Figure 6.46 Comparison of in-situ DOAS (blue) and EPA-CL (red) for the concentration of NO, and
correlation 28-30/09/11 the large difference on the third day (30/9/11) affects the data giving the
line on the scatter plot a slope of 5.4. 186

Figure 6.47 Comparison of the average EPA-CL and in-situ novel-DOAS data for 5 consecutive days
(L~10 km). There is a clear correlation between both sets of data obtained by the two different
methods. 187

Figure 6.48 Comparison of average CL and in-situ novel-DOAS for 4 days (L~ 6 km 10 km 10 km 6 km
respectively). Although there is some comparison in these results the variation in the estimated
pathlength determined by comparing the two sets of data suggests the results were not conclusive.

188

XVii



2.6 Differential absorption coefficient o’ of NO,

The Beer-Lambert law in equation 2.17, states that the absorption is directly
proportional to the product of concentration of a gas and the fixed path length over which
the measurement takes place. The spectrum of o is proportional to the absorption spectra of
the gas being measured so each value of o corresponds to the same absorption feature at the

same wavelength related by the Beer-Lambert law.

The Differential Absorption is determined using more than one wavelength,
as shown in figure 2.7. So the wavelength dependent (1) is replaced with the differential
form of o’. Using the characteristic spectra of (1) shown in figure 2.4 [26, 46] and choosing
a feature within 400 nm to 500 nm then with equation 2.18, a value for differential
absorption cross section ¢’ can be calculated:

7 (=016 + (@2 + DX G s
3
Figure 2.8 shows the characteristic absorption cross section (coefficient) spectra (in
gravimetric units m*ug™) for NO, compiled by the five different studies from 1987 up to
2003 referenced in Section 2.4. It shows prominent features between 430 nm and 440 nm.
The significant features with data-tips indicating each wavelength peak and trough are

displayed. The constant o’ can be used to determine the mass concentration in pgm™,
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107 Absorption Coeficient 425nm - 450nm: Schneider(1987),Vandaele(1998) Burraws(1996)
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Figure 2.8 Absorption Coefficients, a, data from literature sources Burrows 2000,
Schneider 1987, Vandaele, Burrows 1998, Bogumil 2003 cm?mol™ (x10™°). The largest
differences are between Schneider data and the others as the data is much older and

the resolution of the instrument used was not as sophisticated as the others. [4]

Converting from concentrations in ¢, (molec.cm™) to ¢y, (ugm™) (see section 1.5) is
sometimes necessary when comparing data described in the DOAS literature and can be

done using the conversion formula (Equation 2.19).

Nm - Nn X ivl 9y-1
N, (10° x10°)

Equation 2.19
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M=Molar mass e.g. NO; = 46 gmol™, Na=Avogadro’s number 6.02 x 10* molecules, unit

scale conversion (i.e. mg to pg and mol/L to pg/m™®) = (10°x10%)™.

It may be necessary to convert from ppb to pg/m=, which is performed by
multiplying the ppb concentration by 0.532. If c’(A) and | (1) can be calculated for a
concentration over a known pathlength L, then a method for measuring a gas without a
known reference is possible. This method using equations 2.15 to 2.18 forms the basis of

the algorithm designed for this research.

2.7 History of differential optical absorption spectroscopy

DOAS has been in use as a technique for monitoring gaseous pollution since the
1970s [46], although earlier spectroscopic methods to measure light absorption to
determine ozone distribution had been developed as early as 1925 by Dobson et al [26]
based on observations of the ozone absorption lines in the atmosphere by John William
Strutt [6]. These early techniques relied on two wavelengths and the Beer-Lambert law to
determine the height of the ozone layer in the atmosphere. Advances in spectroscopic
techniques and technology led to greater accuracy in atmospheric measurements whereby
several wavelengths could be used with broadband artificial light sources and long term

measurements could be taken of several pollutants in urban areas.

The technology developed in the 1970s by Noxon (1975), Perner (1979) and others
involved using several wavelengths to determine concentrations of ozone and nitrogen

dioxide in the atmosphere. Platt and Perner [47] developed DOAS with an artificial light
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source over a long path of up to 10 km for conditions with high visibility. For a path of 3.9

km they were able to detect NO, at 5 ppb or 10 pg m™.

Over the last thirty years, DOAS has been developed further with advances in
spectrometer sensors such as charge coupled devices and photodiode arrays [48] as
detectors and light emitting diodes as emitters [49]. These developments have been largely
focussed on scientific studies of the atmosphere and volcanic emissions, but there has also
been a focus on urban pollution [5]. The DOAS method has also been used as the basis for
remote sensing devices such as balloon measurements and satellite measurements [50, 51].
It is worth comparing the various ways in which DOAS can be applied. Section 2.8
explains the two main approaches to DOAS, active and passive. Section 2.9 explains some
of the theory behind light scattering measurements in the atmosphere and the more recent
methods employed using DOAS and how they relate to the method developed for this

research will be covered in chapter 3.

2.8 Active and passive differential optical absorption

spectroscopy

There are various methods for detecting pollution concentration using DOAS.
Among these techniques are those that use a fixed artificial light source with a known

pathlength and those that use natural light where the pathlength may vary.
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What follows is an explanation of these types of measurements and the various
forms the results can take. As our system is also being developed to detect NO,, particular
attention is given to how well they are suited for measurements of its concentration in the
atmosphere. It is worth noting that this research aims to ultimately measure concentration
of NO; pollution, although some of the methods described here produce results as a product
of ¢ and L known as column density. Measurements have been performed using the
developing system to examine some of these methods and how they could be used to reach

the objectives of this research. The most common forms are illustrated in Table 2.1 [50].

Method Light Source
1. Commercial DOAS Xenon Lamp
2. Direct Sunlight DOAS Sunlight
3. Solar Zenith measurement Vertical measurement of  Troposphere and
Stratosphere
4. MAX-DOAS Ambient Solar Light
5. Satellite Sun, Moon and light reflected off the Earth’s surface

Table 2.1 Various DOAS methods and the light sources employed

28.1 Active DOAS

In table 2.1, method 1 relates to the commercial methods developed by companies
such as OPSIS in Sweden which use a high power xenon lamp to emit a focussed beam of
light along a fixed path. The xenon lamp has a broad spectrum from below 300 nm to 1100
nm. This source is suitable for the detection of a variety of analytes including NO,, SO,, O3

and organic molecules like Benzene. The light from the lamp is directed towards a receiver
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or retro-reflecting mirror using a collimating mirror positioned ~ 74 cm from the lamp, as
shown in figure 2.9. The lamp and mirror are enclosed in a stainless steel tube to protect

them from bad weather conditions.

Figure 2.9 OPSIS system emitter housing on the roof of DIT Cathal Brugha Street

The receiver is enclosed in another tube with a collimating mirror to receive the
beam and direct it onto an optical fibre. The other end of the fibre is connected to an
analyser and transmits the received light onto a diffraction grating. The grating divides the
light up into its constituent wavelengths much like a prism and this light is reflected onto a
PMT that converts the received light into an electrical signal. The intensity of the signal is
measured and used to form a spectrum of the light received by the PMT. This spectrum is
analysed using a fitted 50 degree polynomial across the range of wavelengths measured

which acts as a substitute value for I,. The pollutants being analysed are identified by the
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operator so that the software can then determine the average concentration of each pollutant
over the fixed pathlength, L. The software already will contain a database of the absorption
coefficients for each analyte. In chapter 3, section 3.2 the applications of active DOAS and

its disadvantages are described.

2.8.2 Passive DOAS

The methods 2-5 in table 2.1 use ambient or direct sunlight to determine gas
concentration. Platt describes the methods using ambient light as Passive DOAS as opposed
to those using artificial sources as Active DOAS [6]. These Passive methods have been
primarily used for scientific research and the instrumentation used is also described in more
detail in chapter 3. One factor that these methods have in common is the problems of

determining accurate concentrations with a varying pathlength.

Column density is one way in which the need for determining a path length is
avoided by calculating instead the product of the concentration, ¢, and the path length, L.
The columns used then are either the Vertical Column Density (VCD), seen in equation
(2.19) where the instrument is directed toward the zenith, or the Slant Column Density
(SCD) as in equation (2.18). As column density is the product of ¢ and L its units are

usually given in modified D.U. molecule cm™ (mass equivalent: m’ug™).

The Vertical and Slant column densities are related by the Air Mass Factor or AMF
as described in (2.20). This is a quantity used to describe the thickness of the atmosphere.
The magnitude of the AMF has been shown to be dependent on aerosol concentration and
altitude. It can be determined with accurate measurements of Oxygen molecules different

altitudes.
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AMF = SCD Equation 2.20

VCD

Comparing the terms SCD and VCD to the two forms of the Beer-Lambert law described in
equations (2.13) and (2.17), we can see mathematically how the forms of ambient light

measurement techniques in table 2.1 and the results obtained are related.

og()

(24

SCD = Equation 2.21

VCD =cL Equation 2.22

The AMF can be determined geometrically from the Solar Zenith Angle (SZA) the angle

between the Sun and the Zenith of the ground based instrument [6].

AMF =~ 1 Equation 2.23

cos(sza)

2.9 Light scattering effects on the pathlength measured by

DOAS instruments

Scattering of sunlight occurs as it travels through each layer of the atmosphere.
DOAS measurements with sunlight can be achieved in three different ways: Direct
sunlight, zenith scattered light (ZSL) and off-axis measurements. Direct sun measurements
require the detector to be aligned directly with the Sun throughout the day. This can be
difficult to do, as the instrument would need to be capable of tracking the Sun as it moves

across the sky. But the AMF in this approach is inversely proportional to the elevation
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angle of the detector (equation 2.20). ZSL and off-axis measurements measure indirect as
wells as direct sunlight. A disadvantage of using indirect sun measurements is that the light
passing through the atmosphere can be scattered in directions where the path taken is less
than the path taken were no scattering occurs. Because of this the value for the column
density is lower than actual column density. This is illustrated in figure 2.10, where the
pathlength taken by the light received by the detector at elevation angle o is shorter than

that received by the detector at elevation angle o,

N

Figure 2.10 Lower scattering altitudes of sunlight entering a DOAS receiver. Note the
different pathlength of the lower elevation angle as a result of scattering in the trace

gas layer. [32]

Zenith scattered light (ZSL) measurements involve directing the detector
perpendicular with the horizon. These measurements are predominantly used for
stratospheric measurements of the atmosphere [46, 52] where the column densities were

determined by the thickness of the atmospheric layers, air mass and viewing geometries at
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different elevation angles and solar zenith angles (SZA). The SZA is the angle between the

zenith of the detector and the Sun.

