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Abstract 

 

 

The interaction of atmospheric aerosols with radiation remains a significant uncertainty in 

radiative forcing. This work aims to elucidate this uncertainty through the measurement of 

the optical properties of atmospherically relevant single aerosol particles.  

Single particles were confined and spectroscopically probed while the environmental 
conditions were varied, thus, the evolving optical properties were studied. A Bessel laser 

beam and counterpropagating humidity-controlled gas flow facilitated confinement of 

single particles. Concurrent measurements of the extinction cross section with cavity ring 
down spectroscopy (CRDS) and the variation in intensity of elastic light scattering, or phase 

functions (PFs), gave the refractive index and radius. Single particles composed of aqueous 

inorganic solutes were probed at several illumination wavelengths and relative humidities 
(RHs). Repeat measurements provided the instrument precision, with nλ ± 0.004 and nλ ± 

0.005 for CRDS and PFs respectively. The data was parameterised in a Cauchy optical 

dispersion model which enabled the refractive index to be calculated at any given visible 

wavelength and RH; the most comprehensive and precise description of inorganic optical 

properties to date. 

Mixing rules are often used to estimate the refractive index of multicomponent aerosols; 

however, with limited comparisons to measured data, the validity of such rules remains 

unclear. Organic aerosols composed of increasing complexity were probed to investigate 
any limitations of mixing rules. The group contribution theory provided remarkable 

predictions, with uncertainties comparable to typical ensemble techniques. The molar 

refraction prediction was highly dependent on the solute solubility.  

This thesis also presents a new method to measure the absorption of aerosol through 

irradiation from a near-infrared source (NIR). Weakly absorbing particles were studied 
over a range of RHs, particle radii, and NIR laser power. The heating-induced size-change 

at varied NIR beam intensities, gave the change in the imaginary component of the 

refractive index; establishing absorption varies with RH.  
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Chapter 1  

Introduction 

 

This thesis discusses the interaction of aerosol particles with light, offering important 

insights into the interaction of aerosols with radiation in the atmosphere. A single particle 

was suspended with a Bessel laser beam while the surrounding environmental conditions 

were varied to mimic the atmosphere. Meanwhile, spectroscopic techniques enabled 

measurements of the evolving aerosol optical properties.  

This chapter outlines the atmospheric context of this work and highlights the key 

limitations of current measurement techniques. The main processes that aerosol undergo 

which influence the optical properties are discussed. Current techniques to measure the 

optical properties of atmospheric aerosol span from the field to the laboratory, and from 

the whole aerosol dispersions, or ensemble aerosol, to single aerosol particles. Finally, the 

rationale, aims and key contributions of this work are outlined. 

1.1 Aerosols 

An aerosol is a dispersion of solid or liquid particles within a gas phase. Aerosols are a 

colloidal dispersion and, by definition, are thermodynamically unstable and kinetically 

stable. Aerosol science spans a wide range of processes and fields, with applications 

ranging from drug delivery, to combustion, to air quality. There are multiple sources of 

environmental aerosols, both natural and anthropogenic, with far reaching, crucial 

implications for the atmosphere. The fundamental processes of aerosol science govern the 

impacts of aerosols on human health, food production and the global climate. 

The processes and properties of the aerosol phase differ considerably from the bulk phase. 

Aerosol particles have a large surface area to volume ratio and can readily access 

supersaturated solute states which typically cannot be reached in the bulk phase. Thus, 

aerosol particles can exhibit different physiochemical and microphysical properties 

compared to the bulk phase, requiring an area of research in its own right.  

Atmospheric aerosols play a key role in the Earth’s atmosphere. Aerosol particles interact 

directly with solar and terrestrial radiation, via scattering or absorption of light, and 

ultimately contribute to the global balance of incoming and outgoing radiation. 

Additionally, aerosols can act as cloud condensation nuclei which enable the formation of 
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clouds and play a crucial role in regulating the temperature of the Earth. The impact of 

aerosols within the atmosphere remains a major source of uncertainty when calculating 

current and future climate predictions. This thesis focuses on the direct interaction of single 

aerosols with radiation to elucidate the fundamental properties that govern the interaction 

of radiation with atmospheric aerosol. 

