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Abstract

The Brewer spectrophotometer has been used for ozone, sulphur dioxide and
UV radiation measurements for 20 years. Now, in more than 40 countries around
the world, some 160 instruments regularly collect data using direct-sun and ze-
nith-sky, near-UV radiation. In the research presented here it is shown that using
these data it is possible to extract information on aerosol optical depth and the
effective temperature of the ozone layer, and to compensate the ozone results for
the varying temperature of the stratosphere. This was made possible by the devel-
opment of new, more detailed analysis software and by the introduction of more
comprehensive laboratory testing of each Brewer spectrophotometer. The results
of implementation of these advancements have been compared with other data
sources. The comparisons show a very good agreement both for the temperature
of the ozone layer and the aerosol optical depth.

A modification of the MKII type of Brewer spectrophotometer allows meas-
urements to be made in the visible part of the solar spectrum. These visible ozone
measurements are taken at large solar zenith angles, which valuably extend the
period of ground-based ozone measurements at high-latitude sites. For stations
near the Arctic Circle, for example, the time accessible to ground-based direct-sun
measurements is extended by about two months each year.

A significant aspect of this work is that the analysis software is backward
compatible and allows extraction of aerosol optical depth and the effective tem-
perature of the ozone layer from archived measurements. A second significant
result is that ozone column amounts from the visible measurements provide an

opportunity for better understanding the ozone behavior in the Arctic and Antarc-



tic by extending the time when ground-based direct-sun ozone measurements are
available. These developments are especially significant in the light of increasing
interest from the community in providing high-quality, world-wide ground-based

reference data for comparison to satellite-based measurements.



Acknowledgements

First of all, I would like to express my sincerest gratitude to my supervisors,
Tom McElroy and John McConnell, for their guidance, patience, and for being so
charismatic it was impossible not to do science. Also, I wish to thank David
Wardle and Jim Kerr for the many illuminating discussions that contributed
greatly to my research. In addition, I want to thank Ken Lamb for helping me in
better understanding the instrumental part of this work. I thank the members of
my examining committee, G. Shepherd, J. Miller, B. Quine, G. Harris, I. McDade
and P. Bhartia, for their time and for valuable suggestions in editing my thesis.

I also thankfully acknowledge the World Meteorological Organization for
their financial support. As well, I thank the Meteorological Service of Canada and
International Ozone Services Inc. for the opportunity to earn additional income
while working directly with the Brewer spectrophotometers, the subject of my
study.

I would like to thank Tom Grajnar, Mike Brohart and the entire team of the
Experimental Studies Division of the Meteorological Service of Canada for their
assistance in conducting numerous tests in the course of this study. Also, I thank
the staff, the cooks in particular, of Eureka station and Canadian Force Station
Alert for making my trips to these places both productive and pleasant.

Furthermore, I wish to convey my appreciation of the invaluable emotional
support I received from my friends: Ken Lamb, Tom McElroy, Archie Asbridge.

And foremost, I thank my wife Luda for her love and support, and for being so

patient and understanding.



“In science the credit goes to the man who convinces the world, not the

man to whom the idea first occurs.” — Sir Francis Darwin
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1 Introduction

A measurement is only as good as the data analyst’s understanding of how the
instrument works. In other words, one must understand the physics and chemistry
that is occurring, refraction, reflection, conversion of photons into electrical
signals and so on. Thus, a detailed analysis of the processes inside the instrument
and the use of this information to process the data can significantly improve the
quality of the final measurement. In addition, measurements by instruments for
which the signal may be a convolution of several processes, such as scattering and
absorption, require particular attention to the interpretation of the data. Ozone
measurements definitely fall into this category.

The importance of ozone measurements was highlighted by the discovery of
the Ozone Hole over Antarctica in 1985, but many instruments for measuring
ozone had been collecting data for decades before that. Even today, researchers
continue to investigate how well these instruments actually measure ozone and try
to improve the quality of the measurements. The improvement can be achieved by
introducing new, more sophisticated hardware, or by implementing better proc-
essing algorithms, or both.

The dramatic increase in computational power of computers in recent years
has provided the opportunity to include more complex calculations in data analy-
sis. This has provided the ability to extract more information from the same set of
data than ever before. In addition, new types of measurements, which would have
been too difficult to interpret without the help of fast computers, have emerged.

The Brewer spectrophotometer is a good example of an evolving system for

measuring atmospheric constituents. The Brewer spectrophotometer, a Canadian

11



invention, was developed in the late 1970s as an automated instrument to monitor
total ozone and sulphur dioxide columns. Being automated, the Brewer spectro-
photometer has been a valuable addition to the world ozone network as it can
collect data at remote stations without permanent, highly-trained personnel pre-
sent. Over the years, both the hardware and the software of the Brewer spectro-
photometer have been improved to achieve better precision and accuracy of the
measurements. In addition, the instrument has become a tool to measure the UV
radiation and ozone vertical profile in addition to total columns. This thesis
further advances the applications of the Brewer spectrophotometer as well as

fine-tunes some of the existing measurements.

1.1 The aim

This thesis is about adding new, and improving existing, direct-sun measure-
ments made with the Brewer spectrophotometer. Particularly, this work is focus-
sed on the following three goals:

1) Improving ozone and SO, calculations from the Brewer direct-sun meas-
urements to increase the accuracy of the calculated values and to reduce their
dependence on the presence of aerosol. The incorporation of more instru-
ment-specific information into the calculations accomplishes this. Currently, the
algorithm for the retrieval of ozone and sulphur dioxide for all Brewer instruments
utilizes coefficients derived from solving the radiation transfer equations for a
single reference instrument with a particular set of optical and mechanical charac-
teristics. However, each Brewer spectrophotometer is unique with a slightly
different set of operating wavelengths and these differences are not fully reflected
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in the algorithm. Also, the neutral density filters used to attenuate solar radiation
have different optical depths at different operating wavelengths and this is not
taken into account in the existing calculations. This study shows that solving the
radiation transfer equations for each instrument individually along with including
information about the transmission of the neutral density filters improves the
accuracy of the ozone and sulphur dioxide retrievals, which, in turn, increases the
number of measurements of acceptable quality. Also, the solution produces an
estimate of the aerosol optical depth, which is not currently a routine calculation.

2) Creating a solution algorithm that properly accounts for the effective tem-
perature of the ozone layer so as to produce temperature-independent ozone values
and to make comparisons of ozone values at different locations more meaningful.
This is achieved by solving the radiation transfer equation with tempera-
ture-dependent ozone absorption coefficients. In the current algorithm, a fixed
temperature of the ozone layer (-45°C) is assumed for all locations and all times.
In reality, the temperature of the ozone layer has a seasonal variation, which is
different depending on location. This study provides an algorithm for calculating
ozone and sulphur dioxide columns without any assumptions about the tempera-
ture of the ozone layer. Instead, the ozone-weighted mean, or effective, tempera-
ture is estimated directly from the direct-sun measurements.

3) Introducing visible light measurements of ozone in the atmosphere to in-
crease the number of measurements at large solar zenith angles, which is critical
for high-latitude locations. The Brewer spectrophotometer was designed to
measure the total column ozone in the atmosphere using near-UV solar radiation.
A minor modification of the MKII model Brewer spectrophotometer allows the
detection of the visible part of the solar spectrum between 550 nm and 620 nm.

This modification is usually referred to as the MKV Brewer spectrophotometer.
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This study presents an algorithm for collecting and analysing these data in order to
deduce the total column ozone.

The most common method of measuring ozone uses the ultra-violet region of
the spectrum. However, this method is not very accurate at solar zenith angles
greater than about 70°. As the sun sinks toward the horizon, the path that light has
to travel through the atmosphere becomes very large. This produces a large
attenuation of light at shorter wavelengths by Rayleigh scattering and ozone
absorption. At some point, almost no light at these wavelengths reaches the
ground. This, in combination with the stray light at shorter wavelengths inside the
instrument, makes it very difficult to make precise measurements. An alternative
for low-sun measurements is to use the visible part of the spectrum where ozone
absorption and Rayleigh scattering are much smaller and the measurements can
continue up to near sunset and start just after sunrise. The modification in the
Brewer spectrophotometer necessary for such measurements does not affect the
ability of the Brewer spectrophotometer to take the standard measurements in the
near-UV spectrum.

The advantage of taking direct-sun rather than zenith-sky measurements,
equally in UV and in the visible, is that the airmass enhancement factors for
zenith-sky measurements strongly depend on the vertical distribution of ozone in
the atmosphere, which changes and is not usually known in advance. The depend-
ence of the retrieved column ozone on ozone vertical distribution is much smaller

from direct-sun measurements made even at very large solar zenith angles.
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1.2 What was done

In order to conduct this study, two MKII Brewer spectrophotometers were
modified by adding a filter wheel assembly with the appropriate order filters to
allow the selection of measurements in the near-UV or visible parts of the solar
spectrum. Tuning and optical alignment were done for both instruments to ensure
good performance. Tuning of the Brewer spectrophotometer, among other things,
involves setting the high voltage of the photomultiplier to the optimal value,
adjusting the level of the photon-counter discriminator and establishing the proper
time delay for the slit mask motor.

After both instruments were made operational, each of them was carefully
characterized in the laboratory. Measurements were made of the slit and disper-
sion functions, spectral characteristics and the wavelength-dependent attenuation
of the neutral density filters. A test was conducted to determine the dependence of
the instruments’ response to changes in their internal temperature. The electronic
parts of the instruments were thoroughly tested to establish the dead time of the
system and to ensure that a rapidly changing signal is measured just as accurately
as a constant signal. The azimuth and the zenith drives as well as the motor that
rotates the dispersing grating were tested. All of the information obtained during
these tests is used either to make the measurement or at the data analysis stage.

The next step was the calibration of the instruments by operating them beside
a calibrated standard instrument. During this phase, the only changes that were
made were in the constants used for ozone and sulphur dioxide calculations. At
the same time software was developed to allow the instruments to collect the data

in the visible part of the spectrum.
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Definitely, the real test for any instrument is taking it into the field. The two
instruments were taken to different locations in Canada. One of the locations was
the Meteorological Service of Canada’ s (MSC’ s) headquarters in Toronto, which
is the calibration centre for the Global Brewer Ozone network. The other loca-
tions where the data were collected included Canadian Forces Station (CFS) Alert,
which is the most northern point in Canada, MSC’ s station at Eureka, Nunavut
and at Vanscoy, Saskatchewan. Travelling to all these places with the instruments
was a truly memorable experience.

While the instruments were coping with an ambient temperature range
from -50° C to +40° C, the theoretical basis for the data analysis was prepared.
Two separate tasks were completed. First, the standard algorithm for analysing
Brewer data was improved by solving the radiation transfer equation for each
instrument individually and by calculating the aerosol optical depth and the effec-
tive temperature of the ozone layer from the same measurements. Second, an
algorithm for analysing spectral data from the visible part of the solar spectrum
was developed.

All data collected were processed and then compared, where possible, with the
results from other instruments. Satellite and ground-based ozonometers provided
good independent comparison data for ozone. Ozone and temperature profiles
obtained with lidars and ozonesondes helped in analysing the quality of the ozone
temperature retrieval. These comparisons demonstrated that the improved algo-
rithm for ozone and sulphur dioxide calculations increases the quality of the
direct-sun measurements and provides a good estimate of the effective ozone
temperature. The comparison of the aerosol optical depth calculated from the
Brewer data with satellite measurements of aerosol showed good agreement.

Since all Brewer spectrophotometers’ raw data (photon counts) from direct-sun
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measurements are recorded in computer files, recalculations using this new algo-
rithm can be performed on past measurements. This will improve the accuracy of
all ozone and sulphur dioxide results, obtain the corresponding aerosol optical
depths and calculate the effective temperature of the ozone layer. Software has
already been developed as part of this study to process raw photon count data
using the new algorithm.

A comparison of ozone values derived from visible spectral measurements
with those from the near-UV was also conducted. The MKV Brewer spectropho-
tometer can measure ozone, switching between the visible and the near-UV light,
for a few hours a day provided that the solar zenith angle spans at least the
range 70° to 86° at the location. These data were collected by the two instruments
modified for this study and two other instruments built to the same standards for
Eureka, Canada and Oslo, Norway. The results demonstrated that ozone meas-
urements using visible light are a valuable compliment to existing near-UV meas-
urements. These measurements increase the number of observation days during
the year at high latitudes, where there are times when the Sun is above the horizon
but does not reach 70° zenith angle. Of course, the solar zenith angle ranges
mentioned here were estimated for a mean ozone column. The actual cut-off is

determined by the slant ozone column, which should be at least 1.3 cm.

1.3 Outline of Dissertation

This dissertation consists of six chapters. Chapter two reviews the back-
ground information about the composition and vertical structure of the Earth’s
atmosphere and how these relate to the scattering and absorption of solar radiation.
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This includes a discussion of the formation and destruction of the ozone in the
atmosphere and how the dynamics of the atmosphere affects the ozone distribution
around the globe. An overview of different instruments used for measuring ozone
in the atmosphere is given in Chapter 3.

Chapter four deals specifically with the Brewer spectrophotometer. A de-
scription of the main components of the Brewer spectrophotometer is presented as
well as method used to prepare the instrument for making measurements. Also,
the methods of collecting and analyzing data are described. The new ozone
measurement using the visible part of the solar spectrum is introduced. The
retrievals of the aerosol optical depth and the effective temperature of the ozone
layer are described. A discussion of known uncertainties is also included.

The results of the application of the improved calculations to previously col-
lected data and the comparison with the standard algorithm are given in Chapter
five. The results of the newly developed visible measurements are also provided.

Finally, in Chapter six, conclusions are presented about the different types of
calculations discussed in the dissertation. Also included are recommendations on
the implementation of the findings of this study. In addition, a number of areas for
possible future improvements and enhancements of the use of the Brewer spectro-

photometer are identified.
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2 The Earth’ s atmosphere

In this Chapter, we present the context for the importance and the challenge of
making accurate ozone measurements. For this purpose, it is sufficient to limit the
discussion to altitudes below 100 km. While there is no firm boundary marking
the end of the terrestrial atmosphere, virtually all of the atmospheric mass, over

99.99%, is found below 100 km of altitude.

2.1 Composition of the atmosphere

Just three gaseous elements together account for nearly 99.9% of the ‘dry’
component of the Earth’ s atmosphere [Wayne, 1991]. These gases are nitrogen
(N»), oxygen (O,) and argon (A). The proportion of the three basic gases in the
atmosphere by volume, 78% of nitrogen, 21% of oxygen and 0.9% of argon, is
almost constant up to altitudes above 100 km.

The gases that account for the remaining 0.1% of the atmosphere, because
they exist only in small amounts, are called the trace gases. These include carbon
dioxide, ozone, methane, oxides of nitrogen, neon, helium, chlorofluorocarbons
(CFC’s) and many others. Although these gases comprise only 0.1% of the
atmosphere, they are still a very important part of the atmosphere. Ozone, for
example, blocks harmful solar UV radiation; water vapour and carbon dioxide,
along with ozone, play an important role in the atmospheric radiation balance; and

chlorofluorocarbons are the main chemicals, CFCs, that caused the ozone hole.
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The vertical distribution of trace gases varies from gas to gas reflecting
sources and sinks. For ozone, the number density increases rapidly from
about 10 km to its maximum between 20 and 25 km depending on latitude (see
Figure 2.1).

Aside from gaseous components in the atmosphere, there exist solid and liquid
particles, from nanometres to millimetres in size, called aerosols. Examples of
naturally formed aerosols are sea salt, dust and emissions from volcanic eruptions.
In addition, there are aerosols that are the by-product of human activities. These
include smoke from fires of different origin and droplets of sulphuric acid formed
by sulphur dioxide released from power plants.

One class of aerosols in the stratosphere plays a very important role in ozone
chemistry. They are called Polar Stratospheric Clouds, or PSCs, and are clouds of
ice particles formed at very cold temperatures. Two types of PSCs are distin-
guished, PSC I and PSC II. PSC II contains water ice crystals formed at tempera-
tures below -85°C (188 K). The composition of PSC I is not fully understood,
although some researchers [e.g. Mehrtens, 1999] believe that they contain a
combination of nitric acid, sulphuric acid, HCI and water. PSC I appear to be

created at temperatures below -78°C (195 K).

