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ABSTRACT

OBSERVATIONS OF GREENHOUSE GAS ISOTOPOLOGUES
WITH ACE-FTS AND WACCM

Eric Michael Buzan
Old Dominion University, 2017
Director: Dr. Peter Bernath

Increases in greenhouse gas concentrations in the atmosphere are the major
driver of climate change. Quantifying the sources and sinks of these gases is a
major focus of research. Measuring isotopologues, or molecules that differ in
isotopic composition, is one useful way of constraining the budget of a molecule as
they are highly sensitive to different sources and sinks. However, measurements
above the surface have been restricted to a few locations and have only reached
the lower stratosphere. Satellite-based remote sensing can achieve nearly global
measurement coverage, but so far no satellites have measured isotopologues.

Presented here are measurements of isotopologues of CH4, CO, CO2, and N;O in
the stratosphere and mesosphere collected using the Atmospheric Chemistry
Experiment Fourier transform spectrometer (ACE-FTS). These measurements are
complemented by model runs using the Whole Atmosphere Community Climate
Model (WACCM). Both data sets show the strong influence of transport in the upper
atmosphere on the isotopic distribution of these molecules. In addition, WACCM
accurately calculates the abundances of isotopologues previously measured via
balloon and aircraft. These data sets show the usefulness of satellite-based

measurements of isotopologues in the upper atmosphere.
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INTRODUCTION

The increase in greenhouse gases due to anthropogenic activity since the
beginning of the Industrial Revolution is the major driver of climate change. These
gases absorb thermal infrared radiation, trapping it within Earth’s atmosphere.
Climate change has numerous consequences including increasing temperatures in
the troposphere, rising sea levels from the melting of land ice, and ocean
acidification from the dissolution of CO..

One of the major focuses of research on greenhouse gases is characterizing
their budget of sources and sinks. Most greenhouse gases have both natural and
anthropogenic sources. To constrain the budget, measurements of these gases in
the atmosphere are crucial. Almost all greenhouse gases are long-lived and so have
a near uniform concentration in the troposphere, the lowest layer of the
atmosphere.

The long life of these gases also enables them to propagate upward into the
higher layers of the atmosphere. Measurements of gases in the upper atmosphere
are sparser than those in the troposphere due to the difficulty of sampling and in-
situ measurement. Remote sensing, especially from orbiting satellites, is often used
to observe the upper atmosphere and is the primary means of obtaining widespread
measurement coverage. Modeling is also beneficial as it can be used to analyze
reaction studies in the lab and atmospheric measurements.

Additional information can be obtained by measuring the abundance of
isotopologues, or molecules that differ in isotopic composition. The different
isotopologues of a molecule undergo chemical reactions at different rates, causing
their relative abundances to change over time. This information can be further used
to constrain atmospheric budgets.

The following research focuses on isotopic measurements in the upper
atmosphere of four gases important to the greenhouse effect: CHs, CO, CO;, and
N.O. Chapters 1-3 give background information on related science, remote sensing
via satellite, and atmospheric modeling. Chapters 4-7 report observations of these

four gases from the Atmosphere Chemistry Experiment Fourier transform



spectrometer (ACE-FTS) and modeling results from the Whole Atmosphere

Community Climate Model (WACCM) and the significance of these data sets.



SCIENCE BACKGROUND

2.1 Atmospheric structure and composition

A diagram of the vertical temperature and pressure structure of the atmosphere
is given in Figure 1. Pressure decreases exponentially with altitude, while
temperature shows a more complex structure due to the absorption of sunlight at
different altitudes. These changes in temperature mark the edges of the layers of

the atmosphere.
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Figure 1: Atmospheric properties as a function of altitude. From CMGLee (2015).

The lowest layer is the troposphere, where the majority of the atmosphere by

mass is located. The temperature here decreases up to the tropopause at around 9
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km over the poles and 17 km near the Equator. In the next layer, the stratosphere,

absorption of ultraviolet light by the ozone layer causes the temperature to increase
with altitude. This temperature inversion stratifies the stratosphere, making vertical
transport slow. At around 50 km, temperature again decreases through the

mesosphere. The coldest temperatures are found at the mesopause, around 85 km.
Above there in the thermosphere, temperature increases again in the thermosphere

from absorption of vacuum UV (<200 nm) by molecular oxygen and nitrogen.