1.1.1 Atmospheric aerosols 

Aerosols are drivers of meteorological, chemical and physical processes occurring within 

the atmosphere. Aerosol particles impact air quality, and therefore human health and 

visibility and are key in regulating the global climate. Atmospheric aerosols are composed 

of a diverse range of compounds released from vast array of natural and man-made 

(anthropogenic) sources, with particles sizes spanning 5 orders of magnitude.1 The majority 

of aerosols lie within the troposphere (< 20 km in altitude), while some aerosols can 

penetrate higher into the atmosphere (into the stratosphere), such as volcanic ash and 

aeroplane emissions. Aerosols can remain suspended in the atmosphere for minutes to years 

depending on the particle size, morphology, wind speeds and injection altitude. 

Atmospheric winds can distribute aerosols globally; Saharan desert dust (of diameter < 7.3 

μm) is readily transported across the Atlantic.2 The temperature and humidity vary greatly 

with both altitude and geographical location, and readily modify the microphysical 

properties of aerosols, therefore altering the radiative impacts. There are many complex 

and dynamic physical and chemical processes that occur within the atmosphere, which alter 

the particle phase, composition, morphology, and mixing state of atmospheric aerosols. 

This chapter will summarise those that have the greatest implications for the optical 

properties of aerosols, which are shown in Figure 1.1. 

 

Figure 1.1 A schematic of the factors that influence the optical properties of atmospheric 

aerosol and the direct and indirect effects of aerosol on the climate. 
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1.1.2 Sources and lifetimes of atmospheric aerosols 

Atmospheric aerosols comprise both solid and liquid particles and can be composed of both 

organic and inorganic species. Aerosols are emitted either directly from a source, known 

as primary aerosols, or are formed within the atmosphere, which are known as secondary 

aerosols. Aerosol sources and sinks are often embedded within biogeochemical cycles 

which bring about seasonal variability and are sensitive to feedback. Alternatively, some 

sources are anthropogenic such as combustion processes and industrial dust generation.  

The majority of primary aerosol are released from natural sources, indicated by high 

concentrations of aerosol over oceans and over rural land.1 The major sources of natural 

aerosol are sea spray and mineral dust; these aerosols are predominantly mobilised by the 

wind. Sea spray particles span a large size range (~ 0.05 – 10 μm)1,3 and consist of both 

inorganic salts and organic material (both soluble and insoluble).3 It is estimated 1400 – 

6800 Tg yr-1 of sea spray is emitted globally.4 In oceanic regions, sea spray dominates the 

mass fraction of aerosols, constituting 50 – 70 % of the total aerosol mass.4 Although large 

sea spray aerosols constitute a large proportion of the mass fraction of atmospheric aerosol,4 

they constitute only 5 – 10% of the particle number concentration.5 The transport of large 

sized sea spray aerosol is limited by gravitational sedimentation, whereas smaller sized 

particles have longer atmospheric residence times. Mineral dust aerosols originate from 

winds mobilising dust from deserts and semiarid landscapes;1 mineral dust dominates the 

aerosol mass concentrations over land masses, contributing ~ 38% of aerosols with 

diameters < 10 μm.4 Often dust particles are found thousands of kilometres from their 

source, and typically in internal or external mixtures with other species, such as sea 

spray.1,3,6 Biogenic processes release thousands of different volatile organic compounds 

(VOCs);5 hundreds of millions of tonnes of isoprene and terpenes are known to be released 

annually.5 Many of these species are known to be highly reactive and contribute to the 

complex chemistry occurring in the troposphere. Volcanic activity sporadically emits 

plumes of dust and sulfur into the stratosphere. Cosmic aerosol from meteors is considered 

to contribute minimally to natural primary emissions.1 

Overall man-made processes are estimated to contribute ~ 20% (by mass) of primary 

aerosols.1 The concentrations of a number of aerosol species have increased as a result of 

anthropogenic activity. Solid soot particle concentrations, of < 0.5 μm, have increased from 

combustion processes and biomass burning.5 Sulfate and nitrate aerosols have increased 

from industrial activities. Furthermore, increased agriculture and human land use has led 

to increased mineral dust mobilisation.1  
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Secondary organic aerosols (SOA) are formed within the atmosphere from gas to particle 

conversion processes. The sources, formation, growth, optical properties and removal of 

organic aerosols prevails as an area of uncertainty in atmospheric science.7,8 The complex 

processes which form SOA are intertwined with natural biogenic processes as well as the 

release of anthropogenic species (such as nitrate, sulfate and ammonium). Organic aerosol 

is a major source of global sub-micron sized aerosol.9 SOA are formed from volatile 