2.2 Vertical structure

The temperature vertical profile is a good starting point for illustrating the ba-

sic atmospheric vertical structure.
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Figure 2.1 Vertical structure of the atmosphere.

The rate of change of temperature with height is different at different altitudes.
Figure 2.1 shows average vertical temperature and ozone profiles in the Earth’ s
atmosphere.

Note that in the lowest part of the atmosphere, called the troposphere, tem-

perature decreases with height up to altitude of about 10 km depending on latitude.
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In the next region, called the stratosphere, temperature increases with height up to
55 km, after which it starts decreasing again in the mesosphere. The boundary
between the troposphere and the stratosphere is called the tropopause. It is found
at higher altitudes in the equatorial region than in the Polar Regions. The bound-
ary between the stratosphere and the mesosphere is called the stratopause.

Because of the different temperature lapse rate, the rate at which temperature
changes with height, the troposphere and the stratosphere have very different
dynamics. While in the troposphere vertical motion of air is common, there is
almost no vertical motion in the stratosphere. The reason for that lies in the
stability of stratospheric air.

If a parcel of air is displaced upwards, it expands due to lower pressure and
therefore cools. If the temperature of the surrounding air decreases more rapidly
with height, the parcel will keep rising until equilibrium is found, i.e. the tempera-
ture of the parcel becomes equal to the temperature of the air surrounding it. This
process occurs in the troposphere and results in a variety of weather phenomena.
In the stratosphere, on the other hand, temperature rises with height and the dis-
placed parcel will be colder than the surrounding air, so it will sink back down-
wards. Similarly, a parcel displaced downwards will rise back. Such situation is
called stable stratification, thus the name - the stratosphere. Strictly speaking, it is
not enough to have the temperature rise with height for air stability; the rate of
temperature increase must be above the adiabatic lapse rate.

The three main atmospheric parameters relate to each other through the ideal

gas law:

P = pRT 2.1)
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where P is atmospheric pressure, T is atmospheric temperature, p is the mass
density of the gas and R is the ideal gas constant (for dry atmospheric air R=287
J/kg/K). Both pressure and density decrease with height in the terrestrial atmos-
phere, while temperature has a more complex behaviour. The barometric law

gives pressure at a particular height z in isothermal atmosphere:

P(z) = P(0)exp(~[ =) (2.2)

T &

where H=RT/g, g being the acceleration due to gravity. The relation between p

and z is given usually, for a mean temperature profile, by the scales in Figure 2.1.

2.3 Solar radiation and Earth atmosphere

The sun emits energy over a wide spectrum of wavelengths. For our purposes,
a good approximation of the solar spectrum is that of a black body radiator
at 5777 K. The flux of the radiation from the surface of a black body radiator at
any given wavelength depends on the temperature of the surface. The relationship
between the radiance M,, at wavelength A, and temperature T, for a black body is

given by Planck’ s law:

C 1

M, =—+——
A 5
)\‘ eCZ/xT_l

(2.3)

where c¢; and ¢, are the first and second radiation constants with values

¢,;=2nthc*=3.74 10° Wm'zum4 and ¢, = he/k = 1.44 10° umK; h is Planck’s con-
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stant and k is Boltzmann’ s constant. Figure 2.2 compares the extraterrestrial solar

spectrum to a spectrum of a black body at 5777 K that was scaled.
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Figure 2.2 Extraterrestrial solar spectrum.

Note that the intensity of the solar radiation decreases rapidly with decreasing
wavelength for wavelengths shorter than 0.5 pm. This means the intensity in the
0.2-um region, essential in ozone production, is very small by comparison.

The surface of the Earth absorbs some of the visible light coming from the sun

and is warmed by this radiation, the surface then re-emits this energy in the form
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of infrared (thermal) radiation. On average, the spectrum of radiation emitted by
the Earth 1s similar to that of a black body radiator at 253 K. Gases like water
vapour and carbon dioxide absorb this thermal energy, re-emitting some of it back

into the surroundings.
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Figure 2.3 Transmittance of the ozone layer.

Ozone column of 300 DU, solar zenith angle of 60°.
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Heating in the stratosphere, on the other hand, is due to the strong absorption
of solar UV radiation by ozone as seen in Figure 2.3, which also shows how UV
radiation is often split into three regions: UV-A, UV-B and UV-C. In fact, ozone
absorbs the UV-C part (200-280 nm) entirely. Approximately 90% of all atmos-
pheric ozone is in the stratosphere at altitudes between 10 and 50 km (see
Figure 2.1). As solar UV radiation travels through this ozone layer, its intensity
decreases due to the absorption. Since the temperature in the stratosphere depends
on how much solar UV radiation is absorbed per unit mass of air, temperature
decreases with decreasing altitude in the stratosphere.

The temperature varies with latitude (Figure 2.4) and with season (Figure 2.5).
Sun elevation and atmospheric dynamics play a role in these variations. The
temperature at the altitude of maximum ozone absorption can vary by 10 K
throughout the year at middle latitudes. To put this temperature variation in
perspective, the sensitivity of the standard Brewer algorithm of calculating ozone
to the change in ozone temperature is approximately 1% per 10K change. It is
even larger, about 3%, for the Dobson spectrophotometer. Taking into account the
possibility of bigger variations of effective temperature of the ozone layer due to
the seasonal vertical profile changes and an occasional dramatic change in tem-
perature after volcanic eruptions [Fussen, 1999], the final effect on ozone is
noticeably greater than 1%, which for some scientific applications is significant.
Also, in order to compare the ozone values obtained from sites at different lati-
tudes, i.e. different stratospheric temperatures, it is important to reduce the influ-

ence of the temperature on calculated ozone values.
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2.4 Ozone formation and destruction

Many important trace gases, unlike the three major gases, do not have constant
mixing ratios in the atmosphere. Not only do they comprise a different fraction of
the air at different altitudes and different parts of the globe, but also this propor-
tion changes with time, sometimes very quickly. Ozone is such a trace gas.

The reason the mixing ratio of ozone changes with place and time lies in two
temporally changing elements in the atmosphere: chemical reactions and dynami-
cal processes [Salby, 1996]. While dynamical processes usually transport all
atmospheric components, which include ozone, in the region, chemical reactions
do not necessarily involve ozone. Since ozone is the focus of this study, only
those chemical processes that relate to ozone will be discussed.

The understanding of ozone photochemistry started in the early 1930s when
Chapman [Chapman, 1930] suggested a cycle of photochemical reactions that

create and destroy ozone. This cycle is now known as the Chapman cycle.

The Chapman cycle

In the Chapman cycle, ozone production starts when a high-energy, ultraviolet
photon (with wavelength shorter than 242 nm) splits an oxygen molecule into

atomic oxygen:

O,+hv—0+0 2.4)

where hv represents a photon with wavelength c/v while c is the speed of light and

h is Planck’ s constant. The rate of this reaction depends on the number of avail-
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able high-energy photons, which decreases rapidly as sunlight penetrates deeper
into the atmosphere.

Oxygen atoms are very reactive and they react quickly, within about
S milliseconds at 30 km [Chartrand et al., 1999], with oxygen molecules forming

0ozZone:

0,+0+M—0,+M (2.5)

Here and in all equations in this chapter, M represents any other molecule (usually
N, or O,) needed for energy and momentum balance.

Ozone strongly absorbs UV radiation. Figure 2.3 shows the stratospheric
ozone layer transmittance in the UV at the surface. By absorbing UV radiation,
the ozone molecule is dissociated quite quickly (minutes to an hour) to form an
oxygen atom and an oxygen molecule. Depending on the wavelength (i.e. energy)
of the photon, the dissociation will produce atomic and molecular oxygen in either

the ground state (first reaction) or an excited state (second reaction, A<310 nm):

O, +hv = OCP)+0,(’Y) 2.6)
— 0('D)+0,('A)

The excited O(ID) and OZ(IA) are quickly converted to the ground state in col-
lisions with other molecules, releasing the excess energy in the form of kinetic,
vibrational and rotational energy. As before, the newly formed oxygen atom in
the ground state almost immediately reacts with O, to form ozone, preserving the
ozone amount and converting the energy of the UV photons into thermal energy.

It is some of this energy that is carried away by molecule M in reaction (2.5).
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The net result of these three reactions is the production of ozone and the con-
version of UV radiation into heat. The rate of this process at any given part of the
atmosphere will depend on the number of oxygen molecules and the number of
high-energy UV photons. Since molecular oxygen is uniformly distributed around
the globe, it is the differences in solar UV radiation that results in the ozone
production differences. These differences are largely due to solar zenith angle,
which in turn depends on latitude and longitude. Since in the tropical and equato-
rial regions the Sun is nearly overhead at local noon every day of the year, it is
these regions, in the middle stratosphere, where most ozone is produced. At the
same time, the destruction of ozone in the middle atmosphere is also rapid.

In the Chapman cycle ozone reacts with oxygen atoms to form two oxygen

molecules:

0,+0-0,+0, (2.7)

and this reaction alone balances the ozone production. However, ozone measure-
ments that became available soon after the Chapman cycle was introduced showed
ozone concentrations in the tropics much smaller than the reactions in the Chap-
man cycle predicted. There are two reasons that explain this disagreement. First,
meridional circulation carries ozone away from the tropical region to the poles,
which is described in the next section. Second, there are other reactions that
destroy ozone, the most significant of which are catalytic cycles. Such cycles are
called catalytic because they involve a catalyst, a substance causing chemical
reactions in which it is not consumed. Each catalyst molecule, therefore, can

participate in a catalytic cycle many times before it is transformed to a non reac-
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tive form by some other reaction. Hence, even small amounts of catalytic mole-
cules can cause serious ozone destruction.

The most important catalytic cycles for ozone are the HOx cycle, the NOy cy-
cle, the Clx cycle and the Bry cycle. Since production of ozone generally requires
atomic oxygen, reactions other then creation of ozone but consuming oxygen
atoms also reduce ozone amount. Some of the catalytic cycles involve such
reactions.

In the HOx cycle, odd oxygen, a name for the sum of ozone and atomic oxy-
gen, is destroyed by reactions with reactive hydrogen species, hydroxyl radi-
cal (HO) and hydroperoxyl (HO,). In the stratosphere these species are produced
by O'D reacting with methane and H,O, carried there from its tropospheric ori-
gins, including coal mining, crop residue burning and industrial activity.

Reactive nitrogen species, NOy, in the stratosphere are created from N,O by
reaction with atomic oxygen in the exited state, O('D). N,O originates in the
troposphere and is brought into the stratosphere by the same dynamic process that
brings water and methane. Sources of N,O in the troposphere include fertilizers,
oceans and soil.

The catalytic cycles involving reactive forms of chlorine (Cl and C10) became
an important issue in stratospheric chemistry during last two decades. It is the
increase in chlorine that led to the creation of the Antarctic ozone hole. There are
natural and artificial sources of chlorine in the stratosphere. About 0.6 ppbv of
chlorine is considered as natural. However, the majority of chlorine atoms come
into the stratosphere in the form of artificial compounds, chlorofluorocarbons
(CFCs) or hydrochlorofluorocarbons (HCFCs).

The bromine catalytic cycles are another very efficient ozone destroyer and,

like chlorine, bromine is carried into the stratosphere from the troposphere.
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Sources of bromine include methyl bromide (CH;Br), the product of biological
processes in oceans and an agricultural activity on the land, and two synthetic
compounds called Halon-1211 (CBrCIF,) and Halon-1301 (CBrF;), which are
used as fire suppressants. The two artificial compounds have long enough life-
times they and can be transported into the stratosphere. In the upper stratosphere,
they are split by high-energy UV photons and release the bromine into more
chemically active forms. Br and BrO are the reactive forms of bromine, while
HOBr and BrONO, are relatively unreactive. However, photolysis of non-reactive
forms of bromine can occur even with visible low-energy light. Therefore, bro-
mine in the stratosphere exists mostly in reactive forms. This and the fact that
most bromine catalytic cycles do not require atomic oxygen makes bromine very
efficient in ozone destruction.

In the upper stratosphere, where atomic oxygen is readily available, the fol-

lowing reactions take place. X in these reactions can be HO, CI, Br or NO.

X+0,— X0+0,
X0+0 — X +0, (2.3)

net:0,+0 — 20,

The above reactions are limited by the availability of atomic oxygen.
The next two catalytic cycles that destroy odd oxygen in the lower strato-

sphere are more complex. The first involves bromine and chlorine:
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hv

BrO+CIO — Br+ClO,
ClO,+M = Cl+0,+M
Cl+0, - ClO+0, (2.9)
Br+0, — BrO+0,

net : 20, — 30,

and the other involves self-reaction of CIlO:

ClIO+CIO+M — CLO,+M
CLO,+hv = 2Cl+0,
2(Cl+0, — Clo+0,)

net :20, — 30,

(2.10)

These two cycles destroy odd oxygen very efficiently, without being limited by
the availability of atomic oxygen. However, the presence of polar stratospheric
clouds is required to release reactive forms of chlorine from non-reactive HCI and
CIONO:..

The following heterogeneous reactions only occur efficiently on the surface of

a particle (ice particles in case of PSCs):

HCl+CIONO, — HNO, +Cl,

CIONO, +H,0 — HNO, + HOCI
HCl+HOCI — H,0+Cl, (2.11)
N,0, +HCI — HNO, +CIONO
N,O. +H,0 — 2HNO,

Cl, and HOCI, formed by the above reactions can be easily photolyzed by UV and

visible light. Since without PSCs the above reactions cannot occur, the existence
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of the ozone hole is limited to early spring, when the stratosphere is cold enough
to form PSCs, yet some sunlight, necessary for photolysis, is present.

Besides freeing reactive forms of chlorine, the above reactions lock nitrogen
in the non-reactive form of nitric acid (HNO;) preventing the reaction between
CIO and NO, to form non-reactive CIONO, under normal conditions. This dra-
matically increases the amount of ClO, resulting in Clx catalytic ozone loss.

The only way to interrupt the catalytic cycles is by converting the catalyst into
relatively non-reactive species (also called reservoir species) by some other reac-
tion. For HOx such non-reactive species are H,O, HNO3; or HNO,. They can be

created in reactions such as:

OH +HO, — H,0+0,
OH+NO, +M — HNO, +M (2.12)
HO, +NO, +M — HNO, +M

As with HOy, there are reactions that transform NOy into relatively non-reactive

forms, e.g.

NO, + OH +M — HNO, +M
NO, + HO, +M — HNO, + M (2.13)
NO, +NO, +M — N,0, +M

As for other catalysts, there are reactions that convert reactive chlorine into reser-

voir forms:

Cl+CH, — HCl+CH,
Cl0+HO, — HOCI+0, (2.14)
ClO+NO, +M — CIONO, +M
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Ozone chemistry and its dynamics affect the global ozone distribution. The
next section discusses the dynamical processes in the atmosphere including the

meridional circulation.

2.5 Atmospheric dynamics

Air motions affect the distribution of ozone both in the troposphere and in the
stratosphere [Holton, 1992]. Moreover, tropospheric dynamics affects the strato-
sphere. However, the dynamical patterns in these two regions are quite different.
The negative temperature lapse rate in the troposphere allows convective (vertical)
air motions, while in the stratosphere such motions are more constrained.

A number of factors influence air motion in the atmosphere. These include
differences in pressure and temperature, the rotation of the Earth, and mountains.
Differences in pressure act to move air from regions with high pressure to regions
with low pressure. Warmer, less dense air in the troposphere rises, while colder,
denser air sinks. The rotation of the Earth affects air movement through the
Coriolis force. Mountains create orographic gravity waves [Goody, 1972].

The unequal heating of the Earth’s surface results in some regions with
warmer air and some with colder air. As warmer air rises, a low-pressure system
can develop. Similarly, sinking colder air can create a high-pressure system. If it
were not for the Coriolis force, air would move directly from regions with high

pressure to regions with low pressure.
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2.5.1 The Coriolis force

The Coriolis force exists due to the different linear velocities of the surface of
the Earth at different latitudes [Goody, 1972]. Since the Earth is a solid body (for
our purposes), the angular velocity is the same at all latitudes. However, since the
distance from the surface to the axis of rotation changes from zero at the poles to
its maximum value at the equator, the linear velocity, proportional to this distance,
also changes from zero at the poles to its maximum value at the equator. There-
fore, any body (including an air parcel) that is affected by the Earth’s gravity
moving in any direction other than along an east-west line will change its radius of
rotation and thus its velocity relative to the surface of the Earth. Moving towards
the pole will result in deflection to the east (the same direction as rotation of the
Earth) and moving from pole to the equator will result in deflection to the west. In
other words, in the Northern hemisphere any moving body will turn to the right of

its direction of motion, while in the Southern hemisphere it will turn to the left.