Table 1: Mixing ratios of the major gases in Earth’s atmosphere. Values except for

water vapor are given for dry air.

Nitrogen (Nz) 78.1% Helium (He) 5.2 ppm
Oxygen (03) 20.9% Methane (CH4) 1.7 ppm
Argon (Ar) 0.93% Krypton (Kr) 1.1 ppm
Carbon Dioxide (COz) 400 ppm Hydrogen (H3) 0.55 ppm
Neon (Ne) 18 ppm Nitrous Oxide (N2O) 0.32 ppm
Ozone (03) 0.01-10 ppm Water vapor 0-2%

Table 1 lists the mixing ratios of the most abundant gases in Earth’s
atmosphere. It is mainly composed of four gases: molecular nitrogen (78% in dry
air) and oxygen (21%), argon (1%), and water vapor. A large variety of gases,
known as trace gases, are present at the parts per million level to the parts per
trillion level and below. Some trace gases not listed above include nitrogen oxides,
sulfur oxides and other sulfur compounds, many different volatile organic
compounds (VOCs), short-lived radical species, and manmade gases like
chlorofluorocarbons (CFCs). Though the concentrations of these gases are very low,
they are very important to atmospheric phenomena such as the greenhouse effect,
the ozone layer, and pollution.

Gas concentrations are typically reported as a volume mixing ratio (VMR), the
fraction of a certain species in air by volume. It can also be reported as a number
density, the number of atoms or molecules per spatial volume. Number density is

affected by the pressure of the gas, while mixing ratio is not.
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Some gases such as Nz and argon are inert in most parts of the atmosphere and

so have a constant VMR in these areas, while others can vary by location and
altitude. The concentration of water vapor is highly dependent on temperature; at
the surface, a mixing ratio of 1% is possible, while in the colder stratosphere and
mesosphere water vapor is a trace gas. Ozone concentrations are controlled by
photolysis; it is most abundant in the middle stratosphere in the ozone layer.
Methane and other organic compounds oxidize in the atmosphere and have
decreasing mixing ratios with altitude. In the thermosphere, the high levels of UV
radiation photolyze many gases, producing exotic species like atomic oxygen and

nitrogen and ions.

2.2 Atmospheric circulation

The concentration and distribution of atmospheric gases are controlled by two
broad categories: chemistry and circulation. Chemistry is specific to each molecule
and will be discussing in subsequent chapters. Circulation, the physical movement

of air masses, affects all gases equally.

2.2.1 Tropospheric circulation

Since the Earth is a rotating system, horizontally moving air is deflected by an
apparent force called the Coriolis force. Consider the Northern Hemisphere, where
the Earth rotates counterclockwise as seen from overhead, and an air mass moving
toward the Equator. When it begins moving, the air has a certain eastward velocity
that does not change as it moves. However, Earth’s surface is moving faster closer
to the Equator, so from the surface the air appears to curve to the west, or right.
Figure 2 illustrates this effect. A poleward moving air mass moves faster than the
surface as it travels north, so it appears to curve east, also to the right. In the

Southern Hemisphere, the directions are reversed and air deflects to the left.
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Figure 2: Illustration of the Coriolis force in the Northern Hemisphere. From Hall
et al. (2013).

Air masses also move along pressure gradients from high to low pressure.
However, once it begins to move, it also incurs a Coriolis force. Eventually the two
forces balance when the air mass moves perpendicularly to the pressure gradient;
the Coriolis force pulls on the right side and pressure on the left side. This is known
as geostrophic flow, shown in Figure 3. In the Northern Hemisphere, air flows

counterclockwise around areas of low pressure and clockwise around high pressure.
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Figure 3: Diagram of idealized geostrophic flow. Adapted from Jacob (2000).




Friction also comes into play near the surface. This weakens the Coriolis force
but not the pressure gradient, causing the air to flow partially in the direction of the
pressure gradient. This causes air to move vertically in the pressure center; high

pressure creates downwelling while low pressure creates upwelling (Figure 4).

Low Pressure

Upwelling High Pressure

J‘Q "1 ‘ Downwelling
7Y L)<
A

—

Figure 4: Vertical motion caused by non-ideal geostrophic flow. Adapted from
Met Office (2013).

