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ABSTRACT 

 The radiative effects of atmospheric aerosols are the least constrained variable in many 

radiative forcing calculations. In an attempt to better quantify these particles many instrumental 

techniques have been developed to measure the optical properties of atmospheric aerosols. We 

have built a broadband cavity enhanced spectrometer for the measurement of aerosols in the UV-

Vis spectral region. The instrument consists of three optical cavities that cover 385-425, 520-

560, 630-685 nm. This large spectral coverage allows for accurate wavelength dependent aerosol 

extinction measurements. It is hoped that using measurements from this instrument can provide 

inputs to climate models that will aid in characterizing the direct effect. Such measurements 

include the extinction Ångström exponent, and the single scattering albedo when used in 

conjunction with our custom photoacoustic spectrometer. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Atmospheric Chemistry and Aerosols in the Atmosphere 

The study of atmospheric chemistry is crucial to the environment and human health, and 

although the field is relatively new compared to other areas of scientific study it is one of the 

most important in times of rapid climate change. Atmospheric chemistry includes the chemistry 

of the total of Earth’s atmosphere.1 This includes regions of relatively polluted areas, as well as 

relatively clean regions. Atmospheric chemistry is concerned with the whole of the atmosphere 

from the layers close to the Earth’s surface to the upper atmosphere. The layers of the 

atmosphere each have their own distinct properties with changes in pressure and temperature 

common among layers of the atmosphere. There are many sources of particulate matter that 

affect our atmosphere, including both natural and anthropogenic sources.2 John Evelyn in 17th 

century England even wrote about his concern of the London smog aerosols in his book, 

Fumifugium in 1661.3 The parallels between the London smog in 1661 and the air quality 

concerns in modern day China are evident; this observation displays that the environmental and 

human health impacts of the atmosphere are an enduring dilemma. 

The atmosphere affects the many different aspects of our world, including crop growth, 

human health, and the weather.4 Temperature and solar radiation are both major variables in the 

growth of plants and these can both be affected greatly by changes in the atmosphere caused by 

aerosols or other pollutants. A change in global temperatures or solar radiation reaching the 

Earth’s surface would change the relative climate of that area and also alter the amount of 

photosynthesis occurring within different plants.5 Air pollution is also known to have various 
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effects on the health of humans. These effects can range from minor irritation of the upper 

respiratory system to more serious effects such as chronic bronchitis and lung cancer. It is also 

important to note that long term exposure to pollution has been linked to a reduced life 

expectancy in humans, so the study of these pollutants is essential.6-7 Finally, it is well known 

that particulate matter, both anthropogenic and natural, can cause major effects on the global 

climate as well as regional weather. The warming of the Earth is primarily caused by greenhouse 

gases, however there are many other components that are not as well quantified that contribute to 

this major issue, including aerosol particles.8 

 An aerosol is defined as a collection of fine solid particles or liquid droplets suspended in 

either air or another gas.9 Aerosols come in all shapes, sizes, and compositions. The general 

concentration of aerosols in the atmosphere are quantified in mass per volume. The lifetime of 

different aerosol particles in the atmosphere is important because the longer the lifetime of an 

aerosol the more of an overall potential impact it will have on the climate forcing within the 

atmosphere. Aerosols are classified in many different ways, one of these being particle 

diameter.10 There are aerosol growth processes within the atmosphere that can change the 

diameter. For example, some aerosols are born from precursor gases such as H2SO4, NH3 or 

other organic compounds released from emissions. These emissions include, but are not limited 

to, fossil fuel combustion, volcanic emissions, biomass burning, and other anthropogenic and 

natural sources.1 These precursor gases undergo a process of nucleation, or the clustering of gas 

molecules to produce ultrafine aerosol particles approximately less than 0.01 µm in diameter. 

(Figure 1.1) These ultrafine aerosols condense and coagulate to form the larger accumulation 

aerosols that have a greater impact on climate forcing than the ultrafine particles. Understanding 

aerosol growth is vital to comprehending the lifetime of different aerosols within the 

atmosphere.10 
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 Another aspect that is important to consider in understanding the lifetime of an aerosol 

particle is the deposition process. Generally, there are two main types of deposition, wet and dry. 

Dry deposition is more common for coarse aerosols as they are larger and settle to Earth’s 

surface at a substantial rate, enough to be included as an additional removal rate.11 There are 

methods used to quantify the dry deposition of different particles to account for this removal rate. 

The direct methods involve a sizeable amount of effort and complex instrumentation but have a 

low amount of assumptions to obtain an explicit measurement. The indirect methods are more 

derivation based, derived from secondary quantities like concentration gradients.12 Wet 

deposition has a variety of forms, including precipitation scavenging, cloud interception, fog 

deposition, and snow deposition.13 Precipitation scavenging occurs through the removal of 

aerosols by a raining cloud, whereas cloud interception is due to the impaction of cloud droplets 

onto terrain. Fog and snow deposition are the result of removal of species during settling fog 

droplets or during a snowstorm, respectively. Wet deposition is the main form of deposition for 

particulate matter in the atmosphere.1 These deposition processes together are what decrease the 

concentrations of particulate matter in the atmosphere and significantly impact the lifetime of 

aerosol particles. 

 The reason why aerosols and their lifetime in the atmosphere is important is because of 

their effects on the climate. Aerosols can interact with Earth’s energy budget both directly and 

indirectly.13 The direct effect involves the phenomena of aerosols both scattering and absorbing 

incoming solar radiation within the atmosphere and how this interaction affects Earth’s radiative 

balance. The indirect effect includes the ability of aerosols to act as surfaces for water droplets to 

condense on and to act as cloud condensation nuclei.14 This indirect effect is important because 

clouds interact with solar radiation in the atmosphere. Different kinds and sizes of aerosols can 

affect clouds differently, and thus have different indirect effects on the energy balance of the 
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Earth. For example, a cloud that is forming in a more polluted area will distribute the water 

droplets over a larger number of aerosol particles causing a larger cross section of cloud droplets 

and thus a larger cloud albedo.13 (Figure 1.2) This albedo directly affects global radiative budget 

by increasing the respective albedo of Earth as well. The argument could be made that this effect 

of aerosols is assisting in buffering the effects of global warming caused by greenhouse gases 

because of this indirect effect raising Earth’s albedo and enhancing cooling. However, there are 

many variables to take into account in order to quantify the total overall effect that aerosols have 

on the radiative budget.14 

 In many computer climate models, predicting the radiative forcing of pollutants and gases 

in the atmosphere the largest uncertainties are shown as the aerosols in the atmosphere. (Figure 

1.3) The Intergovernmental Panel on Climate Change (IPCC) estimates that the direct radiative 

forcing globally of aerosols as a whole is -0.50  ± 0.40 !
"#.13 The large error bar is as a result of 

the many unknowns in quantifying the effects of aerosols. Some of these difficulties are as a 

result of the short lifetime of aerosols. The concentrations of aerosols are highly variable inter-

day and are also stochastic interregionally. An important reason as to why the radiative forcing is 

so uncertain, is the fact that some particles absorb and some scatter light, which can lead to them 

competing in the radiative forcing and can cause aerosols in different areas have a different 

regional effect than in other areas. Along with varying concentrations, less studied particles, such 

as organic aerosols, are largely contributing to the uncertainty through the direct effect.15 The 

direct effect can be harder to quantify than other atmospheric components because of varying 

particle composition and size. This large uncertainty in the effect of aerosols on the radiative 

budget is a large part in why aerosols need to be heavily studied in the field of atmospheric 

chemistry. 
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 Overall, there are many uncertainties in the radiative forcing calculation and thus there 

are large errors in climate models when these effects are used in them. Climate models simulate 

the behavior of different climate forcings in order to create projections of future climate 

behavior. The climate models are used to predict global temperatures, weather patterns, and 

precipitation. The atmospheric component of these models include the different gas composition 

of the air at different layers as well as the particulate matter within the atmosphere. The effects 

from aerosols are essential to evaluating the effectiveness of climate models in general. The hope 

is that these climate models will be able to predict future changes in carbon dioxide emissions 

and aerosol effects in the climate radiative forcing reliably.16 Therefore, the error bars that are 

present currently on the radiative forcing measurement cause a great deal of problems.17 The 

changing concentrations of aerosols regionally and the different optical effects of different 

aerosols greatly contribute to these large error bars, making the optical effects of ambient 

aerosols an important area of atmospheric chemistry to explore.  

1.2 Optical Properties of Aerosols 

 Optical properties of atmospheric aerosols are a way of describing the interactions of a 

variety of particulate matter with light, or incoming solar radiation as it pertains to the 

atmosphere. These interactions can be simplified into scattering and absorption.  Scattering is 

defined as a change in the direction of propagation of a radiation beam caused by a particle in its 

path without absorbing any of this radiation.10 There are many different types of scattering such 

as reflection, refraction, diffraction, or a combination of these effects. This scattering effect is 

known to have a net cooling effect on the global radiative budget, because the incoming solar 

radiation is reflected back into space by these scattering particles therefore decreasing the 

amount of light absorbed by the Earth.13 Particles on the same order of magnitude as the 

wavelength of light are some of the most efficient scatterers and cause a large cooling effect for 
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their size.1 On the other hand, absorption is the interaction of the radiation beam being 

transformed by the particle from light energy into thermal energy. As a result of this interaction 

the thermal energy in released and causes heating of the lower atmosphere. However, the light 

that is absorbed is no longer able to reach Earth’s surface so this could also contribute to 

localized cooling.10 This phenomenon was observed by the aerosols of volcanic ash in Pinatubo 

when the global temperature dropped as a result of a major eruption which caused a large 

concentration of aerosols to block incoming light.18 Although this cooling effect is present, the 

net effect of absorption is warming because atmospheric circulation and mixing processes 

redistribute this thermal energy.10 The sum of the light scattering and absorbing properties of an 

aerosol is referred to as aerosol extinction.19 The extinction is the total of the overall effect of the 

aerosol. Therefore, the extinction can give useful information on how each aerosol can contribute 

to the radiative budget.20 

 One of the factors that affects these optical properties is the refractive index of the 

particle. The refractive index is defined as a description of the innate property of how light is 

propagated through a substance. This complex refractive index has a real phase velocity 

component and an imaginary attenuation component.21 (Equation 1.1) This intrinsic property is 

described by the equation 

m= n+ ik       (1.1) 

where m is the complex refractive index and n corresponds to the “real” scattering component of 

the refractive index, and the k refers to the “imaginary” absorption factor. The refractive index is 

key to understanding the direct effect that aerosols have on the radiative budget.10 This is a large 

unknown in the quantification of aerosol effects on the radiative budget for climate models. 

 The fact that the absorption and scattering components account for the total light 

extinction mirrors the fact that the sum of the absorption cross section and scattering cross 
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section equals the extinction cross section. (Equation 1.2) The extinction cross section is the 

probability that a photon of light will interact with the particle, because it sums both of the light 

interactions. These optical properties are referred to in terms of cross sections because the cross 

section has units of area.22 This interaction can be either absorption or scattering, and each can be 

divided up into its own subparts. This is shown by the relationship 

𝜎%&' = 	𝜎*+, + 𝜎,.*'         (1.2) 

where sabs is the absorption cross section and sscat is the scattering cross section.23 This sum of 

the cross sections is key to understanding the overall optical direct effect of aerosols. These 

experimental and theoretically derived values allow us to find the different coefficients that show 

the effect that these aerosols have on the climate. 