organic compounds (VOCs) from mainly biogenic sources: the gas phase species undergo 

oxidative reactions (with OH, O3, NO3 radicals or photolysis)10 to form lower volatility and 

higher solubility products that have the propensity to condense either onto existing aerosol 

particles or nucleate the formation of new particles. Furthermore, dynamic chemical 

processing leads to the growth of SOA, which can lead to the formation of cloud 

condensation nuclei (CCN) with further radiative consequences. Inorganic aerosols are also 

formed within the atmosphere, such as nitrate containing species. Nitrate precursors are 

released from a host of anthropogenic and natural sources, chiefly from ammonia which is 

released from sources such as animal waste, synthetic fertilisers and biomass burning.11 

The distribution and abundance of aerosols are determined by source, chemical processes, 

transport and deposition rates.10 The lifetimes of atmospheric aerosols are dictated by the 

efficiency of the removal processes. Wet and dry deposition are the key processes by which 

particles are removed from the atmosphere.5 Dry deposition is the transport of particles in 

the absence of precipitation; the turbulence of the atmosphere is the key parameter which 

controls the deposition rate along with particle size, shape and density.5 Alternatively, wet 

deposition of aerosols is via cloud formation and precipitation. The key drivers that govern 

cloud condensation nuclei (CCN) activity remain largely unknown, due to observational 

difficulties.12 Recent research reports particle size as the key parameter that governs CCN 

activity.12 Both processes are intertwined with coagulation, evaporation and condensation 

processes and chemical ageing. Furthermore, the environmental conditions affect the 

ability of a particle to undergo wet or dry deposition.  

1.1.3 Size regimes of atmospheric aerosol 

Aerosol sizes span over 5 orders of magnitude.1 Aerosols are classified by their diameter, 

or “equivalent” diameters for irregular shapes. Particles smaller than 1 μm in diameter have 

atmospheric concentrations of tens to several thousand per cm3 whereas larger particles 

with diameters >1 μm have lower concentrations, typically < 1 cm-3.5 Broadly, aerosols are 

classified in two size regimes, with fine mode particles diameters < 2.5 μm and coarse 

mode particle with a diameter > 2.5 μm.1 Fine and coarse mode particle are in general, 

produced by, composed of, and removed by different processes and therefore are 

differentiated in this way.5 
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Within the fine mode regime, particles can be classified as Aiken or nucleation mode, with 

diameters of 5 × 10-3 to 5 × 10-2 µm and accumulation mode, with diameters of 5 × 10-2 to 

2 μm.1 Aitken mode aerosols represent the largest number density of atmospheric particles, 

although consist of a fraction of the overall atmospheric aerosol mass (approximately a few 

percent). Aitken mode particles are typically formed from vapour in combustion processes 

or from nucleation. These particles are commonly removed from the atmosphere via 

coagulation with larger particles or condensational growth. Accumulation mode particles 

are so called since the main removal process, wet deposition, is least efficient.12 Therefore, 

this size range accumulates within the atmosphere, with typical lifetimes of several to tens 

of days. They are formed from coagulation of smaller particles, or from condensation of 

nuclei or are emitted from primary sources. They constitute the largest surface area of any 

size regime and consequently are the most pertinent for the direct interaction of aerosols 

with radiation.  

Coarse mode particles are larger than 2.5 μm in diameter and are typically dust particles or 

from anthropogenic sources such as biomass burning.5 These relatively large particles are 

efficiently removed from the atmosphere via sedimentation and, therefore, have short 

residence times within the atmosphere. 

Figure 1.2 summaries the number distribution of the different size regimes of aerosol. The 

key sources and removal processes are indicated, alongside the residence times in the 

atmosphere. The removal processes are most efficient at the small and large end of size 

ranges, with accumulation particles exhibiting the longest residence times. Therefore, the 

accumulation mode size regime is the most pertinent when considering the direct 

interaction of aerosols with radiation in the atmosphere. This thesis examines aerosol 

particle from ~ 1 – 2 μm in radius. 
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Figure 1.2 Schematic showing log-normal size distributions of atmospheric aerosol. The size 

regime is indicated with the associated typical atmospheric lifetime. The key source and 

removal processes are indicted for each size regime. 

