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A high-resolution infrared Fourier Transform Spectrometer (FTS) has been operational
at the Toronto Atmospheric Observatory (TAO) since May 2002. An optimal estimation
retrieval technique is used to analyse the observed spectra and provide regular total and
partial column measurements of trace gases in the troposphere and stratosphere as part of
the Network for the Detection of Atmospheric Composition Change. The quality of these
results were assessed through two ground-based validation campaigns, comparisons with
three satellite instruments, and comparison with a three-dimensional chemical transport

model.

The two ground-based campaigns involved two lower-resolution FTS instruments: the
University of Toronto FTS and the Portable Atmospheric Research Interferometric Spec-
trometer for the Infrared. The first campaign took place over the course of four months
and is the longest side-by-side intercomparison of ground-based FTS instruments, to
date. The second campaign was more focused and involved all three instruments mea-
suring over a two-week period. Simultaneous measurements of Oz, HCI, NoO, and CHy
were recorded and average total column differences were all < 3.7% in the extended cam-

paign, and < 4.5% in the focused campaign.

Satellite-based comparisons were done with the SCanning and Imaging Absorption spec-
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troMeter for Atmospheric CHartographY (SCIAMACHY), the Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE-FTS), and the Optical Spectrograph
and InfraRed Imager System (OSIRIS). Total column CO, CHy, and N,O compared with
SCIAMACHY all had average differences < 10% with results from the TAO-FTS being
as good as, or better, than that of other instruments. Validation with the ACE-FTS
showed that average partial columns of Oz, NOy, N,O, CHy, and HCI were within 10%
while observations of CO and NO each had an average bias of about 25%. Comparisons
of monthly average partial column O3 and NO, with OSIRIS were highly correlated (R?
= 0.82-0.97) with monthly mean differences of < 3.1% for O3 and < 2.6% for NO,.

Finally, comparisons with the GEOS-Chem chemical transport model revealed that the
model consistently over-estimates tropospheric columns of CO and CyHg observed at
TAO. It was determined that the enhanced CO values were partially due to the North
American emissions specified in the model, but more work must be done in the future if

the source of this discrepancy is to be fully explained.
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Chapter 1

Introduction

1.1 Motivation

Environmental change is one of the most important global issues facing society. Air qual-
ity, ozone depletion, and climate change are all issues that receive considerable exposure
in both the social and political arenas. The potential impact of atmospheric change on
the economy and health of Canadians is dramatic. Scientific research into the causes,

consequences, and mitigation of such changes is essential for informed policy-making.

The changing chemical composition of the atmosphere impacts life on Earth in many di-
rect and indirect ways. In turn, the feedbacks associated with these changes also influence
the atmosphere, resulting in numerous nonlinear interactions. It is now accepted that
human activity has resulted in perturbing the natural geochemical cycles of the Earth
and atmosphere, including the carbon cycle, the oxygen cycle, and the nitrogen cycle
[IPCC, 1995]. Anthropogenic emissions of synthetic chemical compounds have resulted
in changes to atmospheric composition which, in turn, have negatively influenced human
health [WHO, 2003]. There are also many negative indirect effects of the changing atmo-

sphere, including decreased global crop yield [Tebaldi and Lobell, 2008], destruction of
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marine life through ocean acidification [Orr et al., 2005], and enhanced natural destruc-
tion through increased severe weather [Emanuel, 2005], to name a few. The continued
monitoring of atmospheric composition is necessary to develop a better understanding of

these interactions and impacts, as well as to aid in forecasting future atmospheric trends.

Poor air quality has been linked to respiratory and cardiovascular diseases as well as
subclinical and symptomatic events that do not immediately warrant medical treatment
and can often go unreported. It has been found that minor increases in the ambient
concentrations of trace pollutants can result in significant health complications. An in-
crease of 12.5% in the ground-level concentration of nitrogen dioxide (NO3) and 8.6% in
the ground-level concentration of particulate matter (PM) is significantly correlated (to
the 95% confidence level) with an increase in the risk of emergency myocardial infarction
[Zanobetti and Schwartz, 2006]. It is known that exposure to increased concentrations of
ozone (O3), NOy, and PM all result in decreased lung function, an increase in chronic ob-
structive pulmonary disease, and a consequent decrease in life expectancy [WHO, 2004].
When mean O3 levels in ambient air are over 100 yg/m? in an eight-hour period, 1-2%
of all deaths that occur during this time can be attributed to this increase in pollution
[WHO, 2005]. The US Environmental Protection Agency (EPA) states that O3 can ag-
gravate asthma as well as inflame and damage the lining of the lung [EPA, 1999]. In the
two-week period immediately following an increased pollutant event in an urban centre,
it was found that the total cardiopulmonary mortality increased by as much as 2.9%
[Neubergera et al., 2007]. Carbon monoxide gas (CO) is another important pollutant
that can enter the bloodstream and inhibit oxygen uptake by human organs and tissues
[Ontario Ministry of the Environment, 2007]. A study involving levels of five pollutants in
13 of Canada’s largest cities revealed that mortality doubles from 10.6 to 20.9 deaths/10°
population/day when their concentrations are highest [Stieb et al., 2002]. The maximum

concentrations for PM, NO,, and CO recorded in this study were all found in Canada’s
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largest urban centre: Toronto. It is estimated that in the City of Toronto, approximately
6000 hospital admissions and 1700 deaths each year are due to exposure to outdoor air

pollution [Toronto Public Health, 2004].

Many of the trace gases that contribute to poor air quality are also related to climate forc-
ing. The primary greenhouse gases that perturb the radiative balance of the atmosphere
are methane (CHy), nitrous oxide (N5O), carbon dioxide (CO,), and halocarbons (car-
bonaceous compounds that contain fluorine, chlorine, and bromine) [IPCC, 2007]. CO,
emissions from global annual combined fossil fuel combustion and cement manufacture
have increased by 70% over the last 30 years [Marland et al., 2006], while measurements
of COy concentrations have indicated an average increase of 1.4 ppm/yr in the past 45
years [Keeling and Whorf, 2005]. Observations of CH, have shown that its global con-
centration has increased by 30% in the 25 years prior to 1988 [Blake and Rowland, 1988|,
though its growth rate has slowed to almost zero in the past 15 years [Dlugokencky et al.,
2003]. The reasons for the recent decrease in the CHy growth rate are not well under-
stood, nor are implications for future changes [IPCC, 2001]. For the past three decades,
concentrations of NoO have been increasing at a rate of 0.26% /yr [Thompson et al., 2004].
The increases in concentrations of these three gases since the pre-industrial era are re-
sponsible for a radiative forcing perturbation of more than 2 W/m? [IPCC, 2007]. This
increased radiative forcing can potentially increase the global surface temperature of the
Earth, resulting in agricultural perturbations [Parry et al., 2004], decreased biodiversity
in ecosystems [Root et al., 2003], and equilibrium changes in global biogeochemical cycles
[Friedlingstein et al., 2003]. In the past five years in Toronto alone, the record for the
frequency of hot days (days for which the air temperature is above 30°C) has been broken
twice, with 23 days in 2002 and 27 days in 2005 [Ontario Ministry of the Environment,

2004].
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Many greenhouse gases have long chemical lifetimes which allow them to be transported
into the stratosphere, where they can result in perturbations to the Oz layer. Average
springtime Oz concentrations in the stratosphere have decreased by 37% in Antarctic
regions compared to (1970-1982) mean values [WMO, 2007]. These decreases have been
caused by catalytic loss cycles associated with halogenated compounds (see Section 2.2).
By reducing the amount of O3 in the stratosphere, high-energy, ultra-violet, erythemal ra-
diation emitted by the Sun is able to reach the Earth’s surface more efficiently [Bernhard
et al., 2006]. From 1979-1998, the amount of erythemal radiation incident on the Earth’s
surface has increased by as much as 8% in some parts of the globe, with a growth rate
of 2-9% at Toronto’s latitude [Tarasick et al., 2003]. The estimated increase in instances
of skin cancer due to exposure to erythemal radiation caused by reduced stratospheric
O3 by 2050 is 7.5-35% [Slaper et al., 1996]. In Ontario, it is estimated that one-in-three
of all cancer diagnoses are skin cancer, while one-in-seven Canadians will contract some

form of skin cancer [Cancer Care Ontario, 2005].

In order to provide insight and to aid in informing policy surrounding these issues, it is
necessary to continually monitor concentrations of the aforementioned trace gases and
to understand how and why they are changing. The Toronto Atmospheric Observatory
provides adequate instrumentation for the long-term monitoring of these, and other, trace

gases.

1.2 Objectives

The Toronto Atmospheric Observatory (TAO) houses a suite of instruments that are
dedicated to monitoring concentrations of various trace gases in the lower and middle
atmosphere over downtown Toronto. The principal instrument is a Fourier Transform

Spectrometer (FTS) that measures high-resolution infrared signatures of over 20 species
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at different altitudes (see Section 4.2). TAO has been certified by the Network for the
Detection of Atmospheric Composition Change (NDACC) as a complementary station.
This ensures that the TAO-FTS adheres to an internationally recognized standard of ob-
servations and analysis. The initial research that was done to establish and demonstrate

the observational capability of the TAO-FTS is described by Wiacek et al. [2007].

These measurements of trace gases provide quasi-instantaneous temporal sampling of the
atmosphere above Toronto. By utilizing the modern remote sensing analysis technique
of Optimal Estimation, the vertical distribution of trace gases and their associated er-
rors can be determined [Wiacek, 2006]. The concentrations of these compounds over
a range of altitudes can be determined and can provide more information than surface
measurements; the ability to detect trace gases at altitudes as high as ~100 km with
the TAO-FTS has already been demonstrated [Wiacek et al., 2006]. To ensure that
these retrieved values are representative of the true state of the atmosphere, they are
validated against similar observations from other ground-based and satellite-based in-
struments. However it should be noted that because of the difficulties associated with

making altitude-resolved observations of gases, rigorous validation is not always possible.

As a complementary instrument of the NDACC, it is required that retrieved columns of
trace gases monitored by the TAO-FTS be archived in the NDACC database. The first
such submission was completed in June 2005 [Wiacek, 2006], and the second submission
was completed in September 2007 as part of this project. This work strives to provide
the first rigorous validation of the TAO-FTS observations through comparison with other
measurements. The capability and precision of the TAO-FTS will be shown by analysing
the quality of the derived columns for submission to the NDACC database, including all
error calculations and quality assurance procedures. Following this, the TAO-FTS data

products will be validated against ground-based and satellite-based measurements and
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model output.

Two ground-based campaigns involving two additional, lower-resolution FTS instruments
were undertaken. One of these campaigns provides the longest, continual, side-by-side
intercomparison of F'T'S measurements to date and was used to identify small systematic
and multiplicative biases between the instruments’ observations of O3z, CH4, N,O, and

hydrogen chloride (HCI).

The satellite-based validation assesses TAO-FTS observations from the first four years of
operation. The TAO-FTS observations of NoO, O3, HCl, CHy, nitrogen oxide (NO), ni-
trogen dioxide (NO3), and carbon monoxide (CO) were compared with like observations
from Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
satellite instrument [Strong et al., 2008, Dupuy et al., 2008, Mahieu et al., 2008, Maziere
et al., 2008, Kerzenmacher et al., 2008, Clerbaux et al., 2008]. Observations of CHy,
N2O and CO were further compared with measurements from the SCanning and Imag-
ing Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) satellite
instrument [Dils et al., 2006]. All of these comparisons consisted of binning the TAO-
FTS observations with many other ground-based observations so as to best validate the
satellite data products. A dedicated assessment of the O3 and NO, observing capability
of the TAO-FTS was carried out by statistically comparing observations of these gases
with measurements from the Optical Spectrograph and InraRed Imaging Spectrometer

(OSIRIS).

The final assessment focused on preliminary comparisons of concentrations of CO and
ethane (CyHg) observed by the TAO-FTS with like estimates generated by the GEOS-
Chem three-dimensional, global, chemical transport model. Comparisons with the model

output did not focus on identifying quantitative differences but rather on understanding
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how well these species are represented in the model fields over Toronto.

The results from these various validation efforts provide the first quantitative assessment
of trace gas measurements made at the Toronto Atmospheric Observatory and show
that the TAO-FTS can provide data that is invaluable for addressing scientific questions
related to atmospheric climate change, tropospheric air quality, and stratospheric Oj

depletion.

1.3 Contributions and Scope of the Project

As this project endeavors to validate the large set of data recorded by the TAO-FTS
against several other data sets, it involved collaborative work with many research groups.
Every effort has been made to ensure that the work documented here has been done solely

for this project and, where necessary, contributions from others are properly acknowl-

edged.

The Fourier transform spectroscopy that is performed at the Toronto Atmospheric Ob-
servatory (Chapters 3 and 4) was a collaborative effort. The initial work that was done
in establishing TAO and its standard operations was in conjunction with a fellow PhD
student (Aldona Wiacek) and her contributions to this project are documented in her
thesis [Wiacek, 2006]. She also aided in developing the nominal data analysis routines
(see Chapter 5), however all of the TAO-FTS results shown in this work were generated
entirely as part of this project. Throughout this work, every effort has been made to
acknowledge the work of Wiacek [2006] and ensure that no results have been improperly
duplicated. The instrument line shape characterization and maintenance protocol of the
TAO-FTS were developed during an MSc project [Taylor, 2003]. While the day-to-day

operations of TAO, including regular observations and maintenance of instruments, were
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overseen as part of this project, there was operational help from 10 different undergrad-

uate students and technicians.

The ground-based validation work described in Chapter 6 was a collaboration between
the University of Toronto and the University of Waterloo. All observations and results
from the U of T FTS were provided by former PhD student Debra Wunch and technician
Clive Midwinter from Toronto. Observations and results from the Portable Atmospheric
Research Interferometric Spectrometer for the Infrared (PARIS-IR) instrument were pro-
vided by former PhD student Dejian Fu from Waterloo. Results from the comparisons
shown here were all generated as part of this project unless otherwise identified as con-

tributions from Wunch et al. [2007].

Chapter 7 discusses satellite-based validation that consists of contributions that have been
made to larger validation efforts for the ACE-FTS instrument and the SCTAMACHY in-
strument, as well as comparisons with the OSIRIS instrument that were done solely as
part of this project. All of the TAO-FTS results that were used in these comparisons
were generated as part of this project with the exception of the CO columns used in
ACE-FTS validation [Clerbaux et al., 2008]. Results that were submitted to validation
efforts carried out for SCTAMACHY were analysed at the Belgian Institute for Space
Aeronomy by former PhD student Bart Dils. TAO-FTS data products that were sub-
mitted for comparison with ACE-FTS observations were analysed by several different
research groups: Oz, NoO, NO, and NO, data were validated by fellow colleagues in our
research group at the University of Toronto, HCI results were analysed by Dr. Emmanuel
Mahieu at the Université de Liege, and CHy results were analysed by Dr. Martine de

Maziere at the Belgian Institute for Space Aeronomy.

OSIRIS O3z and NOg results generated by the Multiplicative Algebraic Reconstruction
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Technique (MART) retrieval technique were provided by Prof. Douglas Degenstein’s re-
search group at the University of Saskatchewan. OSIRIS results generated by the triplet
retrieval algorithm and by the DOAS algorithm were provided by PhD student Craig
Haley at York University. Chemical box-modelling of nitrogenous compounds was con-

tributed by Dr. Chris McLinden of Environment Canada.

The TAO-FTS comparisons with the GEOS-Chem model outlined in Chapter 8 were all
performed as part of this project. The GEOS-Chem data were provided by Prof. Dylan

Jones from the University of Toronto.

All of the work undertaken in this project is summarized in Chapter 9. Potential research
questions stemming from these results and recommended areas of future work are also

identified.



Chapter 2

Atmospheric Physics and Chemistry

Atmospheric science is a vast field composed of many sub-disciplines that are funda-
mentally rooted in the traditional fields of physics and chemistry. Emerging from these
sciences are the modern disciplines of meteorology, climatology, biogeochemistry, earth
science, and numerous interdisciplinary studies. The mere fact that the study of the
atmosphere cannot be categorically defined in terms of traditional approaches to science
makes it not only very complicated, but also very interesting. In order to understand the
complexities associated with atmospheric physics and chemistry, it is necessary to have

a basic appreciation of the structure of the atmosphere.

2.1 Atmospheric Composition and Structure

The dry atmosphere at sea level is primarily composed of 78% nitrogen gas (Ny), 21%
oxygen gas (Oy), and 0.93% argon gas (Ar) [Jacob, 1999]. Depending on the location
and meteorological conditions at any given time, there can also be a significant amount
of water vapour (HO) in the atmosphere: as much as 1% of the local composition. The
atmosphere is composed of many other gases but in extremely low concentrations — these
species are referred to as trace gases. Although these compounds appear to have in-

significant concentrations relative to the primary species, perturbative changes, such as

10
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anthropogenic emissions, can significantly impact radiative balance and air quality. This
is one of the reasons why it is particularly important to monitor the concentrations of

trace gases.

It is common practice to consider the atmosphere as partitioned into several layers that
are vertically stacked. For the purposes of this project, consideration will only be given to
the two lowermost layers: the troposphere and the stratosphere. Figure 2.1 shows sample
pressure and temperature profiles over Toronto on 1 March 2006. It can be seen that the
temperature monotonically decreases with altitude from the surface until approximately
15 km. This region of the atmosphere is known as the troposphere and the height at

which the temperature ceases to decrease with altitude is known as the tropopause.
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Figure 2.1: Sample pressure and temperature profiles over Toronto taken from the
National Centers for Environmental Prediction (NCEP) analysis for 1 March 2006

(hyperion.gsfc.nasa.gov/data_services/automailer/index).

Above the tropopause, the atmospheric temperature begins to increase with altitude,

defining the layer of the atmosphere known as the stratosphere. The temperature peaks
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at the stratopause, the upper boundary of the stratosphere, which is typically near 50
km altitude. The temperature above the stratosphere defines other regions of the atmo-
sphere known as the mesosphere and thermosphere. Although these regions of the upper
atmosphere are scientifically interesting in their own right, the work presented here is
only pertinent to the troposphere and stratosphere. Because of the exponential decrease
in atmospheric pressure with altitude, the troposphere and stratosphere account for more
than 99% of the total atmospheric mass [Jacob, 1999]. In a general sense, the scientific
questions surrounding trace gases in these two regions can be divided into three cate-
gories: ozone depletion in the stratosphere, air quality and pollution in the troposphere,

and climate change.

2.2 Stratospheric Ozone Depletion

Ozone is naturally generated and destroyed in the stratosphere by the Chapman mecha-

nism [Chapman, 1930]:

O,+hy — O+0
O+0,+M — O3+ M
03—|—hl/ — 02+O(1D)

O3+0 — 20, (2.1)

where hv represents a photon of ultraviolet light, and M represents a generic bath gas
molecule. According to this mechanism, O3 should naturally have a chemical equilib-
rium concentration that is approximately a factor of two greater than the observed value
[Jacob, 1999]. A more complete description requires stratospheric dynamics which redis-
tributes O3 from the tropics, where it is formed, to the mid-latitude and polar regions

[Dobson, 1956]. The chemical destruction of stratospheric ozone through chemical loss
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cycles is also an important process. As the presence of ozone in the stratosphere is not
only responsible for driving the radiative processes that regulate temperature but also
for blocking incident ultraviolet radiation from the Earth’s surface, it is important that

changes to its concentration be understood [WMO, 2007].

Hydrogen oxide radicals (HO, = OH + HO;) were determined to play a role in strato-
spheric O3 loss in the 1960s [Hunt, 1966]. Hydroxyl radicals are produced in the strato-

sphere by oxidation of water and subsequently destroy Os:

This mechanism of O3 loss is often referred to as HO,, catalysis and is the main O3 sink
above 40 km. Equations 2.2 are also critical for other catalytic loss cycles as they govern
the partitioning of the hydroxyl radical. This is pertinent to the stratospheric loss cycle

governed by nitrogen oxide radicals (NO,):

NO—l—Og — N02+02

O+NOy — NO+ 0. (2.3)

This catalytic loss cycle is referred to as NO, (NO + NO,) catalysis and is the domi-
nant loss mechanism between 25-40 km [Crutzen, 1970, 1971, WMO, 2007]. The primary
source of NO, in the stratosphere is the breakdown of NoO. NyO, which is also an
important greenhouse gas, is biogenically produced by oceans and tropical forests, while
anthropogenic emissions primarily come from cultivated soil, cattle, and biomass burning

[IPCC, 2001]. The concentrations of stratospheric NO, radicals are controlled through
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conversion to reservoir species by reactions with OH. As a result, Equations 2.2 and 2.3

are intrinsically dependent upon one another.

The final important stratospheric O3 loss mechanism is that of halogen catalysis. Through
the production of synthetic industrial compounds, such as chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), and halons, many halogenated molecules have been

transported to the stratosphere. These catalytically consume Oj as:

X—|-03 — XO+02

O+X0 — X+O0.. (2.4)

where X is a halogen atom (in the stratosphere, reactive halogens are predominantly
composed of chlorine and bromine) [Molina and Rowland, 1974]. There are also other
cycles that incorporate more than one halogenated compound (such as BrO and ClO). In
addition to halogenated catalytic loss through gas-phase chemistry, heterogeneous chem-
istry can also occur in the presence of aerosols. Heterogeneous chemistry is particularly
efficient in the polar regions when stratospheric temperatures become low enough to form
polar stratospheric clouds [Kreidenweis et al., 1999]. Consequently, chlorine-catalyzed Oj
loss through heterogeneous chemistry in the Antarctic is estimated to be responsible for
over 70% of the O3 hole [Molina et al., 1987]. Due to their high Os-depleting potential,

the production of halogenated compounds is highly regulated.

Although there is significant scientific concern about the loss of O3 in the stratosphere,
the converse is true in the troposphere. At lower altitudes, O3 is not only active as a
greenhouse gas, but also plays a significant role in the production of smog and related

pollutants.
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2.3 Tropospheric Air Quality

Clean air for breathing is considered to be a basic necessity of human health. As such,
the United Nations has identified four major pollutants that are globally widespread
and internationally recognized as being primarily correlated with adverse health conse-
quences: O3z, NO,, sulphur dioxide (SO3), and particulate matter (PM, both 2.5 pm
and 10 pm diameter) [WHO, 2005]. In addition to these four pollutants, Health Canada
has recognized that there is fifth trace gas, CO, that negatively impacts the health of
the population [Health Canada, 2003]. CO is generated as a by-product of fossil fuel

combustion and is an important component of smog generation.

Poor air quality is characterized by high concentrations of any or all of these five crite-
ria pollutants. The direct health concern is related to concentrations of Ground Level
Ozone (GLO) as it is a strong oxidizing agent that is known to be toxic to humans and
vegetation [WHO, 2004]. The exact concentrations of GLO that constitute a “poor air
quality event” depend on the location and policy-derived standard. The Canada Wide
Standard for O3 reduction is set to be 65 ppb over an 8-hour average by the year 2010
[Ontario Ministry of the Environment, 2004]. The average GLO concentration recorded

in Toronto over 2004-2006 was 75 ppb [Ontario Ministry of the Environment, 2007].

O3 is produced in the troposphere through oxidation of CO, CH,, and other Non-Methane
Volatile Organic Compounds (NMVOCs) in the presence of NO,. Production of tropo-
spheric O3 via the Chapman Mechanism is inhibited because the stratospheric O3 layer
blocks UV radiation at wavelengths lower than ~290 nm and, thus, the initial reaction
in Equation 2.1 cannot happen. There is, however, nitrogen oxide cycling that occurs
via Equation 2.3. Although this reaction is responsible for the destruction of Oz in the
stratosphere, it is a precursor to Oz production in the troposphere. Combined with CO,

NO, facilitates the production of Os:
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CO+0OH — COy+H
H+O,+M — HOy,+M
HO;+NO — OH+ NOs

NOys+hv — NO+O

resulting in a net reaction of:

The oxidation of CO by OH accounts for 90-95% of total CO destruction [Logan et al.,
1981] and approximately 75% of tropospheric OH removal [Thompson, 1992]. The initial
reaction of CO in Equation 2.5 can be replaced with a similar oxidation reaction of CHy

or NMVOUs, yielding the net reaction:

RH + 40, + 2hv — RCHO + H,0 + 20, (2.7)

where RH denotes a generic hydrocarbon (such as CHy or NMHC) and the carbonyl
group, RCHO, denotes its generic oxidized product. Equation 2.7 actually ends with the
reaction pathway in Equation 2.5. Therefore, it is possible to consider the oxidation of all
organic compounds as ultimately ending with the production of CO that further oxidizes
to produce Os. As both the oxidation of CHy and NMVOCs still depend on the NO,
radicals shown in Equation 2.5, the efficiency of these reactions is based on the relative
abundance of these molecules [Penkett et al., 2003]. As in the stratosphere, there are
also more complex reaction schemes that develop when combinations of hydrocarbons

and nitrogenous compounds combine to form reservoir species.
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Tropospheric NO, is primarily produced through anthropogenic combustion of fossil fuels
and biomass burning, although there is some small production from natural sources. In
addition to CH; and NMVOC oxidation, CO is produced through anthropogenic emis-
sions in industrial processes and biomass burning. CH, is the most abundant organic
compound and has a tropospheric concentration of approximately three times that of
all other NMVOCs (see Table 2.1). About 20% of CHy is generated through natural
emissions, while the remaining 80% come from human-induced agricultural emissions,

biomass burning, and natural gas leakage [Bergamaschi et al., 2005].

The two other criteria pollutants, SO, and PM, are not only hazardous to human health
in their own right, but are important for the production of photochemical smog [Brasseur
et al., 2003]. Smog is formed when these two pollutants combine in a smoke-like form
in which the SO, nucleates on the PM to form sulphuric acid [Hobbs, 2000]. When this
suspension is combined with a mixture of GLO and its precursors, it is commonly referred
to as photochemical smog and is associated with numerous negative health effects [WHO,

2005].

It is clear that the improvement of air quality will require continued monitoring of cri-
teria pollutants and their associated trace gases to ensure that anthropogenic emission
reduction targets are met. However, it is also important to note that the future changes
in concentrations of these gases will also be influenced by changes in climate conditions.
The changing climate will also have an impact on the changing O3 concentrations in the
stratosphere. To understand the feedbacks between these processes, it is necessary to

understand how trace gases and climate influence each other.
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2.4 Climate Change

The chemical composition of the Earth’s atmosphere directly influences the Earth’s cli-
mate in a number of different ways. The most direct link is through the greenhouse
effect. The phenomenon of the greenhouse effect was first proposed by Fourier in the
1820’s [Pierrchumbert, 2004] with the first quantitative work done in the late 19th cen-

tury by Arrhenius [1896].

Approximately 70% of the visible and near-infrared radiation that is incident on the
Earth’s surface is absorbed, while the remaining 30% is reflected. This extent to which
radiation is reflected is known as the Earth’s albedo. In a simple radiative equilibrium
model for the Earth-Sun system in which both the Earth and Sun are assumed to be
blackbodies (see Section 3.1.3), it can be shown that the equilibrium temperature of the

Earth, Tg is given by [Jacob, 1999, for example]:

Fo(1—AN\Y*
Ty = (%) — 255K, (2.8)

where A is the Earth’s albedo, Fg is the solar constant, that is, the Sun’s irradiance
incident on the top of the Earth’s atmosphere (which is ~1370 W/m?), and o is the
Stefan-Boltzmann constant [5.6704-10~® W/m?K*]. However, the Earth’s average surface
temperature is approximately 288 K: over 30 K warmer than the expected equilibrium

temperature. This enhancement is due to the greenhouse effect.

Although the solar radiation incident on the Earth’s surface peaks in the visible region
near 500 nm, the terrestrial radiation emitted back out to space peaks in the mid-infrared
near 10 pum. There are many trace gases in the troposphere and stratosphere that effi-
ciently absorb infrared radiation (see Section 3.1), allowing it to be re-emitted toward

the Earth’s surface — this is known as the atmospheric greenhouse effect. The greenhouse
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effect is what acts to increase the mean surface temperature of the Earth to 288 K.

As not all chemical compounds actively absorb infrared radiation (see Section 3.1.1), only
some trace gases are considered to be GreenHouse Gases (GHGs). The GHGs with the
most significant radiative forcing are HyO, CO,, CHy, N5O, O3 — all of which have been

shown to be involved in air quality and/or stratospheric O3 depletion.

The most obvious relationship between these trace gases and climate is through the
greenhouse effect; if the concentrations of these gases increase, they will contribute more
infrared radiative forcing to the surface of the Earth and ultimately cause an increase in
atmospheric temperature [IPCC, 2007]. However, due to the complex nonlinear feedbacks
between the dynamics, thermodynamics, and chemistry of the atmosphere, quantifying
the impacts of enhanced GHGs on climate change is difficult. The total net anthro-
pogenic radiative forcing on the Earth is currently estimated to be from 0.6-2.4 W /m?,
with almost all of the positive forcing coming from GHGs (see Figure 2.2). The Earth’s
mean surface temperature has increased by 0.75% (/1.5 K) since 1860 and it is now very
likely (at the 90% confidence level) that the Earth’s warming in the past 50 years is due

to increases in greenhouse gases [IPCC, 2007].

An increase in surface temperature will, in turn, have feedbacks upon the processes gov-
erning both air quality and stratospheric O3 depletion. Many chemical reaction rate
coefficients are temperature dependent, resulting in a shift in equilibrium chemical con-
centrations. Because enhanced concentrations of GHGs absorb outgoing infrared radia-
tion near the surface of the Earth, they inhibit this radiation from reaching gases higher
in the atmosphere and ultimately cause the stratosphere to become cooler. The deple-
tion of stratospheric O3 also results in a cooling effect; this results in an indirect cooling

effect for GHGs that are also Osz-depleting substances (e.g., CFCs). This potential de-



CHAPTER 2. ATMOSPHERIC PHYSICS AND CHEMISTRY

Radiative Forcing Components
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Figure 2.2: Estimated changes in natural and anthropogenic contributions to radiative
forcing of the climate from 1750-2005 [IPCC, 2007]. LOSU - Level Of Scientific Under-

standing.

crease in stratospheric temperature could result in an increase in the formation of polar
stratospheric clouds in polar regions. These clouds promote the heterogeneous chemical
reactions which efficiently destroy O3 in the stratosphere. As a result, one of the effects of
climate change may be to exacerbate O3 depletion at the poles [WMO, 2007]. However,
the cooling of stratospheric temperatures in the non-polar regions results in a slowing
of O3 depleting reactions and ultimately results in a reduction in global O3 depletion

[IPCC/TEAP, 2005].

The influence of climate change on tropospheric air quality is even more pronounced,

with concentrations of pollutants expected to increase in the next 50 years (see Table
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2.1). Wu et al. [2008] used the GEOS-Chem chemical transport model driven by a global
circulation model to demonstrate that the coupled effects of climate change and surface
emissions are expected to enhance the production of tropospheric O3 by ~17%. The
largest relative increase is for NMVOCs (such as CyHg) which are predicted to change

by over +150% by the year 2050.

Table 2.1: 2000-2050 projected global pollution emission trends based on chemical trans-

port model calculations driven by a global circulation model (data taken from Wu et al.

2008]).
Chemical Species 2000 Emissions % Change 2000-2050
NO, [Tg N y]
Anthropogenic 34 +71%
Biogenic 11 +13%

Non-methane VOCs [Tg C y~!]

Anthropogenic 43 +130%
Biogenic 610 + 23%
CO [Tgy ] 1020 +25%
CHy [ppbv] 1750 +37%

Although it is apparent that concentrations of tropospheric and stratospheric trace gases
are changing, the scientific understanding of precisely how this will influence the atmo-
sphere has not yet been established. With health concerns associated with diminishing
concentrations of Oz in the stratosphere and increased concentrations of toxic pollutants
in the troposphere, it is essential that long-term monitoring of trace gases be maintained.
Ground-based Fourier transform spectroscopy is an opportune technique for providing
such a data record and instruments like the TAO-FTS are an integral part of furthering

our knowledge of atmospheric composition and its changes over time. The theory behind
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infrared Fourier transform spectroscopy is addressed in the next chapter.
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Chapter 3

Fourier Transform Spectroscopy

3.1 Infrared Spectroscopy

In order to adequately address the interaction between infrared radiation and atmospheric
trace gases, it is necessary to understand how the fundamental properties of molecules
on the microscopic level manifest themselves on the macroscopic level. An explanation of
how the transitions between energy states of molecules give rise to well-defined infrared
spectroscopic features is given here. Additionally, the relationship between these small-
scale processes and the global-scale transfer of infrared radiation through the atmosphere

is developed.

3.1.1 Molecular Energy States

Following the development of Bernath [2005], a simple description for the interaction of
electromagnetic radiation with matter can be given by a semi-classical approach. This
model relies on the classical description of radiation, but uses a quantum mechanical
description of molecules. The energy of a molecule is described by solutions of the time-

independent Schrodinger Equation:

23
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Hip, = By, (3.1)
where H is the time-independent Hamiltonian Operator, v, is the nth quantum state of
the molecule, and E,, is the energy of the nth state. The complete Hamiltonian of this
system is given by:

~

H=Ty+T.+Vyny (R)+ V. (r) + Voy (r,R) (3.2)

where T\N and T\e denote the nuclear and electron kinetic energy operators, respectively,
and Vyy (R), Vie (1), and V. (r, R) represent the nuclear-nuclear, electron-electron, and
electron-nuclear interaction potential operators as functions of the nuclear coordinates,
R, and electronic coordinates, r, respectively. Exact solutions to Equation 3.1 with the
Hamiltonian Operator given in Equation 3.2 are not possible. In order to find solutions,

certain approximations must be made.