Off-axis measurements are conducted by recording spectra at angles between the
zenith and the horizon. The zenith measurement will contain data of the troposphere and
stratosphere and the horizontal measurement will predominantly be the troposphere, so a
differential slant column density can be determined by subtracting the zenith SCD from the
horizontal SCD. This is assuming that the zenith measurement only contains a fraction of
the tropospheric content. A more sophisticated version of off-axis measurement is the
Multi-Axis Differential Optical Absorption Spectroscopy or MAX-DOAS. These
measurements are made using several detectors positioned to monitor several elevation
angles between the horizon and the zenith [32]. The modern miniaturised spectrometers are

ideal for this concurrent measurement [48].

2.9.1 Atmospheric measurements with light scattering effects

Taking into account the scattering by different sized particles allows the terms for Rayleigh,

€r, and Mie, gp, scattering to be included in the Beer-Lambert equation 2.24 as follows:

lo(1)
(1

In =a(A)cL + &5 + &,

Equation 2.24
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The er and &, terms represent broadband scattering as opposed to the narrowband
absorption features of gases such as NO, Therefore they can be ignored when using the

calculation on an individual feature.

The scattering in the atmosphere is described by Honniger et al [32] as occurring in
trace gas layers in the stratosphere (figure 2.11 top) and close to the Earth’s surface where
there is greater air density(figure 2.11 bottom). In each scenario shown in figure 2.11, the
path taken by the light through the trace gas layers, ds, is longer than the thickness of the
layers, dz, and the column densities of each are related by the AMF. The Albedo, which is
the reflection of sunlight off the surface back into the atmosphere, can increase the amount
of scattering and as a result will increase the pathlength through which the light received by

a detector travels.
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Figure 2.11 Scattering altitudes of the light entering a DOAS receiver, the darker
areas represent two trace gas layers through which the light travels. The slanted path

is represented by ds and the vertical path by dz. [32]

2.9.2 Radiative transfer models, RTMs

To make accurate studies of the atmosphere using ambient sunlight, as in zenith
scattered and off-axis measurements, the light received by the detector can be modelled as
it passes through the atmosphere. The models can use two types of scattering that occur

which are single-scattering [53] and multiple-scattering [54] of the light depending on the
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atmospheric conditions. Some of these models can be complex and involve sophisticated
mathematical techniques; various models used include SCIATRAN (Bremen-Germany ,
single and multiple scattering) [55] and TRACY (Heidelberg-Germany, single and multiple
scattering) [48, 55] and MCARaTS (Monte-Carlo Radiative Transfer Model (RTM),
Iwabuchi [56] 2006). An intercomparison of RTMs by Hendrik et al (2005) [55, 57] shows
that there is very little difference between the single and multiple scattering models for NO;
compared to BrO, most likely due to the wavelengths used to determine the slant column
densities (352 nm for BrO and 422 nm for NO,). Hendrik et al. also show that there is an
increase in NO, concentration at high solar zenith angles i.e. when the Sun has dropped

below the horizon.

2.9.3 Diurnal variation in slant column density

Figure 2.12 shows the variation of the differential slant column densities determined
by variation in slant column density for NO,, O3 for 20 May 2004 by Leigh et al [58]. The
darker blue line in each of the graphs represents the zenith and the light blue, green and
yellow represent 15° 10° and 5° detector elevation angles. The differences between the
zenith and lower elevation angles show the how the stratospheric SCDs can contrast with
the tropospheric SCDs. For example, the Oz measurements (b) show no significant
differences between the stratospheric and tropospheric variation at the beginning and end of
the day. The increases and decreases for O3 are primarily due to the changing solar zenith
angle at sunrise and sunset. The NO, in (2.12 a) displays a high SCD (molecules/cm?) in

the morning and again in the evening for each elevation angle. This is most likely due to
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photochemical effects, as the sunlight is parallel to the Earth’s surface during twilight. The
strong peaks between 8am and 12pm are likely caused by higher traffic congestion which
would also play a part in the late evening increases. The dark blue colour represents the
zenith measurement and the light blue, green and orange represent the elevation angles 15°,

10° and 5° respectively.

(a) NO, (b) O3
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Figure 2.12 Variation in slant column density for (a) NO,, (b) O3 for 20 May 2004 in
Leicester in the UK Leigh et al [58] from 4am to 10pm. The O3 has maximum
column densities at night (see text). During the day they mix with other molecules

such as NO forming NO; so their column densities are near 0 during the day.
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2.10 Summary

To develop a method to detect NO, concentrations in the atmosphere using ambient
sunlight, the processes governing the transmission and absorption of the electromagnetic
radiation in the atmosphere need to be understood. It has been shown that the major
scattering effects on sunlight in the atmosphere are the elastic scattering (Rayleigh and

Mie) and the inelastic scattering (Raman).

Rayleigh and Mie scattering are the result of photons colliding with small molecules
and PM in the atmosphere. The energy of the scattered photons is the same after scattering.
Inelastic Raman scattering occurs when a fraction of the photon energy is lost or transferred
to a molecule, which is smaller than the incident light’s wavelength, in the atmosphere.
Light can also be absorbed in the atmosphere when incident photon energy is changed by
molecules after a collision. The solar spectrum measured from the ground can be used to
monitor scattering and absorption. However the spectrum will also contain features of
Fraunhofer lines that are caused by sunlight absorbed by elements in the outer layer of the

Sun.

The amount of light absorbed by gas pollutants like NO; in the atmosphere is
determined using the Beer-Lambert law (equation 2.8). The absorption coefficient a(A)’ is
used to determine the magnitude of the gas concentration using the Beer-Lambert law. The
profile of the absorption coefficient spectrum is also the characteristic absorption profile i.e.
the characteristic absorption wavelengths of the gas, NO,. To determine a value for

absorption a reference measurement is required with no absorber present. However, in the
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Earth’s atmosphere there is always some trace amount of pollutant gases due to chemical

mixing in the atmosphere.

DOAS has been proven to be a successful alternative when the reference
measurement cannot be found, equation 2.14. The technique involves the calculation of a
mathematical value |,” from the observed spectrum which will show attenuated features
caused by absorbers. The differential absorption is determined using equations 2.12 to 2.14.
For NO; the wavelengths in the near-uv to visible region of the e/m spectrum are 350 nm to
580 nm (see figure 2.5), with dominant features between 400 nm and 450 nm. The
differential absorption coefficient at 400 nm to 500 nm is used for this region is (1)’ = 2.6

x 10™°cm’/molec. (3.4 x 107 m’ug™ in gravimetric units)[13].

It has also been shown that DOAS can be employed as either an active or passive
approach. The active version uses artificial light sources positioned a fixed distance from
receiving optics, sensor and datalogger. The passive system uses ambient light to
determine concentrations or column densities of gas pollution. The novel-DOAS system
developed in this research is being developed as a passive DOAS system to measure NO,
concentrations but can also be adapted to use artificial light sources for low light level
measurements. One major difficulty in measuring ambient sunlight for DOAS is the
scattering effects on the pathlength travelled by sunlight through different layers of the
atmosphere. Several attempts have been made in the last few decades to explain the
scattering effects on absorbers using radiative transfer models and carefully selected
reference measurements. Chapter 3 will describe in further detail the latest technologies
used to monitor NO, in the atmosphere and the various ways that passive DOAS techniques
can be employed.
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CHAPTER 3 Active and passive DOAS instrumentation for NO,

detection

3.1

3.1lIintroduction

The developments in the past few decades of inexpensive DOAS methods have
made it possible to develop a portable novel-DOAS system that is adaptable and
comparable to established monitoring techniques. Current miniaturised spectrometers are
low cost and allow a variety of optical arrangements for gas monitoring in the laboratory
and outside in urban environments. Section 3.2, 3.3 and 3.4 outline the different DOAS
applications and developments that have occurred in recent decades and the satellite and
correlation spectrometry (COSPEC) methods that use optical absorption spectroscopy[6].
Sections 3.4 to 3.7 will describe the specific issues that are required in the development of

an inexpensive portable novel-DOAS system with flexibility in application.

3.2 Current DOAS applications for NO, detection

DOAS has been developed for commercial and scientific applications since the

method was first used to monitor atmospheric gases [26]. The commercial applications of
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DOAS have been primarily for urban traffic and industrial monitoring. Table 3.1 lists the

disadvantages for a commercial DOAS operation.

System requirement Disadvantage
High building roof tops
Location Fixed positions

Requires locations for receiving and emitting components

Permanent mains supply needed for PC and spectrometer

Power supply Mains supply also required when receiver is motor operated

Calibration performed by industry professional

Calibration Calibration cells needed for each analyte

Instrumentation needs to be operated by trained professionals

Maintenance .
Replacements of lamps and software packages are expensive

DOAS systems usually operate with a datalogger, controller unit,

Concurrent data systems wind speed monitor and light level monitor.