1.1.4 Aerosol transport and source apportionment 

The majority of atmospheric aerosols are distributed in the lower regions of the atmosphere: 

the boundary layer and the troposphere. The boundary layer is the region of the atmosphere 

which is in contact with the surface (extending ~ 1 km above the surface); this is an area of 

turbulent air, thus aerosols are efficiently mixed. The troposphere extends up to 8 - 14.5 

km above the Earth’s surface, illustrated in Figure 1.3; it is the region where most aerosol 

particles prevail and where most weather occurs. Nevertheless, aerosol particles are also 

present in the upper regions of the atmosphere. Within the stratosphere, (from the 

troposphere to ~ 50 km above the Earth’s surface) typical aerosol species include aeroplane 

emissions and volcanic plumes.5 Ice clouds are known to form at the mesopause in Polar 

regions in the summertime as a consequence of heterogeneous nucleation from meteoric 

smoke particles.13 
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Figure 1.3 The variation in relative humidity (blue line) and temperature (dashed black line) 

with altitude in the atmosphere generated with MODTRAN.14 The colours are the different 

regions of the atmosphere indicated by the labels. 

From their source, aerosols are transported and distributed both geographically and in 

altitude. The extent of the distribution depends on the interplay between the particle size 

(or aerodynamic diameter) and the strength of convection, winds and environmental 

conditions. Thus, the composition and concentrations of aerosol species within the 

troposphere varies significantly across the globe.   

1.1.5 Physical and chemical processes of aerosols 

From their origin, aerosol particles undergo both chemical and physical processes in the 

atmosphere due to the diverse range of species present and the varied environmental 

conditions. Within the atmosphere a vast number of cyclical processes occur which are 

interlinked through complex mechanisms. Aerosol particles can access supersaturated 

solute states, possess high surface to volume ratios and are of a comparable size to the 

illumination wavelength in the atmosphere. Rates of reactions in aerosol particles could 

even be enhanced by several orders of magnitude compared to the bulk phase.15,16 The key 

factors increasing rates are attributed to enhanced solute concentrations and the polar 

particle surface.16 The details of many atmospheric reaction pathways remain unclear, such 

as the formations of secondary organic aerosol.17  

Nucleation is the process of forming new particles from gas to particle conversion.18 

Volatile organic compounds undergo oxidative reaction pathways which result in lower 

volatility products with a greater propensity to convert to the aerosol phase.7 This process 

forms secondary organic aerosol. Nucleation can be homogeneous or heterogenous; 

homogeneous nucleation occurs in the absence of any surface, while heterogeneous 

nucleation occurs on a substance or surface, such as an existing particle.18 Following 
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nucleation, if the particle reaches a critical size condensation often occurs rapidly,18 these 

processes are shown in Figure 1.2. Recent work has suggested that secondary organic 

aerosol can exist as highly viscous or glassy amorphous aerosol particles under dry 

conditions or low temperatures, with implications to the phase state with ensuing 

atmospheric impacts.19 

Figure 1.3 shows the variations of both temperature and the amount of water vapour present 

(or relative humidity) with altitude.14 Changes to the relative humidity surrounding a 

particle can alter the relative proportions of water within a particle, thereby altering the 

composition and hence the optical properties.20,21 Furthermore, changes to the relative 

humidity can alter the phase of a particle. Temperature can alter a range of aerosol 

properties, such as the viscosity,19,22 the phase of the particle23,24 and the vapour pressure 

of volatile components22 and, therefore, ultimately the composition. Thus, it is key to probe 

aerosol particles at typical tropospheric conditions to gain insight into the properties of 

aerosols within the atmosphere.  

1.1.6 Health effects of aerosols 

Aerosol particles exist in a plethora of forms which can be the cause or cure of health 

problems. The impact of aerosols, or particulate matter, in areas of poor air quality on 

human health is a growing area of public concern and research. In contrast, aerosols have 

been used as a means of drug delivery for many years via inhalation therapy. 

Aerosol particles are often referred to as particulate matter in the field of air quality. There 

is a growing body of evidence that links particulate matter (PM) to increased health 

problems, with clear links to mortality from cardiovascular and respiratory diseases.25 The 

deposition of aerosol particles within the lungs has been studied extensively. Upon 

inhalation, larger particles 2-6 μm deposit in the upper regions of the lung, whereas smaller 

particles can penetrate deep into the alveolar region. The World Health Organisation 

estimated that 7 million premature deaths were linked to air pollution in 2012.26 It is only 

in recent years that PM has been directly linked to mortality rates, as often it has a 

cumulative effect and hence it is difficult to attribute as the direct cause of death. More 

research is required to clearly identify the key risks to human health to enable pertinent 

legislation to be implemented to improve public health. 

