this leads to no net production
or loss of any species. However, an increase of the concentration of one of the species will

change the concentrations of each of the others. One such perturbation to the O3/NOx (NO
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and NOg) system occurs through the oxidation of volatile organic compounds (VOCs) via
the hydroxyl radical (OH, a highly reactive radical species). VOCs are emitted from sources
such as vegetation, industry, and automobiles (Figure 1). This VOC oxidation is coupled to
O3 formation in the troposphere. When OH reacts with a hydrocarbon (RH), where R is

any size hydrocarbon, it forms an alkyl peroxy radical (ROz2):
RH + OH % RO, + H,0 (1.2)

This alkyl peroxy radical is very reactive, and can react with NO to lose an oxygen atom,

forming an alkoxy radical (RO).
RO3 + NO — RO + NOy (1.3)

The formation of NOs in Eq. perturbs the O3/NOx cycle, resulting in the formation of
Ogs. As the alkoxy radical is still very reactive, it will react with the oxygen molecule (O3)

to form a stable carbonyl compound (R’CHO) and HOs.
RO + Oy — R/CHO + HO, (1.4)

The HO2 goes on to react with another NO to produce more OH and NOs, therefore per-

turbing the O3/NOy steady state even more and producing another Os.
HO35 + NO — OH + NOq (1.5)

Combining and balancing these equations gives the net reaction between the hydrocarbon

and OH.
RH + 209 — R’'CHO + Hs0 + 203 (1.6)

Since OH is regenerated in the final step, the net overall reaction does not consume the OH

and produces a carbonyl, a water, and two O3 molecules for each hydrocarbon reaction. Og
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formed in this way is a substantial component of tropospheric Os. Since OH is a radical
species and is regenerated in each hydrocarbon reaction, reactions will continue until a chain
termination reaction occurs. This reaction between two radical species forms a neutral
species, thereby stopping the radical reaction chain. These chain propagation steps are
important to accurately model hydrocarbon reactions, as small changes can drastically alter
predicted radical concentrations. One such chain termination step is the reaction of OH

with NO2 to form nitric acid (HNO3):
OH + NO2 — HNO3 (1.7)

This step seems relatively straightforward, but adds complexity to the reaction system. NO
is important in the production of OH (e.g., Eq. and is coupled to NOs, but NOy is
important for OH destruction. Therefore, these interconnecting pathways make predictions
of the concentrations of these radical species difficult, which leads to inaccurate models of
Os.

As Ogj is formed from the combination of oxidation of VOC oxidation and direct
sunlight, O3 concentrations are often higher in the summertime. Therefore, some cities
implement ‘O3 Action Days’ during the summer. During very hot and sunny days with very
little wind, the conditions are right for O3 formation. Therefore, local authorities ask people
to refrain from driving, mowing their lawns, and filling their gas tank in order to reduce
gasoline emissions. Gasoline is a hydrocarbon, therefore gasoline from engines that has not
been fully combusted and that lost while filling a gas tank can contribute to heightened O3
and carbon monoxide levels, especially when there is a lot of sunlight to photolyze NOg to
NO and Osz. Combustion engines are also the main NOy source in cities, so running a car
or lawn mower will increase NOy levels, in turn increasing Og concentrations.

To make effective decisions regarding emissions regulations, policymakers must under-

stand the effect of regulations on atmospheric chemistry and pollution. For example, since



O3 formation requires both VOCs and NOy, decreasing NOy concentrations may actually
increase Oz concentrations, depending on VOC concentrations. Interactions like these make
this a very complex system, and one which must be studied to determine whether NOy
regulations (for example) will increase or decrease local Og pollution. Computer models of
atmospheric chemistry using chemical information gained from laboratory and field mea-
surements provide a tool for estimating these effects before enacting legislation. For these
models to be accurate, it is necessary to have an accurate understanding of the chemical
processes and rates occurring in the atmosphere, as well as the meteorology of the area of
interest. Missing or incorrect processes in the model can be determined by comparing ambi-
ent measurements with these models. Laboratory experiments can then address the process
in question and help determine the source of the error. The resulting changes in chemical
processes can then be implemented in the model, which can then once again be compared to
measurements. In this way, atmospheric models are altered until they match measurements

and are constantly evolving and improving.