Table 3.1 System requirements and disadvantages of commercial DOAS

instrumentation

The instrumentation for these systems has been primarily based on active DOAS i.e.
with artificial light sources over a fixed pathlength, as seen table 3.1 [28, 59]. There are
also more recent commercial passive DOAS systems, table 3.5, such as the Hoffmann
Messtechnik GmbH [60] mini-MAX DOAS. Other remote sensing methods are similar to
passive DOAS, like COSPEC and the recent flyweight correlation spectrometry FLYSPEC
which uses miniaturised spectrometers and there are other applications in which DOAS is
used other than ground based monitoring such as satellite and high altitude balloon

measurements, see table 3.4.
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Single /Double path

1970s-present

Multiple Path

1980s-present

Multiple reflection cells

Late 1980s-present

Multiple path tomography (2D-3D) 1990s-present

Table 3.2 Active DOAS developments from the 1970s to the present

Commercial active DOAS systems such as OPSIS AB (Sweden) and SANOA
(France) are capable of monitoring such gases as SO,, O3, and NO, and volatile organic
molecules like formaldehyde (CH,0) and Benzene (CsHg). The detection limits for various

compounds using the SANOA instruments are listed in table 3.3[61].

Compound Chemical Formula Detection Limit, ppb
Sulphur Dioxide SO, 0.2
Nitrogen Dioxide NO, 0.6
Ozone O; 0.6
Benzene CeHe 0.9
Formaldehyde CH,0 1.1
Nitrous Oxide HNO, 0.9
Nitric Oxide NO 1.5

Table 3.3 Typical detection limits for the SANOA commercial DOAS system

To put this into perspective the annual average for NO, between 2002 and 2011in

Ireland was no greater than 25 ppb and no less than 2.5 ppb [17]. Although the active
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systems are very accurate, they also have significant disadvantages for long term
applications, both economic and instrumental. In section 3.8, a cost analysis of the different
methods described is provided. The sources of the instrumental disadvantages of large
commercial DOAS include the choice of location, power supply, calibration, maintenance
and concurrent data systems.

These systems require elevated locations, usually roof tops above the average
building height in an urban location. The receiving optics is connected by an optical cable
to a spectrometer located inside the building which is in turn connected to a PC used for
analysis. The PC and spectrometer are powered by the mains power supply. The PC is used
to specify the gases to be monitored and the pathlengths under investigation. The OPSIS
software also allows the user to troubleshoot to determine causes of malfunctions [28]. But
the software and physical components are expensive to replace and space and access are
needed for operation. The rooftop locations may also have health and safety issues
depending on their specific locations.

The passive DOAS methods have been used in various ways to monitor gas
densities and concentrations using ambient light. Tables 3.4 and 3.5 summarize some of the
various applications that have been studied. The different compounds O3, BrO, SO, and
NO; can be used to illustrate the development of passive DOAS applications. O3 has a well
known absorption profile and Bromine monoxide (BrO) [62, 63] has been shown to reduce
stratospheric ozone levels and has been detected in the stratosphere by DOAS since 1989.
SO, is present at high concentrations in volcano emissions as well as being in urban areas
and can be very harmful to human health at high concentrations. Several variations of the
DOAS technique have been employed to monitor SO, emission and notable results and

advances in DOAS have been developed from volcano measurements [64]. NO, has been
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monitored since the 1970s e.g. Kroon, Noxon, etc., using DOAS techniques. Like SO, it is

a harmful pollutant affecting respiration. As it absorbs light in the uv-visible region of the

spectrum, 350 nm to 460 nm, it can be detected using ambient sunlight and a range of

available light sources. NO; is also a secondary pollutant because it can form NO and O3 in

the presence of sunlight. The O3 can then react with NO to form NO; in the photolysis

cycle (as seen in chapter 1) and has been measured spectroscopically using ambient light

since 1926 by Dobson [26].

Direct _ Dob_son 05 (1930s)
sunlight Moonlight, aircraft (1980s — present)
Balloon(03, NO,, SO, ) (1990s-present)
g((:aarl]tltt:re d Brewer (O3, NO,) (1980s-present)
Off-Axis (1980-1990)
Satellite (1990s-present) GOME, SCIAMACHY etc.
MAX-DOAS (1990s-present) pollution, stratosphere, volcanoes, commercial use
Imaging 2000s-present NO,, SO,, volcanoes

Table 3.4 Passive DOAS development from 1930 to the present
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No. Application of MAX-DOAS, off-axis DOAS

Source and location

Von Freideburg, Wagner et al

1. Trace gas profiles )
2002, Heidelberg [54]
Morales, Walsh, 2005 Dublin
2. Comparison of NO, and commercial DOAS ]
city[5]
Honniger, Platt 2002, various
3. Tropospheric NO, locations arctic boundary layer,
Heidelberg[32]
4. Aircraft mounted off-axis DOAS Petritoli, 2002, Argentina[65]
) o Bobrowski, et al 2003, Soufriere
5. Volcanic emissions of BrO )
Hills volcano (Montserrat)[66]
) Melamed, Mexico City 2009[67,
6. Pollution transport

68]

7. Sun-illuminated targets to detect various trace gases

Frins et al, Heidelberg, 2006[68]

8. NO, observations from research vessel

Takashima 2011 Western Pacific

and Indian ocean[69]

Intercomparison of MAX-DOAS and zenith sky for
9. NO; and O, using 22 variations of DOAS

measurement

Roscoe et al 2010 Lopik the
Netherlands[48]

Table 3.5 Summary of some of the various applications of passive DOAS which

illustrate the versatility of method

To detect these trace gases, several DOAS approaches have focussed on the vertical

profile of gases such as O3 and NO,. The development of inexpensive, robust miniaturised

spectrometers has meant that significant advances have been made in applying the DOAS

method to atmospheric monitoring. With charge coupled device (CCD) sensors that provide
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spectral resolution that is suitable for the identification of the common trace gases, ground
based measurements using zenith viewing DOAS, off-axis and multi-axis measurements
have been combined with results from DOAS instruments on aircraft [65], balloons [6] and
satellites [70]. Studies have been performed of the effects of light scattering by clouds [71],
light reflection off buildings [72] and comparisons with other ground based instruments
[73]. Overall these studies have proven passive DOAS applications to be incredibly
versatile and flexible in application for scientific studies. It has the advantage that it can be
developed for specific purposes e.g. volcanic observations and marine atmosphere
observations. For commercial application of MAX-DOAS, there has been relatively little
achieved in applying these methods [60]. The disadvantages of the passive DOAS methods
can depend on the specific application, the analytes examined and the section of
atmosphere under observation. The passive approach can be affected by meteorological
conditions which cause scattering of light traversing the atmosphere (section 3.6) and
interfering species are difficult to identify when analysing the complex spectrum of direct

and indirect sunlight, see table 3.7.

3.3 Satellite monitoring of NO,

A major application of passive DOAS has been its use in satellite instruments for
several international missions. Table 3.6 summarizes the different missions responsible for
the detection of NO, although there are other satellite platforms for other atmospheric gases
and pollutants [50, 70, 74, 75]. Not all the satellites in table 3.6 are currently operational

but future missions will include NO, monitoring instruments.
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Instrument Platform Year Orbit
ATMOS-atmospheric trace ATLAS 1992-1994 Inclined
molecule spectroscopy
GOME—g!ong ozone ESA, ERS-2 Present Polar, sun
monitoring synchronous
GOME-II METOP1-3 06-10/11 Polar, sun
synchronous
GOMOS-global ozone Polar. sun
monitoring by occultation ENVISAT 2002 to 2012 ’
synchronous
of stars
ODUS-ozone dynamic UV | 50z aq Japan 2005 Inclined
spectrograph
OMI-o_zone monitoring NASA-EOS 2004 Polar, sun
instrument synchronous
OSIRIS-optical Polar. sun
spgctro_graph and IR ODIN-Sweden 2001-present synchronous
imaging system
POAM lI-111 polar ozone SPOT-3, SPOT-4 1993-1996, Polar, sun
aerosol measurement 1998-present synchronous
I-NASA atmospheric
explorer
- 1-1979-1981,
SAGE I-1ll stratospheric | ' -Earth radiation 11-1984- .
! budget satellite Inclined
aerosol gas experiment 11-Meteor 3M present, I11-
. . 2001-present
international space
station
SCIAMACHY -scanning
imaging absorption B i Polar, sun
spectrometer for ESA -ENVISAT 2001-2012 synchronous
atmospheric cartography

Table 3.6 Satellite Monitoring instruments for NO, and O3 [6]

DOAS is an ideal method for monitoring the atmosphere remotely by satellite when
ambient sunlight is the primary available light source. Satellite orbits for scientific
monitoring of the atmosphere are described as Low Earth Orbits (LEO). The satellites are
positioned approximately 100 km above the Earth’s surface at an angle of 96°. The angle

position is to maintain a Sun synchronous orbit where the satellite passes the same location
66



at the equator on every orbit at the same local solar time. This ensures that the same shadow
positions are observed each season. The orbits travel from pole to pole taking over 90 mins

to traverse the complete each time.

The satellite observations are made either by nadir or limb or in the case of the
SCIAMACHY measurements were made for both. The nadir viewing is taken when the
satellite instrument is looking directly down over the Earth and the limb viewing is a
measurement through the atmosphere of the Earth’s surface. The spatial resolution of the
satellite’s view is determined by the length and width of the track it monitors. For example,
the OMI has a spatial resolution of 13 km along its track and 24 km across the track (nadir).
The GOME-II has a spatial resolution of 40 km (along) and 80 km (across track) with a
complete global coverage of 1.5 days. The SCIAMACHY had a spatial resolution of 30 km
by 60 km and a coverage of 6 days because it alternated (discontinued in 2012) between
limb and nadir views[76]. During orbit, the ENVISAT satellite carrying the SCIAMACHY
payload would view the Sun directly. This is the occultation mode were the data recorded is
as a reference with the data collected from nadir and limb viewing. The occultation viewing
will also be made of the Moon in the southern hemisphere [77]. As these measurements use
scattered sunlight as a source for DOAS measurements, the pathlength is impossible to
determine so the data is represented as a column density, i.e. molecule/cm® The
SCIAMACHY instrument was capable of gathering data on a range of molecules e.g. Os,
NOx and CO, as well as aerosols and cloud density. The broadband wavelength range
observed by SCIAMACHY was between 214 nm to 1773 nm with narrow bands 1934 nm

to 2044 nm and 2259 nm to 2386 nm.
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The image in figure 3.1 shows the monthly mean tropospheric NO, column density

taken by the GOME Il which has the same orbit as the ENVISAT (SCIAMACHY). The

NO, data is recorded in units of 10*> molecules/cm? for May 2013. The blue and light blue

over Ireland indicates a low column density average for NO, with higher densities other

regions e.g. northern Italy and northern Germany. The highest pollution regions of the

planet are invariably close to major cities.

