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Abstract

Three topics that are outstanding issues in ozone research were discussed in this
study.

First, physical models of two primary standard instruments for total ozone
measurements (the Dobson and Brewer ozone spectrophotometers) were developed to help
better understand the effect of stray light on ozone measurements. The models showed that
the error caused by stray light for a typical single Brewer at large ozone slant paths can be up
to 5%, and up to 25% for a typical Dobson instrument. For the first time, new ozone
absorption coefficients were calculated for the Brewer and Dobson instruments taking into
account the effect of stray light.

MAESTRO is a moderate-resolution spectrometer onboard SCISAT satellite since
2003. The O, absorption bands are used by the MAESTRO retrieval to retrieve pressure and
temperature profiles. In this study the MAESTRO p-T retrieval software was updated using
the improved O, spectroscopic parameters from HITRAN (high-resolution transmission
molecular absorption database) 2012 database. The MAESTRO preliminary p-T retrievals
were reprocessed using the updated software and compared with the ACE-FTS (Atmospheric
Chemistry Experiment — Fourier Transform Spectrometer) profiles and the processed results
with HITRAN 2004. The analyses showed promising improvements to the p-T profiles below
50 km from the use of HITRAN 2012 parameters. New p-T profiles are capable to be used
for the MAESTRO tangent height determination which makes the MAESTRO products
independent from ACE-FTS pointing information and also leads to an improvement of the

retrievals of other atmospheric constituents from the MAESTRO instrument.



Finally, a unique objective method (The Differential Back Trajectory (DBT) method)
was developed using the data collected at a network of ozonesonde sites to evaluate the
contribution of fire ozone to the tropospheric ozone budget. Fire ozone accounted over 18
sites, located across Canada and the U.S, using the DBT method and more than 1000
ozonesonde profiles collected during summer time of 2006, 2008, 2010 and 2011. The
analysis showed that ozone amounts at sites nearer to the large fires were less influenced by

the fires.
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1.Introduction

Ozone plays a significant role in atmospheric chemistry, climate and air quality. The
existence of ozone and its presence in the atmosphere were discovered by the German
chemist C.F. Schoenbein in 1839 [Schoenbein, 1850]. Soon after, Hartley [1881] identified
its UV spectrum and its role as a UV filter in the atmosphere. While in the stratosphere (the
“ozone layer”) ozone absorbs most of the harmful solar ultraviolet (UV) radiation and
protects life at the Earth’s surface [Crutzen, 1970]; in the upper troposphere, ozone acts as an
important greenhouse gas [Forster et al., 2007] and at the surface it is an air pollutant with
adverse impacts on human health [Anenberg et al., 2010; Bell et al., 2004; Lippmann, 1991;
McConnell et al., 2002] and plant physiology [Darrall, 1989; Kangasjarvi et al., 1994].

The first instrument for routine atmospheric total column ozone measurements was
developed by Gordon M.B. Dobson in 1930s [Dobson, 1931]. In 1957 a global network of
total ozone monitoring stations was established as a part of International Geophysical Year.
Since the 1970s, it has been recognized that stratospheric ozone was depleted by the release
of a number of manmade chemicals [Crutzen, 1974; Lovelock, 1974; Rowland and Molina,
1975; Stolarski and Cicerone, 1974]. Ozone depleting substances (ODSs) which are

responsible for the observed ozone depletion (e.g. in Polar regions; the “Ozone Hole” above
1



Antarctica) [McElroy et al., 1986; Tung et al., 1986] are produced in the troposphere and,
because their atmospheric lifetimes are long compared with the time needed to reach the
stratosphere, are able to be transported into the stratosphere [Lovelock, 1974]. In 1987, the
Montreal Protocol was adopted to control the substances that deplete the ozone in the
stratosphere. According to the Montreal protocol and its subsequent amendments and
adjustments, many nations of the world agreed to reduce their use of ODSs [“Montreal
protocol on substances that deplete the ozone layer,” 1987]. Several studies have suggested
that the ozone decline has stopped near mid-1990s [Liu et al., 2013; Newman et al., 2004;
Weatherhead and Andersen, 2006; Yang et al., 2005]. Now, nearly 20 years after the peak of
ozone depleting substances in the stratosphere, identifying the ozone recovery, trends and
their impacts on climate are important.

Ground based measurements have had key role in the recognition of ozone depletion
and understanding the effects of ODSs on the global ozone layer, starting before the satellite
era and continuing to the present day. Ground-based instruments with excellent long-term
stability and accuracy are still essential to track the calibration of space-based, ozone-
measuring instrument. Understanding the uncertainties of the measurements using ground-
and space-based instruments is a matter of utmost importance for ozone studies. Two primary
ground based instruments (the Brewer and Dobson spectrophotometers [Brewer, 1973;
Dobson, 1931]) for total ozone measurements are modeled in this research to better
understand their behaviors especially at large ozone slant column amounts as in the Arctic
and Antarctic.

In addition, improvements to the retrieval algorithm of a space-based instrument,

Measurement of Aerosol Extinction in the Stratosphere and Troposphere Retrieved by



Occultation (MAESTRO) [McElroy et al., 2007], on board the Canadian SCISAT satellite
have been developed.

One of the major sources of tropospheric ozone information is balloon-borne
ozonesondes. A clear understanding of ozone production in the troposphere is increasingly
important due to concern about air quality [Baylon et al., 2015; Cooper, 2010; Huang et al.,
2013; Jaffe and Wigder, 2012; Mckendry et al., 2011; Monks et al., 2009; Parrington et al.,
2012; Teakles et al., 2016]. While wildfires generate substantial amounts of 0zone precursors,
O3 production from wildfires have been poorly understood as yet [Jacob et al., 2010; Jaffe
and Wigder, 2012; Palmer et al., 2013; Parrington et al., 2012; Pfister et al., 2008]. With
climate change, the frequency and intensity of boreal forest fires is likely to increase [Gillett
et al., 2004; Westerling et al., 2006]. In the research presented here the impact of boreal
forest fires on tropospheric ozone has been studied using high-vertical-resolution ozonesonde

profiles.

1.1. Ozone, climate and air quality

Atmospheric ozone and Climate change are closely coupled. In the stratosphere,
ozone decline due to emissions of anthropogenic ozone-depleting substances (ODS) and
recovery from the depleted state as ODSs decline results in temperature and circulation
changes [Gillett and Thompson, 2003; WMO, 2010]. The effect of ODSs on stratospheric
ozone can clearly be seen in the annual appearance of the Antarctic ozone hole. Severe
depletion of Antarctic ozone has occurred since 1980, without exception, in every year during

the austral springtime (Figure 1.1).



14 September 2013

100 200 300 400 500 600
Total ozone (Dobson units)

Figure 1.1: Antarctic total column ozone values on September 14, 2013 as measured by satellite.
Severe ozone depletion (ozone hole) occurs every spring (white line). Minimum values inside
the ozone hole are about 100 Dobson Unit (DU) compared with normal Antarctic springtime
values of about 350 DU. The white line outlines the ozone hole area defined as the geographical
area within the 220-DU contour on total ozone maps [WMO, 2014].

The average total ozone column in October has been about 40% below the values of 1980
resulting in 55-85% larger average erythemal UV measured at the South Pole. The annually
averaged total ozone has decreased about 7% since 1979 as result of ODS emissions [WMO,
2006].

Cooling in the lower and upper stratosphere has been linked to ozone changes.
Between 1980 and 1995 the global average temperature of the lower and upper stratosphere
decreased by 1-2 K and 4 to 6 K respectively and since then it has remained constant mainly
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due to declining ozone depletion and increasing CO, emissions [IPCC, 2013; WMO, 2010].
Stratospheric temperature changes resulted from ozone loss in the Antarctic are caused by the
observed changes in Southern Hemisphere tropospheric circulation with associated impacts
on surface climate and ocean. Furthermore, it is expected that ozone recovery over the next
50 years will influence the Southern Hemisphere climate and oceans [McLandress et al.,
2011; Polvani et al., 2011; WMO, 2014].

Ozone in the troposphere is also an important short-lived climate pollutant. Ozone
absorbs infrared radiation emitted from the Earth’s surface in both the stratosphere and
troposphere and is the fourth most important greenhouse gas after water vapor (H,O), carbon
dioxide (CO,) and methane (CH,). These gases have a large influence on the Earth’s energy
budget [IPCC, 2013; WMO, 2014]. Therefore, ozone changes and variations in both the
stratosphere and troposphere influence climate.

Many of the ODSs and their substitutes are potent greenhouse gases [IPCC, 2013;
WMO, 2014]. As a result, changes to these gases — increasing in the past decades and
decreasing in response to compliance with the Montreal Protocol in future — influence global
warming. The contribution of halocarbons (ODSs are the halocarbons controlled under
Montreal Protocol) to climate forcing is the fifth largest forcing after carbon dioxide,
methane, tropospheric ozone and water vapor [WMO, 2014].

Climate change also influences ozone changes in both stratosphere and troposphere.
The mid to upper stratosphere cooling has been related to increases in Carbon dioxide (CO,)
via radiation to space [Shine et al., 2003; Thompson et al., 2012]. Stratospheric cooling slows

down the gas-phase destruction of ozone resulting in an ozone increase in middle and upper



stratosphere which will slightly reduce the cooling in return [Brasseur and Hitchman, 1988;
WMO, 2014].

Tropospheric changes also affect stratospheric ozone levels. More methane (CHy)
production in the troposphere leads to more methane (CH,) transportation to the stratosphere,
where the active chlorine that destroys ozone is converted to inactive hydrogen chloride
(HCI) as a result of the reaction with methane [Revell et al., 2012]. With a similar
mechanism, nitrous oxide (N,O) variations can influence ozone destruction [Portmann et al.,
2012] [Details in Chapter 2].

Climate models suggest that increasing greenhouse gases will likely lead to
redistribution of ozone within stratosphere - decreases in column ozone in the tropics and
increases elsewhere - via acceleration of the stratospheric Brewer-Dobson circulation [Diallo
et al., 2012]. The projected acceleration of Brewer-Dobson circulation along with ozone
recovery will lead to increased transport of ozone from the stratosphere into the troposphere
[Randel and Thompson, 2011; Sioris et al., 2014].

Ozone in the troposphere is a principal factor in air quality, due to its effects on
human respiratory health [Bell et al., 2007; Jerrett et al., 2009; Lippmann, 1991; McConnell
et al., 2002]. It is also responsible for significant damage to forests and crops [Avnery et al.,
2011; Mauzerall and Wang, 2001]. Climate change influences tropospheric ozone as well.
Redistribution of the stratospheric ozone due to the acceleration of Brewer-Dobson
circulation will affect tropospheric ozone via changing the UV flux at the Earth’s surface and
thus the photolysis rates [Tang et al., 2011]. Changes in the UV radiations also will have

impacts on air quality via influencing the chemically active tropospheric species [Tang et al.,



2011; WMO, 2014]. Further it will affect the lifetimes of chemically active greenhouse gases
such as methane [Voulgarakis et al., 2013; WMO, 2014].

The frequency and intensity of forest fires is likely to increase as a result of climate
change. It has been shown that the frequency of fires over the area burned for Canadian and
US forests is related to an increase in temperature and reduction of moisture at the area of
interest [Kasischke and Turetsky, 2006; Westerling et al., 2006]. Climate change is the key
factor in explaining changes in fire frequency and intensity over recent decades [Gillett et al.,
2004; Westerling et al., 2006]. Forest fires generate large amount of ozone precursors such as
carbon monoxide, volatile organic compounds and nitrogen oxides. It is very likely that fires
contribute to exceedances of the ozone air quality threshold concentrations via production
and long-range transport of O3 and its photochemical precursors [Jaffe et al., 2004; Jaffe and

Wigder, 2012; Mckendry et al., 2011; Teakles et al., 2016].

1.2. Objectives

Dobson and Brewer spectrophotometers are the primary standard instruments for
ground-based ozone measurements under the World Meteorological Organization’s (WMO)
Global Atmosphere Watch program. It has been known that the Brewer and Dobson ozone
measurements suffer from non-linearity due to the presence of stray light caused by scattering
from optical elements within the instruments [Basher, 1982b; Fioletov et al., 2000]. The
target accuracy for ground-based ozone measurements is 1% while the error at large ozone
slant paths can be up to 8% for the single Brewer and up to 20% for Dobson AD pair

measurements [Basher, 1982b]. This error restricts measurements at high latitudes, like



Acrctic stations, particularly in the late winter and early spring when the ozone column and
SZA are large. One of the objectives of this research is to understand, analyze and document
the error caused by the stray light in Brewer and Dobson 0zone measurements.

MAESTRO (Measurement of Aerosol Extinction in the Stratosphere and Troposphere
Retrieved by Occultation) is a UV-Visible-NIR, low-resolution spectrometer on-board the
Canadian satellite SCISAT as part of the Atmospheric Chemistry Experiment (ACE) mission
flying along with a Fourier Transform Spectrometer (the ACE-FTS) since 2003 [McElroy et
al., 2007]. The MAESTRO retrieval is able to determine pressure and temperature profiles by
using the measurement of O, A- and B- bands as the mixing ratio of the oxygen molecule is
known and constant in the troposphere and stratosphere [Nowlan et al., 2007]. An analysis
using simulated data demonstrated the capability of MAESTRO measurements to retrieve
p-T profiles [Nowlan et al., 2013]. The HITRAN-2004 (high-resolution transmission
molecular absorption database) was used as a source for spectroscopic parameters for the
retrieval forward model. O, band spectral features have been significantly improved in recent
update of HITRAN (2012) [Rothman et al., 2013]. Analyzing the impact of different
HITRAN datasets on MAESTRO p-T profiles retrieved using data acquired by the satellite
instrument on-orbit is another objective of this research. Currently, the MAESTRO retrievals
rely on the pointing information provided by the ACE-FTS p-T profiles. As a result any
ACE-FTS poor retrieval directly impacts the MAESTRO profile. Ideally MAESTRO must be
completely independent from the ACE-FTS. Accurate pressure profiles calculated from O,
bands can be used to determine the pointing information for the MAESTRO which will

eventually lead to the improvements of MAESTRO ozone profiles and other constituents.



Tropospheric ozone (Og3) is an important air pollutant, in addition to its well-known
effects on crop production and human respiratory health [Avnery et al., 2011; Jerrett et al.,
2009; Lippmann, 1991]. Wildfires generate large amounts of O3 precursors [Andreae and
Merlet, 2001; Crutzen et al., 1979] and a number of studies suggest that the fires can
contribute to exceedance of the O3 air quality threshold concentrations via production and
long-range transport of O3 and its precursors [Jaffe and Wigder, 2012; Mckendry et al., 2011;
Teakles et al., 2016]. On the other hand, the frequency and intensity of forest fires is likely to
increase over Canada and US as a result of climate change [Gillett et al., 2004; Spracklen et
al., 2009; Westerling et al., 2006]. Different approaches and datasets used to study the ozone
production from boreal fires appear to give conflicting results [Jaffe and Wigder, 2012].
While dozens of studies suggest some degree of ozone production by wildfires [Pfister et al.,
2006; Real et al., 2007; Singh et al., 2010], a number of observations, mainly in boreal
regions, show that O3 is minimally enhanced or even depleted downwind of some biomass
burning plumes [Alvarado et al., 2010; Jacob et al., 2010]. Using several hundred ozone
profiles collected at regular Canadian ozonesonde sites and through a number of campaigns
during June to August 2006, 2008, 2010, and 2011, this research presents a new method to
estimate the fire-generated ozone budget in the total tropospheric ozone column as the last
objective of this thesis. This is a unique method for evaluating the contribution of fire ozone

to the tropospheric ozone budget as it uses a network of observing sites at fixed locations.



1.3. Scientific contributions

To achieve the objectives, this research was designed in three parts:

1. Error analysis of Brewer and Dobson ozone spectrophotometers, the primary

standard instruments for ground-based 0zone measurements;

2. Improvements to the ACE-MAESTRO satellite measurements;

3. Estimating boreal fire-generated ozone over North America using ozonesonde

measurements.

Physical models of the Dobson instrument and two types of Brewer
spectrophotometer were developed by me to help better understand the effects of stray light
on ozone measurements. The influence of other assumptions such as fixed ozone layer height
in air mass calculations and its error contributions to the ozone retrieval also have been
examined. The data collected by a Brewer MKIII and three Dobson collocated at South Pole
station also compared to characterize the effect of stray light on the instrument
measurements. A manuscript on this study is completed and will soon be submitted to
“Atmospheric Measurements and Techniques”.

| also spent some time to analyze the Brewer data collected by 22 instruments at
X Inter-Comparison Campaign of the Regional Brewer Calibration Center-Europe, Huelva,
Spain, 2015 and also the data collected at three Arctic sites (Resolute, Egbert, and Alert)
since 2004 to characterize the effect of stray light. These studies were not included in this
thesis and may lead to future publications.

MAESTRO preliminary pressure-Temperature retrieval had been developed by
Caroline Nowlan [Nowlan, 2006]. The HITRAN 2012 database was implemented into the

code by me. More than 80 p-T profiles were reprocessed using the HITRAN 2012 database
10



and HITRAN 2004 using most recent pointing information provided by ACE-FTS retrievals.
Three subsets of profiles were compared with the coincident ACE-FTS profiles. The results
of this research are in-progress to be published in “Journal of Quantitative Spectroscopy and
Radiative Transfer”.

A trajectory-based method which calculates the average ozone difference between
fire-affected and fire-unaffected layers at each site is developed by myself and presented
here. Suspected stratospheric (ST) intrusions are removed from the ozone profiles to avoid
potential biases from ST ozone. The average difference between ozone concentrations
associated with fire-affected and fire-unaffected parcels at each individual site is estimated
using back-trajectory calculations (employing HYSPLIT, The Hybrid Single-Particle
Lagrangian Integrated Trajectory model) and MODIS (MODerate Image Spectroradiometer)
fire data. The possibility that potential regional biases in the origins of fire-affected and non-
affected air-parcels influenced the results is addressed by several methods including a cluster
analysis of the back-trajectories; such effects are shown to be small. A manuscript is in
preparation from the results of this research and will be soon submitted to “Atmospheric
Chemistry and Physics”.

In addition, | contributed to generation of global ozone and carbon monoxide
climatology datasets derived from trajectory mapping of ozonesonde and MOZAIC-IAGOS

data [Liu et al., 2013; Liu et al., 2013; Osman et al., 2016].
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1.4. Thesis outline

This chapter presents an introduction to the climate change and ozone interactions that
are the scientific motivation of this research. The principles of atmospheric chemistry and
physics applicable to this work are provided in chapter 2. The description of the Brewer and
Dobson instruments along with their retrieval algorithms are provided in Chapter 3. Stray
light and stray light effects are also described on Chapter 3 and the physical models of the
Brewer and Dobson instruments are presented. Comparison between the coincident total
ozone measurements collected by three Dobson instruments and a double Brewer Mark Il
collocated at Amundsen-Scott (South Pole) site is provided in Chapter 3 as well. Chapter 4
describes the MAESTRO instrument along with a discussion about the retrieval theory used
to perform pressure-temperature retrievals, including the retrieval methodology implemented.
The improvements of oxygen parameters from HITRAN 2012 are discussed and compared
with data from HITRAN 2004. The retrieved p-T profiles using HITRAN 2012 are compared
with previously retrieved profiles using HITRAN 2004 and with coincident ACE-FTS
profiles. Chapter 5 describes the ozonesonde instrument and discusses a new method
developed to estimate fire generated ozone over Northern America. The empirically
calculated ozone enhancements over 18 sites across US and Canada are also discussed in
Chapter 5. The results of this thesis and outlines and recommendations for future work are

summarized in Chapter 6.
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2. Atmospheric Physics and Chemistry

2.1. Atmosphere vertical structure

The general vertical temperature profile of the atmosphere is depicted in Figure 2.1.
The Earth’s atmosphere could be divided into four separate layers based on temperature
profile. In the lowest part of the atmosphere, called the troposphere, the temperature
decreases, on average, from about 288 K at the surface to about 220 K at top of the layer,
which is called the tropopause with approximate height ranging between 8 and 18 km
depending on the latitude [Liou, 2002]. The typical lapse rate (the rate at which the
temperature changes with height) in the troposphere is 6.5 K km™. The second layer, above
the troposphere, is called the stratosphere and is characterized by a roughly isothermal layer
from tropopause up to about 20 km then an increase in temperature up to 270 K at the
stratopause. This is the layer in which ozone is predominantly produced resulting in radiation
absorption and increasing the temperature. The stratosphere is mainly affected by absorption

of solar ultraviolet radiation by ozone and infrared energy emitted by carbon dioxide.
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Figure 2.1: Vertical temperature profile for standard atmosphere as defined by Union of
Geodesy and Geophysics (IUGG). Data from US standard Atmosphere [1976].

The temperature decreases with respect to height between about 50 and 85 km in
mesosphere. Above this layer temperatures increase and range between 500 and 2000 K,

depending on solar activity [Liou, 2002].

2.2. Atmospheric radiative transfer

2.2.1. Blackbody and Planck’s Law
The concept of a blackbody is useful to better understand the interaction of radiation

with the atmosphere. A blackbody is any object that absorbs all incoming radiation. The
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emission from the wall of a blackbody depends on the rate of absorption and the temperature
of the medium in which the emission and absorption reach an equilibrium condition. Planck
[1901] explained the emission from the wall of a blackbody by assuming the atoms of the
wall are small electromagnetic oscillators and each of which oscillates at a specific
frequency. Thus, according to the Planck, the function describing the average energy emitted
per oscillator in units of energy per unit area per unit time per frequency interval per unit
solid angle is expressed as:
2h73

c? (exp(;(l—?) - 1)

By(T) = (2.1)

Where ¥ is the frequency of the oscillator (c/A), h is Planck’s constant, k is Boltzmann’s
constant, c is the speed of light, and T is the temperature. By integrating the Planck function
over all frequencies the energy flux or the power emitted per unit area by a blackbody can be

obtained:
F = oT* (2.2)

Where F is irradiance and o is the Stefan-Boltzmann constant. The Planck Law which is
illustrated as Eq. (2.1) indicates that the radiant intensity emitted from a blackbody in
thermodynamic equilibrium condition depends on the frequency of the radiation and the
temperature of the medium. The earth’s atmosphere is in thermodynamic equilibrium up to
about 60-70 km so that the Planck and Stefan-Boltzmann laws are valid for all molecules in
the atmosphere up to that level [Liou, 2002].

The radiation emitted from the Sun covers a wide range of wavelengths from gamma
rays to radio waves. Figure 2.2 shows the solar spectrum at the top of the atmosphere as a

function of wavelength. The Planck function for a medium with a temperature of 5800 K is
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also plotted. This temperature is close to the average temperature of the sun’s surface. The
Earth’s surface absorbs a large portion of incoming solar radiation. The absorbed energy is
re-emitted to space by the surface of the Earth to keep the energy state in balance. The Earth
emits electromagnetic waves in a wide range of wavelengths peaking around a wavelength of

10 um, as determined by the average surface temperature and the Planck function.
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Figure 2.2: Solar spectrum at top of the atmosphere [ASTM, 2014]. The flux for a blackbody

with a temperature of 5800 K is also shown.

The emission spectrum of the Earth is very close to the spectrum emitted from a blackbody
with a temperature of about 290 K, which is close to the temperature of the Earth’s surface

[Liou, 2002]. Not all emitted radiation from the sun reaches the surface of the Earth.
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Radiation can be absorbed, scattered, or re-emitted following interaction with the atmosphere.

Figure 2.3 shows the attenuation of a ray after passing through a thin layer atmosphere.

I(0)

I (s)

Figure 2.3: Change in intensity of traveling radiation through a path of length S.

2.2.2. Atmospheric absorption
The Beer-Bouguer-Lambert’s law or Beer’s law describes change in intensity of
radiation due to an absorbing medium after propagating through a segment ds as:
dl, = —I,0;N(s)ds (2.3)

Where I, is the radiance, N(s) is the number density (in unit of molecules per unit volume),
and o;is the absorption cross section (in units of effective absorption area per molecule) of

the material. The absorption, emission and scattering features of a medium are characterized
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by the wavelength dependence of its cross section function. Assuming the incident radiation,

1;(0), travels through a path of length S, the Beer’s law is expressed as:

I;(S) = 1,(0) exp(—7()) (2.4)
where (1) is the optical depth:

s

(A) = J;GAN(S)ds (2.5)

2.2.3. Atmospheric scattering
Rayleigh scattering
Scattering of light by the atmospheric particles and molecules strongly depends on the
ratio of the particle size to the wavelength of the incident radiation. The physical law of light
scattering by the small particles (2ma/A «< 1, where a is the radius of particle) is first
discovered by Rayleigh [1871]. The Rayleigh scattering is applicable to the scattering of
sunlight by the air molecules [Bates, 1984; Bodhaine et al., 1999; Liou, 2002; Penndorf,

1957]. The Rayleigh scattering cross section per molecule is defined as:

(2.6)

2413 (% - 1)° /6 + 3
oy = 2017 04 30)

A*N2(n? +2)2\6 —7p
where N is the molecular number density and n is the refractive index of air; the

term (6 + 3p)/ (6 — 7p) is called the depolarization term or the King factor and represents
the anisotropic property of molecules; p is the depolarization factor. Thus the scattering

optical depth for entire molecular atmosphere can be calculated as:
@) = | oRAN@A@) 27)
0
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Therefore, the Rayleigh scattering optical depth depends on the total number of molecules per
unit area in the column above the site, and this depends on the pressure. An approximation
expression for Rayleigh optical depth at the standard pressure (Po = 1013.25 hPa) usually is
used for atmospheric research. The one that was suggested by Hansen and Travis [1974] is

as:

Tro(A) = B(A) = 0.0085691 *(1 + 0.011347% + 0.000131°%) (2.8)

The scattering optical depth above any pressure level, P, can be found from:

p
() = [3(/1)1,—0 (2.9)

Mie scattering

For the large particles whose sizes are comparable or larger than the wavelength
(2ma/A = 1) such as aerosols the scattering is governed by Mie theory. It is very difficult to
calculate the exact optical properties of aerosols without a knowledge of the nature of
aerosols and usually an approximate expression is used for aerosol scattering. One of the

common expressions is the Angstrom approximation:
7,(1) = 6§(2) =A2178 (2.10)

where A is Angstrom turbidity coefficient which represents the amount if aerosol in the

atmosphere; B is the wavelength exponent with a typical value between 0.5-1.3.
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2.3. Atmospheric chemistry and composition

2.3.1. Atmospheric composition of the Earth

The dry air is comprised of mostly nitrogen (78%), oxygen (21%), and argon (0.96%)
with constant volume ratios up to an altitude of about 60 km [Liou, 2002]. The remaining
0.04% consists of several different trace gases including carbon dioxide (CO;), ozone (O3),
nitrous oxide (N2O), methane (CH,4), and water vapour (H,O) (ranging between 0 to 4%),
which despite their low concentrations, play an important role in the Earth’s radiation budget.
These gases absorb infrared radiation emitted at the Earth’s surface and re-emit a significant
amount of radiation causing the ‘greenhouse effect’.