1.1.2 Atmospheric aerosol

While the chemistry and impacts of carbon dioxide are well understood, atmospheric
aerosols are one class of atmospheric constituents that has very large uncertainties (Forster
et al.l |2007). Aerosols are suspended particles that can be liquid, solid, or a combination of
both. Atmospheric aerosol typically ranges in size from a few nanometers (nm) to tens of mi-
crometers (um) in diameter. Dust, soot, and sea salt are considered primary aerosol, as they
are emitted directly into the atmosphere. Secondary organic aerosol (SOA) is formed when
gas-phase species react with atmospheric oxidants such as OH or Ogs, forming less volatile
species. When these species encounter aerosol in the atmosphere they are accumulated by
the aerosol if they have low enough volatility (e.g., are sticky enough). Once a compound

is in the aerosol, it can react with other molecules to form new organic products. Addition-



ally, SOA provides a surface onto which water can condense to form clouds and provides
a surface on which chemical reactions may occur. Aerosols have both direct and indirect
effects on climate. SOA directly affects climate by scattering (in essence reflecting) sunlight
back into space, preventing it from reaching the surface of the Earth, thus contributing to
a cooling of the atmosphere (Forster et al., 2007). Clouds also reflect sunlight back into
space, and can be formed through the condensation of water onto aerosol surface. In this
way, aerosol indirectly affects climate. This is the other half of the global climate change
equation; greenhouse gases contribute to the warming of the atmosphere, but aerosols and
clouds help to counteract that effect by cooling the atmosphere. Despite this importance,
SOA composition, formation, and surface reactions are not well understood by the scientific
community. These uncertainties lead to very large errors in our predictions of how aerosol
affects global climate change and the magnitude of its cooling effect. Due to this lack of
knowledge, the uncertainties in aerosol contribution dominate the uncertainties of our models

of the magnitude of global climate change (Forster et al., 2007)).

1.2 Glyoxal in our atmosphere

Glyoxal is a gas-phase oxidation product of atmospheric VOCs, as well as a component
of atmospheric aerosol (Liggio and McLaren, 2003; Matsunaga et al., 2004), and can be
used as a tracer for SOA growth. Volkamer et al.| (2007) found that measured glyoxal
concentrations are much lower than modeled, suggesting that atmospheric models are either
over-predicting gas-phase glyoxal production or under-predicting the contribution of glyoxal
to aerosol. A model based on the MCM database also over-predicts glyoxal concentrations in
a forested area without much contribution to aerosol (Huisman et al., 2011). To estimate the
contribution of glyoxal to SOA, both gas-phase glyoxal production and glyoxal uptake onto
aerosol need to be studied. There are no significant direct sources of glyoxal, so if gas-phase

glyoxal is present, it must be the result of the oxidation of larger VOCs. Glyoxal also has a



very short atmospheric daytime lifetime in the atmosphere, as it reacts away within a couple
of hours in direct sunlight (Volkamer et al., 2005; Huisman et al. 2011). Therefore, glyoxal
is indicative of relatively local gas-phase oxidation chemistry and is useful for comparison
of measurements to models. As a tracer of local VOC oxidation, glyoxal can also be used
to gain insight into Os production. The presence of glyoxal and its reaction products in
ambient aerosol also makes it a useful model for understanding organic chemistry within the
aerosol.

The dominant source of glyoxal in forested areas is the reaction of biogenic VOCs
(e.g., isoprene and 2-methyl-3-buten-2-ol) with OH (Fu et al. 2008} Myriokefalitakis et al.,
2008; |Stavrakou et al., 2009). Isoprene is one of the most abundant hydrocarbons in the
atmosphere, and it has been estimated that over 500 Tg of isoprene are emitted into the
atmosphere each year (Guenther et al., [1995)). The reaction of isoprene with OH has been
studied in detail (Tuazon and Atkinsonl |1990; Paulot et al.,|2009; |Archibald et al., [2010) and
many products have been identified. However, gas-phase glyoxal has traditionally been hard
to measure, and new measurements have shown discrepancies between measurements and
models (Volkamer et al.l [2007; [Huisman et al., 2011). Understanding atmospheric concen-
trations requires an understanding of both production and loss mechanisms of the species of
interest. Glyoxal production from isoprene and 2-methyl-3-buten-2-ol has been studied in the
laboratory, but not all production pathways have been studied in detail. One first-generation
pathway from isoprene to glyoxal has been suggested that is not included in current models
(Volkamer et al., 2006; [Paulot et al., 2009). Therefore, more work is necessary to under-
stand glyoxal production from isoprene. Hydrocarbon loss processes include reaction with
OH, photolysis, and deposition to SOA and other surfaces. Laboratory studies have con-
firmed that the oxidation of glyoxal by OH and glyoxal photolysis are well constrained, but