The satellite pictures are constructed by creating an image using numerous Sensors

designed to measure a broad spectral range. Narrow band ranges are also used to create the

spectral and radiometric detail in the images. Each pixel is directly proportional in size to

the area on the Earth’s surface being observed. It is crucial for the satellite sensors to have

reasonably high resolution to create as detailed an image as possible. They should also have

a high signal to noise ratio [42].

GOMEZ2 tropospheric NO, May 2013 KNMI/IASB,/EUMETSAT

www.temis.nl ST KNMI/IASE/EUMETSAT

NQ, tropospheric column [10'® molec./cm?]
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Figure 3.1 Monthly mean tropospheric column density of NO, May 2013 obtained by

GOME |1 satellite[78]. The highest column densities have a red/pink colour.

The accuracy of satellite data as a remote sensing technique for monitoring the
Earth’s atmosphere relies significantly on clear skies and exact positioning of the satellite.
The satellites in table 3.4 are in polar orbits and are used to monitor the entire Earth surface
so a real time continuous update of NO, above countries with large cloud cover like the
Republic of Ireland is not possible. The lifetime of the instrument depends on the
equipment used which is expensive and is based on tightly controlled timetables by the

relevant space agencies.

3.4 Correlation spectroscopy using miniaturised spectrometers

COSPEC [79] was developed in the 1970’s in Canada to monitor industrial smoke
stacks. In figure 3.2, the apparatus for a correlation spectrometer is shown. The instrument
operates by taking measurements and comparing them in real time to samples that rotate
within the path measured by the detector. This allows the instrument to continuously assess
the accuracy of each measurement and correct for any interference such as cloud cover
reducing the light level. COSPEC has been successfully applied to the monitoring of
volcanoes in the last few decades. The early systems used for this application, however,
were vehicle mounted. Because of the conditions and locations of some volcanoes,

miniaturised spectrometers have been used instead. These spectrometers have also made it
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possible to reduce the size of the COSPEC apparatus leading to a smaller portable device

known as a FLYSPEC [79].

3.5 DOAS software applications

Analysis of recorded spectra by software has led to different approaches.
The OPSIS and SANOA commercial systems use their own platforms recently based on the
windows operating system. Early versions of the OPSIS software were DOS based with
input parameters required for the path length and which analytes where to be monitored.
The OPSIS software (EmVision) records a spectrum of the received light from a Xe lamp
source which is fitted to a pre-recorded lamp spectrum in the system memory. The
measured spectrum is divided by the lamp spectrum and a raw spectrum is left with an
absorption spectrum with broadband and differential features as described in chapter 2. A
5" degree polynomial is fitted to this spectrum and divided into the absorption spectrum.
The result represents the differential spectrum from which the pollutant concentration is
calculated. The DOS operating system could record a spectrum every 60 seconds but could
operate slower to match EPA standard methods (every 5 minutes).
Current passive DOAS systems use various software applications such as DOASIS
to analyse measured spectra. The software records the spectrum of light received by a
miniaturised spectrometer and allows the user to perform several mathematical functions to
determine the SCD of the analyte.
DOASIS is capable of keeping a Fraunhofer spectrum and reference spectra on file

for whole spectrum analysis. The WinDOAS [80] system is a Belgian spectral analysis
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program that operates similarly to DOASIS. In recent years, WinDOAS has been updated
to QDOAS [48], which is a multi-platform derivative of WinDOAS. Both programs
perform the analysis of atmospheric spectra using sophisticated software analysis including
such techniques as wavelength calibration, convolution and other various cross section
analyses to eliminate small wavelength variations caused by the Ring effect (section 2.3)
and changing solar zenith angles. Instrumental effects such as offset and dark current are
also accounted for in the analysis.

The output of these analytical approaches to MAX-DOAS is the vertical column
density, with the AMF determined using RTMs which determine the AMF using the known
profiles of absorbers such as O4. An intercomparison of RTMs performed by Hendrik et al
(2005) showed that, although there were large differences between RTMs for aerosols
(large oxygen molecules) there was little differences when the ground albedo (reflection
from ground surface) and relative azimuthal (direction measured by the detector) was used
to determine the AMF.

An alternative simplified method to these software packages can be achieved using
other software such as Matlab-2007a, further detail in chapter 4 and Appendix Il, which is
used to analyse narrowband features only. As in the early methods to determine ozone
concentration and density developed by Dobson (1931) and G6tz (1926), an “Umkehr”
method [81], using the variation between the intensity of more than one wavelength, can be
used. Once the coefficient o profile is known and the instrumental dark and offset can be
accounted for, the unique absorption features can be identified and, using the equations in
chapter 2 (equations 2.12 to 2.15), the differential absorption can be computed. Table 3.7
outlines the advantages and disadvantages between the different methods. The polynomial

smoothing and cubic spline methods are very accurate and allow the user to calculate
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concentrations of absorbers along a broad wavelength region. But their results can be
affected by interfering species and variations in the attenuation features of the raw intensity
spectrum by Fraunhofer lines and the Ring effect. The single feature approach is focussed
on the analysis of the attenuation at a minimum of three wavelengths. To minimise any
possible errors in the single feature approach, the detector must have a high signal to noise

and good resolution for the identification of attenuated intensities.

Method Advantages Disadvantages
Single feature analysis Simple and quick S/N: worse by subtraction of
two measured values
Polynomial Smoothing Polynomial derivation, Loss of measured points,
degree of polynomial end of spectrum, problems
with sharp peaks
Cubic Spline Entire Spectrum, good Large influence from chosen
linear parameters

Table 3.7 Advantages and disadvantages of spectral analysis methods using one or

more attenuation features in the raw intensity spectra

3.6 Viewing geometry and the optical pathlength through the

atmosphere

Determination of the pathlength in passive DOAS within the troposphere relies on
several factors, including an estimation of the height of the urban pollution layer (UBL, see
chapter 1) above the ground, atmospheric conditions and local topography[82]. The MAX-

DOAS technique uses a detector directed at varying elevation angles. For this, the
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pathlength depends on the elevation angle of the detector and the photon path length
through the troposphere. Figure 3.2 illustrates how direct sunlight without scattering (a)
where the light received by the detector travels through the lower atmosphere once,
whereas in (b) there is multiple scattering so the light has passed through the lower
atmosphere several times. RTMs [57] have been developed to determine paths of light for
multiple and single scattering, e.g. SCIATRAN etc., see section 3.3.

When the detector is directed parallel to the horizon, the path length is much greater
than when pointing at the zenith [82]. The mathematical approach used in MAX-DOAS is
described in equations 3.1 and 3.2 and is covered in detail in Platt, S., Differential Optical

Absorption Spectroscopy: Principles and Applications. 2008: Wiley in several chapters[6].

SCD = (SCD,,,, /sin &) +(SCDy,, / cos sza) Equation 3.1

SCD =VCD(@/sinf@+ (1—8)/cossza) Equation 3.2

In equation 3.1, SCDyyyp represents the slant column density through the troposphere
and SCDyr represents the slant column density through the stratosphere, thus showing that
the light measured along the horizon is made of two components, the density of the gas in
the stratosphere and in the troposphere. Angle 0 represents the elevation angle of the
instrument and SZA is the solar zenith angle of the Sun. The AMF (equation 2.17) can be
estimated if the pathlength is determined using the relatively well known vertical profiles of

oxygen molecules [6, 52]. Because of the scattering and various viewing directions used in
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MAX-DOAS (figure 3.2) measurements the SCD is usually converted into VCD the

vertical column density.

The lower atmosphere, the urban boundary layer, is where the greatest
concentration of pollution responsible for damage to human health is located. Therefore,
NO, measurements may only be needed within the urban boundary layer where
concentrations are significantly higher than in the stratosphere [32]. Measurements of NO,
across the horizon would be comparable to commercial long path DOAS measurements,
which could be used as an accurate reference method to determine the accuracy of a much
simpler setup. Techniques have also been developed involving the reflection of sunlight by
buildings and optically similar targets known as ToTaL DOAS [72, 83] where the total
SCD is the sum of the SCD through the atmosphere and the SCD between the building and

the detector. Mathematically this is similar to equation 3.1.
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Figure 3.2 MAX-DOAS under clear sky (a) and cloudy conditions (b). The clouds
cause the light to scatter resulting in variations in the optical pathlength of the light

through the PBL and UBL where NO, concentrations are measured. [84]

Urban boundary layer heights (see section 1.2, figure 1.2) have been extensively
studied and the height of the pollution layer and vertical profile of NO, in the UBL has
been estimated so that accurate representations of the NO, concentrations could be known
[6, 29, 32, 52, 84-86]. Measurements of the NO, concentration in the lower atmosphere
suggest a large concentration up to 1 to 1.5 km in altitude (section 2.9 figures 2.10 -2.11)
[87]. Taking this height as the vertical height of NO, in the UBL means, the horizontal gas
profile through a known pathlength, with the detector at angle 6 above the ground, could be

calculated using a simple geometric approach as shown in figure 3.3 [52, 53, 88]. In the
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diagram, in figure 3.3, h is the height above the ground of the observer and an approximate

value for d is calculated distance observable through the Earth’s atmosphere at that height.