The Born-Oppenheimer approximation simplifies the Hamiltonian in Equation 3.2 by
assuming that the large difference between the masses of nuclei and electrons allows for
a separation of variables. Consequently, the quantum states become the product of the
electronic and nuclear states, and the Hamiltonian can be separated into its electronic

and nuclear parts:

H = T.+V., (r) + V,y (r,R), and (3.3)
EE = fN + ‘7]\/]\[ (R) . (34)

By using the separation of variables given by Equations 3.3 and 3.4, Equation 3.1 can
be solved for a particular nuclear geometry, allowing for the energy of a molecule to be
expressed as the sum of the electronic energy and the nuclear energy for a given orienta-

tion. Implicit in this approximation is the assumption that the electrons and the nuclei
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interact adiabatically, which is often only true for simple molecules.

I and is

The energy associated with electronic motion is on the order of 10* — 10° cm™
found in the visible/ultraviolet part of the spectrum. The energy due to nuclear motion
of a molecule is manifested as vibrational-rotational movement and radiates primarily
in the microwave/infrared portion of the spectrum (=~ 10 — 10 ecm™!). As the primary

interest here is the interaction of infrared radiation with matter, the remainder of this

chapter will deal exclusively with vibrational-rotational motion of molecules.

In order for a molecule to interact with electromagnetic radiation, it is necessary for
the molecule to couple with the electric field. This is generally facilitated though the
molecule’s electric dipole or quadrupole moment, whether permanent or induced, and
can also include magnetic moment interaction. The most abundant gases in the atmo-
sphere, O, and Ny, are linear and symmetrically charged, resulting in the absence of
dipole moments, and therefore can only interact with infrared radiation through weak
quadrupole moments. Molecules that have more complex charge orientations, such as
H50, O3, and COs, have dipole moments that allow for the absorption and emission of
infrared radiation. Because the geometry of a molecule plays an integral role in this
interaction, it is necessary to model the changes in energy of a molecule in terms of its

structure and motion.

For a simple diatomic molecule allowed to rotate about its centre of mass, a rigid rotor
model is adequate to describe its energy [Herzberg, 1950]. In this case, the Hamiltonian
Operator (Equation 3.2) corresponds to the kinetic energy of the molecule, resulting in

solutions to Equation 3.1 given by:

E;=BJ(J+1),J€{0,1,2,..} (3.5)
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where B is the rotational constant and J is known as the rotational quantum number. B

is expressed in units of wavenumbers and is composed of:

B2
=327 (3.6)
where h is Planck’s Constant, I is the moment of inertia of the molecule, and ¢ is the
speed of light. Classically, radiation of any frequency could be absorbed or emitted by a
molecule with a dipole moment, however, quantum theory restricts the energy levels of
the molecule to be only those described by Equation 3.5. Furthermore, Planck’s relation

shows that changes between two adjacent energy levels, M and N, give rise to distinct

frequencies of radiation, v:

EM — EN = hv. (37)

This means that a purely rotational spectrum for a simple diatomic molecule would
consist of lines equidistantly spaced at 2B e¢m™! from one another. The transitions
between states are governed by quantum mechanical selection rules, resulting in only
AJ = +£1 being allowed for this model (refer to Herzberg [1950] for a detailed derivation
of selection rules). For a slightly more complicated model in which the diatomic molecule
is not assumed to be rigid, (i.e., the non-rigid rotor), a centrifugal distortion constant
must be considered, which results in the lines of the rotational spectrum no longer being
evenly spaced, but slightly skewed toward lower wavenumber values for higher rotational

quantum numbers:

E;= BJ(J+1)—DJ2(J+1) (3.8)

where the constant, D, accounts for the centrifugal distortion.
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For more complicated polyatomic molecules, the changes in the rotational energy states
are constrained by the different moments of inertia. For linear molecules, the rotational
spectral lines are the same as those of simple diatomic molecules, although the spacing
between lines is different. However, for molecules that have two different axes about
which they can rotate, two different moments of inertia must be considered and, there-
fore, a second quantum number, K, must be introduced. Depending on the geometry
of the molecule, different values of J and K are allowed and, for the purposes of this
discussion, need not be considered in detail. Polyatomic molecules that have three axes
of rotation are obviously the most complicated, and general analytical expressions for

their energy states cannot be made.

By using similar simplifications to solve Equation 3.1, the spectra of vibrational energy
states can be determined. For the simple model of a diatomic molecule, this time not
permitted to rotate, but free to vibrate in various modes, the harmonic oscillator model
can be used for the Hamiltonian Operator (Equation 3.2). This yields the following

solutions to Equation 3.1:

1
E’u = Wosc (U‘f‘a) , U & {0,1,2,} (39)
where w,,. is the oscillation frequency, and v is the wibrational quantum number. The
oscillation frequency is given in units of wavenumbers by:

1 |k

— = q
2re \l p (3.10)

Wose =
where k is the classical spring force constant, u is the reduced mass of the molecule, and
c is the speed of light. As with molecular rotational energy, it is important to note that
transitions between different states of molecular vibrational energy are restricted by the

selection rule Av = £1 (see Herzberg [1950] for a derivation). By considering Equations

3.9 and 3.10, this selection rule restricts the allowable transitions to all have the same
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energy, wys.. 1his means that there will be only one spectral line that corresponds to

transitions between all vibrational energy states.

Obviously real molecules do not vibrate with simple harmonic motion, and this model is
limited in its description of spectral features. A more precise description is found from
the anharmonic oscillator model in which the Morse Potential is used in Equation 3.2.
The Morse Potential accounts for the anharmonic motion of real molecular bonds and
allows for overtone and combination vibrational modes [Morse, 1929]. Using this to solve

Equation 3.1 results in vibrational energy states given by:

1 1\?
E,=uw, 1}—1—5 — W v+§ (3.11)

where w, and w.z. are the equilibrium oscillation frequency and anharmonicity constant,
respectively derived from the Morse Potential Function. Using this model, the quantum

mechanical selection rules for the vibrational quantum number are found to be:

Av = 41,42, 43, ... (3.12)

that is, transitions between all vibrational energy states are allowed. For a given molecule,
its fundamental modes (i.e., its Av = +1 states) are dependent on its geometric con-

struction, and in most cases, there are several different modes with different energies.

As rotational-vibrational energy transitions of molecules are due to interaction with in-
frared radiation, it is necessary to have a model that considers each of these effects
simultaneously. For a simple diatomic molecule, vibrations and rotations can be decou-
pled, allowing the vibrational-rotational energy states to be expressed as the sum of the

two terms:
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EJ,U = L;+E,

= BJ(J+1)—=DJ*(J+1)
1 1\’
+w, U+§ — WeTe v+§ , (3.13)

The quantum mechanical selection rules for these energy states are a combination of the

previous rules:

Av==+1,42,43 .. : AJ ==+l (3.14)

Therefore, for each value of v (i.e., for each vibrational band), there are a large number
of rotational lines that correspond to various J numbers. Figure 3.1 shows the spectral
lines that correspond to the fundamental vibrational mode () of HCN. Two distinct
branches of lines are apparent; the P branch on the left side of the spectrum, and the R
branch on the right side, with respect to wavenumber. These branches of rotational lines
correspond to the energy transitions between the different allowable states. The lines in
the P branch are for all AJ = —1 transitions, while those of the R branch represent the
AJ = +1 transitions. Similarly structured P and R branches are found for all the other

vibrational modes of HCN.

For polyatomic molecules, the simplifying assumption of vibration and rotation being
decoupled no longer holds true, and extra cross-terms must be added to Equation 3.13.
There are numerous results that arise from this coupling, but this discussion will only
focus on one related change in the selection rules (see Banwell [1983] for a discussion
of further results). Because the geometry of more complex molecules allows for dipole
moments to be induced not just parallel to the intranuclear axis, but also perpendicular to
it, there can be rotational transitions induced in the energy of the molecule without any

vibrational energy change. As a result, the AJ = 0 transition can be allowed. Transitions



CHAPTER 3. FOURIER TRANSFORM SPECTROSCOPY 30

v

-

o
©
@

o
©

o
©
@

Transmittance

o
©

o
~
a

0.7

0.65 1 1 1 1 1 1 1
620 640 660 680 700 720 740 760 780 800

Wavenumber (cm‘l)

Figure 3.1: Simulated transmittance spectrum of the 15 fundamental vibrational mode
of HCN. The rotational lines of the P branch are on the left, those of the Q branch are in
the centre, and the R branch on the right. This simulation was performed using spectral

line parameters from the HITRAN 2000 database.

that correspond to this value are represented as very narrowly spaced lines at the centre
of the vibrational band, known as the  branch (see Figure 3.1). For large, polyatomic
molecules, there can be other rotational transitions that result in other branches, but for

this study only the P, Q, and R branches are considered.

3.1.2 Spectral Line Broadening

A knowledge of the interaction between electromagnetic radiation and molecules is nec-
essary for understanding the existence of lines in the infrared spectrum. However, in
order to extract specific molecular information from spectral lines, it is important to
understand how the shapes of these lines are influenced. According to the previously
given semi-classical description of energy state transitions, a spectral line should corre-

spond to one unique energy value. According to Equation 3.7, it follows that this energy
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value would give rise to a monochromatic spectral line of infinitesimal width. In practice,
monochromatic spectral lines are never observed, as there is always some slight change in
energy levels during transitions. This section addresses the shapes of spectral lines and
the three primary causes of line broadening in the infrared. The actual act of observing a
spectral line can also cause broadening (i.e., instrument broadening), however, that will

be addressed in Section 4.2.

A spectral line due to an isolated, stationary molecule will exhibit natural broadening
because the transition between two energy states is never perfectly defined. All excited
energy states have a natural, finite lifetime after which they will spontaneously decay to
lower energy states. The relationship between the energy of a state, E, and its natural
lifetime, At, is governed by the Heisenberg Uncertainty Principle [Heisenberg, 1927]:
AFEAt > Qi, (3.15)

™

where h once again represents Planck’s constant. By combining this expression with
Equation 3.7, the frequency of emitted radiation associated with a transition of a specific

energy is found to be:

Av >

. 1
2w At (3.16)

Therefore, the emitted radiation can never be monochromatic. The half-width at half-

maximum for natural line broadening, ayy, is simply:

1
AT At

(3.17)

anN ~

Typically, for an isolated molecule, this natural lifetime is about 10~ seconds, resulting
in a half-width of only ~ 8 x 10° Hz or ~ 2.7 x 107* cm™! [Banwell, 1983]. In comparison

to other sources of line broadening, this value is small enough to be negligible.



CHAPTER 3. FOURIER TRANSFORM SPECTROSCOPY 32

Because gaseous molecules are in continual motion, there are frequent collisions between
molecules. These collisions result in a temporary deformation of the molecule and hence
change its vibrational-rotational energy. For a molecule emitting infrared radiation, a
collision with another molecule would result in a shift in the frequency of this radiation.
Lorentz [1906] showed that the distribution of time between collisions behaves according

to Poisson’s Law and ultimately gives rise to the Lorentz lineshape:

fL(V—Vo)Zl -

T (v — V0)2 + a2

where 14 is the frequency of the line centre, and the half-width at half-maximum, oy, is

, (3.18)

determined by the temperature and pressure:

ar = ag (pﬁo) (%)2 . (3.19)

At standard temperature and pressure, Ty and pg, respectively, the half-width at half-

maximum is denoted as aq and is typically ~ 3 x 10° Hz or ~ 0.1 cm™ .

Lorentz line
broadening can be significant in the wings of the spectral line and is almost always orders

of magnitude greater than natural broadening.

In a highly rarefied gas, there are limited collisions between molecules and the pressure-
induced Lorentz broadening becomes less important. However, as the molecules in the
gas still have velocity, it is necessary to consider spectral line broadening due to the
Doppler effect [Liou, 2002]. If a molecule with velocity, v, emits infrared radiation at
frequency, 1, an observer will observe a shift along the line of sight of the molecule. The

Doppler-shifted frequency is given by:

v =1 (1 + 9) . (3.20)
c
For a gas in Local Thermodynamic Equilibrium (LTE), kinetic theory describes the

distribution of molecular velocities with the Maxwell-Boltzmann distribution (see Liou
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[2002] for details). By combining this distribution with Equation 3.20, the Doppler

lineshape is found to be:

fo (v — 1) = a;ﬁ exp [— (” - ”Oﬂ , (3.21)

where ap is the e-folding width given by:

1
3
ap =1 (2KT> , (3.22)

me?
where m is the mass of the molecule, T is temperature, ¢ is the speed of light, and
K is the Boltzmann constant (the e-folding width is commonly used for mathematical
convenience, however the half-width at half-maximum is simply aD\/E). Compared
to the Lorentz lineshape, the Doppler lineshape is stronger in the centre of the line and
weaker in the wings (see Figure 3.2). Due to the fact that there is no explicit pressure
dependence, the Doppler lineshape is of greater importance for molecules radiating at

lower pressures, when the Lorentz lineshape is no longer dominant.

As the pressure in the atmosphere changes by orders of magnitude from the troposphere
to the mesosphere, infrared lineshapes can be described by either of these two functions.
Lorentz broadening is dominant below roughly 20 km, while Doppler broadening is the
main mechanism above 50 km. For the atmosphere between these two regions, both
processes play an integral role in determining the effective lineshape. Consequently, it
is advantageous to use a lineshape that combines these two effects by convolving the

Lorentz and Doppler lineshapes to yield the Voigt lineshape [Huang and Yung, 2004]:

fvv—w) = fulv—w)*fov—1)
_ Lo 7 L exp[_(yl_m))]dl/. (3.23)

3 2 2
20D J_oo (V' — 1) + a2 ap
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Figure 3.2: Simulations of the Lorentz, Doppler, and Voigt lineshapes. The half-widths

at half-maximum were set to 1 for all three calculations.

Figure 3.2 shows that the Voigt lineshape has, in fact, the broadest width of the three.
This is a direct result of convolving the two other lineshapes and consequently captures

the effects of broadening in both the wings and the core of the spectral line.

In addition to the shape and frequency of an infrared spectral line, there is a third
component known as line strength, S. This is actually one of the most important features

for remote sensing, as the line strength is directly related to the absorption coefficient,

k,:

S = / kydv, (3.24)

[e.e]

(n.b., for Equation 3.24 to be true, the absorption coefficient must be normalized). This
fact will later be exploited as it shows that the strength of the infrared spectral line
depends on the amount of absorber. If this is employed in the inverse sense, a spectral line

can be analysed to determine the concentration of absorber present, that is, an instrument
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measuring infrared spectra can remotely sense the concentrations of gaseous chemicals in
the atmosphere. Before these notions can be further developed, it is necessary to briefly

outline some basic principles of atmospheric radiative transfer.

3.1.3 Atmospheric Radiative Transfer

In order to quantify radiative absorption and emission processes in the atmosphere, the
laws of blackbody radiation must be used. A blackbody is simply a material in which the
absorption and emission of radiation occur in complete equilibrium; this phenomenon
is described by Planck’s Law [Planck, 1901]. Planck postulated that atoms behave like
small electromagnetic oscillators that each have a characteristic frequency of oscillation.
Since changes in energy are related to these frequencies by Equation 3.7, the average
energy emitted per oscillator is described as a function of temperature, 7', by the Planck

function:

2hv?
c? (e% — 1) 7

where, again, ¢ is the speed of light, h is Planck’s constant, and K is the Boltzmann

B, (T) = (3.25)

constant. Therefore, the rate at which a blackbody emits radiation is a function of
temperature and frequency as long as it maintains thermodynamic equilibrium. For
molecules within a localized volume of the Earth’s atmosphere below 60-70 km, to a
good approximation, the temperature can be considered uniform and the radiation field
can be considered isotropic, resulting in local thermodynamic equilibrium (LTE) condi-

tions [Liou, 2002].

When electromagnetic radiation interacts with matter, the intensity of the radiation will

be decreased by an amount, dI, for each specific frequency, v:
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dl, = —k,pl,dz, (3.26)

where p is the density of the material, k, is the absorption coefficient, [, is the initial
intensity incident on the material, and dx is the thickness of the material. By integrating
Equation 3.26, an expression for the decrease in radiation due to this interaction with a

homogeneous medium is found to be:

I, (z) = I, (0) e~ J Fwrde, (3.27)

This is commonly known as the Beer-Bouguer-Lambert Law or, simply, Beer’s Law
[Bouguer, 1729, Perrin, 1948]. Because this formulation has implicitly assumed that
the removal process is dependent on the absorption coefficient (see Equation 3.24), it is
not accounting for other removal processes, such as scattering. Although direct scatter-
ing of radiation by molecules does take place in the atmosphere in the form of Rayleigh
Scattering [Rayleigh, 1871], this interaction accounts for less than 1% of extinguished in-
frared radiation in a vertical column of the atmosphere [Houghton, 2002]. Mie Scattering
influences infrared radiation in the atmosphere very efficiently [Mie, 1908], however, it
does not occur at the molecular level, rather, it occurs for larger scattering bodies, such
as clouds and aerosols [Liou, 2002]. Hence, for the study of infrared radiative transfer in

a cloud-free atmosphere, the assumption of a nonscattering medium can be made.

A beam of radiation can also have its intensity augmented by emission. Since, it has
been assumed that the atmosphere is in a state of local thermodynamic equilibrium, it
follows that the source of this emission can be described by the Planck function for a

blackbody (see Equation 3.25). This changes Equation 3.26 to become:

dI,

Y = —kypl, + kopB, (T), 3.28
o pl, + k,pB, (T) (3.28)
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where the first term on the right hand side accounts for the extinction of infrared ra-
diation and the second term on the right hand side accounts for the source of infrared
radiation. Equation 3.28 is known as Schwarzschild’s Equation [Schwarzschild, 1914] and
describes all monochromatic infrared radiative transfer in the atmosphere below 60-70

km.

Before the underlying theory of measuring the interaction of infrared radiation with
matter can be fully developed, a basic description of Fourier transform spectrometry

must be given.

3.2 Fourier Transform Spectrometry

There are many instruments and techniques that can be used to measure infrared radi-
ation in the laboratory and in the atmosphere. In the strictest sense, Fourier transform
spectroscopy is a technique that can be applied to any instrument that samples radiation
in a time-domain, and relies on the temporal coherence of the radiative source, regardless
of wavelength [Davis et al., 2001]. The design and theory described here will be that of
a traditional infrared Fourier Transform Spectrometer (FTS) following from the origi-
nal design work of Jacquinot and Dufour [1948] and Fellgett [1951], and the theoretical
development of Connes [1958]. The basic optical design of an ideal instrument, as well
as the mathematical description of how the infrared radiation is measured will be given.
Additionally, the common advantages and disadvantages associated with this technique

will briefly be outlined.

3.2.1 Optical Design of an Ideal FTS

The principal optical component of an FTS is a Michelson Interferometer [Michelson,

1887]. This is a two-beam interferometer that consists of one stationary arm, one moving
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arm, and a beamsplitter (Figure 3.3). Each arm consists of two mutually perpendicular
mirrors, one of which is stationary, and the other of which moves along an axis perpen-
dicular to its plane. Incoming radiation first interacts with the beamsplitter that lies
between these two mirrors, which is ideally 50% reflective and 50% transmissive. The
amplitude of the radiation is then divided into two equal portions and sent along each of
the two arms of the interferometer where it is reflected by the mirrors. The two beams
of light then recombine at the beamsplitter and interfere with each other according to
the difference in optical paths travelled. The recombined beam is collected and sent to a

detector where the interference signal may be processed.

Stationary Mirror

Fi| : : .

Scan Mirror

Beamsplitter iz

Detector

Figure 3.3: Schematic representation of a Michelson Interferometer. The amplitude of
the source beam is divided at the beamsplitter, travels along the paths z; and zy to be
reflected off the stationary and scan mirrors, respectively, and is then recombined at the

beam splitter and sent to the detector.

The Optical Path Difference (OPD) of the two beams of light is simply introduced by the

different distances the light travels along each arm. As the electromagnetic waves are re-



CHAPTER 3. FOURIER TRANSFORM SPECTROSCOPY 39

combined at the beamsplitter, their amplitudes will add according to their relative phase
differences. If the two beams recombine when their phase difference is an integer mul-
tiple of their wavelength, then they will interfere constructively and the amplitude will
ideally be the same as that of the source radiation. As the mirror of the scanning arm is
moved along its axis, and the optical path difference changes, the phase difference of the
two waves will change and periodically move through a pattern of constructive and de-
structive interference. This pattern of alternating bright and dark fringes is known as an
interferogram and forms the basis of Fourier transform spectroscopy. The mathematical

interpretation of an interferogram is established in the next section.

3.2.2 Mathematical Formulation

The formalism used to describe the mathematical theory of Fourier transform spec-
troscopy can be developed in a number of ways. The derivations adopted here com-
bine the work of several authors, including Bell [1972], Chamberlain [1979], Griffiths and

de Haseth [1986], Davis et al. [2001], and Kauppinen and Partanen [2001].

The initial beam of light that enters into the Michelson Interferometer is most easily

described by a plane wave:

U = AWtk (3.29)

where A, is the amplitude of the wave, t is time, w is the angular frequency of the wave,

x is the position of the wave and k is the wavenumber vector described by:

QT A ~
k = Tﬂk = 2nok, (3.30)

where A denotes the wavelength of the wave in the k direction or, alternatively, the

reciprocal of wavelength, o can be used to denote the magnitude of the wavenumber in
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the k direction. When the incident wave of light is partitioned by the beamsplitter, two
separate beams of light are produced; W, is the reflected beam and W, is the transmitted

beam given by:

U, = |r| Ayelt-hatznon), (3.31)

Wy = [t| A ei@theatmon) (3.32)

where z; denotes the optical path, |r| denotes the reflection coefficient, |¢| denotes the
transmission coefficient, and ¢, and ¢; represent the phase shifts induced by reflection
and transmission, respectively. When the beams of light travel along the arms of the
interferometer and reflect off of the stationary and scanning mirrors, respectively, they
return to the beamsplitter where the reflected beam gets transmitted toward the detector
and the transmitted beam gets reflected toward the detector, causing Equations 3.31 and

3.32 to become:

\I]r _ |7“| |t’AOei(wzt—Qlczl—i—27r<z>r-i-27rq§t)7 (333)

\I]t — ’t| ‘r| Aoei(wt72kzz+2ﬂ’¢t+2ﬂd)r) ’ (334)

respectively. The final, recombined beam of light that is received at the detector must

be a sum of these two waves:

Vi = VY, + ¥,

_ ‘7"‘ ’t| Aoei(wt+2ﬂ¢t+2ﬂ¢r) [€2ikz1 + eQikZQ] ) (335)

Ideally, the beamsplitter divides the beam evenly, so the transmission and reflection

coefficients are assumed to be:
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r]? = [t = 1/2. (3.36)

It can also be assumed that the beamsplitter is constructed in a way that compensates

for any phase-induced changes upon reflection and transmission, such that:

¢r = ¢ = 0. (3.37)

The optical path difference, dx, described in Section 3.2 is defined by the difference in

the optical path lengths of the arms of the interferometer:

0r = 29 — 2. (3.38)

By substituting Equations 3.36, 3.37, and 3.38 into Equation 3.35, the beam of light

incident on the detector is described as:

A o A
qjtot _ 761(4;.115)627]%1 [621k5:c + 1] ) (339)

The corresponding intensity, I, of the incident wave can be found by taking the square

modulus:

I = W Wy,
A2
= 70 [1 + cos (2kdx)] . (3.40)
In these terms, it is conventional to express the interferogram recorded at the detector

as a function of the OPD, (hereafter, referred to as x, rather than 2dz), and express the

associated component of the wavenumber vector, k, by Equation 3.30:

I(x) = —=[1+cos(2mox)], (3.41)

Do | S
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where I, is the square amplitude of the light wave and o is simply the linear wavenumber
given by the reciprocal of the wavelength. The interferogram, that is, the signal recorded
at the detector that varies as a function of OPD, will always be superimposed on a con-

stant background signal of 1,/2.

For the construction of a conventional FTS, the arms of the Michelson Interferometer are
set to be of equal optical path lengths at the initiation of a scan: known as Zero Path
Difference (ZPD). As the scanning arm moves through a distance, x, the OPD changes
and the interferogram can be recorded as a function of the scanning mirror position (that
is, the OPD is directly coupled to the position of the scan mirror). For a polychromatic
light source, at each position, x, the intensity, I, consists of all wave frequencies super-
posed and integrated together. It follows that the amplitude, I,, is actually composed
of spectral intensities that depend on all wavenumbers, B (o). Therefore, the integrated
interferogram for a polychromatic light source can be expressed in terms of spectral

intensity:

I(z) = % /0 " B (0) cos (2r0x) do, (3.42)

where the constant background term has been left out for simplicity. Since this signal is
a superposition of waves, it is implicit that the interferogram’s signal is additive and con-
tinuous and can therefore undergo Fourier decomposition to extract the spectral intensity

as a function of wavenumber, B (0) [Pinkus and Zafrany, 1999]:

B(o)=2 /000 I (z)cos (2mox) dx. (3.43)

Equation 3.43 is the spectrum that is derived from the Fourier transform of the inter-
ferogram: the defining characteristic of a Fourier transform spectrometer. The following

sections will outline the limitations and advantages of using this process.
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3.2.3 Limitations of a Real FTS

The preceding derivation of the equations for the interferogram and spectrum was based
on ideal conditions and implicitly assumed that there were no computational limitations.
In reality, there are a number of constraints that cause recorded interferograms and spec-
tra to be less than perfect. The issues of finite optical path length, finite field-of-view,
and potential phase errors are all reflected by the Instrument Line Shape (ILS) of the
instrument. Ultimately, this will influence important instrument factors such as spectral

resolution and Signal-to-Noise Ratio (SNR).

To calculate the spectrum from Equation 3.43, it is necessary to integrate over the entire
optical path difference. Realistically, the OPD cannot be an infinite quantity and will,
therefore, need to be limited in this integral. The simplest way to address this is by
incorporating an apodization factor that will impose the limits of the scan mirror on
the Fourier transform [Davis et al., 2001]. The simplest choice of apodizing function,
D, is the boxcar function in which the value is 1 for the values over which the OPD is
defined, and 0 elsewhere (sometimes, spectra derived using this factor are referred to as

“unapodized”):

D(z) = 1, 0<z<max(x)

D(z) = 0, <0, x>maz(x). (3.44)

By multiplying Equation 3.42 by this apodization factor, the spectrum is modified by

the Fourier transform of the boxcar function:
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F[D(x)] = /OOOD(x)da:.

sin (2wo L)
o
2L sin (2ro L)

2roL
= 2Lsinc (2nol), (3.45)

where L represents the maximum OPD and the sinc function is defined as:

sinc (z) = sinx(x) : (3.46)

Figure 3.4a shows the graphical representation of the sinc function. As the sinc function
inherently introduces ringing into the spectrum, it may be advantageous to use a different
apodization factor, such as a triangle function (see Figure 3.4b), Hamming function, etc.
Because the apodizing factor is effectively convolved with the spectrum, it determines the
instrumental broadening of the spectral lines and, therefore, acts to define the resolution
of the instrument. Using the full-width at half-maximum of the sinc function derived
from boxcar apodization, the resolution is calculated to be 0.6/L, while the Rayleigh
criterion of two such sinc functions defines the resolution to be 0.5/L. Using a triangular
apodization function to reduce the amount of ringing in the spectrum will cause the sinc
function to broaden, causing the same two definitions of resolution to result in values
of 0.9/L and 1/L, respectively. Therefore, when choosing an apodization factor, it is
necessary to balance the desired resolution of the measurement with the noise that will
necessarily be introduced. Furthermore, because the resolution of the spectrum depends
on the chosen apodization factor, it is common practice to refer to an instrument’s reso-
lution in terms of its maximum OPD, thus avoiding confusion (see Bell [1972] for details

and examples).



CHAPTER 3. FOURIER TRANSFORM SPECTROSCOPY 45

The Field-Of-View (FOV) of an FTS is defined by the solid angle at the collimating
optical component subtended by the entrance aperture:
0

FOV = . (3.47)

where 6 is the diameter of the instrument entrance aperture, and L is the focal length of
the collimator. For the ideal case, the entrance aperture is infinitely small and located
at the focus of the collimator, causing the FOV to be zero. In actuality, the entrance
aperture is a finite, extended source that will allow divergent rays of light to enter into

the spectrometer (see Figure 3.5).
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Figure 3.4: (a) Sinc function; (b) Fourier Transform of a boxcar function (blue) and of a
triangle function (red); (c) Ideal ILS (blue) compared with that of a modelled instrument
with a 40% modulation loss (red); (d) Empirically determined asymmetric ILS generated

with a phase error.
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Figure 3.5: Ray tracing schematic for the field-of-view of a typical FTS. M1 and M2
represent the stationary and moving arms of the interferometer, separated by an OPD
of £/2. The divergent rays impinge on the mirrors at an angle « from the normal. This

effectively decreases the OPD by the distance travelled from A-B-C = x cos ().

If these divergent rays enter the instrument at an angle, «, defined by the distance from

the optical axis, d, and the focal length of the collimator, L:

= — 4
a= 7, (3.48)

then an effective optical path difference, x.s¢, can be defined (assuming that « is small):

2

Tepp =xcos(a) = (1 — %) : (3.49)

This implies that divergent rays will effectively be shifted to values of lower OPD. In



CHAPTER 3. FOURIER TRANSFORM SPECTROSCOPY 47

terms of the size of the entrance aperture, the effective OPD will be greatest for the rays

that enter at the edge of the aperture, that is, when a = 6/2 :

2
xeff:x<1—%(%) )zx(l—:—;). (3.50)
Thus, the combination of light rays entering through the aperture will result in a broad-
ening of spectral lines over the effective OPD and an ultimate reduction in resolution.
By combining Equations 3.47 and 3.50, the width, w, of the broadening over the effective
OPD as a function of FOV can be found:
6>

x
- Y _Trove, 51
w 37~ 3 O (3.51)

Therefore, in order to properly convert the interferogram in Equation 3.42 to the spec-
trum in Equation 3.43, the FOV must be known so that this correction can be incorpo-
rated into the calculation. The resultant broadening of the spectral lines is reflected by

a broadening of the features in the sinc function that arrives from the finite OPD.

Throughout the derivation of the equations describing the interferogram and spectrum in
Section 3.2.2, it was assumed that any phase changes induced by the optical components
of the instrument were perfectly compensated prior to reaching the detector. In reality,
this is never realized and phase errors do commonly occur. Equation 3.42 shows that
an ideal interferogram is a real and symmetric function. If a small phase error, € is
introduced into the equation:

1

I(z)= 5 /000 B (o) cos (2mox + €) do, (3.52)

part of the interferogram will get mapped into the imaginary plane by the Fourier trans-
form. This phase error manifests itself as an asymmetry in the aforementioned sinc
function. Similarly, any decrease in the intensity of the signal throughout the measure-

ment will, consequently affect the efficiency with which the instrument modulates the
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phase of the reflected and transmitted beams and ultimately be manifested as a decrease

in the amplitude of the sinc function. This is further addressed in Section 5.1.

As the combination of all of these effects ultimately influences the shape and behaviour
of the sinc function that results from the Fourier transformed boxcar function, the in-
strument’s inherent sinc function is known as the Instrument Line Shape (ILS). Figure
3.4 shows examples of how the ILS is influenced by phase errors and poor modulation
efficiency due to misaligned optics.

As it is impossible to have a perfect sinc function as the ILS, it is imperative that the ILS
of all Fourier transform spectrometers be monitored regularly to ensure that any limiting

effects are taken into consideration during analysis.

3.2.4 Advantages of an FTS

In comparison to other spectroscopic techniques, Fourier transform spectroscopy offers
several principal advantages that are traditionally referred to as the Jacquinot Advantage,
the Fellgett Advantage, the Connes Advantage, and the Michelson Advantage [Connes,
1987].

The Michelson Advantage, or resolving power advantage, is probably the simplest and
most intrinsic to the optical design as it basically allows the spectrometer to attain very
fine resolution measurements [Michelson, 1887, Connes, 1987]. Because the spectral res-
olution, do is directly related to the reciprocal of the maximum optical path difference,
max (x), it can be increased indefinitely. This is because instrumental line broadening
is only limited by the ILS and can be reduced to a negligible amount in comparison to

Doppler line broadening (Equation 3.22).

The Connes Advantage, or calibration advantage, is due to the highly accurate wavenum-
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ber sampling of an FTS [Erickson, 1979, Connes, 1970]. Unlike conventional grating or
prism spectrometers, the accurate sampling of the FTS provides spectral information
without interpolation or wavenumber calibration. This also increases the stability of the

instrument over a long time period.

The more commonly known traditional advantages are those of Fellgett [Fellgett, 1951]
and Jacquinot [Jacquinot and Dufour, 1948]. The Fellgett Advantage, or multiplexing
advantage, is based on the principle that all spectral elements are measured simultane-
ously by the interferogram. That is, each element of the interferogram contributes to
every element of the spectrum. This means that a spectrum can be measured relatively
quickly in comparison to traditional dispersive spectroscopy with scanning detectors, and
multiple scans can be co-added together in a short period of time. However, there is also
a potential disadvantage associated with this. If there is an acute instance of elevated
noise recorded in the interferogram, it will increase the noise over the entire spectrum.
For this reason, it is often best to have noise limited by the detector rather than the

source.