 One of the theoretical approaches to quantifying these effects of the aerosols is named 

Generalized Lorenz-Mie Theory (GLMT) which is a complex theory for scattering by perfect 

spheres. This theory takes into account the incident beam, the scattered beam, and the light inside 

the sphere. GLMT can be used to obtain the scattering, absorption, and extinction cross sections. 

GLMT describes the regime where wavelength and particle diameters are comparable in size, 

and the theory is used to predict the scattering and absorption portions of the extinction.24 

However, most aerosols are not perfect spheres25 and not perfectly homogenous so very often, 

experimentally retrieved data does not perfectly match with the predicted result from Mie theory. 

 Another large unknown in the study of atmospheric aerosols is the composition of 

ambient aerosols. There are many ambient aerosols that are not as easily quantified as purely 

scattering such as ammonium sulfate. An example of these aerosols is light absorbing organic 

matter also known as brown carbon.26 These are carbon-based particles created from sources 

such as biomass burning or incomplete combustion.27 There are many factors about organic 

carbon in the atmosphere that are not well quantified. For example, the composition of the 
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particle does not solely predict the optical properties of the particle. These particles do not tend 

to be perfectly spherical or homogeneous making them much harder to model than other 

aerosols. Organic aerosols make up a large part of ambient aerosols in many regions, and 

because of the difficulties in quantifying the optical effects there is a need for an improved 

measurement of their effects on the radiative budget.14 

 

1.3 Measurement of Aerosol Optical Properties 

Quantitative measurements of atmospheric aerosols offer many challenges. For one, the 

aerosol concentrations in different locations are highly variable at a singular location let alone in 

a different region entirely. This causes measurements to be limited to certain locations especially 

since not every quantitative measurement technique is mobile and able to sample in field 

measurements. It is difficult to find a technique that is both sensitive and accurate, especially for 

aerosol optical properties. The measurement technique must be effective over a wide range of 

concentrations in order to span the ambient conditions that are present.14 Optimally a real time 

measurement is done to view the small and large changes that can occur in ambient 

measurements. In order to quantify the optical effect of different aerosols discrepancies between 

instruments and techniques must be justified and even still, if the relative uncertainties of 

instruments are larger than the measurement derived the data is not usable. An example of this is 

the subtraction method where the scattering and extinction of a particle are measured and the 

absorbance is found from the difference between these two measurements. This type of 

technique is effective in certain scenarios, however it is usually not ideal for only marginally 

absorbing aerosols. 

In the past, absorption and scattering have been measured separately using both in-situ 

and filter-based methods,28 such as photoacoustic spectrometry, polar nephelometry, particle soot 
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absorption photometry, aethalometry, and others.29,30 Customarily, two or more of these 

instruments would be used together to determine the total aerosol extinction. Filter based 

methods involve the collection of particles over time onto a filter which is then compared to a 

blank filter or measured optically in solution rather than in suspended aerosol. The flow rate of 

the sample flow can be used to find the approximate concentration of the sampled particles.31 

Morphology and changes in composition among particles would affect the effectiveness of these 

methods and thus, this method is not as precise, which may not be ideal for optical aerosol 

measurements. Although these techniques are available at multiple wavelengths, due to artifacts 

present in filter-based methods, it is probable to suggest that these methods alone may not be 

able to produce true extinction measurements.28 In-situ measurements offer a less invasive 

method` to measure optical properties directly or indirectly. The in-situ technique is therefore 

favored by many different instruments that measure aerosol optical properties.29 

An in-situ technique that measures the light absorption of an aerosol directly is the 

photoacoustic spectrometer, or PAS.32 Photoacoustic spectroscopy uses modulated lasers to have 

particles be exposed to light of a specific wavelength. These particles absorb this light energy 

and this causes local heating, this temperature change creates a pressure or sound wave. The 

specific frequency of the laser beam and the resultant sound waves are detected by a highly 

sensitive microphone within photoacoustic cavity. This technique provides a highly sensitive 

way to detect the absorption of aerosols in a very short amount of time. Detection limits can be 

less than 1 Mm-1 for a 60 second measurement.33 The absorbing species can be quantified using 

this technique, however the scattering is not able to be retrieved during this process. This can 

cause some issues because of the sheer amount of scattering particles in the atmosphere, and the 

extinction often shows that ambient aerosols are dominated by scattering properties. However, 
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without direct absorption methods, finding the absorption coefficient would have large errors 

with such a small amount of absorption.  

Another in situ spectroscopy technique for measuring the total extinction of aerosol 

particles is called Cavity Ring-Down Spectroscopy or CRDS.34, 35 This technique has two highly 

reflective dielectric mirrors on either end of a cavity where light is injected and slowly 

transmitted through one of the mirrors. The time that a photon can survive in the cavity is known 

as the ring down time. This technique is highly sensitive to losses in the form of particles 

interacting with  light instead of mirrors, and because of this sensitivity, CRDS has a variety of 

uses, but for this project extinction applications will be the focus.36, 37 CRDS uses a laser at a 

specific wavelength to inject into the cavity so that all extinction detected by a detector is at a 

known wavelength. Multiple of these wavelengths can be put together to derive an extinction 

coefficient for each sample. A steady sample flow of laboratory aerosols or ambient aerosols are 

flowed through a CRD cell, and when concentration, morphology, and size distribution are 

known it is possible to derive a CRI by comparing to Mie theory. 

An alternative in-situ approach, broadband cavity enhanced spectroscopy (BBCES) has 

obtained recognition as a means to measure total extinction. Similar to CRDS, BBCES allows for 

the monitoring of trace gases to remove fluctuations from background to background when 

performing experiments resulting in more accurate experimentation, while also having a broader 

spectral coverage because of the selected light source. BBCES consists of a broadband light 

source collimated by a lens into an optical cavity that consists of two highly reflective dielectric 

mirrors. The integrated intensity of light transferred through the back mirror is sent to a detector 

such as a spectrophotometer. The broadband light source, for example an LED, allows BBCES 

to not be limited to a single wavelength which allows for a large advantage from single 
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wavelength CRDS. The larger spectral coverage also allows for extinction exponents to be 

derived from these points.38, 39 

When combined, a broadband cavity enhanced spectrometer, with a large spectral 

coverage, and a PAS, with multiple wavelengths, can be used to determine many optical 

properties of aerosols. The PAS having the smaller part of the CRI allows for less error to be 

found in the difference method in order to find the scattering. Subtracting a small number 

(absorption) from a large number (extinction) to retrieve another large number (scattering) 

allows for much lower uncertainty than if absorption was not quantified. Both of these 

techniques are in-situ and allow for rapid results. The low detection limits make this pair an ideal 

candidate for sampling ambient aerosols. These two technologies together can retrieve important 

quantities such as SSA, CRI, Extinction angstrom exponent (EAE), and absorption angstrom 

exponent (AAE). These intrinsic characteristics of aerosols particles are crucial to determining 

their effect on Earth’s radiative budget, so having instruments to find these properties of ambient 

aerosols are imperative if we are to create better climate predicting models.14, 31 

 

1.4 Goals of this work 

 Although there are many techniques and different forms of instrumentation to measure 

ambient aerosols, their effect on climate and the radiative budget still has a large uncertainty.13 In 

order to improve this uncertainty, there is a need for better optical property measurements. This 

includes the extinction of aerosol particles. At the start of this project the goal was to develop a 

broadband cavity enhanced spectrometer and trouble shoot various errors in extinction 

measurements using laboratory generated particles that have a well-studied extinction cross 

section and refractive index. The fast-moving pace of this project has allowed this project to 

develop into a validation of this laboratory constructed three channel broadband cavity enhanced 
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spectrometer. We hope to show that this three-channel broadband cavity enhanced spectrometer 

with large wavelength coverage will improve the state of the art in measuring aerosol optical 

properties. The instrument accuracy and large spectral coverage would aid in quantifying optical 

effects of aerosols and improving climate models. 
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Chapter 1 Figures 

 

 

Figure 1.1 Potential Life Cycles of Aerosols 
Introduction to Atmospheric Chemistry figure showing the production, growth and removal of 

atmospheric aerosols. Reproduced in full Jacobs 1999.10 
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Figure 1.2 Aerosol and Light Interactions 
IPCC figure showing different interactions of incident light, in this case solar radiation, and 
aerosols that can have an influence on the radiative energy budget. Reproduced in full IPCC 

2013.13 
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Figure 1.3 Components of Radiative Forcing 
Intergovernmental Panel on Climate Change figure showing net radiative forcings of different 
components in the atmosphere including gases and aerosols. Reproduced in full IPCC 2013.13 
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Abstract 

Here we describe a broadband cavity enhanced spectrometer (BBCES-III) designed to measure 

extinction by atmospheric aerosols throughout the UV-Visible spectrum. The instrument consists 

of three optical cavities that cover 385- 425, 520-560, 630-685 nm. Each cavity is illuminated by 

individual light-emitting diodes, and transmitted light is collected and transferred via a fiber 

optic cable to a spectrophotometer. With mirror reflectivity values above 99.98 %, effective 

pathlengths up to 3.15 km are achieved with the 0.25 m cavity. The detection limit of the 

instrument is better than 1.5 Mm-1 with a 1-minute integration time for all wavelengths allowing 

measurement of ambient aerosol extinction under most loading conditions. The instrument 

accuracy is validated with measurements of Rayleigh scattering by gases (argon, oxygen, carbon 

dioxide), absorption by a gas (NO2), and extinction by both purely scattering and strongly 

absorbing laboratory-generated aerosols (Cargille Index Matching Fluid, Nigrosin). For 15 

hours, the BBCES-III sampled atmospheric aerosols in tandem with a photoacoustic 

spectrometer (MultiPAS-IV) (406, 532, 662, 780 nm) and two cavity ringdown spectrometers 

(CRD) (445, 662 nm). The correlation between the 445 and 662 nm CRD and BBCES-III 

extinction measurements gave slopes of 1.04 and 0.97 and R2 of 0.91(445 nm) and 0.97(662 nm). 

Using the BBCES-III and MultiPAS-IV measurements, the Single Scattering Albedo (SSA) and 

the Extinction Ångström Exponent (EAE) were measured and are reported. 