Height (h) of
detector from the
ground

Figure 3.3 Viewing geometry of the front end optics of the novel system. The

determination of d, pathlength, is found using the radius of the Earth, Re.

d = \/hz +2R_h Equation 3.3

where, h is the height of the observer and d the pathlength observed. Re is the radius of the
Earth ~ 6371 km. The angle, between R, and distance d is a right angle, so for a height of
10 m (0.01 km) from the ground, d ~ 11.29 km. The measurements made using this
approach could then be compared to established methods such as long path DOAS, UV
absorption measurements and CL and even satellite data [5, 89, 90]. Hao-yi et al [88] show
that the Differential Absorption D can be approximated if the angle between the observed

columns through the atmosphere is equal to the solar zenith angle then the value for D is:
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VCD
D =In(a(1)(—) Equation 3.4
coséd

3.7 Meteorological and topographical influence on DOAS

measurements

Pollutants such as NO, are affected by annual weather and seasonal changes. NO,
can react with moisture to form nitric acid and sunlight is responsible for certain
photochemical reactions in the atmosphere, as described in chapter 1. Therefore, seasonal
increases in sunlight can be responsible for changes in the pollutant concentrations. The
overall air mass volume varies with changing temperature and pressure depending on the
local climate which can lead to a reduction in height of the boundary layer. O, molecules
and PM affect the scattering of light radiating through the atmosphere which can increase
the optical pathlength. Cloud cover can also affect the AMF as it can be responsible for
increased scattering in the atmosphere [71, 91]. According to Wagner et al 1998 [91],
optical pathlengths through clouds may be responsible for both enhancing and reducing the
optical path taken by sunlight. They also concluded that optical pathlengths in the visible

region of the spectrum are more accurate because of the longer wavelengths.

Local landscape influences on DOAS measurement depend on geographical
location, landscape topography and the height profile of buildings within the measured
pathlength. A mountain range or valley may protect an urban area from high winds
preventing any pollution dispersion in contrast coastal areas have higher winds increasing

the dispersal. Urban canyons can shield high concentrations of traffic from wind again
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reducing dispersion the high temperatures associated with urban areas can also reduce the

dispersion of pollution by wind [92].

As this project involves the development of a portable measurement system to
determine NO, concentration in an urban environment, specifically Dublin city, a brief
description of the weather conditions expected there is now given. The city is situated along
Ireland’s east coast with the River Liffey running through its centre. There is a low
mountain range located to the south and the remaining landscape to the west and north of
the city is low lying, where agricultural activity is the main source of industry. The city is
approximately 115 km? in area. The diurnal variation of wind speed in Ireland is
considerable. The variation is more pronounced in the summer months than in winter [93].
This is caused by the land surface heating early in the day, which increases the mixing of
the faster-moving air at higher altitude than with the air near the surface. The strong winds
are responsible for the pollutant gases like NO,, mixing in the atmosphere and the
transportation of the gases throughout the country [11]. In the average day, specifically the
late afternoon and evening, the surface heat of the land diminishes which causes the wind
speed to decrease during the night. This effect is more noticeable during the summer
months. Variation in the wind direction in Ireland is mostly westerly and southerly from the
Atlantic, but there may be northerly and easterly winds at other times of year. The average
maximum temperatures in Ireland range from only 18° Celsius in the summer to 8° in the
winter with on average less than 10 days of frost on the coastal areas. This variable weather
in Dublin and Ireland [93], with a moderate climate, show that the transport of pollution is
dominated by wind direction from the west, off the Atlantic, and with the variable

temperature there is good atmospheric mixing of gas pollutants. The weather conditions
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and the resultant effects on pollutant mixing in the lower atmosphere justify the need for

constant monitoring of pollution concentrations.

The strong winds which cause the transportation of the pollution in urban areas (section
1.5) validate the need for a portable, inexpensive spectroscopic system to record local gas

concentrations.

3.8 Cost analysis of commercial and mini-DOAS systems

A comparison of the expense of commercial DOAS and the passive DOAS systems
shows considerable differences between the two. However the larger expense required for
commercial systems would be worthwhile if accurate measurements of a complete diurnal
variation of more than one analyte were required. Larger Commercial DOAS expense is not
just from the cost of the system itself but also from the fixed light sources or retro-reflectors
and installation of the spectrometer and the receiver/transceiver. All light sources and the
spectrometer will require mains power supply. The Xenon lamps used in DOAS typically
have a lifetime of 2000 hours and can cost up to €500. Calibration of commercial DOAS
will also require considerable expense as a specially designed calibration cell is used to
meet the dimensions of the overall system. Overall the system can range in value from a
basic package of €50,000 up to €200,000 including calibration gases and lamps[94].

In contrast, the passive DOAS miniaturised spectrometers are relatively
inexpensive and can range from €2000 to €5000 and optical fibres and lenses can be
purchased for less than a few hundred euro. Software packages for DOAS spectral analysis
can also be performed with existing software that may already be available e.g. Matlab,
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Simulink and LabView. Alternative inexpensive light sources can possibly be employed for
nightly measurements of NO, or other analytes. Light emitting diodes are ideal as they are
inexpensive, can be powered independently of the mains output and are relatively

inexpensive compared to other sources.

3.9 Summary

Current Active and Passive instrumentation show how DOAS can be applied to the
measurement of NO,, in particular, the various applications of Passive DOAS used to
measure both tropospheric and stratospheric NO,. Satellite data collected by NASA and the
ESA provides additional data on the vertical column density of NO, and other analytes
which have been shown to correlate with ground based instruments. Another application of
optical absorption spectroscopy is COSPEC and the flyweight system FLYSPEC which is

similar to DOAS but has been predominantly used for volcanic measurements.

The development of the Passive novel-DOAS instrumentation requires software for
data analysis of measured spectra, which can be very sophisticated, however, using a
simplified approach to the determination of D, means that commonly available software
such as Matlab can be used. The viewing geometry of the instrument is crucial to
determination of NO;, concentration in either the stratosphere or the troposphere.
Meteorological conditions and light scattering by particles in the air can affect the
pathlength of the received light but comparative methods such as CL or Active Long Path

DOAS could provide data for correlation.
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The passive novel-DOAS system for the measurement of NO, in the lower
atmosphere close to the surface would provide results that would be of benefit to scientific
research and air quality monitoring. The instruments can be devised using inexpensive
hardware and commonly used software applications. Data retrieved could be compared to
existing methods to determine correlation and an estimation of the optical pathlength being
used. Cost effective light sources such as LEDs may also be utilized for night or low light

level measurements increasing the flexibility of an inexpensive instrument.
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CHAPTER 4 Materials and methods

4.1 Introduction: Portable in-situ detection system

Typical DOAS systems described in the previous chapters are divided up between
the large setup of commercial systems and scientific DOAS apparatus designed for long
term atmospheric or volcanic research. The instrument described in this chapter was
developed from rigorous optical bench tests, laboratory tests of gas samples, light sources
and optical alignment. An algorithm shown in Appendix Il, was designed using Matlab
software to analyse the spectrum of light passing through a gas sample determining the
absorption and differential absorption and tests were repeated to compare these results.
Ultimately the instrument will be unique in its ease of use and portability, thus allowing

greater flexibility for future applications and greatly reduced cost for NO, detection.

4.1.1 Instrumentation and sample requirements

The choice of detector for DOAS applications can vary as the technique is capable
of detecting analytes across a broad wavelength range. As the work described here focuses
on the detection of nitrogen dioxide the wavelength range is determined by the NO;
absorption cross section as described in literature (Schneider [41], Vandaele [43], Burrows

[75], Bogumil [44]). There are significant absorption features for NO; in the range 400 nm
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to 500 nm, particularly at 435 nm and 440 nm, so a detector operating in the visible range
would be ideal. This makes it suitable for laboratory experiments as readily available

visible light sources can be used to test the samples.

The optical alignment of the detector should be adjustable to measure different parts
of the sample if necessary. This is easily achieved in the laboratory. The following are
features of the proposed system. The detector required to analyse the spectral range where
absorption is known to take place must have low power needs, portability and have a
suitable spectral range and optical resolution for the detection of NO,. One of the most
common spectrometers used in Multi-Axis-DOAS is the USB miniaturised fibre optic
spectrometers produced by Ocean Optics [95], several of which have been used in DOAS
measurements from the earlier S2000 to the later HR4000 spectrometers (Ocean Optics,
Dooly(HR2000) [96], Fitzpatrick(S2000) [97], Chen(HR4000) [98]). The work here
describes tests performed with three spectrometers specifically the USB2000, USB4000
and the Maya2000 models available from Ocean Optics. Initially, the optical alignment of
each of the spectrometers was tested with an optical fibre and collimating lens attached and

then the setup was adjusted for different samples and a field apparatus was developed.

The first samples used in the laboratory tests in this research were gas filled
polypropylene (PP) bags. Each bag was filled with air with known amounts of nitric oxide
injected. This mixes with the air to form nitrogen dioxide at predetermined concentrations.
The experimental procedure used a tungsten halogen lamp as a broadband light source
fixed with an optical fibre and a collimating lens to produce a collimated beam through the
sample. The lenses are coupled to the fibres and each sample is placed between the emitting

and receiving lenses. Figure 4.1 shows a schematic of the bench top setup for the bags and
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the fibres which are attached to stands which can be adjusted to improve the alignment of
the light through the sample. A rail was also used to manoeuvre the setup with each bag

sample.

To improve the accuracy and precision of the novel-DOAS system, custom
designed calibration cells were eventually used as samples with known concentrations that
were a suitable size to be placed in front of the receiving optics, as shown in figure 4.1.
Initially, baseline tests were performed on the receiving optics including a determination of
the field of view (FOV) of the collimating lens when attached to an optical fibre [95]. The
alignment of the receiving setup is collimated with a beam from the emitter. The lens is
also compared to a diffuser (also known as a cosine corrector [95]) which has a field of
view of 180° The spectral range of the lens and optical fibre, when coupled to each
spectrometer, were also examined with a broadband light source. Finally, the affect of an
adjustable aperture and collimating cylinder attached to the lens were used to control the
amount of light entering the optical system to avoid saturation and control the viewing
direction. An examination was made throughout of the spectral analysis algorithm to

confirm the absorption profile of NO, was analysed as accurately as possible.
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Figure 4.1 Optical fibres coupled to collimating lens aligned with each other on a
bench. The bench allows the adjustment of the emitting and receiving fibres for

alignment on either side of the polypropylene bag.