2.5.2 Cyclones and anticyclones

Now back to high and low pressure systems. Air leaving a high-pressure re-
gion in the Northern hemisphere will deflect to the right, resulting in clockwise
motion around the region (anticyclone), while deflection of the air coming toward
a low-pressure region will result in counterclockwise motion (cyclone). Such
systems can be quite persistent and last for several days. As they move, they
transport tropospheric air from place to place.

The motion associated with cyclones and anticyclones also plays a major role
in short-term changes in tropopause height leading to redistribution of ozone in the

stratosphere and large, up to 10%, short-term fluctuations in ozone.
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2.5.3 The jet stream

Although cyclones and anticyclones can exist for several days, their spatial ef-

fect 1s local, rarely more than a thousand kilometres. There is a dynamic phe-

nomenon in the atmosphere with much larger spatial dimensions.

phenomenon is called the jet stream.
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Figure 2.6 Meridional variation of temperature.

From the data on the TOMS/EP web site.
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On a global scale, the troposphere at the equator is always warmer than at the
poles (see Figure 2.6) due to unequal heating of the ground from the sun. This
temperature gradient sets up a very strong westerly (from west to east) wind, or jet
stream, in the upper troposphere around the poles. It is most pronounced where
the temperature gradient is the greatest. The mean location of the jet stream is
marked in Figure 2.7 with a ‘J>. The jet stream exists in the upper troposphere
and, although very little ozone is present there, it can affect the distribution of
ozone by moving the tropopause or by affecting the tropospheric ozone amount.
A similar jet stream in the stratosphere, called the polar vortex, however, has a

much greater effect on ozone distribution.

2.5.4 The polar vortex

As noted earlier, the temperature in the stratosphere depends on how much so-
lar UV radiation is absorbed by ozone. Therefore, during the polar night (winter)
when there is no solar radiation to absorb, temperatures in the stratosphere over
the winter pole cool to 180K or less if there is no atmospheric wave activity
transporting mid-latitude heat to polar regions.

In contrast, temperatures in the stratosphere over the summer pole, with
24-hour sunlight, rise to 270K or higher. Therefore, unlike the troposphere, a
meridional temperature gradient in the stratosphere above 25 km exists from pole
to pole, not from the equator to the poles (Figure 2.7). Consequently, a strong (up
to 50 m/s) westerly jet in the stratosphere exists only in the winter hemisphere. In
the summer hemisphere, stratospheric winds are mostly easterly and not as strong
(about 20 m/s). Much like the tropospheric jet stream, the stratospheric jet stream
1s mostly pronounced where the temperature gradient is the greatest. The air

polewards of the stratospheric jet is named the polar vortex and once the vortex
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establishes, this air becomes isolated from the stratospheric air on the other side of
the jet. It is inside the polar vortex that polar stratospheric clouds can form and
these may catalyze ozone destruction. As the sun rises in the spring, the strato-

sphere warms and the polar vortex weakens.

Pressure (hPa)

Latitude

Figure 2.7 Polar vortex in the winter hemisphere.

Adopted from http://see.gsfc.nasa.gov/edu/SEES/strat/class/S_class.htm .
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2.5.5 The Brewer-Dobson circulation

Based on measurements of H,O and Helium in the stratosphere,
Brewer [1949] and Dobson [1956] suggested a meridional circulation existed from
the upper troposphere to the lower stratosphere at equatorial latitudes. This
circulation transports tropical tropospheric air upwards into the stratosphere, then
polewards and finally downwards in the middle and polar latitudes.

Rossby waves play an important role in the Brewer-Dobson circulation [Char-
ney, 1961]. These waves are created by the latitudinal gradient of the Coriolis
force. Combined with large mountains or the ocean-land temperature gradient,
this gradient sets up Rossby waves of extremely large wavelengths of about
10,000 km. Such waves are either standing waves or waves that slowly move
westward. Rossby waves originate in the troposphere and can propagate into the
stratosphere delivering easterly momentum depending on the stratospheric winds,
which can act as a filter. This easterly momentum decelerates the westerly strato-
spheric jet stream and can even displace it, resulting in a displacement of the polar
vortex. The displacement of the polar vortex allows warmer middle latitude
stratospheric air to enter the polar region, creating a thermodynamic imbalance.
This warmer air cools quickly and sinks. It is this sinking that initiates the merid-
ional Brewer-Dobson circulation.

To understand the mechanism of this circulation, imagine a large circular pot
of water with a cube of ice floating in the centre. Water near the ice is cooling and
becomes heavier, so it sinks. To replace sinking water, a radial (towards the ice)
flow on the surface begins, in turn establishing a bottom-to-surface flow on the
sides of the pot. To close the loop, a centre-to-side flow on the bottom of the pot
is created. Similarly, sinking cold air in the polar stratosphere establishes a merid-

ional stratospheric flow from tropics to the pole and upwards flow in the tropics.
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The Brewer-Dobson circulation transports trace gases from the troposphere
into the stratosphere near the tropics and carries them polewards. For example, it
transports CFCs from the tropical troposphere to the polar stratosphere. It also
redistributes ozone from its production in the equatorial tropical stratosphere to the
poles.

The downward flow in the Brewer-Dobson circulation starts at the middle lati-
tudes where it penetrates the tropopause. In the Polar Regions, on the other hand,
the downward flow only reaches the lower stratosphere.

The Brewer-Dobson circulation together with a longer ozone lifetime in the
lower stratosphere explains the accumulation of ozone in the Polar Regions.

The Brewer-Dobson circulation is much weaker in the Southern hemisphere
than in the Northern hemisphere because of the lack of large-scale topographical
features or large ocean-land temperature gradient needed to create Rossby waves.
As a result, the Antarctic polar vortex is much more isolated from the rest of the
stratosphere and, with absence of warmer middle latitude air, it is much colder
than Arctic polar vortex. Colder temperatures inside the Antarctic polar vortex
allow polar stratospheric clouds to form more often than inside the Arctic vortex,

resulting in more ozone destruction near the South Pole than near the North Pole.

2.6 Ozone distribution and trends

Ozone measurements contribute greatly to understanding atmospheric proc-
esses. Changes in ozone concentrations are tightly tied to other changes in the
atmosphere and have been the focal point of remote sounding community for
decades. During this time various estimates have been calculated about trends in
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ozone concentrations. To make a valid statement about ozone trends one needs a
very accurate, stable standard for ozone measurements. This is why it is important
to improve the quality of the ozone measurements with the Brewer spectropho-
tometer, which is becoming the ground-based standard for measuring ozone and

studying ozone trends.

2.6.1 Ozone variations
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Figure 2.8 Column ozone variation with latitude.

Deduced from TOMS data.
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Ozone varies both spatially and temporally. These variations are due to
chemical and dynamical processes in the atmosphere. Away from the Polar
Regions, variations in column ozone on a daily basis are primarily due to dynami-
cal processes in the atmosphere rather than to ozone formation and destruction
processes.  Variations in solar flux, on a variety of time scales, from the
11-year solar cycle, to the 27-day solar rotation period can affect ozone generation
in the stratosphere. Dynamical processes redistribute the ozone. Factors such as
temperature and pollution of the stratosphere affect ozone destruction processes.

Most ozone is produced in the equatorial stratosphere, since the sun remains in
the tropics all year round. Production of ozone in the middle latitude stratosphere,
increases in the summer and decreases in the winter. Of course, everywhere in the
stratosphere and lower mesosphere more ozone is produced during the day than
during the night.

Processes such as the quasi-biennial oscillation in the tropical wind direction
affect the strength of the Brewer-Dobson circulation. On a smaller scale, synoptic
scale weather systems can transport ozone in the troposphere from place to place
and change the height of the tropopause, all of which are used in statistical meth-

ods for forecasting ozone column.

2.6.2 The ozone hole

Human activity has affected the balance that previously existed between ozone
production and destruction. The discovery of the ozone hole in 1985 [Far-
man et al., 1985], underlined the importance of taking ground-based ozone meas-
urements. As it turned out, the satellite ozonometer, which could have been the
first to detect the ozone hole, effectively flagged all total ozone measurements

below a certain level as climatologically impossible (which was true before the
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hole was known) and set them aside. It was the Dobson spectrophotometer at the
British Antarctic Survey site that first detected a dramatic ozone loss over the
Antarctic.

Because the absorption of UV radiation by ozone is a major source of heat in
the stratosphere, ozone depletion changes the thermal balance in the atmosphere.
The World Meteorological Organization has addressed these changes in the

Scientific Assessment of Ozone Depletion [2002].

2.7 Equations governing radiation transfer in the atmosphere

There are some assumptions that need to be introduced before the following
discussion of radiation transfer in the atmosphere begins. For the purpose of the
direct-sun measurements, a spherically homogeneous atmosphere is considered

with corrections for visible solar zenith angle values due to refraction.

2.7.1 Beer-Lambert law

As solar radiation propagates through the Earth’s atmosphere, its intensity’
(power per unit area per unit wavelength per unit solid angle) is attenuated by
atmospheric constituents [Lenoble, 1985]. The attenuation, called extinction,
occurs via two mechanisms: absorption and scattering. Absorption of radiation is
a process whereby a photon is absorbed during interaction with a molecule. As a
result of absorption, the absorbing molecule can increase its internal energy or

split into two component molecules or atoms. Scattering of radiation 1s a process

1 also called radiance in the remote sensing community.
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of redirecting energy from photons. The probability of a collision between a
photon and a molecule or a particle depends on the nature of the molecules or
particles and on the wavelength of the photon. An effective cross-section, o, of

such collisions can be determined for each photochemical species.

dz

Ix+d1x

Figure 2.9 A thin layer of an absorber illuminated by solar radiation.

The Beer-Lambert law describes the attenuation of a ray of incident irradiance

passing through an infinitesimally thin layer with scattering not considered. In
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Figure 2.9 a layer with vertical thickness dz is illuminated by a ray of irradiance I
with wavelength A and incident angle a. The change of the irradiance across the

layer, dI,, is given by
dl, =—k,1,ds (2.15)

where k; is the extinction coefficient (units cm’' or m'l). This coefficient is the
product of the concentration N of the particles (expressed in particles per unit
volume) and the extinction cross-section ¢ (expressed in units of area per mole-

cule):
k, =No, (2.16)

Substituting (2.16) into (2.15) and integrating (2.15) along the path, s, of the
ray gives the relation between the irradiance at the beginning of the path, 1%, and

I,

I, =1 exp(—] o, N(s)ds) (2.17)

The optical depth t over the path is defined as

T(A,8) = J-GAN(s)ds (2.18)

For a mixture of different species, the total optical depth is the sum of the optical

depths for each of the species, i.e.
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T=T,+7T,+... (2.19)

If the extinction cross-section does not change along the path, the optical depth

can be expressed as

T(A,8) = GA.[N(s)ds (2.20)

Assuming horizontal homogeneity of the atmosphere, the integral can be trans-

formed into integration over the vertical coordinate z as:

t(hs) =0, j N(z)%dz (2.21)

The ratio ds/dz in (2.21) is called the air mass factor, often denoted as m or .

2.7.2 Calculation of the air mass factor

Usually most of the attenuation due to a specific species (ozone, sulphur diox-
ide) occurs in a thin layer, thus the ratio ds/dz can be treated as constant in (2.21).
To derive the analytical formula for the air mass factor, consider a thin layer at an
altitude h over the surface of the Earth (Figure 2.10). The radius of the Earth is

denoted as Rg. For an apparent solar zenith angle 0 the sine law is

sin® _ sina
R.+h R,

(2.22)

Because the layer under consideration is relatively thin, the shaded triangle in

Figure 2.10 is a right angle triangle. Then
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Expressing sec(a) from equation (2.22) then

1
. 2
\/l—(RE s1n0j
R.+h

Now using m for the air mass factor, equation (2.21) for the optical depth can be

sec(a) = (2.24)

written as

T(A,8) = meJ. N(z)dz (2.25)

Usually, for direct-sun measurements the actual vertical distribution N(z) is not

important and only the integral is.

2.7.3 Total column amount and the Dobson Unit

The total column amount for species in the atmosphere is defined as a depth of
the layer that a species would form if the layer were at the standard pressure and
temperature. The ambient concentration of gaseous species at standard pressure,
1013.25 mb, and temperature, 273.15 K, is given by Loschmidt’s number

Ny = 2.687-10" cm™. Then the total column amount X can be expressed through

N, X = j N(z)dz (2.26)

The total column amount has units of length. For example, the global average for
the total column amount of ozone is about 3 mm. For ozone and sulphur dioxide,

the Dobson Unit (DU) is often used to express the total column amounts. By
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definition 100 DU = 1 mm column amount and the global ozone average is then

300 DU. The expression for the optical depth (2.25) now becomes

T©(A,s) =0, N,mX (2.27)

The cross-section o; on the right hand side of the expression (2.27) is the only

term that has not yet been addressed yet.

2.7.4 Absorption by ozone and sulphur dioxide

The absorption coefficients for different species are measured in the labora-
tory by analysing radiation passing through a vessel containing a known amount of
the gas in question. Conducting such measurements at different temperatures
allows tabulation of the temperature dependency of the absorption coefficients
[e.g. Brion et al., 1997].

In the UV operating region of the Brewer spectrophotometer two gases absorb
strongly. These are ozone and sulphur dioxide. Ozone absorption depends sig-
nificantly on temperature, while the temperature dependence of sulphur dioxide
absorption is very small and can be neglected [Hearn and Joens, 1991]. In the
case of temperature-dependant cross-sections, expression (2.27) will have o, at the
effective temperature of the ozone layer.

In this study, ozone absorption cross-sections for the UV region measured by
Brion et al. [1997] are used. This group measured ozone absorption at five differ-
ent temperatures (K): 218, 228, 243, 273 and 295 (see Figure 2.11). Because
about 90% of the ozone in the atmosphere is found in the stratosphere, where
temperatures are close to 228 K, ozone cross-sections at 218, 228, 243 and 273 K
were used to interpolate temperature dependence at each wavelength with a parab-

ola fitted to the four measured values (Figure 2.12).
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Figure 2.11 Ozone cross-sections in the UV at two temperatures.

Also shown is the ratio of the cross-sections at those temperatures.

51

Ratio



1.8E-019

L Wavelength 306 nm
o Measurements

. 1.75E-019 — Fitted quadratic
g L
O]
§ 1.7E-019 —
3 N
Z 1658-019
@]
g -
2
&  1.6E-019 —
2
2 L

1.55E-019 —

1.5E-019 \ ‘ \ ‘ \ ‘ \ ‘ \

200 220 240 260 280 300
Temperature, K.

Figure 2.12 Interpolation of the ozone cross-sections with a quadratic.

The ozone absorption cross-section at any given temperature T is then

oL, T)=AMA)+BMT+CM\)T? (2.28)
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Absorption cross-sections for sulphur dioxide from Hearn and Joens [1991]
were adopted (Figure 2.13). Those are the same data that are used in the standard

Brewer algorithm.
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Figure 2.13 Sulphur dioxide cross-sections.

For the visible part of the spectrum, the absorption cross-sections measured by

the Global Ozone Monitoring Experiment (GOME) group [Burrows, 1999] are
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used (Figure 2.14). In the Brewer operating region (550 - 620 nm) ozone is the
only strong absorber (weak BrO, HCHO, NO,, H,O, O4). The temperature de-
pendence of the ozone cross-section in the visible part is very small and can be

neglected.
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Figure 2.14 Ozone cross-sections in the visible region.
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2.7.5 Scattering by air molecules and aerosols

The atmospheric particles responsible for scattering vary in size from gas
molecules (~10™ cm) to large raindrops and hail particles (~1 cm). The relative
intensity of the scattered light depends strongly on the ratio of the particle size to
the wavelength of the incident radiation. If this ratio is small, the scattered light is
distributed equally into the forward and backward directions. Such scattering is
called Rayleigh scattering and is applicable to scattering by air molecules. For
large particles, a larger fraction of the light is scattered in the forward direction.
This type of scattering is called Mie scattering (applicable to spherical particles).