Meridional airflow is largely affected by the temperature difference between the
Equator and poles. Warm air at the Equator rises and turns poleward at the top of
the troposphere. Without the Coriolis force, this air would flow to the poles before
sinking. However, the Coriolis force disrupts this flow, causing the air to sink
around 30 degrees before returning toward the Equator. This circulation pattern is
known as a Hadley cell. At high latitudes, a similar circulation cell forms from the
rising of air around 60 degrees and the sinking of air at the pole. This is a polar cell.
In between, a third cell known as the Ferrell cell or mid-latitude cell exists, partially
driven by the circulation of the Hadley and polar cells. Air currents within this cell
are more complex than the other two, but meridional flow is generally the opposite
of the Harley and polar cells: air high in the troposphere moves toward the Equator
while surface air moves toward the poles. Figure 5 illustrates the airflow in these

cells.
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Figure 5: Major tropospheric circulation patterns. From Kaidor (2015).

These circulation cells affect the mixing time of tropospheric air. Longitudinal
mixing is the fastest, driven by geostrophic flow within each cell; air can
circumnavigate the Earth in a couple weeks. Transport between cells is somewhat
slower; mid-latitude air takes 1-2 months to exchange with the poles or tropics.
Mixing between the hemispheres is slowest, about 1 year, as there is no thermal
forcing across the Equator. Seasonal movement of the Intertropical Convergence

Zone between the Hadley cells is the primary driver.

2.2.2 Upper atmospheric circulation

The main circulation pattern in the stratosphere is Brewer-Dobson circulation,
shown in Figure 6. Similar to the tropospheric cells, air rises from the tropopause
over the Equator, moves poleward, then sinks over the higher latitudes. However,

the origin of this circulation is more complicated than the thermally-driven



tropospheric cells. The major driver is the dissipation of gravity waves, waves
whose restoring force is buoyancy, that originate from the troposphere. Large
mountain ranges that force surface air upward are one source of gravity waves.
Since mountains are more common in the Northern Hemisphere, Brewer-Dobson
circulation is stronger here. There is also a strong seasonal dependence; sinking
cold air over the winter pole strengthens the circulation while circulation over the

summer pole is very weak (NASA, 2000).
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Figure 6: Diagram of Brewer-Dobson circulation. From Bdnisch et al. (2011).

Another major stratospheric circulation pattern is the quasi-biennial oscillation

(QBO), an east-west oscillation of tropical winds. The oscillation originates from the
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upper stratosphere and descends downward over a few months (Figure 7). The

QBO is generally observed between 20 and 35 km, with stronger easterly winds
than westerly winds. Internal dynamics of tropical gravity waves rather than
seasonal variation are the source of the QBO, causing a period ranging from 22 to
34 months. Outside of the tropics, the QBO breaks down and seasonal east-west
oscillations of the wind occur (Figure 8). The QBO alters the temperature structure
of the tropical stratosphere which affects photochemistry in this region. It also
perturbs the Brewer-Dobson circulation; upward motion over the Equator is
strengthened during the descending easterlies phase, and the opposite occurs

during the descending westerlies phase (NASA, 2000).
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Figure 7: The quasi-biennial oscillation as seen over the Equator. Easterly winds

are shown in blue while westerly winds are shown in orange. From NASA (2000).
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Figure 8: The tropical QBO and mid-latitude seasonal winds detected by the

High Resolution Doppler Imager (HRDI). Adapted from NASA (2000).

The final major feature of the stratosphere is the polar vortex. Over the winter
pole, strong westerly winds form a vortex that traps air. Temperatures can dip
below -78 °C, the temperature needed to form polar stratospheric clouds from nitric
acid, sulfuric acid, and water. These temperatures and clouds, along with the low
amount of sunlight, allow chemistry such as the decomposition of the Cl-containing
reservoir molecules HCI and CIONO:; to Cl, to occur, while the vortex traps the
products. As springtime arrives in each hemisphere, the vortex breaks down,
releasing the trapped air mass. In particular, the trapped chlorine catalyzes ozone
destruction via the formation of ClO, leading to the annual ozone hole over the
Antarctic and depleted ozone over the Arctic.