The legislation enforced to protect human health must, however, be considered in a wider 

context. For example, in 1990 sulfur was banned from petrol due to severe ecological and 

health implications. Recently, the injection of sulfate aerosol has been proposed as a means 

to significantly reduce global average temperatures via geoengineering.27,28 This further 



9 
 

exemplifies the interconnected, complex and dynamic nature of atmospheric processes and 

the necessity to consider process both in depth while maintaining a holistic overview.  

1.2 Radiative balance of the atmosphere 

The relationship between the incoming and outgoing radiation upon the Earth is described 

by radiative balance. Radiative forcing (RF) is the extent to which the Earth’s radiative 

equilibrium is altered by radiative forcing agents, such as greenhouse gases, solar radiation, 

aerosols and albedo.29 A positive RF value represents the incoming energy exceeding the 

outgoing energy (measured in Wm-2) which can eventually lead to an increase in global 

average temperatures. The contribution of aerosols to RF remains one of the largest 

uncertainties hindering our understanding of the climate.29  

Albedo plays a large role in RF. The Earth’s albedo is a measure of the reflectivity (with 

limit values of 0 for an entirely absorbing planet, and 1 for total reflection of all radiation), 

encompassing contributions from the surface and atmosphere. Albedo is wavelength 

dependant and varies with the incident angle of light. Changes to land use or ice coverage 

will alter the surface albedo. Aerosols can also impact the Earth’s albedo by causing 

variations in cloud reflectance and lifetime and by aerosols directly scattering incoming 

radiation. For example, after large volcanic eruptions the global average temperature is 

observed to temporarily decrease.30 

The anthropogenic impact upon the Earth’s radiative balance is one of the most pressing 

issues facing humanity; indeed, the impact of human activity upon the climate has signified 

a new geological age: the Anthropocene.31 The unprecedented release of anthropogenic 

greenhouse gases (GHGs) have, and continue to, increase the global average temperatures, 

with a net positive RF value of 2.83 Wm-2.29 Aerosols are known to affect the radiative 

balance, known as aerosol climate forcing. The processes and interactions of aerosols with 

radiation present a complex picture, and the effect of aerosols on the climate remains the 

largest uncertainty limiting our understanding of RF.4 This is indicated in Figure 1.4 where 

the error bar associated with aerosol impacts spans both positive and negative net RF, 

indicating our current understanding cannot determine whether the overall impact of 

aerosols is warming or cooling. 
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Figure 1.4 Both panels are from the IPCC report.29 Top panel: Global mean radiative forcing 

(solid bars) and effective radiative forcing (hatched bars) estimates for the period 1750 – 2011. 

The error bars indicate 5 – 95% confidence range. Bottom panel: The probability density 

function of effective radiative forcing due to greenhouse gas emissions, aerosol forcing and 

total anthropogenic forcing. The green diamonds and error bars are the estimates from the 

previous IPCC report (2007), the blue, black and red data error bars represent 5 - 95% 

confidence range for the estimates in the 2013 IPCC report.  

The residence times of GHGs compared to aerosols are very different. GHGs reside for 

decades and absorb infrared radiation globally and throughout the day and night. The 

influence of aerosols, however, is more spatially and temporally limited. The aerosol-

radiation and aerosol-cloud interactions occur in daylight, and typically nearer the aerosol 

source due to the limited residence times. Therefore, legislative limits on aerosol emissions 

can have an immediate effect on the Earth’s radiative balance.  
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The incoming and outgoing radiation can be calculated by considering the blackbody 

radiation. A blackbody is defined as a medium which absorbs all incident radiation. There 

are no true blackbodies, although, the Earth can be thought to act as an approximate 

blackbody.18 Blackbodies absorb radiation and emit energy over a range of wavelengths at 

a given temperature, known as radiance. The spectral radiance of a body, S, at a given 

characteristic temperature, T, can be calculated using Planck’s law, shown in equation 1-1:  

 
𝑆𝜆 =

2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝑘𝐵
⁄ 𝑇

− 1
 

1-1 

where h is Planck’s constant, c the speed of light, λ is the wavelength of light and kB is the 

Boltzmann constant. S can be calculated for the irradiation from the Sun (5778 K) or the 

Earth (287 K) and these are shown in Figure 1.5. At the top of the atmosphere, the highest 

intensity of solar radiation is at ~ 500 nm, while the terrestrial radiation is predominantly 

in the infrared spectrum. It is therefore key to ensure the interaction of aerosols with 

radiation spanning a range of wavelengths corresponding to the spectral solar and terrestrial 

radiance is studied.  