Rayleigh scattering theory is well defined [see, for example, Penndorf 1957,
Elterman 1968, and Bates 1984]. In the theory, the scattering cross-section at

wavelength A for anisotropic molecules with concentration N is given by

(2.29)

A

24’ (n® 1) (6+3p
AN*(n*+2)*6-7p

where n is the refractive index and p is the depolarization factor. Both n and p
vary with wavelength. The molecular scattering optical depth for a unit air mass

(m=1)is then
™) = [0, N(2)dz (2.30)

An approximate expression for the Rayleigh optical depth at the standard

ground pressure from Bucholtz [1995] was used in the form

Z.s (ﬂ«) _ IBs _ 8 66’10_3 l—(3.6772+0.000389/1+94.26/ﬂ,) (2 31)
= 1 =0. .

Rayleigh
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where the wavelength A is in nm. This approximation is good to 0.2% for wave-
lengths in the 250-500 nm range. The above formula can be modified for arbitrary

ground pressure by

(2.32)

where P* is the standard and P is any ground pressure.

The scattering by a spherical atmospheric aerosol is governed by Mie theory.
Without the knowledge of the nature of aerosol, the exact calculations of aerosol
optical properties are very difficult, if not impossible, and usually, formulas are
used that approximate the spectral behaviour. In this study the Angstrom ap-

proximation for unit air mass is used [see, for example, Igbal 1983]

b
TAerosol (}\‘) = Sk = a(%j (233)

where wavelength A is in nm, a is Angstrom turbidity coefficient which represents
the amount of aerosol in the atmosphere and b is the wavelength exponent with
typical values from 0.5 to 1.3. In this study, the wavelength exponent with the
value of -1 was used, the same assumption as for the standard Brewer algorithm.
This assumption is based on the fact that over a short wavelength range (300 nm to
320 nm) the exponential function in Eq. 2.26 can be accurately approximated by a
linear function. The main differences between the algorithms come from the

different sets of the operating wavelengths for each Brewer instrument.
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3 Overview of the methods used for ozone measure-

ments

There are many ways to measure ozone in the atmosphere [see, for exam-
ple, Grant, 1989]. Ozone concentrations can be measured directly by taking a
sample of air and chemically analysing it for ozone. Such measurements are
called in-situ because the measurements are done at the same place where the air
to be measured is. Another approach is to measure ozone concentrations remotely.
In this approach, the ability of ozone to absorb or emit electromagnetic radiation is
exploited. So-called passive remote sounding uses natural sources of radiation
like the sun or the moon to probe the atmosphere. Thermal emission of radiation
from the atmosphere itself is also used. Active remote sounding uses artificial
light sources such as lasers. Ozone measuring instruments also differ by their
“work place”. Some instruments are ground-based, some are mounted on air-
planes or satellites and some fly on weather balloons.

This chapter provides a brief description of some widely used methods for

measuring ozone and gives examples of instruments that realize these methods.

3.1 In-situ measurements

As mentioned above, in-situ measurements provide information about the
ozone concentrations at the place of the measurement. The concentrations can be
measured chemically, as in ozonesondes, or optically, as in some gas-analyzers

(Dasibi for example). [In-situ instruments can be used on board of a weather
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balloon or an airplane to measure the vertical structure of the ozone layer [Brewer,
1960]. The obvious advantage of using in-sifu technique is the actual measure-
ment of the ozone concentration at a particular spot. This has provided the scien-
tific community a long record of ground ozone measurements and ozone profiles
in the troposphere and part of the stratosphere. The limitation of in-sifu measure-
ments is in the difficulty to obtain the ozone profile in the entire stratosphere due
to height limitations of the weather balloons and the lack of reliability of the in-

situ instruments at low pressure and temperature [Davies, 2000].

3.2 Remote sensing

It is not always possible or practical to do in-situ measurements and remote
sensing is used instead. This technique, as mentioned above, involves detecting
and analysing electromagnetic radiation that carries information about the atmos-
phere [Deepak, 1977,1980]. There are two major types of remote sensing: passive
and active. Instruments using passive remote sensing techniques for studying the
atmosphere take advantage of radiation emitted or reflected by natural sources like
the sun or the moon. Active remote sensing relies on artificial sources of radia-
tion, such as radar or lidar.

Remote sensing techniques are used both for column type measurements
where only the total amount of atmospheric constituents in the path is measured,
and for retrieving the profiles where information about the vertical distribution of

the constituents is recovered.
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3.2.1 Ground-based passive sounding

The most widely known ground-based ozonometers are the Dobson spectro-
photometer (the Dobson) and the Brewer spectrophotometer (the Brewer). These
are used world-wide to measure the total ozone column as well as the vertical
ozone profile.

The Dobson was developed around 1927 [Dobson 1931, 1957, 1968] and the
Brewer was built in the late 1960s. Both the Dobsons and the Brewers make the
ozone measurements by registering the absorption due to ozone in the Huggins
bands (near UV), but this thesis will present a working algorithm for the Brewer
spectrophotometer to measure ozone in the Chappuis bands (red). The direct-sun
measurements are considered more accurate with these instruments because of
simple ray geometry. The zenith-sky measurements are done mostly during
cloudy periods when the direct-sun measurements fail. Zenith-sky measurements
at sunset and sunrise are used to estimate the ozone vertical profile.

The Dobsons have a double monochromator for increased spectral purity. The
Brewers have several modifications, one of which, the MKIII modification, has a
double and the rest have a single monochromator.

The presence of aerosols and sulphur dioxide in the atmosphere affects the
measurements from Dobson spectrophotometers [Komhyr, 1980; Evans, 1981;
Dobson, 1968]. The algorithm realized in the Brewer spectrophotometers was
meant to account for sulphur dioxide and aerosol, however it was not fully
achieved until we introduced the improved algorithm presented in this thesis.

Most Dobsons are not automatic and require a human operator to perform
measurements and all Brewers are fully automatic, which allows each Brewer to

perform series of tests routinely and record all measurements in computer files. In
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addition, the Brewer spectrophotometer as an automatic instrument can be in-
stalled at sites where trained personnel are not constantly present.

The benefit of having a wide, well-established ground based ozone network,
aside from the quality data that is the centre of this thesis, is the existence of a
reliable reference for ozone measurements. This is especially important in our age
of satellite measurements. The global coverage is impossible with ground-based
network and this is where satellites have a huge role, but they need a solid refer-

ence for comparison.

3.2.2 Satellite-based remote sounding

As mentioned above, satellite-based instruments are able to provide global
coverage and most do so daily.

Satellite-based remote sounding is done by detecting radiation either from na-
dir or from the limb of the atmosphere. The latter include the occultation tech-
nique and the measurements of radiation emitted by the atmosphere.

The Total Ozone Mapping Spectrometer (TOMS) is an example of the nadir
measurements. It has been taking measurements since 1978 on board of three
satellites [Bhartia et al, 1983, 1984, 1988; McPeters, 1996]. In addition to provid-
ing daily global ozone maps, TOMS data is analyzed to deduce aerosol optical

depth.

Limb

Stratospheric Aerosol and Gas Experiment (SAGE)
The SAGE 1II instrument 1is a seven-channel sun photometer

[http://www-sage2.larc.nasa.gov, Yue et al., 1995]. A holographic grating dis-
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perses the incoming radiation into spectral regions centred at the 1020, 940, 600,
525, 453, 448, and 385 nm wavelengths. The instrument uses the solar occultation
technique measure attenuated solar radiation through the Earth’s limb in the seven
channels. During each sunset and sunrise event the extraterrestrial solar irradiance
1s also measured for use as a reference. The “onion-peeling” approach is used to
obtain 1-km vertical resolution profiles of aerosol extinction, ozone, nitrogen
dioxide, and water vapour. While the focus of the measurements is on the lower
and middle stratosphere, resulting aerosol, ozone and water vapour profiles often
extend well into the troposphere under cloud-free conditions.

Launched on October 5, 1984, the instrument was planned to be operational
for two years. It has marked its 17 years on orbit in 2001 and still generates data.
The next generation of the instrument, SAGE III, is now in orbit. It will enhance
the existing measurements and introduce new features. One important addition
will be the ability to detect clouds present at altitudes between 6 km and 30 km
which includes the Polar Stratospheric Clouds that play such an important role in

ozone photochemistry.

HALogen Occultation Experiment (HALOE)

HALOE is another instrument aboard UARS spacecraft. Using solar occulta-
tion it measures O3, HCI, HF, CH,, H,O, NO, NO,, aerosol extinction, and tem-
perature versus pressure. At the Earth’s limb the instrument’s field of view is
1.6 km and over a one-year period the latitudinal coverage is from 80° S to 80° N
and includes extensive observations of the Antarctic region during spring. The
vertical profiles are retrieved for the altitude range of 15 km to 60-130 km depend-
ing on channel. The ozone vertical profiles are of very good accuracy in clear
conditions (~5% above 250 mb). The aerosol situation affects the results greatly

and can reduce the accuracy to only 50% under post-volcanic conditions. The
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HALOE team maintains an excellent web site at haloedata.larc.nasa.gov with

quality and validation results as well as data archives and coverage maps.
Emission

Microwave Limb Sounder (MLS)

MLS is a three-mirror antenna system receiving thermal radiation from the
atmospheric limb [http://mls.jpl.nasa.gov]. Launched on September 12, 1991 on
NASA’s Upper Atmosphere Research Satellite (UARS) [Barath et al., 1993], MLS
within days started providing valuable information about stratospheric SO, in-
jected by volcano Pinatubo erupted on June 15 of that year.

The signal from the atmosphere is separated and delivered to 3 radiometers:
the 63 GHz radiometer for temperature and pressure measurements, the 183 GHz
radiometer for water vapour and ozone in the stratosphere and mesosphere, and
the 205 GHz radiometer for stratospheric CIO and ozone, as well as stratospheric
sulphur dioxide, lower stratospheric nitric acid, and upper tropospheric water
vapour. The instrument has an on-board calibration.

Scans of the limb are, under normal operation, performed continuously day
and night with the integration time of about 2 seconds.

The main MLS products are stratospheric profiles of ozone, CIO, water va-
pour and temperature. MLS was the first satellite instrument to confirm earlier
conclusions from ground-based and aircraft instruments that Antarctic vortex was
filled with CIO in the regions where ozone was depleted. MLS observations have
been used in studies of high latitude dynamics, namely polar vortices. It also
provides global coverage for stratospheric ozone and in combination with TOMS
total ozone column data ultimately can contribute to better understanding the

tropospheric ozone changes.
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Although some technical problems led to limiting the scientific agenda, MLS
continues providing important information about the Earth’s atmosphere. The
MLS team does a wonderful job on the Internet of keeping public informed about

the status of the mission as well as publishing the data.

3.2.3 Active sounding technique

Dlfferential Absorption Lidar (DIAL)

The differential absorption lidar (DIAL) technique has been used since 1966.
In this technique, two laser wavelengths are transmitted into the atmosphere and a
receiver detects radiation backscattered from molecules and aerosols. One wave-
length is used as a reference and has to be relatively unaffected by ozone while the
other wavelength is tuned to an absorption feature of ozone. In order to optimize
the DIAL signal at different altitudes, a pair of shorter wavelengths (usually 285
and 299 nm) is used for lower altitudes and a pair of longer wavelengths (usually
308 and 351 nm) is used for higher altitudes.

The receiver in the DIAL system is a telescope with a filter to reject
out-of-band radiation. An aperture is used to limit the field-of-view to further
reduce background radiation from the sky.

Since the signal scattered at different altitudes reaches the receiver at different
times, the DIAL instrument directly measures the vertical profile of ozone. The
profile can be integrated to obtain the column ozone amounts.

The accuracy of the DIAL instrument is limited by interference from other
molecular species that absorb in the same spectral region (for example SO,) and
by the uncertainty in the values of the ozone absorption cross-sections. There is
also a limitation on precision coming from photon noise. When utilising only two

wavelengths, the effect from aerosols cannot be removed. Generally, the meas-
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urement precision is about 5% for altitudes lower than 25 km, decreasing to 20%
at 47 km, with an average vertical resolution of about 1 km. The precision can be
improved by reducing the vertical resolution.

A number of ground-based lidar systems have been measuring ozone in the
stratosphere including the high Arctic station at Eureka, Nunavut [Donovan 1996,
1997, 1998]. The obvious advantage of the DIAL system is that the vertical
distribution of ozone can be measured from the ground. The disadvantages are the
high cost of construction and operation and the system immobility. Although
some DIAL systems are capable of measuring ozone during the day, most are
limited to night-time measurement only. As with many complex systems, a

well-trained person must be present in order to conduct measurements.
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4 The Brewer Ozone Spectrophotometer

Section 3.2.1 provided a brief description of the Brewer spectrophotometer.
This chapter is devoted to a more detailed look at the hardware, software and the

data processing algorithms of the Brewer spectrophotometer.

4.1 Main components of the Brewer spectrophotometer

The Brewer spectrophotometer consists of fore-optics, monochromator, pho-
tomultiplier, electronics, and power supply (see Figure 4.1). To be fully flexible
in azimuth direction the Brewer spectrophotometer needs to be mounted on an
azimuth tracker.

The first element of the fore-optics of the Brewer spectrophotometer is a re-
flecting prism (ZP1). The prism can be rotated around the optical axis of the
fore-optics with a stepper motor. The rotation of the prism allows the instrument
to change the zenith angle of the observation. During operation, the instrument
can be pointed at a number of light sources; often the sun, but the moon, the zenith
sky or the internal calibration lamps also serve as light sources.

There are three filter wheels controlled by stepper motors in the instrument.
The first filter wheel (FW1) is used to switch between an open aperture, a ground
quartz plate, polarizer 1 (perpendicular to entrance slit), polarizer 2 (parallel to
entrance slit) and a blocker. The ground quartz is used as a diffuser for direct-sun

and lamp measurements; one of the polarizers is used during all zenith-sky meas-
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urements and the other is only used for research purposes; the blocker is used for

dark count tests and the open aperture is in use for moon and UV measurements.
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Figure 4.1 Optical elements of the Brewer spectrophotometer.

Adapted from Brewer Spectrophotometer Operator’s Manual by Kipp&Zonen.

The second filter wheel (FW2) has an open aperture and a set of 5 neutral den-
sity filters to attenuate incoming radiation to a level that can be measured by a
single UV-sensitive photomultiplier (PM1) used in the photon counting mode. To
select a particular order in the spectrum produced by the diffracting grating (GR1)
the third filter wheel (FW3) is used. In the standard configuration of a MKII

Brewer, there is no FW3 since such instruments only work in the UV and the order
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filter is mounted in the photomultiplier lens mount. As part of this study, one
MKII Brewer (#029) was modified and fitted with FW3 to allow the selection of
the visible spectrum in addition to the UV. The diffracting grating is an 1800
line/mm holographic type that produces a UV (280-380 nm) spectrum in the
second order and a visible (560-760 nm) spectrum in the first order. An iris
diaphragm (IR1) controls the field of view of the instrument when the ground
quartz filter is used. The diffraction grating is mounted on an arm and can be
turned by a micrometer driven by a stepper motor to set the dispersed spectrum in
the proper place on the focal plane.

A set of lenses controls the beam of light in the fore-optics. First, a
plano-convex lens LE2 focuses a parallel beam of light onto the plane of the iris,
then another plano-convex lens LE3 collimates light passing through the iris along
the optical axis. At the rear of the fore-optics a plano-convex lens LE4 focuses
light onto the entrance slit of the monochromator.

The monochromator has a vertical entrance slit (ES1). A convex cylindri-
cal-concave spherical lens (LES) at the entrance slit corrects for coma and astig-
matic aberrations inherent in the Ebert design. A spherical mirror (SM1) in the
Ebert design is used to both collimate the source beam from the entrance slit side
and to image the spectrum on the exit slit side.  Inside the monochromator, a
blocker is installed to prevent light reflected by the grating surface from getting
into the exit slits. There are six exit slits (EX1) and a wavelength-selecting mask
(SL1) that determines which slit is in use. The mask, which is driven by a stepper
motor, has 8 positions: six positions allow each slit to be open while others are
blocked, one position blocks all slits (used for the dark count measurement) and
one position has two slits open blocking the remaining four (used in a linearity

test).
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During a measurement operation, the slit mask cyclically opens slits and the
photon counts corresponding to the intensities falling on each slit are accumulated
in one of seven registers. A cycle of measurements on all slits, including a dark
count measurement and the time needed for the mask to move, takes 1.894 sec.
with accumulation time for one slit of 0.1147 sec.