Mesospheric transport is dominated by a single circulation cell where air rises in
the summer hemisphere, travels high to the winter hemisphere, sinks, and returns
low to the summer hemisphere. This causes the summer hemisphere to be colder
than expected by thermal equilibrium and the winter hemisphere to be warmer
(Vincent, 2015).

In the thermosphere, transport is similar to that in the mesosphere with

upwelling over the summer pole and downwelling over the winter pole. Energy from
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the solar wind and magnetosphere strongly influence these dynamics (Forbes,

2007). In addition, molecular diffusion becomes important; the very thin air allows
species to separate by mass. The lightest gases, hydrogen and helium, can escape

from the atmosphere.

2.3 Isotope chemistry

Observing the distribution of isotopically-substituted molecules gives additional
information about the behavior of a gas in the atmosphere. In the following
sections, “isotopologue” is used to refer to a molecule containing one or more

heavy isotopes of an atom.

2.3.1 The kinetic isotope effect

The presence of a heavy isotope in a molceule can alter the rate of a reaction.
This is known as a kinetic isotope effect (KIE). KIEs are normally reported as a ratio
of the rates with and without the heavy isotope. For hydrogen and deuterium, this
is denoted as kun/kp, and for carbon-12 and carbon-13, typically kiz/kiz. For most
reactions, the heavy isotopologue reacts more slowly than the light isotopologue,
giving a KIE greater than 1, a normal isotope effect. If the KIE is less than 1,
meaning the heavy isotopologue reacts more quickly, it is an inverse isotope effect.
Isotope effects that occur at a bond containing a heavy isotope are called primary
isotope effects, while those involving bonds adjacent to a heavy isotope are known
as secondary isotope effects. In atmospheric reactions, secondary isotope effects

are very small and will not be discussed further.
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Figure 9: Morse potential and dissociation energy of a C-H/C-D bond. From
Anslyn and Dougherty (2006).

The origin of kinetic isotope effects is the difference in vibrational frequencies of
a bond due to the presence of a heavy or light isotope. We first consider a simple
bond breaking event between a C and an H or D atom. While the potential energy
surface of the bond is not affected by isotopic substution, the vibrational energy
levels are. Using a simple diatomic model, the bond’s vibrational frequency is

inversely proportional to its effective reduced mass:

1 k _ mum, (1)

v=—[—, m,=
21| My mi+m,

The zero-point energy, or the energy of the ground vibrational state, is ¢, = %hv.
Since the heavier isotopologue has a higher reduced mass, its vibrational frequency
and its zero point energy is lower. The result of these equations is shown in Figure
9. The activation energy of the bond breaking reaction is the difference in the zero
point and dissociation energies. The heavy isotopologue has a higher energy
barrier, so the reaction proceeds more slowly according to the Arrhenius equation:
k =Aexp (_kET“) (2)

where E; is the activation energy. The above equations can be combined to

calculate a theoretical KIE for a reaction. A C-H bond, which has a vibrational
frequency of about 3000 cm™?, would have a KIE of about 6.5 (Anslyn and
Dougherty, 2006).



In reality, the KIEs of reactions are much smaller since bonds are not fully H
broken at the transition state. For a more realistic picture, we consider a hydrogen
abstraction reaction such as CHs + OH - CHs + H,O. The potential energy surface
can be visualized as a reaction coordinate with a series of perpendicular potential
energy wells (Figure 10). The activated complex has vibrational modes as shown in
each well. Here the energy barrier difference for C-H versus C-D also depends on

the zero point energy of the transition state (Anslyn and Dougherty, 2006).
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Figure 10: Reaction coordinate diagrams in 3D (left) and 2D (right) for a
hydrogen abstraction reaction. From Anslyn and Dougherty (2006).