4.2 Optical instrumentation

The optical components of the detector need to be capable of detecting a large
sample volume that will provide enough information to determine the average
concentration of the analyte. For DOAS, the commercial optical system can detect the light
emitted by a xenon lamp over a path of up to 2 km or, if retro-reflectors are used, up to 10
km. The optical system of the OPSIS commercial system, as described in chapter 3, uses
mirrors of 100 mm in diameter for the emitting and receiving optics, with beam divergence

of ~4 mrad. The system developed for this research requires a smaller optical setup but will
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still need to detect a large cross section of the light path being monitored. The area viewed
by the receiving optics is known as the FOV. For the active DOAS systems, the optics are
designed so that the FOV is compatible with the path lengths that are possible using the
artificial light sources. For the passive systems, the FOV needs to be maximised for

measurements of the layers of the atmosphere under investigation.

The laboratory measurements were designed to detect NO, concentrations through
both PP bags and calibration cells. The light source could be fitted with an optical fibre and
lens for a clearly visible beam of light to pass through the sample or without the fibre and
lens for a broad beam illumination of the sample (seen in figure 4.1). As stated, the optical
elements will determine the alignment and focal length of the system. The receiving optics
needs to be able to detect the light with minimal adjustments and, for the laboratory
specifically, the setup needed to be stable for repeat measurements. The FOV could be
determined by using the same receiving optics attached to a source and measurements then
made of the divergence of a focussed beam through the lens and focal length. Overall, the
optics chosen must be capable of viewing the samples or atmosphere adequately and detect

light in the same wavelength range where the DOAS calculation will be performed.

The optical characteristics of the collimating lens are determined by the size and
manufacturing material, usually silica for transmission of UV and visible light, such as the
BK-7. Made from a Boro-Silicate, crown glass can be more suitable for visible
measurements. The lenses are designed with a thread to fit onto the ferrule connecting them
to Ocean Optics fibres. The focal length is determined from Equation 4.1, where f is the
focal length, typically in cm or mm, and u and v represent the object distance between the

lens and object and the image distance between the lens and a focussed image.
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; Equation 4.1

1
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The divergence of the beam from the lens is related to the diameter and the focal
length. The 74-UV Ocean Optics lens has a diameter of 5 mm and a focal length of 10 mm
and an estimated acceptance angle of 25°. The divergence of the 74-UV is ~26.5° and thus

it has a half-angle divergence of 13.25°.

The optical fibres use the principle of total internal reflection to transmit light from
one end of the fibre to the other. Figure 4.2 shows the transmission of light in the fibre. The
fibre is composed of the central core and the outer cladding layer. The light entering the
core of the fibre is internally reflected at a critical angle and subsequently reflected off the
cladding lining the inside of the fibre. The fibre f-number, f/#, is related to the size of the
entrance aperture where an aperture with f/# of f/2 is larger than f/4 for a narrower aperture

(equation 4.2).

Figure 4.2 Transmission of light in optical fibre occurs as the light enters at the

critical angle and subsequently reflects off the cladding as it travels to the opposite

end.
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The square root of the Numerical Aperture (N.A.) of an optical fibre is related its

gathering power and is calculated from Equations (4.3, 4.4) [99].
f/# = f/Diameter Equation 4.2

Equation 4.2 is used to calculate the f/# using the focal length of a lens and the diameter of

the lens. For optical fibres the f/# equation 4.3 is used.
f It=+/N.A Equation 4.3

The numerical aperture can also be calculated from the refractive indices of the fibre core
and cladding (4.5). For the novel system to have an effective field of view, N.A. must be
close to the effective N.A. of the rest of the instruments optical configuration. In equation
4.4 0 represents the acceptance angle of the fibre optic, the half-angle divergence of the lens

should then be close to the same magnitude of this angle for an ideal field of view.

N.A =nsin@ Equation 4.4

N.A=./(n? —n?) Equation 4.5

The numerical aperture of the fibres used in this research was 0.22 with core diameters of
600 pm. The acceptance angle of the fibre is then ~ 12° almost equal that of the half-angle

divergence of the lens.
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4.3 Optical alignment

The optical throughput of the overall receiving system consists of the collimated
light from a transmitting optical setup entering the lens of the receiving optics. For the
system being described here, the entrance optics consists of a collimating lens connected to
a fibre by standard Ocean Optics SMA905 connector. The light propagates through the
fibre and into the spectrometer, as shown in figure 4.3, the shaded area indicated by the box
and red lines represents the optical fibre ferrule and frame of the lens. The combination of
the entrance slit of the spectrometer, the mirrors, which direct the light onto a grating and
towards the CCD detector, the size and alignment of the grating and size of the detector
determine the amount of light exposed to the detector elements. The complete optical
arrangement of the entrance optics determines the signal developed measured by the
spectrometer. The relationship of each optical element in the whole optical system can be
determined as the product of all the optical components from the size of the entrance

aperture to the area of the CCD detector inside the spectrometer.
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Figure 4.3 Schematic of how light rays passing through a sample are collimated by

lenses and optical fibres.

As discussed in chapter 2, modern DOAS measurement devices use a variety of
detectors, from the PMT of the larger commercial systems to the photodiode array and
charge coupled devices of smaller detectors. PMTs detect light which is converted to an
electrical signal by the photoelectric effect. They are able to detect very low light levels,
which are directed at several electrodes increasing the signal, making them ideal for the
detection of the xenon lamp source over the long light paths used in active DOAS systems.
Photodiode arrays are, as the name suggests, arrays of light sensitive semiconductor devices
used for the detection of specific light wavelengths or a range of wavelengths. These can be

designed to detect specific wavelengths associated with a chosen analyte.
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4.4 Miniaturised spectrometers and charge coupled devices

The typical miniaturised spectrometer used in modern DOAS applications is the
type manufactured by Ocean Optics and Acton. The Ocean Optics spectrometers use a

Czerny-Turner design, see figure 4.3.

Charge coupled
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Figure 4.4 Czerny Turner spectrometer design. The light enters at the aperture where
the optical fibre is coupled to the spectrometer. The light reflects off the opposite
mirror onto the diffraction grating, the diffracted light is then collimated by the

second mirror and reflected onto the CCD detector.

The main components of this design are shown in figure 4.3. They include the
entrance slit, diffraction grating and charge coupled device (CCD) detector. The entrance
slit is chosen for the best optical resolution for the spectrometer that is used. The diffraction

grating will have a chosen spectral range depending on the material and blaze angle and the
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dispersion, lines/nm, is determined from this range divided by the number of detector
elements. The optical resolution is the product of the dispersion and the pixel. For example,
the resolution of a USB4000 with 3648 detector elements and a slit width of 25 microns
and optical resolution of ~1.34 nm will have a pixel resolution of ~7.5 pixels. Alternatively,
the USB2000 spectrometer has 2048 detector elements and is also a front illuminated
spectrometer; the differences between front illuminated and back illuminated spectrometers
are outlined in detail in this section and section 4.5. The resolution provides more detail in
each recorded spectrum making it possible to identify the attenuated features of each
spectrum which is caused by gas absorption. But the USB4000’s greater resolution allows
for a greater accuracy in the determination of differential absorption (D) as the absorption

and attenuated features are more readily identifiable.

Diffraction gratings can be either transmission gratings or reflection gratings.
Transmission gratings consist of slits for light to pass through or a transparent material with
grooves etched into one side. The reflection gratings have ruled grooves into the reflecting
surface. The density of these grooves determines the dispersion and therefore the spectral
resolution. Modern diffraction gratings for spectroscopy use reflection gratings with blazed
[99] rulings that have sharp edges to reduce the amount of light wasted in their operation,

making them ideal for applications like the one described in this research.

The ideal detector used in the miniaturised optical fibre detector is the Charge
Coupled Device semiconductor detector. Charge coupled devices (CCDs) are sensor
devices developed by GE Smith and WS Boyle for Bell laboratories in the 1970s.
Originally designed for image sensing, they have numerous applications including
commercial applications like memory and cameras. The principle of operation behind the
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charge coupled device involves light illuminating the surface of a solid state material (e.g. a
metal oxide) and then the excited charge is transferred through the semiconductor in a
discrete form to an adjacent area where the charge is stored [100]. The metal oxide layer is
known as a potential well which forms when the electronic charge is applied to the device.
CCDs in miniaturised spectrometers can have a lens close to the surface of the detector to

maximise the light sensing of the detector.

Gate Electrodes
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Figure 4.5 Structure of charge coupled device with three electrodes, a potential well is
formed under each electrode where the electronic charge is built up before conversion

into an electronic signal.

The potential wells transfer the accumulated charge through the
semiconductor layer. As indicated in figure 4.4, the potential well is formed beneath the
middle electrode when a positive voltage is applied while the others electrodes have a zero
applied voltage. The difference in the electrodes creates a potential barrier confining any

charge carrying electrons. By adjusting the potential in sequence, the charge is sequentially
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transferred through the semiconductor material to the output. The 3 electrodes (figure 4.4)
form a pixel which can be grouped in sets and when a series of these pixels are formed they
create what is known as a vertical and horizontal register. The CCD is operating as a charge
transfer device throughout this process. The vertical register consists of a photosensitive
column, e.g. 64-128 or more pixels that transfer the charge to the horizontal register. The

charge is then transported to an amplifier and converted to a voltage see figure 4.5.

Although there are a few different ways that the transfer process is used, the most
common for spectroscopy is the Full Frame Transfer (FFT) process. Frame transfer in
CCDs uses two vertical shift registers, a photosensitive and a storage section as well as the
horizontal register and the output section. Once the charge builds up in the potential well, it
is transferred to the vertical photosensitive section which converts light into electronic
charge. The frame transfer is processed in this vertical register, and then transferred to the
horizontal register and from there to the output. All parts of the device except for the
photosensitive section are protected from light by an opaque material. FFT CCDs are
designed without the storage area so the collected light is transferred directly from the

photosensitive section to the horizontal register as shown in figure 4.5.
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Figure 4.6 Full frame transfer process of a CCD detector. The electronic signal builds
up in the vertical shift register and passed to the active area. From here it is

transmitted to the horizontal register followed by the amplifier.