 

Figure 1.5 Normalised irradiation from the Sun (at 5778 K, red line) and the Earth (287 K, 

green line). 

The anthropogenic emission of GHGs and aerosols since the industrial revolution has 

caused global average temperatures to increase though the increase in absorption of 

primarily terrestrial radiation.29 In order to achieve the Paris agreement to limit global 

anthropogenic temperature increase to 2°C, a number of technologies have been proposed, 

such as carbon capture storage, or sulfate geoengineering.28–30,32 It is hypothesised that the 

artificial injection of aerosol into the stratosphere could increase the reflectance of the 

atmosphere, thus, lowering the solar radiation reaching the Earth’s surface.30 It is well 

known that aerosols interact directly with solar and terrestrial radiation by scattering or 
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absorbing radiation: known as the direct effect of aerosols. However, the influence of 

increased sulfate in the atmosphere could also influence cloud coverage and lifetime. 

Aerosols in the atmosphere interact with radiation both directly and indirectly. The 

influence of aerosols on the radiative balance is complex, with uncertainties stemming from 

both aerosol-radiation, aerosol-cloud and cloud-radiation interaction.4 Figure 1.6 

summarises the direct and indirect interaction of aerosols with radiation in the atmosphere. 

This thesis focuses on the direct effect of atmospheric aerosols. 

 

Figure 1.6 The irradiance changes as a result of the interaction of aerosols and clouds.4  

1.2.1 Aerosol direct effect 

The magnitude of the direct effect of aerosols depends on the total surface area of particles, 

the optical properties of the aerosol particles and the incident radiation. The direct effect of 

aerosols impacts the magnitude of light scattered back to space both in the presence of 

clouds, and predominantly in a clear sky.5,33 The net forcing depends on the albedo of the 

underlying surface, with aerosols generally exerting a cooling effect by scattering light 

back into space.33 However, when the surface albedo is high, for example over snow, the 

presence of aerosols can have a warming effect. Refractive index is a key term in describing 

the interaction of aerosols with radiation; it is composed of the real, n, and imaginary, k, 

terms, which describe the extent of scattering and absorption respectively. 

The proportion of light scattered out of the atmosphere by a particle is dependent on the 

particle size and the angle of irradiation from the sun, known as the solar zenith angle, θ0. 

For example, when the sun is on the horizon, θ0 = 90 °, the scattering into space is 

approximately equal for all particles (irrelevant of size) due to the symmetry of the variation 

in scattering intensity with angle.5 Whereas when θ0 < 90°, forward scattering dominates 

for large particles and therefore proportionally less light is reflected into space. The θ0 has 

a limited effect on small particles since they exhibit near isotopic scattering.5 It is key to 
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note that accumulation mode particles (0.05 - 1 μm) comprise the majority of atmospheric 

aerosol surface area, and therefore are the key contributors to the aerosol direct effect. 

The proportion of light scattering back into space is dependent on the optical depth of the 

aerosol column (reported in g m-2).5 Although anthropogenic aerosol contribute ~ 10% of 

total mass flux, the longer residence times of man-made aerosol (owing to their relatively 

small size) results in contributions of ~ 50% of the global mean optical depth.5 Given some 

aerosol particles reside in the atmosphere for hours to weeks, particles are often composed 

of a mixture of compounds. For example, a particle may consist of ammonium sulfate, a 

scattering compound, and black carbon, a highly absorbing species. The nature of the 

mixing state will greatly impact the extent of scattering or absorption resulting from the 

particle.34 The properties that govern the direct effect of aerosols are aerosol size, shape, 

composition and wavelength and angle of illumination.  

1.2.2 Aerosol indirect effect 

Aerosols can also alter the climate indirectly through influencing the properties of clouds. 

An increase in anthropogenic aerosol concentrations which form cloud condensation nuclei 

(CCN), leads to clouds consisting of increased cloud droplet number concentrations with 

smaller radii which results in increased cloud albedos; known as the first indirect effect.5 

The second indirect effect is the change in cloud lifetime which results from an increase in 

water content in clouds and reduced precipitation.35 Furthermore, clouds do not only reflect 

radiation back into space, but also absorb thermal terrestrial energy, which is shown in 

Figure 1.7. The cloud height, thickness, cloud droplet size and phase (ice or liquid particles) 

are key factors which dictate the ability for clouds to act as insulator. 