Lens LEG6 called a Fabry lens and makes radiation which originates at a single
point on the grating passing through any of the exit slits fall on the same place on
the photomultiplier. The photomultiplier (PM1) is a low-noise EMI 9789QB05
type. The photon pulses are amplified, discriminated and divided by 4, before
being transmitted to a counter. Each slit mask position has a separate register
associated with it and the microprocessor inside the Brewer spectrophotometer
synchronizes the switch of the slit mask position and the active register. Although
there are separate registers for each slit position, the same photon counter is used.

The use of stepper motors provides the following accuracies and resolutions.
The azimuth drive has a minimum increment (one step) of 0.02° and repeatability
better than 0.2°. The resolution of the zenith drive is 0.1°/step with an accuracy of
0.2°. The resolution of the drive moving the grating is 0.006 nm/step in the
second (UV) order of the produced spectrum with an accuracy of 0.01 nm.

Light from a mercury vapour lamp (ML1) and a quartz halogen lamp (HL1),
located just below the zenith prism, are used for wavelength calibration and for
monitoring the sensitivity of the spectrometer at different wavelengths. A dou-
ble-convex lens LE1 directs the light from the lamps along the optical axis.

A microprocessor unit operates all the motors and communicates with a per-
sonal computer through an RS-232 link. A power supply provides the necessary

voltages for all instrument components [Kipp&Zonen, 1980].
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4.2 Preparation of Brewer #029 for operation

As one of the first steps in this research, one Brewer spectrophotometer that
had not been operational for some time was rebuilt and slightly modified. This
work led to a better understanding of the instrumental part of the Brewer ozone
spectrophotometer and to identifying areas where improvements are possible. As
mentioned above, the Brewer spectrophotometer ozone data is used now for
studying ozone trends and for improving atmospheric models. The quality of such
research depends on the quality of the ozone data and every attempt should be

made to improve the instrument and the data processing.

4.2.1 Hardware refurbishment and modifications

As part of this study, Brewer #029, originally a MKII instrument, was refur-
bished and then modified to what became known as a MKV or “red” Brewer.
Brewer #029 was the primary test instrument for the entire project, however, data

collected with other instruments were also used.

Refurbishment

To make Brewer #029 operational, a new photomultiplier and a new microme-
ter were installed. To ensure that the moving parts were in good shape, overall
cleaning and lubricating was performed. Brewer #029 was intended to be installed

in high Canadian Arctic so additional heating panels were installed.

Modification

MKYV Brewers can take measurements in the visible part of the spectrum in

addition to the UV measurements. Visible measurements are taken in the first
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order of the Brewer’s diffracting grating while the UV measurements are done in
the second. To allow the instrument to switch between the two orders a filter
wheel with two separate order filters was installed just before the photomultiplier.
For the UV part the same filter, UG11, as in the conventional MKII Brewer is
used and for the visible an orange glass filter OG550 is used. Figures 4.2 and 4.3
were adopted from the Schott Glass Technologies Inc. on-line catalogue
[http://www.us.schott.com] to show the optical characteristics of UGI11 and
OG550. Since the transmission of UGI1 filter has a ‘tail’ in the visible part
(wavelengths 650 nm and longer) of the spectrum, the filter is used in combination

with NiSQy filter that removes the tail.
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Figure 4.2 Transmittance of UG11 filter, the UV order filter in Brewer
spectrophotometers.
It is used in combination with a NiSQy filter to limit the transmission to the

UV only.
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Figure 4.3 Transmittance for the orange glass filter OG550 for the visible part.

It is used in MKV modification of the Brewer spectrophotometer.

This configuration retains the capability of the instrument to take O; readings
in the UV while adding the visible capability. One big advantage of having the
visible part available is that the dispersion test (see below) can be done more
easily now since a neon lamp alone can provide enough spectral lines in the visible

spectrum to characterize the instrument’s optical performance.

4.2.2 Instrument characterization and fine-tuning tests

Several tests have been completed to establish the optical characteristics of the
instrument for this study. These tests include the spectral reference test HG, the
linearity test to calculate the dead time constant DT, the test to establish the
dispersion constants and the slit functions DSP, the sun scan test SC to fine-tune
the operating wavelengths, and the temperature test.

Most of the tests used to analyze the optics of the Brewer instrument involve a

use of lamps as a light source. Generally, whenever an internal or an external
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lamp is used, it must be allowed to warm up for a sufficient time so that the lamp’s
radiance is stable before any tests are conducted. In the following sections, it is
assumed that this was done, and so is not mentioned every time this process takes

place.

High Voltage (HV) test

Each PMT has its own optimal high voltage setting [Budde, 1983], a setting at
which two conditions are met: first, the signal-to-noise ratio is high, and second, a

slight change in high voltage only slightly affects the signal.
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Figure 4.4 The High Voltage test with Brewer #029.
The optimal high voltage setting is 1350 V. Solid line is the counts on slit 1

and the dashed line is the dark count.
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In the HV test, the dark current is used as a measure of noise and the signal is
measured on slit 1. The manufacturer of the Brewer spectrophotometer suggests a
range of high voltage settings between 850 V and 1550 V with an increment of
50 V for the test. Typical values for the photomultiplier model that is used in the
Brewers are within these limits. The results of the HV test on Brewer #029 are

presented in Figure 4.4. The results suggest that the optimal high voltage, the

2
voltage where @:0, is 1350 V, a typical value for the PMT in Brewer

y

spectrophotometers.

Spectral reference (HG) test

The Brewer spectrophotometer uses a mercury lamp for its spectral reference.
A double line is used, 302.150 nm and 302.347 nm. The line is chosen for its
proximity to the operational wavelengths of the Brewer spectrophotometer. Alter-
natively, the test can be performed using the 296.7 nm line.

The test 1s performed by taking 12 measurements, 10 steps of the micrometer
motor apart, of the intensity from the mercury lamp on slit 0. The resulting scan is
compared to a reference scan recorded in the laboratory. The comparison of the
scans is done by shifting the two scans against each other and calculating the
correlation coefficient between the two after each shift. The interpolated step
number resulting in the maximum of the correlation is the reference micrometer
position. The micrometer is moved to this position after the HG test and all other
micrometer movements are done relative to this reference. If the required adjust-
ment of the micrometer position is more than one and a half steps, the test is
repeated. The number of repetitions is limited and the test fails if this limit is
reached. The HG test will fail, for example, if the error in the starting micrometer

position is greater than 100 steps. In this case, the end sensors are used to set the
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micrometer to an approximately correct position and the HG test is performed
again.

The spectrometer is temperature compensated, but rapid temperature changes
can lead to short-term wavelength errors. Since the temperature inside the instru-
ment changes, the physical dimensions of the instrument’ s components change,
causing the spectrum produced by the grating to shift. To keep an accurate spec-
tral reference, the HG test is performed whenever the internal temperature of the
instrument changes by 2° C as suggested by the manufacturer of the Brewer

spectrophotometer.

Dispersion test (DSP)

In this test, the relationship between the step number of the micrometer that
moves the grating and the wavelengths seen through each of the exit slits is deter-
mined. This is necessary to establish the operating wavelengths of the instrument
as well as to be able to perform spectral scans (a UV scan for example). Three
discharge lamps with different gases (vapours of Hg, Cd and In) were used to
perform this test on Brewer #029. The lamps provide 9 spectral lines in the UV
spectral region of the instrument. In addition, a neon lamp was used to provide
three spectral lines in the visible part of the spectrum. The lines were scanned
with each of the six exit slits and the position of the micrometer at the peak and
the spectral width of the scan were established.

A quadratic was used to approximate the dispersion relations for each slit.
The maximum fitting error was 0.006 nm in the UV, or about 1 step of the mi-
crometer. Although this method can be improved, the position of the micrometer
does not change during direct-sun measurements and thus the actual quality of the

dispersion coefficients over a long range of micrometer movements is not impor-
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tant for the UV ozone measurements. Recently, attempts have been made to
improve the dispersion approximation by introducing a more complex formula
[Grobner et al., 1998]. It was shown that by using such formula along with proc-
essing the data from all 6 slits together, the overall accuracy of wavelength setting
1s increased. This method has not yet been widely adopted.

For single spectral lines, the shape of the scan represents the slit function of
the instrument (Figure 4.5), which, in general, changes with wavelength. It is not
recommended to use doublet or triplet lines in this test as it is difficult to deter-
mine what wavelength represents the peak of the scan in these cases. The slit
function of each exit slit is convolved with the ozone and sulphur dioxide absorp-

tion spectra to determine the effective cross-sections.
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Figure 4.5 A sample of the dispersion test scan.
The graph shows a scan of the 313.32 nm Cd line with slit 5.
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The dispersion test is usually done at the time of ozone calibration, at least
once every two years. Brewer #029 has shown stable dispersion characteristics
with a repeatability of the test of 1 micrometer step.

After establishing the dispersion characteristics, a table is prepared with wave-
lengths at each exit slit and the absorption coefficients for ozone and sulphur
dioxide at several positions of the micrometer. The exact operating position is

determined with the Sun Scan test.

Sun Scan test (SC)

The design of the slit mask for the Brewer spectrophotometer provides the op-
erating wavelengths near the minima and maxima in the solar spectrum features.
The SC test fine-tunes the position of the micrometer that minimizes the sensitiv-
ity of the ozone and SO, calculations to small changes in the angle of the grating.

To do this, a series of direct-sun measurements were taken at micrometer steps
125 to 153 with a 2-step increment. At each position, the ozone total column was
calculated and plotted against the micrometer step number. Then, a quadratic was
fitted to the data. One such a plot is presented in Figure 4.6. The position of the
micrometer at the maximum of the fitted parabola is the optimal micrometer
position where small variations in step number do not result in big changes in
ozone calculations.

It is important to note here that the optimal position found this way is specific
for the slant ozone column (vertical ozone column times the air mass factor) at the
time of the test. In order to find the optimal position of the micrometer for the
most of the measurements, a statistical analysis is necessary to establish the

median ozone slant column during the year for the site.
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Figure 4.6 A sample of the SC test scan.

Brewer #029. Maximum ozone 348 DU at micrometer step 139.

Then, using Sun Scan test results at different ozone values and different air
mass factors, the optimal position corresponding to the median column is interpo-
lated. This is done by plotting the optimal micrometer position as calculated by
the test against the slant ozone column and fitting the data with a straight line

(Figure 4.7). For Brewer #029 the operating position was set to step 139. This
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position of the micrometer translates into the operating wavelength set (302.137,

306.284, 310.023, 313.479, 316.774, 319.966), the wavelengths given in nm.
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Figure 4.7 Establishing operating micrometer position.
Brewer #029: For Toronto median slant ozone is 680 DU. The operating

position was set to 139 steps.
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Dead Time test (DT)

Since the radiance that the detector is exposed to in the Brewer spectropho-
tometer varies by several orders of magnitude depending on the ozone absorption
at a particular wavelength and solar zenith angle, it is very important that the
detection system is linear [Ingle, 1972; Lush, 1965]. To ensure the Brewer spec-
trophotometer’s detection system is linear the DT test is used.

During the test the dead time constant DT is calculated using an iterative
process. The Poisson formula is used to estimate the number of counts missed by
the counting system during the dead time.

Three intensities are measured with a halogen lamp as a source of light. Two
of the intensities, F3 and F5, are measured using slits 3 and 5 respectively, the
third intensity, F7, is measured with the position of the slit mask where both slit 3
and slit 5 are open at the same time. For each of the intensities the Poisson equa-

tion holds:

F3=F3,exp(=DT - F3)
F5=F5,exp(-DT - F5,) 4.1)
FT7=F7,exp(-DT -F7,)

where F3, F5 and F7 are measured count rates (intensities) and F3,, F5, and F7,
are actual intensities, as if the dead time is zero.

The goal is to establish the dead time constant DT which, when applied,
makes F7,=F3¢+F5,. This is done iteratively. On first iteration, F3,=F3 and
F5,=F5. At each iteration F7 is set to F3,+F5, and the third equation in the
system (4.1) is solved for DT and then applied to the first two equations to solve
for new estimates of F3; and F5,. Ten iterations are performed which is enough

for the sequence to converge. The standard DT test is repeated with two neutral
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density filter positions to make sure the same dead time value can be applied to
high and low intensities.

DT test is performed in the laboratory and the value of the dead time is used
for correcting all the measured intensities. Also, the test is used for monitoring the
detection system and performed at least once a day. The typical value of the dead
time for the Brewer spectrophotometer is between 30 and 40 ns. Tests on

Brewer #029 suggested the setting for the dead time to be 38 ns.

Run-Stop (RS) test

During normal operation the slit mask moves quickly to cycle from one open
slit to another in order to effectively measure the intensities on all slits at same
time. To ensure that the intensities measured in this fashion are the same as if they
were measured when the slit mask is at rest the RS test is performed. During the
test the internal halogen lamp is used as a source of light and the intensities at all
slits are measured both in alternating slit mode for a total of approximately 40
seconds of integrating time on each slit, and in the mode when each slit is open for
the same integrating time at once before the mask is moved to open the next slit.
The ratio of the two intensities at each slit is the indicator of the slit mask per-
formance. The manufacturer recommends the ratio on all slits to be between
0.999 and 1.001. There are ways of tuning the instrument if the ratio is out of
range, but those are not in the scope of this dissertation.

Tests on Brewer #029 showed RS values within the recommended range.

Temperature coefficients

In order to measure the effects of internal temperature changes on the instru-
ment response a special test was conducted in the laboratory. The instrument was

subjected to a slow warm-up followed by a slow cooling-down; this process was
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then repeated. During this process, using the internal halogen lamp as a source of
light, the intensities at operating wavelengths were measured regularly to record
the instrument response at different temperatures.

As ozone and SO, calculations do not depend on the absolute level of inten-
sity, but rather on the relative distribution of radiation among the five operating
wavelengths, the temperature coefficients were determined using ratios. The
ratios are calculated as described in section 4.3.1. First ratios R were then plotted

against the temperature T and a straight line was fitted to the data.

R=R,+TC-T (4.2)

This linear approximation for the temperature dependence in practice holds with a

coefficient of determination greater than 0.9 for all Brewer spectrophotometers.
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Figure 4.8 The result of temperature correction applied to second ratio R6.
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The slope TC of the regression line is the temperature coefficient. Four such
coefficients were calculated and used to compensate the results of all intensity
measurements at the operating wavelengths. For Brewer #029 these values were
set to (-0.4756, -0.8398, -1.5512, -3.0234). Temperature coefficients for second
ratios are also calculated. Figure 4.8 shows an example of a temperature correc-
tion for second ratio R6 after the temperature test on instrument #029. It is seen in
the graph that after the correction the values of R6 have no detectable temperature

dependence.

4.3 Brewer operating software

A user of the Brewer spectrophotometer utilizes a computer to send com-
mands to the instrument in the form of character strings. The instrument’s micro-
processor interprets the commands, executes them and sends a response, also as
strings of characters. The low-level command language allows the user to move
the motors to any given position, take a reading from a thermistor, take an inten-
sity measurement or read the voltages/currents at designated checkpoints. The
high-level commands are written in GWBasic programming language and allow
the user to perform measurements and tests. For example, to take a direct-sun
ozone measurement the DS command is entered.

The microprocessor’s response to the completion of a command depends on
the command itself. After completing a command to move a motor to a new
position, the instrument’s microprocessor returns a confirmation that the command
has been completed by sending only a “carriage return” character. In case of other
commands, the returned string may contain the requested values and has to be
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interpreted by the computer. The temperature and voltage readings require only a
simple scale transformation while the intensity readings involve more elaborate
calculations to convert them to counts per second and correct for the dark count

and the dead time.

4.3.1 Overview of the Standard Brewer algorithm for calculating O; and
SO,

A detailed description of the standard Brewer  algorithm
[Kerr et al. 1985,1988] was developed in early 1980s.

Although the next section is dedicated to the areas of the standard Brewer al-
gorithm where improvements can be made, this section will also mention some
issues in the algorithm that require attention. Such comments are underlined for
easy identification.

There are additional corrections applied to an intensity reading if the intensity

is used for calculating ozone.