As the zero point energies of the bonds are affected by the reduced mass, the
relative masses of the atom undergoing isotopic substitution has a large effect on
the KIE. Substituting H (1 amu) for D (2 amu) approximately doubles the reduced
mass, causing the KIE to be large. In contrast, carbon-12 for carbon-13 only
increases the reduced mass by about 8%, so the KIE is relatively smaller. Oxygen
and nitrogen substitutions yield similarly small KIEs. For example, the CH4 + OH
reaction, kn/kp = 1.25 at 298 K (Gierczak et al., 1997), while ki>/kiz = 1.005

(Burkholder et al., 2015).
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2.3.2 Reporting isotopologue measurements

Abundances of heavy isotopologues are usually not reported as an absolute
concentration but a relative number using delta notation. The formula for delta

notation using carbon as an example is:

§13¢ = (’;—mf — 1) x 1000%o (3)
R = Bl (4)
[12C]

The ratio of the light and heavy isotopologues is compared to that of a standard
with a precisely known isotopic composition. Each isotope has one or more
standards; the recommended ones and the ones used here are given in Table 2
(Slater et al., 2001). Note that delta values can be negative if the sample is less
enriched in the heavy isotopologue compared to the standard. In addition, delta
values for different isotopes have no significance compared to each other. dD in
particular has higher ranges of values due to the larger KIEs of D/H. Finally, the
value of the isotope ratio used depends on the number of atoms of an element in
the molecule. For example, the standard ratio of CH3sD/CH4 is multiplied by about 4
(though not exactly 4 to account to the existence of multiply-substituted

isotopologues).

Table 2: Isotope ratios of recommended standards

Isotope Standard Isotope ratio
D/H Vienna Standard Mean Ocean Water (VSMOW) 1.5576 x 10*
80/180  Vienna Standard Mean Ocean Water (VSMOW) 2.00520 x 1073

170/**0 Vienna Standard Mean Ocean Water (VSMOW) 3.73 x 10*
13C/12C Pee Dee Belemnite (PDB) 1.12372 x 1072
1SN/14N Atmospheric N3 3.6765 x 1073
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2.3.3 Importance of atmospheric isotopic measurements

One major goal of atmospheric chemistry is to constrain the budgets of gases.
Due to the kinetic isotope effect, reactions that involve a given gas will cause it to
undergo isotopic fractionation. Therefore, information on isotopic composition is
useful for determining the relative strengths of sources and sinks.

For example, each surface source of a gas has its own isotopic signature. Each
sink reaction also has its own KIE. In the troposphere, long-lived gases are well-
mixed and so have a uniform abundance and isotopic composition. If a gas has no
major sinks in this region, the isotopic composition will be the weighted average of
the signatures of each of its sources. If a gas has both sources and sinks in a given
region, budget determination is not as simple. Nonetheless, the isotopic data is an
additional constraint that can be used.

A similar process occurs in the upper atmosphere for gases with only surface
sources. Air entering the stratosphere initially has the composition of tropospheric
air. Over time, its sinks modify its composition. If the KIEs of all sink reactions are
known, their relative strengths can be determined from the measured fractionation
of the gas. Since transport in the upper atmosphere is also much slower than in the
troposphere, isotopic measurements can be used as sensitive tracers of upper

atmospheric circulation patterns.
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THE ATMOSPHERIC CHEMISTRY EXPERIMENT

3.1 Measuring the atmosphere

Two major methods are used to measure the chemical composition of the
atmosphere. The first method involves direct measurement of air samples. Samples
are collected in the field, either on the surface or in the air via balloon or aircraft.
They are then analyzed in a laboratory; gas chromatography and mass
spectrometry are the most common techniques, though optical spectrometers are
also used. Alternatively, the instrument can make continuous measurements in
situ. The most famous atmospheric data set is the record of CO, from Mauna Loa
Observatory in Hawaii, which makes hourly measurements using an infrared
spectrometer (Komhyr et al., 1989). Instruments have also been mounted in
mobile platforms, such as ships and aircraft. The CARIBIC mission uses instruments
carried commercial aircraft to measure the upper troposphere (Brenninkmeijer et
al., 2007). Similarly, the TROICA-5 mission made in situ measurements from trains
along the Trans-Siberian railroad (Oberlander, 2002). The controlled environment
of a laboratory and the use of high-precision techniques such as mass spectrometry
produce very precise measurements. However, these measurements are spatially
restricted to locations where samples can be physically collected.