  

2.1 Introduction 

The effects of atmospheric aerosols on climate are not well quantified.1,2 Atmospheric 

aerosols interact with solar radiation directly through absorption and scattering, and indirectly by 

altering the lifetime and albedo of clouds.1  The direct interaction between an aerosol particle and 

incident radiation is determined by the wavelength of radiation and physiochemical properties of 
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the particle, including the size, shape, and complex refractive index.3,4 Atmospheric aerosols are 

emitted by numerous sources and the optical properties of different aerosols can cause various 

effects on the total energy budget.1,5 For example, some particles, such as ammonium sulfate, 

only scatter and do not absorb light, thereby reflecting solar energy leading to a cooling effect on 

the atmosphere.5  On the other hand, absorbing particles, such as black carbon, can have a 

warming effect.6 It is also believed that aerosols partially offset the large, warming effect of 

greenhouse gases, but the magnitude of the effect is poorly quantified.1 It is crucial to understand 

better than direct effects of atmospheric aerosols in order to assist predictive global climate 

models.1 Additionally, better constraints on aerosol optical properties improve the precision of 

satellite-retrievals.2  

To improve the understanding of aerosol direct effects, wavelength resolved aerosol 

optical properties are needed.7 One such property is aerosol extinction, which is the sum of the 

scattering and absorption. The extinction spectrum from ambient atmospheric aerosols often 

follows a power law functional form, typically defined as, ∝ (𝜆) = 	𝐵𝜆4565,where B is a scaling 

factor and EAE is the extinction Ångström exponent,8 which characterizes the wavelength 

dependence of the spectrum. In the past, absorption and scattering have been measured 

separately using both in situ and filter-based methods, such as photoacoustic spectrometry, polar 

nephelometry, particle soot absorption photometry, aethalometry, and others.9-11 Customarily, 

two or more of these instruments would be combined to determine the total aerosol extinction. 

However, due to artifacts present in filter-based methods and the limited wavelengths available 

with laser-based instruments, it is probable to suggest that alternative methods with larger 

wavelength coverage may be able to produce improved extinction spectra. Direct measurements 

of extinction are also possible using long path instruments, however measurements of ambient 
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aerosols have not been displayed by such instruments, possibly due to the large limits of 

detection (LOD).12, 13  

  An alternative approach, broadband cavity enhanced spectroscopy (BBCES) can measure 

total extinction with larger spectral coverage than other techniques.3, 11, 14-18 BBCES consists of a 

broadband light source collimated by a lens into an optical cavity that consists of two highly 

reflective mirrors. The integrated intensity of light transferred through the back mirror is sent to a 

photodetector such as a spectrophotometer. The broadband light source, often an LED or lamp, 

allows BBCES to have broad wavelength coverage, which may be advantageous over cavity ring 

down spectroscopy.3, 15  

  BBCES is a relatively new method, with the first demonstration of a broadband cavity 

enhanced spectrometer in 1996.19 Consequently, there are few broadband cavity-enhanced 

spectrometers with expansive wavelength coverage. Recent reviews have discussed the state of 

this technique. Gas phase measurements have been reviewed by Zheng et al.,18 and aerosol 

measurements have been reviewed by He et al.11 Up until this point, only one BBCES has been 

developed with full visible spectral coverage (400-650 nm). The instrument uses custom coated 

mirrors to create large spectral coverage and a Xenon light source.11  

  Here, we present a portable, broadband cavity-enhanced spectrometer featuring three 

optical cavities that yield extinction measurements at 385-425, 520-560, and 630-685 nm. 

Although this is not continuous wavelength coverage, extinction can easily be interpolated 

between these regions by fitting to a power law. The instrument was developed to be mobile and 

features a relatively small cavity length of 25 cm. In this work, we present measurements 

validating the accuracy of the BBCES-III, including the Rayleigh scattering by gases (Ar, O2, 

and CO2), the absorption cross section of a strongly absorbing atmospheric pollutant (NO2), and 

laboratory-generated aerosols, Nigrosin (Sigma Aldrich, CAS# 8005-03-6) and Cargille Index 
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Matching Fluid (Cargille Laboratories, L-CABK-1181). Furthermore, the instrument was 

operated in tandem with a photoacoustic spectrometer, MultiPAS-IV, and two cavity ringdown 

spectrometers (CRDS) to measure ambient atmospheric aerosols at Athens, GA [33.9485° 

83.3740°].20 The Extinction Ångström Exponent was derived from the BBCES-III and validated 

with CRD. The MultiPAS-IV yields absorption measurements at 406, 532, 662, and 780 nm, 

while the two CRD have wavelengths of 445 and 662 nm. The combination of the MultiPAS-IV 

and BBCES-III allowed measurement of the Single-Scattering Albedo (SSA). This work 

provides an alternative method for measuring ambient atmospheric aerosol extinction with large 

spectral coverage. The modular and relatively inexpensive design provides a platform for the 

development of other broadband cavity-enhanced spectrometers of any desired wavelengths.   

  

2.2 Experimental 

A three-channel, incoherent broadband cavity enhanced spectrometer has been developed 

to measure aerosol extinction from 385- 425, 520-560, and 630-685 nm. The instrument is 

dubbed the BBCES-III, and a schematic is presented in Figure 2.1. Instrument control and data 

acquisition is automated by custom software written in LABVIEW. This instrument is ultimately 

intended for field measurements; therefore, the BBCES-III was designed to be on a small, 

portable platform. The BBCES-III is mounted on a breadboard with dimensions of 50.8 x 30.5 

cm, has a weight of 10 kg, and a total power consumption of 70 W. 

  

2.2.1 Instrument Description 

The BBCES-III features 3 channels. In each channel, a 25.4 mm f/1 plano-convex lens 

(Thorlabs, Inc.) collimates the output of an LED. The light is directed into an optical cavity 

formed by a set of one-inch diameter mirrors (Aerodyne) with a radius of curvature of 0.25 m 
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and a reflectivity greater than 99.97% for all wavelengths reported. The mirrors are separated by 

a distance of 0.252 m, closely matching the mirror radius of curvature, to create a nearly 

conformal cavity with optimal intensity throughput.21 The transmitted light of each channel is 

optically filtered and focused using an optical filter listed in Table 1 and a 25 mm f/1 1.25 

aspheric condenser lens (Thorlabs, Inc.) onto a SMA collector and transferred via a quadfurcated 

fiber optic cable to a single grating spectrophotometer with CCD array detector (Ocean Optics 

QE65000). The wavelength scale of the spectrophotometer was calibrated according to the user 

manual using emission lines from a Hg pen lamp (UVP, LLC). Furthermore, the wavelength 

calibration was validated using the extinction cross section of NO2, and slight variations (<0.15 

nm) in the wavelength calibration were corrected to the NO2 cross section of Burrows et al.22 The 

spectrophotometer observes wavelengths from 200-975 nm with a resolution greater than 0.8 nm. 

An integration time of 100 ms gives an appropriate photon count on the CCD at each wavelength 

and is used for all measurements. Typically, 600 of the 100 ms spectra are averaged to give an 

overall acquisition time of 60 seconds. The LED, optical filter, and peak reflectivity of each 

channel is reported in Table 2.1. 

  The currents to the LEDs are regulated to maintain constant temperatures using a custom 

thermocouple (K type), thermocouple amplifier (Adafruit MAX31856), and thermoelectric 

cooler (Laird Thermal Solutions 430801-501) PID feedback system controlled by an Arduino 

Uno. In practice, the LEDs are stabilized to within ±0.03 °C. In the development, it was found 

that stable control of the temperature of each LED gives a consistent, wavelength-dependent 

intensity output of the LED and is critical for instrument stability.  

Flow limiting orifices are used to control a 10 sccm flow of nitrogen over each mirror to 

prevent aerosol deposition onto them, thereby ensuring consistent reflectivity. For each cavity a 

second flow limiting orifice is used to control the flow of sample through the cavity. A total flow 



 

 27 

of approximately 350 sccm is used in each cavity as it allows a small residence time (~6 sec) and 

ensures laminar flow. The total flow pulled for the BBCES is 990 sccm. The pressure and 

temperature of each cavity are measured with 1 K and 1 hPa resolution using a sensor (Adafruit 

BME280). 

  

2.2.2 Mirror Reflectivity and Extinction Measurements 

The reflectivity of the mirrors and cavity length determine the overall effective pathlength 

created by the optical cavity. The reflectivity must be determined empirically to transform the 

changes in integrated intensity to extinction at each wavelength. The mirror reflectivity, R, is 

measured by measuring the change in intensity when the cavity is flushed with He and N2: 

 𝑅(𝜆) = 1 − 𝑑;
<
=>#(?)
=@A(?)

BCDE
># (F)G4(BCDE

@A (F))

H4(
=>#(?)
=@A(?)

)
    (2.1) 

In this equation, d0 is the cavity length, Ix is the integrated intensity when the cavity is purged 

with Species x, and a	I*J& is the scattering coefficient for each species.15  Monitoring the 

temperature and pressure allows the number density, N, to be computed from which the 

scattering coefficient can be calculated using well characterized Rayleigh scattering cross 

sections, 𝜎.3, 15 

 	𝛼(𝜆) = 𝑁𝜎(𝜆)      (2.2) 

In the reflectivity calibration, the cavity is continually flushed through the mirror purge inlets 

and one of the sample inlets. A total flow through each cavity is set at 500 sccm, which allows 

the cavity to be flushed quickly with each sample, and yet remain under laminar flow. Each 

measurement is saved with a 1-minute acquisition time and it takes approximately 4 minutes to 

completely purge the cavity of each gas. The cavity remains near atmospheric pressure and 

temperature during the measurements. 
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  The peak reflectivity for each cavity is 99.984(2), 99.992(3), 99.992(5) at wavelengths 

410, 540, and 660 nm. For an empty cavity, effective pathlengths in the range of 0.63 – 3.15 km 

are achieved. The accuracy of the BBCES-III extinction measurement is dependent on the 

accuracy of the Rayleigh scattering cross sections of N2 (1%) and He (1%),15 the pressure (0.1%) 

and temperature (0.3%) measurements, and photon counting statistics (0.4%). The uncertainties 

propagated in quadrature yield an overall measurement uncertainty ranging from 0.9- 2.7%. 

  For the measurement of Rayleigh Scattering by gases, He was used as the background for 

each measurement. The extinction was computed using equation 2.3: 

 𝛼(𝜆) = ((H4I(F)
MN

)(1 − OP(F)
O@A(?)

) + 𝛼Q%(𝜆))(
OP(F)
O@A(F)

)   (2.3), 

where 𝛼 represents extinction, d0 is the length of the cavity, R is the mirror reflectivity, and aHe 

is the Rayleigh scattering by helium.15 

  For aerosol measurements, a small flow of nitrogen is maintained over the mirrors to 

prevent aerosol deposition and to maintain mirror reflectivity which reduces the distance over 

which the aerosols interact with the light. This term, rL, that represents the ratio of the distance of 

the mirror to mirror separation divided by the distance containing aerosols. This term was 

determined empirically to be 1.13(5) by measuring the change in extinction by NO2 measured 

with and without mirror purges. For laboratory-generated aerosols, the bath gas is N2 and for 

ambient aerosol measurements filtered air is the bath gas. Extinction is computed using equation 

4.3 

              𝛼(𝜆) = 𝑟S(
H4I(F)
MN

+	𝛼+*'T(𝜆))(
ON(F)
OP(?)

− 1)    (2.4) 
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2.2.3 Experimental Set Up 

2.2.3.1 Rayleigh Scattering 

The experimental set up for measuring Rayleigh scattering by gases is identical to that of 

the reflectivity measurements using Equation 3. The extinction coefficients of Ar, O2, and CO2 at 

atmospheric pressure and temperature were measured with an acquisition time of 60 seconds. 