Compensating for Rayleigh scattering

For ozone calculations, the intensity at each slit is compensated for Rayleigh
scattering using a universal set of coefficients for all Brewer spectrophotometers,
which is hard-coded in the software. The values are adjusted according to the
instrument location’s altitude by the factor of the ratio between the site’s normal

atmospheric pressure P and the standard atmosphere pressure of 1013 mb

Ff =F' +Rel (4.3)

1013
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With the computers that are now used to run the Brewer software it is possible to

easily calculate Rayleigh coefficients individually for each instrument according

to its operating wavelength set.

Correcting for the neutral filter attenuation

The standard Brewer software operates under assumption that the neutral den-
sity filters used in the Brewer spectrophotometers attenuate all wavelengths
equally. Each of the five neutral density filters has an assigned value that is used
to compensate for its attenuation. These values are the same for all instruments;

they are stored in logarithmic scale and used as follows:

EN =F% +ND (4.4)

It should be noted here that under the assumption that the filters are wave-
length-independent the actual values ND do not affect the ozone calculations since
the algorithm for these calculations only works with relative intensities as it is

seen below. However, it will be shown later that often these filters are not “neu-

tral” and thus DO affect the ozone calculations.

Calculating ratios

When processing the ozone measurements or the standard lamp test measure-
ments, the ratios of intensities from slits 2 to 6 are calculated. These are called
‘ratios’ even though they are in the log scale and could be called ‘differences’.
There are 4 first ratios R1...R4, and 2 second ratios RS and R6. First ratios are
calculated directly from intensity values F2...F6 corrected for the dark current, the
dead time, the temperature, and the neutral density filter attenuation, and also for

Rayleigh scattering in case of ozone.
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R1=F5-F2
R2 =F5-F3

4.5)
R3=F5-F4
R4 = F6-F5
The second ratios are derived from the first ratios (thus the name ‘second’):
R5 =R1-3.2R4
(4.6)

R6 =R2-0.5R3-1.7R4

Ratios RS and R6 are also known as SO, and O; ratios respectively. Combin-
ing equations (4.5) and (4.6) second ratios can also be expressed through the

values F2...F6

RS5 =-F2+4.2F5-3.2F6

4.7
R6 = —F3+0.5F4 + 2.2F5-1.7F6

The constant factors in the above equations (-1, 4.2, -3.2,....) were derived for a
particular Brewer spectrophotometer to make RS (SO, ratio) and R6 (ozone ratio)
little dependent on any linear trends in the spectrum while making R6 also inde-

pendent of SO, absorption. These constants are currently used in the standard

algorithm for calculating ozone and SO, with all Brewer spectrophotometers.

Section 4.4 has more details on these constants.

Temperature correction

Each of R1 to R6 are compensated for the instrument’s temperature T using

temperature coefficients TC (see eq. 4.8)

R'=R +T-TC (4.9)
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The process of establishing the TC needs to be adjusted for temperature cor-
rection of absolute readings. The adjustment is very simple: the TC have to

describe the temperature dependence of intensities at each slit rather than the

ratios.

Calibration

Calibration of the Brewer spectrophotometer requires establishing its Extra
Terrestrial Coefficients (ETC) as noted above. This is done by collecting data
throughout the day, preferably at a site with clear air and stable atmospheric
conditions. The Canadian Ozone Network uses Mauna Loa observatory (Hawaii,
USA) for this process. After collecting the data, a Langley plot is done for the two
ratios RS and R6 to extrapolate the values to zero air mass. During the process
only “good” measurements are used, in other words there is a safety procedure that
reduces potential errors in establishing the ETC.

Because of the cost and complexity of the above calibration procedure, only a
few instruments are regularly taken to Mauna Loa to maintain the absolute calibra-
tion. Another method for calibrating the Brewer spectrophotometers is utilized for
the rest of the instruments. It involves the transfer of calibration from one instru-
ment to another. This is done by taking ozone measurements with the two instru-
ments working side-by-side and finding the ETC for the instrument being
calibrated that give the least discrepancy in the ozone and SO, values between the

two instruments.

Calculating ozone and sulphur dioxide

In the standard algorithm [see, for example, Kerr et al, 1985, 1988], second ra-
tios R5 and R6 are used to calculate ozone and SO,. Also, the extraterrestrial

coefficients ETCO; and ETCSO, established during the calibration process are
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involved. The values of the absorption coefficients are obtained from the process-
ing of the dispersion test (section 4.2.2). First, the total ozone column, Xq3, is

calculated as

_ R6+Rel-ETCO,

X
03
om,,

(4.10)

where Rel is the correction for the Rayleigh scattering, a is the ozone absorption

coefficient and mgq; is the air mass factor. Then this value is used to calculate SO,.

R5+Rel-ETCSO, —X,,0'm,,

Xegy =
$02 7
o'Bm,,

(4.11)

where o is the effect of 0zone on SO, and B is the SO, absorption coefficient.

The spectral response stability of the instrument and the Standard Lamp
(SL) test

In order to maintain the quality of ozone and SO, calculations achieved by
calibration a test of the instrument’s stability is performed frequently. During the
test, an internal halogen lamp is used as a source of light and measurements are
taken in the same way as for direct-sun ozone. Second ratios then are used as
indicators of the stability of the instrument and are compared to the values at the

time of the last calibration.

4.3.2 Analysis of the standard Brewer algorithm for calculating O; and SO,

In this section several sources of error in calculation of ozone and sulphur di-

oxide in the Brewer standard algorithm are identified. Addressing all of the
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following issues in the proposed improved algorithm (see section 4.4) will in-

crease the quality of the ozone and sulphur dioxide data.

Effect of aerosol presence

Aerosols are always present in the atmosphere and an attempt has to be made
to estimate their effect on ozone calculations.

Using b=-1 in Angstrom formula (2.33) the effect on calculated ozone values
from the presence of aerosol was estimated for the standard Brewer algorithm for
twenty instruments. It worked out to be approximately 1 Dobson unit at aerosol
optical depth of 0.3 at 320 nm, a typical value for Toronto. Being proportional to
the aerosol optical depth, the effect can be as high as 4 Dobson units, or 1%, on a
hazy day. This effect does not depend on aerosol vertical distribution (for the
direct-sun observations) and thus will become noticeable also after a volcanic
eruption when concentration of aerosols in the stratosphere increases. The quality

control built-in to the standard algorithm will reject some such results, but not all.

Effect of high amounts of sulphur dioxide in the path

The standard algorithm suffers also from being sensitive to high values of SO,
in the atmosphere. The effect varies from instrument to instrument and is in the
range of 0.2 Dobson Units in ozone for an SO, total column of 1 DU. In urban
areas the sulphur dioxide content can jump to 10 DU resulting in an effect on the
calculated ozone of 2 DU, or about 0.5%. Being a model inaccuracy, the effect of

SO, presence is virtually never detected by the safety net of the algorithm.

Effect of high amounts of ozone in the path

Similar to high amounts of SO, affecting the ozone calculations, high ozone

values will affect the SO, calculations as seen in equation (4.11). The effect can
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be as high as 0.5 DU in SO, amount per each 100 DU of ozone. This makes it

possible to have 3 DU error in SO, during ozone maximums at high latitude sites.

Effect of hard-coded Rayleigh coefficients

Because the Rayleigh coefficients are hard-coded in the processing software
rather than calculated for each instrument individually, they too contribute to the
error in the ozone calculations. The effect can be as high as 1% for some instru-

ments and be negligible for others.

Each of the three sources of errors, aerosol, SO, and Rayleigh, can produce
both positive and negative effects on calculated values of ozone and sometimes
compensate each other, but since it is not the case for all instruments, these errors

must be minimized where possible.

Effect of the neutral density filters not being neutral

In order to measure the actual attenuation of each of the five neutral density
filters at each of the five operating wavelengths a special test was developed.
During the test, called F9, the intensity of the internal halogen lamp is measured at
all operating wavelengths using no attenuation and then using each of the five
neutral density filters. The attenuation of each filter is then calculated separately
for each of the wavelengths. To reduce the error associated with a possible insta-
bility in the lamp intensity the measurements are done oscillating both filter
position and slit number during the entire integration time. Also, the integration
time increases for high values of attenuation to keep the same signal-to-noise ratio.
Figure 4.9 shows the results of such a test on instrument #029. Since only relative

slit-to-slit differences in attenuation are important the graph presents the attenua-
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tion in relation to slit 5, i.e. positive values represent larger and negative values

represent smaller attenuation than that at slit 5.
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Figure 4.9 Spectral characteristics of a set of neutral density filters.

Attenuations are plotted in comparison to those at slit 5.
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The resulting values for attenuation can be easily converted into errors in
ozone and SO, calculations (equations (4.7)). The errors vary from instrument to
instrument, can be both positive and negative and they are different at different
air-mass factors.  For twenty instruments tested the errors ranged from
-20 to 20 Dobson Units for ozone, big enough to be of concern. It should be noted
here that the calibration process somewhat compensates for this effect by introduc-
ing the extraterrestrial coefficients which absorb most of the effect, but only for
the neutral density filter that was used during the calibration and those of similar
spectral response. If more than one filter was used, the ETC will have an overall
partial compensation for the effect. In other words, the actual effect from spectral
difference in attenuation is the difference in the effects between the filter used
during the calibration and the rest of the filters in the instrument. In fact, if all the
filters in an instrument had exactly the same relative spectral characteristics the
ETC would remove the problem altogether. In reality, in all cases tested the filters

are spectrally different and have to be dealt with.

Effect of stratospheric temperature change

The use of ozone cross-sections measured at temperature of —45°C (228K) in
the standard Brewer software is based on the assumption of constant stratospheric
temperature as well as the lack of accurately measured cross-sections at different
temperatures at the time of the software development. Also, the implementation
of temperature-dependent ozone cross-sections requires more computational
power than was available at the time.

Temperature profiles are measured by a number of methods, including in-situ
measurements with weather balloons. As noted in section 2.3, it i1s well estab-

lished that stratospheric temperature changes during the year at any given location.
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This means that the assumption of constant stratospheric temperature introduces a
potential error, which now is easily assessable. Using typical values for the
Brewer operating wavelengths and a global stratospheric temperature range from
215 K to 245 K the percentage difference in ozone absorption coefficient used in

the Brewer algorithm was calculated and presented in Figure 4.10.
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Figure 4.10 Stratospheric temperature change and Brewer calculations.
Effect of the change on ozone absorption coefficient as calculated in the

Brewer direct-sun method.
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The graph shows that the effect should not be more than 0.5%. This result
was calculated using the GOME ozone absorption spectra. The result differs
slightly from Kerr’s [2002] because he used spectra estimated from the direct-sun
measurements at 45 wavelengths with one Brewer instead of laboratory measure-
ments. The results of the ozone temperature calculations using the GOME spectra
are presented in the next Chapter and they suggest that the GOME spectra are

appropriate for use with the Brewer spectrophotometers.

4.4 The improved algorithm for calculating ozone and sulphur dioxide

columns with the Brewer spectrophotometer

Here, the general equations developed in section 2.7 (see page 44) will be ap-
plied to Brewer-type direct-sun measurements.

The idea behind the improved algorithm developed in this study is solving
these equations individually for each instrument, thus using as much information
about the optical and mechanical characteristics of the instrument as possible.
Also, information about aerosol optical depth and the effective temperature of the

ozone layer is derived in addition to the values for ozone and sulphur dioxide.

4.4.1 Near ultraviolet region

In the near-ultraviolet, direct-sun measurements, the Brewer spectrophotome-
ter registers intensities at five wavelengths. These wavelengths are slightly differ-
ent for each instrument and are approximately 306.3, 310.1, 313.5, 316.8, and
320.0 nm.
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Although the spectral resolution of the Brewer instrument is high enough
(about 1 nm) for Beer’s law to hold for direct-sun measurements [Denney and
Sinclair, 1987], absorption cross-sections 6(A) do need to be convolved with the
slit function f(AL) for each slit to obtain the cross-sections at the instrument

resolution G(A) as in

B j (W) (X = A)dN
G(A) = I PTTY (4.12)

The slit function f(AA) is measured using the dispersion test, which is described in
section 4.2.2 (page 74).

To simplify notation, the following equations will use o to denote
cross-sections already convolved with the appropriate slit functions. To further
simplify the equations, the equivalent absorption coefficient for standard pressure
and temperature is introduced through k=cNj,.

Taking into account absorption by ozone (O3) and sulphur dioxide (SO,) and
scattering by air molecules (R) and aerosol (aer), the total slant optical depth of the

atmosphere, t(A), can be written as
T(A) =T, (M) + Tgo, M)+ T, M) + 7T, (L) (4.13)
Substituting (2.27), (2.32) and (2.33), write

T(A) =k, (Dmy, X oy + koo (A)Migy, X 0 + B(A)my, +adm (4.14)

aer
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The air mass factors for ozone and sulphur dioxide are taken to be the same
(layer height at 22 km) with the assumption that there are only a few sites with
high level of SO, at the ground and most sites will measure stratospheric SO, after
a volcanic eruption. The error associated with measurements of tropospheric SO,
using this air mass factor is about 1% at the largest solar zenith angle used by the
Brewer spectrophotometer (air mass factor 3.5). This error is much smaller than
the achievable accuracy of SO, measurements. In the Brewer software the air
mass factors are calculated using equation (2.24) with the values Rg=6370 km for
the radius of the Earth, h=22 km for ozone and sulphur dioxide, and h=5 km for
Rayleigh and aerosol. In the presence of large amounts of stratospheric aerosol,
this will lead to an error in aerosol optical depth calculation of up to 1%. Since
catastrophic volcanic eruptions do not happen very often, such situations can be
dealt with on individual basis.

Recently, a study [Savastiouk, 2004] found that by using h=5.7 km in the
Brewer calculations for air mass factors for Rayleigh and aerosol the accuracy of
the approximation formula for air mass factor is increased and remains as small as
0.5% at solar zenith angles up to 89 degrees. The study also suggests using a
latitude-dependent h for ozone air mass factor based on ozone climatology [e.g.
Bowman, 19835].

Using Beer’ s law the relation between the solar irradiation at wavelength A

and the radiation at the same wavelength reaching the ground, may be written as

_ 70 (ko3 (Dmp3X p3+ksor (A mgy X go0+B1mp+aim,,,)
I/1 _Iﬂe 03 03X 031K502 s0X s02TPaMR (415)

where we have used (2.17) and (4.14).
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Each Brewer instrument has its own response function, R(A), that describes
the instrument’s sensitivity at different wavelengths (including any attenuation
filters that may be used) and converts radiation units (I)) to instrument response
units (C;) (counts per second in case of the Brewer spectrophotometer). The
instrument response function in general depends on the internal temperature of the
instrument, but in practice it is easier to correct C, for temperature than deal with
temperature dependent R(A). In the following equations it will be assumed that the
C, have been corrected for instrument’s temperature, as well as for the dark count
and the dead time:

_ 0 —(ko3(AmpsX g3+kgy, (AmgyX g0+ Bymg+aim,,,)
CZ _R(ﬁ)[le 03 034031Ks02 S04 s02TPAMR (416)

taking the logarithm of (4.16), gives
InC,=InR, +In1) —k,,(Am,, X s —kspo (DMgy, X g0, — Bimy —adm,, (4.17)

In order to incorporate the temperature dependence of kos, equation (2.28) 1is

considered in the vicinity of an estimated temperature T :

ko3 (T)=(A+BT+CT?)N,
ok,

=k, (T,) + (T-T,)

T=T,

=((A+BT, +CT;)+(B+2CT,X(T-T))N, (4.18)
=(A-CT; )N, +(B+2CT,)N,T
= A,(To) + B,(To )T
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where A’(Ty)=(A-CT,>)N, and B’(Ty)=(B+2CT,)N,. Substituting (4.18) into
(4.17) and assigning ETC; = In R(A) + In on , Write

InC, =ETC, - ( A,(To) + B’(To )T) My X o3 =Ko (;L)msozxsoz — Bym, —aim

aer

(4.19)

The four unknowns in the equation above are X3, Xsop, parameter ‘a’ and
temperature ‘T°. Equation (4.19) is true for each of the five wavelengths meas-
ured by the Brewer spectrophotometer. ETC values for each wavelength are
found by extrapolating a linear fit to {InC , m} pairs (also called Langley plot) to
zero air-mass, using data from a clear day with little ozone variation. As part of
this study an algorithm for processing calibration data collected with different
neutral density filters was developed. As mentioned before, actual attenuation
values for each filter as a function of wavelength is needed for correct interpreta-
tion of the direct-sun measurements. This new algorithm calculates these attenua-
tions from the direct-sun measurements at the same time providing the
extraterrestrial spectrum. Section 4.4.5 describes the process and gives an exam-
ple of such a calculation.