The concentrations of trace gases change in response to human activities. According
to IPCC fifth assessment report, the concentrations of greenhouse gases have increased
dramatically since Industrial revolution [IPCC, 2013]. Carbon dioxide is the most important
greenhouse gas [IPCC, 2013]. Observations indicate that the concentration of CO, has been
increasing as a result of fossil fuel combustion, moderated by photosynthesis, and absorption
and release by oceans [Forster et al., 2007]. Increasing CO, has also impact on stratospheric
climate. Modeling studies suggest that carbon dioxide increasing leads to a cooling of the
stratosphere resulting in a reduction of temperature dependent ozone loss processes and thus
increasing the upper stratospheric ozone [Brasseur and Hitchman, 1988; Pitari et al., 1992].
However, cooling in the Arctic stratosphere has the opposite effect by increasing the volume
of air that reaches temperatures low enough to support the formation of polar stratospheric
clouds and prime the system for rapid ozone loss in the late winter and early spring.

Methane is the second most important greenhouse gas [IPCC, 2013]. There is

evidence that the concentration of methane today is more than 2 times greater than that of
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preindustrial times (pre 1750) [Hartmann et al., 2013]. CH,4 is a long-lived gas (with a
lifetime of 9-12 years) emitted by natural sources such as wetlands, as well as human
activates such as rice paddies, livestock, and during the production, processing, storage,
transmission, and distribution of natural gas. In addition to influence on average global
temperature, methane affects the stratospheric ozone by acting as a sink for reactive chlorine
(producing HCI as a reservoir species; more details in section 2.3.2). Generally, increasing
global CH,4 leads to an increase in the total column ozone [Portmann et al., 2012; Revell,
Bodeker, Smale, et al., 2012].

Nitrous oxide is another greenhouse gas [Myhre et al., 2013] that also is an important
ozone depleting substances [Ravishankara et al., 2009]. The long lifetime of N,O (about 114
years) allows it to become the primary source of stratospheric NOx (NO+NO;). NOy in the
stratosphere destroy ozone through a catalytic process. Emissions of nitrous oxide are not
controlled and it has anthropogenic sources in addition to natural ones. The ocean, biomass
burning, livestock, chemical fertilizer, and soils are the main sources of N,O [Ravishankara

et al., 2009].
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Figure 2.4: Mixing ratio of selected gases with respect to height for mean middle latitude
conditions (from [Liou, 2002]).

In addition to the greenhouse effect in the upper troposphere, ozone also absorbs
harmful ultraviolet radiation in the stratosphere and protects life on Earth. The annual average
of total ozone has declined about 7% over the Arctic region since 1980 due to the release of
chlorofluorocarbon (CFC) molecules [Forster et al., 2007; WMO, 2006]. Many gases that are
produced by human activities have long lifetimes (i.e. years, decades, or centuries). Once
these gases are released into the atmosphere, they can have a long-term impact on the
atmospheric chemistry and radiation balance, affecting the Earth’s climate. For example,
CFCs are man-made chemicals with very long lifetimes (in some cases more than 100 years).
Figure 2.4 represents the typical vertical profile of selected gases for middle latitude

conditions.
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The temporal and spatial variation of trace gases depends on their production,
destruction and transportation in the atmosphere. For example, local production of
anthropogenic emissions including CFCs (ozone depleting substances) is very low in the
polar regions due to the limited human population in these areas, but these gases can be
transported to remote areas thanks to their very long lifetimes and atmospheric dynamics.

Aside from gases, atmospheric aerosols also play important roles in atmospheric
chemistry and climate by participating in chemical reactions, scattering sunlight and
providing condensation nuclei for cloud droplets. Anthropogenic aerosols are liquid and solid
particles of various sizes, from nanometer to millimeter, commonly formed from sulphates,
nitrates, organics and black carbon produced by fossil fuels, biomass burning and agricultural
processes [Bruhl et al., 2012]. Studies have shown that liquid aerosols in the stratosphere
have a critical role in the first step in a series of chemical reactions leading to severe and fast
ozone depletion over polar regions [Solomon, 2006]. Some of the chemical reactions in the
stratosphere that are important to ozone chemistry only occur on the surfaces of particles of

polar stratospheric clouds (PSCs) at very low temperatures.

2.3.2. Ozone chemistry in the stratosphere
The ozone mixing ratio in the atmosphere varies with time and location. Chemical
reactions and dynamical processes are the two reasons for ozone variations. Ozone is
produced and destroyed naturally in the stratosphere via a mechanism that was proposed first

by Chapman [1930]. The Chapman mechanism is expressed as:
0,+hv—>0+0 (2.11)
0+ 0,+M—>0;+M (2.12)
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0+0+M-> 0,+M (2.14)

Where hv represents UV photon, M is any other molecule (e.g. O, and N,) required for
momentum and energy balance.

The Chapman cycle starts with the absorption of high-energy ultraviolet photons
(wavelength shorter than 242 nm) by oxygen molecule that produces two oxygen atoms
(2.11). The rate of this reaction depends on the number of high energy photons which quickly
decrease as the solar light penetrates into the atmosphere. The atomic oxygen then can
combine with molecular oxygen to form ozone (2.12). Ozone itself strongly absorbs UV
radiation and can be dissociated to form atomic oxygen and an oxygen molecule (2.13). The
newly formed oxygen atom then reacts again with an oxygen molecule to form ozone. These
reactions participate in a rapid cycle in the stratosphere to interconvert ozone and atomic
oxygen. The lifetime of ozone in the upper stratosphere and mesosphere (above 30 km) is
quit short while in the lower altitudes it is much longer (i.e. months to years) allowing the
relatively slow indirect circulation (the Brewer-Dobson Circulation [Brewer, 1949]) in the
stratosphere to transport ozone from the tropical regions where it is originally formed to
higher latitudes. These three reactions are responsible for ozone production and conversion of
solar UV light to heat in the stratosphere. According to the Chapman process ozone reacts
with atomic oxygen to form oxygen molecules (2.15). However, soon after the Chapman
cycle was introduced measurements showed that this reaction set is much too slow to account

for the observed ozone and oxygen concentrations in the lower stratosphere. Instead, it
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became clear that catalytic cycles involving other molecules are important processes that
destroy stratospheric ozone. In catalytic processes the active species which initiate the
chemical reactions are regenerated so each catalyst molecule can participate in a catalytic
cycle many times before becoming non-reactive via other reactions. Therefore, even
relatively small amounts of these substances can produce significant ozone destruction. The

most important catalytic cycles are of the form:

X0+0-X+0, (2.16)

X+03;- X0+ 0, (2.17)

where X can be OH, , H, NO, CI or Br [Bates and Nicolet, 1950; Crutzen, 1970, 1971;
Stolarski and Cicerone, 1974; Wofsy et al., 1975]. The reaction (2.16) is more important in
the upper stratosphere and mesosphere as it is limited by the availability of atomic oxygen.

Illustrative of such reactions are:

0+0H- 0,+H (2.18)
H+ 0,+ M- HO, + M (2.19)
O +HO, -» 0, +OH (2.20)
Net Cylce:0+0+M - 0,+M (2.21)
Reaction (2.17) followed by:
OH + 03 - HO» + 0, (2.22)
HO, + 03 » OH + 20, (2.23)
Net Cycle: 205 — 30, (2.24)
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IS more important in the lower stratosphere as atomic oxygen is not involved. The following
two cycles from the products of reaction (2.17) can destroy odd-oxygen (ozone plus atomic
oxygen) more efficiently in the lower stratosphere without being limited by atomic oxygen.

The first one involves Br and Cl [McElroy et al., 1986; Tung et al., 1986]:

Cl+ 03— ClO + 0, (2.25)
Br + 03 —» BrO + 0, (2.26)
BrO + ClO - Br + ClO, (2.27)
ClO;+M - Cl+0,+M (2.28)
Net Cycle: 205 — 30, (2.29)

while the second cycle starts with the self-reaction of CIO [Molina and Molina, 1987;

Stolarski and Cicerone, 1974]:

ClO+ClIO+M - Cl,0, +M (2.30)
Cl,0; + hv - Cl + ClO, (2.31)
CloO,+M—->Cl+0,+M (2.32)
2(Cl+ 03 - ClO + 0y) (2.33)

Net Cycle: 205 — 30, (2.34)

These cycles are particularly important in the production of severe ozone loss over
polar regions. CIO abundances reach large values in the cold Antarctic polar night as a result

of very low temperatures which cause the removal of reactive nitrogen compounds from the
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system. The cycles initiated by self-reaction of CIO or reaction of CIO with BrO significantly
destroy ozone resulting in the formation of the Antarctic ozone hole.

The concentrations of Cl and Br are relatively small in the natural atmosphere (from
volcanic and oceanic emissions). But, as a result of anthropogenic emissions of CFCs, halons,
and methyl bromide the concentrations of these species have now significantly increased.

There are other important reactions that efficiently occur on the surface of particles:

HCL+ CIONO, - HNO; + Cl, (2.35)
CIONO, + H,0 - HNO5 + HOCI (2.36)
HCl+ HOCL - H,0 + Cl, (2.37)
BrONO, + H,0 - HNO3 + HOBr (2.38)
HCl + BrONO, - HNO + BrCl (2.39)
HCl+ HOBr - H,0 + BrCl (2.40)

During the polar night, when the temperature drops below -78° C, Polar Stratospheric
Clouds (PSCs) made up of nitric acid trihydrate (NAT) form [Solomon, 1999]. The reactions
((2.35)-(2.40)) are heterogeneous, and rapidly take place on the PSC ice particle surfaces.
These reactions convert chlorine from inactive species to active forms (HOCI, Cl,, CIOy)
which can be easily photolyzed by UV and visible solar radiation [Jacob, 2000; Solomon,
1999]. The above reactions also convert NOx (NO + NO,) to the non-reactive form (HNO3).
This limits the reaction between CIO and NO; that forms CIONO, which is non-reactive
under normal conditions. During the polar night the concentration of active chlorine increases

dramatically within the isolated airmass of the Antarctic polar vortex as a result of conversion
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from non-reactive forms by heterogeneous reactions. When the sun rises in early spring
ozone is depleted rapidly and severely. As heterogeneous reactions occur efficiently on the
surface of PSCs the ozone hole lasts until the late spring when the warmer ozone-rich air
from middle latitudes breaks up the polar vortex and the stratosphere is not cold enough
anymore to form PSCs.

The catalytic cycles are interrupted by other reactions in which active species convert
to inactive forms. The following are some of the important reservoir reactions [Solomon et

al., 1997; Solomon et al., 1994]:

Cl+ CH, > HCl+ CH; (2.41)
Cl0 + NO, + M - CIONO, + M (2.42)
OH + NO, + M - HNO; + M (2.43)

A large portion of the chlorine in the stratosphere is converted to inactive forms by
these reactions. The concentrations of bromine are much less than those of chlorine in the
stratosphere but there are no such reservoir reactions to convert them to inactive forms.
Therefore, despite much lower abundances, bromine is an important catalytic species

[Solomon, 1999].

2.3.3. Tropospheric ozone chemistry
Ozone acts as a greenhouse gas in the upper troposphere. It absorbs some of the
infrared radiation emitted from the Earth’s surface [Forster et al., 2007]. It also is an air
pollutant with well recognized impacts on human health [Bates, 2005; WMO, 2006]. Ozone is

transported from the stratosphere into the troposphere and is removed by deposition to the
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surface [Hauglustaine et al., 1998; Wang et al., 1998]; however, tropospheric ozone is

produced and consumed in the troposphere primarily via chemical reactions [Jacob, 2000].

Ozone in the troposphere is produced through a chain oxidation of CO and

hydrocarbons in the presence of NOx (NO+NO;) [Jacob, 2000]. The chain is initiated by

formation of hydroxyl (OH) radicals:

0; +hv—-0,+0('D) (A<320nm)

o('D) + H,0 - 20H
then followed by:

OH + CO - H + CO,
H+0,+M-HO,+M
NO + HO, - OH + NO,

NO, + hv > NO + 0

Net Cycle:CO + 20, —» CO; + O3

Hydrocarbons (RH) are also oxidized via similar reactions:

RO, + NO > RO + NO,

RO + 0, > CARB + HO,

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)
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Followed by (2.48)-(2.49). Carbonyl compounds (CARB) can react with OH to produce

additional ozone or photolyze to produce additional HOx. HO4 is consumed in the

troposphere by:
HO, + HO, - H,0, + 0, (2.55)
RO, + HO, - ROOH + 0, (2.56)
OH + HO, - H,0 + 0, (2.57)
NO, + OH+M - HNO3 + M (2.58)

The formation of HNOj is the dominant sink for NO, HNO3; may photolyze to recycle
HOx or be removed by deposition [Jacob, 2000]. The lifetime of HNOj3 is about 2 weeks.
Another sink for NOy is formation of CH3C(O)OONO, (peroxyacetylnitrate, PAN). It can be

formed for example by oxidation of acetaldehyde:

CH3;CHO + OH + (0,) > CH3C(0)00 + H,0 (2.59)

CH3C(0)00 + NO, + M - CH3;C(0)OONO, + M (2.60)
The main loss of PAN is by thermal decomposition, regenerating NOy:
PAN + M - CH3C(0)00 + NO, + M (2.61)

The lifetime of PAN is about 1 h at 295 K and several months at 250 K [Jacob, 2000].
Generally, the formation of PAN is less important than HNO3 as a sink for NO,. However, in
the middle and upper troposphere, the long lifetime of PAN at low temperature allows it to
act as a reservoir for NOy as it can be transported over long distances and decompose to

release NO, far from its source.
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2.4. Brewer — Dobson circulation

The term “Brewer — Dobson circulation” refers to a global mass circulation proposed
by Dobson [1929, 1956] and Brewer [1949] in which air is transported from the troposphere
into the stratosphere in the tropics and then poleward and finally descent in the middle and
polar latitudes. Dobson suggested this circulation as an explanation for the high ozone
concentration at high latitudes in spring and low concentration in the tropics, considering the
action of solar light in ozone formation. Brewer also used this model to explain observed
phenomena in upper air water vapor measurements. The Brewer-Dobson circulation (BDC) is
generally recognized as a basic description of meridional transport of trace gases from the
tropics to the poles.

Rossby waves play a key role in the BDC [Charney and Drazin, 1961].
Topographical features and meridional temperature gradients together with the rotation of the
earth (resulting in the Coriolis force), generate large-scale Rossby waves. Large-amplitude
planetary-scale Rossby waves propagate upward from troposphere into the winter
stratosphere [Mcintyre and Palmer, 1983]. These easterly waves decelerate the westerly
wintertime stratospheric jet stream and continuously break at the edge of the polar vortex
[Holton et al., 1995]. They can even displace the polar vortex allowing middle latitude
warmer air intrusion into the polar region. The warm air cools and sinks, bringing higher
0zone mixing ratios to lower altitudes, increasing ozone concentrations.

The BDC consists of two branches. The shallow branch comprises a two-cell structure
in the lower stratosphere, with upwelling air in the tropics and descending air in middle and
high latitudes, while the deep branch is a single cell from the tropics to the upper stratosphere

and descending into the winter hemisphere at higher altitudes [Plumb, 2002] (Figure 2.5).
31



'@ 001 . 80 o
a =
& =]
ol ©
1 50
10 30
30
20
o B
300 n 10
tropopause
1000 L ‘ | 0
winter pole ! equator I summer pole

Figure 2.5: Schematic of the BDC as the combined effect of residual circulation and mixing in
the stratosphere and mesosphere. The thick white arrows depict the Transformed Eulerian
Mean (TEM) mass streamfunction as representation of the residual circulation whereas the
wavy orange arrows indicate two-way mixing processes. Both circulation and mixing are mainly
induced by wave activity on different scales (planetary to gravity waves). The thick green lines
represent stratospheric transport and mixing barriers (Image retrieved from:
http://www.goethe-university-frankfurt.de/47669287/Atmospheric_Transport).
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The BDC transports trace gases from the tropical troposphere into the stratosphere
and moves them poleward. Ozone also is redistributed from its production in the equatorial
tropical stratosphere to high latitudes.

The downward branch of the BDC in the middle latitudes penetrates into the
troposphere while over polar regions it only reaches the lower stratosphere. The BDC is
weaker in the southern hemisphere due to lack of topographical features and less of the
ocean-land temperature gradient required to generate large-scale Rossby waves. This results
in a colder and more isolated polar vortex in the Antarctic in the absence of warm air
intrusion from middle latitudes [Plumb, 2002]. The colder Antarctic polar vortex compared to
the Arctic vortex results in more polar stratospheric cloud (PSC) formation over the
Antarctic, leading to more ozone destruction near the South Pole in comparison to the North
Pole.

Many different model simulations predict a future strengthening of the BDC due to
greenhouse gas increases [Butchart et al., 2006] with significant influence on tropospheric
and stratospheric composition. A change in the strength of the BDC would impact the water
vapor concentration [Randel et al., 2006], and the temperature and the dynamics of the
stratosphere [Lin et al., 2009]. It also would change the transport of ozone and ozone
depleting substances [Butchart and Scaife, 2001] with associated impacts on the tropospheric

ozone budget [Sudo et al., 2003] and surface UV index [Hegglin and Shepherd, 2009].
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2.5. Ozone distribution and variability

2.5.1. Ozone variability: short-term, long-term, and vertical

distribution
Total column ozone varies with time and location. The ozone distribution and
variability in the atmosphere are governed by chemical and dynamical processes. More than
90% of the ozone column is found between 10 and 50 km in the atmosphere. Ozone
concentration rapidly increases from 10 km and reaches a maximum between 20 and 25 km,
depending on latitude (Figure 2.6 and Figure 2.7). Ozone is produced mainly in the tropical

regions at an altitude of 35-40 km where its highest mixing ratios are found (Figure 2.7).
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Figure 2.6: Ozone and Temperature vertical profile in the atmosphere. (Data collected from
WOUDC datacenter for Egbert, Lat. 43.87 N, Long. 66.1 W, on September, 07, 2011)
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The lifetime of ozone is short in the upper stratosphere altitude (above ~30 km) and the ozone
amount is determined by photochemistry. The longer lifetime of ozone at lower altitudes
allows the BDC to transport it from the tropics toward higher latitudes where it descends to
the lower stratosphere.

On a daily basis ozone column changes are mainly due to dynamical processes rather
than chemistry. Strong correlations between the ozone column and meteorological conditions
were found in the early years of ozone measurement [Reed, 1950]. Ozone is correlated with
meteorological parameters such as temperature [Hansen and Trond, 2005] and potential
vorticity [Allraat et al., 1993] in the lower stratosphere as a result of its long lifetime in those
altitudes. Ozone also is correlated with the tropopause height [Steinbrecht and Claude, 1998]
and tropopause pressure [Weiss and Staehelin, 2001].
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Figure 2.7: (left and right) Annual mean ozone mixing ratio in ppm and ozone partial pressure
in mPa as a function of latitude and altitude based on satellite data (SAGE 11 version 6.20 for
1984-2004). (middle) Schematic illustrating the structure of, and transport within, the
stratosphere (From [Fioletov, 2008] and [WMO, 2002]).

While extratropical ozone has a clear annual cycle, the total ozone over tropical
regions remains almost constant throughout the year. The total ozone in extratropical regions

is determined by a balance between transport and photochemical processes. Ozone reaches a
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maximum value in early spring as a result of wintertime transport. During the summertime
photochemical loss is dominant which results in a minimum amount in early fall [Andrews et
al., 1987]. The reason the springtime ozone amounts are greater in the northern hemisphere
than the southern hemisphere is that the wintertime transport is stronger in the northern
hemisphere due to the larger planetary-wave amplitudes [Fioletov, 2008]. During the fall the
photochemical process is dominant which results in similar ozone amounts in both
hemispheres.

Other processes such as the EI Nino-Southern Oscillation (ENSO) and Quasi-Biennial
Oscillation (QBO) can moderately affect ozone amounts through influencing the strength of
the BDC. The impact of ENSO on the lower stratosphere and troposphere over the equatorial
belt and the tropics has been reported by a number of studies (e.g. [Randel and Cobb, 1994;
Zerefos et al., 1992]). The QBO also influences equatorial and tropic column ozone with a
period of 27-28 months [Bowman, 1989; Chandra and Stolarski, 1991].

The rate of ozone production and destruction in the upper stratosphere is also
moderately influenced by solar flux variations. On a decadal time scale, the correlation of
ozone variability and the 11-year solar cycle has been well established [Bojkov and Fioletov,
1996; Chandra and Mcpeters, 1994]. The 27-day rotation period of the sun also has a
periodic effect on ozone generation in the upper stratosphere [Chandra and Mcpeters, 1994;

Hood and Zhou, 1999].
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Figure 2.8: Two-week averages of total ozone as measured by a satellite instrument in 2009.
Tropical ozone (20°N-20°S latitudes) remains almost constant throughout the year. Total ozone
varies over mid and high latitudes on daily and seasonal basis as the Brewer-Dobson circulation
transports ozone-rich air from tropics toward high latitudes. The low ozone values over the
South Pole in September correspond to the “ozone hole” in 2009. The ozone hole occurs every

year since the 1980s in late winter and early spring over Antarctica (From [WMO, 2014].

2.5.2. Ozone variability at high latitudes and the polar regions
Early measurements by the Dobson instrument in the tropics and high latitudes
showed that there is a gradient in total column ozone with low ozone in the tropics and an

increase toward the poles [Fioletov, 2008; Solomon, 1999]. However, in the southern
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hemisphere, the maximum ozone occurs at 50-60° S, not at the pole. Similar conditions occur
in the Northern hemisphere in some years. A lower ozone concentration over polar regions is
related to the polar vortex which isolates polar air from air at lower latitudes. The absorption
of solar UV radiation by ozone is the major source of heating in the stratosphere. The absence
of solar radiation during the wintertime leads to cooling of the polar stratosphere and hence a
large temperature gradient develops between mid-latitudes and the poles. This thermal
gradient establishes a strong westerly flow, ‘jet’, which isolates the air within the vortex from
the surrounding mid-latitude regions, resulting in lower ozone inside the vortex. The
condition inside the polar vortex is favorable for the formation of Polar Stratospheric Clouds
(PSCs) which have key role in severe ozone depletion through heterogeneous reactions (see
sections 2.3.2). In early spring when solar radiation increases, the vortices weaken and
eventually break down, allowing mixing of warm ozone-rich air from lower latitudes with the
air inside the vortex. The polar vortex is weaker and has a shorter lifespan in the northern
hemisphere than in the southern hemisphere, mainly due to stronger atmospheric waves (as
noted above) and circulation patterns that are related to the surface topography (the
distribution of continents and mountains) [Solomon, 1999; Solomon et al., 1986] in the north.
The Arctic vortex is more interrupted by atmospheric waves generated by upcoming flow
over more variable surface topography. The wintertime Arctic ozone abundances and the
lower stratosphere temperatures increase in response to such perturbations. These
perturbations cause more mixing and downward motion which brings down more ozone-rich
air from the upper stratosphere and warms the lower stratosphere. The Antarctic vortices are

colder and less variable compared to the Arctic vortices, leading to stronger ozone depletions.
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Figure 2.9: Antarctic average total ozone during October as measured by satellite instruments
for different years. There is no evidence of an ozone hole before the 1980s. The ozone hole has
occured every year since the 1980 in the Antarctic (From [WMO, 2014]).

2.5.3. Global and mid-latitude ozone changes and trends
Severe ozone depletion was first observed at the British Antarctic Survey station at
Halley Bay [Farman et al., 1985]. It was shown that springtime total ozone over south polar
latitudes had declined by about 30% compared to the 1970s [Farman et al., 1985]. Detailed
studies revealed that natural factors cannot explain the ozone changes, but rather that the
reactions described in section 2.3.2 are responsible [Solomon, 1999]. Since then, ozone
decline has taken place every spring over the South Pole area every spring (Figure 2.9)

[WMO, 2014]. Soon after, observations showed a statistically significant decline in total
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ozone over middle and high latitudes of both hemispheres in all seasons [Solomon, 1999].
According the WMOQO’s last ozone assessment report [WMO, 2014], present-day average
global ozone (60°S—60°N) is lower by about 2% compared to the pre-1980s. For middle
latitudes (35°-60°) it is 3.5 % for the NH and 6% for the SH [WMO, 2014].