The Jacquinot Advantage, or throughput advantage, is due to the conserved étendue
of the instrument’s optical design [Jacquinot and Dufour, 1948]. The étendue, G, is
the property of an optical system that represents how dispersed the beam of radiation
becomes. It is most simply defined in terms of the cross sectional area of the incoming

radiation, A, and the solid angle subtended by the entrance aperture, {2:

G=A-Q. (3.53)

Because all of the radiation incident on the input aperture is collimated and sent through
the interferometer before being refocused onto the detector, there is, ideally, no loss of

radiation. That is, the axis of symmetry in the spectrometer ensures that there is no
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loss of information during the measurement and the signal arriving at the detector is as
strong as the source. In reality, no F'TS is perfectly efficient and there is always some loss
that occurs during the motion of the scanning mirror. This will ultimately be reflected

by the modulation efficiency captured by the ILS (see Figure 3.4c).

The practical implementation of this theory and the development of empirical techniques

with a Fourier transform spectrometer are discussed in the following chapter.



Chapter 4

Instrumentation

4.1 Toronto Atmospheric Observatory

The Toronto Atmospheric Observatory (TAO) was established in October 2001 on the
roof of the McLennan Physical Laboratories of the University of Toronto (43.66N, 79.40W,
174 m above sea level). TAO was established to acquire high-quality long-term measure-
ments of trace gases for the purpose of understanding chemical and dynamical processes
in the atmosphere and to validate models and satellite measurements of atmospheric
constituents. The geographic position of TAO makes it well suited for measurements of
mid-latitude stratospheric ozone, related species, and greenhouse gases, while its urban
setting enables measurements of tropospheric pollutants. The primary scientific objec-

tives of the work at TAO are:

e To make daily measurements (weather permitting) of the vertical columns and

partial columns of tropospheric and stratospheric gases.

e To identify and quantify the sources and sinks of atmospheric pollutants, and to
better understand the interactions between tropospheric trace gases that control

urban air quality.

51
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e To investigate chemical and physical processes that control the mid-latitude strato-

spheric ozone budget.

e To combine these data with space-based atmospheric measurements made by space-
based missions such as EOS-Terra (MOPITT), Odin (OSIRIS and SMR), SCISAT-1
(ACE-FTS and MAESTRO), ENVISAT (SCIAMACHY and MIPAS), and EOS-

Aura (OMI, TES, and MLS) both for satellite validation and for correlative studies.

The work presented here primarily seeks to address the first and fourth objectives while

indirectly addressing the second and third objectives.

To accomplish these objectives, a suite of instruments has been installed at TAO. The
primary instrument at TAO is a high-resolution DAS8 Fourier Transform Spectrometer
manufactured by ABB Analytical Business PRU Québec, Canada. All of the results
presented in this study are based on data collected by this instrument (see Section 4.2
for a discussion of the instrument and Section 5.1 for a discussion of the data collection).
A Heliostat manufactured by Aim Control Ltd (California, USA) captures the solar ra-
diation for the DA8 FTS and occasionally for some guest instruments (see Chapter 6).
It is mounted on the roof and follows the sun during the day, reflecting solar radiation
into the lab through an opening in the ceiling (see Figure 4.1). Once the radiation enters
the lab, a series of mirrors are used to focus, split and direct the radiation beam into the

instruments.

A Brewer MKIV spectrophotometer was installed at TAO in March 2005 (see Figure 4.2).
This instrument is on loan from Environment Canada and is one of over 80 Brewer spec-
trophotometers that are used worldwide to monitor stratospheric and total ozone levels.
It makes automated measurements of UV-visible radiation that ultimately yield daily

total ozone columns as well as information on aerosol optical depth, sulphur dioxide, and
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Figure 4.1: The Heliostat installed on the roof of the Toronto Atmospheric Observatory

directs infrared solar radiation into the laboratory (photo courtesy of A. Wiacek).

nitrogen dioxide [Kerr et al., 1985].

The University of Toronto UV-visible grating spectrometer was assembled in 1998, and
has been deployed on the MANTRA balloon campaigns in Vanscoy, Saskatchewan [Bass-
ford et al., 2005] and on Arctic springtime campaigns at Eureka, Nunavut since 1999
[Melo et al., 2004]. When it is not acquiring measurements in the field, this instrument is
maintained at TAO, where Differential Optical Absorption Spectroscopy (DOAS) is uti-
lized to retrieve vertical columns of O3, NOs, and BrO. From 2006 to 2007, a companion
ground-based UV-visible spectrometer known as Systeme D’Analyse par Observations
Zénithales (SAOZ) instrument [Pommereau and Goutail, 1988] was on loan from the

Centre National de la Recherche Scientifique (CNRS), France.



CHAPTER 4. INSTRUMENTATION 54

Figure 4.2: The Brewer Spectrophotometer was installed on the roof of the Toronto
Atmospheric Observatory in 2005. It records atmospheric observations of UV-Visible

solar radiation.
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In addition to these instruments, there are a number of smaller complementary instru-
ments that require very little maintenance. A Davis Vantage Pro weather station is used
to record local meteorological parameters, such as temperature, humidity, wind speed
and direction, precipitation and solar irradiance. As well, a Sun Photo Spectrometer
(SPS) [McElroy, 1995] recorded UV-visible solar radiation spectra intermittently from
2002-2004. There have also been instruments resident at TAO for dedicated campaigns

at various times throughout the past six years (see Chapter 6 for details).

Although these instruments are/were automated, they still require maintenance and in-
frastructure monitoring that was routinely done as part of this project. It should be
noted that the data management and analysis was completed by other personnel as part
of their projects, so only minimal attention was required for all of the secondary instru-
ments. For this reason, the technical details given in Section 4.2 are only for the principal

instrument: the Fourier transform spectrometer.

4.2 Bomem DAS8 Fourier Transform Spectrometer

The Network for the Detection of Atmospheric Composition Change was officially founded
in 1991 (then under the name of the Network for the Detection of Stratospheric Change)
[Kurylo and Zander, 2000]. The network now consists of over 70 operational ground-
based remote sensing research stations distributed all over the world. The science goals
of TAO overlap well with those of the NDACC. According to Kurylo and Zander [2000],

they are:

e To study the spatial and temporal variability of atmospheric composition and struc-
ture in order to provide early detection and subsequent long-term monitoring of

changes in the physical and chemical state of the [atmosphere|, as well as ancillary
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data to discern and understand the causes of such things.

e To establish the links between changes in stratospheric ozone, UV radiation at the

ground, and climate.

e To contribute independent validation and calibration data for space-based sensors
of the atmosphere and to make complementary measurements; also to support field
campaigns focusing on specific processes occurring at various latitudes, altitudes,

and seasons.

e To produce verified data sets of geophysical parameters for testing and improving
multi-dimensional chemistry and transport models of both the stratosphere and the

troposphere.

In accordance with the two mutual sets of science goals, the Toronto Atmospheric
Observatory Fourier Transform Spectrometer (TAO-FTS) fills a mid-latitude coverage
gap within the NDACC (see Figure 4.3). Infrared spectra recorded at NDACC sta-
tions by FTSs have provided long-term time series of ozone columns and ozone profiles
[Pougatchev et al., 1995, Barret et al., 2002, Schneider et al., 2005b] and related chemical
species [Zander et al., 1994, Rinsland et al., 2002a, 2003, Schneider et al., 2005a]. In ad-
dition, the urban location of TAO allows for enhanced monitoring of pollutants that are
typically only above detectable limits in urban locations [Molina and Molina, 2004] and,
as a result, can provide relatively unique monitoring of species that are not commonly

archived as part of the NDACC protocol.

In 2001, the Bomem DAS8 Fourier Transform Spectrometer was installed at the Toronto
Atmospheric Observatory and, following a commissioning phase (see Wiacek [2006]), be-
came fully operational in May 2002. After demonstrating that the instrument met all of
the requisite technical requirements to join the NDACC, a retrieval algorithm certifica-

tion exercise was completed to show that the data quality and capability of the operating
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Figure 4.3: The primary and complementary stations of the Network for the Detection

of Atmospheric Composition Change (taken from www.ndsc.ncep.noaa.gov/).

personnel met all standards (see Wiacek et al. [2007] for details). TAO was granted offi-
cial status as a complementary site of the NDACC in March 2004. This status not only
reflects the high precision of the data collected by the TAO-FTS, but also requires that
this data be archived regularly on the NDACC’s international database (see Section 5.5

for details).

The TAO-FTS is coupled to the heliostat by several input mirrors (labelled as M1-M3 in

Figure 4.4). Mirrors M1 and M2 collect the beam of collimated infrared solar radiation
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and direct it to an off-axis parabolic mirror (M3) which then focuses the beam through
an optical filter and onto an input aperture (labelled as the “Emission Port/Iris” in Fig-
ure 4.4). The focal length of this parabolic mirror is 325.12 mm and the radius of the

aperture is 0.5 mm, yielding a half-angle field-of-view of 1.54 x 1073 sr.

The optical filters are housed in an electro-mechanically operated wheel that is used for
automatically selecting filters during measurements. These six optical interference filters
limit the infrared spectral range of the incoming solar beam and are commonly employed
by instruments within the NDACC’s InfraRed Working Group (IRWG). Table 4.1 shows
the spectral ranges of the filters (assuming a nominal instrument configuration used at

TAO) as well as the principal atmospheric trace gases that absorb in these regions.

Table 4.1: Spectral coverage of the TAO-FTS filter set.

Filter =~ Wavenumber Wavelength Principal Species

Number (cm™1) (pm)

1 4000—4300  2.3—2.5 HF, CO

2 2900—3500  2.6—3.3 H,0, CyH,, HCN

3 2400—3100  3.3—4.1 03, HCL, NyO, CH,, NO,, CoHs,
H,0, CO,

4 2000—-2700  3.9-5.0 CO, OCS, N,

5 1500—2200  4.7—6.3 CO, NO, COF,

6 750—1350  7.4—14 03, CIONO,, HNO3, N,O, CHy,
CyH,, C,H,, CFCs

Once the focused beam of infrared radiation has passed through the aperture, it gets
re-collimated by a complementary off-axis parabolic mirror and directed into a vertically

oriented Michelson Interferometer (see Section 3.2.1) to generate the phase interference.
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to couple the heliostat optics to the DA8 FTS. A removable 45° mirror (M4) can be used
to couple the FTS to a blackbody source or to direct radiation from the heliostat to other

instruments. (Figure courtesy of ABB Bomem)
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The moving arm of the interferometer can generate a maximum optical path difference
of 250 cm (that is, a maximum spectral resolution of 0.004 cm™'). Previous designs
of Fourier transform spectrometers manufactured by Bomem used a dynamic alignment
configuration in which the position of the fixed mirror of the interferometer was adjusted
to compensate for alignment deviations generated by the moving mirror (see Figure 4.5).
In the new design, the fixed mirror is permanently mounted and an adjustable flat mirror
has been added to connect the beam to the moving arm of the interferometer. It is this
connecting mirror that now provides dynamic alignment and compensates for any irregu-
lar motion of the moving mirror during a scan. At the same time, the dynamic alignment
circuitry and actuation are kept stationary at the connecting mirror. This arrangement
results in a fixed optical axis through the beamsplitter (and a fixed focal point on the
detector) as well as a more stable modulation efficiency. It should be noted that, due
to the way in which this design is implemented, the DAS8 is unable to record interfer-
ograms while the scanning mirror is moving backward and, therefore, can only record
single-sided interferograms. While there have been other DA8 spectrometers retrofitted
with this dynamic alignment configuration, the TAO-FTS represents the first commercial

implementation of this design on the high-resolution model.

After the infrared beam of radiation has passed through the interferometer, it is recom-
bined at the beamsplitter and directed toward the detectors. All nominal solar mea-
surements done with the TAO-FTS use a KBr beamsplitter that has a spectral range
of approximately 500-4500 cm™!, restricting radiation to the mid-infrared region of the
spectrum. The two detectors can be used alternately, with the InSb detector (1500-5000
cm™!) used for measurements with Filters 1-5, and the HgCdTe (MCT) detector (700-
4500 cm™') dedicated to Filter 6 measurements. To maintain consistent measurement
conditions, the entire system is vibration isolated and is kept under vacuum to a constant

pressure of approximately 13 Pa.
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To maximize resolution, input apertures were chosen to be as small as possible while still
allowing for an adequate SNR value. Additionally, a fixed aperture of 1.3 mm radius
is placed before the MCT detector (see Figure 4.5) to ensure that there are no signal
contributions arising from self-emission of the instrument. As such, the nominal input
aperture radius of 0.5 mm is increased to 2.5 mm to ensure that the fixed aperture is
completely filled with the interferogram signal. The resulting half-angle field-of-view for
all MCT spectra is 4.61 x 1073 sr.

To ensure that the instrument is performing in a consistent fashion, the instrument line
shape must be continually monitored (see Section 3.2). This is done by making regular
measurements with a calibrated gas cell of hydrogen bromide (HBr) [Coffey et al., 1998]
and analyzing these data with the LINEFIT version 9.0 analysis routine [Hase et al.,
1999]. The details of how this is done can be found in Taylor [2003] and recent results
are shown in Wiacek et al. [2007]. Based on the results of these cell tests, the TAO-FT'S
may be re-aligned so as to ensure that an optimal ILS is maintained. This ensures that

observations can be recorded with minimal instrument error.

The details of how the interferograms recorded by the instrument detectors are processed
into spectra, as well as how all of the trace gas concentrations are retrieved from these

data, are discussed in the next chapter.



Chapter 5

Observations and Data Analysis

Since the TAO-FTS became operational in October 2001 and began nominal measure-
ments in May 2002, interferograms have been regularly recorded under clear-sky condi-
tions. These measurements constitute the raw data, or Level 0 data product, produced by
the TAO-FTS. These interferograms are then converted into infrared spectra by Equation
3.43: the Level 1 data product. The details of how this procedure is done for observations
made by the TAO-FTS is explored in Section 5.1. The Level 2 product is derived from
these spectra by inverting them to determine the atmospheric concentrations of trace
gases. This retrieval process is discussed in Section 5.2. The retrieved quantities are
then analysed to determine their respective information content as well as their associ-
ated uncertainty. These calculations are explained in Sections 5.3 and 5.4, respectively.
As TAO is a complementary NDACC site, the final products must be scrutinized for
quality and ultimately submitted to an international data archive. This procedure is

outlined in Section 5.5.

5.1 Interferograms and Spectral Acquisition

High-resolution, infrared, atmospheric interferograms are nominally recorded by the

TAO-FTS year-round, under clear-sky conditions. To ensure that the resolution of the

63
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spectra is sufficient to obtain adequate trace gas information, a maximum OPD of 250 cm
is used (this corresponds to a spectral resolution of 0.004 cm™! and is consistent with the
standards outlined by the NDACC Infrared Working Group). Approximately 5 minutes
is required to complete a single scan and an additional 30 seconds is necessary to return
the scanning arm of the interferometer to the original position (Zero Path Difference).
To reduce the noise in a given observation, four interferograms are co-added together to
yield one spectrum over a period of approximately 22 minutes. This reduces the random
error in each spectrum while still minimizing the airmass smearing that occurs due to

the continuously changing solar zenith angle.

As the interferogram signal is sampled digitally by the detectors, Equation 3.42 becomes

a Discrete Fourier Transform (DFT):

i2wrmn

N—-1

I (mAz) = % nz; B(nAc)e v, (5.1)
where m and n index the points sampled in the interferogram and spectra, respectively,
and N represents the total number of points. The analogous DFT of the spectrum
(Equation 3.43) is given by:

—i2Tmn

B (nAo) = % z_: I (nAx)e v . (5.2)

For computational ease, the Fast Fourier Transform (FFT) is employed at TAO for these
calculations [Cooley and Tukey, 1965]. It should be noted that the FFT algorithm nor-
mally requires that the number of points involved in the DF'T be an integer power of two.
If this is not the case, then the interferogram will be padded with zeros until N is of such
a value. This produces an interpolation effect and will cause the final spectrum to have
more points than the resolution of the instrument. The details of the digital processing

associated with these calculations can be found in Wiacek [2006].
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The design of the TAO-FTS requires that all interferograms be recorded as single-sided
(see Figure 4.4). This implies that all measurements are, by construction, asymmetric
and a phase error correction is required in all cases. In addition to phase errors, it is
also possible to have two other types of errors in the recorded interferogram: intensity
errors and additive errors. Intensity errors generally arise from changing signal intensity
over the duration of the scan. This was earlier related to the modulation loss of the in-
terferometer and was seen to manifest itself as a decrease in the strength of the ILS (see
Figure 3.4¢). This can be reduced by regularly monitoring and optimizing the optical
alignment of the interferometer. The dynamic alignment system of the TAO-FTS en-
sures that intensity error is minimized (or, at least, kept constant) during measurements.
Additive errors are due to periodic inhomogeneities in the interferogram signal. Multiple
reflections between parallel optical components (commonly referred to etaloning, or chan-
neling) are a common source of these errors. During post-processing, filtering techniques
may be used to fit the frequencies associated with this effect. The TAO-FTS employs
wedged optical elements to ensure that channeling is minimized. Regular monitoring of
instrument performance has yet to indicate that there are any noticeable additive errors

present in the interferograms.

As was discussed in Section 3.2.2, phase errors generate asymmetric measurements and
ultimately cause some of the information in the interferogram to be mapped into the
imaginary part of the spectrum. This is not only caused by recording one-sided inter-
ferograms, but can also arise from misaligned optics, digital sampling errors, and/or
detector electronics. Mathematically, this error can be easily corrected by calculating

the phase angle, ¢ and subtracting it out of the spectrum:

6 (0) = arctan ( g; ((Z))) | (5.3)

where B; and Bg denote the imaginary and real parts of the spectrum, respectively. This
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calculation implicitly assumes that the interferogram is double-sided and has no inten-
sity errors. For the single-sided interferograms recorded by the TAO-FTS, it is necessary
to apply the Mertz phase correction [Mertz, 1967]. This technique involves recording a
very-low-resolution double-sided interferogram on either side of ZPD at the beginning of
a measurement. A spectrum is calculated from this interferogram and interpolated to
the full resolution of the measured spectrum to determine the shift arising from phase
error. This assumes that the phase error is stationary and a smooth function over all
wavenumbers. The square modulus is then calculated from this full-resolution interpo-
lated spectrum and the measured spectrum derived from the full-resolution, single-sided
interferogram. This should result in moving all information from the imaginary part of
the spectrum into the real part of the spectrum. Regular monitoring of the ILS can

reveal the presence of uncorrected phase errors (see Figure 3.4d).

It should be noted that all of the calculations that are performed in converting that
TAO-FTS interferograms into spectra are done with licensed PCDA software. This is
proprietary software that has been developed by the FTS manufacturers, ABB Bomem.
The details of how these calculations are programed in the software are considered their

intellectual property.

The actual measurements are carried out using an automated scheduler that maximizes
the number of observations on a given day. Table 5.1 shows the total number of days upon
which measurements were made by the TAO-FTS in a given year. The mean number of
observing days is 84.75/year for 2003-2006. This average is consistent with observations

made by FTSs at other mid-latitude NDACC stations.

As the TAO-FTS uses six different filters to observe spectral bands, at least six mea-

surements are necessary to have one complete set of observations (see Table 4.1). This
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Table 5.1: Number of days on which the TAO-FTS was observing per calendar year.

2002 2003 2004 2005 2006

73 89 63 99 88

requires over two hours of cloud-free weather conditions in a given day and, as such, does
not always happen. Figure 5.1 shows the distribution of measurements by filter from
2002-2007. In general, the climate in Toronto consists of increased incidences of clear-sky
conditions in the summer months while the winter months are often characterized by
cloudy days. There have also been some periods of extended maintenance, such as Fall
2004, which have resulted in a loss of observations. Currently, the TAO-F'TS is perform-

ing well and it is expected to continue to do so.

The analytical techniques used to calculate trace gas concentrations from atmospheric

spectra are explored in the next section.

5.2 Retrievals

As was discussed in Section 3.1.3, it is possible to use Schwarzchild’s Equation to describe
the interaction of infrared radiation with atmospheric constituents (see Equation 3.28).
Ultimately, the spectrum recorded by the TAO-FTS can be exploited to yield the con-
centration of specific absorbers in the atmosphere. However, in practice, this problem is
complicated to solve because the atmosphere is not a controlled environment. Therefore,
to prevent this problem from being ill-posed, it is necessary to optimize the amount of
information by combining the observations with known quantities. The derivation of this
process is based on the mathematical formalism outlined by Rodgers [2000], in which a

more rigorous treatment of this subject can be found.
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Figure 5.1: Measurements made by the TAO-FTS from 2002-2007, distributed by filter

(see Table 4.1).

The technique of combining observations with known information is ideally implemented
with a forward function, f. The forward function describes all of the physics necessary
to relate the atmospheric state and the measured state. Realistically, this can never be
perfectly defined and can only be approximated by a forward model, F. Computationally,

the forward model maps the true atmospheric state, x, into the measurement space, y:

y =F(x,b) +¢, (5.4)

where b represents the vector of ancillary model parameters that are necessary for the
calculation and € represents the error. For the analysis of the TAO-FTS observations,
the measurement vector, y, contains the intensities of the infrared spectrum and the

atmospheric state vector, x, represents the volume mixing ratio of the trace gases.
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If it is assumed that the forward function is invertible, then there exists an inverse
function, R, that maps values from the measurement state space into the atmospheric

state space:

b
I

R (y,b,x,c)

= R(F(x,b)+¢€,b,x,c), (5.5)

where ¢ represents the vector of additional ancillary model parameters that may be
required for the inverse calculation. In practice, none of these quantities are known
with infinite precision and it is therefore necessary to use a prior estimate of the true
atmospheric state, x,, and a best estimate of model parameters, b. A Taylor Series

expansion about these estimates causes the forward model in Equation 5.4 to become:

~ OF OF .
F(x,b) = F(a,b> P (x - xa —(b—b) te 5.6
(x,b) X +8x<x X)+8b +..+e€ (5.6)
It is assumed that the forward model and the inverse model are linear over the range
of the a priori state space and the true state space, allowing higher order terms to be

dropped from Equation 5.6. By substituting Equation 5.6 into Equation 5.5:

% = R<F<xa,f)>—i—K(x—Xa)—l—Kb(b—f))—i—e,f),f(,c), (5.7)

where K is known as the weighting function matrix, Ky is known as the parameter
space weighting function matrix, and X represents the retrieved best estimate of the true
atmospheric state. The respective weighting function matrices represent the sensitivity
of the forward model to the true atmospheric state and true model parameter space,

respectively. By defining y, as:
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yo=F (Xa> B) ; (5.8)

the same Taylor Series expansion of the inverse model in Equation 5.7 can be performed

with respect to y.:

£ = R(F(x.5).b.xuc) +g_fy‘(K<x—xa)+Kb (b-B)+e)

Xa + GK (X — Xa) + GKb (b - B) + Ge, (5.9)

b33
|

where G is referred to as the gain matrix. This matrix represents the sensitivity of the
retrieved state to the measurements. Equation 5.9 is commonly simplified to emphasize

the atmospheric state space:

X=Xa+A(X—Xa)+ €, (5.10)

where the final terms are collected into one error term known as ex and A is called the
averaging kernel matrix. As the averaging kernel matrix is the product of the gain matrix
and the weighting function matrix, it represents the sensitivity of the retrieved state to

the true atmospheric state:

A = GK
)
Oy Ox
ox
= o (5.11)

From Equation 5.10, it can be seen that the best estimate of the atmospheric state is
based on a combination of the true state and the a priori state. To determine the exact
way in which the retrieval weights this combination, it is necessary to choose an approach

based on statistical methods. For the retrieval calculations performed at TAO, Bayesian
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Inference is used to determine a Maximum A Posteriori (MAP) estimator.

According to Bayes’s Theorem [Bayes, 1763]:

P(xly) = %, (5.12)

where P (x) is the prior Probability Density Function (PDF) of the state x, P (y) is the
prior PDF of the state y, P (y|x) is the conditional PDF of y given x, and P (x|y) is the
conditional PDF of x given y. As P (x|y) is the posterior PDF determined from combin-
ing a priori estimates of the state space with the observations in the measurement space,
it is referred to as the a posteriori estimate. This approach is suitable for atmospheric
remote sensing as it allows for both the prior expectation of a given quantity and for the

distribution of potential values arising from error.

For simplicity, it is commonly assumed that these PDFs follow a Gaussian Distribution,

such that:

1 1 7T —1 —
P(y) = n—efg(yfy) Sy (y=¥)
(2m)" Sy "2
= 2n[P(y)] = (y-¥)'S, ' (y-¥)+C, (5.13)

where § denotes the mean value of the observation vector, y, Sy denotes the measurement
error covariance matrix, n is the number of elements in the vector, and C is the constant

term defined by:

C = 2In [(27r)"/2|sy11/2]. (5.14)

Similarly, P (x) and P (y|x) can be expressed as:



CHAPTER 5. OBSERVATIONS AND DATA ANALYSIS 72

—2In[P(x)] = (x—xa) Sa ' (x—xa)+ Cy, (5.15)
—2In [P (Y|X)] = (y —F (X> b))T Seil (y —F (X’ b)) + ny, (516)

where Cx and Cyy denote constants that depend on the respective error covariance

matrices, as shown in Equation 5.14.

In practice, P (y) is just a normalizing factor and can be neglected in the calculation of
P (x|y). To attain the MAP estimator, the derivative of Equation 5.12 is set to zero to

obtain:

= 0, (5.17)

where S, is the total observation error covariance matrix, the S, is the a priori error
covariance matrix, and it is implicitly assumed that the forward model estimates gener-
ated by Equation 5.4 and the a priori estimates of the state space are representative of
the mean observations and mean true state, respectively. Equation 5.17 can be further

simplified to yield the derivative of the cost function, g (x):

g(x) = —K'S, ' (y—F(x,b)) +Sa " (X —Xa). (5.18)

As this derivation has been done in the framework of a moderately linear problem, the

solution to this cost function can be found using Newtonian iteration:

X = X~ (Ve (8(x:)] 7 g (xi), (5.19)
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where g denotes the cost function defined by Equation 5.18. Therefore, by substituting
Equation 5.18 into Equation 5.19 and using the a priori state as the initial guess, the

optimal solution to Equation 5.17 with Newtonian Iteration is given by:

}A(H_l = Xa + (Sail + KiTse_lKi)_l I(iTSG_1 [(y —F (Xi)) - Ki (Xa - Xi)] s (520)

where K; denotes K evaluated at the state retrieved in the previous iteration, x;. This
technique is commonly referred to as the Optimal Estimation Method (OEM). By equat-

ing coefficients with Equation 5.10, it can be seen that the gain matrix is given by:

G = (Sa'+KTS;'K) 'K’S_!, (5.21)

and the expression for the averaging kernel matrix in Equation 5.11 becomes:

A = (S.a'+KTS;'K)  K'S['K, (5.22)

This analysis is implemented at TAO with the SFIT2 optimal estimation retrieval algo-
rithm [Rinsland et al., 1982, 1998]. This algorithm is widely employed at NDACC FTS
stations. The forward model is based on ray-tracing code that was originally developed by
Gallery et al. [1983] with recent improvements made specifically for use with SFIT2 [Meier
et al., 2004]. The required ancillary model parameters include altitude profiles of pressure
and temperature, infrared spectroscopic line parameters, and a priori state estimates of
trace gas Volume Mixing Ratio (VMR) profiles. The pressure and temperature profiles are
obtained from NCEP analyses provided by the NASA Goddard Space Flight Centre au-
tomailer (hyperion.gsfc.nasa.gov/data_services/automailer/index.html). Spec-
troscopic absorption line parameters and their temperature and pressure dependencies
are taken from the HITRAN 2004 spectral database [Rothman et al., 2005] and are used

by SFIT2 for calculating absorption features with a Voigt line shape (see Equation 3.23).
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The a priori estimates of trace gas VMR profiles were constructed by Wiacek [2006] from
a combination of climatological estimates of HALOE v.19 satellite data [Russell et al.,

1994] and mid-latitude daytime 2001 MIPAS reference profiles [Carli et al., 2004].

The TAO-FTS retrievals are performed on a 38-layer, pressure-weighted, altitude retrieval
grid that ranges from the surface to 100 km. To convert this VMR profile into column
concentrations, a column operator, p, composed of the air density estimated by the

forward model, is multiplied by %:

i=Y pix (5.23)

where ¢ represents the column concentration in molecules/cm? and i is the index that

spans the elements of the altitude range over which this column is calculated.

In addition to the principal gas VMR profile on the 38-layer grid, there are other param-
eters that are typically retrieved in the state space. For a given region of the spectrum,
this includes total column concentrations of species with spectral features that interfere
with the principal gas, and basic fitting parameters, such as spectral baseline offset and
curvature. To demonstrate the complexity of a typical infrared spectrum recorded at

TAO, Figure 5.2 shows an observation made with Filter 3.

To minimize computational cost, the retrievals are fit in small regions of the spectrum,
known as spectral microwindows. Figure 5.3 shows a typical fit for O3 in the 3045 cm™!
region. This particular microwindow contains 235 spectral points; the length of the ob-

servation vector, y.

From the forward modelled value of the spectrum, the weighting function matrix, K, can

be determined. Figure 5.4 shows the weighting function matrix for the fit in Figure 5.3.
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Figure 5.2: Infrared absorption spectrum recorded by the TAO-FTS on 17 June 2003

(Filter 3 region).

The relative strength of the contours indicates what part of the spectral lines weight the
retrieval — as it is an absorption spectrum, the magnitudes are negative. Because ozone
is predominantly a stratospheric gas (see Chapter 2), the strongest weighting occurs for
altitudes between 20 and 40 km. This is further indicated by the fact that the weighting
occurs, almost exclusively, from the core of the spectral lines. As the Voigt line shape
is used in the forward model (see Equation 3.23), central line features associated with
the lower pressure of the stratosphere have the strongest weight while higher-pressure

tropospheric features associated with the wings of the spectral lines are not emphasized.

By Equation 5.22, the weighting function matrix, combined with error covariance matri-

ces, yields the averaging kernel matrix (see Figure 5.5). This represents the sensitivity
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Figure 5.3: Example fit and residual for the ozone infrared absorption spectral microwin-
dow in the 3045 cm™! region (Filter 3). This microwindow is from the spectrum shown
in Figure 5.2, which was recorded on 17 June 2003. The observed spectrum is shown in
blue and the forward modelled values are shown in red. The RMS value of the residual

is 0.18%.

of the retrieval to the underlying true state. As was initially indicated by the weighting
function matrix, the primary source of information is in the stratosphere, between 20
and 40 km. The symmetry of the contours indicates that the weighting functions are
well correlated in the stratosphere, that is, perturbations to the true stratospheric ozone
VMR will be captured by this retrieval. Asymmetric averaging kernel matrices indicate
that information is being skewed, that is, unequal contributions are being made from
above and below the nominal altitude. Consequently, changes in the truth may manifest

themselves as apparent changes at incorrect altitudes in the retrieval.
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Figure 5.4: Example weighting function matrix calculated for the ozone infrared absorp-
tion spectral microwindow in the 3045 cm ™! region. This was calculated for the spectrum

shown in Figure 5.2, which was recorded on 17 June 2003.

Although the contour plot of the averaging kernel matrix is informative, it is necessary
to consider the rows of the matrix, that is the actual averaging kernels, in order to gain
full insight into the behaviour of the retrieval. Figure 5.6 shows sample rows of the
averaging kernel matrix for different altitudes. As suspected, the strongest signals are
present in the rows that represent the altitudes covering 20-40 km. However, it should
also be noted that there are some strong negative signals present in these kernels. This
implies that there is some smoothing that not only results in poor altitude resolution,
but also in artificial subsidence. Upon integrating into stratospheric or total columns,

the smoothing seen here is not a concern, but it is important to realize that this limits
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Figure 5.5: Example averaging kernel matrix calculated for the ozone retrieval of the
infrared absorption spectral microwindow in the 3045 cm™! region. This was calculated

for the spectrum shown in Figure 5.2, which was recorded on 17 June 2003.

the vertical resolution of the instrument. Consequently, the retrieved profiles generated

by Equation 5.20 must be considered carefully. This is further explored in Section 5.4.

The final retrieved profile is shown in Figure 5.7. It can be seen that the retrieved profile
only differs from the a prior: profile over the stratospheric region. This confirms what
was suggested by both the averaging kernel matrix and the weighting function matrix.

The final column products are derived from Equation 5.23 by integrating this profile over
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Figure 5.6: Example rows of the averaging kernel matrix calculated for the ozone infrared

absorption spectral microwindow in the 3045 cm™!

region. FEach curve represents a
different value on the vertical grid — the corresponding altitude (in km) is indicated in
the legend. This was calculated for the spectrum shown in Figure 5.2, which was recorded

on 17 June 2003.

the appropriate altitude ranges. The exact range of altitudes over which this integration

is appropriate is discussed in Section 5.4.