 

Figure 1.7 The complex refractive index of water from illumination wavelengths 400 – 1800 

nm. The variation in the real refractive index from Hale et al.36 and the imaginary refractive 

index from Kedenburg et al.37   

The mechanism involved in the formation of clouds are complex. Intertwined feedbacks 

and mechanisms are embedded in the formation of clouds, with dependencies on the 
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concentrations of water vapour and particles to act as CCN. These factors dictate the type 

of clouds formed and the extent of the cover, with associated sensitive climate responses. 

To understand the indirect effect of aerosol, the particles which activate to become CCN 

with the addition of water vapour must be studied. The ability for a particle to uptake, or 

lose water vapour according to changes in the surrounding water vapour concentrations is 

defined as a hygroscopicity. This is explored in more detail in Section 1.3.1. 

1.2.3 Radiative transfer models 

The overall flux of incoming and outgoing radiation affected by scattering, absorption and 

reflection processes in the atmosphere is calculated by radiative transfer (RT) models.10 RT 

models connect the increase in average temperatures to RF, by assuming radiative-

convective equilibrium:10 

∆𝑇 = 𝜆𝐹 

where ∆T is the change in global average temperatures due to forcing, λ is the climate 

sensitivity parameter which accounts for feedbacks and F is the forcing on the system. This 

relationship allows future projections to estimate the conditions which would facilitate the 

Paris agreements to be met.  

The radiation is calculated at a number of altitudes for a given geographical location with 

specified conditions of zenith solar angle, time of year, surface albedo, cloud coverage and 

scattering and absorbing species in the total aerosol column.10 Thus, vast data inputs 

relating to the aerosol optical, morphological, spatial and temporal distribution, mixing 

state, shape, size, hygroscopicity are required. RT models therefore, must encompass 

assumptions relating to these properties since perfectly replicating the dynamic, complex 

processes occurring in the atmosphere would require phenomenal computational power.  

RT models encompass many assumptions about the optical properties of aerosols. The real 

and imaginary components of the refractive index (which describe the extent of scattering 

and absorption, respectively) are often set at constant values, for example, Regayre et al. 

used a constant value to describe the real component of refractive index for all organic 

carbon species.38 This assumption is an oversimplification of the interaction of the 

refractive index of aerosol which varies considerably with both relative humidity and 

illumination wavelength. Alternatively, models often consider aerosol properties at a single 

illumination wavelength, such as 550 nm,39 which represents a simplified model of reality. 

RT models generally treat sea salt particles as homogeneous spheres. Recent modelling 

studies have, however, shown inhomogeneities in coarse mode particles changed the 
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optical properties significantly.40 To improve estimates of RT models, aerosol 

measurements are required to enable model inputs to be validated and improved. 

1.3 Physiochemical properties of aerosols 

The environmental impacts of aerosol depend on the physical and chemical properties, 

concentrations and lifetimes. Aerosol compositions and processes vary vastly, both 

spatially and temporally. The unique properties of aerosols enable physical and chemical 

processes to occur that are not possible in the bulk phase. These processes influence the 

ability of aerosol to act as CCN, or scatter or absorb light.  

1.3.1 Aerosol hygroscopicity 

Within the atmosphere, the relative humidity (RH) is known to vary greatly; large changes 

in RH can cause aerosols to access supersaturated states, effloresce or deliquesce.41 

Hygroscopic growth is characterised by the measure of effective water uptake from the gas 

phase into the aerosol particle.42 The hygroscopicity of a particle will affect the 

concentration of solute within the particle, and subsequently the size and composition (and 

consequently refractive index). Aqueous aerosol is known to have different optical 

properties to dry aerosol, consequently altering radiative impacts and visibility.43 

Furthermore, the hygroscopic behaviour of aerosol particles exhibits hysteresis: the phase 

and size is dependent on the RH that the droplet has previously experienced.44  

Hygroscopicity is a key parameter with climate implications by impacting the activity of 

CCN and altering the composition of scattering and absorbing particles. Petters and 

Kreidenweis devised a single parameter, kappa, κ, to describe the hygroscopicity of a 

solute.45 κ ≈ 0.5 – 1.4 describes a highly hygroscopic and, hence, a CCN-active solute, such 

as NaCl. κ = 0 indicates a non-hygroscopic species.45 The hygroscopicity parameter can be 

used to predict the CCN activity of particles containing single or multiple components. The 

change in optical properties of aerosol particles resulting from the hygroscopic properties 

will be studied throughout this thesis.  