Following implementation of the Montreal Protocol, which was adopted in 1987 to
control ozone-depleting substances, tracking the expected recovery of stratospheric ozone has
attracted considerable attention [Eyring et al., 2010; Shepherd and Jonsson, 2008; Waugh et
al., 2009; Weatherhead and Andersen, 2006]. The complexity of ozone natural variability as
well as the complex impacts of greenhouse gas induced climate change and declining ODSs
due to the Montreal Protocol keep ozone recovery a challenging scientific issue. Figure 2.10
shows long-term ozone changes over Canada using Brewer and Dobson data from four
Canadian sites with long records (Toronto (44°N, 79°W), Goose Bay (53°N, 60°W),
Edmonton (54°N, 114°W), and Churchill (59°N, 94°W)).

The area-weighted average over northern mid-latitudes (35°-60°N) from merged
satellite data are also depicted in Figure 2.10. Both data sets indicate the same long-term
ozone changes showing that even a limited number of ground-based stations can provide
valuable information about long-term changes in the ozone layer. There are long records of
total column ozone measurements from the Brewer and Dobson instruments that can be used
for long term trend analysis. The Dobson was developed in the 1930s for total ozone
measurements [Dobson, 1931] and in 1957 a global ozone monitoring network was
established. The Brewer ozone spectrophotometer was designed and developed in the 1980s
[Kerr et al., 1981]. Now, more than 100 Dobson and 200 Brewer instruments are in operation

around the world. The Dobson and Brewer are both capable of meeting the GAW (Global
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Atmosphere Watch) requirement of a precision better than 1% [WMO, 2014] which is a

challenging task for satellite measurements [Stolarski et al., 2006].
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Figure 2.10: Annual mean deviations from the 1958-80 total ozone averages estimated from

four Canadian stations and from merged satellite data (area-weighted average for 35°-60°N)
(From [Fioletov, 2008]).

2.5.4. Tropospheric ozone distribution
Ozone plays a key role in the chemistry of the troposphere. Serving as a primary
precursor of the hydroxyl (OH) radical, tropospheric ozone controls the lifetime of trace
gases influenced by oxidation [Monks, 2005]. Tropospheric ozone is an important greenhouse

gas [IPCC, 2013; Stevenson et al., 2013] and is therefore also referred to as a short-lived

climate pollutant [Shindell et al., 2012].
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Figure 2.11: Schematic of ozone interactions in the Earth system (From [EPA, 2009])

At the surface ozone is recognized as an air pollutant with adverse impacts on human health,
natural vegetation and crop yield and quality [Avnery et al., 2011; Bell et al., 2004; Chossiére
et al., 2013; Jerrett et al., 2009; Lippmann, 1991; Mauzerall and Wang, 2001; McConnell et
al., 2002].

Ozone has a relatively short lifetime (hours) in polluted urban areas. However, its
globally averaged lifetime in the troposphere is about 23 days [Stevenson et al., 2006; Young
et al., 2013] which is long enough for it to be transported over intercontinental distances
[Akimoto, 2003]. Therefore, it can impact air quality at distances far from its sources. Due to
its importance, the tropospheric ozone distribution and trends are assessed by the IPCC every

5-6 years.
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The distribution of tropospheric ozone is highly variable by season, location, and
altitude due to the heterogeneity of its sources, sinks, and lifetime. The tropospheric ozone
budget is determined by photochemical processes, including chemical production and
destruction, and physical processes, such as transport from upwind sources and surface
deposition.

For a long time the stratosphere was thought to be the primary source of tropospheric
ozone [Chatfield and Harrison, 1976; Danielsen, 1968; Fabian and Pruchniewicz, 1977;
Junge, 1962]. Studies in the 1950s showed that ozone is also generated in the troposphere
[Haagen-Smit et al., 1952] and until the 1970s it was thought that high ozone in the
troposphere was associated with air pollution. Further research in the 1970s and the 1980s
suggested that ozone is produced in the troposphere by photochemical reactions involving
ozone precursors (e.g. nitrogen oxides (NOx), non-methane VOC, methane, or carbon
monoxide) and sunlight. Since then, the understanding of natural and anthropogenic sources
of ozone precursors has significantly improved. Ozone precursors have natural and
anthropogenic sources such as wildfires, lightning NOx, biogenic NOx emitted from soil,
biogenic hydrocarbon emissions, and also fossil fuel and biofuel combustion, or crop burning
[Chameides and Walker, 1973; Crutzen, 1974; Levy et al., 1972; Lin et al., 1988]. Recent

chemistry-climate models suggest that chemical production is the dominant source
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Figure 2.12: Tropospheric ozone column by season as derived from trajectory-mapped ozone
sounding [Liu et al., 2013].

with 7-15 times more contribution to the global tropospheric ozone than the stratosphere
[Mclinden et al., 2000; Olson et al., 2001; Stevenson et al., 2006; Young et al., 2013]. Some
of the main interactions that lead to ozone productions in the troposphere are depicted in
Figure 2.11.

The anthropogenic ozone precursor emissions around the world generally are
produced in regions with higher population. Approximately 90% of fossil fuel NOx
emissions are generated in the northern hemisphere (NH), while emissions from biomass
burning mainly caused by human activity are similar in the hemispheres [Cooper et al.,
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2014]. Production of ozone precursor emissions are declining in Europe and North America
and shifting from NH high latitudes to low latitudes [Parrish et al., 2013; Zhang et al., 2016].

In contrast, East Asia is experiencing an increase of these emissions [Granier et al., 2011].

15 20 25 30 35 40 45
Tropospheric column ozone, DU

Figure 2.13: Tropospheric ozone column by season as derived from OMI/MLS observations
during October 2004 to December 2010. The data are derived from combination of OMI (Ozone
Monitoring Instrument) total column ozone measurements and MLS (Microwave Limb
Sounder) observations of stratospheric ozone [Ziemke et al., 2006]. Adopted from Cooper et al.
[2014].

Net ozone production in the troposphere from chemical reactions occurs over the
continental boundary layer in response to high ozone precursor emissions (e.g. methane)

[Bloss et al., 2005], and in the upper troposphere where ozone destruction is low [Kuhlmann
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et al., 2003; Wild and Palmer, 2008]. Net chemical destruction occurs in the mid-troposphere
and marine boundary layer, where precursor emissions are low, and in localized urban and
polar areas as a result of reaction with NO and halogen-catalyzed destruction during
springtime, respectively [Monks et al., 2015].

Available observations show that lowest 0zone amounts occur over remote oceans in
tropical areas with no vertical gradient (Figure 2.12 and Figure 2.13). Greater chemical
production and more stratosphere intrusions in mid-latitude result in higher ozone
concentrations and an increase with height. Ozone generally is greater in the NH marine
boundary layer than the SH, and increases over land.

Tropospheric column ozone climatologies derived from OMI/MLS observations and
also from trajectory-mapped ozone sounding show that the seasonal maximum occurs in
spring and summer time at mid-latitudes in the northern hemisphere which is likely due to a
combination of dynamical/transport processes and photochemistry [Monks, 2000]. In the
southern hemisphere ozone peaks in spring in the tropics and subtropics between South

America and Africa and over a band between southern Africa and Australia (Figure 2.13).

2.5.5. Tropospheric ozone trends
The existence of ozone and its presence in the atmosphere was discovered first by the
German chemist Schoenbein [1850] in 1839. Soon after, Hartley [1881] identified its UV
spectrum and its role as a UV filter in the atmosphere. There were a limited number of sites
during the late 1800s and early 1900s that measured surface ozone. Those data coupled with
modeling studies suggest changes in tropospheric ozone during the industrial era due to
increases of ozone precursor emissions [Cooper et al., 2014; Monks et al., 2015], although

the validity of this conclusion is debated.
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Recent changes in tropospheric ozone are mixed [Oltmans et al.,, 2013]. A
tropospheric ozone trend analysis by Cooper et al. [2014] finds that ozone has increased by a
factor of 2 between the 1950s and 2000s over Europe in response to a global increase in fossil
fuel combustion [IPCC, 2013; Staehelin et al., 1994]. Data available from 13 sites in the NH
indicate more than a 100% ozone increase since the 1950s and 9-55% since the 1970s. A
more limited number of sites (6 monitoring stations) in the Southern Hemisphere (SH) also
show significant positive trends over the SH. Free troposphere ozone has also apparently
increased since 1971 over Europe, Japan, and coastal Antarctica [Cooper et al., 2014],
although this apparent growth has leveled off [Oltmans et al., 2013] and may be in part due to
instrument artifact. Aircraft measurements have shown significant upper tropospheric trends
in one or more seasons above the north-eastern USA, the North Atlantic Ocean, Europe, the
Middle East, northern India, southern China and Japan. Surface ozone trends have varied by
region between 1990 and 2010 [Cooper et al., 2014; IPCC, 2013]. Ozone has shown an
increase in Western Europe in the 1990s followed by a leveling off or decrease since 2000
[Cooper et al., 2014]. In the western USA, a few rural sites show decreasing ozone while half
of all the sites indicate a significant increase in spring. The available data indicate that rural
surface ozone has decreased strongly in summer, is largely unchanged in spring, and has
increased in winter. The decrease in ozone in Europe and the eastern USA is attributed to the
decrease in ozone precursor emissions in those areas. At the same time, surface ozone
generally has been increasing in East Asia where ozone precursor emissions are growing.
However the analysis of tropospheric ozone trends and interpretation of such trends is
hampered by sampling issues [Lin et al., 2015] and by issues of representativeness due to

generally in adequate sampling of this highly reactive trace gas.
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2.6. Methods used for ozone measurement

Generally, there are two approaches to measure o0zone concentrations in the
atmosphere, remote sounding and in-situ measurements. Ozone concentrations can be
determined directly by taking a sample of air and analyzing it for ozone using chemical or
optical techniques. Such measurements are called in-situ as they provide information of the
0zone concentrations in the atmosphere at the place of the measurements. Electro-chemical
cell ozonesondes (See section 5.2.1 for details) and some gas-analyzers are from the in-situ
instruments.

Remote sounding methods exploit the ability of ozone to absorb and emit the
electromagnetic radiation. The natural source of radiation such as sun and moon light and
also the thermal emission of the atmosphere itself can be used to probe the atmosphere. These
measurements are called passive remote sounding. Artificial light sources such as lasers are
used for active remote sounding. Instruments for ozone measurements are also categorized to
ground- and space-based depending of the location of measurements. Some of the
instruments are designed to measure the ozone concentrations from the surface of the Earth;

and some are on board the satellites.

2.6.1. Ground-based remote sounding
Ground-based instruments utilize the direct beam solar radiation transmitted through
the atmosphere to measure ozone and Aerosol. From the geometry given in Figure 2.14 and
using the Beer’s law presented in section 2.2.2, the solar radiation measured at the ground can

be expressed as:
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I(2) = Iy(Dexp[—T(A)m(6,)] (2.62)
where I, is the solar intensity at the top of the atmosphere; m(68y) = 1/cos(0,) is the
air mass factor, where @, is the solar zenith angle; and the total optical depth is the sum of

the optical depths of all constituents including all atmospheric gases, aerosols, and molecular

(Rayleigh) scattering as follows:

T(A) = TAerosols()‘) + TRayleigh()‘) + TOzone(A) + Tgas2 (A) + e+ TgasN(A) (2-63)

The optical depths of Rayleigh scattering and other molecules for a given wavelength are

assumed to be known in the calculation of ozone concentrations.

Zenith
Iy(A)
Zxo
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\
Ground-based I(D)
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Figure 2.14: Geometry of a Ground-based instrument to measure a direct solar beam.

As the aerosol scattering is linear over a narrow wavelength range, a region of spectrum

where ozone absorption is weak, but the scattering of aerosols are similar to the selected
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region for ozone measurements (UV-B) is also monitored. By ratioing the two values the
effect of aerosols is minimize and the total column in the atmosphere can be obtained.

The Brewer and Dobson ozone spectrophotometers are the most widely used ground-based
instruments for total ozone measurements. These instruments use a selected wavelengths for
ozone in which the absorption of other molecules is negligible. A linear combination of four
wavelengths is used by Brewer and Dobson to suppress the effect of aerosols (Details in

section 3.2.2).
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Figure 2.15: Techniques used for ozone measurements from satellites (Adopted From [Wallace
and Hobbs, 2006]).
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2.6.2. Space-based remote sounding

The instruments onboard the satellites can measure the ozone concentrations using
four main techniques: backscatter UV (BUV), occultation, limb scattering and limb emission
(Figure 2.15). Two pairs of measurements are required for total ozone determination using
BUV technique; the incoming and backscatter UV radiance at a wavelength that ozone
absorbs strongly and a similar pair of measurements at a wavelength that is absorbed by
ozone weakly (Figure 2.15a). The total column ozone can be calculated from the difference
between these two pairs of measurements. In the occultation technique the radiation from
sun, moon or a star during rising or setting is measured by the instrument through the limb of
the atmosphere (Figure 2.15b). By measuring the radiation at various wavelengths absorbed
by the atmosphere, vertical profiles of various species can be determined. The infrared and
microwave radiation emitted by the atmosphere along the line of sight of the instrument is
used in the limb emission technique to derive the ozone concentrations (Figure 2.15c). In the
limb scattering technique, the instrument measures the scattered light from the sun or moon
instead of the direct light (Figure 2.15d). Using this technique continues measurements can

be provided as long as the sun is visible.
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3. Brewer and Dobson Error Analysis

The Dobson and Brewer spectrophotometers are the primary, standard instruments for
ground-based total column ozone measurements under the World Meteorological
Organization’s (WMO) Global Atmosphere Watch program. The accuracy of the data
retrieval for both instruments depends on a knowledge of the ozone absorption coefficients
and some assumptions underlying the data analysis. Instrumental stray light causes non-
linearity in the response of both the single-monochromator Brewer and the Dobson to ozone
at large ozone slant paths. In addition, it affects the effective ozone absorption coefficients
and extraterrestrial constants that are both instrument dependent. This effect has not been
taken into account in the calculation of ozone absorption coefficients that are currently
recommended by WMO for the Dobson network. The ozone absorption coefficients are
calculated for each Brewer instrument individually, but in the current procedure the effect of
stray light is not being considered. This study documents the error caused by the effect of
stray light in the Brewer and Dobson total 0zone measurements using a mathematical model

for each instrument. It shows that the differences detected between the total ozone amounts
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deduced from Dobson AD and CD wavelengths are related to the level of stray light within
the instrument. The error introduced by the assumption of a fixed height for the ozone layer
for Brewer ozone measurements at high latitude sites is also evaluated. The Dobson
measurements at the South Pole site are compared with ozone data from a collocated double
monochromator Brewer spectrophotometer (Mark 111).

A manuscript on this study is completed and will be soon submitted to Journal of

“Atmospheric Measurements and Techniques”.

3.1. Introduction

Routine atmospheric total column ozone measurements started in the mid-1920s with
a Féry photographic spectrometer [Dobson, 1931]. Following the International Geophysical
Year (1958) a worldwide network was developed with a number of Dobson
spectrophotometer that were installed around the world to monitor total ozone variations. In
the early 1980s the automated Brewer became commercially available [Kerr et al., 1981]
with more advanced technology. A similar network was introduced for the Brewer as
observing organizations started to use these instruments alongside the Dobson for long-term
measurements.

Although the principle of the measurements for the Brewer and Dobson instruments is
generally the same, seasonal and systematic differences in respective TOZ (Total Ozone)
products became evident after long-term, co-incident measurements were accumulated
[Staehelin et al., 1998; Vanicek, 2006]. The adoption of the Bass and Paur [1985] ozone

cross-sections (BP) for the Dobson instrument in 1992 put both instruments on the same
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reference scales (Brewer uses BP) and reduced the difference to 4% [Kerr et al., 1988] but it
did not resolve the seasonal and offset differences [Vanicek, 2006].

Temperature corrections to the ozone absorption cross-sections may reduce the
systematic errors of Dobson ozone data by up to 4% [Bernhard et al., 2005]. The seasonal
differences between the measurements by the two instrument types is related to the ozone
effective temperature, which affects differently the ozone absorption measured by the Brewer
and Dobson instruments [Bernhard et al., 2005; Kerr et al., 1988; Scarnato et al., 2009; Van
Roozendael et al., 1998; Vanicek, 2006].

The impact of different laboratory-determined ozone cross-sections has also been
investigated and showed up to 3% changes for Brewer and 1% for Dobson data [Redondas et
al., 2014].

To facilitate the replacement of Dobson instruments with Brewers, statistical methods
have been developed to derive transfer functions for converting Dobson measurements to the
Brewer scale. These methods have been partly successful, but they cannot entirely explain the
differences between the measurements of the two instruments [Scarnato et al., 2010].

Analysis of the data obtained by the Dobson at the South Pole showed that the
assumption of the ozone layer being at a fixed height leads to an error in the air mass
calculation. The errors caused by this assumption may exceed 4% in 0zone measurements
when the ozone distribution is distorted by the “ozone hole” [Bernhard et al., 2005].

While stray light has been demonstrated to affect measurements by both instrument
types [Bais et al., 1996], the effect of the stray light on measurements at large solar zenith
angles (SZA), have not been analyzed properly yet. The errors caused by stray light are

particularly significant at high latitudes when measurements are made at large SZA and large
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TOZ. The main goal of this study is to investigate and document the sources of errors in total

ozone as measured by the Dobson and Brewer instruments at high latitudes.

3.2. Method

3.2.1. Instrument description
The Brewer instrument
The Brewer spectrophotometer is designed to measure total ozone, SO, and spectral
UV irradiance. Figure 3.1 shows the optical components of a Brewer Mark IV which consist
of the fore-optics, the spectrometer and the photomultiplier. There are several different
optical elements in fore-optics to direct incoming light onto the entrance slit of the

spectrometer.

Figure 3.1: Brewer MKIV optical layout [“Brewer MKIV Spectrophotometer Operator’s
Manual,” 1999].
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Figure 3.2: A schematic diagram of Brewer spectrometer (From [Kerr and McElroy, 2000]).

The spectrometer disperses the incident light into a high-quality spectrum along the exit slits
focal plane. A schematic diagram of the spectrometer is shown in Figure 3.2. Six exit slits are
approximately evenly spaced across the focal plane at ozone and SO, operating wavelengths.
The shortest wavelength, 302.1 nm is used for wavelength calibration using a mercury lamp.
The wavelengths of 310.1 nm, 313.5 nm, 316.8 nm and 320.1 nm with ~0.55 nm resolution
are used for ozone and SO, measurements. The wavelength setting is adjusted by rotating the
grating using a stepper motor. A cylindrical mask that covers the exit slits exposes only one
wavelength slit at a time. The mask is rotated rapidly by a stepper motor resulting in near-
simultaneous measurements of all five wavelengths and a dark position [“Brewer MKIV
Spectrophotometer Operator’s Manual,” 1999].

In the Mark Il and Mark IV versions of the Brewer, the light passing through the exit
slits is collected by a Fabry lens and falls on a low-noise photomultiplier. For the Mark Il

version of the instrument a 45° mirror reflects the radiation into a second spectrometer
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(recombining spectrometer) that mirrors the dispersing spectrometer (Figure 3.3) [“Brewer
MKIII Spectrophotometer Operators Manual,” 2005]. The light then goes through the second
spectrometer or reaches the photomultiplier. This reduces stray light as off-axis light will not

pass through the second spectrometer.

Foreoptics

Spectrometer

Figure 3.3: The Brewer Mkl optical layout [“Brewer MKIII Spectrophotometer Operators
Manual,” 2005].
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Figure 3.4: A schematic of optical system of the Dobson instrument (From [Vanicek et al., 2003])

The Dobson instrument

The Dobson spectrophotometer is designed to measure the relative intensities of a
selected pair of wavelengths in the UV part of the solar spectrum. A detailed descriptions of
the instrument function can be found in several fundamental publications (e.g. [Evans and
Komhyr, 2008; Komhyr, 1980; Komhyr et al., 1989]). Figure 3.4 shows the optical system of
the Dobson instrument. The entering solar light is directed by prism P to the first half of the
spectrometer where the light is dispersed by a double pass through prism P1, reflected by
mirror M1, and then is focused as spectrum by lens L1 onto the focal plane at slits S2 and S3.
The selected wavelengths can be controlled by rotating the quartz plate Q1 and therefore
changing the angle of the light incident on P1 and allowing different wavelengths to be
selected and focused at slits S2 and S3. The selected wavelengths then pass through the
second half of the spectrometer where various optical elements (i.e. L1, M2, P2, and Q2)
reassemble the light so both wavelengths fall on the final exit slit. The photons are then

collected by the photomultiplier PM. The S2 and S3 slits allow only predefined wavelengths
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pairs with strong (SHORT wavelength) and weak (LONG wavelength) ozone absorption to
pass through the second half of the spectrometer and reach to the photomultiplier. Two
logarithmic attenuators, called optical wedges in front of the LONG wavelength are used to
balance the intensity of the radiation flux passing through S3 with that of the S2. The position

of the wedges is controlled by a manually operated external circular dial (the R-dial).

3.2.2. Brewer and Dobson retrieval algorithm
According to the Beer-Lambert law, the spectral irradiance I(1) from a direct solar
spectrum at the Earth’s surface is expressed as:
1(3) = Iy(Dexp(—t(4)) 3.1)

where t(2) is the optical thickness of the incident path
P
T(A) = aA)Xu+ BA) p_ Mk + 6(A)m, (3.2)
0

And
I,(1) - Extraterrestrial irradiance at wavelength A
a(A) - Monochromatic ozone absorption coefficient at wavelength A
X - Total column ozone (TOZ)
U - Relative optical air mass appropriate for ozone absorption

B(A) - Rayleigh optical depth for a one-atmosphere path

P, - Station pressure
P, - Mean sea level pressure (1013.25 hPa)
mg - Relative optical air mass for Rayleigh scattering (extinction)

6(1) - Aerosol optical depth

m, - Relative optical air mass for aerosol scattering (extinction)
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The Dobson spectrophotometer does not measure the intensity of sunlight at a single
wavelength but instead determines the ratio between the irradiance at two wavelengths, one
strongly absorbed and the other more weakly affected by ozone. Several wavelength pairs are
used by the Dobson algorithm for calculating total column ozone. In order to minimize the
effect of aerosol and other absorbers, two wavelengths pairs are used such as AD, AC or CD
where the A pair is (305.5/ 325.4 nm), C is (311.5/ 332.4 nm) and D is (317.6 / 339.8 nm)
[Basher, 1982a; Evans and Komhyr, 2008]. For example, the total ozone using AD

wavelength pair observations is retrieved using the following expression:

X = (Na = Np = K = 8o g = A8apmy)/ (ubt ) (33)
N, = log[I(305.5)/1,(325.4)] — log[I(305.5)/1(325.4)] (3.4)
Np = log[l4(317.6)/1,(339.8)] — log[I(317.6)/1(339.8)] (3.5)
AB.p = [B(305.5) — B(325.4)] — [B(317.6) — B(339.8)] (3.6)
A8,y = [8(305.5) — 8(325.4)] — [6(317.6) — 5(339.8)] 3.7)
Aayp = [@(305.5) — a(325.4)] — [a(317.6) — a(339.8)] (3.8)

where Aa is the differential ozone absorption coefficient at -46.3 degree Celsius and K is the
instrument constant. Other double wavelength pairs such as CD can be used for the ozone

calculation by modifying Eq. (3.3) [Komhyr et al., 1993] to replace Nywith N .
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The basic measurement principle for the Brewer instrument is the same as the
Dobson. However, the Brewer measures the intensity of four operational wavelengths quasi-

simultaneously. The total ozone is calculated using the following equation:
Py
X = (MS9 +AﬁP—mR — B)/(Aap) (3.9)
0

where Aa and B are the differential ozone absorption coefficient at -45 degree Celsius and
the Extra-terrestrial Constant (ETC) respectively. Both are obtained from a linear weighted
combination of their individual values at the four wavelengths used for the total ozone
retrieval [Kerr, 2002]. MS9 is calculated from a linear combination of the logarithms of the
intensities (F;) measured at the four wavelengths A; = (310.0,313.5,316.8,320.0),

multiplied by the weighting coefficients w;.

4
MS9 = z w;.logF;
i=1

(3.10)
= log[1(310.0)] — 0.5 log[I(313.5)]
— 2.2 log[I(316.8)] + 1.7 log[1(320.0)]
s
Aa = ;wi.ai (3.11)
s
AB = ; we. B; (3.12)

The weighting coefficients, w; = (1.0, -0.5, -2.2 and 1.7), have been selected to
minimize the absorption of SO, and suppress any variations that change linearly with
wavelength. Hence, the aerosol scattering effect, which is approximately linear with

wavelength over a narrow wavelength range, is suppressed in the calculation. The ETC of
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primary standard instruments located in Toronto are determined at Mauna Loa observatory
using the zero air mass factor extrapolation (Langley plot method). It can be transferred to

other instruments by comparisons with a traveling standard instrument [Fioletov et al., 2005].