the loss of glyoxal to SOA is still an area of uncertainty. This makes the contribution of



glyoxal to SOA an important area of study for atmospheric scientists in order to understand
the complete atmospheric cycle of glyoxal production and loss. Recent improvements in de-
tection techniques have allowed for the in situ, high time resolution detection of low glyoxal
concentrations (Huisman et al., 2008). The use of the Madison Laser-Induced Phosphores-
cence (Mad-LIP) instrument has made it possible to perform laboratory studies of VOC

oxidation to determine the kinetics of glyoxal formation.

1.2.1 Understanding gas—phase glyoxal

Many VOC gas-phase oxidation studies are performed in atmospheric chambers. These
are made of metal or Teflon bags, and allow simulation of the atmosphere while controlling
conditions such as temperature, light intensity, and concentrations of VOCs and oxidants.
The composition of the air within the chambers is much simpler than the atmosphere, but
it allows for examination of individual processes that would otherwise be difficult to disen-
tangle from other interactions. Therefore, a chamber experiment may be used to determine
the rate, or speed, at which a reaction progresses, and the yield of the products, or the
fraction of reacted initial species that form a particular product. We can combine these
reaction rates and yields from each individual process and apply these to our understanding
of the more complex atmosphere, often in atmospheric models. In order to gain a complete
understanding of the chemistry occurring in the chambers, it is necessary to measure con-
ditions and the concentrations of as many compounds as possible. Therefore, atmospheric
chambers have instruments measuring temperature, relative humidity, Oz, NOy, and many
gas-phase species. In a typical OH-initiated isoprene oxidation experiment, gas-phase iso-
prene is added to the chamber and allowed to mix completely. An OH precursor, typically a
molecule that will form OH upon irradiation with sunlight, is added at the same time. Once
the blacklights, used to simulate sunlight in the chamber, are turned on, the OH precursor

is photolyzed to form OH, and isoprene and OH begin to react. The first stable products



of isoprene oxidation (first-generation oxidation products), such as methyl vinyl ketone and
methacrolein, begin to form. These will then react with OH to form second-generation prod-
ucts. This process will continue until there is no more OH or until the VOCs in the chamber
are fully oxidized.

Through these atmospheric chamber studies, we can compare measured concentrations
of many compounds that are important in the atmosphere to calculated model concentra-
tions. Gas-phase formation kinetics and yields can also be determined from the experimental
concentrations and compared to those in the model. This will allow us to evaluate how well
atmospheric models reproduce important atmospheric processes. Once this is accomplished,
changes can be incorporated into the widely available kinetics databases for distribution to

other models.

1.2.2 Glyoxal in aerosol

Glyoxal can undergo many reactions within the aerosol, both with itself and with
other molecules. Therefore, it is useful as a model system for organic aerosol formation.
Many condensed-phase studies are performed with many milliliters of solution. Since an
aerosol is less than 10 pym in diameter, the surface area to volume ratio is much greater than
it is in a bulk solution. This can change the chemistry occurring in the aerosol and may
change the rate at which gas-phase species will partition to the condensed-phase. Therefore,
atmospheric chambers are also used to study uptake kinetics and reactions in the aerosol.
The same chambers are used as with gas-phase studies, and many of the same instruments
are used to monitor the reactions.

The uptake of gas-phase compounds onto atmospheric aerosols is important in under-
standing aerosol formation. Since many ambient aerosols contain salt, particles made up of
aqueous salt solutions (e.g. ammonium sulfate) are often used as seed aerosols to provide a