Because all five intensities are measured nearly simultaneously, the five corre-
sponding equations can be solved as a system assuming that the unknowns (ozone
column, sulphur dioxide column and aerosol optical depth) stayed constant during
the measurement. In order to solve the system, the Singular Value Decomposition
(SVD) method is used [see, for example, Stewart 1973]. The algorithm for calcu-
lating the SVD of a matrix was taken from Golub [1989].

Two versions of the solution for ozone were realized. The first being the solu-
tion of the system of equations (4.17), where temperature of the ozone layer is

fixed, and the second being the solution of the system (4.19), where the tempera-
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ture of the ozone layer is allowed to vary. The main argument for doing this is to
assess the impact of the stray light inside the instrument. Its effect increases as
wavelength decreases. This is because the intensity of the solar beam rapidly
decreases at shorter wavelengths and a given number of stray light photons will
cause a greater effect where the genuine intensity is small. Equations (4.17) and
(4.19) can be solved without the data from slit 1, which has the shortest wave-
length and the biggest effect from stray light. Equations (4.19) have four un-
knowns (temperature is additional to those in (4.17)) and solving only four
equations (slits 2 through 5) reduces the quality of the solution. Also, the data
collected with slit 1 has the most information about the temperature of the ozone
layer as the total effect of temperature change is proportional to ozone absorption,
which is highest at the wavelength of slit 1. Thus, the temperature-variable solu-
tion is obtained by solving all five equations (4.19). To minimize the effect of
stray light on slit 1, only data collected at small solar zenith angles is considered.
By comparing data from the MKII (single monochromator) and the MKIII
(a double monochromator; it has no noticeable stray light effects measuring ozone
slant column up to 2000 DU) Brewer versions, the limit was set to ozone slant
column to be less than 800 DU, which provided agreement between the two
Brewer models to within 1% on slit 1.

The inversion of the system (4.17) can be performed before taking any meas-
urements. The result will be a vector of weighting coefficients w; that transform

the four intensities into ozone values.

6
> (nC, —InI; +R))w,

X, =2 (4.20)

mOSZB()\‘i)Wi
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The following three tables compare the weighting coefficients for ozone, sul-
phur dioxide from the original algorithm (see p.85, the same for all Brewers, in
bold font) with those calculated by solving system 4.17 individually for four
Brewer spectrophotometers. The last of the three tables (Table 4.3) show weight-
ing coefficients for the first iteration in the calculation of ozone temperature.

As one can see, for ozone and sulphur dioxide for some instruments these co-
efficients are close to the original ones, and for others they are quite different.
This shows why there is a need for an individual approach to every instrument. It
1s also important to note that the individually calculated weighting coefficients do
not significantly change the calculated error contributed by the measurements at

the 5 operating wavelengths compared to the original weighting coefficients.

Instrument Slit 1 Slit 2 Slit 3 Slit 4 Slit 5
Original 0.00 -1.00 0.50 2.20 -1.70
#007 0.00 -1.00 -0.17 3.50 -2.33
#008 0.00 -1.00 -0.43 4.04 -2.61
#042 0.00 -1.00 0.26 2.63 -1.89
#151 0.00 -1.00 0.20 2.75 -1.95

Table 4.1 Weighting coefficients for O; calculations for several instruments.

99



Instrument Slit 1 Slit 2 Slit 3 Slit 4 Slit 5
Original -1.00 0.00 0.00 4.20 -3.20
#007 -1.00 0.00 0.00 4.42 -3.42
#008 -1.00 0.00 0.00 4.44 -3.44
#042 -1.00 0.00 0.00 4.45 -3.45
#151 -1.00 0.00 0.00 4.44 -3.44

Table 4.2 Weighting coefficients for SO, calculations for several instruments.

Instrument Slit 1 Slit 2 Slit 3 Slit 4 Slit 5
#007 -0.28 0.73 0.15 0.76 -1.36
#008 -0.23 0.67 0.09 0.83 -1.36
#042 -0.26 0.68 0.18 0.80 -1.40
#151 -0.25 0.68 0.15 0.81 -1.39

Table 4.3 Weighting coefficients for ozone temperature calculations (for the

first iteration) for several instruments.
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Calculating these weighting coefficients at the time of an instrument’s calibra-
tion allows the present Brewer software to be used unchanged with the exception
of having these coefficients to be instrument parameters and not hard-coded

numbers.

4.4.2 Retrieving the aerosol optical depth in the UV

Once ozone and sulphur dioxide have been retrieved, the only unknown in the
system (4.17) is aerosol. Simple arithmetic gives the aerosol optical depth at each
operating wavelength. Alternatively, the SVD gives the parameter ‘a’ for the
Angstrom formula. In practice, the two methods gave almost identical results and

the former is easier to implement in GWBasic.

4.4.3 Calculating the effective temperature of the ozone layer and “tempera-

ture compensated’ ozone values

The solution of the temperature dependent system (4.19) is found iteratively,
adjusting T at each iteration. The first guess is always —45° C, the temperature
assumed by the standard Brewer algorithm. The resulting value of T after each
iteration 1s used as T, for the next iteration. The iterative process is continued
until it converges. In this study the criterion for the convergence was the absolute
value of the difference T-T,. The iterative process stopped when T is within 0.1

degree from T, which was usually achieved in 3 or 4 iterations.

4.4.4 The visible region

The interest in developing ozone measurements using the visible part of the
solar spectrum is driven by the increasing attention to ground ozone measurements
at high latitude stations where ozone has been declining [Fioletov, 1997;

Langer, 1999]. As mentioned earlier, ozone measurements in the UV are limited
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to relatively small ozone paths due to the very strong ozone absorption in the
region. However, the ozone absorption is much less in the visible part of the solar
spectrum and this allows the measurements to continue for as long as the sun is
above the horizon. This is extremely important at high latitudes where in the
winter the sun may not rise high enough for UV measurements.

Before this study, there had been an attempt to use the Brewer spectropho-
tometer for visible ozone measurements by Kipp&Zonen Inc. (then SCI-TEC
Inc.), the manufacturer of the Brewer spectrophotometers. The attempt was
unsuccessful for the most part due to inadequate scientific preparation. This
included the use of incorrect Rayleigh coefficients as well as a poor choice and
insufficient number of operating wavelengths. In addition, the viewing ports (VLI
and VL2 in Figure 4.1) were not covered and allowed visible light scattered from
the sky enter the instrument, which was not a problem for the UV operation since

the viewing ports block the UV radiation.

Equations

The derivation of the system of linear equations from the previous section
(4.4.1) can be repeated for the visible region of the spectrum taking into account
that the only strong absorber in the 550-620 nm region is ozone. Other gases that
do absorb solar radiation in this region are water vapour (H,O) and NO,. These
two gases under normal conditions together have optical depth about 0.01 that of
ozone and cannot be detected by the Brewer spectrophotometer. Thus, the follow-
ing equation describes the solar beam for each measured wavelength.

InC,=InR, +Inl; —k,,(A)m,, X, — f,m, —aim

aer

(4.21)
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Because of relatively small ozone absorption in this region and because the
ozone absorption spectrum does not have any high frequency features, more than
just five wavelengths are needed. A special program was developed to take
measurements in series of five wavelengths covering the region between 550 nm
and 620 nm. A total of 25 wavelengths are measured at five different micrometer
positions. At each micrometer position the measurements at the five slits are done
virtually simultaneously and the five measurements can be treated as contempora-
neous. This is not true, however, for all 25 readings and four additional constants
are needed to allow for possible changes in absolute intensity between different
micrometer positions. This can be easily seen as a change in the response function
R by some factor S; at i™ position of the micrometer. Also, the air mass factors
will be different for each of the five micrometer positions. Assuming that ozone
and aerosol do not change during the course of the measurement the 25 equations

can be combined into a system of linear equations

InC, =InR +In 110 —kos (/11)’"10on3 _ﬂlmlR - aﬂ’lmlaer
: (4.22)
InC,s =InRys +In S5 +1n Igs — ko3 (Ays )mjoonz - ﬂzsmSR - aﬂ25m5aer

with 6 unknowns: aerosol, ozone and the four constants S,...Ss. As with UV
measurements, extraterrestrials ETC=In R+In I are found by a Langley regression
for each of the 25 wavelengths. The solution of the system (4.22) is found by
Singular Value Decomposition method which essentially finds the least square

solution of the system.
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4.4.5 Additional tests and calibrations

In addition to the existing tests and calibrations for the Brewer spectropho-
tometer, two more processes are added for all of the above improvements to work.
First, the temperature coefficients (TC) have to be calculated for each operating
wavelength separately (absolute TC), not for ratios as described in section 4.2.2.
This includes obtaining the TC for the operating wavelengths in the visible part of
the spectrum. Second, the attenuation values for each neutral density filter (NDF)
have to be established for each operating wavelength.

Since the internal standard lamp may change its intensity with time, the test
for establishing the absolute TC is best done with an external, more stable lamp.
Alternatively, the test can be performed using the internal lamp when the test is
done during relatively short period of time. After analyzing data from several
instruments, it was concluded that the internal standard lamp could be assumed
stable in terms of absolute intensity within hours, even days, but definitely not
weeks or months. An external lamp should be used where possible.

Two ways were developed for obtaining the NDF attenuations. First, using a
lamp as a source of light and measuring its intensity directly and with each NDF.
Second, analyzing the direct-sun data. In a simplified form, the Beer’s law has the

form

InC, = ETC, —ND,-Q,m (4.23)

where the left hand side is the measurement, ETC is the extra-terrestrial constant,
ND represents the NDF attenuation, € represents the total effective optical depth
and m is the air mass factor. This equation is valid for each operating wavelength

and on a clear stable day, it is reasonable to assume that Q for a particular wave-
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length is constant, or has very small variations. Then all direct-sun measurements

can be combined into one matrix

InC,, = ETC,,— ND, - Q, m,
: (4.24)

InC,, =ETC, —ND,—Q, m,
with p operating wavelengths, k NDF attenuations and n observations. The system
consists of n-p equations and 2p+k unknowns: p extra-terrestrial coefficients,
p total effective optical depths and k NDF attenuations. To put it simply, the
system gives the results of Langley plots for each wavelength and by assuming the
same slope Q for all NDF, the attenuations of all NDF are retrieved. To further

constrain the system, the second ratio ETC (sections 4.3.1 and 4.4.1) are used:

w'??ETC, = ETCR5
(4.25)
w’*ETC, = ETCR6

5

2

>

=1

It has been suggested [Kerr, 1985] that the NDF attenuation changes linearly
with wavelength. If that were the case, the NDF would not strongly affect the

ozone calculation. While it may be true for some instruments, section 5.1 proves

this not to be the case in general.
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Figure 4.11 Obtaining the NDF attenuations from Langley plots.

Data collected at Mauna Loa observatory with Brewer #017.

Figure 4.11 illustrates how the Langley plots help obtaining the NDF attenua-
tions. The data for the graph was collected with Brewer #017 at Mauna Loa
observatory in 2002. Only data with two NDF are shown for simplicity. The
difference between the attenuation by ND2 and ND3 was estimated at 4983 from
the graph. The hard-coded value in the standard Brewer software difference is

5000 (equivalent to an optical depth of 0.5 base 10).
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Usually, on a clear day, there are only a few observations at low attenuation
filters and it 1s often difficult to obtain the NDF values for all 5 NDF in the Brewer
spectrophotometer using only direct-sun data. In contrast, using the test with a
lamp, it is often hard to collect good data with high attenuation filters as lamps are
not bright enough. It was found in this study that the combination of the two

methods gives the best results.

4.4.6 Uncertainties and errors

There are a number of sources of uncertainty and error in the direct-sun meas-
urements and their interpretation. These include statistical noise in the photon
counting system, changes in the optical characteristics of the atmosphere during
the measurement period, inaccuracy in the instrument wavelength settings and
changes in the instrument response with time. All of these sources are discussed

here.

Reducing the effect of the statistical noise

A longer integration time reduces the effect from random noise. One meas-
urement cycle in the Brewer spectrophotometer is about 1.8 sec; usually the
direct-sun measurement consists of 20 such cycles, thus integrating the radiation
over a period of about 40 sec. Adjustments of the neutral density filters keep the
number of photon counts above 2#10°, so that the statistical counting uncertainty
is below 0.07%. This corresponds to about 1 DU uncertainty in ozone (regardless
of whether the original weighting coefficients are used or the individually calcu-

lated).
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Dealing with changes in the atmosphere

During the 40-second measurement several changes in the atmosphere can oc-
cur. First, the ozone amount can change due to dynamical processes. Second,
clouds can partially block the sunlight. The way to deal with this type of uncer-
tainty is to take a number of measurements one after another and compare the
results of the retrievals. The Brewer spectrophotometer is programmed to take
five 40-second measurements and average the results. The standard deviation of
the mean value serves as a measure of precision. The higher the standard devia-
tion, the more likely some of the five measurements are not accurate. The ozone
values are rejected if the standard deviation of the mean value is greater than
2.5DU. This criterion ensures the precision of the ozone measurements to be

within 1% under almost all observation conditions.

Minimizing the effect of the uncertainty in wavelength settings

The approximate wavelength positions are chosen with this in mind. To test
and fine-tune, the Sun Scan described in section 4.2.2 (page 76) is used. When
Sun Scan is done correctly, variations of £3 micrometer steps from the operating
position do not change the ozone values by more than 1 DU when measuring
ozone slant amount 600-800 DU. If ozone slant amount is significantly different
then the micrometer position must be within 1 step from the calibrated value. To
ensure accurate and micrometer setting the HG spectral reference test is performed

frequently.

Monitoring the instrument response

The Standard Lamp test (see section 4.3.1) is conducted to monitor the stabil-
ity of the instrument response. A halogen lamp is used as a source of light in this

test. The micrometer is kept in the position where ozone measurements are done.
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During the test, intensities at each of the 6 operating wavelengths are collected.
The secondary ratios as defined in page 84 are calculated. Because these values
do not depend on absolute brightness of the lamp, they can be used to monitor the
relative response of the instrument at the various operating wavelengths.

The R6 and R5 values at the time of the instrument’s calibration are used as a
reference and if the results of the test change between the calibrations, the extrater-
restrial coefficients are adjusted to reflect the change. Since R6 and RS are ob-
tained in the same type of calculations as the secondary ratios for ozone, the
adjustment necessary for the extraterrestrial coefficients are simply the difference
between the RS (or R6) at the time of calibration and that after the change in the

result of the SL test.

Uncertainties in ozone calculations in the visible spectrum

Measuring ozone at large solar zenith angles requires accurate airmass factor
(AMF) calculations both for ozone absorption and for Rayleigh scattering. The
improved algorithm described in Savastiouk [2004] provides a 0.5% accuracy of
the Rayleigh AMF calculations up to solar zenith angle (SZA) of 87. A bigger
uncertainty comes from ozone AMF since it highly depends on ozone vertical
distribution, which is not generally known at the time of the measurement. The
potential variation in AMF due to global variation in ozone layer height, 18 to
26 km, 1s 3% at 80 degrees SZA. However, deviation of the ozone layer height
from its climatology will translate to a much smaller uncertainty.

Ozone absorption spectra are also a source of uncertainty. Methods like de-
scribed in Kerr [2002] can proof to be useful for establishing ozone absorption

spectra from the atmospheric measurements rather than from the laboratory.
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S Applying the improved algorithm to the direct-sun

measurements: Results

There are three major advantages in using the new algorithm for the interpre-
tation of the direct-sun measurements made with the Brewer spectrophotometer in
the UV. First, the precision of ozone and sulphur dioxide columns is improved.
Second, in addition to ozone and sulphur dioxide columns the new algorithm also
yields the aerosol optical depth in the UV and the effective temperature of the
ozone layer. Third, the propagation of errors during calibrations is greatly re-
duced.