3.2.3. Effective ozone absorption coefficients

To calculate the effective ozone absorption coefficients, the laboratory-determined
0zone cross-sections at an effective atmospheric ozone layer temperature must be convolved
with the instrument slit function, weighted by the solar flux. The BP ozone cross-sections
were recommended by the International Ozone Commission (I03C) in 1992
(http://www.esrl.noaa.gov/gmd/ozwv/dobson/papers/coeffs.html) for the Brewer and Dobson
networks. The calculation of the absorption coefficients, which are currently recommended
by WMO for Dobson instruments, is described by Komhyr et al. [1993] (K93 hereinafter) and
the re-evaluation is described by Bernhard et al. [2005] (BO5 hereinafter). Recently 105C has
recommended the ozone cross-sections measured by Serdyuchnko et al. [2014], as they
reduce the Dobson temperature sensitivity. In this study for consistency with previous works

the BP cross-sections are used. A correction factor

fo=1.0112 — 0.6903/[87.3 — (T — T,)] (3.13)

based on the results of Barnes and Mauersberger [1987] as suggested by K93 is used to
adjust the cross-sections. This correction has also been implemented in the Dobson and
Brewer networks. For wavelengths longer than 340 nm, where BP data are not available, the
Brion et al. [1993], Daumont et al. [1992] and Malicet et al. [1995] (BDM) data are used.
These data sets are available at individual temperatures and also with the associated quadratic

coefficients of temperature dependence on the IGACO (Integrated Global Atmospheric
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Chemistry Observations) web page. The temperature dependence of the cross-sections is

expressed as:

o(A,T) = Cy(A) + CL(DT + C,()T? (3.14)
where Cy, C; and C, are the quadratic coefficients at wavelength A. The quadratic coefficients
used throughout this study are consistent with the K93 and BO5 calculations. The absorption
coefficients are calculated from the ozone cross-sections o(4,T) and the ozone number
density N(z):

o)

a(d) = )l(fa(l,T(z))N(z)dz (3.15)

29
where z, is the altitude of the station and T is the temperature in Kelvin. The total ozone

column, X, (in Dobson unit equal to 2.69 x 10 ozone molecules per square centimeter) is

defined as:
_ kT
X = PO" fZO N(z)dz (3.16)

where T, is 273.15 K and k is the Boltzman constant (It should be noted that X is used in the
equations whereas TOZ is used in the text). In order to account for the finite bandwidth of the
Brewer and Dobson slit functions, the effective ozone absorption coefficient a@; is used

instead of a(4) in Eq. (3.2) and (3.3) [Basher, 1982a; Vanier and Wardle, 1969]:

L1 [T1@SAADexp(-a@Xn - () pEmg)dA

a; = —log P
JTo()S(4, 2)exp(— B(A) P, Mr)AA

7 (3.17)

where S(4, 4;) is the slit function for a wavelength A;.
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The Brewer operative method employs a simpler approximation, which is identical to
the approximation method of B05 and the simplest approach of K93, and also used by
Redondas et al. [2014], Van Roozendael et al. [1998], Scarnato et al. [2009] and Fragkos et

al. [2013]:

—approx f a(/l)S(/l, Ai) di
144 —
T TTsand (318

3.2.4. Ozone air mass calculations
Both Brewer and Dobson retrievals assume a fixed height for a thin layer of ozone to
calculate the ozone air mass. The following expression is used by both instruments to

calculate relative optical air mass at a solar zenith angle of 6,:
u(8y) = (Re + h)/[(Re + h)?> — (Re + 1)?sin?0,]*> (3.19)

where Re is the radius of the Earth, r is the altitude of the station and h is the height of the
ozone layer. Using the mean Earth radius for Re instead of the actual Earth radius at the
station does not introduce a significant error in . However, it is important that the correct
value of the station altitude and the height of the ozone layer be used in Eq. (3.19). The
Dobson community has adopted an ozone layer height that changes with latitude, which to
some extent is in agreement with ozone climatology, while a fixed height of 22 km is used in

the Brewer network.

3.2.5. Slit function and stray light effect
Stray light is unwanted radiation from other wavelengths that arrives at the detector
during measurements at a selected wavelength. Scattering by instrument optical elements and

inefficient out-of-band (OOB) rejection of the light by dispersive elements, e.g. the grating,
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are the main sources of stray light in the spectrometers. Particulate scattering within the
instruments may also contribute to the stray light. Generally, holographic gratings with higher
line densities generate lower stray light. The Mark Il and IV versions of the Brewer
demonstrate higher levels of stray light compared to the Mark Il as the Mark Il instruments
utilize a double monochromator with higher line density gratings that leads to significantly
better rejection of the OOB light. The stray light within the Dobson instrument is comparable
to that of within the Brewer Mark IV and II.

Since the gradient of ozone absorption is large in the ultraviolet spectral region, the
stray light contribution from longer wavelengths can make up a significant fraction of the
signal measured at shorter wavelengths where it is reduced by ozone absorption. As the
ozone slant path increases, the impact of stray light on the measurements also increases. Stray
light results in an underestimated ozone column at larger ozone slant column amounts.

To properly characterize the stray light in an instrument it is necessary to measure the
instrument slit function. A He-Cd laser (single line at 325.029 nm) has been used to measure
the slit functions of the Brewer. Figure 3.5 shows the measured slit functions of a Brewer
Mark IV #009 (single monochromator) and Mark 111 #119 (double monochromator) located
at Mauna Loa Observatory (MLO). Several Brewer Mark IV, Mark II, and Mark 1l slit
functions have been measured throughout various inter-comparison campaigns (e.g. The
Fourth North American Interagency Inter-comparisons of Ultraviolet Monitoring near
Boulder, Colorado, in 1997 and published by Lantz et al., [2002] and Inter-Comparison
Campaigns of the Regional Brewer Calibration Center-Europe (RBCC-E)). The slit function
contains the core (band-pass), the shoulders, and the extended wings (Figure 3.5). The stray

light measured from nearby wavelengths (the wings of the slit function) is typically below
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107 times that of the primary wavelength in the Mark 11l double Brewers as compared to 10™
in the Mark Il and Mark IV single Brewers. To reduce the effect of stray light, the Brewer
Mark Il uses a cutoff filter which strongly attenuates wavelengths longer than 345 nm. A
solar blind filter (SBF) made of nickel sulphate hexahydrate (NiSO,4.6H,0) crystal
sandwiched between two UV colored glass filters (similar to Schott UG5 or UG11) is also
used in the Mark IV. Figure 3.6 shows the transmission of typical UG-11-NiSO, filter
measured by a Cary 5E spectrophotometer. The stray light level depends on the optical and
mechanical configuration which is unique for each instrument, and thus two apparently
identically configured instruments can have somewhat different OOB light rejection.

For this study, a symmetrical trapezoid is fitted to the measured slit functions of
Brewer #009 (Single — Mark 1V) and Brewer #119 (Double — Mark I11). The model slit
function fit to the data (red line) includes three parts: a trapezoid with 0.55 nm FWHM at the
core band-pass, the shoulders which are modeled by fitting a Lorentzian function (details in
Table 3.1) to the measured data and two horizontal straight lines for the outer parts (wings).
To investigate the effect of stray light, an ideal slit function which is trapezoidal with a flat
top at 0.87 of the full height and two straight lines to zeros with 0.55 nm FWHM has been
used (Figure 3.5, top left).

The slit functions of the world standard Dobson #83 were experimentally measured
by Komhyr using a tunable light source [Komhyr et al., 1993]. However, the published slit
functions are restricted to the core band-passes. It has been assumed that the Dobson
instrument restricts OOB light from entering the slit. The extended wings have not been
measured for the Dobson instrument. Basher [1982] attempted to estimate the level of stray

light within the Dobson instrument by fitting a mathematical model to the AD pair direct sun
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measurements and analyzing the total column ozone changes with Solar Zenith angle. His
analysis suggested that for most Dobson instruments the level of stray light is 10 based on
the non-linearity of the AD direct sun measurements beyond an air mass factor of 3.

Another approach has been used by Evans et al. [2009] to measure the stray light
entering the Dobson instrument. They used a filter that is opaque to the C-pair nominal short
wavelength band-pass, and transparent outside of this range (Fig. 6 in Evans et al., [2009]).
The idea is the filter would remove the desired band-pass from the signal and any current
remaining is from OOB light. This method was used to estimate the contribution of stray
light in zenith sky measurements of Dobson #65 in Boulder, CO. They also used a model
approach for the stray light contribution in zenith sky measurements and concluded that the
level of stray light in Dobson #65 is likely 2x107. However, the shortest wavelengths that
pass through the test, band-limiting filter do not include at wavelengths near by the slit
nominal wavelength. Close-by wavelengths may important in contributing to stray light,

based on the Brewer measurements.
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Figure 3.5: Slit functions measured with a He-Cd laser for single #009 and double #119 Brewers

at Mauna Loa as well as fitted models; The ideal slit function is also shown inside the main

graph.

Table 3.1: Optical characteristics of the Dobson and Brewer

Dobson

Brewer

Nominal Wavelengths
(nm)
Slit Function

Other Filters

Stray light

305.5/325.0, 311.5/332.40,
317.5/339.9
Short Channels: trapezoid

1.66, 1.84, 2.02 nm at the base and

0.16, 0.16, 0.16 nm at the top

Long Channels: trapezoid

4.60, 5.40, 5.75 nm at the base and

2.35, 2.50, 2.50 nm at the top

Cobalt filter (cuts off light above

~360 nm)

1x107° and 1x10™

310.0, 313.5, 316.8, 320.0

Single: trapezoid at centre 0.55
nm FWHM, Lorantzian fitted to
the measured slit of #009 for
shoulders

Double: trapezoid at centre 0.55
nm FWHM, Lorantzian fitted to
the measured slit of #119 for
shoulders

Single: UG-11 and NiSO4 filters
— zero below 280 and above
~345 nm

Double: Grating, PMT set zero
below 250nm and above 800 nm
Single: ~ 1x10™

Double: ~ 1x10°
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Figure 3.6: The response of typical combined UG-11-NiSO, filter utilized by Brewer Mark IV to
reduce the stray light measured with a Cary 5E spectrophotometer for Brewer #154 filters.
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Figure 3.7: a, b) Dobson C-pair ideal slit functions. ¢) Dobson Modeled slit function. Two

straight lines have been added to the core slit functions in order to account for stray light.

The Dobson slit functions for short and long wavelengths are approximately a triangle
with FWHM of 1.06 nm and a trapezoid with FWHM of 3.71 nm respectively (Figure 3.7).
For this study, symmetrical trapezoids centered at the nominal Dobson wavelengths were

fitted to the experimentally determined slit functions of Dobson #83 and used as ideal slit
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functions. The characteristics of these trapezoids are given in Table 3.1. In order to account

for stray light, two straight lines were added to the outer parts of the ideal slit functions.

3.3. Discussion

3.3.1. The effect of stray light on ozone absorption coefficients
To calculate the ozone absorption coefficients, the standard values defined in
Table 3.1 and Table 3.2 are employed. In Table 3.3 the coefficients calculated for the Brewer

single and double versions are shown. The values of a&;*P"**

calculated with the ideal
(trapezoidal) slit functions are the same as the operational values which are currently being
used for Brewer numbers #009 and #119. These values were calculated to test the retrieval
that is used in this study. Comparing @; calculated using modeled slit functions with a;*?"**
calculated using ideal slit functions shows 0.7% difference for the single and less than 0.01%
for the double (highlighted in Bold at Table 3.3). Overestimating the coefficients according to
Eqg. (3.9) leads to an underestimation of the total ozone amount.

—approx

The values of &; and a; calculated for the Dobson instrument using the modeled

slit functions are provided in Table 3.4. @ ¥***¢?

is the adjusted set of coefficients which
are recommended by WMO to be used for the Dobson network. After applying the K93 data
set to the observations made by World Standard Dobson Instrument #083 at Mauna Loa
observatory, 0.8% for AD pair and 2.2 % for CD pair differences in the calculated total ozone
values were detected. K93 realized that increasing ap by 2% would decrease the

discrepancies to below 0.5%. Thus, the adjusted values were recommended by WMO to be

used for the Dobson instruments.
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The &P, and @; calculated in this study using ideal (trapezoid slit
functions without stray light) slit functions and the slit functions with 10” level of stray light
show less than 0.1% differences. However, the same comparison between the ideal slit values
and the results using the slits with 10 level of stray light shows 4.0% and 6.9% difference
between &; values for AD and CD pair respectively.

The values of &@;FP"** calculated using ideal slit functions and the slit functions with
107 level of stray light agree with the corresponding values of K93 to within +2.0%. In the
case of a;, the comparison indicates agreement to within +3.4% except for @534 Where the
difference is about 67%. Approximately the same difference was reported by B05 for the
same wavelength compared to K93. B05 have investigated this discrepancy by using Molina
and Molina [1986] cross-sections to extend the BP datasets for Dobson calculations and

concluded that the K93 value for @539 9 IS unreasonably high. As in B05, the calculated value,

@p , agrees better with the empirically adjusted value, @-¥*****. The comparison shows

agreement to within £1.6% between the values calculated for this work and the K93 adjusted
values.

Generally, the differences between values presented here and those from K93 are
slightly higher than the difference between B05 and K93. However, it should be noted that
the slit functions and the parameters used in the calculations presented here are slightly
different from those used by K93 and B05 (Table 3.1 and Table 3.2). The AD coefficient
calculated for a Dobson instrument with 10™ level of stray light shows a 3.6% deviation
compared to the adjusted values and for the CD pair the difference is about 7.2%.

Clearly, the stray light level within each instrument has an effect on the ozone

absorption coefficient calculations. This effect is negligible for the instruments with a stray
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light level on the order of 10™. But the difference could be up to 4.0% and 6.9% for AD and
CD pair coefficients respectively for the instruments with levels of stray light on the order of
10 when compared with the values calculated using ideal slits. These differences translate to
an underestimation of ozone values through Eq. (3.3). However, by applying the Dobson
calibration procedure the difference between the AD measurements of the Standard
instrument and a calibrated one is reduced to less than 0.7% [Evans and Komhyr, 2008].
Using the quasi-simultaneous measurements of AD and CD pairs a scaling factor can be
calculated to reduce the CD measurements to the AD level. Therefore Dobson measurements

should be accurate to within +1%.

Table 3.2: Parameters for calculations of ozone absorption coefficients for standard conditions

Parameter This Work Komhyr [1993]

Effective temperature -46.3°C -46.3°C

Ozone profile Bhartia et al. [1985] for 45 N and 325 Bhartia et al. [1985] for 45 N
DU and 325 DU

Air mass 2 2

Ozone absorption cross- Bass and Paur [1985], adjusted with Bass and Paur [1985],

sections Barnes and Mauersberger [1987]" adjusted with Barnes and

Mauersberger [1987]

Slit function Dosbon: Parameterized from Figure 1 A, B, C and D pair slit

of Komhyr et al. [1993] functions from Figure 1 of

Brewer: Parameterized from laser scan Komhyr et al. [1993]
of #009 and #119 (Details in

Table 3.1)
Extraterrestrial spectrum  Chance and Kurucz [2010] Furukawa et al. [1967]
Rayleigh optical depth Bates [1984] Bates [1984]

* For the work presented here the BDM Ozone cross-sections data set was used to extend the BP
cross section to wavelengths beyond 340 nm; K93 used unpublished data by Bass and Paur.

An attempt is underway to measure the slit functions and the level of stray light of the
world standard Dobson #083 accurately (Personal communication with Irina

Petropavlovskikh, 2017). It is advisable that the new measured slit functions are used to
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recalculate the absorption coefficients. The new values should be recommended by WMO to

be applied in the Dobson retrieval algorithm.

Table 3.3: Brewer Ozone Absorption Coefficients

Effective Ozone Absorption Coefficient (atm cm) ™

Operational — desalllt Funct&zg i Ratio ~

a e 0.3390 0.3388 0.3409 0.994

Single  @; 0.3398 0.3363 1.011
a'’’" a; 0.997 1.014 1.007

a e 0.3395 0.3394 0.3394 1.000

Double q; 0.3398 0.3397 1.000
a’’m o 0.999 0.999 0.999

* ldeal/Model

Table 3.4: Dobson wavelengths and Ozone Absorption coefficients

Effective Ozone Absorption Coefficient (atm cm)™

Komhyr et al. [1993] This Work

Model (Ideal) Model (107) Model (10
Wavelength, )
nm or pair &i pprox _i _gdjusted (Ylflpprox _i _iapprox _i —iapprox _L_
305.5 1917 1.915 1912 1930 1913 1929 1.867 1.870
325 0.115 0.109 0.114 0.111 0.114 0.111 0.119 o0.111
A 1.802 1.806 1.806 1799 1819 1799 1.818 1748 1.759
3115 0.87 0.873 0.867 0.879 0.868 0.879 0.848 0.846
332.4 0.039 0.04 0.041 0.042 0.041 0.042 0.042 0.042
C 0.831 0.833 0.833 0.826 0.838 0.827 0.838 0.806 0.804
317.5 0.379 0.384 0.383 0.390 0.384 0.390 0.393 0.387
339.9 0.01  0.017 0.010 0.010 0.010 0.010 0.010 0.011
D 0.369 0.367 0.374 0373 0.380 0.374 0.380 0.382 0.376
AD 1.433 1.439 1.432 1426 1439 1425 1438 1366 1.383
CD 0.462  0.466 0.459 0453 0458 0.452 0.458 0.424 0.428

* The numbers inside the braces are showing the levels of stray light.
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Figure 3.8: Ratio of the values retrieved from modeled single and double Brewers as well as a
Dobson instrument with different levels of stray light (the numbers in front of the pairs are
showing the levels of stray light) for an assumed 325 DU of ozone in the atmosphere (See text for
details). The calculations reported here for the absorption coefficients have been used to
retrieve total ozone. It should be noted that the air mass factor range recommended for AD
measurements is 1.015 to 2.5 or less than 800 DU OSP and for CD measurements is 2.4 to 3.5 or
less than 1200 DU OSP [Evans and Komhyr, 2008].

3.3.2. Stray light influence on low-sun measurements
To illustrate the effect of stray light on low-sun measurements, the percentage
difference between ozone derived using Brewer and Dobson retrievals with assumed constant
ozone in the atmosphere are depicted as a function of ozone slant path (OSP, total ozone
times air mass) in Figure 3.8. Equation (3.1) along with parameters indicated in Table 3.2 is
used to model the atmosphere and calculate the solar spectrum at the surface. To retrieve the
ozone values, the absorption coefficients calculated in the previous sections are used. The
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ETC values are calculated using the Langley method considering the data corresponds to air
mass factors less than 2 and 3 for Brewer and Dobson respectively. For Dobson models the
same ETC values as the one calculated using Ideal slits are used for the other models (i.e.
with 10 and 10° levels of stray light). Two versions of the Brewer are compared with the
Dobson instrument measurements with two levels of stray light. AD measurements with 10™
order of stray light show approximately 25% discrepancy at 2000 DU OSP (air mass 6.2 in
this case). The difference is about 5% for a typical single Brewer at the same OSP. The
underestimation of total ozone as measured by the AD pair of a Dobson instrument with 107
level of stray light could be up to 6% at 2000 DU OSP. It has to be noted here that AD pair
measurements are done for air mass factors less than 2.5 and thus during the ozone hole
period (total column ozone is less than 300 DU) Dobson data will be reported for OSPs less
than 750 DU [Evans and Komhyr, 2008].

Evidently, the CD pair is less influenced by scattered light than the AD pair because
of the smaller ozone cross-sections at the CD wavelengths and the consequent smaller
gradient with respect to wavelength in the spectrum measured. For a Dobson instrument with
a minimum level of stray light (10®) the difference for the CD pair could be up to 1.8% at
2000 DU OSP while it is less than 0.8% for a typical double Brewer at the same OSP. It has
to be noted that Dobson CD total ozone is reported for air mass values between 2.4 and 3.5,
and thus OSP is less than 1100 DU for total ozone (TOZ) less than 300 DU [Evans and

Komhyr, 2008].
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Figure 3.9: a) The ratio of total ozone retrieved from modeled Dobson AD and CD pairs with
different levels of stray light to true ozone as a function of OSP. b) The ratio of AD to CD
values. The adjusted coefficients recommended by WMO are used to derive the total ozone
amounts for these models. The ETC values that were calculated using the Langley method for

an ideal instrument are used here as well.
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3.3.3. Total ozone values retrieved from Dobson AD and CD pairs

For decades the Dobson community has faced a discrepancy between the ozone
values deduced from quasi-simultaneous AD and CD pair measurements. As indicated by the
Dobson operational handbook, AD observations are the standard for the Dobson instrument
and all other observations must, therefore, be reduced to the AD level by determining a
multiplying factor. For example, the ozone values deduced from measurements on CD
wavelengths should be multiplied by the factor of Xap/Xcp (Where Xap and Xcp are the
average ozone measurements retrieved from AD and CD pairs) derived from a large number
of quasi-simultaneous observations covering a broad range of p values greater than 2.0 to be
reduced to those deduced from AD measurements.

Figure 3.9 illustrates the percentage discrepancy in total ozone reduced from AD and
CD pairs for two modeled Dobson instruments with different levels of stray light as a
function of OSP. The ratio of the AD to the CD pair is also shown. The adjusted coefficients
calculated by K93 and recommended by WMO are used to derive the total ozone amounts for
this model. The ETC values that were calculated using the Langley method for an ideal
instrument are used here as well. It can be seen that, as the level of stray light increases, the
difference between the AD and CD values increases, indicating the role of stray light in the
observed discrepancy between AD and CD values. Clearly, such a difference varies for
different Dobson instruments as it depends on the level of stray light which is unique for each
individual instrument. It should be noted that, as discussed in 3.3.1, these discrepancies are
generally reduced during calibration using simultaneous measurements with a well-

maintained, standard instrument.
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3.3.4. Error caused by air mass calculation

To retrieve the total ozone from direct sun measurements, it is required that the ozone
air mass value be calculated. For measurements at the South Pole, the following values are
used by the Dobson community in Eq. (3.19): Re = 6356.912, r = 2.81 km, and h = 17 km.
Figure 3.10 shows the ratio of calculated air mass values using these numbers and those
calculated using four different sets of assumptions. It is obvious that the fixed ozone layer
height of 22 km, as used by Brewer retrieval, can cause up to a 2.2% difference at an air mass
of 5.4. In addition, the altitude of the site can introduce a significant difference at high solar

zenith angles.

15
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Figure 3.10: The left-hand axis shows the ratio of air mass calculated for the South Pole
employing Re = 6356.912 km, r = 2.81 km, and h = 17 km as a reference to those calculated
using a mean value for Re = 6370 km as used in the Brewer retrieval and different values for the
altitude of site (r) and the height of ozone layer (h). The blue line indicates the discrepancy

resulting from different values assumed for the radius of the Earth.
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3.4. Brewer and Dobson measurements at the South Pole

Total ozone measurements collected by three Dobson instruments (#82, #42, and #80)
and one double Brewer Mark Ill, #085, collocated and operated simultaneously at the
Amundsen-Scott site (24.80W, 89.99S, altitude 2810m) were used for this comparison.
Double Brewer #085 was installed at the South Pole station in 2008 and since then it was in
routine operation until it was replaced in 2016. The Dobson instruments have been repeatedly
changed out and calibrated against reference Dobson instrument #83.

Quasi-simultaneous direct sun measurements performed within 5 minutes during the
period February 2008 and December 2014 were used in the present analysis. The air masses
calculated by the Brewer retrieval were corrected using Eq. (3.19) by applying the values
used by Dobson instruments (Re = 6356.912, r = 2.81 km, and h = 17 km) to be consistent
with the Dobson air masses.

The data presented here comprise the entire data set collected by the instruments for
research and maintenance purposes. The ozone absorption coefficients calculated by [Komhyr
et al., 1993] and recommended by WMO have been used to retrieve ozone values for AD and
CD pairs. It is necessary to mention that only the data collected with an air mass factor less
than 2.5 or OSP less than 800 DU would be reported for AD pair measurements to the World
Ozone and Ultraviolet Data Centre (WOUDC) or other institutes for regular research
purposes. The range of air mass factor for CD measurements is 2.4 to 3.5 and that means, in
the case of the South Pole station, the maximum OSP would be 1100 DU.

Figure 3.11 presents a comparison of the Brewer total ozone measurements with
Dobson ozone observations reduced from the direct sun AD pair as a function of OSP. The

ratio between the uncorrected Brewer data and Dobson measurements are also shown in the
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same plot. The ratios between the Brewer-corrected data and the Dobson values shows some
dependence on OSP: the Dobson #82, #42, and #80 are on average 1%, 0.46% and 1.6%
higher respectively for OSPs below 800 DU. When the OSP is above 800 DU, Dobson
measurements gradually become lower by up to 4% for OSPs up to 1400 DU for Dobson #42
and #80 and up to 5% for OSPs up to 1200 DU for Dobson number #82 (Figure 3.12 and
Figure 3.13). Figure 3.12 and Figure 3.13 shows a box plot of the difference between double
Brewer ozone measurements and Dobson values retrieved from AD and CD pairs. The data
are binned in 100 DU intervals from 400 to 2000 DU. On each box, the central red line is the
median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the
most extreme data points not considered outliers, and outliers are plotted individually.