Rayleigh scattering cross sections of Ar and O2 were computed using n-based calculations. 

O2 dimer absorption was modelled using reported cross sections.15, 23, 24 CO2 cross sections were 

taken from the fit provided by He et al.11 With temperature and pressure measurements, the 

number density is determined and the theoretical extinction coefficient for each gas is computed. 

 

2.2.3.2 NO2 Absorption 

For further validation purposes, cross sections of NO2, a strongly absorbing atmospheric 

pollutant, were measured. A 10.03 ppm standard of a NO2 /N2 mixture (Airgas, Inc.) was diluted 

in N2 to various concentrations ranging from 156 to 1616 ppt. The I0 was measured when the 

cavity was flushed with N2. To minimize the loss of NO2, the sample line was purged with a high 

concentration of NO2 for 30 minutes before the measurements began.22  

 

2.2.3.3 Laboratory Generated Particles 

Nigrosin (Sigma Aldrich, CAS# 8005-03-6) aerosols were generated by supplying 3000 

sccm of N2 to a constant output atomizer (TSI 3076). A concentration of 6 g/L provided a 

lognormal size-distribution with geometric mean near 80 nm and geometric standard deviations 

near 2.5. The aerosols were dried with two diffusion dryers to give an RH less than 10%. Only 

300 sccm was sent through the differential mobility analyzer (DMA), with the excess flow being 

dumped to waste. The DMA was set to a sheath flow of 3000 sccm, so that the sheath to sample 
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flow ratio was 10:1. After the DMA, the size-selected aerosol distribution was mixed with 1000 

sccm of nitrogen. A volume of 150 cm3 was found to be appropriate to ensure proper mixing of 

the size selected aerosols and make-up N2 before the flow was split between a condensation 

particle counter (CPC) and the BBCES-III. The size-selected aerosols for nigrosin ranged from 

422 nm to 623 nm. In this size regime, a 0.0508 cm impactor with a flow of 300 sccm will to cut 

all multiply-charged particles, therefore removing the necessity to model their contribution to the 

extinction cross section. For the Cargille index matching fluid (Cargille Laboratories, L-CABK-

1181), the solution was nebulized directly with no dilution. A flow of 300 sccm supplied the 

nebulizer. The particles produced were diluted by a factor of 100 to yield concentrations of 50-

300 particles cm-3. 

Measurements of the size-selected aerosols were modelled using Mie theory calculations. 

A geometric mean of 1.05 was used in the calculations. The input refractive index for Nigrosin 

was taken from Bluvshtein et al. and was given by the refractive index for the index matching 

fluid was provided by Cargille.25 The DMA and CPC were calibrated before the measurements.  

 

2.3. Results 

2.3.1 Instrument Sensitivity and Stability 

In order to determine the detection limit as a function of acquisition time, the Allan 

Deviation was calculated for a 6.5 hour time series in which the BBCES-III was purged with N2. 

Allan deviation analysis is a common method to determine ideal acquisition rates and to 

understand how the measurement standard deviation will change as a function of integration 

time.14 Under the inert conditions, deviations in the integrated intensity are due to instrumental 

noise and drift. The major source of drift is attributed to the varying output of the LED. A 

secondary source of noise is the photon counting by the spectrophotometer. White (random) 
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noise will cancel by averaging; therefore, measurement standard deviation for a system with only 

white noise will decrease by 1/Ön, where n equals the number of samples.14 In addition to white 

noise, the instrument is subject to drift. Once the impact of the drift becomes substantial, 

increasing the integration time does not improve measurement standard deviation. 

  In the Allan deviation analysis, each 100 ms spectra was averaged 10 times to give 24408 

spectra with 1 second acquisition time. The spectra are converted to extinction and overlapping 

Allan Deviation was calculated on the extinction time series. The Allan Deviation analysis 

identified that an optimum sampling time for the BBCES-III occurs near 100 seconds and yields 

ultimate detection limits of 0.04, 0.03, and 0.06 Mm-1 at 406, 532, and 662 nm. However, 

measurements with such short integration times are not practical as they reduce the sampling rate 

by requiring frequent background measurements. To determine the detection limit for this 

routine, an additional analysis was performed on the same data set. In this analysis, a 2-minute 

background is recorded and the remaining 28 minutes of data are transformed into extinction 

values. The standard deviation of the extinction values across the timeseries is computed. With a 

1 second acquisition time for the sample measurements, the 3σ detection limit is 0.76, 0.92, and 

1.3 Mm-1 at 406, 532, and 662 nm. Increasing the averaging time to 1 minute significantly 

improves the detection limits to 0.34, 0.30, and 0.48 Mm-1. (Figure 2.2) 

   

2.3.2 Validation 

The instrument accuracy was verified using a variety of gases and laboratory-generated 

aerosols. Validation experiments include extinction measurements of Rayleigh scattering by 

argon, oxygen, and carbon dioxide, as well as NO2 absorption cross section, and the extinction 

cross section of laboratory-generated aerosols; including measurement of purely scattering 
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particles, consisting of Cargille Index matching fluid, and absorbing particles consisting of 

Nigrosin. 

  

2.3.2.1 Rayleigh Scattering 

Rayleigh scattering by argon, carbon dioxide, and oxygen were measured by the BBCES-

III, as shown in Figure 2.3. The extinction measurements are compared to theoretical rayleigh 

scattering cross sections from Thalman et al. for Ar and O2 and the fit provided by He et al. for 

CO2.11, 15 The residuals are generally <1 Mm-1 exhibiting great agreement between the BBCES-

III measurements and theory. There are numerous Rayleigh scattering cross sections, we have 

chosen to compare to the theoretical refractive index n-based cross sections of argon and oxygen 

due to agreement.15 N-based for CO2 exhibited larger residuals than the power law fit provided 

by He et al. consequently the data is shown in reference to He et al.11 The O2 measurements 

show larger deviation from theory where O2-O2 absorption bands occur.23, 24 These deviations 

likely result from errors in the calculated O2-O2 number densities since they are quadratically 

dependent on the O2 number densities. The good agreement between the measurements and the 

literature values demonstrate the capability of the BBCES-III for measuring extinction across the 

spectrum. 

 

2.3.2.2 Absorbing Gas  

The absorption cross section of NO2 was measured using the BBCES-III in five sets of 

measurements. The cross section (𝜎) of each dataset was determined by performing a linear 

regression of extinction vs number density of NO2 for each wavelength. The linear response and 

dynamic range of the instrument was highlighted in the measurements. The absorption cross 

section of NO2 spans three orders of magnitude in the BBCES-III measurement range. A variety 
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of concentrations could be captured in single dataset, yielding extinction values from 2 up to 

1938 Mm-1. All fits had R2 values greater than 0.994 for the linear regression of extinction vs 

number density of NO2. The averaged measured absorption cross sections are shown in Figure 

2.4, along with the absorption cross section reported by Burrows et al.22 The error bars represent 

the standard deviation among the five data sets. Among the literature datasets of NO2, 

discrepancies are apparent in the red spectral region (BBCES-III cavity 635-685 nm). Greatest 

agreement with residuals is seen with the cross section reported by Burrows et al.22 

  

2.3.2.3 Laboratory-Generated Aerosols 

  The previous validation steps have focused on gas phase measurements of well-defined 

species. This instrument however, is intended to measure ambient aerosol extinction. To justify 

the BBCES-III ability to quantitatively measure aerosol extinction, laboratory generated aerosols 

were measured. A laboratory generated aerosol with a well characterized refractive index is 

Cargille Index Matching fluid, which was nebulized into aerosol particles in order to specifically 

validate the scattering accuracy of the BBCES-III. Particles ranging from 681 - 779 nm were 

sampled in 20 nm increments. The measured extinction cross section of Cargille Index Matching 

fluid along with the theoretical cross sections modelled from Mie theory are shown in Figure 2.5 

and have good agreement. The errors associated with these measurements are all within the 

uncertainties that were propagated. These measurements when compared to the Mie theory cross 

section calculations gave residuals ranging from -9 to 5% with a root-mean-square error of 2.12.  

The extinction of the commonly studied laboratory generated aerosol of nigrosin was 

measured by the BBCES-III. The measured extinction cross section as well as theoretical 

extinction cross section from Mie theory are shown in Figure 2.6. The measured extinction cross 

section shows excellent agreement with modelled values for nigrosin. All measurement error is 
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within the propagated uncertainty. Residuals between measured and modelled cross sections 

ranged from -10 to 4% and have a root-mean-square error of 2.34. Error bars are omitted from 

the plot for clarity. Propagation of the measurement uncertainty on the 1-minute average 

extinction spectra and concentration measurement gave an uncertainty ranging from 6.7 to 

11.2%. These larger residuals can be due to errors associated with the DMA and CPC that were 

not fully corrected by the calibration before the particle measurements. The propagated 

uncertainties do not take include contributions from uncertainties in the refractive indices. Along 

with the fact that these residuals all fall within expected uncertainties it is still acceptable to say 

that the BBCES-III provides precise aerosol extinction measurements. Therefore, the validation 

of the BBCES-III is further confirmed by these laboratory-generated aerosol measurements. 

 

2.3.3 Application: Ambient Aerosol Measurements 

  The BBCES-III was developed to monitor ambient aerosol extinction. From November 

24, 2018 at 21:00:00 through November 25 at 12:00:00, the BBCES-III sampled ambient 

aerosols drawn from outside of the Chemistry building at the University of Georgia. This 

extinction time series is shown in Figure 2.7. An automated routine controlled a pinch valve 

(NResearch 648P093-62) to switch between lines with and without a HEPA filter on a 6:24 

minute cycle. An I0 was defined as a 2-minute average of the filtered air measurements. Each 

sample spectrum was recorded with an acquisition time of 1 minute. A diffusion dryer was used 

during the experiment and the RH was kept below 30%. The mirror reflectivity was measured 

before and after the experiment and determined to be constant.  

In addition to the BBCES-III, the MultiPAS-IV, a 4 wavelength (406, 532, 662, 780 nm) 

photoacoustic spectrometer, and 2 cavity ringdown spectrometers (445 and 662 nm) were 

operated. The cavity ringdown spectrometers provided an alternate extinction measurement to 
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further examine the BBCES-III accuracy. Agreement with the 662 nm CRD and 662 nm 

BBCES-III measurement was within 3% with an R2 of 0.98 and agreement with the 445 nm 

CRD and an extrapolated 445 nm BBCES-III measurement was within 4% with an R2 value of 

0.91, this correlation is exhibited in Figure 2.9. Clearly excellent agreement between the direct 

measurement at 662 nm and the fitted extinction value at 445 nm is seen with the alternative 

extinction measurement by the CRDs. 

  Over this time series, the BBCES-III extinction measurements were fit to a power law 

yielding the EAE. With over 120 nm of the UV-Vis spectrum covered from 385-690 nm, there is 

great certainty on the Extinction Ångström Exponents measured. As shown in Figure 2.10, 

variability in the EAE was seen with values ranging from 1.6 to 2.8 over this measurement 

period.  