5.3 Error Estimates

As the mathematical derivations of the analytical error expressions follow the same for-
malism outlined in the previous section, the approach shown here will again be based on
that of Rodgers [2000]. The error expressions associated with the quantities retrieved in

the state space are most easily derived by subtracting the true state from the retrieved
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Figure 5.7: A priori profile (black) and retrieved profile (blue) from the ozone features
in the 3045 cm™! region. This was calculated from the spectrum shown in Figure 5.2,
which was recorded on 17 June 2003. The volume mixing ratio is expressed in parts per

volume.

state in Equation 5.9:

R-x = (A—T)(x—xa)+ GKp (b—B)+Ge. (5.24)

Each term in Equation 5.24 represents a different source of error. The first term represents
the smoothing error that is introduced by interpolating the true profile onto a 38-layer

grid. The statistical description of this error, S, is given by the expectation value:

S, = <(A — 1) (x — Xa) (x — xa)" (A — 1>T>

= (A-DS.(A-D". (5.25)
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Unfortunately, as the true state can never actually be known, the calculation of the true
state covariance matrix, S, cannot actually be performed. Rather, an estimate of this
covariance must be made from climatological observations. At TAO, the a priori error
covariance matrix, S,, is already an estimate based on climatological observations (see
Section 5.2). Consequently, all smoothing error estimates shown here are based on the
pertinent a priori error covariance matrix; this is commonly referred to as the ad-hoc

formulation.

An a priori error covariance matrix used for TAO ozone retrievals and smoothing error
calculations is given in Figure 5.8. An example of a smoothing error covariance matrix for
an ozone observation made by the TAO-FTS is given in Figure 5.9. To avoid numerical
instabilities generated by the inversions in Equation 5.20, the a prior: covariance error
was chosen to be 20% (i.e., 0 = 0.2) for each level and diagonal over the entire altitude
range (typically, a value of 30% is used). For this example, it was assumed that all of the
layers were independent and uncorrelated (an unrealistic assumption but, nonetheless,
numerically stable). It is also interesting to note that in the stratosphere, the region
where the sensitivity of the retrieval was the greatest, the smoothing error is larger than
the a priori error. This potentially indicates two things: 1. that the ad-hoc choice of
using the a priori error in the calculation of the smoothing error has artificially inflated
the error [Rodgers, 2000], or 2. that the error in the retrieved quantity is actually greater
than the a prior: error and the measurement does not contribute any information beyond
that which was known a priori. In practice, these problems can be avoided by smoothing
like observations with the same averaging kernels so as to ensure that observation plat-

form bias is minimized (see Chapters 7 and 8).

The second term in Equation 5.24 represents the forward model parameter error, Sg. This

arises from improper estimates of model parameters and can be statistically described in
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Figure 5.8: Ozone a priori covariance matrix contours, S,, used for retrievals with the

TAO-FTS. For each layer, the error is given as 20%, that is 0% = (0.2)* = 0.04.

the same fashion as smoothing error:

~ AN\
S = <GKb (b-5) (b-b) KbTGT>
= GKpSpK, GT. (5.26)
As with the Se matrix, the Sy, matrix cannot be precisely determined, as knowledge of the

true forward model parameters is needed. Estimating these quantities for each retrieval

calculation is computationally expensive and therefore they have been assumed to be
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Figure 5.9: Ozone smoothing error covariance matrix contours, Ss, calculated for the

retrieval using the spectrum shown in Figure 5.2, which was recorded on 17 June 2003.

systematic and constant for each trace gas. Previous work has shown that errors arising
from forward model ray-tracing with FSCATM and SFIT2 are less than 1% [Schneider
et al., 2005b]. Errors arising from inaccurate spectroscopic line parameterization are
manifested as artificial line broadening/narrowing which will reflect artificial subsidence
of the trace gas, but do not impact the precision of columns or properly defined partial
columns [Schneider et al., 2005b]. For this reason, estimates of spectroscopic errors are
neglected. The principal component of forward model error is temperature error. This

was explored at length by Wiacek [2006] and has been found to contribute up to 10%
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error in the total column for some species.

The third term in Equation 5.24 represents the retrieval noise, S,,. This is essentially

the mapping of the spectral measurement noise into the state space, and is expressed as:

S = <G€€TGT>

= GS.G”. (5.27)

The S matrix represents the covariance of the measurement noise in a given spectral
microwindow. As this error is random and irregular, it must be estimated for each
observation. To ease the computational burden associated with these calculations, the
covariance matrix is chosen to be diagonal and uncorrelated. The elements of the matrix
represent each of the spectral elements in the microwindow and are estimated from the

noise in the residual of the fit:

S = 0%y 1, (5.28)

where RM S denotes the root-mean-square value of the residual. Figure 5.10 shows the
retrieval noise covariance matrix for the sample measurement of ozone taken on 17 June
2003. This error shows some anti-correlation, with off-diagonal elements in the strato-
sphere. However, in comparison to other sources of error, the magnitude of this error is

actually very small and is often negligible.

There is one final error quantity that arises from having a state space that includes
more than just one retrieved quantity. As the averaging kernel matrix is a complicated
combination of weighting function matrices and error covariance matrices (see Equation

5.22), it usually contains off-diagonal elements that represent unphysical correlations:
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Figure 5.10: Ogzone retrieval noise covariance matrix contours, S,,, calculated for the

retrieval using the spectrum shown in Figure 5.2, which was recorded on 17 June 2003.

AppAprpi
A = ApAAy | (5.29)

AipAixAg
where the subscript p denotes elements of the state space that represent fitting param-
eters, the subscript = denotes elements of the state space that represent the principal
trace gas profile, and the subscript ¢ denotes elements of the state space that represent

interfering species. Following the approach of Rodgers and Connor [2003], this error is
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referred to as state space interference error, S,, and can be estimated as:

Sp = ApxSapAl, + AxiSaiAL (5.30)

X

where S,p and Sa; are the a priori covariance matrices for the fitting parameters and
interfering species, respectively (for all the retrievals presented here, these matrices are
assumed to be diagonal with 100% covariance). Figure 5.11 shows the state space inter-
ference error calculated for the sample measurement of ozone taken on 17 June, 2003. As
with the retrieval noise covariance matrix, this matrix shows pronounced anti-correlated
values in the stratosphere. It also has a very small magnitude and ultimately contributes

little to the total error covariance.

There is one other potential source of error that is not considered here. As was mentioned
in Section 5.2, the forward model described by Equation 5.4 is actually an approximation
to the true physics represented by the forward function. As knowledge of the physics of
the atmosphere is already represented as precisely as possible in the forward model, it
is difficult to estimate how this deviates from the truth given by the forward function.

For this reason, modelling bias is often neglected in the estimate of retrieval uncertainty

[Rodgers, 2000].

Total error covariance, S¢, associated with the final retrieved quantities can be estimated

by adding all of the source error terms together:

S, = S.+S¢+Sm+S,. (5.31)

Figure 5.12 shows the total error covariance matrix for the sample ozone retrieval from 17

June 2003. It may be seen that the dominant source of error comes from a combination
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Figure 5.11: Ozone state space interference error covariance matrix contours, Sy, calcu-

lated for the retrieval using the spectrum shown in Figure 5.2, which was recorded on 17

June 2003.

of the smoothing error and the forward model error due to temperature error (here, it

was assumed that the temperature error was constant at 9% for all layers).

As the final, retrieved products of the TAO-FTS are total and partial column concen-
trations, there is a recurring question about how to represent the total retrieval error for
these lone quantities. A 38 by 38 dimensional covariance matrix cannot be reduced to
one number without losing some information. The practice currently in use at TAO is to

assume that the diagonal elements of the covariance matrix (that is, the variance of each
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Figure 5.12: Ozone total retrieval error covariance matrix contours, S¢, calculated for the

retrieval using the spectrum shown in Figure 5.2, which was recorded on 17 June 2003.

profile element) are independent and can be added together in quadrature for a given

column. Therefore, for a column concentration calculated from Equation 5.23, the total

de= > S, (5.32)

where i spans the elements for the altitude range over which the column is calculated.

retrieval error, 0¢ is estimated as:

To understand how the relative sources of error contribute to this total estimate, Figure



CHAPTER 5. OBSERVATIONS AND DATA ANALYSIS 89

5.13 shows the breakdown of the individual variances. All error estimates for columns

shown in the following sections will be based on Equation 5.32, unless otherwise stated.
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Figure 5.13: Ozone retrieval variances (o) derived for the retrieval of the spectrum shown
in Figure 5.2, which was recorded on 17 June 2003. The total error (black) is determined
by adding the retrieval noise (red), the state space parameter interference error (purple),
the smoothing error (green), and the forward model error (cyan), in quadrature. The a

priori error is shown in blue. All values are expressed in parts per volume.

The example retrieval errors shown in Figure 5.13 indicate that this retrieval is not useful
as the total error exceeds the a priori error (that is, the measurement does not contribute
to the knowledge of the true state). As was pointed out earlier, this is primarily due to
the fact that the smoothing error for this particular retrieval is greater than the a prior:
error. This example was shown here to specifically demonstrate the influence of blindly

choosing an ad-hoc a priori error covariance matrix: although it provided numerical sta-
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bility, it did not provide useful results.

However, when the same a priori error covariance matrix is used to retrieve NoO from
the exact same spectrum, the error variance shows that this retrieval is much more
useful. Figure 5.14 shows that the total error only exceeds the a priori error above
approximately 40 km, where retrievals are insensitive to volume mixing ratios of NyO.
In the troposphere, where NyO is primarily located, the error terms are all less than
the a prior: error, indicating that this retrieval is contributing to the knowledge of the
true state. This emphasizes the subtle point that although results from some retrievals
may indicate the actual measurement is not useful, results from other retrievals can
demonstrate the exact opposite. It is for this reason that results from all retrievals must

be carefully scrutinized before they can be considered reliable.

5.4 Information Content Analysis

As was discussed in the previous two sections, retrieving VMR profiles on a 38-layer
altitude grid does not imply that there are 38 independent pieces of information in each
measurement. The vertical resolution, rather, is much coarser than this and requires
that partial columns be calculated with Equation 5.23. To determine the altitudes over
which these partial columns can be derived, it is necessary to consider the information
content of a given measurement. To continue with the same formalism that has already

been developed, the derivations in this section will be based on the work of Rodgers [2000].

As the weighting function matrix, K, is responsible for relating the true state of the
atmosphere to the observation, it is necessary to scrutinize this matrix in detail. The
observation does not provide enough information to represent the truth on a 38-layer

altitude profile. Only part of the truth will be captured by the signal in the observation,
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Figure 5.14: N,O retrieval variances (%) derived for the retrieval of the spectrum shown
in Figure 5.2, which was recorded on 17 June 2003. The total error (black) is determined
by adding the retrieval noise (red), the state space parameter interference error (purple),
the smoothing error (green), and the forward model error (cyan), in quadrature. The a

priori error is shown in blue. All values are expressed in parts per volume.

while the rest of the truth will be indistinguishable from the noise. To determine how
the weighting function matrix maps between the observations and the truth, the state

vectors must first be rotated and normalized.

To ensure that the weighting function matrix has independent layers with no off-diagonal

elements, the state vectors must be pre-whitened. Let
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(5.33)

This transforms the relationship between the observed state space and the true state

space to:

The measurement covariance in this new coordinate space becomes:

U
w2
Moj—
<

U
<

<

{(Kj*mt ) (R + g>T>

KK’ + 1,

(5.34)

(5.35)

where I, and I,, denote the identity matrices that are generated from the X and € unit

matrices, respectively. The n-dimension represents the true state (38 layers, at TAO) and

the m-dimension represents the observed state (that is, the number of spectral elements

in a given microwindow). Since I, is the component of the covariance matrix that arises

from the measurement noise, it follows that KK” must represent the variability of the

true state that is captured by the measurement. To ensure that the product KK is

diagonal and therefore comparable to I,,, Singular Value Decomposition is performed on

K:

K = UAV7,

(5.36)
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where U is an m by m orthogonal matrix, V is an n by n orthogonal matrix, such that
UTU = VIV =T and A is the diagonal matrix of singular values. If another coordinate

space is defined as:

x = Vg,
y = Uy, (5.37)
then Equation 5.34 can be re-written as:
y = Kx+¢

= Uy = UAVTVx%+é
=y = UTUAVTVx+UTe

= A%+é€ (5.38)

Since € is white, its covariance matrix is the identity matrix and substituting this result
into Equation 5.35 shows that KK” = A2 Therefore, each singular value, \;, that is
greater than about 1 will be represented by the observation better than the noise. From
this, the number of independent pieces of information that can be derived from a given

measurement is reflected in the singular values of the K matrix.

Following directly from this derivation is the concept of degrees of freedom for signal. As
the initial formulation of the retrieval equation used here was based on Gaussian statistics
(see Section 5.2), the most probable state is represented by a x? distribution in which
the total degrees of freedom are equal to the number of measurements. These degrees of
freedom will be partitioned into two categories: the degrees of freedom for signal, d,, is
attributable to the state vector, and the degrees of freedom for noise, d,,, is attributable

to the error. The degrees of freedom for signal can be derived from:
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d, = <(§< xS (% — xa)> . (5.39)

In terms of the coordinate transformations in Equations 5.33 and 5.37, this can be sim-

plified to:

dy = tr|A% (A% + 1)

2

B ;1+>\'

(5.40)

SN

Figure 5.15 shows singular vectors and their associated degree of freedom for signal per
vector calculated from their singular values for a sample ozone observation made by the
TAO-FTS. The total degrees of freedom for signal of this retrieval is 1.67. This indicates
that there are less than two independent pieces of information contained in the retrieved
state vector, X. Realistically, this limits the retrieval to only one partial column. The
singular vector that has the degree of freedom equal to almost 1 is most strongly repre-
sented in the retrieval. The full width at half maximum of this singular vector can be
used to guide the altitudes over which the partial column can be integrated. In this case,
the indicated altitudes range is 20-36 km. The portions of the retrieved ozone profile
beyond this altitude range are represented by the a prior:i profile as the true state space
over these altitudes was lost in the measurement noise. This is consistent with Figures
5.4, 5.5, 5.6, and 5.7 from Section 5.2 which indicate that the retrieval is most sensitive

over a similar altitude range.

As the ozone retrieved from the spectrum obtained on 17 June 2003 was shown to have
limited vertical information content, it is necessary to consider how the quality of results

from the TAO-FTS can be optimized. This is addressed in the next section.
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Figure 5.15: Ozone leading singular vectors and the associated degree of freedom for
signal per vector calculated from their singular values for the retrieval using the spectrum
shown in Figure 5.2, which was recorded on 17 June 2003. The total degrees of freedom

for signal for the retrieval is 1.67.

5.5 Trace Gas Concentrations and Submission to the

NDACC Archive

As the Toronto Atmospheric Observatory is a complementary station of the Network for
the Detection of Atmospheric Composition Change, it is an obligation that data from the
TAO-FTS be submitted to the NDACC. For the purposes of the NDACC, there are seven
trace gases measured by the TAO-FTS that are currently archived: HCI, HF, NoO, NOs,
NO, O3, and CHy. For each of these gases, total column values, stratospheric partial

columns, tropospheric partial columns, and all of their respective errors are calculated
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and submitted. The first such submission took place in June 2005, and included all
TAO-FTS data until the end of 2004 [Wiacek, 2006]. The second submission, which was
performed as part of this project, took place in September 2007 and was composed of all
the data collected by the TAO-FTS in 2005-2006. The details of the individual retrievals
(including microwindow fits) can be found in Appendix A. The retrievals, errors, and

information content details are summarized in Tables 5.2, 5.3 and 5.4, respectively.

Table 5.2: Summary of the TAO-FTS 2005-2006 data submitted to the NDACC archive.

The degrees of freedom for signal were calculated using Equation 5.40.

Trace Total Number 2005 2005 2006 2006
Gas of Spectra Mean d, Std. Dev. d;, Mean d, Std. Dev. d;

HCI1 381 3.32 0.170 3.36 0.212
HF 170 2.27 0.194 2.36 0.172
N,O 403 3.00 0.161 3.15 0.088
NOo 392 2.62 0.170 2.62 0.173
NO 70 1.10 0.244 1.14 0.142
O3 405 1.93 0.188 2.07 0.118
CHy 429 3.18 0.141 3.23 0.132

As there is so much data to manage, it is necessary to establish and maintain a regular
quality control scheme by which these data can be scrutinized. To facilitate this, a two-

stage quality control plan was developed.

The first stage applies to the spectral measurements (i.e., the Level 1 data product). As
each spectrum is recorded over a duration of approximately 20 minutes, it is possible

that there is interference in the infrared radiation due to transient clouds. This source of
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Table 5.3: Summary of the mean percentage error of the species retrieved from TAO-
FTS 2005-2006 data submitted to the NDACC archive. All values are composed of the

smoothing error and retrieval noise error combined in quadrature.

Trace 2005 2005 2005 2006 2006 2006
Gas 0-100 km 0-15km 15-50 km 0-100 km 0-15 km 15-50 km

HCI1 0.7 16 1.8 0.7 16 1.7
HF 1.4 30 2.0 1.2 29 1.9
N.O 0.3 0.6 4.2 0.2 0.5 4.1
NOo 4.8 7.2 4.9 5.0 7.2 5.1
NO 5.2 20 6.9 4.7 20 6.3
O3 2.2 9.2 2.3 2.0 9.3 2.0
CH, 0.5 0.7 3.8 0.4 0.7 3.8

error is manifested in the spectrum as a net decrease in radiant intensity and, ultimately,
a lower than normal signal-to-noise ratio. As was mentioned in Section 5.3, consideration
is made for this in the calculation of measurement error, however, there must be a limit
at which the measurement error becomes so large that the spectrum is no longer reliable
as a high-precision observation. Imposing rigid numerical quality control boundaries for
each spectrum is not feasible as each trace gas retrieval comes from a different part of
the spectrum and, therefore, will include lines of various strengths and microwindows of
various SNR. Consequently, SNR boundaries must be imposed for each individual trace

gas retrieval.

To determine what the “normal” SNR value for a given microwindow is, an ensemble
of retrievals in that microwindow must be scrutinized. After collecting data in a one

year period at TAQO, the SNR values for all of the fitted spectra in each microwindow
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Table 5.4: Summary of the mean degrees of freedom for signal of the species retrieved from
TAO-FTS 2005-2006 data submitted to the NDACC archive. All values were calculated

using Equation 5.40.

Trace 2005 2005 2005 2006 2006 2006
Gas 0-100 km 0-15km 15-50 km 0-100 km 0-15 km 15-50 km

HCI1 3.32 0.625 2.69 3.36 0.643 2.70
HF 2.27 0.312 1.96 2.36 0.342 2.02
N.O 3.00 1.46 1.54 3.15 1.51 1.64
NOo 2.62 0.412 2.21 2.62 0.421 2.20
NO 1.10 0.018 1.00 1.14 0.014 1.05
O3 1.93 0.148 1.78 2.07 0.172 1.90
CH, 3.18 1.52 1.66 3.23 1.54 1.69

are statistically analysed. The residual of the spectral fit in a microwindow is used to

determine the SNR:

1

ORMS

SNR =

(5.41)

The median SNR value is then calculated from the ensemble of retrievals for a given year.

The cutoff value for spectra that are considered too noisy is taken to be

1.2 % (SNR), (5.42)

where (SNR) denotes the median signal-to-noise ratio. This cutoff value of 20% above
the median was determined from a systematic study carried out by Wiacek [2006] for

a previous submission of TAO-FTS data to the NDACC archive, and is used for all gases.

Because Equation 5.41 is directly related to the measurement error (Equation 5.28), this
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is, in effect, equivalent to defining the quality control in terms of the observation errors.
However, it is thought that the SNR is a more readily interpretable quantity for deter-
mining the quality of a spectrum and was therefore used instead. A listing of all SNR
cutoffs used for each of the gases submitted to the NDACC archive for the years 2005

and 2006 is shown in Table 5.5.

Table 5.5: Results from the first stage of quality control for the TAO-FTS 2005-2006
data submitted to the NDACC archive.

Trace Gas Number of Spectra SNR Cutoff Number Rejected Number Accepted

HCl 558 772 177 381
HF 281 261 111 170
N,O 267 471 164 403
NO, 544 1035 152 392
NO 115 159 45 70
O3 959 363 150 405
CH,4 562 719 133 429

This first stage of the quality control process is designed to ensure that there are no
sub-standard measurements being considered in any scientific studies. However, it is still
possible that the retrieved atmospheric trace gas concentrations are unreliable due to
poor-quality retrievals. The second stage of the quality control process should ensure

that this does not happen.

This second stage applies to the retrieved VMR profiles (i.e., the Level 2 data product).

Although the altitude resolution of trace gas profiles retrieved from ground-based, solar
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absorption spectra is limited (see Section 5.4), it is still helpful to scrutinize retrieved

profiles to ensure that the integrated column amounts are reliable.

It directly follows from the retrieval theory outlined in Section 5.2 that the retrieved
profiles are expected to deviate from the a priori profile, but this deviation should be
within the a priori error. Since the a priori error is based on the natural variability of
the trace gas profile, deviations beyond this value are exceptional and are most likely
unphysical values due to numerical instability that arises from matrix ill-conditioning in
Equation 5.10 [Hase et al., 2004]. Therefore, quality control should consider the extreme
values of the retrieved profiles. The most direct way of doing this, is to simply impose

the following criterion:

% e [xa—Q S xa+2\/§ﬁ]. (5.43)
This implies that the retrieved profile should lie within +2¢ of the a priori profile. This
selection criterion is useful for most of the species of interest (HF, NyO, NO, NOy, and
O3), but not necessarily all of them. Because this criterion implicitly assumes that the
retrieved state is linearly related to the a priori state, it does not always allow for true
atmospheric variability which can span orders of magnitude due to the exponential nature
of atmospheric pressure (see Figure 2.1). For CH, this was easily rectified by allowing

an additional 20% variability. That is:

Roma € [xa —2.2\/Sa, Xa+ 2.2\/5%} . (5.44)

This relaxation in the criteria for CHy is not unreasonable as the variability of methane
has previously been identified as problematic for both satellite-based FT'S retrievals [Wor-
den et al., 2004] and ground-based FTS retrievals [Dils et al., 2006].

For retrievals of HCI, this issue was more complicated as the a priori profile spanned
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several decades (from 107 to 107!2 parts per volume). Because of this large range in the
state space, the retrieved trace gas profile frequently had oscillations that were negative
and, therefore, unphysical. This problem has been previously identified at TAO [Wiacek,
2006] and in other retrieval data sets [Hase et al., 2004]. Although the negative profile
values are unphysical, these values frequently occur in the troposphere and contribute
little to the integrated column amounts (see Figure 5.16). Because these retrieved profiles
are known to not be accurate representations of the troposphere (see the degrees of
freedom for signal given in Table 5.4), allowance for negative profile oscillations was
added to the quality control of HCI (the final timeseries of columns is shown in Figure

5.17):

Rerc € [—xa +2/Sans Xt 2\/Saﬁ] . (5.45)

By allowing both HCI and CH, to have tailored quality control criteria on their respec-
tive retrieved profiles, the number of accepted and rejected observations from the second

stage of the quality control is consistent with those of the other trace gases (see Table 5.6).

Figures 5.18-5.22 show the resulting 2005-2006 timeseries of retrieved columns submit-
ted to the NDACC archive. For consistency, total columns (0-100 km), stratospheric
columns (15-50 km), and tropospheric columns (0-15 km) are calculated for every species
regardless of whether the averaging kernels and degrees of freedom for signal support
such concentrations (see Table 5.4). Errors are derived from combining the correspond-

ing smoothing error and retrieval noise in quadrature, for each species (see Table 5.3).

The HCI columns shown in Figure 5.18 once again demonstrate the importance of consid-
ering the altitude sensitivity of the measurements and the related degrees of freedom for
signal. As HCI is predominantly found in the stratosphere, the total columns are almost

equivalent to the stratospheric columns. The tropospheric columns are comparatively
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Figure 5.16: The second stage of the quality control process applied to retrievals of HCI.
Accepted profiles have solid lines, while rejected profiles have dashed lines. The volume

mixing ratio is expressed in parts per volume.

very small and significant uncertainty is associated with them. The mean degrees of
freedom for signal of the total HCI columns are 3.3 while those of the tropospheric and
stratospheric columns are ~0.6 and 2.7, respectively. This further indicates that the
bulk of the information gained by the measurement is present in the stratosphere and

the values in the troposphere are composed almost entirely of the a prior: values.

Similar to HC1, both HF (see Figure 5.19) and O3 (see Figure 5.20) are gases which have
a predominantly stratospheric signal. In both cases, the total columns and stratospheric
columns virtually overlap while the tropospheric columns are close to zero. The mean

degrees of freedom for signal of total column HF are 2.3 while those of the HF strato-
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Figure 5.17: Results from the second stage of the quality control process applied to
retrievals of HCl. Total columns of HCI are shown as blue dots, with rejected column
values circled in red. The rejected columns were represented by the profiles with the

dashed lines in Figure 5.16.

spheric columns are ~2.0 and HF tropospheric columns are ~0.3. The same distribution
of information in the measurements is seen in the Oz retrievals as the mean total column
degrees of freedom for signal are ~2.0, while those of the stratosphere and troposphere

are ~1.8 and ~0.2, respectively.

N5 O results display the opposite effect as it is predominantly located in the troposphere
and, as such, its total column values are primarily comprised of its tropospheric column
(see Figure 5.21). It is important to note that although the NyO stratospheric columns

are comparatively small, they still contain useful information. For this gas, both the
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Table 5.6: Results from the second stage of quality control for the TAO-FTS 2005-2006

data submitted to the NDACC archive.

Trace Gas Number of Profiles Number Rejected Number Accepted

HCl 381 10 371
HF 170 19 151
N,O 403 197 206
NO, 392 17 375
NO 70 9 61
O3 405 4 401
CHy 429 64 365

tropospheric and stratospheric column mean degrees of freedom for signal are ~1.5, indi-
cating that the information contained in the measurement is evenly distributed between
these two regions of the atmosphere. The mean total column NyO degrees of freedom
for signal are x3.0. Therefore, unlike HCI, HF, and Os, retrievals of NoO have vertical

sensitivity over the entire 0-50 km range.

The CH, retrievals are similar to those of NyO as they have with vertical sensitivity in
both the troposphere and stratosphere (see Figure 5.22). The mean total column degrees
of freedom for CHy are 3.2 while those of the stratosphere and troposphere are ~1.5
and 1.7, respectively. Therefore, CH4 can also be measured well over the entire 0-50

km range.

NO and NOj retrievals are marked by their relatively large column uncertainty (see Fig-
ures 5.23 and 5.24, respectively). NO tropospheric columns appear to be relatively large,

but this is almost entirely due to the a priori values as the mean degrees of freedom for
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Figure 5.18: HCI total columns, stratospheric columns, and tropospheric columns sub-
mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.

signal in the troposphere is close to 0. Almost all of the information in the NO retrievals
is found in the stratospheric column as the mean total and stratospheric degrees of free-

dom for signal are ~1.1 and ~1.0, respectively.

The NO, retrievals are similar in that almost all of the information is contained in the
stratospheric column. The mean total column degrees of freedom for signal are 2.6 while

those of the stratospheric and tropospheric columns are ~2.2 and ~0.4 respectively.

The assessment of the quality of these retrieved quantities through cross-validation with

other ground-based measurements is addressed in the next chapter.
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Figure 5.19: HF total columns, stratospheric columns, and tropospheric columns sub-
mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.
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Figure 5.20: Oj total columns, stratospheric columns, and tropospheric columns sub-

mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.
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Figure 5.21: N5O total columns, stratospheric columns, and tropospheric columns sub-
mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.
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Figure 5.22: CHy4 total columns, stratospheric columns, and tropospheric columns sub-
mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.
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Figure 5.23: NO total columns, stratospheric columns, and tropospheric columns sub-
mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise

added together in quadrature.
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mitted to the NDACC archive. Error bars represent smoothing error and retrieval noise
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Chapter 6

Ground-Based Data Validation

As atmospheric remote sensing relies on the observation of one variable to yield insight
into the state of another variable, an inversion of the function relating these two vari-
ables must be performed to retrieve the final data product of interest (see Section 5.2).
The relationship between the measured quantity and the proxy variable is often com-
plicated and requires many a priori estimates [Rodgers and Connor, 2003|. An integral
part of scrutinizing the quality of the data collected by an instrument is to validate the
retrieved values by comparing them with a standard data set. Ideally, this standard
data set would adequately reflect the true state of the atmosphere; however, if the true
state were actually known, there would be little need to make further measurements.
As such, the process of instrument validation is concerned with detecting any potential
bias between the data products of two instruments as well as to aid in characterizing the
precision of the measurements. As a standard data set is not always available, it is often
necessary to compare like observations from one or more instruments that have not pre-
viously been validated. This provides equally valuable insight into the characterization

of the instrument and is commonly referred to as “cross validation” [von Clarmann, 2006].

Traditionally, all instruments must go through a validation and certification process prior

112
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to gaining official status as an NDACC affiliated instrument [Kurylo and Zander, 2000].
As Fourier transform spectrometers are typically large instruments that have limited mo-
bility, it is often impractical to validate an instrument with side-by-side intercomparison
campaigns |Griffith et al., 2003]. To certify TAO as a complementary site of the NDACC,
a retrieval intercomparison was performed in which the data recorded by the TAO-FTS
and the expertise of the operating personnel was scrutinized (for details, see Wiacek et al.
[2007]). Following the NDACC certification of TAO in 2004, arrangements were made to
have a side-by-side instrument intercomparison campaign with a second FTS known as
the University of Toronto Fourier Transform Spectrometer (U of T FTS), immediately
followed by a shorter focused campaign involving a third F'TS: the Portable Atmospheric

Research Interferometric Spectrometer for the Infrared (PARIS-IR).

Previous intercomparisons of ground-based FTS observations have primarily focused
upon the agreement of quantities retrieved with different analysis algorithms or addressed
how the individual instrument performance impacts the retrieved vertical column concen-
trations [Paton-Walsh et al., 1997, Goldman et al., 1999, Griffith et al., 2003, Meier et al.,
2005, Hase et al., 2004]. Similarly, this intercomparison sought to address the question of
agreement between the instruments’ measurements, but because they were both located
at the University of Toronto, extensive simultaneous measurements could be made over
a duration of four months. These relatively large data sets allowed for a more detailed
statistical comparison than previous ground-based campaigns. By employing the vertical
profile retrieval technique technique in use at TAO, analytical calculations of averaging
kernels could be made, allowing for a better characterization of the agreement between
altitude sensitivity of the individual measurements. Consequently, the differences be-
tween the measurements were considered in terms of systematic biases, both additive

and multiplicative.
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The study is presented here in two parts; the first addresses the long timeseries of coin-
cident observations between the TAO-FTS and the aforementioned U of T FTS [Taylor
et al., 2008], while the second is a focused campaign which compared these two instru-
ments with a third, lower-resolution FTS using data acquired over a two-week period
[Wunch et al., 2007]. While both comparisons were necessarily collaborative in nature, it
should be noted that the focused comparison was included in the work of another PhD
project and, as such, every effort has been made to ensure that the work presented here
is representative of the work done for this project. Both intercomparisons focused on
the same four gases: Oz, HCl, N,O, and CHy. In addition to testing the repeatability
of whether spectral resolution impacts the retrievals of all four gases, the cause of the
differences between O3 and HCI was determined by analysing differences between the

instruments’ total column averaging kernels.

These four trace gases were chosen for the comparison data set as they are a scientifically
important cross-sectional sample from both the troposphere and stratosphere. Strato-
spheric O3 is known to be important not only in the context of the ozone layer, but also
as a greenhouse gas (see Section 2.4). HCI is related to stratospheric ozone depletion
because it acts as a reservoir species for reactive chlorine that catalyzes ozone loss (see
Equation 2.4). Both of these gases are predominantly found in the stratosphere and, as
such, test the instruments’ abilities to precisely detect stratospheric species. The other
trace gases, CH, and N,O, are two of the most important greenhouse gases (see Figure
2.2). As well, CHy is an important precursor of ground level ozone (see Equation 2.7), and
N,O is the source of stratospheric NO, (see Section 2.2). As these two species are pre-
dominantly tropospheric, they provide an adequate test of the instruments’ tropospheric

sensitivities.
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6.1 Extended FTS Intercomparison

This intercomparison campaign was held from 26 May - 2 September 2005 with a lower-
resolution instrument known as the U of T FTS. To date, this campaign represents the
longest intercomparison of ground-based observations between Fourier transform spec-
trometers and, therefore, provides a timeseries of side-by-side observations larger than

any previous cross-validation exercises (see Taylor et al. [2008] for details).

6.1.1 Uof TFTS

The University of Toronto’s Fourier Transform Spectrometer is an ABB Analytical DA5
instrument with a 50-cm maximum OPD that records single-sided interferograms along
a linear mirror path. The instrument measures with two photovoltaic detectors (InSb
and MCT) simultaneously through the use of a beamsplitter. The U of T FTS has a
spectral range spanning 1200-5000 cm™! that is constrained by the detectors, a CaF,

beamsplitter and a germanium solar filter.

The instrument has had new electronics and software installed so that it can be used
both on high-altitude balloon platforms and on the ground. It has taken part in the
Middle Atmosphere Nitrogen TRend Assessment (MANTRA) mission high-altitude bal-
loon flights, flown biennially in 1998-2004 from Vanscoy, Saskatchewan, Canada (52° 01’
N, 107° 02" W, 511.0 m) [Strong et al., 2005]. The modifications include control software
that allows automated measurements and access to housekeeping data (voltages, temper-
atures, etc.). The U of T FTS has also been fitted with a sun tracker that has a small
tracking range (£10° in both zenith and azimuth). It is used on the balloon to track the
Sun during sunrise or sunset, where it performs fine azimuth pointing to complement the
payload’s main pointing system. The tracker for this intercomparison is used to align the

U of T FTS with the TAO sun tracker. A more detailed description of the U of T FTS
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can be found in Wunch et al. [2006].