The ratio between Dobson CD pair measurements and the Brewer data also shows a
dependence on OSP (Figure 3.11). However, CD pair ozone values are on average 3.4%,
4.5%, and 2.5% higher for almost the entire measurement set for Dobson #82, #42, and #80,
respectively. It should be noted that the CD pair values are scaled to the AD pair for each
individual Dobson instrument. The scaling factors used for Dobson #82, #42, and #80 were
1.043, 1.025, and 1.03 respectively. The calibration procedures and the method for
calculating the scaling factor are described and published by WMO in GAW report No. 183
[Evans and Komhyr, 2008].

It can be seen from this analysis that Dobson #42 TOZ values show less dependence
on OSP. Based on the physical model developed in this work, it could be concluded that this
instrument has a significantly lower level of stray light than the other Dobson instruments

(#80 and #82).
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Figure 3.11: a) The ratio of quasi-simultaneous observations (within 5 min) using Dobson AD
wavelengths to double Brewer #085 data at the South Pole. b) Same as (a) using Dobson CD
pairs. Brewer air masses have been corrected using the values used for the Dobson
measurements for the radius of the Earth, ozone layer height and the altitude of the site. D/B85
is the ratio of all data from three Dobson instruments and Brewer data before corrections for
ozone layer height and station altitude. ADDSGQP: AD direct sun measurement using a ground

quartz plate, and CDDSGQP: CD direct sun measurement using ground quartz plate.
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Figure 3.13: Same as Figure 3.12 for CD pair. On each box, the central red line is the median,
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3.5. Summary and conclusions

Physical models of the Dobson instrument and two types of Brewer
spectrophotometer were developed to help better understand the effects of stray light on
ozone measurements. The influence of assuming a fixed ozone layer height on air mass
calculations and its error contribution to the ozone retrieval were also examined. The target
accuracy for ground-based ozone measurements is 1%, while mathematical models show that
the stray light effect can cause a discrepancy for a typical single Brewer and Dobson AD pair
at large ozone slant paths of up to 5% and 25%, respectively. At 2000 DU OSP the difference
for a double Brewer and a Dobson CD-pair with minimum level of stray light (10®) is up to
0.8% and 1.8%, respectively. This effect restricts measurements at high latitudes, like polar
stations, particularly in the late winter and early spring when the ozone slant column is
particularly large.

Stray light also can affect the calculation of ozone absorption coefficients. Currently,
an approximation method is used to calculate the absorption coefficients for Brewer
instruments. The analysis shows that using a measured slit function (instead of an idealized
trapezoidal one) and taking into account the solar spectrum, leads to a 0.7% difference in
calculated coefficients for a typical single Brewer.

Absorption coefficients for the Dobson spectrophotometers, taking into account the
effect of stray light, have been calculated and compared with the results of similar
calculations by K93, which are the coefficients recommended by WMO. The slit functions of
Dobson #83 have been measured using a tunable light source (K93). It is assumed that the slit
functions of other Dobson spectrophotometers are similar to the standard one. The slit

functions were modeled to examine the effect of stray light on the calculation of ozone
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absorption coefficients. The results show that 10™ level of stray light has negligible effect on
absorption coefficient calculations while the difference could be up 4.0% and 6.9% for AD
and CD coefficients for an instrument with 10 level of stray light.

Coefficients for a Dobson with a minimum level of stray light (10”°) agree to within
+0.01% and +1.7% for @, and &@.p with K93 respectively, noting that the slit functions and
parameters used by K93 and in this work (Table 3.1 Table 3.2) are slightly different. The
calculation for @339 Shows a 67% difference with K93’s result leading to differences of
3.4%, and -1.7% in ap , and ap. BO5 also have found approximately the same difference for
this value (@3399) with K93’s calculation. They concluded that K93’s value for this
wavelength is unreasonably large and likely caused by an error in K93’s calculation. The
adjusted value for @p recommended by WMO is K93’s &, value, but increased by 2%. The
differences between the calculations in this work (using Ideal slit function and slit function
with 10” level of stray light) and the WMO values are 1.6%, 0.5%, and -2.6% for @p, @,p,
and a.p, respectively.

Using modeled slit functions with 10 level of stray light up to -3.5%, and -7.2%
differences between calculated coefficients and WMO values for @, and a.p are found.
Overestimating the & values translates to an underestimation of total ozone. However,
through the calibration procedure, the difference between Dobson AD values of the standard
instrument and a calibrated one were reduced to less than 0.7%.

When quasi-simultaneous measurements are made using Dobson AD and CD
wavelengths, the results may not agree. For decades the Dobson community has faced such
differences. The AD pair is the standard for Dobson measurements and the observations

using other pairs’ data should be scaled to the AD pair before release. Our analysis indicates
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that the difference between quasi-simultaneous measurements using AD and CD pairs is
related to the level of stray light inside each Dobson instrument. Higher levels of stray light
lead to larger differences between the values deduced from AD and CD wavelengths.

Both Brewer and Dobson retrievals assume a fixed height for the ozone layer to
calculate the ozone air mass. A fixed height of 22 km is used by the Brewer network for all
sites while a variable ozone layer height changing with latitude is employed by the Dobson
community. The assumption of a 22 km height for the ozone layer at the South Pole,
compared to the 17 km height used in the Dobson analysis, leads to a 2.2% difference in
ozone column at an air mass of 5.4.

Comparisons with total ozone data from a double Mark 111 Brewer spectrophotometer
located at the South Pole indicate some dependence on OSP for the Dobson measurements.
For the OSPs below 800 DU the AD vales are generally 1% high. However, for OSPs larger
than 800 DU the Dobson AD measurements are low by up to 4% at 1400 DU OPS.

The observations made at the CD wavelengths also show some dependence on OSP.
Compared to Brewer data, the CD values are, on average, 4% higher for almost the entire
range of measurements. However, as is the case for the AD pair, the CD pair values also
decrease at larger OSPs. It should be noted that the Dobson AD and CD pair measurements
are not reported for air mass factors above 2.5 and 3.5 respectively due to the effect of stray

light.
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4. Improvements to the ACE-MAESTRO

Measurements

The MAESTRO (Measurement of Aerosol Extinction in the Stratosphere and
Troposphere Retrieved by Occultation) instrument is a UV-Visible-NIR moderate-resolution
spectrometer on-board the Canadian satellite SCISAT as part of the Atmospheric Chemistry
Experiment (ACE) mission flying along with a Fourier Transform Spectrometer (the ACE-
FTS) since August 2003. It collects solar occultation spectra in the visible and near infrared
regions of the solar spectrum from 400-1010 nm with resolution of approximately 2 nm.
MAESTRO is able to measure the strong absorption features of the oxygen molecule in the
A- and B-bands at 762 nm and 690 nm, respectively, which are used to derive atmospheric
temperature and pressure profiles. The retrieval algorithm is based on a global fit that
simultaneously fits all spectra from a single occultation to determine a density profile, which
is then used to determine pressure and temperature. The forward model uses a fast line-by-
line calculation and correlated-k technique to accurately model atmospheric absorption and

the nonlinear saturation effects in the occultation geometry. The O, spectroscopic parameters
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formerly used in forward model were from HITRAN 2004 (high-resolution transmission
molecular absorption database; 2004 release). Line data for the O, A- and B-band spectral
features have been significantly improved in the most recent update of HITRAN (2012). This
research discusses the improvement of the retrievals with the new oxygen parameters.
Temperature-pressure profiles derived using these new parameters are compared with
previous profiles and the profiles retrieved from ACE-FTS (Fourier Transform Spectrometer)
data. The new p-T retrievals could be used to derive accurate pointing information for
MAESTRO which has the potential improvement for MAESTRO profiles of ozone and other
constituents.

A manuscript on this study is completed and will be soon submitted to Journal of

“Atmospheric Measurements and Techniques”.

4.1. Introduction

MAESTRO is part of the Atmospheric Chemistry Experiment (ACE) mission. It was
launched on the Canadian satellite, SCISAT, on August 12, 2003. MAESTRO measures a
wide range of solar spectra in Occultation mode from 400 nm in UV region up to 1000 nm in
the visible with a spectral resolution between 1.5 and 2.5 nm. Three bands of molecular
oxygen appear in the MAESTRO visible and near-infrared spectra: the strong A-band centred
at 762 nm, the weaker B-band at 690 nm, and the much weaker y-band at 630 nm. The
MAESTRO retrieval is able to determine the pressure and temperature profiles by using the
measurement of the O, A- and B- bands as the mixing ratio of the oxygen molecule is known

and constant in the troposphere and stratosphere.
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The primary goal of MAESTRO instrument in the ACE mission is the measurement
of ozone, NO; and aerosol extinction. However, the simultaneous measurement of pressure
and temperature, along with trace constituents, is highly desirable because it guarantees
accurate altitude assignment for measurements through the entire measurement altitude range
with a consistent instrument field of view (FOV). Pressure and temperature profiles are also
essential for use in the retrieval of trace gases with temperature-dependent cross sections,
accurately calculating Rayleigh scattering and ray tracing, which are both dependent on the
atmospheric density profile. Air density data are also used in determining mixing ratios from
retrieved number density profiles of constituents. Moreover, MAESTRO’s high-vertical-
resolution temperature profiles could be used as an independent data product for stratospheric
temperature trend analysis, or in polar stratospheric cloud studies.

The molecular oxygen constant vertical mixing ratio in combination with the O,
A-band feature has been used by various space-based missions for remote sounding of the
atmosphere. The O, A-band mostly is used for deriving a column air mass for determining
cloud top heights, pressure and surface pressure or to provide a reference air mass [Crisp et
al., 2008; Wang et al., 2008]. The Orbiting Carbon Observatory (OCO) mission also uses the
A-band to determine O, columns for improving the accuracy of CO, mixing ratio retrievals
[Crisp et al., 2008]. Using the A-band for p-T retrievals has been attempted by the Improved
Limb Atmospheric Sounder (ILAS) [Sugita et al., 2001], ILAS-II [Sugita et al., 2004] and
the Stratospheric Aerosol and Gas Experiment (SAGE) Il [Pitts and Thomason, 2003] but
none of their sensors cover the B-band.

Daniel et al. [2003] showed that adding the B-band and the O,-O, feature near

477 nm to the calculation of cloud parameters from A-band measurements could improve the
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retrieval uncertainties by as much as 50%. It also could be used for measuring chlorophyll
emission [Gordon et al., 2011], which can contribute to biases in O, A-band measurements
over growing vegetation [Frankenberg et al., 2011]. Kuze and Chance [1994] and Yang et al.
[2013] also showed the potential of B-band measurements for deriving cloud-top pressure.
The SCanning Imaging Absorption spectrometer for atMospheric CHartographY
(SCIAMACHY) has used the B-band for tangent height corrections [Meyer et al., 2005].

MAESTRO, appears to be the only occultation sensor that measures both the O, A-
and B-bands (with the exception of occasional occultation observation by SCIAMACHY).
An analysis using the simulated data demonstrated the capability of MAESTRO
measurements to retrieve p-T profiles [Nowlan et al., 2007]. It showed that pressures should
be able to be retrieved to within 1% and temperatures to within 2 K over most altitudes.
Spectroscopic parameters used in the forward model were one of the sources of uncertainty.
HITRAN-2004 database formerly was used as a source for spectroscopic parameters for the
retrieval forward model. The B-band parameters contained in HITRAN-2004 were not well-
quantified. Also, there was limited information provided for uncertainty estimates. Even the
A-band parameters provided in HITRAN-2004 were not characterized sufficiently [Tran et
al., 2006; Yang et al., 2005]. Improvements of the spectroscopic parameters can result in an
improvement of the MAESTRO p-T retrievals.

MAESTRO trace gas retrievals currently rely on the pointing information derived by
ACE-FTS software from p-T profiles as pointing information provided by the SCISAT
satellite is not reliable. A poor FTS tangent altitude retrieval results in a poor MAESTRO
retrieval. An accurate MAESTRO p-T retrieval can also be used to derive more accurate

pointing information for MAESTRO provided the profiles are temporally linked to the
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MAESTRO trace gas observations. This may make the MAESTRO retrievals completely
independent of those of FTS.

The eventual goal is that the retrieval algorithm developed for p-T profiles will be
used operationally to retrieve a p-T profile and provide tangent altitude information for the
retrieval of profiles of other constituents during each occultation. Reliable tangent height
profile derived from an accurate p-T profile would improve the retrieval of ozone, NO,
aerosol and other constituent profiles which have absorption features within the MAESTRO
spectral range.

O, band spectral features have been significantly improved in the recent update of
HITRAN (2012) [Gordon et al., 2011; Havey et al., 2009; Long et al., 2010; Robichaud et
al., 2008]. In this study the impact of different HITRAN database on MAESTRO p-T profiles
retrieved using data acquired by the satellite instrument on-orbit are discussed. Comparisons

of profiles with the ACE-FTS satellite data are also presented.

4.2. Occultation measurements

Solar occultation is the primary mode of the ACE-MAESTRO measurement. In the
solar occultation technique the transmission of sunlight after passing tangentially through the
Earth’s atmosphere is measured by the instrument. Figure 4.1 shows a schematic of a sunrise
solar occultation measurement. The spectra collected during an occultation contain the
spectral features of atmospheric constituents along the solar ray’s path. The measurements
are carried out at a series of tangent heights (closest distance between the ray and the Earth’s

surface), increasing in altitude during a sunrise and decreasing in altitude during a sunset.
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Figure 4.1: Schematic of a sunrise solar occultation measurement

The MAESTRO instrument collects approximately 60 spectra at different tangent
heights ranging between 0 and 100 km during each measurement sequence. The
exoatmospheric measurements (recorded where no atmospheric features are present) are also
included in each occultation sequence. These measurements are used to create a solar
reference spectrum which allows the occultation instrument to be self-calibrating. In
occultation measurements, the instrument sensitivity changes and solar cycle variations over
time are canceled out as the spectra collected at different tangent heights are ratioed to the
solar reference measurements to determine optical depth spectra. Atmospheric profiles can be
retrieved with high vertical resolution thanks to the occultation geometry as spectra are
heavily weighted to the tangent layer. Poor horizontal resolution and lack of global coverage
across latitude are the main disadvantages of occultation measurements. Fifteen sunrises and
fifteen sunsets per day occur for SCISAT with its 650-km altitude and 74°-inclination circular
orbit. The latitudinal coverage for SCISAT occultations during one year is shown in

Figure 4.2.
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Figure 4.2: SCISAT latitude coverage during a year. (From ACE mission website

http://www.ace.uwaterloo.ca/mission_orbit.php)

The Earth-Sun satellite geometry at the time of the measurements determines the
location of a sunset or sunrise. The orbital parameters have been optimized to ensure that
SCISAT’s measurements occur in the respective spring seasonS of both the Arctic and

Antarctic when maximum ozone destruction takes place.

4.3. MAESTRO instrument description

The MAESTRO instrument comprises two independent spectrometers measuring (1)

UV and Visible spectra from 280 to 525 nm (UV) with a resolution of approximately 1 nm
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and (2) Visible and Near-Infrared spectra from 525 to 1010 nm (Vis) with spectral resolution

of about 2 nm. Figure 4.3 shows a schematic of the MAESTRO optical design.
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Figure 4.3: Schematic of the MAESTRO optical design (From McElroy et al. [2007]).

Each spectrometer consists of a lens, slit, concave holographic diffraction grating, and
1024 pixel Reticon photodiode array detector. During measurements, the MAESTRO
instrument receives the solar light through the input port. Then the light passes the input fore-
optics until it reaches to the two independent spectrometers contained within the full
instrument. Light is then focused onto a slit using each lens. The holographic grating then

diffracts and focuses the light onto the photodiode array where the intensity of solar radiation
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is detected by the array of 1024 individual detector pixels at various wavelengths [McElroy et

al., 2007]. The main characteristics of MAESTRO are summarized in Table 4.1.

Table 4.1: Main characteristics of the MAESTRO (From McElroy et al. [2007])

Spectrometer

uv VIS

Nominal wavelength range

285-565 nm 515-1015 nm

Calibrated wavelength range in occultation 400-545 nm (pixels 463-954) 520-1010 nm (pixels 21-1010)
Spectral resolution ~1.5 nm ~2 nm
Pixel spacing ~0.3 nm ~0.5 nm

Main sources of extinction

Secondary sources of extinction
SCISAT orbit
Instrument FOV

Observation modes

Detectors
Gratings
Signal to noise

0O, NO,, aerosol and
molecular scattering

O3, 0,, 0,-0,, H,0, aerosol
and molecular scattering
S0,, 0CIO, BrO NO,
circular, 650 km altitude, 74° inclination
~1.2 km (elevation) X 25 km (azimuth) (at 22 km tangent)
Solar occultation
Nadir backscatter
1024 pixel, Reticon photodiode array
Concave holographic, 94 mm focal length
~1000-3000 (high Sun)

The spectral range of MAESTRO’s spectrometers covers the absorption features of a

number of atmospheric constituents. Table 4.2 presents the species that can be measured by

MAESTRO and their expected accuracies.

Table 4.2: Data products of MAESTRO [McElroy et al., 2007].

Product Altitude (km) Accuracy
O3 50-80 10%
20 - 50 3%
10-20 10%
8-10 15%
NO; 40 - 50 15%
20-40 10%
10-20 15%
8-10 25%
Aerosol Extinction 10-50 10-3 O.D.
8-10 0.010.D.
Aerosol Wavelength Dependence 15-30 0.005 O.D. per 100 nm
Water Vapour 8-20 100 ppm
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4.4, MAESTRO O, measurements

Three strong bands of oxygen appear in the Vis spectrometer observations made by
MAESTRO. Figure 4.4 shows the optical depth spectra for several sample tangent heights
derived from a sunset MAESTRO occultation measurement. The position of O, absorption
features are also demonstrated in the MAESTRO spectra. The strong A-band of oxygen
centered at 762 nm and lies in a region where other species absorb and scatter weakly. The
slightly weaker B-band is centered at 690 nm and is more affected by ozone - the
Chappius-band - and also more influenced by Rayleigh and Aerosol scattering than the A-
band. The much weaker y-band is centered at 630 nm and lies in a region with strong
scattering and absorption by ozone. Preliminary assessment of MAESTRO spectra shows that
it is difficult to distinguish this band from instrument noise especially when much of the
signal is removed by Rayleigh scattering at low tangent heights. Therefore, it is not being

used in the pressure-Temperature retrieval.
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Figure 4.4: MAESTRO Optical depth spectra for several sample tangent heights from

occultation ss4043 [McElroy et al., 2007].
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Figure 4.5: (top) transmission calculated for O,-only through the atmosphere for the A- and B-
bands, at tangent height of 30 km; high spectral resolution (red) and 2-nm MAESTRO spectral
resolution (blue). (bottom) High-resolution cross-sections of O, A- and B-band for a typical
pressure (12 hPa) and temperature (226 K) at an altitude of 30km.

Figure 4.5 shows high-resolution O, A- and B-band cross-sections for a typical
temperature and pressure at 30 km altitude as well as simulated O, measurements for a
tangent height of 30 km for a high-spectral-resolution calculation and for the MAESTRO
2-nm resolution. Even at this altitude many absorption lines of the most abundant O, isotope
have saturated, and thus the contributions of relatively weak branches of the less abundant O,
isotopes become important. Although each O, band has hundreds of lines at high spectral
resolution, MAESTRO’s low-resolution VIS spectrometer detects only one broad feature for

each band.
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4.5. Pressure and temperature retrieval method

The p-T retrieval, developed by Caroline Nowlan [2006] for MAESTRO, closely
follows the method of [Rodgers, 2000]. Here only a brief description of the method is
presented following the notation of Rodgers [2000] and Nowlan [2006].

The remote sounding of atmosphere pressure and temperature vertical profiles
involves the measurement of a well-mixed gas with a known mixing ratio as a function of
altitude. CO, is commonly used for this purpose by Infrared sounders but the oxygen
molecule is the only well-mixed gas that has absorption features that appear in MAESTRO
spectra. The O, mixing ratio is 0.20974 and constant through the atmosphere up to about
85 km. It is possible to derive the profile of the O, number density in the atmosphere using
the two strong absorption bands of oxygen (A- and B-bands) which appear in the MAESTRO
spectra.

The MAESTRO p-T retrieval uses an inverse method to estimate the profile of the O,
number density for each occultation from remote measurements of the radiation transmitted
through the atmosphere as a function of wavelength in the spectral regions of the oxygen
bands. The inversion algorithm fits the measured optical depths, derived from the
measurements of the differential absorption between an exoatmospheric solar reference and
occultation spectra at different tangent altitudes, to modeled optical depths, generated by a
forward model that includes the atmosphere radiative transfer and instrument effects on the
signal, to retrieve the oxygen number density profile. Then, using the known O, mixing ratio,
the total air density p is derived as a function of altitude, z, from the retrieved profile of the

oxygen density. The pressure can be calculated from the hydrostatic equation:
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dp = —g(2)p(2)dz (4.1)
where g is the acceleration of gravity. And using the ideal gas law a temperature, T , for a gas

can be derived from the known pressure and density as:

M,p(z)

1@ = Roto)

(4.2)

where M, is the molecular weight and R is the gas constant per mole.

4.5.1. Retrieval algorithm

In atmospheric research the Optimal Estimation Method as developed by Rodgers
[2000] is commonly used for retrievals to derive the atmospheric state from measured
absorption spectra. Consider the atmospheric state or the quantities to be retrieved as a sate
vector X with n elements, xi, Xo,..., x,. The atmospheric measurements can be stored in a
vector y consists of m elements with measurement errors &;, &,,..., &,. Following expression

relates the measurement vector y to the state vector x:
y=F(xb)+¢ (4.3)

where the forward model F(x,b) encapsulates our understanding of the physics of the
measurements and the b vector contains the model parameters which are those parameters
that impact the retrieval but are not included in the state vector (e.g. the radiative transfer
parameters and instrument characteristics).

The desired value here is the state vector. Assuming the forward model is invertible,

the best estimate of the state vector, X, would be the retrieved vector, x, as:

X =R®y,b,x,0c) (4.4)
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R is the transfer function which maps the values from measurement to state. b contains the
best estimate of the forward model parameters, x, is a vector containing a priori estimate of
the atmospheric state, and c includes retrieval method parameters which are any parameters
that may influence the retrieval but are not included in the forward model, such as
convergence criteria.

This is an inverse problem and the MAESTRO retrieval uses an iterative linearized y?
minimization to minimize a cost function that represents the squared difference between the
observation y weighted by covariance matrix S, (derived from error vector €) and the forward

model F(x), as expressed by:

X2 =y —FI"'s 'y — F(x)] (4.5)

To simplify the problem, at each iteration i the forward model is linearized using Taylor

series expansion about current guess x; as:

dF
y—F(x) = aEcx)(x— x)+e=Kx—x;)+e (4.6)
where K is weighting function (Jacobian Matrix) and its elements are K;; = _az;ix('x).
]

In addition, the retrieval constrains the solution vector to a priori knowledge of the state (e.g.

a forecast or external measurements) by minimizing the expression
Xo =[x x4]"Sg [x — x,] (4.7)

simultaneously with other constraints where x, and S, contains the best estimate of the state
vector and its uncertainties respectively before the measurements are conducted.
In order to suppress any unphysical oscillation resulting from the noise during the

measurements the retrieval employs a second order Tikhonov [1966] smoothing constraint
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which minimizes the displacement of a retrieved value X, relative to its two neighbors

(x;_1 — 2x, + x,41) by the expression
X = X(Lx)? (4.8)

where L is the second-derivative operator

1-210.....0
01-21.....0

|o 0

L=|, 0 (4.9)

\o 0/
0..01-21

if x is defined on an evenly spaced grid. Thus, the cost function including the difference
between measurements and the forward model, the a priori knowledge, and the smoothing

constraint is expressed as:

Ji1 =Xt Xo + Vi X
(4.10)
= [y = FC)I"Sc y — FOl + [x — xa]"Sa [x — xa] + ¥ E(Lxy)?
To minimize the cost function, the derivative of J with respect to the retrieved parameter

vector x should be set to zero (Z—i = 0) after linearizing about the current guess x; using

equation (4.6). The retrieval attempts to minimize the cost function. At each iteration, i+1 ,

the new state is defined as:
Xiy1 =
x;+ (KIS'K; + S + yH) UK. (v — F(x)) — 83" (xi — x4) — YHx(] (4.11)

where H = L'L (the partial differentiation of smoothing term) and y represents the strength of

smoothing term and is optimally determined by the L-curve [Hansen, 1992] technique. The
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iteration continues until a specified convergence criterion, as defined by Rodgers for
minimization of the state’s cost function is reached.
Furthermore, the gain matrix which represents the sensitivity of the retrieved state to a

change in the measurements is expressed as:

~

ax _
Gy =5, = (KTS7IK + 571 + yH) 'KTs:t (4.12)

and the sensitivity of the retrieved state to the true state at each layer (Averaging kernel

matrix) is defined as:

ax

The trace of the averaging kernel represents the degrees of freedom of the retrieval:
d, = tr(A) (4.14)

The MAESTRO retrieval simultaneously fits all spectra from one occultation to
determine the state parameters. The measured optical depths are stored in the y vector and
F(x) represents the modeled optical depths. The optical depth measurement noise errors are
used to construct the error covariance matrix S.. It is assumed that the measurement error is
uncorrelated between the MAESTRO detector pixels. Thus, the error covariance matrix
contains the optical depth measurement errors on its diagonal and zeros elsewhere. The
retrievals are performed for 55 pixels between 753 and 781 nm for the O, A-band and for 34
pixels between 682 and 699 nm for B-band [Nowlan, 2006]. The background ozone is pre-
retrieved using the Chappuis band between 530 nm and 680 nm with cross-sections from
Bogumil et al. [2003]. The retrieved air density is used to remodel the Rayleigh scattering for
each iteration. The magnitude of the background aerosol extinction is estimated by retrieving
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the offset and linear terms simultaneously with the O, number densities. A wavelength shift
is retrieved for each spectrum in order to optimize the pixel-wavelength assignment at every
iteration.