With the absorption data from the MultiPAS-IV, the Single Scattering Albedo (SSA) of 

each measurement was computed at 406, 532, and 662 nm. As shown in Figure 2.11, SSA values 

exhibited variability in both magnitude and spectral shape. For example, some measurements had 

SSA values up to 0.95 with virtually no wavelength dependence, whereas other spectra were 

observed with an inverse relationship with wavelength; ie. the 406 nm measurement at 0.88 and 

the 662 nm measurement at 0.83. Variability in SSA can be explained by different particle types, 

this phenomenon has been explored by Li et al. where the wavelength dependence of SSA was 

shown to vary depending on the composition of the aerosol.7 With the combination of a 4 

wavelength PAS and the BBCES-III, we have distinguished capabilities to measure the 

wavelength dependence of the SSA of aerosols. 
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2.4. Conclusions 

The BBCES-III improves upon existing broadband cavity-enhanced spectrometers by 

providing large spectral coverage. To the author’s knowledge, this instrument provides spectral 

coverage that is only comparable to the design by He et al.11 The BBCES-III multi-cavity design 

is an alternative approach to achieving broad spectral coverage. This design is modular and by 

simply changing the LED and optical components, different wavelength ranges can be targeted. 

The wavelength ranges chosen for the BBCES-III allow for measurements to explore the 

wavelength dependence of many aerosol optical properties. 

This instrument was developed to be utilized and modified to aid in aerosol 

characterization of ambient and laboratory generated aerosols. The small footprint of the 

BBCES-III provides ease of transportation and would be ideal for portability. Future application 

of the BBCES-III would be to further characterize refractive indices of laboratory generated 

particles because of our unique ability to cover a large part of the UV- Visible spectrum. 

Furthermore, the BBCES-III partnered with the MultiPAS-IV allows for the differentiation of 

SSA wavelength dependence which can indicate different types of particles. This phenomenon 

can allow for ambient aerosol classification, which can be helpful in predicting radiative forcing 

of different sources. 
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Chapter 2 Figures 

 

Figure 2.1. The BBCES-III 

A schematic of the BBCES-III. L = lens, M = mirror. F = fiber optic.  S = spectrophotometer 
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Figure 2.2a. Allan Deviation Timeseries 

Figures a-c show the extinction time series in the Allan deviation experiment for 6.5 hours. 
Figures d-f are histograms corresponding to the varying extinction value over the time series. 
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Figure 2.2b. Allan Deviation Results 

Shows the Allan deviation results of a 6.5 hour time period for wavelengths 410, 540, and 660 
nm. 
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Figure 2.3. Rayleigh Scattering Extinction Spectra 

Figure 2.3a. Rayleigh scattering gases extinction spectra measured by the BBCES-III, along with 
theoretical extinction spectra computed using n-based calculations. A log-log scale was used to 

highlight the low values of extinction at longer wavelengths 

Figure 2.3b. Residuals in Mm-1 of the BBCES-III measurements compared to theoretical 
extinction. 

Red= CO2 Green= O2 Blue= Ar 
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Figure 2.4. NO2 Measurements by the BBCES-III 

Figure 2.4a shows the average of 5 NO2 absorption cross section measurements from the 
BBCES-III overlaid with Burrows measurements. 

Figure 2.4b shows the relative percent residual for these measurements, with the mean relative 
percent errors all being within 9 percent. 

Figure 2.4c exhibits the residual distribution as a histogram using all the BBCES-III reported 
wavelengths. The residuals are largely centered around 0 and have a relative percent error within 

10% for all wavelengths.  
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Figure 2.5. Nigrosin Extinction Cross Section Measurements 

The extinction cross section of Nigrosin is reported at particle sizes ranging from approximately 
430 to 630 nm in 20 nm increments. These cross sections are compared to theoretical cross 

sections that are calculated using Mie theory. 
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Figure 2.6. Cargille Extinction Cross Section Measurements 

The BBCES- III measured extinction cross sections of Cargille Index matching fluid from a 
range of particle sizes, along with the Mie theory calculated extinction cross sections. 
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Figure 2.7. Ambient Timeseries 

The ambient timeseries with measured extinction over time from the BBCES-III at wavelengths 
405, 532, and 662 nm. Additionally, the absorption measurements from the MultiPAS-IV with 

wavelengths at 406, 532, 662, and 780 nm are displayed. 
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Figure 2.8. An Ambient Extinction and Absorption Spectrum 

A typical absorption and extinction spectrum from the ambient data set. 
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Figure 2.9. Extinction Correlation between CRD and BBCES-III 

Measured extinction from BBCES-III at 662 nm correlated with 662 nm CRD spectrometer 
(red). Also displayed is a 445 nm extinction value interpolated from BBCES-III EAE fit 

correlated with measured extinction from 445 nm CRD spectrometer (blue). 
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Figure 2.10. Timeseries of Ambient SSA, EAE, and AAE 

The SSA 406, 532, 662 nm as a function of time. Additionally, on the right Y axis the EAE and 
AAE are displayed and represented by the blue and black points respectively. 
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Figure 2.11. Wavelength dependent SSA of Ambient Aerosols 

Direct measurements of the Single Scattering Albedo of ambient data at 406, 532, and 662 nm 
shown in points. Additionally, the SSA spectrum was computed from 406- 780 nm using the 

EAE and the AAE fit. 
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Table 2.1. Relevant Optical Equipment for the BBCES-III 

Channel LED Optical filter Measured Peak 
Reflectivity and 
center wavelength 

UV 385-425 nm LZ1-10UB00-01U7, 
(LED ENGIN) 

450SP RAPIDEDGE 
(OMEGA Optical) 

99.984(2) at 410 nm  

Green 520- 560 nm LZ1-00G100, (LED 
ENGIN) 

FF01-540/50, 
(Semrock) 

99.992(3) at 540 nm 

Red 630- 685 nm XPLAWT-00-0000-
000HU60E8-BS01, 
(Opulent) 

660BP8- 
RAPIDBAND, 
(OMEGA Optical) 

99.992(5) at 660 nm 
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CHAPTER 3 

OPTIMAL LED PARAMETERIZING AND TROUBLESHOOTING 

Broadband Optimization 

During the development of the BBCES-III there were many different alterations that were done 

in order to maximize the efficiency and stability of the instrument. The light sources of the LEDs 

are a crucial aspect of this instrument and therefore the stability of their intensity directly 

correlates to the ability of the BBCES-III to measure extinction accurately. Here the optimization 

of the temperature control of the LEDs is discussed and shown to have improved over this 

trouble shooting process. Next the actual LEDs that were chosen to be the light sources for the 

BBCES-III were examined and evaluated to see which LED would best serve the purpose needed 

by this instrument. These alterations have shown to improve the signal and stability of the 

BBCES-III. 

 

3.1 Introduction 

The light sources of the BBCES-III are three LEDs, one for each cavity. They each are 

specifically selected to be partnered with the dielectric coating that is on each mirror of each of 

the cavities.1 For example, the peak reflectivity of the UV cavity is 410 nm and the LED for that 

cavity is reported to be 405-410 nm. Stability of the LED output is a major factor in the 

efficiency of the BBCES-III. Factors that can affect LED stability are the temperature of the 

LED baseplate and the stability of the power source driving the LED. The temperature of the 

LED must be managed as ambient temperature fluctuations will affect the temperature of the 

LED baseplate, thus altering the stability.2  
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The peak of the spectral shape of the LED output shifts with temperature fluctuations 

causing the intensity of this LED to shift. LED manufacturers include these shifts in intensity and 

temperature to show how stable or unstable the LED is as a result of temperature. Shown in 

Figure 3.1 is the intensity shift as a result of temperature for the green LED of the BBCES-III. 

This almost 2 nm shift as a result of a change of 20 °C shows how it is necessary to control this 

temperature in order to maintain a constant output.3  

 For the BBCES-III temperature control is maintained by a K-type thermocouple 

temperature sensor that is placed onto the LED and an Arduino. The Arduino sends commands to 

a thermoelectric cooler placed behind the LED base plate that cools based on the feedback from 

the thermocouple. Through this feedback loop, temperature stability is maintained. The 

temperature at which each LED is maintained is selected based on the natural temperature of the 

LED; the aim is to have the thermoelectric coolers constantly cooling but not at the full power 

setting of the thermoelectric cooler. Using these parameters, the original BBCES-III set up had 

selected 35 °C for the green and UV cavities, and 45 °C for the red cavity. As a result of this 

feedback setup the BBCES-III is highly dependent on the temperature and reaction time of the 

thermoelectric cooler. 

The original LED temperature control setup of the BBCES-III had some issues that 

affected the performance of the BBCES-III. These were made apparent by standard deviations of 

raw intensity taken over the course of varying time points all of which were at least over an hour. 

The standard deviation of the intensity is taken from the mean of the intensity over that time 

period. This allows for the changes in intensity to be shown as a function of wavelength where 

drift truly affects the results, which is the similar to the purpose of the Allan deviation 

experiments.4 Figure 3.2 below exhibits a typical result of this experiment. As shown in this 
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figure, the UV LED had some stability issues, which was attributed to the age of the LED and 

the gradual degradation of the performance of the LED.5 

Also shown in Figure 3.2 is a large amount of scatter in the red cavity. This was 

originally attributed to there being low LED signal in the red cavity. The LED that was being 

used in the red cavity was XPLAWT-00-0000-000HU60E8-SB01(Opulent) which is a white 

LED that was filtered using an Opulent filter to give wavelengths 635- 685 nm, so the intensity 

was considerably lower in that cavity than in the two others. This was originally what was 

assumed to be the issue with the large deviation in that cavity. As a result, it was hoped that 

replacing the white LED with a red LED would increase the light intensity.  

A separate issue with temperature control was with the green cavity thermocouple. 

Relatively often the green thermocouple would lose connection and give NaN results as the raw 

data from the thermocouple. This would cause the thermocooler to be beyond its highest power 

output and the temperature of the LED would thus be decreased and the intensity of the LED 

would be affected. The temporary solution was to adjust the connection to the Arduino until the 

connectivity issues had been resolved and the thermocouple was again reading the appropriate 

temperature. This was not an ideal scenario during data collection as the temperature control is 

crucial for an accurate measurement. This resulted in many experiments that had to be repeated, 

so this had to be addressed in the instrument troubleshooting process. 

Potential solutions for optimizing the intensity output of the LEDs were discussed and it 

was decided that purchasing new LEDs would be a good first step in improving the light sources. 

One of these changes was to try a red LED in the red cavity instead of a white LED in hopes that 

the LED would have a higher intensity in the red spectral region, thus creating a more precise 

reading in the red cavity. Another solution to aiding with stable LED output was to address the 

temperature fluctuations by updating the Arduino board to react to smaller temperature 
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fluctuations.6 The hope was that with better precision on the temperature regulating loop, the 

intensity would be more stable and that the standard deviation of all the cavities would improve. 

An extension of this was to modify PID loop settings of each LED to be optimized for this 

temperature regulating loop. This was hoped to minimize oscillation time that was required after 

an external temperature change. 