The other major method is remote sensing; optical spectrometers are the
instrument of choice here. Instruments can be placed in the same locations as
those used for direct measurement: on the surface, either stationary or ship-based,
or in the air on aircraft or balloons. Observations are made in the microwave,
infrared, visible, and ultraviolet regions depending on the target species. Land- and
aircraft-based remote sensing gives additional information beyond what is possible
with direct sampling such as column density and vertical profiles into the
stratosphere and mesosphere. Still, measurements are restricted to the location of
the instrument.

Remote sensing can also be performed on orbiting spacecraft. This allows for
coverage of large parts of the Earth with a single instrument. The orbital

parameters and instrumental setup determine the horizontal and vertical coverage
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of the instrument and the frequency at which measurements are made. The main

drawbacks of satellite-based instruments are lower sensitivity compared to
laboratory techniques and the high cost of placing satellites in orbit.

The orbit of the satellite determines the areas of the Earth the instrument can
measure. In a geosynchronous orbit, at an orbital radius of about 35,786 km above
Earth’s surface, the satellite’s orbital period matches the rotational period of Earth
so the satellite remains at the same longitude. A special case of this is a
geostationary orbit where the satellite has a fixed location over the Equator. Few
trace gas observing satellites use this orbit; one example is the European satellite
Sentinel 4 (Stark et al., 2013).

Most trace gas observing satellites use low Earth orbits with an altitude of 200 to
2000 km. The orbital period is approximately 90 to 120 minutes and gets longer at
high altitudes. The inclination, or tilt of the orbit compared to the equator, can vary
from equatorial to polar orbits to change the region of Earth observed at a given
time. Certain combinations of altitude and inclinations create a sun-synchronous
orbit where the satellite passes over a given point on Earth’s surface at the same
time each day. A few of the many satellites in low Earth orbit include Envisat, which
carried the gas monitoring instruments SCIAMACHY (Bovensmann et al., 1999),
MIPAS (Fischer et al., 2008), and GOMOS (Kyroéla et al., 2004); Aura (Schoeberl et
al., 2006), carrying HIRDLS, OMI, MLS, and TES, and the MetOp series of satellites
(Kramer, 2002).

Satellite instruments can observe the atmosphere in two directions, limb and
nadir, each offering different spatial resolutions. Nadir instruments look straight
down at the Earth, giving a high horizontal resolution but poor vertical resolution,
often just a column density rather than a vertical profile. IASI on MetOp (George et
al., 2009) and TES observe in the nadir direction. Limb instruments look across the
atmosphere parallel to the ground. This direction gives better vertical resolution but
lower horizontal resolution, and clouds are more probable to interfere. Limb
sounders can measure continuously or at sunrise and sunset, using the sun as a
light source. Instruments that use this viewing geometry include HALOE on UARS
(Russell et al., 1993) and MIPAS. A few instruments like SCIAMACHY are able to

measure in both the nadir and limb directions.
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3.2 Fourier transform spectroscopy

3.2.1 The Michelson interferometer

When observing in the infrared region, Fourier transform spectrometers are the
typical choice for satellites. The main component of an FTS is the Michelson
interferometer, shown in Figure 11. Incoming light is split by a beamsplitter; half of
the light travels to a movable mirror while the other half travels to a fixed mirror.

The returning light is recombined at the beamsplitter and sent to a detector.
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Figure 11: Diagram of the parts of a Michelson interferometer. From Gans (2011).

The two beams of light have traveled different lengths to and from the
beamsplitter, the optical path difference (OPD) &. For a monochromatic light

source, the two beams interfere constructively when the OPD is an integer multiple
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of the wavelength: A = 0, §, 26.... At half-integer OPDs, A = /2, 38/2, 56/2..., the

beams interfere destructively, and no signal is detected. If the movable mirror is
smoothly scanned, the detected intensity I(d) varies as a cosine wave. When a
broadband light source is considered, the intensity is integrated over the
wavenumber range of the light:

1(6) = [, B() cos(2nii8) d (5)
where 7 is the wavenumber (cm™) and B(9) is the intensity at that wavenumber.
The desired output is not the intensity as a function of OPD (the time domain, as
the OPD changes linearly over time) but as a function of wavenumber (the
frequency domain). Performing a Fourier transform converts I(§) to B(?):

B(®) = [ 1(5) cos(2ni8) d6 (6)
In practice, the limits of integration in Equation 28 are the maximum OPD of the