The compiled profiles from meteorological analyses at the ACE Science Operations
Centre [Boone et al., 2005] are used as O, first-guess and a priori profiles. The Global
Environmental Multiscale (GEM) model of the Canadian Meteorological Centre (CMC) is
used to produce the data from the surface to 10 hPa (about 30 km) on 28 vertical levels.
These analyses then are interpolated to the ACE 30 km sub-tangent location in time and
space. A data assimilation scheme is used to produce these a priori profiles 12 to 18 hours
after the reference time using the data from a model, the radiosonde network, and operational
nadir temperature sounders. The US Naval Research Laboratory, Mass Spectrometer
Incoherent Scatter Radar Extended Model (NRL-MSISE-00) [Picone et al., 2002] provides
the data from below the stratopause to the top of the atmosphere. For the middle stratosphere,
which is not covered by the models, the temperature is derived by linear interpolation of the
temperature as function of natural logarithm of pressure (In p).

The uncertainties in the ACE a priori profiles are not quantified above 30 km. As a
result, the elements of the a priori covariance matrix, S,, which represent uncertainties in
retrieval layers are set to very small values for the levels below the lowest tangent height and
very large values for the levels above. In this way, the retrieved profile is independent of the
a priori at higher altitudes while below the lowest tangent height it is strongly constrained by

the a priori.
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4.5.2. Forward model
To determine the solar ray refraction and absorption a spherical-shell atmosphere with
a 100-m-spaced grid is used by the MAESTRO forward model. Assuming the intensity of the

incoming solar light as 1(4, 8) the modeled signal is expressed as:
S(4,.6,) = R(2,)A L L 1(2,0)6(6 — 6)F(1— 2,)dAd6 (4.15)

where 1, is the wavelength at pixel p of the detector and R(2,) is the responsivity of the
detector. The slit area is described with A and F(1 — 1,) represents the instrument slit
function at pixel p. Any incoming ray is weighted by the instrument FOV (Field Of View)
before reaching to the detector. In the case of MAESTRO the azimuthal angle could be
ignored as the MAESTRO slit views the entire solar disk in the azimuthal direction. Thus the
instrument FOV weighting about elevation angle 6,can be expressed as G (6 — 6,).

Using the Beer-Lambert law and ignoring the source terms because of occultation
geometry and smallness of the MAESTRO’s FOV, the intensity of radiation incident on the

instrument can be expressed as:
I1(4,0) = 1y(4,0)exp(—1(4,0)) (4.16)

where 1,(4, 8) is the exoatmospheric spectrum and (A, 8)represents the total optical depth of

one ray. Following expression is used to calculate the total optical depth:

Nc Np

1,0)= ) > Gn(DINeaLn () (4.17)

c=1h=1
This equation represents the sum of the optical depths of N absorbers and scatters along Ny,
shells. ., (1) and N, are the cross-sections and number density of a constituent ¢ and

L, (0) is a path length determined by the ray path.
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An accurate forward model F(x) is required to perform the MAESTRO retrieval and
calculate the O, number density profiles. O, bands are not broad absorbers in spectral space
and have well-fined structures. Many of the absorption lines saturate during a typical
occultation measurement in the O, bands which causes a nonlinear problem. As the
MAESTRO instrument has low spectral resolution it is important to model the band at high
resolution over its entirety in order to account for the saturation. It can be done best using a
Line-by-Line (LBL) calculation. For this study the GENSPECT Matlab toolbox developed at

University of Toronto [Quine and Drummond, 2002] is used for LBL calculations.

O, spectroscopic parameters

HITRAN (High Resolution TRANsmission molecular absorption database) is the
standard reference for atmospheric molecular line parameters. It contains the spectral
parameters including the line strength, and position, air- and self-broadened half-width, and
temperature dependence for over one million spectral lines of atmospheric constituents. The
parameters in the HITRAN database are calculated using theory and laboratory
measurements. The O, spectroscopic parameters formerly used by the MAESTRO forward
model were from HITRAN 2004. The B-band parameters contained in HITRAN 2004 were
collected over forty years ago with limited information on uncertainty estimates [Rothman et
al., 2005]. Even the A-band parameters were not sufficiently characterized in HITRAN 2004
[Tran et al., 2006; Yang et al., 2005]. The O, parameters have been upgraded in the recent
update of the HITRAN database: 2012 [Rothman et al., 2013]. Recent studies have made
significant progress in characterizing the O, band parameters [Gordon et al., 2011; Havey et

al., 2009; Long et al., 2011; Robichaud et al., 2008] and all the results have been used for
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improvements to HITRAN. The details of the recent changes, compared to previous versions
of HITRAN, have been discussed in Rothman et al. [2013]. Figure 4.6 shows the transition
calculated for O, only through the atmosphere for the A- and B-bands at tangent height of
30 km using HITRAN 2004 and 2012 databases. Significant differences in some lines can be
seen for both bands for this sample tangent height. For this study the HITRAN 2004 has been
replaced by HITRAN 2012 and the influence of this replacement on pressure and temperature

profiles is discussed.

Fast Line-by-Line and correlated-k technique

The spectral absorption features of each molecule result from transitions between the
molecules’ quantized energy levels. The absorption bands of oxygen molecule in the red and
infrared spectral regions result from a transition between vibrational levels of the ground
electronic state and the second excited state. The transition between the very closely-spaced
rotational levels results in the fine internal structure of each band. The absorption structures
of oxygen bands are also highly dependent on the temperature and pressure.

The spacing between the energy levels defines the wavelengths of the absorption
lines. However, these lines are broadened as a result of different processes such as natural
broadening (upper and lower state finite lifetimes), pressure broadening (caused by collisions
between molecules), and Doppler broadening (resulting from the distribution of velocities of

the molecules) [Liou, 2002].
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Figure 4.6: The transition calculated for O,-only through the atmosphere for the A- and B-
bands, at tangent height of 30 km using HITRAN 2012 (red) and HITRAN 2004 (blue)

databases.
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During a LBL calculation the high-resolution cross-sections are computed for
particular pressures and temperatures using spectral parameters provided by the HITRAN
database. A LBL calculation can be very time-consuming if a pure LBL model is used at
every iteration of the retrieval, since a new set of cross-sections must be computed for the
current guess of pressure and temperature, which then must be convolved with the 2-nm
instrument line shape. Even if the convolution is performed in Fourier space, recalculation for
60 spectra for each column of the matrix K can be significant.

In order to improve the speed of computation, the MAESTRO retrieval uses a fast-
line-by-line method described by Turner [1995]. In this method a table of cross-sections for a
range of pressure and temperature on a pre-defined wavenumber grid is computed using a
LBL model. In the case of the MAESTRO retrieval, the GENSPECT Matlab toolbox [Quine
and Drummond, 2002] developed at the University of Toronto is used to calculate the high-
resolution cross-sections. The logarithm of the cross-sections (log (o)) are stored in the table
as a function of log(p/po) and T/T, for each wavenumber. At every iteration of the retrieval,
the new log(o) is calculated from a two-dimensional interpolation. Ten equally spaced
temperatures between 180 and 320 K and 20 pressures between 0.001 and 1060 hPa are used
to construct the MAESTRO FLBL table. For the research presented here, two tables were
computed using HITRAN 2004 and 2012 O, spectroscopic parameters. The wavenumbers are
set with 0.005 cm™ resolution in order to resolve A- and B-band lines. The typical Doppler
HWHM (half widths at half-maximum) for the O, band lines is 0.011 cm™ at 180 K and
0.015 cm™ for 320 K. Details on optimizing the resolution for the wavenumbers and the

number of pressures and temperatures for the tables can be found in Nowlan [2006].
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The other technique that is used by the MAESTO retrieval is the correlated-k
approximation method. The absorption coefficient, k, is used in original method [Goody et
al., 1989; Lacis and Oinas, 1991]. But, for MAESTRO the absorption cross-section ¢ (units
of cm? /molecule) is used instead of the absorption coefficient, following the convention of
UV-Vis remote sounding. This method involves the grouping by the strength of absorption
cross-sections within a wavelength interval which results in a “o-distribution” of absorption
cross-sections. Using this method the transmission over a spectral interval can be expressed

as.

1 Amax 1
T; = —f exp(—o,u) da = f exp(—o(g)u)dg (4.18)
|

1=
)‘max - )'min min 0

Where g represents the cumulative distribution function, and u = [ N(z)dz is a slant column
density integrated along a path of number density N. To calculate g, the o values
corresponding to equally-spaced As are sorted in increasing order and assigned to a g grid
between 0 and 1. The function a(g) is relatively smooth and can be integrated using far
fewer points, M, than is required for line-by-line computation over high-resolution
wavelength space:

M

Tiw) = ) exp(-a(gwag, @.19)
j=1

This method increases the speed of computation by reducing the number of required radiative
transfer calculations. Figure 4.7 shows the O, B-band cross-sections for the 2-nm wavelength
interval between 690 and 692 nm altitudes of 0, 30, and 50 km using typical pressures and
temperatures at these altitudes. The digitized cumulative distribution function, g, corresponds

to these cross-sections is also shown in Figure 4.7.
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The transmission through Ny inhomogeneous atmospheric shells can be calculated

using this method as:

Np

o(g)u = Z on(gj)un (4.20)

h=1

This is true under one assumption: that the cross-sections strength is correlated in wavelength

space.
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Figure 4.7: (a) O, B-band cross-sections between 690 and 692 nm for p = 1023 hPa, T = 288 K
(0 km), p=12 hPa, T =226 K (30 km), and p = 0.8 hPa, T = 271 K (50 km). (b) The digitized g

values over M = 20 points of their cumulative distribution functions (From Nowlan et al.,

[2007]).

This means that the monotonic ordering by strength of absorption cross-sections remains the

same at different altitudes in the atmosphere. Goody et al. [1989] and Lacis and Oinas [1991]

have examined the validity of this assumption for weak and strong lines. A complete

description of implementation of this method in the MAESTRO retrieval can be found in

Nowlan [2006] and Nowlan et al. [2007].
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4.6. Improvements to the retrieval performance

The MAESTRO p-T retrievals using the measurements of O, A- and B-bands were
originally developed by Caroline Nowlan in Matlab and the details on the retrieval
performance and error estimates can be found in Nowlan [2006]. The same code is used for
this study to investigate the influence of the change to HITRAN 2012 O, spectroscopic
parameters on the MAESTRO p-T profiles. In this section, sample MAESTRO p-T profiles
retrieved using HITRAN 2004 and 2012 are compared with profiles from the ACE-FTS

instrument.

4.6.1. MAESTRO data
The spectra used for this analysis are from Version 41.0 of the software SCALE,
developed by C.T. McElroy at the Meteorological Service of Canada for correcting raw data
from the MAESTRO spectrometers. As the MAESTRO O, p-T retrieval was developed in
Matlab and it takes about 20 minutes to retrieve one profile, a subset of occultations is
analyzed for this research due to time limitations. The surface latitude and longitude point of
a 30 km tangent height measurement are used to reference the ACE occultations. Table 4.3

describes the occultations presented here in latitudinal and seasonal groups.

Table 4.3: Description of the Occultations used in this study

Region  Season Start Date End Date Latitude Range  No. Occs.

Arctic  winter Jan-05 Mar-05 65° to 90° N 42
Arctic  summer Jul-04 Jul-04 65°to 90° N 12
Tropics all Jan-04 Dec-04 10°Sto 10°N 18
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The main focus of the ACE mission is the northern latitudes so the Arctic latitudes were
chosen for the comparisons. A subset of data for tropical occultations between 10° S and

10° N was also analyzed to illustrate the contrast.

4.6.2. ACE-FTS data

Due to the problems with pointing information provided by the SCISAT satellite
sensors, the current FTS CO, p-T retrievals are used to determine the satellite pointing as a
function of time. As the ACE-FTS and MAESTRO share a common input beam the pointing
information retrieved from FTS p-T retrievals are also used for MAESTRO apparent solar
zenith angle determination for each spectrum. For the retrievals presented in this study the
tangent heights derived with Version 3.5 of the FTS processing software are used.

The details of the FTS p-T retrievals and tangent altitude determination can be found
in [Boone et al., 2005, 2013]. In summary, to determine the temperature profile the FTS
retrieval uses the high-resolution (approximately 0.02 cm™) CO, absorption lines in small
microwindows of the spectra. The absolute strength of the lines within an absorption band
provides significant information about the amount of CO; in the path, while the relative
strengths of the rotational lines within the band provide most of the temperature information.
As the FTS is a high-spectral-resolution spectrometer, its measurements can be used to
extract the absolute and relative strengths of the absorption lines.

The FTS v3.5 temperature profiles have not been extensively validated yet, although
the FTS v2.2 temperatures have been thoroughly validated by Sica et al. [2008]. The FTS
v2.2 and v3.0 temperature profiles also have been compared with several remote sounding
instrument profiles (e.g. MIPAS, HIRDLS, SABER, MLS, HALOE, OSIRIS and SOFIE)

[Garcia-Comas et al., 2014; Gille et al., 2008; Mamun et al., 2013; Marshall et al., 2011;
112



Schwartz et al., 2008; Sheese et al., 2012; Stevens et al., 2012; Stiller et al., 2012]. Generally,
the ACE-FTS temperatures agree with other instruments within 2-5 K. However, the version
2.2 shows a warm bias of 3-6 K in the mesosphere which reduces to only 2 K in version 3.0.

The pointing information provided by the SCISAT satellite is not reliable. Thus,
different approaches are used for different altitude ranges by the FTS software to retrieve p-T
profiles and determine the tangent heights. For altitudes between 5 and 15 km (12 km in
version 2.2) the p-T is not retrieved and the tangent heights are entirely determined from an
a priori p-T profile using the hydrostatic equation. Between 15 km and 43 km the tangent
heights are calculated from the retrieved temperature and pressure. The retrieval results are
then shifted in altitude until the best possible agreement between the retrieved pressure and
a priori pressure is achieved in the altitude range of 15 to 25 km. Above 43 km, the
information available from simple geometry using knowledge of the satellite and sun position
are used to determine the tangent heights; the temperature is retrieved and the pressure is
forced to obey hydrostatic equilibrium. Above 70 km where the CO, mixing ratio cannot
assume to be constant the temperature and CO, mixing ratio are both retrieved.

Although the FTS and MAESTRO both make measurements on unevenly-spaced
tangent heights, the output profiles are on 1-km altitude grids. The FTS vertical resolution is
about 3 km and the MAESTRO vertical resolution is approximately 1.2 km. The FTS
software first retrieves the p-T values for each tangent height then, using interpolation
generates the values on 1-km resolution. The MAESTRO retrieval output profile is on 1-km
grids so the p-T values between MAESTRO tangent heights are calculated during the
retrieval process which causes them to be strongly affected by the smoothing constraint at

higher altitudes.
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4.6.3. Discussion

Figure 4.8 to Figure 4.10 show comparisons between MAESTRO p-T retrievals
derived from O, bands and the profiles determined from ACE-FTS measurements of CO,
[Boone et al., 2005] for three single occultations during high-latitude winter and summer and
in the tropics. Retrievals derived using HITRAN 2004 and 2012 database are compared with

ACE-FTS profiles. The temperature differences are derived using:

Tairf = Tmaestro — Trrs (4.21)

while the pressure percent differences are calculated as:

Puyaestro — Prrs
Paip =1 X 100% (4.22)
2 (Pmagestro + Prrs)

Temperature and natural logarithm of the pressure profiles are also plotted for MAESTRO
and ACE-FTS.

The biases near the altitude range of 25 to 35 km relative to the FTS indicate a
consistent feature of the MAESTRO retrievals. These are produced as a result of O, forward
model underestimation of signal near 30 km and a larger overestimation of the signal near 20
to 25 km. As the density profile adjusts itself accordingly, the retrievals near these altitudes
usually become poor. The source of this error has not been entirely discovered yet but clearly
the HITRAN 2012 database reduces the biases in this range indicating that uncertainties in
the O, spectroscopic parameters are part of the problem. The spectroscopic parameters
contained in HITRAN 2004 for the B-band were not well-quantified and no information
about uncertainties of the parameters was provided. Even the A-band parameters had not been

characterized sufficiently in that version [Tran et al., 2006; Yang et al., 2005]. Recent studies
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have had significant improvements in determining the A- and B-bands parameters that have
been included in HITRAN 2012 version [Gordon et al., 2011; Rothman et al., 2013].

The other possibility for the MAESTRO retrieval irregularities near 15 to 20 km is the
satellite pointing knowledge. As it was mentioned before the pointing information derived by
the FTS is used for MAESTRO p-T retrievals as well. Thus, usually a poor FTS p-T retrieval
translates into an unreliable MAESTRO retrieval. The FTS pointing retrieval cross-over point
IS 15 km where the p-T profiles below that point is fixed to the a priori and the retrieved
tangent heights are shifted (15 to 20 km) to match those retrieved using the a priori p-T
profiles. Apparently, the irregularities may cause poor MAESTRO results as the MAESTRO
retrieval forces the pressure and density profiles to be hydrostatically-consistent with the
temperature versus the FTS altitude profiles.

Figure 4.11 to Figure 4.13 show comparisons between the MAESTRO and the
ACE-FTS measurements for three subset profiles from high latitude summer and winter as
well as tropic. A comparison using the combination of all profiles is also shown in
Figure 4.14. The mean differences and root-mean-square (RMS) differences between the
MAESTRO and ACE-FTS profiles are represented by the dashed and solid lines respectively
in all figures. The mean and RMS differences are only presented above the tangent height at
which at least there are three profile measurements. Generally, the mean differences shown
by dashed lines represent the biases in the results. The RMS differences indicate the general
accuracy of the retrieval. Overall, the differences between measured MAESTRO and FTS
pressures are usually within 2 — 5% and for temperature less than 5 K below 50 km. At higher
altitudes where the O; signals are weak the MAESTRO measurements are dominated by the

smoothing term in the retrieval. MAESTRO pressures and temperatures agree with FTS in
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terms of RMS differences to within 2 to 10% and 5 to 10 K below 50 km. When improved
parameters contained in HITRAN 2012 are used as input for forward model the biases in
pressure and temperatures are reduced up to 2% and 2 K respectively. This is promising since
the O, bands spectroscopic parameters are still being improved as these bands are being
increasingly considered for future satellite missions. In terms of the RMS differences, 1%
improvement in pressure and 1 K in temperature differences are expected below 50 km from
the using of new spectroscopic parameters (HITRAN 2012).

The Nowlan [2006] analysis showed that using the A-band at low tangent heights
consistently results in poor retrievals likely due to the impact of uncertainties in stray light
correction and slit function shape in the A-band which is saturated at lower altitudes.
Therefore the A-band is not used for retrievals below 30 km while above this altitude a
combined A-B band retrieval is used to derive p-T profiles.

The theoretical error analysis conducted by Nowlan [2006] showed approximately 1
to 1.5% error for pressure and 2 to 3 K in temperature over most altitudes from known
sources including measurement noise, pointing, slit function width, forward model, and
spectroscopy. However, in practice, the total error estimates are 2% for pressure and 2 to 5 K
for temperature most likely due to additional significant uncertainties contributed from the
slit function shape and stray light [Nowlan et al., 2007]. The retrievals provide tangent
altitudes for the retrieval of trace gas profiles with an estimated accuracy of better than

200 m.
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sr7868, 2005-01-27, (Lat. 65.42, Long. 172.17)
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Figure 4.8: Pressure and temperature profiles from ACE-FTS (Black), and MAESTRO (blue:
HITRAN 2004 / red: HITRAN 2012) for Occultation sr7868 (Arctic Winter). The difference in
temperature and the percentage difference in pressure between MAESTRO and ACE-FTS also
are depicted.
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sr8214, 2005-02-20, (Lat. 2.65, Long. -49.67)
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Figure 4.9: Same as Figure 4.8 for Occultation sr8214 (Tropics).
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ss4853, 2004-07-07, (Lat. 66.56, Long. -105.782)
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Figure 4.10: Same as Figure 4.8 for Occultation ss4853 (Arctic Summer).
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Figure 4.11: Arctic Summer Occultations; Mean temperature profiles from MAESTRO (blue:
HITRAN 2004/ red: HITRAN 2012), and ACE-FTS (black); Mean (dashed) and RMS (Solid)
differences between MAESTRO (blue: HITRAN 2004/ red: HITRAN 2012) and ACE-FTS.
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Figure 4.12: Arctic Winter Occultations; Same as Figure 4.11.
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Figure 4.14: All profiles: Same as Figure 4.11.
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4.7. Summary and conclusions

In this chapter the MAESTRO preliminary pressure-Temperature retrievals are
reprocessed using the improved spectroscopic parameters from HITRAN 2012 database and
compared with the ACE-FTS profiles and the processed results with HITRAN 2004. The
retrieval algorithm and the forward model employed for the MAESTRO retrieval of p-T
profiles are presented and discussed. The retrievals are based on the measurements of O,
absorption in the A- and B-bands. A global fit and a fast and accurate radiative transfer model
are used to calculate the O, number density in the atmosphere. Then the hydrostatic balance
and the ideal gas law are employed to derive temperature and pressure from the density
profile. The MAESTRO input data are discussed as well as the derived pointing information
from the FTS p-T retrievals.

Three subsets of the occultations from the Arctic winter and summer as well as the
tropics were selected for comparison with coincident ACE-FTS profiles. Sample retrieved
profiles were shown to discuss the impact of HITRAN 2012 parameters on the MAESTRO
p-T retrievals as compared with ACE-FTS and profiles retrieved using HITRAN 2004. A
combined A- and B- band retrieval is used to derive the MAESTRO p-T profiles above 30
km. A-band is not used for the retrieval below 30 km due to unknown sources of errors which
make the retrievals poor compared to ACE-FTS. Uncertainties in the instrument line shape,
pointing knowledge and remaining O, spectroscopic issues could be among them. The
MAESTRO p-T profiles agree with the FTS profiles reasonably well. The RMS differences
between measured MEASTRO and FTS pressures are usually within 2-10% and for
temperatures within 5-10 K. However, large biases at certain altitudes strongly influence the

RMS differences. The O, retrievals suffer from a forward model underestimation of the
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signal near 30 km and a larger overestimation of the signal close to 20-25 km. As the density
profile adjusts itself accordingly, the MAESTRO retrievals are usually poor near 20-30 km.
This error may be caused by FTS pointing information, MAESTRO characterization or O,
spectroscopic parameters. Using HITRAN 2012 usually reduces these irregularities and
improves the biases in pressures and temperatures up to 2% and 2 K respectively indicating
the role of the O, parameters. This is promising as the O, band spectroscopic parameters are
still being improved as these bands are being increasingly considered for future satellite
missions. In terms of the RMS differences, the new spectroscopic parameters (HITRAN
2012) usually improve the differences by 1% and 1 K for pressures and temperatures below
50 km.

Currently, the pointing information derived from the FTS p-T retrievals are used by
the MAESTRO retrievals. Ideally, the MAESTRO retrievals must be completely independent
of those of FTS. The p-T profiles retrieved from O, bands could be used to derive pointing
information for MAESTRO which then could be employed to improve the MAESTRO trace
gas profiles.

Future work could include the use of the reprocessed pressure profiles to recalculate
the MAESTRO tangent heights which might improve the MAESTRO ozone and other
constituent profiles. Rewriting the software in C language would improve the speed of
retrieval which helps to produce new product for more than 14 years of MAESTRO

measurements.
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5. Quantifying the Impact of Wildfires on

Tropospheric Ozone Concentrations

In this study, a Differential Back Trajectory (DBT) method was developed,
employing HYSPLIT back-trajectories and MODIS fire data to calculate the average
difference between ozone concentrations associated with fire-affected and fire-unaffected
parcels at 18 ozone sounding sites located across Northern America. The DBT method was
applied to more than 1000 ozonesonde profiles collected from these sites during campaigns
and regular measurements from June to August 2006, 2008, 2010 and 2011. Layers of high
ozone associated with low humidity were first removed from ozonesonde profiles to
minimize the effects of stratospheric intrusions in the calculations. The analyses show that
none of the stations located at Arctic or far northern latitudes were significantly affected by
fires. The ozone enhancement for stations nearer large fires such as Trinidad Head, Bratt’s
Lake was up to 4.2+0.8% of the TTOC (Total Tropospheric Ozone Column). Fire ozone

accounted for up to 8.3+1.3% of TTOC at downwind sites such as Yarmouth, Sable Island,
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Narragansett, and Walsingham. The results are consistent with other studies that have
reported an increase in Oz production with the age of the smoke plume.
A manuscript on this study is in-progress to be submitted to Journal of “Atmospheric

Chemistry and Physics .