A PID loop is a form of a control loop, used to adjust something based on previous 

products. The PID loop uses a setpoint and a feedback to determine how far away from that set 

point the desired results are. The acronym PID stands for proportional, integral, and derivative, 

using these different variables the goal of this control loop is to eliminate the error between the 

setpoint and the feedback.7,8 

 

3.2 Thermal troubleshooting 

The original thermocouple amplifier board was an Arduino thermocouple amplifier 

MAX31855.9 This amplifier board in practice gave thermal readings to the nearest 0.25 °C. This 

proved to not necessarily be the best way to thermally regulate the LEDs. The PID loop that 

controls the thermal coolers would only activate when the temperature change was larger than 

0.25 °C. This allowed for small fluctuations in temperature that were less than 0.25 °C and thus 

small fluctuations in intensity from the LEDs. A new thermocouple amplifier board was 

purchased, an Adafruit MAX31856 Universal Thermocouple Amplifier.10 This new amplifier 

board in practice controlled the temperature within 0.03 °C, which allowed for the PID loop to be 

much more precise in controlling the temperature of the LEDs. The small changes in temperature 

were easily detected and could be corrected for within the PID loop.   

The proportional factor is the most straightforward of the three factors in this control 

loop. The output of the proportional factor is directly correlated to the gain that is set and the 
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error which is quantified as the difference between the setpoint and the feedback. As a result, if 

the proportional gain is set high, the control loop can overshoot the set point often. These 

continual overshoots can produce oscillations. The proportional factor is important to control the 

speed of the response of the control system, however if this value is increased in excess the 

oscillations will be too large and the system will be unstable. 

The next response in the PID loop is the integral response. This factor corrects for the 

accumulation of error. This component is the factor that is responsible for storing the error over 

time. Positive and negative errors will be able to cancel each other out in this component and as a 

result when the integral response is acting appropriately it eliminates the steady state offset. At 

some points this integral response can contribute to the output overshoot past the set point, which 

would be not ideal. The smaller the integral time the more aggressively the response reacts. 

The final component of the PID controller loop, and probably least understood factor, is 

the derivative response. Often many PID loops do not even have a derivative response and exist 

as solely PI loops.10 However, the derivative response plays an important role in correcting the 

present error versus the error in the previous instance it was measured. Ultimately, the derivative 

is monitoring the rate of change of the error. The derivative factor is crucial in counteracting the 

overshoot that can be caused by the proportional response and the integral response. When used 

properly, a derivative response can allow for more aggressive proportional and integral factors.9 

When applying this to the temperature control of the LEDs, proportional responses are 

very important in dealing with large temperature changes, and the other responses work with the 

proportional response to make the oscillations smaller and temperature of the LED as stable as 

possible. Along with the new amplifiers, the PID settings were changed on the LEDs. The PID 

setting are now 7, 10, 2 for the P, I, and D factors respectively. This allows for quick thermal 

cooler power changes while also not over correcting to small fluctuations. In practice, the LED 
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temperature control is now within 0.03 °C with the fluctuations in temperature and visually the 

thermal cooler power output is much smoother, eliminating major oscillations. It is important to 

note that depending on the LED, some spectral shapes from the LED are more susceptible to 

improperly regulated temperature. These sensitivities will affect the stability of the BBCES-III 

signal during measurements. 

There were also major connection issues with the green cavity thermocouple with the old 

thermocouple amplifier board. When switching to the new amplifier board the entire electrical 

set up was rewired and soldered. This connection issue was fixed upon the revamping of the 

thermal set up. 

 

3.3 Optical Troubleshooting 

Upon first glance, when comparing all three cavities it would seem that they are all equal 

in their precision. However, in order to retrieve our reflectivity, the known cross sections of N2 

and Helium are compared and using this ratio and our measurements of these gases, the 

reflectivity of the mirrors can be calculated.11 In order to check this reflectivity measurement, Ar 

is sampled and compared to its known cross section as well.12 An example of this is shown in 

Figure 3.3. As seen in the bottom of the figure the residuals have a much larger spread in the red 

cavity than the other two. It was hypothesized that this effect was caused from the little signal in 

the red cavity because a white LED was being used and filtered as opposed to a red LED. The 

green and UV cavities have a green, 540 nm, and a UV, 405 nm, LED for their cavities and they 

had very good precision. As a result, it was determined that a red LED may help our precision 

issue in the red cavity, so a few types were purchased and were then each individually optimized. 

 As a background, the white LED is shown in Figure 3.2 to have a spread of 0.90 Mm-1 

during the standard deviation experiment.13 Also, the spread of the percent residuals in the 
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reflectivity were 3.8 %, making this the least precise of the three cavities. The goal of replacing 

the LED in this cavity is to improve upon this. 

 The first LED that was attempted was LZ1-10R202-0000 (LED ENGIN) and as shown 

by Figure 3.4, the initial standard deviation experiment was again run and showed a standard 

deviation value of 0.48 Mm-1. This is an improvement upon the white standard deviation value of 

0.90 Mm-1, which is what the original goal was. With this benchmark met the next step was to 

validate the use of this LED by taking a reflectivity measurement and then checking the accuracy 

of this measurement with the Rayleigh scattering by Argon. The result of this run is shown in 

Figure 3.5. At this point it is apparent that there is a large issue with some of the wavelengths 

within this red cavity which is made apparent by the large peak in the reflectivity curve, and the 

peak in the Argon Rayleigh scattering fit. When analyzed, it was noticed that the spectral shape 

of the LED, shown in Figure 3.6, had a very steep slope over these same wavelengths. This large 

slope makes small shifts in temperature have a very large impact on the overall intensity and 

signal of this LED. At this point the new thermocouple amplifiers were installed, and even with 

this better temperature control the output of these experiments were essentially identical. After 

optimization of the PID setting for this LED were completed a second reflectivity, Figure 3.7, 

was measured and this gave better results, but not as consistently as the white LED. The same 

wavelength region would sometimes be an issue. A potential solution for this was to use a red 

LED with similar spectral shape but higher power so that there would be more signal for the 

spectrophotometer to work with.14  

The next LED that was selected to fix this issue in the red cavity was LZ4-40R208-0000 

(LED ENGIN). This high-power LED needed a separate power source than the green and UV 

cavities, so throughout the experiments the green and UV cavities were not utilized. Upon 

completing the first standard deviation test, it was clear that this LED had the same issues as the 
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LZ1, where it was highly temperature dependent in the steep slope region of the spectral shape 

(Figure 3.8). However, this spectral slope occurred in longer wavelengths than the LZ1, so it was 

possible to sample outside of this shape if the temperature shift was manipulated to the 

advantage of the BBCES-III. The next trouble shooting step was to attempt to change the 

temperature that the PID loop kept the LED at in hopes that this would shift the large slope out 

of the spectral region that the BBCES-III samples at as shown by Figure 3.9. Temperature points 

at 90 °C, 80 °C, and 75 °C were chosen as test points for the PID loop. At 75 °C the wavelength 

region seemed unstable as shown in Figure 3.10. Also, 90 °C seemed to have the same trouble 

with that spectral region shown in Figure 3.11. However, at 80 °C the standard deviation seemed 

to be the most ideal, as displayed in Figure 3.12, so at this point the PID loop was optimized for 

80 °C. Through this experiment it was shown that there were better standard deviation values 

than the white LED. At this point the next step was to evaluate the Rayleigh scattering by argon, 

this showed the same large peak as the LZ1 however it was shifted. This temperature shift was 

shown to move the problem region farther to the longer wavelengths meaning the wavelength 

coverage of the BBCES-III would not suffer too much. The standard deviation around the 

measurement was also substantially improved so it was decided that the LZ4 could be an 

alternative to the original white LED, as long as the longer wavelengths would not be included. 

However, it is not ideal to lose wavelengths if it is not necessary. It was discovered that the 

spectral shape of the LED needed to be different than the LZ1 and LZ4. Due to limited LED 

options for the red wavelengths, other white LEDs were purchased in hopes that the broader 

spectral shape would eliminate the temperature dependent trouble region.15 

The succeeding LED was a high-power white LED, XLamp CXB1816 (CREE) that again 

required its own power source. This spectral shape, shown in Figure 3.14, is shown to have 

smooth region over the wavelengths of interest in the red cavity. However, upon operating the 
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white LED it was found that the temperature that the LED ran at was extremely hot and was not 

ideal for the thermal coolers to operate. This LED seemed visibly unstable so there was no need 

for the standard deviation experiment to be run with this high-power white LED. It was at this 

point that it was proposed to attempt a lower power white LED that just may be more stable than 

the old white LED.16 

 The new LED, XPLAWT-00-0000-000HU60E8-BS01 (Opulent), when initially installed 

had a much higher intensity that the previous white LED. It was thought that this was due to the 

age of the old LED and scratches on the lens of the LED from wear and tear throughout the 

construction of the BBCES-III. Another reason why this LED is an improvement on the old 

white LED is that the new temperature control along with the higher intensity of the signal may 

allow less scatter in the red cavity. Upon performing a standard deviation experiment on this 

setup, it was found that this white LED was much more stable throughout all of the red 

wavelengths reported by the BBCES-III. As displayed in Figure 3.15, the scatter of this LED was 

0.36 Mm-1, which is the best standard deviation thus far and has allowed for the maximum 

number of useable wavelengths. Reflectivity calculations with this new white LED are shown in 

Figure 3.16, where it is seen that the scatter is much improved from the original white LED and 

there is no problem peak region like when using the red LEDs. This was the chosen LED for this 

setup of the BBCES-III. It was also shown that as a result of the lower amount of extinction in 

the red wavelength region for the Rayleigh scattering by Argon that there was more likelihood 

for the residuals to be a higher percentage.13 

As shown in the standard deviation plot with the new white LED, the UV cavity was now 

the weakest of the three cavities. This was also thought to be a result of the age of the UV LED. 