Furthermore, the introduction of a working algorithm for measuring the ozone
column in the visible part of the spectrum increases the number of days in a year
available for direct-sun ozone column measurements by ground-based instruments
at high latitude sites. In addition, by calculating the aerosol optical depth in both
the UV and the visible region optical characteristics of the aerosol can be assessed.

This section illustrates the effectiveness of the methods developed in the study
by providing results of applying the methods to the data collected with the Brewer
spectrophotometers in different parts of the globe. The main point here is to show

that the improvements are seen in many Brewers and not just one test instrument.

5.1 Improvements in calculating ozone and SO,

The improved algorithm for deducing ozone and SO, was applied to data from

a number of the Brewer spectrophotometers. The main step forward in the algo-
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rithm is that the model now more accurately describes the physics involved in the
Brewer direct-sun measurements individually for each instrument. This makes
calculated ozone and SO, values less instrument-dependent and reduces the
residual.

The comparison of the results of the improved algorithm to those of the stan-
dard one showed a change for the better in the standard deviation of the individual
results for ozone and SO, values in the improved algorithm. The fact that the
standard deviation of the ozone values calculated with the improved algorithm is
usually smaller then that resulting from the standard algorithm, indicates that the
new solution fits the data better. This leads to more observations falling within the
2.5 DU acceptance range for the standard deviation. On average, about 3% more
measurements become acceptable.

Since, in the improved algorithm, the aerosol and Rayleigh attenuations are
properly taken into account, ozone and SO, values are reliable even during periods
with a large aerosol optical depth. Figure 5.1 compares the standard and the new
algorithm for ozone calculation. The data were collected on July 6, 2002 in
Toronto with Brewer #008. As seen in the graph, the difference between the
standard ozone values and the values properly compensated for aerosol and
Rayleigh is over 1% on this hazy day. The effect on SO, is more difficult to
present visually as it consists not only of errors from aerosol and Rayleigh but also

of those from ozone, which is calculated with these errors.
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Figure 5.1 Effect of aerosol on ozone calculations.
The solid line shows the difference in ozone between the ‘new’ and the

standard algorithm.

To show what effect high ozone values can have on sulphur dioxide calcula-
tions, the data from Alert (82.5° N) collected with Brewer #029 on May 10, 2003
were processed with the standard and with the improved algorithm. The results
are in Figure 5.2, where two significant changes can be seen. First, the overall
scatter is reduced in the improved version both for ozone and sulphur dioxide
values. This again confirms that a better model was used in the interpretation for

the measurements.
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Figure 5.2 Eliminating negative SO, values.

Alert station, Brewer #029, May 10, 2003.

Second, the SO, values calculated with the improved algorithm are close to 0,
where they are expected to be. The standard SO, values are mostly negative due
to impact of high ozone in the path. The range of air mass factors in the data is 2.5

to 3.0, which makes the total slant ozone column in the order of 1100 DU.
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Figure 5.3 Example of a “neutral” filter affecting ozone calculations.

Brewer #090. See text for details.

Using proper characterization of the neutral density filters (NDF) is vital for
O3 and SO; retrieval. Figure 5.3 illustrates how large an effect the NDF can have
on ozone calculations. The graph presents data from Brewer #090 (Malaysia). In
the graph the dashed line shows the standard ozone calculations and the solid line
shows the ozone calculated with proper correction for the NDF. In this instrument
only the ND3 has a significant impact on ozone, which is about 7 DU, or 3%. The
correction for ND3 eliminates the jump in ozone. In this case the jump is so

obvious that it is easy to spot. In other cases such jump in ozone can be smaller
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and may be interpreted as a real change in ozone. To avoid this it is important to

correct all data for the NDF.

5.2 Calculating the aerosol optical depth in UV

First results for aerosol optical depth calculations with the Brewer spectropho-
tometer were presented in 1995 [Savastiouk, 1995]. This section will focus on
results that are more recent and will give examples of the potential that this tech-
nique has.

In August of 1998, Brewer spectrophotometer #029 was used as a
ground-based ozonometer in the Middle Atmospheric Nitrogen Trend Assessment
(MANTRA) Campaign, which took place at Vanscoy, Canada. The data collected
with the Brewer #029 was processed using the improved method and the aerosol
optical depth was retrieved. The results (Figure 5.4) showed a very good agree-
ment between the aerosol optical depth from the Brewer and the aerosol index

calculated from the TOMS data [Savastiouk et al., 2005].
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Figure 5.4 AOD from Brewer compared to aerosol index from TOMS.

Adopted from Savastiouk et al. [2005].

In July of 2002 forest fires in Quebec, Canada, sent plumes of smoke to the
south. The smoke was detected in Toronto as an increase in aerosol optical depth.
The peak of the event in Toronto occurs on July 6. Figure 5.5 presents the results
of the aerosol calculations for that day and Figure 5.6 presents a time series of the
aerosol optical depth in Toronto. The aerosol index daily summary from TOMS
for three days is shown in Figure 5.7. Clearly, the satellite data and the ground
based Brewer measurements both detect the maximum increase in the AOD on

July 6.
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Figure 5.5 Aerosol optical depth at 320 nm on July 6, 2002.

From Brewer #017, Toronto.
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Figure 5.6 Aerosol optical depth at 320 nm.

Derived from the Brewer #017 direct-sun measurements in Toronto.
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Figure 5.7 Aerosol index daily summary from Satellite Earth Probe.

Adopted from TOMS web site. The arrow points to the location of the

instrument used for calculation of the AOD in Figures 5.5-5.6.

To illustrate the ability of the algorithm to process previously collected data,
the direct-sun measurements from January to May, 2004 made with Brewer #008

in Toronto, Canada were processed and the results are presented in Figure 5.8.

AOD at 320nm
Daily minimum
Daily maximum

Aerosol optical depth

Year 2004
Brewer #008, Toronto, Canada

Figure 5.8 Long-term aerosol optical depth calculations.

The daily maximums and minimums only are shown.
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Aerosol optical depth values calculated from the Brewer #031 located in the
Canadian Arctic in Resolute Bay have been compared to the AERONET spectral
radiometer data from the same location. Figure 5.9 shows good agreement be-

tween the two sets in the summer of 2004 for a wide range of AOD.
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Figure 5.9 A comparison of the aerosol optical depth results from the
Brewer #031 and AERONET spectral radiometer.

Resolute Bay, Canada. Plotted are daily mean values.
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5.3 Calculating the effective temperature of the ozone layer

Since the first attempts to extract information about the temperature of the
ozone layer from the Brewer data [Savastiouk, 1995], the technique has been
improved and more accurate temperature-dependent ozone cross-sections became
available. In this section, examples of the implementation of the technique are
presented.

To illustrate the technique, data from a two-year period collected with
Brewer #078 located in Lindenberg, Germany were processed. The calibration of
Brewer #078 was established using the traveling standard Brewer #017 in May of
2002. The data for processing were selected specifically to show how this tech-
nique can be used for processing past data. Only the data collected prior to the
calibration were used in this processing. Figure 5.10 shows the result of the
processing. For comparison purposes the graph also shows individual sonde flight
results and 60°N zonal monthly average temperature as measured with sondes at

altitude 25 km for 1979-1995.
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Figure 5.10 The effective temperature of the ozone layer.

Brewer #078, Lindenberg, Germany, 53°N, (data with 2.0<mu<2.5 only). Also
shown (in red) are individual sonde flight data for 2000-2001.

The agreement of the Brewer measurements with individual sonde flight tem-

perature results and the scatter of the (blue)
error of 2 degrees. Such calculations will

Brewer measurements.

points are consistent with calculated

be a valuable addition to the daily

These calculations can be applied to past data from the entire Brewer network

after the appropriate calibration against the traveling standard.
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5.4 Reducing the error propagation during calibrations

During the calibration transfer process the instrument that is being calibrated
and the reference instrument work side-by-side and take the direct-sun ozone
measurements during the day to have as large air mass factor range as possible.
This process continues usually for a few days after which the extraterrestrial
coefficients are calculated for the instrument being calibrated to have the least
deviation in ozone and SO, values from the reference instrument. Understanda-
bly, if the reference instrument produces ozone and SO, values with systematic
errors due to the presence of aerosol or non-uniform NDF attenuations, for exam-
ple, the instrument that is calibrated against it will have some of these errors
superimposed with its own. Using the improved algorithm, such propagation of
errors is greatly reduced, if not completely eliminated. In addition, the calibration
process becomes less dependent on the atmospheric conditions at the time of
calibration. High amounts of aerosol, ozone or SO, during calibration will not
introduce extra errors in the extraterrestrial coefficients. Also, the calibration is no

longer dependent on what neutral density filter was used in the process.

5.5 Ozone calculations using the visible part of the solar spectrum

In this section some of the results of calculating ozone from the visible meas-
urements made by these instruments are presented. There are four MKV Brewers
in operation now: three are located in the Canadian arctic and one in Oslo, Nor-

way.
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The first successful ozone measurements in the visible part of the solar spec-
trum with the Brewer spectrophotometer were done in 1997 [Donovan et al, 1997]

using data from Eureka, Canada.

500 | ]

- Tﬂ u UV direct sun n

L —#—— Red direct sun |_|

450 — o

- - -
A 400 - -
) - ]
c L _
S 350 - —
o | _]
Ei C ]
g W :
250 - -

200 - \ \ \ \ \ \ -

Jan Feb Mar Apr May Jun
Year 2000.

Figure 5.11 Daily mean direct-sun ozone values.

From UV and visible measurements. Brewer #042, Oslo, Norway.

The biggest advantage of the Brewer ozone measurements in the visible part
of the spectrum is for high-latitude station, where the UV measurements cannot be
performed during the winter season due to large solar zenith angles. Some stations
have converted their MKII (UV only) models to MKV models. The only station

outside Canada that did the conversion is Oslo University, Norway. After the
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conversion of the MKII to MKV, Brewer #042 in Oslo was on a special observa-
tion schedule to collect both visible and UV data®. The result of data processing is
shown in Figure 5.11. The ratio between the two daily averages is plotted in

Figure 5.12.
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Figure 5.12 Ratio between the daily means from visible and UV direct-sun

ozone result.

2 Finn Tonnessen from Oslo University kindly provided data from their MKV Brewer #042.
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Figure 5.12 shows that all data from the visible measurements are within 5%
from those from UV and most days the ratio is within 3%. If variations during the
day, which on some days were as high as 4%, are taken into account, the agree-

ment between the visible and the UV measurements is very good.
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6 Conclusions and recommendations

This dissertation has shown the potential of improvements to ozone data qual-
ity and accuracy in utilizing data from the Brewer spectrophotometer. A combina-
tion of theoretical and instrumentation work along with software programming has
been done resulting in better understanding, characterization and utilization of the
differences among the Brewer spectrophotometers. As a ground-based instrument,
the Brewer spectrophotometer can now provide a reliable means of anchoring
standards related to ozone trends calculations.

MKYV Brewers now have the means of collecting and processing the data in
the visible part of the solar spectrum. This modification of the MKII Brewer
spectrophotometer opens possibilities to improving the ground-based ozone
measurements at high-latitude sites.

As a general comment, the Brewer spectrophotometer provides a useful tool to
study the Earth’s atmosphere. With an adequate theoretical basis and data process
algorithm the Brewer spectrophotometer can be, and have been used for more than
just ozone and sulphur dioxide column observations. And even for ozone and
sulphur dioxide, the quality of the results can be improved by incorporating more
instrument-specific information into the retrieval algorithm.

It is very important to keep in mind that the improvements described in this
work apply to a network of ground-based monitoring stations, not simply to a
research instrument in a laboratory. The improvements are mainly in implementa-

tion; in making it work.
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6.1 Ozone and sulphur dioxide retrieval

It is strongly recommended that the improved algorithm for calculating ozone

and SO, be adopted. It will contribute to an overall better quality of the column

O3 and SO, data around the world. Elimination of errors coming from high O;,

SO, or aerosol presence will make global Brewer ozone network more consistent.

The satellite community will benefit from a well-established, consistent global

ground-based coverage that the Brewer ozone spectrophotometers provide.

The following changes to the existing software are needed in order to imple-

ment the recommendations:

Introduce neutral density filter attenuations for each operating wave-
length as instrument parameters

Introduce the weighting coefficients for calculating the second ratios as
instrument parameters

Calculate the Rayleigh corrections in real-time or make the corrections
instrument parameters

Introduce ozone and sulphur dioxide cross-sections at each operating
wavelength as instrument parameters

Add routine monitoring of the NDF

Use absolute rather than relative temperature coefficients

Modify the direct-sun observation routine to include calculations of the

aerosol optical depth in the UV
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6.2 Aerosol optical depth retrieval

The biggest advantage of this simple method of calculating the aerosol optical
depth is that it can be easily applied to all previously collected data. For the future
measurements these calculations can be incorporated into the main control pro-
gram for the Brewer spectrophotometer.

A special measurement can be dedicated to aerosol optical depth by taking
readings at two micrometer positions: one at the regular operating wavelengths
and the other at longer wavelengths where the effect of ozone is weaker. This will
provide more information about spectral behavior of aerosol, which can be used to
fine-tune the ozone algorithm for periods of strong aerosol presence.

Also, by exploiting the ability of some Brewer spectrophotometer models
(MKIV and MKYV) to operate in the visible part of the solar spectrum, aerosol
optical depth can be measured in two spectral regions (UV and visible) providing

even greater opportunity to retrieve optical characteristics of the aerosol.

6.3 Effective temperature of the ozone layer and

temperature-independent ozone retrieval

Although some progress has been made [McLinden, 2002], stray light correc-
tion is still an unresolved issue for the Brewer spectrophotometers. Fortunately,
this effect decreases as solar zenith angle decreases and reliable measurements of

the effective ozone temperature can be made. As with aerosol optical depth, a
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dedicated measurement with more than five wavelengths will provide more reli-
able temperature information.

Any efforts to measure temperature dependence of ozone absorption coeffi-
cients should be strongly encouraged. This information will improve present
understanding of ozone changes in the atmosphere and will contribute to increased
accuracy of ozone measurements.

Implementation of the effective temperature of the ozone layer will most
likely happen as an external from the main Brewer software program. Without a
very accurate set of temperature dependent ozone cross-sections it will be too big
of a step to introduce this measurement as a routine for the Brewer spectropho-

tometers.

6.4 Measurements in the visible part of the spectrum

MKYV Brewers provide an opportunity to have more ozone observations at
high-latitude sites. For example, in Fairbanks, Alaska it would be possible to have
ground-based ozone measurements all year round.

The advantages of MKV Brewers are not limited to high-latitude stations
since aerosol optical depth calculations in the visible part combined with those in
the UV will provide information about the optical properties of the aerosols,
something that is of increasing interest in the modelling community.

One recommendation is for the manufacturer of the Brewer spectrophotome-
ters to make the instruments so that they can point to the sun at the horizon as it is
specified by the design. Right now most instruments can only see the sun above
85 degrees zenith angle.

129



Since there are no known disadvantages in converting MKII Brewers into
MKYV, it is recommended to increase the number of MKV Brewer spectropho-
tometers to further investigate the aerosols. It should be noted that MKIV Brewers
(single monochromator, UV and blue visible region) are also capable of providing
aerosol optical characteristics, but at wavelengths near 450 nm rather than 600 nm.

Together, a MKIV and a MKV can provide very useful aerosol data.
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Appendix A. Summary of Brewer #029 instru-

ment’s constants

SIit 0 Slit 1 Slit 2 Slit 3 Slit 4 Slit 5
DC1.nm | 281789 | 286.162 | 290.130 | 293.803 | 297.403 | 300.782
3
Dfnjs’t‘;;) 573283 | 5.69173 | 5.63995 | 557652 | 545635 | 541566
8
1?;/38;;9 282852 | 324225 | -3.54938 | -3.62957 | -2.61613 | -2.88793
Operating
wavelength, | 302.137 | 306.284 | 310023 | 313479 | 316774 | 319.966
nm
Shtrmdth’ 0.7720 1.142 1.113 1.113 1.096 1.074
?izibz;rﬁ' 1783 1006 | 06774 | 03747 | 02961

Table A.1 Dispersion characteristics of Brewer #029.
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Established during the dispersion test.




Slit 1

Slit 2

Slit 3

Slit 4

Slit 5

TC, °C’!

-0.42349

-1.1035

-1.5324

-2.2273

-3.7743

Table A.2 Temperature coefficients for Brewer #029.
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