For the purpose of this intercomparison campaign, only data from the MCT detector are
shown. At two points during the summer of 2005, the detector alignment system for the
InSb detector was upgraded (without affecting the MCT detector alignment), hence, a
time series based on InSb observations would add uncertainty to the results. The spectral

ranges of the two detectors overlap in all regions of interest for this study.

6.1.2 Intercomparison Strategy

The observation strategy for this intercomparison campaign was designed to determine
the influence of the instruments on retrieved vertical column amounts by minimizing the
impact of other factors. By using co-located, ground-based instruments, many of the
challenges associated with instrument intercomparisons can be eliminated. Because the
instruments were simultaneously measuring solar absorption, they were, in effect, both
sampling the same infrared spectra. Consequently, there is no need to consider the effects
of temporal and/or spatial sampling heterogeneity. Additionally, the retrievals performed
on the recorded spectra utilized the same constraints by measuring in the same spectral
range, using identical retrieval methods, a priori information, line parameters, and model
atmospheres. This ultimately provided observation systems that were so similar, there
was no need to consider the differences in data products in the fashion recommended by
Rodgers and Connor [2003]; rather, the differences arising from this intercomparison can

be directly related to the instruments.

To measure the same atmospheric path simultaneously with both instruments, the solar
beam from the TAO sun tracker was shared by using a small pick-off mirror to deflect
a portion of the light into the U of T FTS. Every effort was made to ensure that the

TAO-FTS incurred a minimal loss of signal (the mean SNR decrease was less than 5%
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in comparison to the nominal SNR), while still providing sufficient signal for the U of T
FTS. This arrangement ensured that the atmospheric conditions were identical for each
instrument throughout the measurements. To further ensure simultaneity, the U of T
FTS co-added interferograms to match the recording periods of the TAO instrument,
which has a longer scan time. While the TAO-FTS co-adds four interferograms to record
one spectrum in approximately 20 minutes, the U of T FTS only requires 50 seconds
to record an interferogram. Consequently, 15-20 scans from the U of T FTS were co-
added to generate a spectrum that was coincident in time with that of the TAO-FTS.

See Table 6.1 for more details.

Table 6.1: Instrument parameters from the ground-based, extended FTS intercomparison

campaign.
Parameters Uof T FTS TAO-FTS
Maximum Optical Path Difference (cm) 50 250
Time per scan (s) 50 300
Interferograms per Spectrum 15-20 4
Spectral Range (cm™) 1200-5000 F3 (2400-3100)
Measurement Period 26 May—12 Sept. Year-round

As this comparison uses measured solar absorption of O3, HCI, CH4, and N,O in the
same spectral region, TAO-FTS measurements used in the intercomparison were carried
out solely with NDACC Filter 3, which spans 2400-3100 cm~!. This was chosen for two
reasons: first, the Filter 3 region has the strongest signal, and so the slight loss from the
pick-off mirror used to feed the U of T FTS was of little consequence to the SNR of the
TAO-FTS observations, and second, filter 3 contains informative spectral features for all

four of the species of interest.
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As was mentioned previously, these four gases were chosen as they represent species that
are predominantly located within the stratosphere (O3 and HCI) as well as species that
are predominantly tropospheric (CH, and N,O). By making this choice, the differences
in the pressure broadening of spectral lines observed by the lower and higher-resolution
instruments could be investigated. Additionally, all of these compounds are of scientific
interest and, therefore, require precise measurements. Vertical profile retrievals of Oj
from ground-based FTS spectra were first retrieved by Pougatchev et al. [1995], while the
first ground-based FTS measurements of HCl were recorded by Goldman et al. [1986].
No,O and CHy have both been routinely observed by ground-based FTIR since 1979
[Zander et al., 1989, Wallace and Livingston, 1990a,b, Zander et al., 1994].

6.1.3 Data Analysis

As is standard protocol for data analysis at TAO, the SFIT2 algorithm was used for
retrieving results from both the TAO-FTS and the U of T FTS. This employs the Opti-
mal Estimation Method (OEM) that was outlined in Section 5.2. Previous ground-based
intercomparison campaigns have relied on the SFIT1 algorithm [Rinsland et al., 1982],
which treated all quantities in the state space as scaling factors for VMR profiles, and
utilized a nonlinear least squares fitting routine as opposed to the OEM technique. Col-
umn concentrations retrieved with SFIT2 from ground-based spectra have been compared
with like results from other retrieval algorithms and have been found to agree within 1%

for matched retrieval constraints [Hase et al., 2004].

The nonlinear forward model of the SFIT2 algorithm also uses FSCATM v2.03, which
relies on a prior: knowledge of pressure, temperature, and VMR profiles to perform
refractive ray tracing and calculations of the air mass distribution for a model atmosphere.
The TAO-FTS standard operating parameters were used for this (see Section 5.2) so as

to eliminate any differences in the parameterization of the retrieval.
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To reduce the computational burden, retrievals have traditionally been carried out in
small “microwindow” intervals which contain the spectral absorption features of interest.
Table 6.2 shows the microwindows used for all of the retrievals in this intercomparison
as well as the interfering gases fitted. The selection of the range and parameters of these
microwindows was based upon previous intercomparison campaigns [Meier et al., 2005]
and on the available spectral range of the instruments. For each of the target gases, the a
priori covariance matrices were constructed to represent 30% standard deviation in all 38
layers of the state space without any off-diagonal correlations so as to provide the most
numerically stable retrievals [Rodgers and Connor, 2003]. The measurement covariance
matrices were constructed using the SNRs of the spectral microwindows and were also

chosen to be uncorrelated.

Most instrument intercomparison and validation campaigns often encounter the problem
of only having a brief period of time in which to gather coincident data, thus limiting the
number of measurements available for comparison. Previous campaigns have provided
statistical comparisons of such data sets, but were constrained to comparing mean values
[Goldman et al., 1999, Griffith et al., 2003] or considering systematic biases [Paton-Walsh
et al., 1997, Meier et al., 2005]. As well, previous campaigns have been restricted to us-
ing column retrieval algorithms in which the altitude information is folded into the data

products.

The advantage of having a relatively long-term intercomparison of coincident observa-
tions by two instruments is the opportunity not only to gather a large quantity of good
data, but also to develop a more rigorous statistical analysis of the differences between
the data sets. Furthermore, by having two observing systems make simultaneous obser-
vations with identical viewing geometry, similar instrumentation, and the same retrieval

algorithms and constraints, many of the barriers that inhibit the direct comparison of
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Table 6.2: Spectral microwindows used for the retrieval of each trace gas as well as
interfering species that were fitted simultaneously in the ground-based, extended FTS
intercomparison campaign. Both CHy and Oz (2775) were globally fitted with three

simultaneous band-passes.

Target Microwindow(s) Interfering Typical SNR Typical SNR
Gas (em™) Gases (TAO-FTS) (U of T FTS)
O3 3039.90-3040.60 H,0O, CH, 205 365

O3 2775.68-2776.30  CH,4, CO,, HCI, NoO
2778.85-2779.20 CH,4, HDO, N,O 410 915
2781.57-2782.06 CH,4, HDO, N,0O, CO,

HCl  2925.75-2926.05  H,0O, CHy, NO2, Og 685 760
NoO  2481.30-2482.60 COq, CHy, O3 465 610
CH,  2859.83-2860.21 H,O, HCI, O3

2898.32-2898.98 (same as above) 420 350

2903.60-2904.16 (same as above)

observations, such as different smoothing error covariances [Rodgers and Connor, 2003,
a priori states [von Clarmann and Grabowski, 2007], or different altitude grids [Calisesi
et al., 2005], can be neglected. By utilizing the SFIT2 profile retrieval algorithm, an
analysis of the vertical sensitivity of the observations can aid in better quantifying the
cause of the differences. For this reason, initial comparisons were made between the two
data sets by using statistical approaches that incorporate both additive and multiplica-

tive biases [Dunn, 2004].

If it is assumed that two vectors of multiple measurements of a variable quantity, y; and

y2, made by the two instruments are each linear representations of a true quantity, 7,
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then the two data sets can be expressed as:

Y1 = Oé+57'+el7

y2 = Y7+0T+ea. (6.1)

The slopes of the equations, § and 9§, represent the multiplicative biases for the first and
second data set, respectively. Physically, this characterizes how sensitive an instrument is
to changes in the truth. The intercepts of the equations, o and ~, represent the additive
biases for the first and second data sets, respectively. Physically, this accounts for any
consistent bias between the observations and the truth. The vectors e; and e, represent

the errors in y; and ys, respectively.

By substituting for the true quantity, 7, a single equation relating the two data sets can

be derived:

y2=%y1+ v+e2—%<a+el> | (6.2)

Therefore, by plotting data sets of coincident observations against each other and solving
for the line of best fit, the slope will yield the ratio of the relative multiplicative biases
of the two instruments, while the intercept will be a combination of the multiplicative

biases, additive biases, and errors.

It is important to note that this reasoning is predicated on our initial assumption of
linearity. While this is not necessarily true, it is often necessary to assume that the
problem is nearly linear — that is, the problem is linear to the accuracy of the measure-
ments within the normal range of variation of the truth, 7 [Rodgers, 2000]. Because
of this, it is possible that some of the variance of the data will be due to nonlinearity.

Furthermore, these data sets should be treated as heteroskedastic (i.e. the data may have
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differing variances). Consequently, a weighted least squares approach outlined by York

et al. [2004] was used to fit the data to Equation 6.2.

By substituting the retrieved values from Equation 5.10 into Equation 6.2, a linear rela-
tion between the retrieved sets of data from each instrument is derived. Thus, the line
of best fit of a scatter plot of the two data sets can be expressed in terms of averaging

kernels, a priori states, and errors as:

Ry = (A2AT") &1+ (I— AsAT") xa — AzAj'er + €. (6.3)

Therefore, by plotting the retrieved results from each instrument against each other,
the slope of the best fit represents the multiplicative biases in terms of the averaging
kernels. For this comparison, the focus has been placed on total columns, which involves
multiplying Equation 5.10 by a total column operator, p, composed of the air density
profile. As with Equation 6.3, the line of best fit for the resulting total columns, ¢; and

Co, can be expressed in terms of averaging kernels, a priori states, and errors as:

¢ = (pA2AT p ™) é1+ p (I — AsAL") xa — pA2 AT €1 + pea. (6.4)

By comparing Equations 6.4 and 6.2, the corresponding coefficients result in the slope of

the total column scatter plots being given by:

) _
slope = 5 pAs (pA1) " (6.5)

The quality of the spectra was determined by examining the signals of all recorded in-
terferograms as well as the root-mean-square of the fit residuals in a given microwindow.
As the RMS of the fit residual is related to the SNR of the spectrum (in the absence of
serious systematic fitting errors), this screening technique filtered any spectra that had

an excessive amount of noise (details and examples of this procedure are shown in Section
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5.5). The fits were quantitatively scrutinized by setting a threshold RMS value above
which all fits were discarded, thus eliminating the likelihood of using cloud-contaminated
data. To ensure a high standard for this comparison, the threshold value was set to be

20% greater than the median value for a given microwindow.

Because spectra from both instruments were retrieved with the same algorithm and con-
straints, errors arising from systematic errors in the forward model or in the forward
model parameters can be neglected. Likewise, errors associated with cloud contami-
nation and/or day-to-day sub-visible solar variability need not be considered, as both
spectrometers were measuring the collimated solar beam simultaneously. Total column
errors were estimated from three sources: retrieval noise, smoothing error, and state
space parameter interference error [Rodgers, 2000] (see Section 5.3). The error bars on
all column amounts shown in figures represent these three errors combined together in

quadrature.

The retrieval noise is an estimate of how the measurement error gets mapped onto the
retrieved state space. The measurement error was estimated from the RMS noise of the
fit residual for a given microwindow. For computational ease, it was assumed that the

noise was uncorrelated.

In order to estimate the smoothing error, an ensemble of states that adequately repre-
sents the true state of the atmosphere must be chosen. Since the a prior: states used in
the retrievals were already constructed from climatologies derived from ensembles of ob-
servations, these same states were used for estimating the smoothing error. Once again,
the standard deviations of these values were assumed to be uncorrelated between atmo-
spheric layers. It is important to note that an a priori covariance of 30% over all layers

was used for each gas so as to ensure numerical stability during the retrieval calculations.
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For CH4 and N5O, this choice is higher than the expected variability of these gases in

the troposphere, which may create larger than realistic error estimates.

Parameter interference error arises from retrieving a number of non-VMR elements in
the state space. Not only is a volume mixing ratio profile being retrieved, but other
parameters that are secondary to the comparison are also retrieved (such as wavenumber
calibration, baseline curvature, etc.) Invariably, the retrieved VMR state has some corre-
lation with all of these parameters and this must be considered by utilizing the averaging

kernels [Rodgers and Connor, 2003].

6.1.4 Tropospheric Species Intercomparison

Measuring CH,4 columns in the infrared has previously been identified as problematic for
both ground-based [Maziere et al., 2004] and satellite-based measurements [Worden et al.,
2004]. These problems are primarily rooted in the current lack of accurate knowledge of
the spectroscopic line parameters. However, for the purposes of this comparison, these
do not contribute to any discrepancy between the retrieved columns. The retrieved CHy
total columns have a median difference (200 x (UofT — TAO) / (UofT +TAO) + o) of
3.7£2.5%, with the U of T FTS observations showing consistently elevated values com-
pared to those of the TAO-FTS (see Figure 6.1). However, the scatter plot of the columns
(Figure 6.2) shows that the R? goodness of fit estimator is negative for the line of best fit.
This estimate is calculated by using the standard formula: R?> =1 — SSE/SST, where
SSE and SST are the sum of the squared error and total sum of squares respectively.
Therefore, a negative value indicates that this fit does not adequately represent the data
(it is actually worse than fitting a horizontal line), and should be discarded. This is not
unexpected for this well-mixed gas as the observations sample a very small range of the
methane parameter space, resulting in a plot with no discernable slope. In the focused

comparison discussed in Section 6.2, the instruments’ column values yielded a mean dif-
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ference of 2.3%. Although this extended comparison incorporates 63 paired data points
(compared to only 19 in the focused comparison), it appears that this disagreement is

enhanced.
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Figure 6.1: Time series of coincident CH,4 total column observations. Blue circles repre-
sent the U of T FTS columns, while red squares represent the TAO FTS columns. Error
bars are a combination of retrieval noise, smoothing error, and state space parameter

interference error.

The N,O observations are in better agreement, with a median total column difference
of less than 0.44+1.8% (see Figure 6.3). Unlike the CHy observations, there appears to
be no significant additive bias between the two instruments. However, similar to CHy,
there is very little variation in the day-to-day values of N,O, resulting in a scatter plot
of concentrated data (see Figure 6.4). Consequently, fitting with the linear model again

results in a negative R? value and does not adequately represent the data. The focused
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Figure 6.2: Scatter plot and fit of coincident CHy total column observations. Measure-
ments made on different days are represented by different symbols. Error bars are as for

Figure 6.1.

intercomparison of NoO total column values showed the same level of agreement (0.4%)
(see Section 6.2). This suggests that the broadened line features of NyO are readily
recorded in the lower-resolution spectra of the U of T FTS and the results compare well

with those of the TAO-FTS.

6.1.5 Stratospheric Species Intercomparison

As it is expected that the narrow spectral features of stratospheric lines will generate the
largest disagreement, emphasis has been placed on understanding how well the O3 and
HCI columns agree. In order to compare results from microwindows with different height

sensitivities, two different Os retrievals were carried out in the vicinity of 3000 cm™!
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Figure 6.3: Time series of coincident N,O total column observations. Blue circles repre-
sent the U of T FTS columns, while red squares represent the TAO FTS columns. Error
bars are a combination of retrieval noise, smoothing error, and state space parameter

interference error.

(see Table 6.2). Figures 6.5 and 6.6 show the time series of the retrieved total column
O3 observed by each instrument from the 33 band (3040 cm™') and the 2v; + v, band
(2775 cm™!) microwindows, respectively. The overall qualitative agreement between the
O3 observations is better for the 2775 cm ™! microwindow, with a median difference of
-1.7£3.7%. The 3040 cm~! microwindow columns have a median difference of 2.7+£3.7%.
These findings are consistent with those of the focused intercomparison, which found that
the 2775 cm ™! microwindow had a difference of 0.7% and the 3040 cm™! microwindow

had a difference of 3.3% (see Section 6.2).
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Figure 6.4: Scatter plot and fit of coincident NoO total column observations. Measure-
ments made on different days are represented by different symbols. Error bars are as for

Figure 6.1.

Analyzing the differences in the retrieved column concentrations is the traditional way in
which to quantify an intercomparison of this nature [Paton-Walsh et al., 1997, Goldman
et al., 1999, Griffith et al., 2003, Meier et al., 2005]. However, by merely considering the
average column difference, only the additive differences in the retrieved values are being
investigated. A simple result from this comparison would be inconclusive as it would
show that the O3 values observed by the TAO-FTS are generally greater than those of
the U of T FTS when retrieving from the 2775 cm™! microwindow, while the opposite
trend is found when retrieving from the 3040 cm ™! microwindow. Hence, it is necessary

to consider other factors.
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Figure 6.5: Time series of coincident O3 total column observations retrieved from the

3040 cm™! microwindow. Blue circles represent the U of T FTS columns, while red

squares represent the TAO FTS columns. FError bars are a combination of retrieval

noise, smoothing error, and state space parameter interference error.

From the assumed linear relation between the observation and the truth (Equation 6.1), it

can be seen that it is important to also consider the influence of the multiplicative biases.

This is of particular concern for the extended campaign results, as the relatively long time

period over which measurements were recorded captures some seasonal variation in total

column concentrations (particularly for the stratospheric gases). As average comparisons

aimed at identifying additive differences will have a large variance, agreement between

instruments must also be assessed in terms of multiplicative bias. By using the weighted

least squares approach outlined in Section 6.1.3, these data can be fit and the ratio of

the multiplicative biases given by Equation 6.2 can be found.
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Figure 6.6: Time series of coincident Oj total column observations retrieved from the
2775 em~! microwindow. Blue circles represent the U of T FTS columns, while red
squares represent the TAO FTS columns. FError bars are a combination of retrieval

noise, smoothing error, and state space parameter interference error.

I and

Figures 6.7 and 6.8 show the scatter plots for the retrievals from the 3040 cm™
2775 cm~! microwindows, respectively. The slopes of the lines of best fit (TAO =
m x UofT + b) are both less than 1 (0.89 and 0.78, respectively), indicating that there

is a definite difference in multiplicative bias between the instruments, with the U of T

FTS having a larger bias.

As the averaging kernels of both of these microwindows are well conditioned and invert-
ible, it is possible to directly calculate the expected value of these slopes. Using Equation

6.5, the calculated value of the slope for the 3040 cm™' microwindow is 0.94, and the
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Figure 6.7: Scatter plot and linear fit of coincident O3 total column observations retrieved
from the 3040 cm ™! microwindow. Measurements made on different days are represented

by different symbols. Error bars are as for Figure 6.1.

slope for the 2775 cm ™! microwindow is 0.79. The latter value agrees with the empirically
fitted slope (0.7840.03), while the 3040 cm ™! calculation is slightly larger than the fitted

slope (0.8940.03).

Although both the theory and the results indicate that the multiplicative bias of the U
of T FTS is greater than that of the TAO FTS for O3 observations, it is not directly
obvious how this is manifested in the total column comparison. The median differences
indicate that the TAO-FTS recorded generally higher concentrations from the 2775 cm™!
microwindow, while the U of T FTS recorded generally higher concentrations from the

3040 cm~! microwindow. If one were to rely entirely on the multiplicative biases, it
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Figure 6.8: Scatter plot and linear fit of coincident O3 total column observations retrieved
from the 2775 cm ™! microwindow. Measurements made on different days are represented

by different symbols. Error bars are as for Figure 6.1.

would be expected that the U of T F'TS should report higher column amounts from both
microwindows. The reason for this discrepancy is that the altitude dependence of these

columns is not reflected in the total column values.

By considering the averaging kernels (see Equation 5.11), this apparent difference in re-
trieved total columns can be explained. Figures 6.9 and 6.10 show the instruments’ total

! microwindows, respectively,

column averaging kernels for the 3040 ecm~! and 2775 cm™
as well as the ratio of the U of T FTS total column averaging kernel to that of the TAO-
FTS, for each. It is interesting to note that the U of T FTS shows a consistent increase

in sensitivity below 20 km relative to the TAO-FTS, however, it is markedly different in
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magnitude for each microwindow.
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Figure 6.9: O3 averaging kernels for the 3040 cm™
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ratio of the U of T FTS total column averaging kernel to that of the TAO-FTS. Blue
circles represent the U of T FTS, red squares represent the TAO FTS, and black triangles

represent U of T FTS to TAO FTS ratio.

For the 3040 cm™! microwindow, the sensitivity of the U of T FTS retrieval constantly
increases relative to that of the TAO-FTS retrieval from about 0.9 times that of the
TAO-FTS at 20 km to about 1.5 times that of the TAO-FTS at the surface. Above 20
km, the U of T FTS shows a constant deficit of 10% relative to the TAO-FTS sensitivity.
Since the median O3 concentration in the atmosphere peaks near 25 km at the latitude

of Toronto [Brasseur and Solomon, 2005], it is likely that the U of T FTS is essentially
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Figure 6.10: O3 averaging kernels for the 2775 cm™!

microwindow retrieval: (a) total
column averaging kernels, (b) density-weighted total column averaging kernels, and (c)
ratio of the U of T FTS total column averaging kernel to that of the TAO-FTS. Blue
circles represent the U of T F'TS, red squares represent the TAO FTS, and black triangles

represent U of T FTS to TAO FTS ratio.

underestimating the O3 observations above 20 km compared to the TAO-FTS, and over-
estimating below 20 km compared to the TAO-FTS, yielding total columns that are in
relatively close agreement. As the overestimation below 20 km is more pronounced, it
is responsible for the derived multiplicative bias enhancement for the U of T FTS Og
columns. This difference in altitude sensitivity is most likely a direct consequence of
apparent broadening of the spectral lines due to the differences in spectral resolution of

the instruments and related differences in SNR.
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I microwindow show similar be-

The total column averaging kernels from the 2775 cm™
haviour, although the U of T FTS averaging kernel sensitivity is more pronounced at
altitudes below 20 km, attaining double the sensitivity of the TAO-FTS averaging kernel
at the surface. The same decrease in sensitivity above 20 km is present as in the 3040

! microwindow, resulting in the TAO-FTS being approximately 10% more sensitive

cm™
at higher altitudes. Although this microwindow shows a more extreme difference in lower
altitude sensitivities, the total column values are still in relatively close agreement be-
tween the two instruments. This large difference at lower altitudes causes the U of T
FTS to have a larger multiplicative bias value, but because there is a relatively small
amount of Oz in this portion of the total column, it does not cause the retrieved values to
differ significantly. Without the use of a profile retrieval algorithm and the subsequently
derived averaging kernels, the multiplicative bias ratios (from Figures 6.7 and 6.8) would

have incorrectly indicated that the U of T FTS total columns should have been more

sensitive to the truth.

Following from this, the same comparison was carried out for HCI retrievals. The coin-
cident HCI total column observations for each instrument are shown in Figure 6.11. The
median total column difference is +2.24+4.8%), which is consistent with the 2.6% difference
found in the focused intercomparison. The scatter plot of the columns shows that the
multiplicative bias of the TAO-FTS is about 18% larger than that of the U of T FTS (see
Figure 6.12). This is explained by the averaging kernels shown in Figure 6.13. The TAO-
FTS retrieval appears to be more sensitive to HCI concentrations for all altitudes, with
the largest difference being about 22% near 12 km. As with Oz, HCI is predominantly a
stratospheric species and any enhanced sensitivity to concentrations below about 20 km
will have a negligible impact on the total column concentration. Consequently, the total
columns remain in relatively close agreement between the two instruments. The fitted

slope value of 1.18 4 0.05 agrees well with the theoretically derived value of 1.22.
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Figure 6.11: Time series of coincident HCI total column observations. Blue circles repre-
sent the U of T FTS columns, while red squares represent the TAO FTS columns. Error
bars are a combination of retrieval noise, smoothing error, and state space parameter

interference error.

6.1.6 Summary of Extended Ground-Based Intercomparison

Simultaneous measurements of O3, HCI, N,O, and CHy were recorded by two infrared
Fourier transform spectrometers of differing resolution (0.004 cm™! and 0.02 cm™!) over
a period of four months in the summer of 2005. Comparisons between the retrievals of
stratospheric species (O3 and HCI) do not show a consistent multiplicative bias between
instruments. Ogs retrievals in two microwindows have shown that the lower-resolution
observations by the U of T FTS are more sensitive to changes in the lower atmosphere,
although this has little impact on the total column comparison. The difference in total

column Oj retrieved in each microwindow is also noticeable. On average, O3 columns
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Figure 6.12: Scatter plot and linear fit of coincident HCI total column observations.
Measurements made on different days are represented by different symbols. Error bars

are as for Figure 6.1.

retrieved in the 3040 cm ™! microwindow are 5% higher than those from the 2775 cm ™! mi-
crowindow, for both instruments. By considering the density-weighted averaging kernels
for each microwindow, it may be seen that there is enhanced sensitivity to O3 concen-

trations near 20 km for both instruments in the 3040 ¢m™*

microwindow (although it
is much more pronounced for the TAO-FTS). For both microwindows, the U of T FTS
has a fitted multiplicative bias of 0.89+0.03 and 0.7840.03 times that of the TAO-FTS
for the 3040 cm™! and 2775 cm ™! microwindows, respectively. The median column dif-

ferences (UofT - TAO) were 2.74+3.7% and -1.743.7% for the 3040 cm™! and 2775 cm™*

microwindows, respectively. These results are summarized in Table 6.3.
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Figure 6.13: HCI averaging kernels retrieved from the 2859 cm™" microwindow: (a) total
column averaging kernels, (b) density-weighted total column averaging kernels, and (c)
ratio of the U of T FTS total column averaging kernel to that of the TAO-FTS. Blue
circles represent the U of T F'TS, red squares represent the TAO FTS, and black triangles

represent U of T FTS to TAO FTS ratio.

The TAO-FTS observations are 5 to 25% more sensitive to HCI concentrations than the
U of T FTS, resulting in a total column multiplicative bias ratio of 1.184+0.05. This
resulting median difference in column measurements was 2.24+4.8%. Compared to the
tropospheric retrievals, the stratospheric species show qualitatively less scatter from the
linear fit and are better correlated. The difference in multiplicative bias between the two
instruments arises from the lack of sensitivity to pressure broadening for HCI (as well as
for O3) by the U of T FTS, resulting from narrower spectroscopic features that are not

easily captured by lower-resolution instruments. This highlights the need to be aware of
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instrument biases in total column measurements arising from lower-resolution infrared

observations and their averaging kernels.

The tropospheric species did not allow for as detailed a comparison as the stratospheric
gases. The median total column differences were 3.7+£2.5% and 0.36£1.8% for CH4 and
N5O, respectively. The pressure-induced line broadening of these tropospheric species
generates broader spectroscopic features that are captured by both the low and high-
resolution instruments. Consequently, the averaging kernels for both CH, and N,O con-
tain information throughout the troposphere and, as a result, are non-invertible. This
inhibits the calculation of multiplicative and additive biases. Unfortunately, the scatter
plots for each of these species don’t show representative linear relationships that can
elucidate these biases further. A campaign of longer duration, albeit unpractical, would
better capture the seasonal variation of the tropospheric gases and allow for better com-
parison of the scatter plotted data. The time series of data acquired in this study indicate
that both the low-resolution and high-resolution FTS are capable of retrieving the same

total columns of predominantly tropospheric species.

6.2 Focused FTS Intercomparison

Following immediately after the extended FTS campaign, a third FTS was added to
the instrument suite and simultaneous measurements were made for four days over the
course of a two-week period. The third FTS was the Portable Atmospheric Research
Interferometric Spectrometer for the Infrared (PARIS-IR), which has a spectral reso-
lution corresponding to 25 cm OPD. Like the U of T FTS, PARIS-IR participated in
the MANTRA 2004 high-altitude balloon campaign, albeit in a different configuration
[Strong et al., 2005]. The goals of this intercomparison were to retrieve total column

amounts of the same four species, O3z, HCI, N,O, and CHy, from the data recorded si-
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Table 6.3: Median total column differences: 200*(U of T - TAO)/(U of T + TAO),
standard deviation of total column differences, theoretical slopes of linear trends, fitted
slopes of linear trends, R* value of the fits, and the total number of data points for each

of the four species investigated.

Target Gas and Median % Std. Expected Fitted R> N

Micro-window % Diff.  Dev. Slope Slope
(em™)
O3 - 3040 2.7 3.7 0.94 0.89 £ 0.03 0.76 75
O3 - 2775 -1.7 3.7 0.79 0.78 £ 0.03 0.77 70
HCI - 2925 2.2 4.8 1.22 1.18 £ 0.05 0.64 50
NoO - 2482 -0.36 1.8 1.02 1.27 £0.01 -2.7 58
CHy - 2859 3.7 2.5 1.02 1.03 £0.08 -1.8 63

multaneously by these three instruments, to determine which retrieval parameters most
affect the retrieved column amounts for the lower-resolution instruments, and to deter-
mine the causes of any remaining discrepancies. A complete description of this campaign

and the associated results can be found in Wunch et al. [2007].

6.2.1 PARIS-IR

The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
is the primary instrument on the Canadian scientific satellite mission SCISAT-1, which
was launched by NASA on 12 August 2003 [Bernath et al., 2005]. PARIS-IR is a new,
compact, portable FTS built by ABB Bomem for the Waterloo Atmospheric Observatory
(43.47°N, 80.55°W, 319.0 m a.s.l.) [Fu et al., 2007]. PARIS-IR was primarily constructed
from spare flight components that were manufactured for the ACE-FTS and consequently

has a very similar optical design, producing double-sided interferograms with the same
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maximum OPD (25 cm) and spectral range (750-4400 cm™!). The sandwich detectors are
composed of a photovoltaic InSb detector and a photoconductive MCT detector, which
is corrected for detector nonlinearity. The data presented here, however, are only from
the InSb detector. To obtain a sufficiently long optical path difference within a compact
volume, ABB Bomem used a double pendulum interferometer and also used an entrance
mirror to pass radiation through the interferometer twice. In addition to the MANTRA
campaign in August 2004, PARIS-IR has participated in five ground-based ACE valida-
tion campaigns in the Canadian high Arctic at Eureka, Nunavut [Kerzenmacher et al.,
2005, Sung et al., 2007, Fu et al., 2008]. The instrument is also operated at the Water-
loo Atmospheric Observatory (WAO) for recording ground-based atmospheric absorption

spectra.

6.2.2 Observations and Analysis Strategy

The observation strategy for the campaign was constructed to focus on the effects of the
instrument resolution on the retrieved column amounts. This was achieved by measuring
simultaneously from the same location, in the same spectral range, and using similar re-
trieval methods with identical a priori information, line parameters and forward model.
All three instruments were located at TAO for the duration of the campaign. The data
presented here were recorded on 24 August, 26 August, 1 September and 2 September

2005, with at least 14 spectra recorded by the TAO-FTS on each day.

To measure the same atmospheric path simultaneously with all three instruments, two
small pick-off mirrors were placed in the TAO sun tracker’s solar beam to deflect a portion
of the light into the U of T FTS and PARIS-IR (see Figure 6.14). Every attempt was
made to ensure that the TAO FTS incurred a minimal loss of signal, and as a result,
its signal-to-noise ratio was reduced by less than 10%. As was mentioned in Section 6.1,

the TAO-FTS requires 5 minutes to record one interferogram and ~ 20 minutes for a
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spectrum derived from four co-added interferograms. To further ensure simultaneity, the
U of T FTS and PARIS-IR co-added individual spectra that were recorded during the
20-min interval required to produce one TAO-FTS spectrum. The PARIS-IR instrument
measures the largest number of spectra per unit time, with a 20 second scan time, whereas
the U of T FTS measures one interferogram in 50 s. Table 6.4 summarizes the instrument

details.
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Figure 6.14: Experimental configuration of the TAO-FTS, U of T FTS, and PARIS-IR

for the focused intercomparison. (Figure courtesy of D. Fu).

For consistency, the same four gases were retrieved from the same microwindows used
in the extended intercomparison campaign (see Table 6.2). The only difference between
the retrieval procedures for the three instruments is that the PARIS-IR retrievals were
performed on a 29-layer grid, whereas the TAO and U of T FTS retrievals were performed
on the standard 38-layer grid. The 29-layer grid is is standard for PARIS-IR retrievals as

the reduced number of fitting points in the spectra decreases the vertical resolution [Fu
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Table 6.4: Instrument parameters from the ground-based, focused FTS intercomparison

campaign.
Parameters PARIS-IR Uof T FTS TAO-FTS
Maximum OPD (cm) 25 50 250
Time per scan (s) 20 50 300
Spectral Range (cm™) 750-4400 1200-5000 F3 (2400-3100)

Measurement Period 24 Aug.—2 Sept. 26 May—-12 Sept. Year-round

et al., 2007]. By eliminating atmospheric condition differences between measurements,
eliminating differences in line parameter characterization and minimizing the differences
in the retrieval methods, the bulk of the discrepancies can now be attributed to differences

in instrument line shapes and instrument resolution.