When replaced with a newer LED, it was shown to have more stability and somewhat higher 

intensity than previously.17 After running an Allan variance using this new set up it was 
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determined that these LEDs were optimized. The LOD achieved from the Allan variance shows 

that these LEDs are stable enough to sample ambient aerosols, which is the end goal of the 

BBCES-III. The BBCES-III was then validated with NO2 in order ensure optimal performance, 

and as shown by Figure 3.17 the agreement with Burrows et al. was very good.18-21  

 

3.4 Conclusions 

As a result of multiple changes made to the BBCES-III, vast improvements in the 

instrument’s stability have been made. The temperature control of the LEDs has been optimized 

by purchasing higher resolution thermocouple amplifiers, optimizing PID settings, and rewiring 

thermal connections. The intensity is no longer affected from lost thermocouple connections, and 

the signal from the LEDs are constant. There is also higher intensity in both the red and UV 

cavities than there was initially, which allows for more accurate readings from the 

spectrophotometer. The reflectivity measurements that must be taken multiple times per day are 

now reproducible in one attempt, as opposed to many measurements required before. Also, the 

scatter in each cavity is greatly minimized as a result of the better temperature control and 

optimal LEDs for each wavelength region. Overall, the changes increased the measurement 

precision of the BBCES-III. 
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Chapter 3 Figures 

 

Figure 3.1. Typical Relative Dominant Wavelength Shift over Temperature 

 The wavelength shift of the green LED, LZ1-00G100, (LED ENGIN), as a function of 
temperature.3 

 

Figure 3.2. Original Standard Deviation Experiment 

 The standard deviation experiment results for the original BBCES-III set up, using an older 
white LED, XPLAWT-00-0000-000HU60E8-BS01, (Opulent) 
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Figure 3.3 Original Reflectivity Experiment and Argon 

 A typical reflectivity measurement using the original BBCES-III set up. This Reflectivity 
measurement is then checked using Rayleigh scattering by Argon (middle). Residuals of this 

Argon check are shown (bottom). 
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Figure 3.4 LZ1-10R202-0000 Standard Deviation Experiment 

 The standard deviation experiment results from the original UV and green LEDs and the red 
LED, LZ1-10R202-0000 (LED ENGIN). 
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Figure 3.5. LZ1-10R202-0000 Reflectivity Experiment and Argon 

 The reflectivity results from the red LED, LZ1-10R202-0000 (LED ENGIN), along with 
Rayleigh scattering extinction by Argon (middle) and residuals from this extinction measurement 

(bottom). 
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Figure 3.6. Typical Relative Spectral Power Distribution of LZ1-10R202-0000 

The spectral power distribution reported for the red LED LZ1-10R202-0000 (LED ENGIN, 
typically at a temperature of 25 oC. 14 
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 Figure 3.7. Reflectivity and Argon after temperature change of LZ1 

 The reflectivity results after adjusting the LED temperature from the red LED, LZ1-10R202-
0000 (LED ENGIN), along with Rayleigh scattering extinction by Argon (middle) and residuals 

from this extinction measurement (bottom). 
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Figure 3.8. Typical Relative Spectral Power Distribution of LZ4-40R208-0000 

 The relative spectral power distribution of the high-power red LED, LZ4-40R208-0000 (LED 
ENGIN), at temperature 25 oC.15 

 

Figure 3.9. Wavelength Shift over Temperature for LZ4-40R208-0000 

 The wavelength shift of the high-power red LED, LZ4-40R208-0000 (LED ENGIN), as a 
function of temperature.15 
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Figure 3.10. LZ4-40R208-0000 Standard Deviation Experiment at 75 oC 

The results of a standard deviation experiment for the high-power red LED LZ4-40R208-0000 
(LED ENGIN), when the LED temperature control was set at 75 oC. 
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Figure 3.11. LZ4-40R208-0000 Standard Deviation Experiment at 80 oC 

 The results of a standard deviation experiment for the high-power red LED LZ4-40R208-0000 
(LED ENGIN), when the LED temperature control was set at 80 oC. 
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Figure 3.12. LZ4-40R208-0000 Standard Deviation Experiment at 90 oC 

 The results of a standard deviation experiment for the high-power red LED LZ4-40R208-0000 
(LED ENGIN), when the LED temperature control was set at 90 oC. 
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Figure 3.13. LZ4-40R208-0000 Reflectivity Experiment and Argon 

 The reflectivity results with LED control temperature set at 80 oC from the high-power red LED, 
LZ4-40R208-0000 (LED ENGIN). Along with Rayleigh scattering extinction by Argon (middle) 
and residuals from this extinction measurement (bottom). UV and green cavities were excluded 

for this experiment. 

 

Figure 3.14. Relative Spectral Power Distribution of Cree XLamp CXB1816 
 The relative spectral power distribution for the high-power white LED, Cree XLamp CXB1816 

at a temperature of 85oC.16 
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Figure 3.15. XPLAWT-00-0000-000HU60E8-BS01 Standard Deviation Experiment 

 The standard deviation experiment results for the BBCES-III set up, using the new white LED, 
XPLAWT-00-0000-000HU60E8-BS01, (Opulent). The green and UV LEDs are from the 

original setup. 
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Figure 3.16. XPLAWT-00-0000-000HU60E8-BS01 Reflectivity Experiment and Argon 

 The reflectivity results from the new white LED, XPLAWT-00-0000-000HU60E8-BS01, 
(Opulent). Along with Rayleigh scattering extinction by Argon (middle) and residuals from this 

extinction measurement (bottom). 
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Figure 3.17. NO2 Measurements with the new LED setup 

 The NO2 extinction cross section measured by the new BBCES-III setup (top), with new LEDs 
in both the red and UV cavities. This measured cross section is superimposed over measurements 
from Burrows et al., Bogumil et al., Vandaleae et al., and Voigt et al. Residuals shown (bottom) 

are calculated using the cross section from Burrows et al.18-21  
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CHAPTER 4 

CROSS SECTION THEORY COMPARISIONS 

4.1 Techniques to calculate cross sections 

When measuring the extinction by particles with broadband cavity enhanced spectroscopy, 

knowing the cross sections of the bath gas is crucial.  Another important role of correct cross 

sections of gases is because Rayleigh gas extinction can be used to calculate mirror reflectivity. 

Here, we present two different methods of calculating the cross sections used for these important 

equations: one, from Washenfelder et al.1 where previously measured data was empirically fit 

using a power law to find the cross section, and the other using refractive index based 

calculations derived from refractive index data for the target gases, explained in detail in 

Thalman et al.2 These methods were both fully applied to BBCES-III data, and it was concluded 

that the n-based methods yielded the best results for this instrument.  

The accuracy of the extinction cross sections of gases are vital to the performance of the 

BBCES-III. Cross sections are used to calculate reflectivity and also extinction, both of which 

directly affect data of the BBCES-III. The cross section of the bath gas is taken into account in 

the equation used to calculated extinction, so that when extinction of aerosols are being 

measured, the Rayleigh scattering of the bath gas can be excluded. This is imperative when 

measuring all aerosol particles. This is shown in equation 4.1 as the 𝛼Q% variable where in this 

scenario Helium is the bath gas and the aerosol being measured is Species X as represented by Ix. 

In this equation R is the reflectivity as a function of wavelength, d0 is the distance between 

mirrors, and IHe is the intensity by He. 

 𝛼(𝜆) = ((H4I(F)
MN

)(1 − OP(F)
O@A(?)

) + 𝛼Q%(𝜆))(
OP(F)
O@A(F)

)   (4.1) 
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Another important aspect of broadband cavity enhanced spectroscopy that requires 

accurate cross sections is the mirror reflectivity calculations. Rayleigh scattering is used in this 

calculation because it changes in a well-defined way across UV-Vis wavelengths. When taking a 

reflectivity measurement, the cavity is flushed with a gas, either N2 or He. The difference in 

intensity throughput between these two gas measurements is quantified and used in the 

reflectivity calculation. The reflectivity of the mirrors in each cavity is a function the ratio of the 

cross sections between two gases and the difference in intensity throughput. This is exhibited by 

the equation 4.2 below. 

 𝑅(𝜆) = 1 − 𝑑;
<
=>#(?)
=@A(?)

BCDE
># (F)G4(BCDE

@A (F))

H4(
=>#(?)
=@A(?)

)
    (4.2) 

At this point it is apparent that the theoretical cross sections of gases used play a major 

role in the performance of the BBCES-III. There are different ways to calculate these cross 

sections, both of which can give similar results, but even small differences can have large effects 

when applied to measured extinction data. One of the ways to find the cross sections of these 

Rayleigh gases is to empirically fit the data that was previously measured and thought to be 

representative of the true cross section. This usually involves a power law fit to the data that was 

measured. Another method used to calculate these cross sections is dubbed n-based calculations, 

and is a method based off of refractive index data that is available. Here we will explore which 

of these methods work better with BBCES-III measured data. 

The first method that will be explored is shown in Washenfelder et al. 2013 where the 

cross sections needed for the reflectivity calculation were empirically fit to previously collected 

data. The data for nitrogen was retrieved from Bodhaine et al. in 1999,3 whereas the He data was 

fitted from data from Shardanand and Rao in 19774. This is reported as σRayleigh N2 = 1.2577×10-

15 × λ −4.1814 cm2 particle-1 as the power law fit to the Bodhaine data, and σRayleigh He = 1.336 × 
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10-17×λ -4.1287 cm2 particle-1 as the fit to the Shardanand and Rao data. There were a limited 

number of wavelengths measured as these measurements were made using cavity ringdown 

spectroscopy (CRDS), and as a result the interpolation between points can lead to a systematic 

bias and a significant uncertainty in the cross section. The wavelengths that were measured that 

Washenfelder used to fit the empirically derived power law were 350- 480 nm, which is a 

significant range but does not cover as broad a spectrum as the BBCES-III which could 

potentially affect the accuracy of the cross sections in the wavelength region covered. 

The second method is covered by Thalman et al.2 where CRDS was used to derive an 

absolute cross section of nitrogen at 532 nm and 405 nm. From here BBCES was used to 

measure relative Rayleigh scattering cross sections of other gases. The scattering cross sections 

were calculated using n-based calculations from refractive index data. Equation 4.3 exhibits this 

n-based calculation to find the scattering cross section. In this equation v is the wavenumber. 

   𝜎(𝑣) = 	 VWX
YZ[

\#
]^_

#4H
^_#`V

a
V
𝐹c(𝑣)     (4.3) 

This equation requires refractive index data described by Equation 4.4. The values for both of 

these equations are described in Table 4.1,5-9and are derived from a variety of references. The 

broadband cavity enhanced spectrometer used by Thalman et al. has wavelength coverage from 

350 to 650 nm which is more similar to the wavelength coverage of the BBCES-III. 

   (𝑛 − 1)	×	10g = 𝐴 + i
j4Z#

      (4.4) 

 Using both of these methods the cross sections are calculated and compared together in 

Figure 4.1. As shown in this figure there is a significant difference in the nitrogen cross sections 

but not visibly as much in the helium cross sections. To make this difference easier to visualize 

the ratio of Washenfelder cross sections to Thalman cross sections was taken and is shown on the 

right side of the figure. Here it is evident that there is a difference in these cross sections and the 

difference is larger in the longer wavelength regions. This apparent difference will not only 



 

 84 

affect the reflectivity calculations of the mirrors, but also the exclusion of the bath gas from 

extinction measurements. Here it was imperative to determine which cross section data is best 

for the BBCES-III data. 

 

4.2 Determining optimal cross sections for reflectivity calculations 

 Not only are the cross sections used in Washenfelder et al. different from the Thalman et 

al. cross sections as shown in Figure 4.1, but the equations to calculate reflectivity are different. 

 The reflectivity calculation used in Washenfelder et al.10 is shown as equation 4.5 below.  

   𝑅 = 1 − [𝑑(𝛼\V − 𝛼Q%) ]
O>#

O@A4O>#
a]     (4.5) 

In order to be consistent, it was decided that when applying alternative techniques to the 

BBCES-III it would be wise to be consistent within the same paper. As a result, the reflectivity 

was calculated using both the reflectivity equation and the cross sections reported by 

Washenfelder et al. The reflectivity calculation used the ratio of N2 and He to come up with the 

reflectivity curves.  This result is shown by Figure 4.2, with specific wavelengths chosen for 

each cavity to be highlighted. This showed reflectivities of 99.9820, 99.9916, and 99.9922 

percent for wavelengths 405, 532, and 660 nm respectively. 