surface for uptake of organic molecules. The size and composition of the aerosols are moni-
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tored along with the gas-phase concentrations of all species of interest. These experiments
are carried out in different light and oxidant conditions to simulate different ambient con-
ditions. The chemistry of the atmosphere is drastically different during night and day due
to the presence of sunlight and higher concentrations of oxidizing species during the day,
and it is important to study chemistry in various conditions to get a complete picture of
atmospheric processes. By performing a variety of experiments, comparing how fast glyoxal
is incorporated into the aerosol, and examining the products formed under each condition,
we can determine which conditions are responsible for any changes in these properties. Fi-
nally, from chamber experiments, we can calculate the probability that a glyoxal molecule
encountering an aerosol will result in glyoxal adsorption onto the aerosol. This quantity
is useful in atmospheric models to determine aerosol growth and to increase the accuracy
of the modeled contribution of glyoxal to aerosol. Instrumentation that measures aerosol
composition allows us to compare the products formed in bulk and chamber studies and to
determine which products will actually be formed under atmospheric aerosol conditions.
Once glyoxal becomes part of the aqueous aerosol-phase, the aldehyde groups in glyoxal
quickly hydrate, or react with water, and form alcohol groups. When hydration changes gly-
oxal from the a-dialdehyde into another form of glyoxal, the equilibrium shifts to bring more
glyoxal into the aerosol-phase. Once glyoxal is in the condensed-phase, a glyoxal molecule
can undergo one of several reactions. At high concentrations, glyoxal will oligomerize (specif-
ically form acetal oligomers), or react with itself to form chains of hydrated glyoxal molecules
(Whipple, [1970). Glyoxal hydration and oligomerization are reversible reactions; the con-
centration of each reactant depends on the concentrations of all others. Glyoxal uptake
in the chambers has also been found to be reversible (Kroll et al., 2005). Decreasing gas-
phase glyoxal concentrations result in glyoxal partitioning back to the gas-phase from the

aerosol-phase in order to re-establish equilibrium between the gas- and condensed-phase.
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Glyoxal can also undergo irreversible chemical reactions once in the aqueous phase. For
example, ambient aerosol often contains both ammonium and sulfate ions. Several chamber
and ambient studies have detected a molecule with a mass that corresponds to glyoxal
sulfate (Surratt et al., [2007, [2008), which could be formed through reaction of glyoxal with
the sulfate ion. The ammonium ion has traditionally been considered chemically inert in
the aerosol. Several studies of glyoxal and methylglyoxal in solution with ammonium salts
have shown that ammonium will in fact react with these compounds to form dark brown
solutions (Debus, 1858; |Noziere et al., 2009; Shapiro et al [2009). If these compounds are
formed in the aerosol, even a small amount could change the optical properties of the aerosol.
This means that instead of reflecting sunlight back to space, brown aerosols absorb light and
retain some of that energy in the atmosphere, changing some of the cooling effect of aerosol
into a warming effect. In order to understand the effects of these colored compounds on
global climate change, we must first determine the likelihood of their formation and their

prevalence in the atmosphere.

1.3 Summary

The Earth’s atmosphere is a complicated system of gases and aerosols. Greenhouse
gases such as carbon dioxide have been studied in detail, and are understood by atmo-
spheric scientists. However, there are great uncertainties in our understanding of atmo-
spheric aerosols, leading to uncertainties in our predictions of these species. Emissions
reduction strategies are often based on atmospheric models that reflect our understanding
of atmospheric processes. Therefore, these models must be as accurate as possible. Through
comparison to field and laboratory studies, we can identify necessary model improvements.
Glyoxal is a VOC oxidation product and component of SOA that is not well represented by
current atmospheric models. To resolve the discrepancy between atmospheric measurements

and models, laboratory chamber studies are often performed. Reaction rates and product
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formation observed during these studies can be applied to models in order to bring the
models and measurements into agreement. Since glyoxal is also a component of ambient
aerosol, gas-phase reactions are not the only processes that must be considered when study-
ing glyoxal concentrations in the atmosphere. Studies of gas-phase uptake onto aerosol can
provide insight into both how quickly glyoxal partitions into the aerosol and its chemical
reactions within the condensed-phase. Each process we can begin to understand through
these laboratory studies can be applied to models to predict atmospheric conditions, and
the information we learn about glyoxal may be able to be applied to similar molecules in

the atmosphere.
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VOC Oxidation Chemistry:
Ozone and Secondary Organic Aerosol Formation
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Fig. 1.1.— VOCs are emitted from sources such as vegetation, industry, and automobiles.
These are oxidized by OH and NOy and form ozone and oxygenated compounds (e.g., glyoxal
and methylglyoxal). These compounds can either partition to SOA or other surfaces or be

oxidized further, eventually becoming COs.
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