5.1. Introduction

Tropospheric Ozone (Os) is an important regulated air pollutant. Exposure to elevated
concentrations of O3 has been linked to respiratory illness such as irritated lungs, aggravated
bronchitis, and asthma [Lippmann, 1991; McConnell et al., 2002]. Ozone in the troposphere
is formed by the interaction of nitrogen oxides (NOx = NO + NO;) and non-methane
hydrocarbons (NMHCSs) in the presence of sun-light. Wildfires generate large amounts of O3
precursors (NOx and NMHCs) and a number of studies suggest that fires can contribute to
exceedances of the Oz air quality threshold concentrations via production and long-range
transport of Oz and its photochemical precursors [Jaffe et al., 2004; Palmer et al., 2013;
Parrington et al., 2013]. In addition, the frequency and intensity of forest fires is likely to
increase over Canada and the US as a result of climate change. Gillett et al. [2004] and
Westerling et al. [2006] have shown that an increase of the area burned for Canadian and US
forests is related to an increase in temperature and reduction of moisture in the area of
interest. They both concluded that climate change is the key factor in explaining changes in
fire frequency and intensity over recent decades. Various global warming scenarios have
been examined to evaluate the possibility of an increasing in fire occurrences in the future.

Wotton et al. [2010] estimate an increase of 30% in boreal forest fire occurrence by 2030 and
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Spracklen et al. [2009] estimate an increase in the annual mean area burned of 54%, 78% and
175% by 2050 for the entire western USA, the Pacific Northwest, and the Rocky Mountain
regions, respectively.

Ozone production from tropical biomass burning has been well established [Andreae
et al., 1994; Andreae and Merlet, 2001; Backer and Muer, 1991; Jacob et al., 1996;
Thompson et al., 1996; Thompson and Witte, 2001; Weller et al., 1996]. Both fuel
consumption and the intensity of boreal fires are typically an order of magnitude larger than
for savanna fires [Stocks et al., 1998]. Higher intensity means higher transport of emissions
into the troposphere and even into the stratosphere [Fromm and Servranckx, 2003] which
may tend to increase transport distances. Data collected by aircraft, ground-based instruments
and satellites during dozens of field investigations that have taken place in the last two
decades over the Arctic and sub-Arctic have been used in various approaches to study the
ozone production from boreal fires. A review of past observations finds that 2/3 of all
chemical studies of fire plumes have reported ozone enhancement [Jaffe and Wigder, 2012].

Different approaches and datasets used to address the ozone source issue appear to
give conflicting results. For instance, the data collected by the DC-8 aircraft from
summertime (ARCTAS-B) flights in central and eastern Arctic Canada (designated
as > 50°N latitude) were used by Olson et al. [2012] to constrain a photochemical box model.
They found 1-2 ppbv/day net ozone photochemical formation in the boundary-layer (BL) and
upper troposphere (UT), with significant uncertainty due to uncertainties in measured NO and
HOx. Alvarado et al. [2010] also used aircraft data obtained during the ARCTAS-B
campaign to determine the enhancement ratio of reactive nitrogen (NOy) species from fresh

plumes to examine the impact of these emissions on tropospheric ozone in the Arctic. The
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GEOS-Chem model showed very modest ozone formation, mainly due to rapid conversion of
NOx, produced from fresh Arctic biomass burning, to PAN and inorganic nitrates. In
contrast, biomass burning from central Canada was found as a modest but significant source
of ozone by Parrington et al. [2012]. They also used FLAMBE emissions for 2010 in GEOS-
Chem but the difference, as suggested by Parrington et al. [2013], seems to be that while
fresh plumes (< 2 days old) show little increase in ozone, in aged (> 4 days) plumes PAN
decomposition will release its constituent NO, and peroxy radicals which can then photolyze
or react with NO to produce ozone. This is consistent with the review of observations of
ozone production in boreal biomass burning outflow by Jaffe and Wigder [2012]. Busilacchio
et al. [2016] used the aircraft data collected during the BORTAS-B (2011) campaign to
analyze ozone and total peroxy nitrate (XPNs, XROONO,) production in fire affected and
background air masses. Using different approaches, (1) direct calculation and (2) a 0-D
photochemical model, the ozone and XPN formation in plumes impacted by fire emissions
were compared with that in background air. They found that, on average, PN production is
more strongly enhanced than Oz production: 5-12 times versus 2-7 times. They observed
enhancement of the concentration and production of £PNs, which can act as a source and
enhance ozone production downwind of the plume.

In this study ozonesonde profiles collected in June, July and August of 2006, 2008,
2010 and 2011 from 18 sites across Northern America were used to determine ozone
enhancement empirically. The novel method developed here is objective and can be applied
to all ozonesonde data collected from regular and campaign sites as long as the fire data are
available. This method is applicable to evaluating the contribution of biomass burning to the

ozone budget as it uses a network of observing sites at fixed locations.
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5.2. Data and methods

5.2.1. Ozonesonde data

Balloon-borne ozonesonde is a lightweight instrument that is connected and launched
with a conventional meteorological radiosonde. As the package flown by a large weather
balloon ascends trough the atmosphere, the ozone concentration and standard meteorological
parameters such as temperature, pressure, and humidity are telemetered to a ground receiver
through the radiosonde transmitter. The balloon ascent rate is about 4-5 m s™ to the typical
burst altitude of 30-35 k. This gives the sonde a vertical resolution of about 100-150 m for a
typical 0zone sensor response time (e™) of about 20-30 s [Smit and Kley, 1998]. Ozonesondes
utilize electrochemical detection methods through the reaction of potassium iodide by ozone

in an aqueous solution:

2KI+ 03 + H,0 = 2KOH + I, + 0, (5.1)

followed by
I, +2e” =2I" (5.2)

Therefore, two electrons are produced for each molecule of ozone [Komhyr, 1969]. The
Electrochemical Concentration Cell (ECC) sondes (Figure 5.1) developed by Komhyr [1969]
are the most widely used ozonesondes. ECC ozonsondes have a precision of 3-5% and a total
(random and systematic) uncertainty of 10% below about 28 km [Deshler et al., 2008; Kerr et
al., 1994; Smit et al., 2007]. The ozonesondes provide a long record of information about
ground ozone and ozone profiles in the troposphere and part of the stratosphere at a particular

location. Height limitations of the balloons and lack of reliability of the ozonesondes at low
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pressure and temperature are among the limitations of ozonesonde measurements [Smit et al.,

2007; Tarasick et al., 2016].

Pump (Teflon) »
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ECC-Ozone _
Sensor § W ,
by l il _.-,'ngr:lce ) ‘jf .
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I /.f' { IE |
N Power Supply

Sensor Current

Figure 5.1: Schematic of an electrochemical concentration cell (ECC) ozonesonde (from
http://www.fz-juelich.de/iek/iek-8/EN/Expertise/Infrastructure/WCCOS/WCCOS_node.html)

Figure 5.2 shows the locations of ozonesonde launch sites across Canada and the US
that participated in the IONS and BORTAS campaigns [Palmer et al., 2013; Parrington et
al., 2012; Tarasick et al., 2010; Thompson et al., 2007]. Table 5.1 and Table 5.2 describes
these stations, including their geolocation (latitude, longitude and elevation) and the total

number of profiles available for this study.
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Table 5.1: Information on the sites contributing data during the IONS-06, ARCTAS and
BORTAS campaigns.

Site Name ID Lat Lon Alt
Alert 18 82 -62 47
Eureka 315 79.99 -85.94 10
Resolute 24 74.71 -94.97 46
Summit 491 72.57 -38.48 3238
Whitehorse 998 60.7 -135.07 704
Yellowknife 999 62.5 -114.48 210
Churchill 77 58.74 -94.07 30
Trinidad 445 40.8 -124.16 20
Kelowna 457 49.92 -119.4 456
Stonyplain 21 5355 -114.11 766
Bratt's Lake 338 50.2 -104.7 1550
Walsingham 482 42.64 -80.57 182
Egbert 456 44.23 -79.78 251
CSA-Montreal 496 45,51 -73.39 35
Narragansett 487 41.4 -71.5 23
Yarmouth 458 43.87 -66.1 9
Goose Bay 76 53.32 -60.3 44
Sable Island 480 44.95 -59.92 4

Pressure and temperature data measured by the coupled radiosonde were used to
calculate the altitude using the hydrostatic relation. The determination of the tropopause
height is done using the World Meteorological Organization [1957] criterion which is the
lowest height, at which the temperature lapse rate falls to 2 °C /km or less, provided that the
average lapse rate for 2 km above this height is also not more than 2 °C /km. The ozone
sensor response time (e is about 25 seconds, which given a typical balloon ascent rate of 4

ms™ in the troposphere, implies a vertical resolution of about 100 meters.
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All ozonesonde profiles have been processed to 100-m altitude resolution up to the
tropopause height or 15 km, whichever occurs first. Ozone partial pressures are integrated
and averaged for 100 m thick layers from sea level up to top of the profile. Dividing by the

average pressure in each layer, the average ozone mixing ratio is obtained.

Table 5.2: Number of profiles, by month and year, measured at different sites.

2006 2008 2010 2011
Site Name Jun Jul Aug Jun Jul Aug Jun Jul Aug Jun Jul Aug Total

Alert 4 3 5 4 4 5 4 2 2 3 3 4 43
Eureka 3 4 5 4 4 5 5 3 3 5 4 5 50
Resolute 3 1 0 3 5 3 4 2 3 2 2 1 29
Summit 5 4 2 15 26 4 3 2 4 5 4 5 79
Whitehorse 0 0 0 7 11 0 0 0 0 0 0 0 18
Yellowknife 0 O 0 4 11 0 0 0 0 0 0 0 15
Churchill 4 4 4 8 8 1 2 4 3 5 1 1 45
Trinidad 5 4 30 10 15 4 18 3 4 4 4 4 105
Kelowna 5 2 2t 8 13 4 18 2 3 2 3 5 92
Stonyplain 4 1 4 8 14 3 5 4 3 5 4 5 60
Bratt's Lake 4 2 29 6 11 4 4 17 4 4 21 5 111
Walsingham 0 0 22 0 0 0 0 12 0 0 0 0 34
Egbert 3 4 15 1 12 3 4 20 5 5 17 4 93
CSA-Montreal 0 O 0 0 0 0 0 14 0 0 0 0 14
Narragansett 4 4 24 4 3 5 2 2 2 0 0 0 50
Yarmouth 3 3 11 8 14 1 5 20 8 5 20 7 105
Goose Bay 3 2 5 4 11 0 4 18 8 4 22 7 88
Sable Island 0 0 28 4 11 0 0 16 0 0 19 1 79
Total 50 38 211 98 173 42 78 141 52 49 124 54 1110
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Figure 5.2: Location of stations assigned for IONS and BORTAS campaigns and used for this

work.

5.2.2. Fire data

MODIS (MODerate Image Spectroradiometer) fire data (provided by
NOAA/NESDIS) are used to determine the location of the fire hotspots. Figure 5.3 and
Figure 5.4 show the location and intensity of fire hotspots between June and August of 2006,
2008, 2010, and 2011. The total area burned was above the long-term average (2.1 million
Hectares) for 2006, 2010, and 2011 (Figure 5.5). Among these years, 2006 had the largest
number of fires with more than 9800 fires (Figure 5.5), while for the others it was below the

long-term average of 8000 fires (The Canadian Interagency Forest Fire Centre (CIFFC)).
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Figure 5.3: MODIS Fire Hot Spots during Jun.-Aug. 2006, 2008.
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Fire Count, 2010, June-August
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Figure 5.4: MODIS Fire Hot Spots during Jun.-Aug. 2010, 2011.
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Figure 5.5: Area burned and number of fires in Canada between 1990 and 2016; Retrieved from
Canada National Forestry Database (http://www.ciffc.ca).

5.2.3. Trajectory calculations

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model
[Draxler and Hess, 1998] developed by the NOAA Air Resources Laboratory (NOAA ARL),
was used to calculate backward trajectories for each ozonesonde profile at 100 m height
intervals from sea level. An air parcel is assumed to be released at the center of each 100 m
altitude (50 m, 150 m, etc.) from the ozonesonde station (the releasing time, latitude, and
longitude are taken from the ozonesonde launch). Minimum requirements for the HYSPLIT
model to be run are the horizontal wind components (U, V), temperature (T), height (Z) or
pressure (P) and the surface pressure (Po). Meteorological models’ output is used as input
data for the HYSPLIT model to calculate the trajectories. The global NOAA-NCEP/NCAR

(National Centers for Environmental Prediction/National Center for Atmospheric Research)
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reanalysis data provide required parameters for HYSPLIT for 1948 through the present year.
Data are updated annually for each additional year. The other dataset that can provide the
global meteorological parameters for trajectories are ECMWEF (European Centre for Medium-
Range Weather Forecasts) data. The ECMWF datasets were not available free of charge for
the years needed for this study also the data had to be reprocessed into the HYSPLIT
compatible format. Thus, the global NOAA-NCEP/NCAR reanalysis dataset (NCEP
Reanalysis data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from

their Web site at http://www.esrl.noaa.gov/psd/) was used as it was the only publicly

available dataset for the summer of 2006, 2008, 2010, and 2011. These data provide 4-times-
daily meteorological parameters at 17 pressure levels from 1000 to 10 hPa with 2.5x2.5°
horizontal resolution. This relatively coarse vertical resolution (corresponding to 2 km in the
upper troposphere) implies that the trajectories are not entirely independent, a point that
needs to be kept in mind when estimating statistical significance. Six days (144 hours) of
backward trajectories were computed for the air parcel movement.

Several studies have attempted to estimate the accuracy of trajectories using different
methods. Stohl [1998] reviewed a number of studies and found typical errors of 20% of the
trajectory distance, or about 100-200 km day™. More recently, Harris et al. [2005] reported
uncertainties of 30-40% of the horizontal trajectory distance, or 600-1000 km after 4 days,
while Engstréom and Magnusson [2009], using an ensemble analysis method, estimated the
uncertainty of trajectories to be within 350-400 km after 3 days and about 600 km after 4
days. These are consistent with the Stohl [1998] estimate.

Figure 5.6 displays the number of parcels for each individual site for 2006, 2008,

2010 and 2011 calculated from the reprocessed ozonesonde profiles from the surface up to
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http://www.esrl.noaa.gov/psd/

the tropopause or 15 km height. Only the regular ozonesonde stations have data for all four
years. Some of the sites have contributed only in campaigns, and so do not have data for
other years. There are a number of regular stations that also have participated in campaign
measurements. These sites provide the most data and yield the most reliable and robust

results.
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Figure 5.6: Number of parcels for each site during the year 2006, 2008, 2010, and 2011

calculated from reprocessed ozonesonde profiles from surface up to tropopause or 15 km.
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5.2.4. Examples of elevated ozone layers

Figure 5.7 and Figure 5.8 illustrate elevated ozone layers detected in ozone profiles
collected at a site near large fire activity (Stony Plain) and at a downwind site (Yarmouth).
The MODIS fire hotspots for six days preceding the ozonesonde measurements show large
fires in central Canada.

Six-day back-trajectories suggest that the layers of high ozone have crossed areas with
of large fire activity before arriving at the sounding site locations. The humidity profiles are
also depicted for these two examples. The layers with high ozone that trace back to the fires
sometimes are associated with low humidity indicating the possibility of a stratospheric
influence. Transport from the stratosphere is also a source of high ozone in the troposphere.
In the next section a method is developed to remove the suspected stratospheric layers from

the profiles.

5.2.5. Stratospheric ozone intrusion
The observations made by Dobson [1973] and others (e.g. [Holton, 1987; Reid and
Vaughan, 1991]) from large datasets of soundings indicate that the ozone profile is relatively
constant within the troposphere or stratosphere. Similar observations were made by Newell et
al. [1999] from aircraft O3 profiles. Stratospheric ozone-rich air intrusion or stratosphere-
troposphere transport (STT) is one of the most common phenomena that perturb the
tropospheric ozone profile. Observations show that tropospheric dry layers associated with

high ozone are often STT events [Haver and Muer, 1996; Thouret et al., 2000].
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Stonyplain, STN 021, 2010/07/14, Back Trarj, 5-6 km
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Figure 5.7: (bottom) Ozone and humidity profiles collected in Stony Plain. (top) back-
trajectories indicate that the ozone anomalies could be produced by fires. It should be noted

that the layers with high ozone are associated with low humidity.
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Yarmouth, STN 458, 2011/07/18, Back Trarj, 6-7 km
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Figure 5.8: Same as Figure 5.7 for Yarmouth.
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Colette et al. [2005] considered 21 principal factors to identify the free tropospheric
segment of European summer ozone profiles affected by STT. They reduced the factors to 6
and no difference was detected. Eventually, the RH (Relative Humidity)-O5 relationship
turned out to be the most robust indicator of STT impact.

As noted, preliminary studies revealed that some elevated ozone layers that trace back
to fires are associated with low humidity which is an indication of STT. Hence, to avoid the
impact of STT ozone amounts on the calculations presented here, suspected stratospheric
intrusions (STT) were removed from the ozone profiles. The identification of STT was based
on the humidity (RH)-Os relationship. The suspected layers were determined through the
following steps (all steps were applied to the entire ozone profiles):

1. To locate the ozone peak laminae a mean profile was obtained by box car
smoothing the high resolution profile to remove variations of vertical half-
width less than 2.5 km. Then, the difference between the high resolution
profile and the mean profile, divided by the mean profile was calculated and
defined as the normalized perturbation profile.

2. The same method was used to filter out the variations of vertical half-width
less than 5 km from RH profile to find the relative humidity negative peaks.

3. The laminae with average amplitudes greater than 10% of the mean ozone
mixing ratio were considered significant and removed from the profile if
associated with negative RH laminae with average amplitudes greater than
20% of the mean relative humidity.

Figure 5.9 shows an ozone profile with a large anomaly between 5 and 6 km. Back

trajectories suggest that this layer may have been affected by a stratospheric intrusion. The
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tropopause height (shown in the middle panel) was derived from tropopause height data
provided by the NOAA Physical Sciences Division (http://www.esrl.noaa.gov/psd) from the
same NCEP/NCAR reanalysis database used as input to the HYSPLIT model. The WMO
(1992) thermal lapse rate criterion was used by NOAA to compute the tropopause heights. In
addition, tropopause heights at pressure levels smaller than 85 hPa and larger than 450 hPa
are not allowed by the NOAA calculations. The bottom panel illustrates how the algorithm
removes the suspected layer from the profile.

The percentage occurrence of stratospheric intrusions for each site during the selected

years based on the method presented here is shown in Figure 5.10.

5.2.6. Differential Back Trajectory (DBT) method
The DBT method uses back-trajectories calculated at 100 m intervals from the surface
to the tropopause, for each sounding, up to 144 hours long. A parcel is defined as “fire-
affected” if the back-trajectory corresponding to a parcel passes through a 1x1 degree grid
box containing one or more MODIS fire counts. The remaining parcels are classified as
background or “fire-unaffected”. For this study, only parcels that are affected by fires in
North America and Mexico were considered as “fire-affected”. Parcels affected by fires

outside this zone (e.g. Asia, South America, etc.) were removed from the analysis.
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Figure 5.9: (top) Back-trajectories for the layers between 5 and 6 km indicate the possibility of

stratospheric intrusions. (middle) Tropopause height retrieved from NCEP/NCAR reanalysis

data. (bottom) Ozone and humidity profiles of July 26, 2011 at Sable Island. Ozone peaks are

shown in red.
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Figure 5.10: Number of suspected stratospheric layers expressed in percentage.
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At each 100 m level, for each sonde site, the average difference in ozone concentrations
associated with “fire-affected” parcels in each year and “fire-unaffected” parcels from all four
years (2006, 2008, 2010, and 2011) is calculated. To calculate the average fire contribution to
ozone, the computed average is multiplied by the ratio of the number of “fire-affected”
parcels to the total number of parcels (sum of “fire-affected” and “fire-unaffected”) for that
specific year. Suspected stratospheric intrusions, as described in section 5.2.5, are first
removed from all profiles, to avoid skewing the averages.

The average total tropospheric ozone calculated from fire-unaffected parcels is
depicted in Figure 5.11. The TTOC is lower for high latitude sites such as Alert, Eureka, and
resolute compared to the middle latitude sites. The percentage of fire-affected occurrences for
each individual site is given in Figure 5.12. Minimum occurrences can be observed in high-
latitude and Arctic sites. However, it should be noted that only a limited number of profiles
were available for those sites compared to that of the other sites (Table 5.2). In addition, as
noted, fires in Asia and Europe were excluded. Generally, the eastern sites are more affected
than those sites located in the middle and western areas. As an example the profiles of
average “fire-affected” and “fire-unaffected” parcels for Yarmouth station for year 2010 are

depicted in Figure 5.13.
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Figure 5.11: Total tropospheric ozone expressed in DU calculated from fire-unaffected parcels.
The error bar equals 2 Standard Error (SE).

The DBT method offers a statistical estimate of the amount of additional ozone
generated by fires. It neglects any contribution from fires more than 144 hours previous to the
sounding. This is likely a small error, since back-trajectories from any of the sonde sites will
generally cross the continent in less than 6 days. A more important source of error is the
misassignment of air parcels due to trajectory errors: any systematic difference in ozone
concentration between “fire-affected” and “fire-unaffected” air parcels will be diluted by
such misassignment. Since trajectory errors over several days can be quite large [Downey et
al., 1990; Engstrom and Magnusson, 2009; Harris et al., 2005; Stohl, 1998], this probably
causes the DBT method to produce a serious underestimate of the amount of ozone generated

by fires.
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Figure 5.12: Number of fire-affected parcels given in percentage detected by the DBT method
for selected sites in 2006, 2008, 2010, and 2011.
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Yarmouth, STN 458, Lat 43.87, Lon -66.1, Jun-Aug, 2010, Fire Count 1
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Figure 5.13: An example of results from the Differential back trajectory (DBT) method, for
Yarmouth, NS. Top: average ozone and humidity for fire-affected (Red) and non-affected (Blue)
parcels. The horizontal bars represent 2 SE. Bottom left: average difference between fire-
affected and non-affected parcels. Bottom right: number of fire affected (red) parcels during
summer 2010 and number of non-affected (blue) parcels over four years (2006, 2008, 2010, and
2011). Total column ozone calculated from non-affected parcels is also depicted along with the

difference in DU.
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5.3. Result and discussion

5.3.1. Ozone enhancements

The intensity and location of fires is quite variable. As shown in Figure 5.3, large fire
activity in 2006 was concentrated in Central Canada, the Western U.S. and Southern U.S.
The average enhancement in total tropospheric ozone column (TTOC) over four years (2006,
2008, 2010 and 2011) is shown for 18 sites in Figure 5.14. The analysis shows that none of
the high latitude sites has been affected significantly. Overall, Narragansett and Yarmouth
had the largest ozone enhancements. Kelowna and Stonyplain were not affected significantly
although they were occasionally close to large fire activity.

Figure 5.15 shows the average ozone enhancement for each site during 2006, 2008,
2010, and 2011 summertime (June — August). The analysis shows that 8 sites out of 14 were
significantly affected by fires in 2006. The fire contribution was significant in 0-5 km total
column ozone over 8 sites in 2006 ranging between 0.4 + 0.2 and 2.0 £ 1.2 DU (1.2 £ 0.6 and
4.5 £ 0.5 %) with a minimum in Stony Plain and a maximum at Bratt’s Lake. In terms of
TTOC, 4 sites were significantly affected. The fire ozone contribution in the TTOC at
Trinidad Head and Bratt’s Lake, that were close to large fires (Figure 5.3), was 4.1 £ 0.6%
and 2.0 £ 1.2%, respectively. The ozone enhancement for Yarmouth, and Sable Island
(downwind sites) was 4.7 £ 1.1%, 2.8 £ 1.0%, respectively.

Two large fire events occurred during summer of 2008 (Figure 5.3). One was caused
by large fires in Saskatchewan in Central Canada and the other was in the Western and
Midwestern U.S. The ozone profiles from 16 sites were used to calculate the average fire
ozone amount in the TTOC during June to August, 2008. The DBT method shows that fire

ozone significantly contributed to the TTOC of 6 sites during 2008.
150



w

N

Total Ozone Column [DU]
(e ] -

_2 | | | | | | | | | | | | | | |
ARV R 6@ @ D N >(<\
N e“* A (\\ ARSI o \>
(f,‘% ?l ‘\‘\\3;? x\\k(\“‘ Q(x \q.,\ \{

a

&0

Figure 5.14: Average enhancement in total tropospheric ozone column at different sites over
2006, 2008, 2010, and 2011. Error bar equals 2 Standard Error (SE).

Trinidad Head was the closest to the U.S. fires in 2008 where fire ozone accounted for 1.5 +
0.4 DU (4.2 £ 0.8 %) of TTOC at this station. Bratt’s Lake was also nearby large fires in
Canada. The ozone enhancement for Bratt’s Lake was 0.8 £ 0.5 DU (2.2+1.3%).
Narragansett, Yarmouth, Goose Bay, and Sable Island were also significantly affected by
fires. Fire ozone contribution in the TTOC was computed, respectively, as 2.0 = 0.8 DU (4.4
+1.8%), 2.0 + 0.5 (4.3 + 1.0%), 1.9 + 0.4 (5.2 + 1.0%), 4.0 + 0.7 DU (8.3 + 1.3%) for these
sites. Large Canadian fires in 2008 took place near to five Canadian sites: Yellowknife,
Churchill, Kelowna, and Stony Plain. Although, the analysis shows minimal enhancement to
0-5 km (above ground) ozone columns at these sites, the TTOC was not significantly

enhanced.
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The year of 2010 was an exceptional year in terms of the total area burned by
Canadian boreal fires (Figure 5.5). The large fire events were recorded in North Central and
Western Canada (Figure 5.4). The data collected at 14 regular sites plus Walsingham,
Montreal and Narragansett were analyzed for 2010. Of the sites close to the fires Bratt’s Lake
was significantly affected with ozone enhancement of 1.8 £ 0.5 DU (4.5 = 1.3%). Fire ozone
accounted for 1.4 + 0.4 (3.1 + 0.9%), 0.6 + 0.6 (1.3 + 1.2%), 3.620.9 (8.0 + 2.1%), 2.0 + 0.5
(4.4 £ 1.0%), 0.6 + 0.4 (1.7 + 1.0%), 0.8 + 0.4 (1.5+0.9%) DU of the TTOC at the downwind
sites: Egbert, Montreal, Narragansett, Yarmouth, Goose bay, and Sable Island, respectively.