 The Thalman et al. group used Equation 4.2 above to calculate reflectivity. This 

reflectivity calculation also used the ratio of N2 and He to produce the reflectivity curves. The 

result of this reflectivity calculation is shown in Figure 4.3, with the same three wavelengths 

chosen in each cavity in order to accurately compare the two methods of calculating. This 

measurement yielded a result of 99.9816, 99.9915, and 99.9918 percent for wavelengths 405, 

532, and 660 nm respectively. This result ended up yielding lower reflectivity measurements 

than the Washenfelder method, as indicated when both methods are plotted on the same scale in 

Figure 4.5. Although high reflectivity measurements indicate a better LOD, inaccurate, high 
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reflectivity measurements will yield inaccurate extinction measurements. As such, we are unable 

to conclusively say that the higher reflectivity measurement is actually favored over the lower. 

These reflectivities must be applied to extinction measurements in order to fully grasp which 

cross section calculation method yields the best results for the measurements of the BBCES-III. 

 

4.3 Determining optimal cross sections for extinction measurements 

 Extinction equations for both of the methods seemingly looked very different, however 

after a derivation it was proven that the extinction equations for both Thalman et al.2 and 

Washenfelder et al.1 were mathematically equivalent so which equation that was used for 

BBCES-III data did not matter. In order to fully compare these two methods, the Rayleigh 

scattering by argon was measured by the BBCES-III and then plotted with the theoretical 

Rayleigh scattering by argon reported by Thalman et al. as the cross section was not reported and 

fit by Washenfelder group. For example, if reflectivity was calculated using the cross sections 

reported by Washenfelder et al., then the theoretical argon measurement was compared to the 

argon cross section reported by Thalman et al. As a result, it would be expected for reflectivity 

from the cross sections of Thalman et al. to have better agreement with matching the extinction 

by argon, because the argon extinction cross section was calculated also using n-based methods. 

 As shown in Figure 4.5 the Argon extinction using reflectivity calculated from the 

method reported in Washenfelder et al. had very large relative errors. The red cavity had over 20 

percent relative error for certain wavelengths. This is obviously not ideal for extinction 

measurements as Rayleigh scattering by Argon should be very consistent and easily quantified. 

In Figure 4.6, the extinction spectra from Argon is shown when the reflectivity is calculated 

using the cross sections from Thalman et al. As expected, this showed a vast improvement upon 

the Washenfelder reflectivity extinction spectrum. All cavities have relative percent errors less 
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than 20 percent, with most wavelengths only having around 10 percent error. However, this 

result was expected as the Thalman et al. cross sections should be expected to have better 

agreement with each other as they came from the same method of calculating cross sections. In 

order to have a truly impartial experiment, a well quantified extinction cross section must be 

measured by the BBCES-III and compared to a theoretical extinction cross section from neither 

Thalman et al. or Washenfelder et al.  

 It was decided that the absorption cross section of NO2 had a wide variety of 

measurements and was very well quantified by other groups not being compared in this study. 

The NO2 absorption cross section when plotted with the reflectivity calculated from 

Washenfelder et al.1 is shown is Figure 4.7. The agreement with Burrows et al. was the most 

similar to the BBCES-III data and was used to compute residuals. The agreement for the UV and 

green cavities were within 10 percent residuals whereas the red cavity was greater than 10 

percent. The fact that this effect was the highest in the red cavity indicates that maybe this could 

be fixed with a change in the cross sections used based on the results from Figure 4.1. 

 Next, this same NO2 experimental data was analyzed using the reflectivity calculated 

from the cross sections from Thalman et al.2 These results were also compared to Burrows et a. 

in order to calculate the percent residuals. As shown in Figure 4.8, the agreement was within 10 

percent for all reported wavelengths including the red cavity. This is indicative that the cross 

section method reported by Thalman et al. resulted in better agreement with NO2 absorption 

cross sections. The NO2 absorption cross section has been thoroughly studied, and having good 

agreement with previous groups suggests that this n-based method is a reasonable one. This also 

leads us to believe that the reflectivity calculations are more accurate for the BBCES-III using 

this n-based calculation method. 
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Chapter 4 Figures 

 

Figure 4.1. Cross Section Comparisons 

Left. The reported wavelength dependent cross sections of N2 by Washenfelder et al. (yellow) 
and Thalman et al. (Green) with their measured wavelength region highlighted. 

Right. The ratio of Washenfelder cross sections to Thalman cross sections for both N2 (blue) and 
He (orange). 

 

Figure 4.2 Reflectivity using Washenfelder Cross Sections 

Reflectivity curves calculated from the measured extinction of He and N2 and the ratio of the 
cross sections of these two gases calculated from the empirically derived formula from 

Washenfelder et al. 



 

 88 

 

Figure 4.3. Reflectivity using Thalman Cross Sections 

Reflectivity curves calculated from the measured extinction of He and N2 and the ratio of the 
cross sections of these two gases calculated from the n-based method from Thalman et al. 

 

 

Figure 4.4. Reflectivity Curves using both Methods 

Reflectivity curves from both approaches of cross section derivations, plotted with each other. 
Thalman et al. reflectivity in blue and Washenfelder et al. reflectivity in orange. 
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Figure 4.5. Extinction by Argon using Washenfelder et al. 

Argon extinction spectra measured by the BBCES-III using the reflectivity calculated from 
Washenfelder et al. The residuals are compared to the theoretical extinction calculated by 

Thalman et al. 

 

Figure 4.6. Extinction by Argon using Thalman et al. 

Argon extinction spectra measured by the BBCES-III using the reflectivity calculated from 
Thalman et al. The residuals are compared to the theoretical extinction calculated by Thalman et 

al. 
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Figure 4.7. NO2 Measured Absorption Cross Section using Washenfelder et al. 

NO2 absorption cross section measured by the BBCES-III using the reflectivity calculated from 
Washenfelder et al. The residuals are compared to the theoretical extinction calculated by 

Thalman et al. 
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Figure 4.8. NO2 Measured Absorption Cross Section using Thalman et al. 

NO2 absorption cross section measured by the BBCES-III using the reflectivity calculated from 
Thalman et al. The residuals are compared to the theoretical extinction calculated by Thalman et 

al. 
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Table 4.1 Values need for Refractive Index Calculations 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

The BBCES-III is a valuable instrument for the study of aerosol optical properties, both 

laboratory-generated and ambient. We have proven that this instrument creates valid extinction 

measurements and the three cavities have a wide spectral coverage which is ideal for these 

measurements. Here are presented some future applications for the BBCES-III where the 

BBCES-III either aids in the characterization of particles or is used to identify ambient aerosol 

composition. These are useful studies that will have a positive impact on the field of atmospheric 

chemistry. 

 

5.1 Ammonium Sulfate 

 The BBCES-III is a three-cavity broadband cavity enhanced spectrometer that has the 

ability to accurately measure the optical extinction of aerosols even at very low ambient 

concentrations. The BBCES-III has wavelength coverage from 385-425, 520- 560, and 635-685 

nm. This spans the majority of the UV- Visible spectrum, which is key in many climate models. 

This instrument can measure extinction below 1 Mm-1 which is ideal for many applications. The 

BBCES-III has been validated using a multitude of gases and laboratory generated aerosols. As a 

result of this validation the results of the BBCES-III can be trusted. 

 The first future application of the BBCES-III is to better determine the wavelength 

dependence of the complex refractive index of ammonium sulfate. Ammonium sulfate is a 

common atmospheric aerosol that is very frequently seen in ambient measurements. Ammonium 
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sulfate is also commonly measured in laboratory settings and can be used for instrument 

validation. More importantly, ammonium sulfate is commonly used in climate models to 

represent purely scattering aerosols, thus the quantification of the complex refractive index is 

important. In the literature, there is a spread in these refractive index values across the UV-Vis 

spectrum.1-9 It is our goal to use BBCES-III data to better quantify the refractive index values of 

ammonium sulfate. 

 Experimentally, different particle sizes of ammonium sulfate will be size selected by a 

DMA and counted by a CPC while being measured by the BBCES-III. The measured extinction 

cross sections are computed by dividing extinction by the number density. Using a nonlinear 

least squared optimization algorithm, modelled values that give best agreement with 

measurements can be determined. The modelled extinction cross section will be computed with 

Mie theory and will include the refractive index defined by the Sellmeier equation. Additional 

terms may be added to the model to account for experimental uncertainties. This Sellmeier 

equation will report the refractive index of ammonium sulfate as a function of wavelength that 

was retrieved from the BBCES-III measurements. Preliminary data taken for this experiment is 

proving that this refractive index retrieval should be successful because reasonable refractive 

indices have been determined and these results will benefit the state of the field. 

 

5.2 Polystyrene Latex Spheres 

 Polystyrene latex spheres (PSLs) are laboratory generated aerosols that are commonly 

used to calibrate aerosol optical instruments. Any errors in instrument calibration will directly 

propagate into the measurements. When any improvement in calibration is done the 

measurements become more accurate. The next application of the BBCES-III is to retrieve the 

refractive index of the PSLs to improve these aerosol optical extinction calibrations. Another 
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aspect of this application is to present a new analytical method to simultaneously derive the 

refractive index and size distribution. It is planned for this experiment to closely follow the work 

of Gienger et al.10 These improvements in the refractive index of PSLs should advance the 

accuracy of the calibration and hence the measurements of aerosol optical instruments. 

 Experimentally, the BBCES-III will measure the extinction of PSLs at three different 

sizes, 600, 800, and 900 nm while the CPC will measure the concentration in parallel with the 

BBCES-III. The PSLs have a size distribution that is very narrow. Analytically the model used to 

find the extinction cross section will be similar to the method reported above for ammonium 

sulfate. This solution shall then be forced to fit a Cauchy equation. There will then be an eleven-

parameter fit to this measured data which will simultaneously derive the refractive index, mean 

particle size, size distribution standard deviation, along with correction factors for particle 

counting and refractive index errors. The chance of success in this project is high as this 

application of the BBCES-III is near completion, at the time of this thesis the final adaptation to 

the retrieval algorithm are being made. 

 

5.3 Aerosol Classification 

 Another future application of the BBCES-III is still in the preliminary stages. The goal of 

this application is to show a novel method to optically characterize the types of aerosols by class. 

The classification of ambient aerosols is important to improve the knowledge of the aerosol 

composition of the atmosphere. In these measurements, the BBCES-III and the photoacoustic 

spectrometer are coupled together to retrieve the SSA, AAE, and EAE. Different particles have 

different EAE, AAE, and SSA. Using chemometric techniques the variation of these properties 

by each particle type can be distinguished. For example, urban industrial aerosols typically have 

EAE around 1.8, and a SSA440 of 0.97; whereas dust aerosols have an EAE of 0.1 and a SSA440 
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of 0.9. Using these optical properties to classify aerosols allows for the composition of ambient 

aerosols to be divided into potential sources. 

 The absorption of ambient aerosols will be measured by the MultiPAS-IV, while the 

extinction of these same aerosols will be measured by the BBCES-III. With these optical 

measurements, chemometric analysis is performed on the ambient data in order to separate and 

identify different types of aerosols. Some preliminary data has been collected and different 

chemometric methods are being applied to this data. It is expected that this future direction will 

have a high chance of success due to agreement of initial measurements to previous classification 

of aerosols using alternative methods.11 
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