6.2.3 Influence of Instrument Line Shape

The importance of considering the influence of an individual instrument line shape for
ground-based comparisons has been previously addressed [Griffith et al., 2003] and is par-
ticularly important in this case because of the pronounced differences in the resolution
of the three instruments. Information about the ILS can be incorporated in the forward
model by using tabular inputs to describe the effective apodization and phase error as a
function of OPD, or by using polynomial coefficients to describe Effective Apodization
Parameters (EAP) and Effective PHaSe error parameters (EPHS). For either of these
two cases, a measurement made by each of the three spectrometers must be analysed to
determine the values of these empirical parameters. This can be done under controlled
conditions using calibrated gas cells [Coffey et al., 1998] and an independent retrieval
algorithm designed to determine ILS information. This was done for the TAO-FTS and

the U of T FTS with LINEFIT version 9.0, while PARIS-IR ILS information was deter-
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mined with LINEFIT version 11.0 [Hase et al., 1999]. The difference between the results
for the ILS for the two versions is negligible. To calculate the ILS, the U of T FTS and
TAO-FTS measured blackbody radiation in the 2300-2700 cm ™! spectral region through
a 2-cm long, 2.5-cm diameter HBr cell filled to 2 hPa. PARIS-IR measured blackbody
radiation in the 2400-2800-cm™! region through a 10-cm long, 5.0-cm diameter N,O cell
filled to 14.7 hPa. LINEFIT produces tabular modulation efficiency and phase error
results as a function of OPD, which can be incorporated into the SFIT2 forward model.

These parameters are shown for each instrument in Figure 6.15.

Inherent in this technique is the assumption that the ILS measured under these controlled
conditions is identical to the ILS throughout the duration of all atmospheric measure-
ments. This may be largely true over a few months for ground-based measurements,
however, it will not generally be true for balloon-based measurements due to diurnal
temperature variation and altitude gradients in both atmospheric temperature and pres-
sure. Because of this, we may wish to calculate the ILS for each spectrum individually.
Without a permanent gas cell in the optical path of each spectrometer during solar
measurements (which none of these instruments possess), a method for retrieving ILS
information from the solar spectrum itself is necessary. SFIT2 provides a solution for
this with an option that allows for the retrieval of EAP and EPHS polynomial coefficients
as part of the state vector. Third-order polynomial coefficients for both the EPHS and
EAP parameters were retrieved for all three instruments. In the following sections, “ILS
input” refers to the tabular LINEFIT results that were used as an input to SFIT2 (i.e.
the black curves in Figure 6.15). The EAP and EPHS parameters retrieved by SFIT2 are
referred to as “polynomial EPHS/EAP retrieved” ILS information (i.e. the blue curves
in Figure 6.15). EPHS and EAP values for both the U of T FTS and PARIS-IR changed
by < 10% (20) over the four days of measurements. When neither the LINEFIT tabular

nor SFIT2 polynomial ILS information is included in a retrieval, an ideal ILS is assumed
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Figure 6.15: Modulation efficiency and phase error for the TAO-FTS (left), U of T FTS
(centre), and PARIS-IR (right) measured during the focused intercomparison campaign.
The black curves with dots were determined from gas cell measurements analysed using
LINEFIT v.9.0 and v.11.0 [Hase et al., 1999]. The blue curves represent the calculated
EAP and EPHS parameters derived from SFIT?2 fits. The monotonic decrease in modula-
tion efficiency observed by all instruments indicates that the intensity of the interferogram

signal decreases with OPD, as expected. (Figure courtesy of D. Wunch).

in SFIT2, and this is referred to as the “standard retrieval”. The TAO-FTS regularly
retrieves a simple phase parameter (SPHS) from SFIT2. SPHS is a single-parameter de-
scription of the asymmetry of a spectral line, and is included in all three retrieval types

(ILS input, PHS/EAP retrieved and the standard retrieval).

The U of T FTS and PARIS-IR instruments retrieve EPHS and EAP information some-

what differently. The method employed for the U of T FTS spectra retrieves third-order
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polynomial EPHS and EAP parameters from the same microwindow as the retrieved
species (that is, only one retrieval is necessary for each molecule). The method employed
for the PARIS-IR data, however, retrieves third-order polynomial EPHS and EAP pa-
rameters from a spectral range that includes two N,O lines in the 2806.1-2808.1 cm ™!
microwindow, using a priori values from LINEFIT. The daily mean of these values is
then used for all spectra when retrieving the other species (EAP and EPHS parameters
can also be retrieved from each spectrum, but daily means were used for efficiency). This
method was attempted for the U of T FTS data, but was found to be less successful than
directly retrieving the parameters from the same microwindow. It is suspected that the
success of the second, dedicated microwindow for retrieving the ILS parameters for the
PARIS-IR instrument may be due, in part, to the lower degrees of freedom for signal
obtained from the PARIS-IR spectra. Instead of retrieving a VMR profile and EPHS

and EAP information from a given microwindow with limited information, extra ILS

information is provided from the same spectrum, but in a different microwindow.

It has been noted by Griffith et al. [2003] that the stratospheric species (O3 and HCI),
which have narrow absorption lines, are highly sensitive to ILS distortions, while pressure-
broadened tropospheric species (NoO and CHy) are less affected. This result has been
confirmed here for the low-resolution instruments by comparing columns obtained when
retrieving the EAP and EPHS using SFIT2 with columns retrieved when using LINE-
FIT results as inputs to SFIT2. The total column amounts were retrieved by SFIT2 for
data recorded on September 2nd for three test runs. The first test run retrieved EPHS
and EAP parameters (“PHS/EAP retrieved”) from the microwindow itself in the U of
T FTS case, and the broad NoO microwindow in the PARIS-IR case. The second test
run used tabular LINEFIT inputs (“ILS input”) obtained from gas cell measurements.
The third test run used only SPHS ILS information (“standard retrieval”). No signifi-

cant differences in retrieved column amounts between the three ILS cases were seen for
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the TAO-FTS. Therefore, for comparison purposes, TAO-FTS data is considered to be

closest to the truth.

For the U of T FTS, the best ozone column comparisons were generated with the ILS

! microwindow, the ILS input run

input run (see Figure 6.16). For Oz in the 3040 cm™
is only slightly closer to the TAO-FTS mean values (by ~0.4%) than the EPHS/EAP
retrieval and both are more than 20% higher than the values from the standard run.
The spectral fits from the EPHS/EAP retrieved and ILS input cases also show smaller
residuals (the details of all spectral fits can be found in Wunch et al. [2007]). The PARIS-
IR results are similar; retrieving EPHS/EAP parameters improved the agreement in the
column amounts by ~6% over the standard retrieval and the spectral fits are better for
the EPHS/EAP retrieval and the ILS input cases than for the standard retrieval. Similar
results are found for ozone in the 2775 cm™! microwindow. The TAO-FTS total column
values for these two ozone microwindows are significantly different, and this is caused by

the altitude at which the respective averaging kernels for the microwindows are sensitive

to the atmosphere (see Section 6.1.5).

The sensitivity of the U of T FT'S HCI retrieval to the ILS is also high, as illustrated in
Figure 6.16, with the EPHS/EAP retrieved run being closer (by ~1%) to the TAO-FTS
columns than the ILS input run. The difference in HCI columns between the EPHS /EAP
retrieved and standard retrievals for the PARIS-IR instrument is ~4.3%, with the stan-
dard retrieval mean closer to the TAO-FTS retrieved values. Residuals from the spectral
fits for both the U of T FTS and PARIS-IR show, as for Og, that the EPHS/EAP re-

trieval and ILS input cases are smaller than for the standard retrieval.

The U of T FTS N5O retrieval is much less sensitive to the ILS (see Figure 6.16), al-

though the EPHS/EAP retrieved values are closer to the TAO-FTS values than those
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Figure 6.16: Mean columns from data recorded on 2 September 2005, using the
EPHS/EAP retrieval (blue), the standard retrieval (red) and the ILS input retrieval
(black). The thick black horizontal line indicates the TAO-FTS column means on the
same day and the grey shading represents the standard deviation of the TAO-FTS re-
trieved values. The error bars indicate the standard deviation of the retrieved values.

(Figure courtesy of D. Wunch).

from the standard retrieval. The sensitivity of the PARIS-IR retrieval to the ILS in the
EPHS/EAP retrieved case is also quite low. There is only a ~0.4% difference between
the EPHS/EAP and standard cases. The residuals from the spectral fits (not shown) for
both the U of T FTS and PARIS-IR instruments show only slightly better results for the

EPHS/EAP retrieval and ILS input cases than for the standard retrieval.

The sensitivity of the U of T FTS CH, retrievals to the ILS is also lower than that found
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for O3 and HCL. Retrieving the EPHS and EAP parameters for the U of T FTS data
produces poorer comparisons with the TAO-FTS data, because it induces oscillations in
the profile. There is systematic structure in the residuals from the CH, spectral fits for
all three retrieval cases for both PARIS-IR and the U of T FTS. The TAO-FTS residuals
also show systematic structure, pointing to a possible problem with the methane spec-
troscopy (see discussion in Section 6.1.4). The sensitivity of the PARIS-IR retrieval of
CH, to the ILS is very low, with only ~0.6% difference between the EPHS/EAP retrieved

and standard retrieval scenarios.

In general, the U of T FTS ILS is poorer than that of PARIS-IR (central and right
panels of Figure 6.15). Accordingly, the difference in total columns retrieved by the U of
T FTS for the EPHS/EAP retrieved case and the standard retrieval will be exaggerated
for the stratospheric species, which are most sensitive to ILS distortions. Nevertheless,
using either the EPHS/EAP retrieved or the ILS input cases for both lower resolution
instruments results in reasonable agreement with the TAO-FTS. From these results, it
was determined that the EPHS/EAP retrieved scenario should be used to derive columns
of O3, HCl and N,O for the U of T FTS, while the standard retrieval is used for CHy.
For PARIS-IR, the EPHS/EAP retrieved case is used for O3 and HCI, and the standard
retrieval is used for NoO and CH,. Since the TAO-FTS line shape is significantly narrower
than both the stratospheric and tropospheric absorption lines, it is much less sensitive to
instrument line shape distortions, and the standard retrieval is always used. Retrieving
the EPHS and EAP parameters for the TAO-FTS causes small changes (< 1%) in total

columns retrieved.

6.2.4 Influence of Instrument Resolution

As the resolution of an instrument affects the number of spectral points that describe a

microwindow, this; as well as the signal-to-noise ratio of the spectrum, limits the total
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degrees of freedom for signal in a given retrieval (see Section 5.4). There must, then,
be a limiting resolution below which it is not possible to retrieve information about the
atmosphere from a particular microwindow. This limit must be determined in order to

ensure that the results from each of the respective instruments are valid.

The initial approach was to truncate the TAO-FTS interferograms to lower resolutions
so that results derived from these lower-resolution TAO-FTS spectra could be directly
compared with those of the U of T FTS and PARIS-IR spectra. However, the value of
these results is limited because, as the OPD is decreased, both the SNR and the ILS
improve significantly, so much so that the resulting spectra do not possess SNRs or ILSs
that are comparable with those of the PARIS-IR or the U of T FTS spectra. With sim-
ulated spectra, however, the SNR and ILS can be constrained to more reasonable values
for the lower-resolution instruments. For this reason, simulated spectra were used for the
following sensitivity studies but, it should be noted, the truncated TAO-FTS results are

consistent with the results from the simulated spectra.

To simulate the effect of resolution on total column amounts, an ensemble of 16 spectra
was simulated for each of 12 cm, 25 c¢cm, 50 ¢m, 100 c¢m, 150 c¢m, 200 cm and 250 cm
maximum OPD, using the SZA values from the 1 September measurements. The signal-
to-noise ratio was set to 250 for each of the simulated spectra (see Table 6.5), and all
four molecules were retrieved using the same a priori values and ZPT profile as the data
from September 1st. The “true” profile used to generate the spectra was a perturbation
of the a priori profile of less than 20% at all altitudes. Identical phase and effective
apodization errors were applied to each interferogram, for each resolution, with values

similar to those of the TAO instrument.

In Figures 6.17-6.21, the retrieved column amounts of O3z, HCI, NoO and CH4 are shown
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Table 6.5: Spectral parameters from the ground-based, focused FTS intercomparison
campaign. The signal-to-noise ratio is the mean value determined from the noise in the

residual of the spectral fit.

Target Gas O3 O3 HCI N>,O CH,4
(Microwindow) (3040) (2775) (2925) (2482) (2859)

TAO-FTS SNR 200 400 680 460 420
Uof T FTS SNR 360 900 760 600 350
PARIS-IR SNR 150 100 100 130 130

TAO-FTS d; 24 2.1 3.1 4.2 4.0
Uof T FTS dy 1.32 1.35 1.23 2.85 2.68
PARIS-IR d, 1.04 0.72 0.66 2.31 2.38

with 20 error bars as a function of the optical path difference, respectively. For ozone
in the 3040 cm™! microwindow (Figure 6.17), there is less than 0.3% difference in col-
umn amounts retrieved at 250 cm OPD between the standard and EPHS/EAP retrieved
cases. The EPHS/EAP retrieved case changes less than the standard retrieval between
the different OPD values, and retrieves columns that are closer to the truth at the lowest
OPDs. The results are within 2% of the truth for all OPDs for the EPHS/EAP retrieved
case and differ by more than 2% from the truth for the 50 cm OPD and 12 cm OPD
standard retrieval. From this, it can be expected that results from the lower-resolution
instruments should agree with the TAO-FTS in this microwindow if EPHS and EAP

parameters are retrieved.

O3 retrieved from the 2775 em ™! microwindow is shown in Figure 6.18. At 250 cm OPD,
the columns differ by less than 0.8% from the truth, obtained by either the standard re-

trieval or the EPHS/EAP retrieved case. The column average for the standard retrieval
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Figure 6.17: Simulated retrievals of ozone columns in the 3040 cm™
function of OPD (assumed SNR = 250). Mean column amounts are shown with the 20
standard deviation error bars derived from the ensemble of the two sets of retrievals: one
that retrieves third-order polynomial coefficients for the EPHS and EAP functions from
the microwindow itself (blue circles, labelled as “EPHS/EAP retrieved”), and one that
does not retrieve coefficients (red squares, labelled as “standard retrieval”). The a priori

column value is shown as a black dotted line and the “truth” is shown as a black solid

line, where “truth” is the column amount that was used to generate the model spectra.

begins to decrease significantly below 100 cm OPD, with the column mean over the en-
semble differing by < 8% from the truth at 50 cm OPD. The EPHS/EAP retrieved case
has a difference of 2.7% at 25 cm OPD, whereas the standard retrieval gives a mean that
is 18.9% smaller than the true value at 25 cm OPD. It may be concluded, then, that there

1

should be good agreement for ozone in the 2775 cm™" microwindow for lower-resolution

instruments if they retrieve EPHS/EAP parameters and have an OPD of at least 25 cm.

For HCI (see Figure 6.19), the difference in retrieved columns between the standard re-
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Figure 6.18: Same as Figure 6.17 but for simulations of ozone in the 2775 cm™" microwin-

dow.

trieval at 250 cm OPD and the truth is 0.27% and between the EPHS/EAP retrieved case
at 250 cm OPD and the truth is 0.36%. The column amounts are within 1% of the truth
until 50 cm OPD for the standard retrieval, and 25 cm OPD for the EPHS/EAP retrieved
case. At and below 50 cm OPD, the percent difference from the truth increases in both
cases, with the EPHS/EAP retrieved case showing significantly better agreement than
the standard case. Therefore, there should be reasonable agreement for HCI between the

higher and lower resolution instruments if EPHS and EAP parameters are retrieved.

For NoO (see Figure 6.20), the difference between the columns retrieved with the stan-
dard retrieval at 250 cm OPD and the truth is ~0.5%, and the difference in columns

between the EPHS/EAP retrieval at 250 cm OPD and the truth is ~0.02%. The N,O



CHAPTER 6. GROUND-BASED DATA VALIDATION 154

N

S
=
o
: ot
[RTEN N
' gy
' p—e—y

|

w
IS
I
|

w
)
T
i

Total Column (molecules/cn12)
g w C
I I
——
| |

N
o
I

= = =A Priori
Truth

2.4 ® EPHS/EAP Retrieved H
o Standard Retrieval

2.2 . .

1
50 100 150
Optical Path Difference (cm)

i i
200 250

Figure 6.19: Same as Figure 6.17 but for simulations of HCL

columns show good agreement with the truth (< 1%) for all OPDs for the EPHS/EAP
retrieved case, and good agreement with the truth for all OPDs at or larger than 100 cm
for the standard retrieval. Below 100 cm OPD, the standard retrieval stays within ~2%
of the truth, and does not have the decrease that the stratospheric species show. It is
expected, then, that all three instruments should have good agreement for N5O if they
perform either retrieval, but better results may be obtained from the lower-resolution

instruments if they retrieve EPHS and EAP parameters.

For CH, (see Figure 6.21), the difference between columns retrieved using the standard
retrieval at 250 cm OPD and the truth is ~0.34%, and the difference in columns between
the EPHS/EAP retrieval at 250 cm OPD and the truth is ~0.22%. The CH,4 columns
show good agreement with the truth (< 1%) for all OPDs for the EPHS/EAP retrieved
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Figure 6.20: Same as Figure 6.17 but for simulations of N5O.

case, except for 100 cm OPD, where the percent difference from the truth is ~1.05%.
There is good agreement with the truth for all OPDs for the standard retrieval, except
for 25 cm OPD where the difference is ~2.35%. Again, as for N,O, the two retrieval
cases stay within ~2.5% of the truth, and do not show a significant decrease at smaller
OPD. Consequently, all three instruments should have good agreement for CH, if they
perform either retrieval. These findings corroborate the results from the extended inter-

comparison in Section 6.1.4.

6.2.5 Results from the Focused Intercomparison

These measurements took place on four days over a nine-day period in late August and

early September 2005. Because of the relatively stable chemistry and dynamics of the
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Figure 6.21: Same as Figure 6.17 but for simulations of CHy.

atmosphere during that time [Wunch et al., 2005], we do not expect any significant trends
in the column amounts of any of these molecules. Coincident observations made by all
three instruments are plotted against each other in Figures 6.22-6.26. The total column
errors in the figures consist of state space parameter interference error, retrieval noise,

and smoothing error added in quadrature (see Section 5.3).

Total O3 columns retrieved from the 3040 cm ™!

microwindow show that there is a persis-
tent bias between the TAO-FTS and U of T FTS (see Figure 6.22). As was found in the
extended intercomparison, the U of T FTS consistently retrieves higher ozone columns
than those of the TAO-FTS (on average, 3.3% higher). Conversely, PARIS-IR has better
agreement with TAO-FTS total column Oz, averaging a difference of less than 1%, with

a potential low bias for higher column values. The retrievals between the U of T FTS

and PARIS-IR are significantly different (at the 95% confidence level) with an average
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Figure 6.22: Ozone total columns retrieved from the 3040 cm™
to 20-minute integration times so as to be consistent with that of the TAO-FTS. Columns
from all three instruments are plotted against the coincident TAO columns, with PARIS-
IR denoted by blue circles, the U of T FTS denoted by red squares, and the TAO-FTS
denoted by a black 1:1 line (TAO vs TAO). Error bars represent state space parameter

interference error, retrieval noise, and smoothing error added in quadrature.

difference of 4.3%. The results are summarized in Table 6.6.

! microwindow are in better agreement, reflecting

O3 columns retrieved from the 2775 cm™
the difference in altitude sensitivity of the two microwindows. The qualitative agreement
between all three instruments is shown to be good (see Figure 6.23). In the extended

intercomparison, the U of T FTS exhibited slightly higher total columns than those of

the TAO-FTS. This trend is not readily apparent in the focused intercomparison, with
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Figure 6.23: Same as Figure 6.22 but for ozone retrieved from the 2775 cm™" microwin-

dow.

the mean difference being only 0.7%. The TAO-FTS and PARIS-IR coincident columns
also agree well with a mean difference of 1.2%. As well, the U of T FTS and PARIS-IR

also show good agreement with only 2.8% difference.

The HCI coincident total columns also exhibit good quantitative agreement (see Figure
6.24). Values retrieved from PARIS-IR appear to exhibit a slight high bias compared to
both of the other instruments. The average difference between PARIS-IR and TAO-FTS
columns is 4.5% and that of PARIS-IR and the U of T FTS is 2.6%. The U of T FTS
columns do not appear to be overly biased above or below those of the TAO-FTS. This
is the opposite trend than that which was observed in the extended intercomparison, in

which the TAO-FTS columns were markedly higher. The average differences, however,
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Figure 6.24: Same as Figure 6.22 but for HCI retrievals.

are still similar, with the focused intercomparison median difference being 1.7% and the

extended intercomparison mean difference being 2.2%.

N5O coincident total columns are shown in Figure 6.25. In the extended intercompari-
son, it was found that there was no discernible trend in the TAO-FTS and U of T FTS
coincident columns. This same result can be seen for all three instruments in the focused
comparison as most values agree to within the combined error. The mean difference be-
tween the TAO-FTS and the U of T FTS and between that TAO-FTS and PARIS-IR was
only 0.4% for each (consistent with the average difference in the extended intercompari-
son). The mean difference between the PARIS-IR columns and the U of T FTS columns
was 0.8%. The close agreement of these columns indicates that N,O is retrieved by fine

and coarse resolution F'TS instruments with comparable precision from the ground.
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Coincident total column CH, values from each instrument are shown in Figure 6.26.
As was noted in the extended intercomparison, agreement between CH, columns is
potentially limited by errors in the spectroscopic parameterization of the infrared line
signatures, specifically the lack of accurate air-broadening coefficients and temperature
dependencies, which has been noted by Rothman et al. [2005], Brown et al. [2003] and
Worden et al. [2004]. This appears to result in the U of T FTS having consistently ele-
vated retrieved columns over those of PARIS-IR, with a mean difference of 1.7 %. The
mean difference between the TAO-FTS and PARIS-IR is only 0.5% with no detectable

trend outside of the error bars.



CHAPTER 6. GROUND-BASED DATA VALIDATION 161

10
417 ‘ ‘
TAO-FTS
— e PARIS-IR
N
£ 4l 5 Uof TFTS|]
9
g | |
@
5
(&)
W 3
(@)
£
[
€ 3.8t ¢ 4
=
(@]
O
8 3.7t 1
(@]
|_

3.6 Il Il Il Il Il Il Il
36 365 37 375 38 38 39 395 4
TAO Total Column (molecules/cnt) x 10™

Figure 6.26: Same as Figure 6.22 but for CHy retrievals.

6.2.6 Summary of Focused Ground-Based Intercomparison

Total column amounts of Oz, HCI, NoO and CHy were retrieved from PARIS-IR, the
U of T FTS and the TAO-FTS. Measurements were averaged during coincident 20-
min periods and the total column amounts retrieved from these averaged spectra were
compared directly. The results, summarized in Table 6.6, show that the lower-resolution
instruments can measure total columns of all species to within 4.5% of the TAO-FTS,
and generally to much less than this. There is no discernable trend in the agreement
between instruments, nor in the statistical results. The largest errors are obtained for
the stratospheric species, and these errors can be attributed to the averaging kernels of the
lower-resolution instruments [Wunch et al., 2007]. As with the extended intercomparison,
the agreement for N,O is very good, but there are significant differences for CHy, possibly
due to uncertainties in the spectroscopic parameters. The agreement between the TAO-

FTS and the U of T FTS is slightly better in the focused intercomparison for most of
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the species. This may be due to the fact that only measurements that were obtained at
solar zenith angles of greater than 40° were used in the comparison (for details of this

comparison, see Wunch et al. [2007]).

Table 6.6: Mean total column differences calculated between the instruments (see Wunch
et al. [2007] for details). Bold-faced values are significantly different at the 95% confidence

level as derived from the t-test.

Target Gas and PARIS-IR vs Uof TFTSvs U of T FTS vs

Micro-window (em™')  TAO-FTS TAO-FTS PARIS-IR
O3 - 3040 0.9 3.3 4.3
O3 - 2775 1.2 0.7 2.8
HCI - 2925 4.5 1.7 2.6
N,O - 2482 0.4 0.4 0.8
CH, - 2859 0.5 2.3 1.7

The agreement is worse than that found in the most recent high-resolution F'TS inter-
comparison by Meier et al. [2005]. These results may give an upper bound on the ability

to measure total column amounts of these species by lower-resolution instruments.

The results here confirm what was demonstrated in the extended intercomparison. The
differences in the stratospheric species can be partially attributed to the lower sensitiv-
ity of the averaging kernels of the lower-resolution instruments to the stratosphere and
the consequent increased reliance on the a priori in that region (for example figures,
see Wunch et al. [2007]). It is therefore particularly important to choose appropriate
microwindows and perform sufficient retrieval characterization of the lower-resolution in-

struments, to ensure optimal sensitivity.
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Retrieving ILS EPHS and EAP parameters from SFIT2 significantly improves the col-
umn comparisons of the stratospheric species for the lower-resolution instruments over
retrievals performed assuming an ideal ILS (see Figure 6.16). The ILS information is less
important for the pressure-broadened tropospheric species. Also, retrieving the SFIT2
EPHS and EAP parameters as part of the state vector can replace the LINEFIT ILS
information for balloon-based measurements when retrieving the ILS from a gas cell is

not feasible.



Chapter 7

Satellite-Based Data Validation

Cross-validation of ground-based atmospheric data products with coincident satellite ob-
servations provides a rigorous method of characterizing instrument precision and bias.
For comparisons of this nature, care needs to be taken to ensure that sampling homo-
geneity is maintained. This is done in two ways: the first accounts for the differences
between the two observing systems and relies on the averaging kernels to characterize
the differences in the sensitivity of the measurements, and the second ensures that the
spatial and temporal sampling differences are adequately minimized so as to facilitate
a reasonable comparison. To date, most comparisons of this nature have consisted of
compiling the TAO-FTS observations with many other ground-based observations so as
to best validate the satellite-based data products. Although these contributions do not
explicitly scrutinize the nominal operations of the TAO-FTS they do provide insight
into how well the TAO-FTS is performing relative to other ground-based instruments
in the NDACC. Section 7.1 provides an overview of TAO validation activities related to
the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIA-
MACHY) and the Atmospheric Chemistry Experiment Fourier Transform Spectrometer
(ACE-FTS), while Section 7.2 provides a more detailed description of comparisons with

the Optical Spectrograph and InfraRed Imager System (OSIRIS).

164
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7.1 Comparisons with SCIAMACHY and ACE

SCIAMACHY was launched on board the European Space Agency’s ENVISAT satellite
in 2002 [Burrows et al., 1995]. SCIAMACHY measures a suite of trace gases both in the
stratosphere and in the troposphere. These observations have been compared with total
column measurements of CO, CH, and N,O made at TAO as part of a study involving
11 different ground-based FTS sites [Dils et al., 2006]. The TAO-SCIAMACHY total
column comparisons involved results from several different retrieval algorithms that were
used to derive the SCTAMACHY products (see Table 7.1). The three algorithms included
a Weighting Function Modified Differential Optical Absorption Spectrum (WFM-DOAS
v0.5 and v0.4) method, an Iterative Maximum Likelihood Method (IMLM v6.3) and an
[terative Maximum A Posteriori Differential Optical Absorption Spectrum (IMAP-DOAS
v1.1) method. Total columns of CO and CHy were retrieved from SCIAMACHY mea-
surements using all three of these algorithms, while NyO total columns were retrieved
only with the WFM-DOAS algorithm. The results were compared with observations

from 11 different ground-based FTS sites.

As these three retrieval algorithms were used to generate the SCIAMACHY data prod-
ucts, there are generally three comparisons to be made for each species compared. As well,
there is a global range of comparisons determined from the 11 different F'TS sites. The
results are summarized in Table 7.1 with comparisons based on how well the TAO-FTS
data agreed with SCIAMACHY and on how well all 11 ground-based FTS sites agreed
with SCTAMACHY. The TAO % mean difference were determined for each species by
comparing all coincident observations with results from all of the SCIAMACHY retrieval
algorithms. The mean scatter was determined from the standard deviation of differences
between the TAO measurements and all of the SCIAMACHY results for each species.
The global % mean difference was determined from the average of the mean differences

from each of the ground-based sites for each algorithm, for each species. Likewise, the
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global mean scatter is the standard deviation of differences between all of the ground-
based measurements and all the SCTAMACHY results, for each species. The global range
of differences represents the extreme % mean differences of the 11 sites compared (that
is, the values from the sites with the lowest mean difference and the highest mean dif-
ference). The differences between TAO and SCIAMACHY were well within the range of

differences observed by other instruments.

Table 7.1: Summary of (SCIAMACHY-TAO)/(TAO) comparisons. The first row in-
dicates the % mean difference (with standard error of the mean) between TAO and
SCIAMACHY determined for a specific gas, from each algorithm, as well as the scatter
associated with the same comparison. The second row shows the same quantities calcu-
lated for the average of all 11 ground-based sites. The third row indicates the upper and

lower extreme differences for each species. All values are from Dils et al. [2006].

Total CO Total CHy Total NoO

TAO % Mean Diff. -2.814+1.16 -3.124-0.22 3.74+0.23
Mean Scatter 27.6 2.71 9.68

Global % Mean Diff.  -5.98+0.97 -2.224+0.22 0.16+0.02

Mean Scatter 25.2 2.09 941
Global Range -18.842.76 to  -9.994+0.38 to -10.2+7.58 to
of Differences H&.64+27.2 -0.13+1.69 4.59+1.62

The Canadian ACE mission was launched onboard the SCISAT-1 research satellite in
2003. The mission consists of two instruments: the ACE-FTS and the Measurements of
Aerosol Extinction in the Stratosphere and Troposphere Retrieved by Occultation instru-
ment (MAESTRO) [McElroy et al., 2007]. The ACE-FTS is an infrared Fourier transform

spectrometer that retrieves VMR, profiles of more than 30 atmospheric constituents in
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the range 750-4400 cm™! [Bernath, 2006]. Because SCISAT-1 is in a high-inclination,
low-Earth orbit, the instruments can perform solar occultation measurements in tropi-

cal, mid-latitude, and polar regions.

The advantage of having measurements with highly-resolved altitude profiles is balanced
by the limited global coverage caused by the solar occultation measurement technique.
Due to the orbit of the satellite, there are approximately 30 opportunities for an occul-
tation measurement each day. The primary geometric constraint on these opportunities
is the beta angle. This is the angle between the satellite velocity vector and the vector
connecting the Earth to the Sun. The two other limiting factors have to do with the
capacity for downloading the data and scheduling. There must be a sufficient downlink
to ground-stations for the recording and transferring of data, otherwise there is insuf-
ficient memory space to accommodate more measurements. Also, the scheduled cycle
that is used for calibrating and maintaining the instruments on board the satellite can

sometimes interfere with occultation opportunities.

When temporal constraints are considered for comparisons with a ground-based instru-
ment, the number of coincident observations is inevitably small. Furthermore, because
both the TAO-FTS and the ACE-FTS measure clear-sky infrared radiation, any cloud
contamination interferes with tropospheric measurements. This results in there being
only 35 coincident ACE occultations with TAO observations from January 2004 through
December 2006. With this limited number of observations, calculations involving monthly
means, or virtual coincidences are not possible. Essentially, this is a direct consequence

of the orbital geometry of the ACE-FTS and the mid-latitude location of TAO.

Even though the comparison dataset is small, TAO has still been involved in a number of

ACE comparison activities. TAO-FTS observations were first used to help validate ACE-
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FTS v1.0 stratospheric HCl [Mahieu et al., 2005]. ACE-FTS data have also been used
in conjunction with scientific process studies at TAO and Eureka [Wiacek et al., 2006].
Trace gas columns retrieved at TAO have been more extensively used for validating the
latest version of ACE-FTS data (v2.2 + updates) and ACE-MAESTRO data (v1.2) and
have included CO [Clerbaux et al., 2008], CH, [Maziere et al., 2008], O3 [Dupuy et al.,
2008], NO, NO, [Kerzenmacher et al., 2008], HCI [Mahieu et al., 2008], and NoO [Strong

et al., 2008]. A summary of the results of these comparisons is given in Table 7.2.

The results from the comparisons with the ACE-FTS show that TAO-FTS observations
are in good agreement with ACE (within 12% or better) with the exception of CO and
NO which each have a bias of about 25%. However, when the values for these two gases
are compared with the performance of the rest of the ground-based FTS observations
(column 2 in Table 7.2), it can be seen that the TAO observations are in the middle of
the bounds. The only outlying comparison appears to be for CHy, which is consistent
with the poor comparisons seen in the ground-based validation of the TAO-FTS data

(see Chapter 6).

To date, there has been one exclusively dedicated comparison between the TAO-FTS and
a satellite-based instrument. Stratospheric gases were cross-validated with observations
by the Optical Spectrograph and InfraRed Imager System (OSIRIS) instrument. The
temporal and spatial sampling of the two instruments provided an unprecedented level
of coincidence between data products. The details of this cross-validation work are given

below but the originally published work may be found in Taylor et al. [2007].
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Table 7.2: Summary of TAO-ACE partial column comparisons. The first column in-
dicates mean TAO % differences for each species and standard deviation. The second
column indicates the upper and lower difference bounds (with standard deviation) for
each species, that is, the minimum and maximum difference of all the ground-based FTS
sites involved in the comparison. The CO comparisons used two different smoothing
techniques to compare the data products, as such, there is a range of values. All values
are from Clerbaux et al. [2008], Maziere et al. [2008], Dupuy et al. [2008], Kerzenmacher

et al. [2008], Mahieu et al. [2008], Strong et al. [2008].