The number of fires in 2011 was about 4200 which is almost half of the long-term
average of 8000 fires in Canada (Figure 5.5). The ozone profiles collected by 11 Canadian
sites plus summit and Trinidad Head were used to calculate the influence of fires on the
tropospheric ozone at downwind sites. Only two sites were significantly affected by fires.
Egbert where 2.0 £0.4 (4.4 £ 1.0%) ozone enhancement was detected and Yarmouth with 1.8
+ 0.4 (3.8 £ 0.8%) fire ozone contribution in the TTOC. Ozone in the 0-5 km layer was also
enhanced at Churchill and Stonyplain sites. Surprisingly, the analysis shows that Sable Island
was negatively affected by fires in 2011. Although apparent ozone destruction in boreal fire
plumes has been reported previously [Real et al., 2007; Verma et al., 2009] this is likely an
indication of the magnitude of possible error in this statistical method. Generally, the DBT
method showed that downwind sites were more affected by fires than the sites nearer to the
large fires indicating the transport of ozone and/or its precursors from fire locations to the

downwind locations.
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Figure 5.15: Average enhancement in the 0-5 km layer and total tropospheric ozone column
(TTOC) at different stations during the 2006, 2008, 2010 and 2011 summer, expressed in DU.
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5.3.2. Fire plume injection height

In this section the fire plume injection height is considered in calculation to show the
robustness of the results. The fire plume height and the maximum altitude expected to be
influenced are highly variable as they depends on fire size and power and also the
atmospheric conditions [Freitas et al., 2007; Kahn et al., 2008; Labonne, 2007]. Different
approaches have been used by several groups to develop algorithms and models to determine
the appropriate heights for biomass burning emissions [Freitas et al., 2007; Kaiser et al.,
2012; Paugam et al., 2016; Sofiev et al., 2012]. Studies show that fire plumes are likely able
to reach 10 km altitude or even into the lower stratosphere depend on fire radiative power
(FRP) and fire size [Freitas et al., 2007]. There is no general formula recommended to
estimate the fire plume height. For this study, it is assumed that the more concentrated fires
provide higher injection heights. The concentration of fires is determined by counting the fire
hotspots in each 1x1° grid box over 24 hours. Table 5.3 shows the assumed smoke plume
height for a given MODIS fire count. Hence, for this section, both altitude and fire count are

considered to identify the fire-affected parcels.

Table 5.3: MODIS fire count and corresponding smoke plume height.

Fire Count Expected Plume

Height

1-10 0-2km

11-50 2-5km

51-90 5-7km

91-120 7-9km
120< 9 km<

For example, if the back-trajectory corresponding to a parcel passes through a 1x1 degree

grid box containing 1-10 fire counts that parcel only is identified as fire-affected if its altitude
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is 0-2 km; otherwise it is excluded from the analysis. As before, the remaining parcels are
classified as background or fire-unaffected.

After applying assumed fire plume injection heights into the DBT method the
contribution of fire ozone to TTOC is calculated. Figure 5.16 shows the number of fire
affected parcels considering fire plume injection heights in percentage for each site during
2006, 2008, 2010 and 2011.

The average ozone enhancements in TTOC over four years are displayed in
Figure 5.17. Although the assumption of an injection height reduces the number of fire-
affected parcels by about 2/3, the calculated contributions of fire ozone to TTOC are much
less reduced, and still positive and significant for most of the sites.

On average, the lowest significant enhancement in TTOC accounted for Sable Island
with 0.5 DU (1%) and the largest occurred over Yarmouth with 1.2 DU (2.6%) followed by
Narragansett and Montreal with 1.0 DU. The analysis shows that Trinidad head, Walsingham,
Egbert, Montreal, Narragansett, Yarmouth, and Sable Island were significantly affected by
fires. The enhancements over the sites nearer the large fire activities such as Bratt’s Lake,
Stony Plain, and Kelowna are positive but insignificant. Like the results presented in previous
section, this analysis also showed none of the Arctic sites was affected significantly.
Figure 5.18 shows the ozone enhancements in TTOC and 0-5 km over each site in 2006,
2008, 2010, and 2011. Consideration of smoke plume height influenced Sable Island the most
by reducing the fire ozone contribution in 2008 from about 8% (4.0 DU) to 3% (1.4 DU), and
reducing to non-significant the negative fire contribution in 2011. This assumption also

lowered the ozone enhancements between 0.2 and 2.6 DU over other sites.

155



100

80

60

40

20

100

80

60

40

20

100

80

Occurrence [%)]

60

40

20F

100

80

60

40

20

Figure 5.16: Number of fire-affected parcels given in percentage detected by DBT method in
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Figure 5.17: Average enhancement in total tropospheric ozone column at different sites over
2006, 2008, 2010, and 2011. Error bar equals 2 SE.
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Figure 5.18: Same as Figure 5.15 but taking into account the fire plume injection heights.
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5.3.3. Uncertainty due to regional bias in the origin of parcels

The origin of the parcels could be a source of error in this method. For instance, if
many of the fire-affected parcels come from areas with higher background ozone levels (e.g.
the southern US), while more fire-unaffected parcels originate from areas with low levels of
background ozone, the results could show a significant difference that is not necessarily
related to fire activity. Figure 5.19 shows the average total tropospheric column ozone for
summer time 2000 to 2009 retrieved from the TOST (Trajectory-mapped Ozonesonde dataset
for the Stratosphere and Troposphere) dataset [Liu et al.,, 2013]. Regional averages
(Figure 5.20) are also shown in lower left of the figure. As can be seen, there are higher
ozone levels over the southern US and Mexico compared to other areas of North America.
This is a potential source of error; if a large number of fire-affected parcels originate in these
areas while the background parcels come from other clean areas such as northern latitudes a

misleading positive signal may be seen at some sites.
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Figure 5.19: The average total tropospheric column ozone in DU for summertime 2000 to 2009
retrieved from the TOST dataset (more details in the text). ARC: Arctic; NW: Northwest
America; CCA: Central Canada; ECA: East Canada; EUS: East US; SEUS: South east US;
WUS: West US; SW: Southwest America;

The contribution of different regions in fire-affected and fire-unaffected parcels

To investigate the contribution of different areas in fire ozone enhancements six
geographical regions were defined to tag the parcels based on their origins: Arctic (ARC);
Northwest America (NW); Central Canada (CCA); East Canada (ECA); East US (EUS);
South east US (SEUS); West US (WUS); Southwest America (SW) (Figure 5.20). The
regions were selected based on similarities in ozone climatology and also the record of forest

fires.
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Figure 5.20: The location of stations assigned for ARC-IONS and BORTAS campaigns and

defined areas to tag the parcels in different colors.

Figure 5.21 shows the origin of fire-affected parcels and also the baseline for
Yarmouth in 2011. The top of the panel illustrates the number of the fire-affected parcels for
each year. The number of unaffected parcels is also shown in the last column of the top panel.
The rest of the six pie chart rows show the percentage contribution of each region in total
number of parcels for six 24-hour periods prior to the ozonesonde lunch time (From 24 hours
at the top to 144 hours at the bottom before the lunch time). In the first 24 hours, as is
expected, the majority of the parcels are in the region of the site location (EUS) and nearby

area (ECA).
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Figure 5.21: The number of fire-affected and unaffected parcels (Top) at Yarmouth for 2006,
2008, 2010 and 2011 from surface to 5km; Percent contribution of each tagged region to the

number of fire-affected and unaffected parcels from age -24 to -144 (Bottom).
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From the second time interval, the contribution of the Central Canada pixels (denoted by an
orange color) starts to show and increase for the both fire-affected and unaffected parcels.
Evidently, nearly half of the fire-affected and unaffected parcels originated from Central and
Eastern Canada 96 hours (4 days) before the measurements.

As a test, only the parcels originating from Central Canada were considered to
calculate the ozone enhancements at downwind sites. Figure 5.22 shows the contribution of
each region in the number of fire-affected and unaffected parcels after setting the criteria. It
can be seen that only parcels that have been in the CCA region (orange color) 72 hours before
the launch time are used for calculations. Although this criterion excludes about half of the
parcels, the results still show significant positive signals for downwind sites and also for the
sites closer to the large fire activities. Figure 5.23 depicts the ozone enhancements in TTOC
and 0 - 5 km at different sites in 2006, 2008, 2010, and 2011, considering only air parcels
from the CCA region.

In another test, the trajectories that pass 40°N latitude were removed from the
calculations to prevent the influence of the low-level, high ozone amount from the Southern
US and Mexico areas. This condition also reduced the number of parcels but it minimally

affected the outcomes.
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Figure 5.22: Same as Figure 5.21 after setting a criterion to consider only parcels that have been

in CCA region (denoted by the orange color) 72 hours before launch time.
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Figure 5.23: Average enhancement in 0 - 5 km and total tropospheric ozone column (TTOC),

considering only air parcels from the CCA region, at different stations during the 2006, 2008

summers, expressed in DU.
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Cluster analysis

In this section potential regional biases in the origins of fire-affected and unaffected
air-parcels are addressed by employing a cluster analysis of the back-trajectories. HYSPLIT
clustering tool is used to identify the most significant paths followed by the air parcels
arriving over each site. HYSPLIT clustering computation is based on the minimum total
spatial variance. The cluster spatial variance is the sum of the squared distances between the
endpoints of the cluster’s component trajectories and the mean of the trajectories in that
cluster. The cluster spatial variance is calculated for every combination of trajectory pairs.
Then the sum of all cluster spatial variances (TSV) is calculated and the pair with the lowest
increase in total spatial variance is combined as a cluster [Draxler et al., 2016]. Preliminary
analysis using the back-trajectories ending at different altitude levels showed that the back-
trajectories ending at 5 km can be a representative of the entire profile. In addition, it was
revealed that usually maximum six main paths can be found for the parcels arriving at each
site. Therefore, the back-trajectories ending at the 5 - km altitude level were grouped using
the HYSPLIT clustering tool to identify the six most significant paths followed by the air
parcels arriving over each site. Since at least 16 trajectories are needed for HYSPLIT
trajectory tool to be run, the stations with less than 16 profiles (Whitehorse and

CSA-Montreal) were excluded from this analysis.
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Figure 5.24: Cluster means calculated using profiles measured during the summers of 2006,
2008, 2010 and 2011. Back-trajectories calculated for parcels ending at 5 km at Yarmouth.

Figure 5.24 illustrates six different cluster means calculated for parcels ending at 5 km
at Yarmouth and Figure 5.25 shows examples of the individual trajectories grouped in each
cluster for two different sites. For each site one group of the trajectories originating from

central Canada and one group originating from the Southern US are depicted.
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Figure 5.25: Back-trajectories for two different paths classified using HYSPLIT clustering
analysis for Yarmouth and Sable Island. The Yarmouth cluster means can be seen in
Figure 5.24.

To minimize the impact of the parcels originating from the Southern areas on
calculations the profiles corresponding to the paths that come from the Southern US and
Mexico are excluded from the calculations. The number of profiles grouped in each cluster is
compiled in Table 5.4 for each individual site. A zero for the number of profiles shows that
the respective cluster is excluded from the analysis. The total number of profiles remaining
for each site, after removing excluded profiles, is also shown in percentage in Table 5.4. Less
than 30% of profiles are removed from the calculations for most of the sites. The largest

percentage of removed profiles corresponds to Egbert and Sable Island with 57% and 47%
respectively.
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Table 5.4: The number of profiles grouped in each cluster mean. The total number of profiles

remaining for each site after removing the excluded profiles is also shown as a percentage.

Cluster Cluster Cluster Cluster Cluster Cluster

Site Name ID 1 5 3 4 5 6 Total

Alert 18 7 13 9 3 8 3 43  (100%)
Eureka 315 10 18 5 7 6 4 50 (100%)
Resolute 24 5 4 6 1 8 5 29 (100%)
Summit 491 8 20 8 15 7 3 61 (100%)
Yellowknife 999 3 3 1 3 5 3 18 (100%)
Churchill 77 11 14 5 0 8 1 83 (87%)
Trinidad 445 35 14 0 0 23 7 51  (75%)
Kelowna 457 22 0 27 13 11 10 79  (90%)
Stonyplain 21 14 0 18 9 4 39 (85%)
Bratt's Lake 338 24 27 5 21 0 2 79 (71%)
Walsingham 482 0 3 4 6 0 0 13 (54%)
Egbert 456 10 17 0 0 0 12 30 (43%)
Narragansett 487 0 6 0 12 10 2 81 (56%)
Yarmouth 458 17 20 3 30 0 11 85  (77%)
Goose Bay 76 10 14 22 30 0 9 42  (98%)
Sable Island 480 0 0 19 4 12 7 30 (53%)

Figure 5.26 illustrates the ozone enhancements for different sites in 2006, 2008, 2010
and 2011 after removing the profiles originating from the Southern regions. While the fire
ozone contribution to the TTOC is reduced for most of the sites it is still positive and
significant for downwind sites. Narragansett was influenced more than other sites by the
parcels coming from the southern areas. Ozone enhancements were reduced at Narragansett
from 3.6 DU (8.0%) to 0.5 DU (1.0%) in 2010. Also, fire ozone decreased from 1.7 DU to
0.7 DU at Bratt’s Lake in 2010. Ozone enhancements slightly increased at Egbert and
Walsingham in 2010. However, it should be noted that about 50% of the profiles were
removed from the calculations for these two sites. Other downwind sites such as Yarmouth

and Goose Bay were minimally affected.
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Figure 5.26: Same as Figure 5.15 after removing the profiles originating from the southern US

and Mexico.
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5.4. Summary and conclusions

Using more than 1000 ozone profiles collected at regular Canadian ozonesonde sites
and through a number of campaigns in June to August 2006, 2008, 2010 and 2011, this study
presents the fire-generated ozone budget in total tropospheric ozone column using the DBT
(Differential Back Trajectory) method. This new method is suitable for evaluating the
contribution of fire ozone to the tropospheric ozone budget as it uses a network of observing
sites at fixed locations. The DBT method was applied to the data from 18 ozone sounding
sites located across Canada and the U.S. The analyses show that none of the stations located
at Arctic or Northern latitudes was significantly affected by North American fires. The ozone
enhancement for stations near the large fires such as Trinidad, Bratt’s Lake, Kelowna and
Stony Plain was up to 4.8% of the TTOC. Fire ozone accounted for up 8.3% of TTOC at
downwind sites such as Sable Island, Yarmouth, Narragansett and Walsingham. On average,
over four years, the maximum fire ozone contribution accounted for about 2.0 DU at
Narragansett and Yarmouth and the minimum significant ozone enhancement at downwind
sites of 0.4 DU occurred at Goose Bay. However, we note that the DBT method likely
produces an underestimate of ozone production by fires. Our analysis shows that sites nearer
to the large fires were less influenced by the fires. Our results are consistent with the analyses
that reported an increase in O3 production with the age of the plume (e.g. [Baylon et al.,
2015; Busilacchio et al., 2016; Jaffe and Wigder, 2012; Parrington et al., 2013; Real et al.,
2007; Teakles et al., 2016; Val Martin et al., 2006; Wigder et al., 2013]). Several different
approaches were used to show that geographic differences in background ozone of the parcels
do not greatly affect the results of the analysis presented in this study. These approaches

including eliminating trajectories that cross certain latitudes (e.g. 40° N or 50° N) or
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considering only parcels that cross Central Canada were used to address this issue and all
confirmed the robustness of our the results. However, the criteria chosen for some of these
approaches significantly reduced the number of trajectories making them less suitable to be
used by the statistical DBT method.

The DBT method could be extended to the entire Canadian fire and ozone profile
record using more than 50 years of ozonesonde and fire data collected from various sites
across Canada to better quantify the impact of wildfires on tropospheric ozone, including a

half-century of changes with time.
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6. Conclusions

The overall theme of this research thesis is atmospheric ozone. It embraces three
topics that are outstanding issues in ozone research: Error analysis of Brewer and Dobson
ozone spectrophotometers, Improvements to the ACE-MAESTRO satellite measurements,
and Estimating boreal fire-generated ozone over North America using ozonesonde
measurements. These are addressed by:

1. Developing a physical model of the Dobson instrument and two types of Brewer
spectrophotometer. The data collected by a Brewer MKIII and three Dobson
instruments collocated at South Pole station also are compared to characterize the
effect of stray light on the instrument measurements.

2. Implementing the HITRAN 2012 database into the MAESTRO retrieval software.
Using the new spectroscopic parameters (from HITRAN 2012), 82 p-T retrievals
were reprocessed and compared with the coincident ACE-FTS profiles and the

earlier results with HITRAN 2004.
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3. Developing a trajectory-based statistical method suitable for evaluating the
contribution of fire ozone to the tropospheric ozone budget. This was developed
and applied to more than 1000 ozonesonde profiles collected at 18 sites across

North America during the summer of 2006, 2008, 2010, and 2011.

6.1. Summary of achievements

6.1.1. Brewer and Dobson error analysis

Physical models of the Dobson instrument and two types of Brewer
spectrophotometer were developed using their parameterized slit functions and a forward
model to help better understand the effects of stray light on ozone measurements. While the
target accuracy for ground-based ozone measurements is 1%, the models show that the error
caused by stray light for a typical single Brewer at large ozone slant paths can be up to 5%,
and up to 25% for a Dobson using the AD pair. At 2000 DU OSP the discrepancy for a
double Brewer is up to 0.8%, while for a Dobson using the CD-pair with a very low level of
stray light (107), it can be 1.8%. This effect usually restricts measurements at high latitudes,
like polar stations, especially in the late winter and early spring when the ozone slant column
is particularly large.

Stray light also can affect the calculation of ozone absorption coefficients. The
analysis shows that using a measured slit function (instead of an idealized trapezoidal one)
and taking into account the solar spectrum, leads to a 0.7% difference in calculated
coefficients for a typical single Brewer. Using the parameterized slit functions from the

measured slit functions of Dobson #83 the effect of stray light on the calculation of Dobson
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ozone absorption coefficients was also examined. The analyses show the effect of a 10 level
of stray light is negligible on absorption coefficient calculations, while for an instrument with
10™ level of stray light the uncertainties could be up 4.0% and 6.9% for AD and CD
coefficients respectively. Typical Dobson instruments likely have stray light levels between
these two extremes.

For decades the Dobson community has faced unresolved discrepancies between the
values deduced from AD and CD pairs when quasi-simultaneous measurements are made.
The analysis presented in this study indicates that these differences are related to the level of
stray light inside each individual Dobson instrument. Higher levels of stray light lead to
larger differences between the values deduced from AD and CD wavelengths.

In this research also the influence of assuming a fixed ozone layer height on air mass
calculations and its error contribution to the ozone retrieval were also examined. To calculate
the ozone air mass both Brewer and Dobson retrievals assume a height for the ozone layer.
The Brewer network uses a fixed height of 22 km for all sites while a variable ozone layer
height changing with latitude is employed by the Dobson community. Because of the
curvature of the Earth, the assumption of a 22 km height for the ozone layer causes a 2.2%
difference in measured total column ozone, at an air mass of 5.4, from that calculated by
assuming a 17 km height for the ozone layer, as in the Dobson analysis for the South Pole
site.

Dobson total ozone measurements at South Pole show some dependence on OSP
(Ozone Slant Path) when compare to quasi-simultaneous measurements of a double Mark Il
Brewer spectrophotometer. While the total ozone values deduced from Dobson AD pairs are

generally 1% higher than those measured by the Brewer for OSPs lower than 800 DU, for
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OSPs larger than 800 DU the Dobson AD measurements are lower than the Brewer values by
up to 4% at 1400 DU OSP. The Dobson CD pair observations also show dependence on
OSP. The CD values are, on average, 4% higher than those that quasi-simultaneously
collected by the Brewer for almost entire air mass range of measurements. However, as is the
case for the AD pair, the CD pair values also decrease at larger OSPs. It should be noted that
Dobson measurements are not reported for air mass factors above 2.5 (AD pair) and 3.5 (CD

pair) due to stray light.

6.1.2. Improvement to the MAESTRO measurements

The impact of new spectroscopic parameters contained in HITRAN 2012 on the
MAESTRO p-T retrievals was examined. The MAESTRO preliminary pressure-temperature
retrievals are reprocessed using the improved spectroscopic parameters from HITRAN 2012
database and compared with the ACE-FTS profiles and the processed results with HITRAN
2004. Three subsets of the occultations from Arctic winter and summer as well as the tropics
are compared with coincident ACE-FTS profiles. The MAESTRO p-T profiles agree with the
FTS profiles reasonably well. As had been shown before by Nowlan [2006] the RMS
differences between measured MAESTRO and FTS pressures are usually within 2-10%, and
temperatures within 5-10 K. However, large biases at certain altitudes strongly influence the
RMS differences. These irregularities are related to a forward model underestimation of the
signal near 30 km and a larger overestimation of the signal close to 20-25 km. As the density
profile adjusts itself accordingly, the over- and underestimation of the signal results in poor
MAESTRO retrievals near 20-30 km. The analysis presented here shows these irregularities
are related to uncertainty in the O, spectroscopic parameters used in the retrieval. When the

improved parameters contained in HITRAN 2012 are used as input for the forward model the
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biases in pressure and temperatures are reduced by up to 2% and 2 K respectively. This is
promising, since the O, bands spectroscopic parameters are still being improved as these
bands are being increasingly considered for future satellite missions. In terms of RMS
differences, 1% improvement in pressure and 1 K in temperature differences are expected

below 50 km from the use of new spectroscopic parameters (HITRAN 2012).

6.1.3. Quantifying the impact of wildfires on tropospheric ozone

concentrations

A unique method is developed to estimate the fire-generated ozone budget in
tropospheric ozone. The Differential Back Trajectory (DBT) method is an objective method
for evaluating the contribution of fire ozone to the tropospheric ozone budget as it uses a
network of observing sites at fixed locations. The DBT method was applied to more than
1000 ozonesonde profiles collected at 18 ozone sounding sites located across Canada and
U.S., through regular measurements and a number of summer campaigns in 2006, 2008, 2010
and 2011. The result do not show significant fire ozone enhancement at Arctic or northern
latitude sites from North American fires. At stations near large fires such as Trinidad Head,
Bratt’s Lake, Kelowna and Stony Plain the ozone enhancement was up to 4.2+0.8% of the
total tropospheric ozone column (TTOC). At downwind sites such as Sable Island, Yarmouth,
Narragansett, and Walsingham fire ozone accounted for up 8.3+1.3% of the TTOC. The
average over four years shows a maximum fire ozone contribution of 2 DU at Narragansett
and Yarmouth and a minimum ozone enhancement at downwind sites of 0.4 DU at Goose
Bay. The results of the analyses presented in this research are consistent with those of other

studies that generally report an increase in O3 production with the age of plume (e.g. [Baylon
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et al., 2015; Busilacchio et al., 2016; Jaffe et al., 2013; Jaffe and Wigder, 2012; Parrington et
al., 2013; Real et al., 2007; Val Martin et al., 2006]). Several different approaches were used
to show that geographic differences in background ozone of the parcels minimally affect the

results of the analysis presented here.

6.2. Future work

Brewer and Dobson spectrophotometers

The goal of this research was to develop physical models of the Brewer and Dobson
instruments to examine the effect of stray light on total ozone measurements. However, these
models can be used to characterize the effects of other variables such as aerosol and Rayleigh
scattering on total ozone measurements. In addition, the synthetic data generated using these
models can be used to test methods that might be developed to correct the effects of the stray
light.

In addition, the Brewer models can be used to estimate the relative uncertainties in
total ozone measurements of specific Brewer instruments knowing their slit functions. As a
result, it would be possible to estimate the maximum OSP at which a particular Brewer can
make measurements with less than 1% uncertainty.

Next step could include re-analysis of the data collected at high-latitude sites. The re-

analyzed data could be used for satellite data validation and also ozone trend analysis.
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MAESTRO retrieval

Currently the MAESTRO retrievals rely on the pointing information derived from the
FTS p-T retrievals. Any error in the pointing information will result in poor MAESTRO
retrievals. ldeally the MAESTRO retrievals must be completely independent of those from
the FTS. The p-T profile retrieved from O, number density could be used to derive the
pointing information for MAESTRO. Future work could use the reprocessed pressure profiles
to derive better pointing information for MAESTRO, which would improve MAESTRO
ozone and other constituent profiles.

The retrieval algorithm developed for MAESTRO could also be used operationally to
retrieve other constituents along with the p-T profile from each occultation. In addition,
rewriting the software in the C language would improve the speed of retrievals for more than
14 years of MAESTRO measurements.

MAESTRO’s high-vertical-resolution temperature profiles could be used as an
independent data product for stratospheric temperature trend analysis. Moreover, the
MAESTRO profile could be compared with the measurement of several different instruments

including HALOE, SAGE III, and GPS missions.

Differential Back Trajectory method

The DBT method could be extended to the entire Canadian fire and ozone profile
records. Using more than 50 years of ozonesonde and fire data collected from various sites
across Canada this method could be used to better quantify the impact of wildfires on

tropospheric ozone, including a half-century of changes with time.
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