4.5 The back illuminated charge coupled device

The structure of CCDs can also vary according to how the light passes through the
semiconductor. Back illuminated CCDs (BI-CCD) for spectroscopy e.g. Maya2000 are
ideal for low light levels and are responsive in the UV region of the spectrum. The principle
of operation compared to the front illuminated CCD (FI-CCD) is, as the name suggests, the
illumination of the back of the CCD array. This means the light enters the detector through

the silicon before reaching the electrodes. No light is lost by reflection or absorption as in
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the FI-CCD, so the BI-CCD has a much higher quantum efficiency [101]. BI-CCD
detectors are usually thinned to reduce the distance the light travels. However, the layers of
Silicon the light passes through create optical cavities that result in Fabry-Perot etalon
features in the viewed spectrum especially in the near-IR [102]. The structural differences

are shown in figure 4.6. The etaloning is in spectral and the spatial features.

R N

Figure 4.7 A Back illuminated charge coupled device. Note thinned silicon layer where

the spectral etaloning is known to occur.

The spectral etaloning causes the intensity to vary in magnitude with wavelength.
This occurs because when the light reaches the poly-silicon electrode layer there is a
change in refractive index, reflecting light back into the CCD. For some wavelengths the
light will be reflected back several times. This effect enhances the quantum efficiency of
the CCD because more light is turned into signal but it reduces the amplitude of the signal
due to absorption and reflection. In spatial etaloning there is also a variation in intensity
amplitude with the thickness of the CCD especially if the thickness of the silicon is not

consistent.

As well as spectral and spatial etaloning, there can be spectroscopic etaloning where

the wavelength of the light changes across the BI-CCD. Most of these effects in BI-CCDs
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occur in the longer wavelengths of the near infra-red region. Spectroscopic binning can
counter these effects where the vertical and horizontal shift registers sum their pixels before
moving to the next stage. This action along the two columns will average out the
interference patterns created by the features in the Near IR. Anti-reflective coatings can
also be used to optimize these longer wavelengths. The vertical line binning operation can
also reduce the signal readout time. The disadvantages of the etaloning in the recorded
spectrum of the Maya2000 are illustrated in the results chapter 6. Ultimately, of the three
spectrometers, the USB4000 was chosen because of its optical characteristics and how well

the absorption spectrum of NO, compares to NO; spectra from the literature.

4.6 Dark current and noise

The types of noise encountered when using CCD spectrometers are caused by both
electronic and physical effects. The dark current is the observable signal present when no
light is being received by the spectrometer. It is a thermal effect occurring in the different
regions of the CCD. Within the dark current, both the signal received with no light and the
noise in the system is present. This noise in the signal is dependent on the integration times
being used which can be reduced by varying the integration time without losing any
information when taking measurements. To reduce the effects of thermal noise, it is
important that the spectrometer CCD should not be allowed to overheat. This can be
difficult for long term measurements but there are several ways to counter this, such as
cooling with a combined Peltier element and heat sink or with a D.C. fan. If the sunlight

being acquired for atmospheric measurements is changing quickly, and/or if the wind speed
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is high and cloud cover is rapidly changing, then low integration times are needed. The
signal-noise ratio, S/N, of the detector is the total signal divided by the noise. The number
of scans made by the detector can be used to improve the S/N, which increases as 1/4n,

where n is the sum of spectra added [101, 103].

Readout noise is a type of noise created in the output stage of the CCD. The metal
oxide semiconductor field effect transistor (MOSFET) amplifiers produce an electrical
noise that determines the lower limit of detection of the detector. The Dynamic Range, DR,

of a CCD detector is dependent on readout noise by equation 4.5.
Dynamic Range = full well capacity/readout noise Equation 4.5
Other forms of noise affecting the system operation include:

e Fixed pattern noise caused by the variation in the response of neighbouring pixels.

e Shot noise affected by the statistical changes in the number of photons incident on
the detector.

e Dark Shot noise when the dark current is affected by shot noise. Reducing the dark

current will lower the effects of dark shot noise.

The overall noise of the system can be reduced by keeping the detector at a low temperature
and using an integration time that yields information about the analyte but is not heavily
laden with noise effects. Typical noise and dynamic ranges for the miniaturised

spectrometers used in this work are described in table 4.1 below.
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Parameter USB2000 USB4000 Maya2000

CCD Model Front  Illluminated- | Front Illuminated- | Back llluminated-
CCD CCD CCD

No. of pixels 2048 3648 2048 x 14

Readout (dark) noise 2.5 50 13

S/N ratio 250:1 300:1 350:1

Quantum Efficiency % ~40-50 ~40-50 ~90

Spectral Range 650nm 650nm ~935nm

Dispersion nm/pixel 0.32 0.18 0.45

Table 4.1 Characteristics of the three miniaturised spectrometers used in the

development of the novel DOAS device

4.7 Power and software requirements

The basic power requirements for a portable DOAS system will come from the
supply of the computer used to record and control the spectrometer measurements.
Miniaturised spectrometers like the Ocean Optics models use low power from 250mA to
500mA at 5 Volts with a D.C. supply. The system described here uses a laptop connected to
the spectrometer by USB cable which powers the spectrometers. The laptop can operate on
its own in-built battery or from a mains supply when recharging. The battery lifetime for
any laptop can vary and may decrease over time, but if operating well can last up to 7 hours
in newer models. As the software needed to run the spectrometer can be added easily to the
laptop operating system, any laptop can be used. So for long term measurements, when a

mains power supply is not readily available, more than one laptop could be used.

The requirements for the software used to collect spectra for DOAS analysis are that

it should be capable of representing the data as raw intensity, absorption and it should be
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possible to save the data in a common format e.g. text files. The primary software used with
Ocean Optics spectrometers is SpectraSuite. This software allows the user to control the
integration time and the number of scans for each. SpectraSuite also allows the user to save
the data in several ways including text files and can present the data in raw intensity,
transmission, irradiance and absorption. Figure 4.8 shows a screen shot of typical data of
gas samples measured using the USB4000 spectrometer [95], the data is presented in
intensity versus wavelength in a) and absorption versus wavelength in b). The units for the
intensity and absorption spectra are a digital number on the y-axis and wavelength in

nanometres for the x-axis the wavelength range shown is between 300 nm and 700nm.
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Figure 4.8 Raw intensity spectrum (a) of a tungsten light source used in the laboratory
as a reference measurement I, and an absorption spectrum (b) for NO, with

wavelength on the x-axes is between 300 nm and 700 nm.

The absorption spectrum shown in 4.7 (b) is calculated for NO, using a visible light source
with a peak wavelength between 500 nm and 600 nm. The spectrum of the lamp in 4.7 (a)
is low between 400 nm and 300nm. The effect of this low signal produces a noisy signal in
the absorption spectrum, 4.7 (b) in this range. However, the NO, features are identifiable

between 400 nm and 600 nm with significant peaks between 435 nm and 500 nm.

For measurements over several days, the software allows the user to control
measurements taken for designated times which are saved in one folder. Dark subtraction

can be done either with SpectraSuite or during the data analysis with Matlab or other
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software. A dark current file should be saved often for continuous analysis. Other
SpectraSuite functions include stray light correction and spectra overlay for comparing
different results. Data can also be reformatted if necessary using the SpectraSuite menu to

convert files to text etc.

4.8 Final setup for laboratory and field measurements

In chapter 6 the results of measurements taken with the miniaturised spectrometers
used for this research are described. The results will show that the USB4000 was chosen for
the final setup of the novel-DOAS because of the accuracy of the results with the

calibration cells.

The experimental setup used to test the spectrometers for this research consisted of
adjustable stands attached to an optical bench (see figure 4.1). For tests of path changes
between the source and detector, a metre long rail was used. The stands are attached to
either the bench or rail and adjusted to improve the optical alignment and counter any
saturation of the signal or refraction by the sample material and NO, gas. The primary light
source used in the laboratory is a tungsten lamp with a broad profile and initial tests were

done with the USB2000 spectrometer.

4.8.1 Sample preparation and measurements

The procedure is developed with PP bag samples that are filled with air and small
amounts of NO added to create a concentration of NO, that will be used to determine if the

detector can identify the characteristic profile of the gas in air. Several tests are performed
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with the bags and the USB2000 to develop a comparison of absorption (A) and differential
absorption (D). To improve the accuracy of the measurements, the USB4000 and
Maya2000 are later used. Ultimately, the USB4000 spectrometer was chosen because of
improved resolution. The signal to noise ratio and the results of tests performed on the

calibration cells are described in more detail in chapter 6.

For the PP bags, the pathlengths are taken to be the width of the sample. The bag
widths are between 18cm and 20cm, approximately the thickness when the bag is fully
inflated. Preparation of the NO, bag samples involved pumping air into the bags until they
are half full then injecting millilitres of NO into each bag which would then be filled with
more air. Usually three samples are prepared and a bag filled solely with air is used as a

reference sample.

Eventually, the calibration cells took the place of the bags because of the accurate
concentrations and the suitable size compared to the optical setup. The final optical setup
consisted of a spectrometer with a 1 metre or 2 metre optical fibre, collimating lens,
collimating tube and adjustable aperture. The whole apparatus was fitted to a camera stand

with a rotational platform for measurements of various azimuthal and elevation angles.

4.8.2 Optical bench measurement procedures

The procedure for testing each sample involved placing the reference sample (air
sample) into the path of the detector with the light from the source directed at the receiving

optics. The integration time and sampling average are chosen and the appropriate settings
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made. A dark current measurement is recorded while the lens is covered this will later be
subtracted from each recorded intensity spectrum. The raw intensity spectra are then
recorded as a reference spectrum and saved. The reference sample is then removed and the
NO, samples are placed in the path. A spectrum is recorded for each and then the procedure
was repeated 5-10 times. For measurements of A, an absorption spectrum is recorded after
each NO, sample is measured. Once the data was collected it is examined in a Matlab file
which used a purpose built algorithm to determine the dark subtraction, mean and standard
deviation, D and A for each sample. More than one dark spectrum is taken for all
measurements, as the dark current could vary while the spectrometer is in use. Figure 4.8
shows a bag filled with air placed in the optical bench apparatus. The concentration of NO,

in the bags is calculated with a known path length and o’ which is determined from the

literature and this concentration could be compared to the expected concentration value.