TAO % Global

Mean Diff. Range
ACE-FTS CO 24.54+11.2 to 33.7+£23.0  13.1£6.9 to 40.4+29.5
ACE-FTS O3 1.7+5.6 -9.946.5 to 6.3£1.9
ACE-MAESTRO Og -5.2+6.0 -8.7+4.7 to -0.54+10.8
ACE-FTS CHy -12.14+2.2 -12.14+2.2 to 9.843.5
ACE-FTS HCI 6.20+13.0 -5.68£16.9 to 15.45+19.3
ACE-FTS N,O -5.5+7.3 -18.64+29.6 to 3.8+2.4
ACE-FTS NO, 1.1£17.4 -9.3£15.1 to 25.6£29.1
ACE-MAESTRO NO, -5.0420.4 1.44+18.5 to 25.6+29.1

ACE-FTS NO -25.7+32.0 -14.5+16.1 to -67.5£17.4
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7.2 Comparisons with OSIRIS

In the middle stratosphere (25-40 km), catalytic destruction by NO, (NO and NO3) dom-
inates [Crutzen, 1970, 1971, WMO, 2007]. In addition to this direct role, NO, is coupled
to the hydrogen, chlorine, and bromine families and may form longer-lived “reservoir”
species (for details, refer to Brasseur and Solomon [2005]). Until 1997, mid-latitude O in
this region of the atmosphere was decreasing by about 6% per decade, while it decreased
by as much as 10-15% from 1979 to the 1990s [WMO, 2007]. The rate of decrease has
since levelled off, while total column NO, is increasing by 5.7-6.2% per decade [Liley
et al., 2000, WMO, 2007]. In order to make accurate predictions about future concen-
trations of stratospheric O3, measurements of O3 and NO, must be at least as precise
as these trend estimates. According to the requirements established for the Integrated
Global Observing Strategy , lower stratospheric O3 observations should be accurate to
within 5% of the truth with a threshold of 20%, while lower stratospheric NOy obser-
vations should be accurate to within 15% of the truth with a threshold of 40% [IGOS,
2004] (where “threshold” defines the minimium precision necessary to be useful” and

“accurate” defines the preferred precision).

The TAO NO, fits were performed on the 4 + v3 vibrational-rotational band in a mi-
crowindow from 2914.59 to 2914.70 cm ™!, which was first investigated by Camy-Peyret
et al. [1983]. NO; has been previously measured with ground-based FTIR spectroscopy
[Flaud et al., 1983, 1988, Maziere et al., 1998, Lambert et al., 2004, Sussmann et al., 2005,
for example] and has been characterized at TAO. As per all nominal retrievals at TAO,
a volume mixing ratio profile was retrieved, with the trace gas of interest represented on
a 38-layer altitude grid in the state space. Spectroscopically interfering species (in this
case, CHy and HyO) were considered by determining the scaling factors which result in
the best overall spectral fit when applied to the entire a prior: profile of each interfering

gas. The a priori profile was constructed from a 15-year climatology of HALogen Occul-
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tation Experiment (HALOE) data (v.19) between 19-44 km [Russell et al., 1994], with
the remainder of the profile constructed from Michelson Interferometer for Passive At-
mospheric Sounding (MIPAS) mid-latitude daytime reference climatology profiles (v.3.0)
[Carli et al., 2004]. The a priori error estimates used here were set to 40% between
10-55 km and tapered to 10% outside of this region (for a detailed description of these
NO; retrievals, refer to Wiacek [2006]). The retrievals resulted in a mean total column
degrees of freedom for signal of 1.6, with the sensitivity concentrated primarily in the

stratosphere.

O3 measurements recorded by ground-based infrared Fourier transform spectroscopy have
been previously used to validate similar measurements from satellites [Maziere et al.,
2002, Griesfeller et al., 2005, for example|. The chosen microwindow was used in previ-
ous ground-based intercomparison exercises and was useful for identifying differences in
retrievals (see Section 6.1). It was composed of multiple band passes in the the 2v; + v
band: 2775.68-2776.30 cm™!, 2778.85-2779.20 cm ™!, and 2781.57-2782.06 cm~t. These
three band passes were fitted simultaneously with interfering species CHy4, HoO, HDO,
CO,, HCI, and N5O so as to achieve the best global fit. This resulted in a mean total
column degrees of freedom for signal of 2.1. As with NOs, all of these retrievals were
performed on a 38-layer altitude grid using an a prior:i profile constructed from HALOE
and MIPAS climatologies. The a priori covariance matrix was set to 20% over the entire

altitude range.

7.2.1 The Optical Spectrograph and Infrared Imager System

OSIRIS [Llewellyn et al., 2004] is one of two instruments that were launched on board
the Odin satellite in February 2001 [Nordh et al., 2003]. This Canadian instrument is
designed to record atmospheric extinction spectra in the ultraviolet-visible from limb-

scattered sunlight. This technique allows for both global coverage and relatively high
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vertical resolution, yielding vertical profiles of trace gas concentrations from approxi-
mately 12-50 km altitude [von Savigny et al., 2003, Haley et al., 2004]. OSIRIS NO,
and Oj data sets have been validated with coincident satellite and sonde observations
[Petelina et al., 2004, von Savigny et al., 2005, Brohede et al., 2007]. These data have,
in turn, served as the calibrated “truth” for validating other atmospheric measurements

[Petelina et al., 2005].

The Odin satellite is in a Sun-synchronous orbit at 600 km with the ascending node
at 18h Local Solar Time and carries two instruments dedicated to two mission goals;
OSIRIS exclusively carries out aeronomy studies, while the SubMillimetre Radiometer
(SMR) [Frisk et al., 2003] records both astronomical and aeronomical observations. The
Optical Spectrograph (OS) uses a grating spectrometer and a charge coupled device to
record spectra of Rayleigh-scattered sunlight along the limb within the wavelength range
280-800 nm with 1 nm resolution [Llewellyn et al., 2004]. This provides vertical pro-
file concentrations of several atmospheric trace gases, including Oz and NO,, as well as
BrO, OCIO and aerosols. A complete stratospheric scan requires about 85 seconds and
hemispheric coverage is obtained through most of the year, with global coverage at the
equinoxes. Because Odin is a two-discipline satellite, measurement time is divided such
that the stratospheric observation mode happens one out of every three days [Murtagh

et al., 2002].

NO, profiles were retrieved from the OSIRIS limb-scattered sunlight measurements using
two different techniques. The first technique utilized a Differential Optical Absorption
Spectroscopy (DOAS) algorithm with a maximum a posteriori estimator [Haley et al.,
2004]. The fitted spectral microwindow ranged from 435 to 451 nm, with O3 and Oy fit-
ted as interfering species. These measurements nominally cover a tangent height altitude

range of 10-70 km with regular extensions up to 100 km altitude and a vertical resolution
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of roughly 2 km. A previous version of Level 2 data retrieved with this algorithm com-
pared well with observations from other satellite platforms [Brohede et al., 2007]. Version
3.0 of the OSIRIS-DOAS NO, data set has been used in this study [Haley and Brohede,
2007]. The second technique was developed at the University of Saskatchewan and uses
retrieval algorithms based upon a Multiplicative Algebraic Reconstruction Technique
(MART) [Degenstein et al., 2006]. This algorithm uses a maximum likelihood expecta-
tion estimator over a narrower wavelength region, while simultaneously fitting aerosol

concentrations.

The OSIRIS Oj retrievals were also carried out using two different techniques. The first
used the so-called Triplet Algorithm (version 3.0) to retrieve Oz vertical profiles from
the Chappuis absorption band [Flittner et al., 2000, von Savigny et al., 2003, Haley and
Brohede, 2007]. This technique used the ratio of limb radiances at three different wave-
lengths (602.0 nm, 540.2 nm, and 663.9 nm) with Optimal Estimation to determine the
altitude distribution of O3. The second technique used the same MART retrieval that was
used for NO, retrievals (version 2.0) [Degenstein et al., 2006]. The O3 MART retrieval
not only relied on the Chappuis absorption band, but also included measurements from
the Huggins band. This should provide greater sensitivity to ozone at higher altitudes
(although, for consistency, the same altitude regions will be compared for all retrievals).

As with NOgy, these measurements had a vertical resolution of roughly 2 km.

This intercomparison provides the first statistical ground-truthing of OSIRIS observations
using the latest version (v3.0) of O3 and NO, observations by OSIRIS [Haley and Brohede,
2007] with measurements from the TAO-FTS. It also provides the first comparison with
retrievals made by the OSIRIS MART algorithm. The coincident data that has been
recorded at TAO for more than four years provides an opportunity not only to investigate

simple observation biases, but also to statistically investigate issues related to temporal
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coincidence. The effects of comparing an infrared observing system with a UV-visible

instrument are also addressed by comparing differing retrieval techniques.

7.2.2 Stratospheric NO, Cross-Validation

As has been used in previous OSIRIS validation studies [Petelina et al., 2005], the spatial
coincidence selection criterion was chosen to be within £5° latitude and +10° longitude
of TAO (that is, all coincidences are within ~ £700 km of TAO). Other comparisons
of ground-based NO, observations with satellite observations utilize spatial coincidence
criteria of 750 km [Wetzel et al., 2007]. This definition was chosen for this study so as

to maximize the number of comparable observations.

The high degree of spatial coverage of OSIRIS resulted in 904 spatially coincident ob-
servations between May 2002 and December 2006. Throughout this same time period,
the TAO-FTS recorded 567 measurements. However, due to the orbit of Odin, OSIRIS
observations are limited in the winter hemisphere, effectively restricting coincidence to
March through October. This large number of spatially coincident measurements reduces
sampling problems that often inhibit rigorous statistical comparisons from being made
between two differing observation platforms. However, it is important to note that the
short lifetime of NOs necessitates a strict temporal coincidence criterion for comparing

individual measurements.

Following the approach first proposed at the Zugspitze Ground-Truthing Facility by Suss-
mann et al. [2005], the TAO NO; columns were corrected using “virtual coincidences”.
Previous corrections for NO, temporal coincidence have been made with photochemical
box models [McLinden et al., 2000, for example|, but the errors associated with this
technique are difficult to estimate [Roscoe et al., 2001]. The virtual coincidence tech-

nique relies on the fact that there is no significant seasonal dependence in the daytime
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rate of increase of NO, at mid-latitudes. The annual average daytime rate of increase
of 1.02 x 10 molecules/cm? /hour found at Zugspitze (47.42°N, 10.98°E) should be rep-
resentative of that of Toronto (43.66°N, 79.40°W). Furthermore, error estimates can be

made by using the difference in time between coincident measurements.

For each day of individual measurements recorded in Toronto, the NO, daily growth rate
is used for extrapolating concentrations to coincide with the time of the OSIRIS over-
pass. By fitting a straight line with a constant slope of 1.02 x 10'* (i.e., only allowing
the vertical offset for this trend line to be fit) to the TAO NOy columns, these “virtual
coincidences” can be defined (an example is shown in Figure 7.1). Since the error in
the daytime rate of increase is 0.06 x 10 molecules/cm?/hour [Sussmann et al., 2005],
this value can simply be multiplied by the number of hours separating the measurements
to yield an error estimate. To further mitigate temporal sampling problems, the data
were sorted into monthly bins and monthly mean statistics were calculated from each
instrument’s data. Only months in which each instrument had recorded more than five

measurements were used for comparison (see Figure 7.2).

To ensure that the peak stratospheric concentrations were captured for the comparison,
partial columns were integrated between 16-50 km, yielding 1.4 degrees of freedom for sig-
nal. Since the TAO-FTS retrieves vertical information with a coarser vertical resolution
than OSIRIS, the TAO-FTS averaging kernels (see Figure 7.3) were used for smoothing
and integrating the OSIRIS profiles into partial columns. Equation 5.10 is used to do
this, but here x is the original OSIRIS profile and X is the smoothed OSIRIS profile. For

details of this technique, refer to Rodgers and Connor [2003].

Figure 7.4 shows the monthly mean timeseries of all three NOy data products. Although

the individual monthly means display close agreement, it is necessary to consider long-
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Figure 7.1: “Virtual coincidence” correction of NOs partial columns measured at TAO
on 1 Sept. 2005 (shown as blue circles). The slope was fixed for each day at 1.02 x10'
molecules/cm? /hr and only the vertical offset was fitted to the columns (shown as the
red solid line). The “coincidences” are extrapolated from the slope so as to coincide with

the times of the OSIRIS overpass (shown as red squares).

term biases for data sets of this length. From the scatter plot shown in Figure 7.5, it
may be seen that the OSIRIS-MART data and the TAO-FTS data have a high corre-
lation (correlation coefficient, R? = 0.89) with some random differences. The weighted
least-squares linear fit to the scatter plot shows a slope of 0.92, indicating that there
is a multiplicative bias favouring the MART retrievals, that is, for larger column con-
centrations, the MART retrieval captures slightly elevated concentrations of NOy while
for smaller column concentrations, the TAO-FTS shows relatively higher columns. Al-

though no systematic bias is readily evident from the scatter plot, Figure 7.6 shows that
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Figure 7.2: Monthly observation frequency of AM and PM measurements recorded by
the TAO-FTS (red) and OSIRIS (blue) from May 2002 to December 2006. The dashed
line represents the minimum statistical limit of five measurements; any month in which

either instrument has fewer measurements is not used for this comparison.

the differences between the columns are evenly distributed, but slightly biased to higher

MART columns, suggesting a systematic difference of approximately 10%.

Comparisons between the OSIRIS-DOAS retrievals and the TAO-FTS yield similar re-
sults (Figures 7.7 and 7.8). The data have a correlation coefficient of 0.85, and the linear
fit to the scatter plot also shows a multiplicative bias that favours the OSIRIS columns

(slope = 0.79). The histogram in Figure 7.8 shows that the OSIRIS-DOAS data exhibit,
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Figure 7.3: NO, partial column averaging kernel for the TAO-FTS. This represents the
altitude sensitivity of the measurement to atmospheric volume mixing ratios between

16-50 km.

on average, a small systematic difference of 5% over that of the TAO monthly means.

The two OSIRIS retrieval techniques also show some differences (Figures 7.9 and 7.10).
As should be expected of two differing retrievals from the same data, the correlation
coefficient is high (0.93), but the scatter plot also shows a multiplicative bias. The linear
fit to the scattered data has a slope of 0.87, indicating that the DOAS retrieval captures
slightly higher monthly mean columns than those of the MART retrieval. Furthermore,
the histogram shows that the DOAS retrievals have a systematic bias of approximately

5% over MART.
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Figure 7.4: Timeseries of monthly mean NO, partial columns for each month in which
there are more than five measurements. Blue triangles represent the DOAS-based re-
trievals from OSIRIS, red circles represent the MART-based retrievals from OSIRIS,
and gray squares represent the values derived from the TAO-FTS. Error bars show one

standard deviation.

Previous comparisons between NO, observations made in the UV-visible have shown
that differences in absorption cross sections can generate as much as 5% systematic
disagreement among columns [Vandaele et al., 2005]. In this comparison, DOAS and
MART retrievals used UV-visible cross sections from Vandaele et al. [1998], while the
TAO NOs, retrievals used infrared parameters originally published by Perrin et al. [1998].
Since this comparison is obviously relying on differing spectroscopic parameterization
between the infrared and UV-visible, it is unrealistic to expect that columns should

agree to better than this 5% limit. The comparison between the two OSIRIS retrievals
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Figure 7.5: NO, monthly means derived from TAO-FTS observations plotted against
monthly means derived from OSIRIS-MART retrievals. Error-bars represent one stan-
dard deviation. The solid line shows the 1:1 line and the dashed line shows a weighted-

least-squares linear fit to the data.

reveal a general systematic difference evenly distributed around 5%. Similarly, the DOAS
and TAO NO, differences are close to 5%. Only the MART—TAO difference shows a
distribution around 5-10%, suggesting that these two data sets have a systematic bias
that may be greater than any spectroscopically induced bias. As this is the first validation
of products generated by the MART retrieval algorithm, it is possible that this systematic
bias is a direct result of the retrieval. However, previous profile-based comparisons of
OSIRIS NOy (version 2.4) with measurements from an infrared instrument (HALOE)
that have shown that OSIRIS generally reports higher values above 35 km [Brohede

et al., 2007], and the column discrepancy observed here may be a manifestation of this
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Figure 7.6: Histogram of the differences between NOy monthly mean partial columns:

100%2*(MART - TAO)/(MART + TAO).

difference.

7.2.3 Stratospheric O3 Cross-Validation

The same temporal and spatial coincidence criteria were used for selecting OSIRIS Ojy
measurements. This resulted in 904 spatially coincident OSIRIS observations and 651
TAO-FTS observations of O3 between May 2002-December 2006. The data were sorted
into monthly bins to facilitate monthly mean comparisons. Unlike NO,, the distribution
of temporal sampling within a month is not problematic, as the lifetime of O3 at 30
km altitude is on the order of weeks to months at midlatitudes [Brasseur and Solomon,
2005]. Therefore, monthly mean values should be representative of the stratospheric Og

concentration. However, to maintain consistency, the same minimum sample criterion of
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Figure 7.7: NOs monthly means derived from TAO-FTS observations plotted against
monthly means derived from OSIRIS-DOAS retrievals. Error bars represent one standard
deviation. The solid line shows the 1:1 line and the dashed line shows a weighted-least-

squares linear fit to the data.

five measurements per instrument per month was implemented.

Figure 7.11 shows the complete timeseries of monthly mean O3 partial columns produced
by each of the three retrievals. With the exception of some obvious discrepancies at the
beginning of 2003, most mean values agree to within 1o. The relatively long lifetime of
O3 also acts to reduce the amount of scatter within a given month, resulting in smaller
1o standard deviations than those of NO, (see Figure 7.4). Again, the apparent individ-
ual agreement for most months does not imply that there is a complete absence of bias

between data sets.
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Figure 7.8: Histogram of the differences between NOy monthly mean partial columns:

100%2*(DOAS - TAO)/(DOAS + TAO).

The OSIRIS-MART O3 retrievals are compared with the TAO-FTS O3 data set in Figure
7.13. To minimize the errors arising from the differences in altitude sensitivity of the two
observing systems, the OSIRIS profiles were smoothed with the TAO-FTS O3 averaging
kernels and integrated into partial columns from 16-50 km altitude (see Figure 7.12).
The TAO retrievals show good correlations with the MART monthly means (R? = 0.84),
however, the linear fit to the scatter-plotted data has a slope much less than 1 (0.55).
This once again indicates that the MART retrievals have a relative multiplicative bias
that results in generally capturing higher O3 monthly mean values for months in which
the concentration is higher, and the TAO-FTS retrievals show mainly higher values from

months in which the O3 concentration is lower. However, the histograms indicate that
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Figure 7.9: NOy monthly means derived from OSIRIS-MART observations plotted
against monthly means derived from OSIRIS-DOAS retrievals. Error bars represent
one standard deviation. The solid line shows the 1:1 line and the dashed line shows a

weighted-least-squares linear fit to the data.

the systematic differences between the data sets are less conclusive. Comparing the TAO
monthly means with those of the MART retrievals (Figure 7.14) shows that the MART

data, in general, are skewed to retrieve 5% higher values. One difference is as large as 20%.

Making these same comparisons with the OSIRIS-Triplet retrievals shows slightly dif-
ferent results. Figure 7.15 shows the scatter plot between the TAO and OSIRIS-Triplet
monthly means. Once again, the data show a strong correlation (R? = 0.82) and the
slope of the linear fit is less than 1 (0.73). This suggests that the Triplet-based O3 means

have a multiplicative bias that is similar to that of the MART-based means (albeit not
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Figure 7.10: Histogram of the differences between NOy monthly mean partial columns:

100%2*(DOAS - MART)/(DOAS + MART).

as large). However, a systematic bias is not suggested by the histogram (Figure 7.16).
The mean comparison shows a distribution of differences centred around 0% while there

is a small number of outlying higher concentrations recorded by OSIRIS.

Comparing the two OSIRIS retrieval techniques also identifies a bias (Figures 7.17 and
7.18). There are both systematic biases and multiplicative biases that favour the MART-
based retrieval. From the scatter plots shown in Figure 7.17, the slope of the linear fit
is 1.3, illustrating a clear multiplicative bias of higher monthly means from the MART
data. These same data values are systematically 5% greater than those derived from
the Triplet-based retrieval. A similar systematic bias of 5% was seen between the two

OSIRIS NO, retrievals.
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Figure 7.11: Timeseries of monthly mean Oj partial columns for each month in which
there are more than five measurements. Blue triangles represent the DOAS-based re-
trievals from OSIRIS, red circles represent the MART-based retrievals from OSIRIS,
and gray squares represent the values derived from the TAO-FTS. Error bars show one

standard deviation.

Previous comparisons of ground-based O3 measurements by infrared FTSs with those
of the UV-visible SCTAMACHY instrument on ENVISAT have been shown to disagree
significantly in the stratosphere, with the F'T'S values consistently lower than those of
the satellite [Palm et al., 2005]. For both OSIRIS retrievals, all O3 cross-sections were
taken from Bogumil et al. [2003], while the HITRAN 2004 infrared line parameters were
based on original work by Mikhailenko et al. [2002] and de Backer-Barilly et al. [2003].

Validation of the ACE-FTS (v1.0) satellite instrument has included comparisons of Og
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Figure 7.12: O3 partial column averaging kernel for the TAO-FTS. This represents the
altitude sensitivity of the measurement to atmospheric volume mixing ratios between

16-50 km.

profiles derived from infrared measurements with profiles from OSIRIS retrieved using
the previous version of the Triplet algorithm [Petelina et al., 2005]. This comparison
showed that OSIRIS retrieved values that were as much as +30% greater than those of
ACE at some altitudes. Previous UV-visible satellite comparisons have also shown that
OSIRIS regularly underestimates O3 above 40 km [von Savigny et al., 2005]. The MART
comparisons do not seem to replicate this underestimation at higher altitudes (possibly
due to the inclusion of the Huggins band in the retrieval algorithm). Although integration
into partial columns should reduce differences arising from altitude sensitivity, the TAO

comparisons appear to be consistent with these previously identified differences.
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Figure 7.13: Oz monthly means derived from TAO-FTS observations plotted against
monthly means derived from OSIRIS-MART retrievals. Error bars represent one standard
deviation. The solid line shows the 1:1 line and the dashed line shows a weighted-least-

squares linear fit to the data.

7.2.4 Summary of TAO-OSIRIS Comparisons

Stratospheric NOy and O3 columns measured by OSIRIS from May 2002 to December
2006 were compared with measurements by the TAO-FTS. NO, profiles were retrieved
from OSIRIS UV-visible limb-scatter measurements using both DOAS and MART re-
trieval algorithms. OSIRIS Oj profiles were derived from the MART algorithm as well
as with the Triplet retrieval method. The TAO-FTS partial columns were retrieved with
the SFIT2 optimal estimation algorithm. All coincidences were confined to be within
700 km of the TAO-FTS, with measurements sorted into monthly bins to derive mean

partial column concentrations from 16-50 km. The results are summarized in Table 7.3.
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Figure 7.14: Histogram of the differences between Oz monthly mean partial columns:

100%2*(MART - TAO)/(MART + TAO).

The NOy comparisons used coincident data spanning 59 months (see Figure 7.2 for de-
tails). All three comparisons showed a high degree of correlation, with R? values rang-
ing from 0.85 to 0.93 and had a mean difference that ranged from +3.1% for OSIRIS-
MART vs. TAO down to +0.1% for OSIRIS-DOAS vs. TAO. The standard deviations
of these differences were less than 6.0%. Of the two OSIRIS retrievals, the DOAS re-
treival showed a systematic bias of +5% relative to the MART retrieval. The agreement
between OSIRIS-MART and TAO and OSIRIS-DOAS and TAO are as good as or bet-

ter than previous NOy column comparisons between infrared and UV-visible instruments.

The O3 coincident comparisons spanned 58 months and also displayed well-correlated
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Figure 7.15: O3 monthly means derived from TAO-FTS observations plotted against
monthly means derived from OSIRIS-Triplet retrievals. Error bars represent one standard
deviation. The solid line shows the 1:1 line and the dashed line shows a weighted-least-

squares linear fit to the data.

monthly means (R? = 0.82-0.97). The mean differences were +2.5%, -0.3%, and -2.6%
for MART—TAO, Triplet—TAO, and Triplet—MART, respectively, with standard devi-
ations all less than 2.8%. The apparent high bias for the OSIRIS-MART values may
be generated by the higher altitude sensitivity caused by the inclusion of the Huggins
band in the MART retrievals. There were definite multiplicative biases between the data
sets; results from both OSIRIS algoithms indicated a multiplicative bias relative to TAO
with the OSIRIS-MART results exhibiting a multiplicative bias over the OSIRIS-Triplet

results.
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Figure 7.16: Histogram of the differences between O3 monthly mean partial columns:

100%2*(Trip. - TAO)/(Trip. + TAO).

These two latest versions of OSIRIS retrievals for both O3 and NOy have been shown
to agree well with observations from a ground-based Fourier transform spectrometer in
Toronto. The OSIRIS observations provide global coverage and are of value for the

continued monitoring of stratospheric O3 chemistry.
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monthly means derived from OSIRIS-MART retrievals. Error bars represent one standard
deviation. The solid line shows the 1:1 line and the dashed line shows a weighted-least-

squares linear fit to the data.
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Figure 7.18: Histogram of the differences between O3 monthly mean partial columns:

100*2*(Triplet - MART)/(Triplet + MART).
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Table 7.3: Statistics of OSIRIS—TAO monthly mean column amounts. The comparison
denoted in the first column gives the two retrieval methods being compared (the first
minus the second). The second column gives the number of months compared: n. The
third column gives the calculated correlation coefficient: R2. The fourth column gives the
mean percent difference in monthly mean columns: 6. The fifth column gives the standard
deviation of the mean percent difference in monthly mean columns: os. The sixth column
gives the calculated slope of the linear weighted-least-squares fit to the scatter plots of
the first retrieval versus the second retrieval. The seventh column gives the value of the

strongest statistical mode present in the histogram of the percent differences.

Comparison n R? 6 (%) o5 (%) slope mode (%)

NO, (MART-TAO) 22 089 +3.1 17 092  +10
NO, (DOAS—TAO) 29 085 +0.1 6.0  0.79 +5
NO, (DOAS—MART) 36 093 +1.9 3.6  0.87 +5
Os (MART—-TAO) 25 084 +25 28  0.55 +5
O (Trip.—TAO) 29 082 -03 20 0.73 0
Os (Trip.—MART) 36 097 -2.6 20 1.3 +5




Chapter 8

Model-Based Validation

Because measurements of many tropospheric gases, particularly NMVOCs, are so lim-
ited, the option that provides the best opportunity for comprehensive tropospheric cross-
validation of TAO data is atmospheric modelling. For this reason, measurements of two
important tropospheric trace gases made by the TAO-FTS were compared with fields
simulated by the GEOS-Chem Chemical Transport Model (CTM). The two compounds
compared were CO, an important criteria pollutant and ground-level ozone precursor
(see Section 2.3), and ethane (CyHg), an anthropogenically produced NMVOC that is
not regularly monitored but is expected to increase considerably in the next 50 years (see

Table 2.1).

Timeseries of CO and CyHg have been previously reported by NDACC sites in New
Zealand [Rinsland et al., 1998], the United States [Rinsland et al., 1999], Switzerland
[Rinsland et al., 2000], Australia [Rinsland et al., 2001], Japan [Zhao et al., 2002|, the
Atlantic Ocean [Velazco et al., 2005], and in the European FTS UFTIR network (Time-
series of Upper Free Troposphere Observations from a European Ground-based FTIR
Network) [Gardiner et al., 2007]. As many of these sites have been operating for over 10

years, their data can provide insight into the trends associated with these tropospheric

195
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species. The results reported in the studies undertaken at these locations do not sup-
port consistent global conclusions about trends, but it is suggested that concentrations
of tropospheric CO and CoHg may be decreasing in the midlatitude northern hemisphere
[Gardiner et al., 2007] (see Figures 8.1 and 8.2) with no significant long-term changes
seen elsewhere [Rinsland et al., 2002b]. As the TAO-FTS is a relatively new site, there is
not yet enough data to conduct such a trend analysis. As such, the work shown here is a
preliminary comparison of one year of measurements with model data (2005). It should
be noted that this validation study was designed to identify and understand potential
sources of disagreement between the measurements and the model rather than address

scientific concerns associated with changes in long-term concentrations.

Before comparisons are made between the model output and the TAO-FTS observations,
it is useful to describe the current monitoring standards and air quality observation

network near TAO.

8.1 Measurements of Pollutants in Toronto

In an attempt to address pollutant-related health concerns in Canada, the criteria pol-
lutants defined by Health Canada (see Section 2.3) are regularly monitored and publicly
disseminated by means of an Air Quality Index (AQI) and, more recently, an Air Quality
Health Index (AQHI) [Ontario Ministry of the Environment, 2007]. The AQI represents
the air quality based on the single highest concentration of the five criteria pollutants
(O3, NO,, CO, SOq, and PM). If the highest concentration is above a particular thresh-
old, then the air quality is declared as good, poor, etc. This scheme is used because it is
a rapid way to identify pollution events, as it is uncommon for any one pollutant to be
elevated while the other four are not. Based on the AQI and the meteorological condi-

tions, 2-day air quality forecasts and potential smog alerts are issued by the Province of
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Figure 8.1: Timeseries of CO total columns measured by ground-based FTS sites in
Europe. Measurements are shown from Ny Alesund (black), Kiruna (red), Harestua
(green), Zugspitze (blue), Jungfraujoch (cyan), and Izana (pink), (courtesy of UFTIR

group; Principal Investigator: M de Maziere; http://www.nilu.no/uftir/).

Ontario [Ontario Ministry of the Environment, 2007]. However, by using this threshold
approach, the cumulative effects of having multiple elevated pollutants is not considered
— the same warning is issued for a day in which there are elevated levels of only one
pollutant as when there are elevated levels of all pollutants. These scenarios obviously

have different health impacts and should be interpreted accordingly.

The Air Quality Health Index (AQHI) is a pilot program that is currently run in the
City of Toronto, and in the Province of British Columbia [Ontario Ministry of the Envi-

ronment, 2007]. The AQHI attempts to address the cumulative health effects of having
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Figure 8.2: Top: Timeseries of CoHg total columns observed by ground-based FTS
sites in Europe. Top: measurements from Ny Alesund (red circles), Kiruna (triangles),
and Harestua (green circles). Bottom: measurements from Zugspitze (orange circles),
Jungfraujoch (triangles), and Izana (green circles), (courtesy of UFTIR group; Principal

Investigator: M de Maziere; http://www.nilu.no/uftir/).

multiple pollutants elevated simultaneously. However, it does so only by incorporating
observations of Oz, NO,, and PM. Based on these three pollutants, a public announce-

ment of low health risk, high health risk, etc. is issued.

Although these monitoring and public awareness programs are important initial steps
toward understanding the magnitude of air quality problems in Toronto, they do not
present a solution. Current municipal policies are directed at reducing “smog-causing

pollutants” by 20% of 2004 levels [Toronto Environment Office, 2007]. This is an appre-
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ciable reduction target, however, smog-causing pollutants are only considered to be the
aforementioned five species. Furthermore, the uncertainty associated with the effects of
climate change causes air quality forecast model predictions to be limited and, therefore,
inhibits the ability to adequately plan for future changes. In order to address these con-
cerns, observations in Toronto of a suite of smog-causing pollutants must be considered
in conjunction with models to develop a better understanding of how concentrations are

changing and how the interdependence of their relationships is affected by these changes.

In the province of Ontario, concentrations of the five criteria pollutants (GLO, PM, NO,,
SO,, and CO) are monitored at 38 different ground-level observation sites. Over the past
36 years of monitoring, concentrations of NOy, CO, and SO, have all decreased, however,
concentrations of GLO and PM still exceed ambient air quality reference levels [Ontario
Ministry of the Environment, 2007]. From 2002-2006, Ontario smog advisories have been

issued, on average, 27.2 days/year, with a maximum of 53 days in 2005.

Smog is primarily a suspended combination of GLO, CO, SO, and aerosols (such as
PM) (see Section 2.3). The generation of these species requires the presence of other,
precursor, gases, such as nitrogen oxides and VOCs. VOCs consist of many different
carbonaceous compounds, of which CO, CyoHg, CHy, and hydrogen cyanide (HCN) are
the most abundant indicators/precursors of pollution [Penkett et al., 2003]. As GLO is
the primary component of smog (see Section 2.3), reducing the concentration of GLO
should directly lower the number of smog events. To achieve this goal, the Canada Wide
Standard for GLO was chosen to be 65 ppb over an 8-hour average by 2010 [Ontario Min-
istry of the Environment, 2004]. The average ground-level ozone concentration recorded

in Toronto over 2004-2006 was 75 ppb [Ontario Ministry of the Environment, 2007].