Figure 4.9 Polypropylene bag placed in the path of a collimated light beam produced
by a tungsten source, optical fibres and collimating lenses, detected by a USB4000

detector.
104



The bags are also tested for their stability over time with absorption measured over
periods of time of a few minutes after preparation, hourly and once a day for one week.
These tests are used to determine if the actual concentration is above or below the expected
results and by how much the concentration changes for periods of time. It is expected that
the concentration immediately after mixing would be low for a half hour. When the NO is
converted to NO,, the concentration should have some stability for a minimum of a couple
of hours until the gas chemically reacts with light or begins to form a deposition layer on
the bag itself. The rate of reaction for each bag is monitored with particular attention to
low concentrations in case they drop below the limits of detection before accurate
examination of the sample could be performed. Once filled, different paths through each
bag are tested to compare if each pathlength had the same concentration this would confirm

that the concentration is uniform throughout the bag.

Initial tests of the bags show large differences between the expected concentrations
and the measured results. Tests were conducted on diluted bags with a CL instrument to
determine if the results which required lower concentrations were independent of the

instrument and a result of the bag material (polypropylene) or the filling procedure.

483 Calibration

The calibration cells were chosen as an alternative to the PP bags because of the
stability of the cells and their use for similar methods like COSPEC [79] described in
chapter 3. The calibration cells were manufactured by Resonance Ltd [104]. Each cell has a

quartz body with a short stem, a diameter of 22 mm and a thickness of 14.5 mm. The cells
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are ideal for testing with the new system (section 6.4) because the size of each cell means it
Is possible for placement in front of the system optics in a way that is not as cumbersome as
the PP bags. Four cells were purchased with concentrations equivalent to typical
atmospheric concentrations for NO,, Table 2 shows the differences in concentration for 1
metre and 10 km for each cell. Tests performed with the calibration cells include accurate
determination of each cell NO, concentration and tests of the NO, concentration stability
over time with exposure to a light source. The cells are expected to have a stable
concentration of up to two years, according to the manufacturer. The absorption of light in
the 430nm — 445nm range is measured and recorded and the mean and standard deviation
was determined. In chapter 6 it is shown that the known concentration of the cells allowed
for an assessment of the three miniaturised spectrometers and showed that the USB4000
spectrometer (section 6.6) yielded the most accurate results, justifying its use in the field

measurements described in chapter 6, section 6.9.

Equiv(a:le(::]fggfir:\rggfhniength 10km path length Concentration error %
1 Atmospheric air 0 ppb 0
2 Sppm-m 0.5ppb +10
3 20ppm-m 2ppb +10
4 50ppm-m 5ppb +10

Table 4.2 Concentrations of calibration cells for 1m in the laboratory (in ppm) and a

10km pathlength (in ppb) equivalent to those that can be measured in the atmosphere
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The mean values of A(L) for each cell are compared to the mean values for D(A)
with standard deviation for 10 measurements of each cell. The cells, shown in figure 4.9,
have a fixed concentration so the spectrum of a could be determined with a fixed path
length. The differential a(A)’ can be found from significant features in the wavelength
range mentioned above. This coefficient a(A)’ would be more instrument specific than the
values taken from the literature. For example, the instrument resolution between the results
of Solomon [52], which were taken in 1987, would be very different to those of Bogumil
(2003) [44] and the USB4000, but a(X)’ should still be within a small margin of error of the

literature values.
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Figure 4.10 Gas calibration cells. Each cell is 1.4 cm thick and each one is fitted with a

stem for placement in front of the detectors lens.

The cells are also tested for changes in light intensity using neutral density filters
(NDF). It was expected that D(A) would be independent of the light intensity except at very

low light levels close to the limit of detection (LOD) where the signal to noise is low.
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4.8.4 Urban measurement of NO> with the novel-DOAS

To test the effectiveness of the novel instrument for measurements of the urban
atmosphere, several tests were developed to determine the instruments ability to profile the
UBL NO, variation and the vertical variation (see sections 6.8 and 6.9). These
measurements are also used to determine the differences between clear and cloudy days and
for comparisons with existing methods to determine the approximate LOD of the
USB4000. The spectra of sunlight are examined in detail to identify the ideal
wavelengths for analysis, specifically, wavelengths where there was minimal interference
from Fraunhofer lines and therefore the Ring effect [37]. The chosen range would also have
low interferences from other species and still be a significant feature for the identification
of NO, and determination of its wavelength. For the determination of D(}), equation 2.14,
the feature at 439 nm — 441 nm was chosen, as it had only small interference from

Fraunhofer features unlike the feature at 435 nm.

Measurement of NO, in the atmosphere above Dublin city required a clear view of a
path above the city. For measurements conducted over several days, only one elevation
angle is needed so the main requirements included an unblocked view of a large area of the
city preferably with an EPA-CL [24] monitor within the path. The benefits of the CL
monitor will be explained in more detail in the next chapter. The main objective of
measurements using solar light is to determine a profile of the diurnal variation of NO; in
the atmosphere and compare the results to similar measurements in the literature, available
commercial DOAS systems as well as CL data. The measurements are expected to show

that the gas concentration will vary throughout the day with high concentrations occurring
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at sunrise and sunset due to rush hour traffic and the photochemical reactions of NOy gases

with ozone when the Sun is at its highest solar zenith angles.

To measure concentrations that are comparable to the EPA standard requirements
for NO,, most of the measurements are setup for low elevation angles. The path length is
approximated from typical viewing geometries found from the literature and by making
comparable measurements with the CL data made available by the EPA. The USB4000
was set to measure automatically for several days with frequent dark currents recorded. In
the analysis, the dark current is subtracted and the readings recorded at low light levels and
during the night are ignored. Measurements are recorded every 10 to 15 minutes, the data
then can be presented as the half-hourly or hourly change throughout daylight hours. The

daily mean can also be determined from the data analysis.

For measurements of more than one elevation angle, the ideal locations are roof tops
of city buildings. For this research DIT buildings are the primary locations [105].
Measurements of the different elevation angles should provide data on the vertical profile
of NO in the atmosphere from the troposphere to the lower stratosphere. The integration
time of the USB4000 was set at 10ms for 100 to 500 scans averaging over 1 second to 5
seconds. The measurement of each elevation was conducted in a way to reduce the amount
of time between each measurement, as the NO, concentration will vary with wind velocity
and the light scattering in the atmosphere can affect the length of the path length. An
adjustable rotation stage was attached to the field apparatus to ensure that the
measurements of each angle can be controlled. The rotation stage is graded with 360°
angles with 90° aligned to the zenith position. Figure 4.11 shows the front-end optics of the
field apparatus. For azimuthal angles the stand is adjusted so that the stage can show the

109



azimuthal changes. Where more than one azimuthal angle is needed, a clear view of
multiple paths is ideal. Measurements of the different azimuthal directions can be
conducted to compare any changes in concentration in different areas of the city at any one
time. These measurements were all taken at the lowest elevation angles. A more detailed
examination of elevation and azimuth can be done with multiple spectrometers

simultaneously.

Lap-top

Collimating tube

Fibre-optic spectrameter
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‘ Fibre-optic cable |

Figure 4.11 Schematic of the field apparatus of the novel-DOAS with the collimating

tube and adjustable aperture fixed to the collimating lens and fibre

The calibration cells were placed in front of the USB4000 to see the effect made
when a known concentration is placed in the path, the air sample is used as a reference for
any additional effects caused by the quartz cell. If the increase in the value of D, for the

known attenuation feature where NO, is known to absorb sunlight, corresponds to the
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increase in concentration of each cell, then it can be assumed that the system is capable of
detecting increases in NO, using ambient sunlight. If there is a noticeable effect when the
smallest concentration is placed in the path then the LOD of the system can be determined

and a calibration procedure developed.

Several measurements were taken comparing the light being received by the
USB4000 under different meteorological conditions. Direct measurements are taken to
compare direct sunlight spectra with the measurements of indirect light and a value of D

was calculated from each.

Different geographical locations were compared, but these cannot be done
simultaneously because of the distances involved, the number of instruments and the
meteorological conditions. Landscape comparisons can be performed with the USB4000
directed at nearby mountains and towards the sea and at urban areas to determine if any

notable changes in D could be detected.

4.9 Summary

As described in chapter 3, modern miniaturised spectrometers can be used to record
spectra with enough detail to accurately make a determination of the D at specific
wavelengths. A system consisting of a USB spectrometer with a lens, optical fibre and
collimating cylinder attached to a portable stand is ideal for measurements of different
locations without difficult installation at each location. Power usage can be kept to a
minimum and more than one system can be used to monitor a larger area if necessary. To

determine the LOD of the instrument laboratory tests were performed, tests were conducted
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to explore the possibility of determining the correlation between absorption measurements
and differential absorption. To perform the laboratory experiments, a broad band tungsten
light sources are used to simulate the broad solar spectrum. Samples of NO, prepared in PP
bags are used but for more accuracy quartz calibration cells are more ideal. The individual
features in a specific spectral range are where light is attenuated by the gas these are used to

determine the differential absorption and the absorption.

Atmospheric NO, measurements are done with the novel setup. A survey of
different azimuthal directions and elevation angles are also performed. The vertical profile
of the lower atmosphere can be determined if the O3 and aerosol profile are known however
the possibility of making an estimate of the profile using the cheaper portable system is
examined. Data was collected during daylight hours for several weeks and compared to

other methods mainly CL. s

Chapter 5 will describe in further detail the comparison and correlation between
Passive DOAS and CL measurements. Along with a summary of the literature on DOAS
and CL comparisons, a description is given of the tests performed using the portable novel-

DOAS instrument and what the results of these tests were expected to reveal.
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