One of the 38 monitoring sites is located in downtown Toronto, approximately 1 km from
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TAO. Daily mean surface CO levels recorded at this location in 2005 are shown in Figure
8.3. There were 53 days in 2005 in which air quality advisories were issued (indicated by
the black vertical lines in the figure). It may be seen that, on some of these days, there
were definitely enhanced concentrations of CO which precipitated the advisory. However,
there are other days on which advisories were issued where the surface CO concentrations
were relatively low (e.g., end of July). On these days, one or more of the other criteria
pollutants must have exceeded the predetermined advisory levels. Of importance to note
is that there are several days, particularly in the winter, where the surface CO concen-
trations were in the extremely poor range and yet no advisory was issued. This indicates
that there is, potentially, a flaw in either the monitoring reporting system or the forecast
model used to issue advisories. The observation capabilities of the TAO-FTS, combined
with more powerful chemical transport models (such as GEOS-Chem), can help deter-

mine the current shortcomings of the Toronto air quality monitoring system.

This comparison will focus on TAO-FTS tropospheric partial columns of CO and CyHg.
The retrieval parameters are summarized in Table 8.1. Both gases were retrieved from
three spectral band passes that were simultaneously fitted to provide VMR altitude
profiles. These profiles were then integrated into total and partial columns as needed.
The mean total degrees of freedom for signal for the total column CO and CyHg retrieved
in 2005 were 3.1 and 2.6, respectively. This implies that, if desired, the retrieved CO
profile can be integrated into three separate partial columns, while the CoHg can be

integrated into at least 2, on average.

8.2 GEOS-Chem Chemical Transport Model

The GEOS-Chem Model is a three-dimensional Chemical Transport Model (CTM) of

global atmospheric composition driven by assimilated meteorological fields [Bey et al.,
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Figure 8.3: 2005 Daily mean surface CO concentrations observed by the Air Quality
Ontario observing network site in downtown Toronto. Error bars represent 1 stan-
dard deviation, the orange line (30 ppm) represents the level above which CO con-
centrations are considered poor, the red line (50 ppm) represents the level above which
CO concentrations are considered extremely poor, and the black vertical lines denote
days upon which an air quality advisory was publicly issued. (Data obtained from

http://www.airqualityontario.ca/).

2001]. The GEOS-4 (Goddard Earth Observing System version 4) assimilated fields are
provided by NASA’s Global Modelling Assimilation Office (GMAO). Emissions of pollu-
tants, such as CO and CyHg, are specified in the model with emission inventories. In this
version of the model, CoHg emissions are based on the work of Xiao et al. [2004] which
estimate a global inventory of ~13.5 Tg/yr. Ethane emissions in the continental US
are distributed according to the Environmental Protection Agency’s National Emissions
Inventory (EPA NEI-99) and are ~2.2 Tg/yr, a factor of 3.5 higher than the assumed

estimate of 0.6 Tg/yr [United States Department of Energy, 2005]. Global CO anthro-
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Table 8.1: Spectral microwindows used for the retrieval of CoHg and CO, as well as
interfering species that were fitted simultaneously, the mean SNR, and mean total column

degrees of freedom for signal (ds). Both species were retrieved by globally fitting multiple

bandpasses.
Target Microwindow(s) Interfering 2005 2005
Gas (em™1) Gases Mean SNR Mean Total d,
2976.60-2977.10 H,0O, CHy, O3, H,CO
CoHg  2996.70-2997.10 H,O, CH4, O3, H,CO 240 2.6
3000.10-3000.60 H,0O, CHy, O3, H,CO
2057.68-2058.00 O3, CO4, OCS
CO  2069.56-2069.76 O3, COy, OCS 200 3.1

2157.51-2159.14 03, N,O, H,0

pogenic emissions budgets are described by Duncan et al. [2007] and contain source values

of ~1000 Tg distributed about the US according to EPA NEI-99.

All results shown here were generated by the GEOS-Chem version 7-02-04 model. The
horizontal resolution is 4° latitude by 5° longitude over the entire globe, with the data
being taken from the grid box that encompasses Toronto (40-44°N by 77.5-82.5°W). The
data are reported on a 30-vertical-layer grid with 12 layers below 10 km and 5 layers
below 2 km altitude. All chemical fields are reported for each grid box every six hours.
The simulation is spun up for 12 months to effectively remove the initial chemical clima-

tology conditions.

It is important to note that GEOS-Chem is a global chemical transport model and,

therefore, does not have the spatial resolution necessary for an air quality forecast model.
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Figure 8.4 shows how the same surface observations of CO in 2005 from Figure 8.3
compare with the GEOS-Chem output for the Toronto-area grid box. It can be seen
that some of the CO elevations are qualitatively well correlated (such as in Jan-Feb
and Nov-Dec) but, overall, the magnitudes are poorly estimated and there are observed
enhancements that are not captured by the model. This is almost certainly due to the
fact that GEOS-Chem is a global model that represents average values of species over
large regions; it is unlikely that the model will be able to simulate the CO concentrations
that are localized to the boundary layer in downtown Toronto. For this reason, it is not

beneficial to compare surface observations with GEOS-Chem estimates.

x107
T

; ; ;
o Surface Observations
© GEOS-Chem simulation

Surface Concentration [VMR]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
20

Figure 8.4: Daily mean surface CO concentrations observed by the Air Quality Ontario
monitoring network site in downtown Toronto in 2005 (blue squares) compared with like
daily means generated by GEOS-Chem (red circles). The GEOS-Chem values are from

the lowest layer output for the grid-box encompassing Toronto (974.07 hPa).
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8.3 Tropospheric Co;Hg Cross-Validation

Although the coarse horizontal resolution of GEOS-Chem promotes some smearing of
trace gas concentrations, it does have well-resolved vertical resolution, which provides
profile information into the boundary layer. Even though measurements by the TAO-FTS
occur with changing solar zenith angle and rely upon integration over altitude profiles,
the location of TAO ensures that there is limited horizontal smearing over the course
of the 20-minute measurement time. Figures 8.5 and 8.6 show the extent of horizontal
smearing that occurs at different altitudes: for the tropospheric values, it can be seen
that this is very small. However, the TAO-FTS tropospheric retrievals do not contain the
same level of vertical sensitivity as GEOS-Chem, therefore it is necessary to smooth the
GEOS-Chem profiles with the TAO averaging kernels in the same fashion as was used
in Section 7.2.2. That is, Equation 5.10 is used, but here x is the GEOS-Chem output
profile and X is the smoothed GEOS-Chem profile. For details of this technique, refer to
Rodgers and Connor [2003]. Figure 8.7 shows a sample CoHg profile over Toronto output
from the GEOS-Chem model and the resulting profile that is generated by smoothing
with the TAO-FTS CyHg a priori profile and averaging kernel. The complete ensemble
of all CyHg profiles generated by GEOS-Chem and smoothed are shown in Figure 8.8.
It can be seen that the smoothing causes a slight decrease in the low altitude sensitivity
of the model but, overall, the profiles are not significantly different (=~ 1% on average in

the 3-12 km partial column).

As was seen in Figure 8.4, the model’s ability to capture localized boundary layer en-
hancements is limited. So, even though the smoothed model profiles indicate that there
is some low altitude sensitivity, any local enhancement that is captured by the TAO
observations is unlikely to be properly represented in the model. To avoid this problem,
tropospheric partial columns were integrated between 3 and 12 km altitude. The mean

total degrees of freedom for signal of TAO CyHg columns retrieved in this altitude range
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Figure 8.5: Typical horizontal measurement smearing that occurs during an observation

in the summer by the TAO-FTS. Differing colours represent different altitudes along the

line-of-sight during a 20-minute observation. This example was calculated for 17 August

2007 using geometric assumptions. (Figure courtesy of F. Kolonjari).

is 2.4. The same quality control techniques that were applied to retrieved quantities

archived with the NDACC were applied here (see Section 5.5). The complete time series

of measured 3-12 km partial column CyHg is shown in Figure 8.9.

It can be seen from the TAO-FTS tropospheric columns that there is a pronounced sea-

sonal cycle linked to the calendar year. Because removal of CoHg from the troposphere is

primarily due to reaction with OH radicals, the average global CyHg lifetime is approxi-

mately two months [Rudolph and Ehhalt, 1981]. Although it is released at the surface,
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Figure 8.6: Same as Figure 8.5 but representative of winter observing conditions. This ex-
ample was calculated for 17 January 2008 using geometric assumptions. (Figure courtesy

of F. Kolonjari).

principally by natural gas leaks in the northern hemisphere and biomass burning in the
tropics [Rudolph, 1995], variations in these sources are not normally strong enough to

perturb this seasonal cycle.

Daily mean tropospheric columns of CoHg retrieved from the TAO-FTS and output from
GEOS-Chem in 2005 are shown in Figure 8.10. From the figure, it may be seen that the
data have significant differences. During late summer/early fall, CoHg levels are at their
seasonal minimum and the agreement between the two data sets is best. However, during

the springtime seasonal maximum, GEOS-Chem appears to have columns that are ele-
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Figure 8.7: Sample CyHg profile over Toronto generated by the GEOS-Chem model (red)
and the same CyHg profile smoothed with the TAO-FTS averaging kernel and a priori

profile (blue). VMR is expressed in parts per volume.

vated by & 30% over those of the TAO-FTS. It is possible that this is merely a sampling
artefact and the limited number of TAO-FTS observations near the seasonal maximum
does not adequately capture the expected elevation. The other possibility is that the
apparent high bias of the model is a systematic feature that is due to mis-representation
of the atmosphere over Toronto. Before this question can be adequately answered, it is

necessary to compare the CO data.
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Figure 8.8: All CoHg profiles over Toronto generated by the GEOS-Chem model in 2005.
The raw profiles output from the model are shown on the left panel, while the right panel
shows the same profiles after smoothing with the TAO-FTS averaging kernel and a priori
profile. The black, horizontal line at 3-km altitude represents the lower boundary of the

partial column calculation. VMR is expressed in parts per volume.

8.4 Tropospheric CO Cross-Validation

Similarly to CyHg, CO is produced primarily though biomass burning, fossil fuel com-
bustion, and oxidation of other hydrocarbons [Logan et al., 1981]. It also has OH as
a primary sink and, consequently, has a similar lifetime of approximately two months
[Crutzen and Zimmermann, 1991]. However, there is a slight difference in the seasonal
cycle of CO because there can be significant contributions from both local and long-

range-transported CO plumes. As a result, the seasonal cycle can be perturbed by these

enhancements.
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Figure 8.9: Timeseries of CoHg 3-12 km partial column retrievals from the TAO-FTS.

The median partial column error is &~ 1.3% and is composed of state space parameter

interference error and retrieval noise added together in quadrature. For clarity, the error

bars are not shown.

As with CyHg, all CO VMR profiles generated by GEOS-Chem were smoothed with the

TAO-FTS averaging kernels and a priori profile. Figure 8.11 shows all of the GEOS-Chem

CO profiles before and after smoothing. An example profile before and after smoothing

is shown in Figure 8.12. The smoothing process significantly reduces the amount of in-

formation in the profile at low altitudes, but for the 3-12 km range over which the partial

column is calculated, the differences are not significant (< 5% for all cases). The mean

total degrees of freedom for signal in this partial column was 3.0 and the standard quality

control techniques used at TAO were applied to all of the data (see Section 5.5).
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Figure 8.10: Timeseries of CyHg 3-12 km partial column daily means retrieved from the
TAO-FTS (red) and the GEOS-Chem model (blue). Error bars represent 1 standard
deviation (for the days upon which there is only one measurement, the error bars are set

to 0).

Similarly to CoHg, CO exhibits a seasonal cycle over Toronto, with a springtime maxi-
mum and late summer/fall minimum (see Figure 8.13). It should be noted that since CO
is retrieved from the region of the spectrum that is covered by Filter 2 measurements
(see Table 4.1), the TAO-FTS CO data density is much less than that of CyHg. This
also inhibits the ability to make direct daily mean comparisons with a significant number
of measurements. Nonetheless, comparison with the GEOS-Chem model should provide

insight into how well CO concentrations over Toronto are understood.
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Figure 8.11: All CO profiles over Toronto generated by the GEOS-Chem model in 2005.
The raw profiles output from the model are shown on the left, while the right shows the
same profiles after smoothing with the TAO-FTS averaging kernel and a priori profile.
The black, horizontal line at 3 km altitude represents the lower boundary of the partial

column calculation. VMR is expressed in parts per volume.

Figure 8.14 shows the 3-12 km integrated partial columns of CO derived from TAO-FTS
observations and GEOS-Chem simulations in 2005. The apparent GEOS-Chem column
overestimation that was present in the CoHg data is also present here. However, the
CO tropospheric columns do not appear to agree as well as those of CoHg during the
seasonal minimum, rather, the CO columns exhibit a high bias of the GEOS-Chem data
throughout the entire season. The agreement in the daily means again appears to be
worse during the seasonal maximum, potentially indicating that the root cause of this

discrepancy is the same for both species.
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Figure 8.12: Sample CO profile over Toronto generated by the GEOS-Chem model (red)
and the same CO profile smoothed with the TAO-FTS averaging kernel and a priori

profile (blue). VMR is expressed in parts per volume.

Because the CO 3-12 km columns are sensitive to emissions, it is possible that the emis-
sion inventories prescribed in the model are overestimating the values observed by the
TAO-FTS. There are four potential causes for this in the model: 1. Asian emissions are
overestimated and there is an increase caused by transport of pollutants, 2. local North
American emissions are overestimated and contributions from regionally local sources are
forcing the columns to be higher in the model, 3. a combination of both of these effects, or

4. the concentrations of OH that control the CO chemistry in the model may be incorrect.

Recent work by Hudman et al. [2008] has compared the GEOS-Chem CO fields with

North American observations from the ICARTT (International Consortium for Atmo-
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Figure 8.13: Timeseries of CO 3-12 km partial column retrievals from the TAO-FTS. The
median partial column error is less than 1% and is composed of state space parameter
interference error and retrieval noise added together in quadrature. For clarity, the error

bars are not shown.

spheric Research on Transport and Transformation) aircraft campaign [Fehsenfeld et al.,
2006]. By comparing ICARTT observations with GEOS-Chem output generated using
the same anthropogenic CO emission inventories that were used here (EPA NEI-99), it
was found that the CO emissions should have been inventoried 60% lower. A new GEOS-
Chem simulation was generated with the CO emission inventory modified to reflect this

North American reduction (see Figure 8.15).

Although this change in the CO emission inventory results in slightly better agreement

with the TAO-FTS retrieved partial columns, the data still do not agree. In order to
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Figure 8.14: Timeseries of CO 3-12 km partial column daily means retrieved from the
TAO-FTS (red) and the GEOS-Chem model (blue). Error bars represent 1 standard
deviation (for the days upon which there is only one measurement, the error bars are set

to 0).

properly ameliorate these differences, comparisons will need to be made over extended
time periods and further model simulations will be required. Other tropospheric trace
gases observed at TAO, such as hydrogen cyanide (HCN) and acetylene (CoHs), will also
help characterize the level of agreement with the GEOS-Chem modelled tropospheric

species.
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Figure 8.15: Timeseries of CO 3-12 km partial column daily means retrieved from the
TAO-FTS (red) and the GEOS-Chem model with a North American emission reduction
of 60% (blue). Error bars represent 1 standard deviation (for the days upon which there

is only one measurement, the error bars are set to 0).

8.5 Summary and Future Work on Model-Based Val-

idation of Tropospheric Gases

This preliminary comparison showed that the GEOS-Chem simulated CoHg tropospheric
partial columns were =~ 30% greater than those observed by the TAO-FTS. Results
from Xiao et al. [In Press| show that global CoHg emissions in GEOS-Chem are slightly
overestimated in the emissions inventories used here and should be reduced from ~13.5
Tg/yr to ~13.0 Tg/yr. However, they also note that North American estimates of CoHg
emissions are underestimated and should be increased. This suggests that changing the
North American emissions inventory would only increase the discrepancy between the

TAO-FTS observations and the GEOS-Chem output.
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Initial comparisons between GEOS-Chem simulated tropospheric CO partial columns and
those observed by the TAO-FTS indicated that the model was estimating ~ 35% more
than was observed. By following the work of Hudman et al. [2008], the North American
anthropogenic CO emissoins inventory was reduced by 60% and the GEOS-Chem CO
estimates over Toronto were uniformly reduced. However, the reduced partial columns
were still & 25% greater than those observed by the TAO-FTS. Hudman et al. [2008]
also notes that biogenic emission estimates are now greater than those of anthropogenic

emissions which is likely further be contributing to this discrepancy.

Since the parameterization of local North American emissions of CO and CyHg have re-
cently been investigated for the model output shown here, it is unlikely that local sources
are completely responsible for the lack of agreement in the data. This suggests that Asian
sources and/or transport of emissions are more responsible for the apparent elevation of
columns. It is also possible that the discrepancy is entirely due to representation error
arising from the coarse horizontal resolution of the model simulation. The 4° by 5° grid
box encompassing Toronto also includes many other sources of emissions in Southern
Ontario and North Eastern United States. The smearing of these values over Toronto

may result in the apparent elevations that have been seen here.

To better diagnose these supposed causes of disagreement, future simulations with GEOS-
Chem are planned with finer horizontal resolution (2° by 2.5° and/or 1° by 1° over
Toronto). The results from these simulations will better represent the true state of
the atmosphere over Toronto. It is also known that pollutants emitted from the same
sources should have correlated concentrations [Xiao et al., 2004]. Thus far, the TAO
data have not exhibited strong correlations, but with an extended set of GEOS-Chem
output, it will be possible to better interpret the correlations that are present in the TAO

data. By incorporating other tropospheric trace gases into the analysis, it will also be
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possible to distinguish anomalous events that contribute to observational enhancements
not captured by the model, such as forest fires. By combining these different simulations
with the TAO-FTS observations, a better understanding of how tropospheric chemical

composition is controlled above Toronto can be attained.



Chapter 9

Conclusions

9.1 Summary of Results

Measurements that can be used to address scientific concerns in the areas of atmospheric
climate change, tropospheric air quality, and stratospheric ozone depletion have been
extensively assessed at the Toronto Atmospheric Observatory. The TAO-FTS has been
operationally recording data under clear sky conditions since May 2002. In May 2004, the
TAO was designated a complementary station of the NDACC, an international consor-
tium of ground-based atmospheric observatories. Over the past five years, the TAO-FTS
has averaged approximately 85 days of observations per year, which is consistent with

other NDACC FTS instruments.

One part of TAO’s NDACC obligations is to publicly store partial and total columns
of several primary species retrieved from the FTS observations in the NDACC archive.
This allows long-term observations of species that are important for climate change to
ultimately be analysed for statistically significant long-term trends. Although the TAO-
FTS hasn’t been operational long enough to provide such insight, the data are being

archived regularly. The most recent archiving took place in Fall 2007, and included all

218
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quality-controlled, retrieved values of HCl, HF, NoO, NOs, NO, O3, and CHy4 in 2005 and
2006. This not only ensures that the TAO-FTS is adhering to an international standard
of measurements and analysis, it also provides the framework for developing operational

standards.

As part of assessing the quality of the data recorded by the TAO-FTS, this project
has sought to perform cross-validation of species that are scientifically pertinent to cli-
mate change, air quality, and stratospheric ozone depletion. This has been done through
side-by-side comparisons with two ground-based instruments, comparisons between the
TAO-FTS and three satellite-based instruments, and comparisons with a chemical trans-

port model.

Ground-based instrument intercomparisons at TAO took place in two campaigns: an
extended campaign between the TAO-FTS and the U of T FTS in the Summer of 2005,
and a focused campaign between the TAO-FTS, the U of T FTS, and PARIS-IR over a
two-week period in August-September 2005. In both campaigns, simultaneous measure-
ments of Oz, HCIL, NoO, and CH,4 were recorded by all the instruments. In the extended
campaign, comparisons between the retrievals of stratospheric species (O3 and HCI) do
not show a consistent multiplicative bias between instruments. O3 retrievals in two mi-
crowindows showed that the lower-resolution observations by the U of T FTS were more
sensitive to changes in the lower atmosphere, although this had little impact on the total
column comparison. For both microwindows, the U of T F'TS had a fitted multiplicative
bias of 0.8940.03 and 0.7840.03 times that of the TAO-FTS for the 3040 cm™! and
2775 em~! microwindows, respectively. The median column differences (UofT - TAO)
were 2.743.7% and -1.74£3.7% for the 3040 cm~! and 2775 cm ™! microwindows, respec-
tively. The TAO-FTS observations were 5 to 25% more sensitive to HCI concentrations

than the U of T FTS, resulting in a total column multiplicative bias ratio of 1.1840.05.
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The resulting median difference in HC1 column measurements was 2.24+4.8%. Compared
to the tropospheric retrievals, the stratospheric species showed qualitatively less scatter
from the linear fit and were better correlated. The difference in multiplicative bias be-
tween the two instruments arises from the lack of sensitivity to pressure broadening for
HCI (as well as for O3) by the U of T FTS, resulting in narrower spectroscopic features
that are not easily captured by lower-resolution instruments. The tropospheric species
did not allow for as detailed a comparison as the stratospheric gases. The median total
column differences were 3.742.5% and 0.36+1.8% for CH, and N,O, respectively. The
pressure-induced line broadening of these tropospheric species generates broader spec-
troscopic features that were captured by both the low- and high-resolution instruments.
A campaign of longer duration, albeit unpractical, would better capture the seasonal
variation of the tropospheric gases and allow for better comparison of the scatter-plotted
data. This highlights the need to be aware of instrument biases in total column mea-

surements arising from lower-resolution infrared observations and their averaging kernels.

For the focused intercomparison, measurements were averaged during coincident 20-
minute periods and the total column amounts retrieved from these averaged spectra
were directly compared. The results showed that the lower-resolution instruments can
measure total columns of O3, HCI, N,O, and CHy species to better than 4.5% of the
TAO-FTS. There was no discernable trend in the agreement between instruments. The
largest errors were obtained for the stratospheric species, and these errors can be at-
tributed to the averaging kernels of the lower-resolution instruments, as was found in the
extended intercomparison. The agreement for N,O was very good, but there were signif-
icant differences for CHy, possibly due to uncertainties in the spectroscopic parameters.
The agreement between the TAO-FTS and the U of T FTS is slightly better than in the
focused intercomparison for most of the species. This may be due to the fact that only

measurements that were obtained at solar zenith angles of greater than 40° were used in
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the comparison. It was also found that retrieving ILS EPHS and EAP parameters from
SFIT2 significantly improved the column comparisons of the stratospheric species for
the lower-resolution instruments over retrievals performed assuming an ideal ILS. As ex-
pected, the ILS information was less important for the pressure-broadened tropospheric

species.

The satellite-based validation at TAO focused on comparing the timeseries of strato-
spheric NOy and Oz columns measured by the OSIRIS satellite instrument from May
2002-December 2006. NO, profiles were retrieved from OSIRIS UV-visible limb-scatter
measurements using both DOAS and MART retrieval algorithms. OSIRIS O3 profiles
were derived from the MART algorithm as well as with the Triplet retrieval method. All
coincidences were confined to be within +5° latitude and +10° longitude of TAO, with
like measurements sorted into monthly bins to derive mean partial column concentrations

from 16-50 km.

The NO, comparisons used coincident data spanning 59 months. All three compar-
isons showed a high degree of correlation, ranging from R? = 0.85-0.93 and had a mean
difference that ranged from 3% for OSIRIS-MART vs. TAO down to nearly 0% for
OSIRIS-DOAS vs. TAO. The standard deviations of these differences were less than 6%.
Of the two OSIRIS retrievals, the DOAS retrieval showed a marked systematic bias of
5% greater than the MART retrieval. The agreement between OSIRIS-MART and TAO
and OSIRIS-DOAS and TAO are as good as or better than previous NOs column com-
parisons between infrared and UV-visible instruments. The O3 coincident comparisons
spanned 58 months and also displayed well-correlated monthly means (R* = 0.82-0.97).
The mean differences were +2.5%, -0.3%, and -2.6% for MART—TAO, Triplet—TAO,
and Triplet—MART, respectively, with standard deviations all less than 3%. The ap-

parent high bias for the OSIRIS-MART values may be generated by the higher altitude
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sensitivity caused by the inclusion of the Huggins band in the MART retrievals. There
were definite multiplicative biases between some data sets (OSIRIS-MART and TAO),

as well as systematic differences.

The results from the comparisons with the ACE-FTS show that TAO-FTS observations
are within 12%, or better, of those of ACE with the exception of CO and NO which
each have an average bias of about 25%. However, when the values for these two gases
are compared with the performance of the rest of the ground-based FTS observations,
it can be seen that the TAO observations are in the middle of the bounds. The only
marginally outlying comparison appears to be for CHy, which is consistent with the poor
comparisons seen in the ground-based validation of the TAO-FTS data. SCIAMACHY
comparisons demonstrated that TAO agreed well with like observations of CO, CHy, and

N,O with average total column differences less than 10% in all comparison cases.

Due to the inherent difficulty associated with validating tropospheric observations with
satellite instruments, the GEOS-Chem chemical transport model was used to simulate
concentrations of CO and CyHg in the troposphere above Toronto. The simulated CoHg
3-12 km tropospheric partial columns were ~ 30% greater than those observed by the
TAO-FTS in 2005. Recent work has suggested that GEOS-Chem may actually be un-
derestimating North American emissions, which would only indicate an increase in the
discrepancy between the TAO-FTS observations and the model output. Initial com-
parisons between GEOS-Chem simulated 3-12 km tropospheric CO partial columns and
those observed by the TAO-FTS in 2005 indicated that the model was estimating ~ 35%
more than was observed. After adjusting the North American anthropogenic CO emis-
sions inventory in the model, the GEOS-Chem CO estimates over Toronto were uniformly
reduced. However, the reduced partial columns were still ~ 25% greater than those ob-

served by the TAO-FTS. Continued comparisons between the TAO-FTS observations
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and the model estimates are necessary if these differences are to be understood.

9.2 Future Work

Although this project has demonstrated that the results from the TAO-FTS are reliable,
there are still more scientifically interesting questions that can be addressed with these

data.

Comparisons with the OSIRIS instrument have demonstrated that a multi-year time-
series of stratospheric measurements at TAO is trustworthy. In the future, the TAO data
set will only get larger and thus provide enough measurements to draw conclusions about
statistically significant trends in the column concentrations of these species. Furthermore,
these trends can also be calculated at other NDACC locations and the global distribution
of these growth rates can provide insight into questions surrounding stratospheric ozone
depletion/recovery and atmospheric climate change. In this context of future validation,

these timeseries are also valuable for calibrating/validating future satellite observations.

The same approach of utilizing global comparisons between multiple NDACC sites can
also be applied to tropospheric species. This can aid in answering questions surrounding
agreement with the GEOS-Chem CTM. Model representation error for an urban area
such as Toronto could be significant and through comparisons with observations at other
“cleaner” sites, a better understanding of the causes of disagreement can be attained.
By utilizing observations from affiliated NDACC sites in Japan and the US, the impact
of North American and Asian emission inventories can also be characterized. These
questions can also be extended to encompass larger data sets of tropospheric pollutants

observed in other years.
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Other questions endemic to the GEOS-Chem comparison can be addressed though spe-
cific model simulations. Issues related to chemical concentrations of OH and CO over
Toronto can be solved by generating a “CO-only” run which controls CO entirely through
OH chemistry. Simulations with higher horizontal resolution over Toronto can also ad-
dress coarse representation concerns. As well, further modifications to emission invento-
ries can help distinguish the effects of North American vs Asian contributions to pollution

over Toronto.

In addition to the questions which directly stem from the work done in this project, there
are other observations and data analysis techniques that can be explored at TAO. Many
questions related to tropospheric pollution can be addressed through the optimization of
retrievals of other molecular species, such as acetylene, ethylene, formaldehyde, etc. Fur-
ther work can also be done to explore the potential for retrieving other stratospheric and
tropospheric gases related to ozone depletion and climate change (e.g., CFCs, HCFCs,

etc.).

Finally, for the purposes of continuity, arrangements for the long-term maintenance of the
TAO-FTS must be made so as to ensure that high-quality infrared spectra are recorded.
These measurements must be archived at TAO and, ultimately, the retrieved columns
must be archived in the NDACC database. Because new retrieval software is always
in development, it will also be necessary to implement new analysis routines that can
incorporate the latest updates in SFIT2 (or, if necessary, new retrieval algorithms alto-
gether). For consistency, the re-analysis of previously archived results will be necessary
for re-submission to the NDACC database. As well, updates to instrument hardware,
operating software, and heliostat control software should be regularly implemented as

the system ages.



Appendix A

The retrieval methodology applied to measurements made by the TAO-FTS was initially
developed by Wiacek [2006]. These retrieval parameters were chosen specifically for
generating data products for archival in the NDACC database. The 2005-2006 TAO-FT'S
retrieval results that were submitted to the NDACC database were shown in Section 5.5.
For completeness, details of microwindow parameters, fits, and averaging kernels of the
retrievals for all seven species are shown below. A more thorough discussion of why these

parameters were chosen can be found in Wiacek [2006].
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Table A.1: Spectral microwindows used for the retrieval of each trace gas as well as

interfering species that were fitted simultaneously for the 2005-2006 NDACC archival.

CH, was globally fitted with three simultaneous band-passes.

Target

Gas

Microwindow(s)

(em™)

Interfering

Gases

HCl

2925.80-2926.00

CHy, NO3, O3

HF

4038.77-4039.13

H,0O, HDO, CHy

N,O

2481.30-2482.60

COgq, CHy, O3

NO,

2914.59-2914.71

CH,, H,0

NO

1899.88-1900.15

CO,

O3

3045.10-3045.35

H,0, CH,

CH,

2650.85-2651.25
2666.95-2667.35
2673.90-2674.41

HDO
HDO
HDO
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Table A.2: Parameterization of a priori error covariance and typical measurement error

covariance (expressed as SNR) used in the retrieval of gases for the 2005-2006 NDACC

archival.

Target A Priori Typical
Gas Covariance SNR
HCI 40% tapering to 10% outside stratosphere; ~~ 650
Gaussian correlated, HWHM=4km; 0-100 km

HF 50% tapering to 10% outside stratosphere; ~ 250
Gaussian correlated, HWHM=4km; 0-100 km

N,O 20% all levels ~ 400
Gaussian correlated, HWHM=4km; 0-15 km

NO, 40% tapering to 10% outside stratosphere; ~ 900
Gaussian correlated, HWHM=4km; 0-100 km

NO 40% tapering to 10% outside stratosphere; ~ 125
Gaussian correlated, HWHM=4km; 0-100 km

O3 30% all levels ~ 300
Gaussian correlated, HWHM=4km; 0-100 km

CH,4 20% all levels ~ 600

Gaussian correlated, HWHM=4km; 0-15 km
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Figure A.1: Fit and residual for the HCI infrared absorption spectral microwindow in the
2925 em ™! region (Filter 3) from an observation taken on 10 Aug 2005. The observed

spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.2: Averaging kernel matrix calculated for the HCI infrared absorption spectral

microwindow shown in Figure A.1.
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Figure A.3: Fit and residual for the HF infrared absorption spectral microwindow in the
4039 em™! region (Filter 1) from an observation taken on 6 Jan 2006. The observed

spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.4: Averaging kernel matrix calculated for the HF infrared absorption spectral

microwindow shown in Figure A.3.
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Figure A.5: Fit and residual for the N5O infrared absorption spectral microwindow in
the 2482 cm™! region (Filter 3) from an observation taken on 6 Nov 2006. The observed

spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.6: Typical averaging kernel matrix calculated for the NoO infrared absorption

spectral microwindow shown in Figure A.5.
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Figure A.7: Typical fit and residual for the NOs infrared absorption spectral microwindow

in the 2914 cm ™! region (Filter 3) from an observation taken on 26 Jan 2006. The observed

spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.8: Typical averaging kernel matrix calculated for the NOy infrared absorption

spectral microwindow shown in Figure A.7.



APPENDIX A. 236

1F T
T T i B
O.QB,W s
c
kel
8 0.96
£
2 0.04+
o
= 0.92|=
Measured
0.9l © Calculated | |
1899.9 1899.95 1900 1900.05 1900.1
Wavenumber (cm %)
x 107
T
a4k 4
s 20 ¥
S
S
g o
@
_2 -
-4 | | | | ]
1899.9 1899.95 1900 1900.05 1900.1

Wavenumber (cm %)

Figure A.9: Typical fit and residual for the NO infrared absorption spectral microwindow
in the 1900 cm™' region (Filter 5) from an observation taken on 31 Aug 2006. The

observed spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.10: Typical averaging kernel matrix calculated for the NO infrared absorption

spectral microwindow shown in Figure A.9.
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Figure A.11: Typical fit and residual for the O3 infrared absorption spectral microwindow
in the 3045 cm™! region (Filter 3) from an observation taken on 14 June 2006. The

observed spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.12: Typical averaging kernel matrix calculated for the Oz infrared absorption

spectral microwindow shown in Figure A.11.
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Figure A.13: Typical fit and residual for the CHy infrared absorption spectral microwin-
dow in the 2651 cm™" region (Filter 3) from an observation taken on 24 Nov 2006. The

observed spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.14: Typical fit and residual for the CHy infrared absorption spectral microwin-
dow in the 2667 cm™' region (Filter 3) from an observation taken on 24 Nov 2006. The

observed spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.15: Typical fit and residual for the CHy infrared absorption spectral microwin-
dow in the 2674 cm™' region (Filter 3) from an observation taken on 24 Nov 2006. The

observed spectrum is shown in blue and the forward modelled values are shown in red.
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Figure A.16: Typical averaging kernel matrix calculated for all three CH, infrared ab-

sorption spectral microwindows shown in Figures A.13-A.15.
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