1.3.2 Efflorescence and deliquescence 

Typical atmospheric aerosol particles consist of a number of solutes in a liquid particle. If 

a liquid particle is considered, where the solute is of low volatility and the RH surrounding 

the particle is low, the solvent (water) will evaporate, increasing the solute concentration 

and decreasing the particle size. The relative change in particle size as a result of the 

surrounding RH and hygroscopic properties is defined by the radial growth factor. This is 

the ratio between the wet (liquid droplet) radius to the dry (crystalline) radius of the same 

particle. Aerosol solutions can exhibit non-ideal behaviour and therefore can disobey 
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Raoult’s law, meaning experimental data is required for different systems.46 As the RH 

surrounding the particle is decreased, the particle will lose more solvent to remain in 

thermodynamic equilibrium with the gas-phase, reaching supersaturated solute 

concentrations, until efflorescence occurs. At this point, the metastable solution loses all 

water content and spontaneously crystallises. The phase transition occurs at a specific RH 

for a given solute, known as the efflorescence RH (ERH). When a crystallised particle is 

exposed to increased RHs the solute requires significantly higher RHs to bring about the 

phase transition to a liquid droplet, or deliquescence. This hysteresis of deliquescence and 

efflorescence is shown in Figure 1.8. The ERH and DRH of solutes are temperature 

dependant.5 Tang et al. showed the DRH to decrease with increasing temperature for 

particles composed of (NH4)2SO4, NaNO3 or KCl and mixtures of (NH4)2SO4 and NaNO3 

or KCl and NaCl.24 Onasch et al. also investigated the DRH dependence on temperature 

for (NH4)2SO4 and found their measurements were consistent with the work by Tang et 

al.23,24 

 

Figure 1.8 Hysteresis response of sodium chloride to changes in the surrounding relative 

humidity. The blue arrows indicate the particle is exposed to increasing relative humidity, and 

the red arrows indicate the particle is exposed to decreasing relative humidity. The 

deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) for sodium 

chloride are indicated. 

The response to changes in RH is further complicated when more than one solute is present 

in the aerosol. The ERH of ammonium sulfate was reported to be strongly affected by the 

addition of compounds to the aerosol particle.47 Furthermore, the response of sea salt 

aerosol to changes in RH were studied by Tang et al. where water was still found to be 
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present in the effloresced mixed component aerosol, contrary to the absence of water in 

crystalline NaCl.21 Moreover the interaction of liquid particles with mineral dust, both with 

the dust embedded within the particle or upon contact with the particle, showed increased 

ERH for all solutes.48 

1.3.3 Mixing state 

Within the atmosphere there is a diverse range of aerosol species released from a plethora 

of sources. Therefore, a range of components are found within aerosol particles; the 

distribution of the different species is described by the mixing state. The mixing state of 

the aerosol impacts the optical and hygroscopic properties, and thus the radiative effects. 

Externally mixed aerosols describes a system where each particle contains compounds 

from a single source.5 An internally mixed aerosol is where a single aerosol particle 

contains compounds from a range of sources.5 Figure 1.9 shows an example of both an 

external and internal mixture. The different mixing states result in different interactions 

with radiation, even when both mixtures contain the same proportions of constituent 

compounds.49 

 

Figure 1.9 Schematic of the external and internal mixing states of ammonium sulfate and soot 

aerosol.5  

In many climate models particles are assumed to be spherical and homogenous.50 In reality, 

however, aerosol particles often contain a myriad of different compounds with the 

possibility of inclusions, shells and concentration gradients.51 The refractive index of 

internally mixed aerosol particles in climate models are often calculated using mixing 

rules.52 The mixing rules take into account the refractive index of the composite 

compounds. A thorough description of mixing rules will be described in Section 1.5 and 

Chapter 5. 

The presence of multiple species within aerosol can often lead to the presence of mixed 

phases within particles, or inhomogeneities, which add further complexities to the 
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interaction of aerosols with radiation. Aerosol particles composed of an internal mixture of 

ammonium sulfate and succinic acid exhibit different optical properties depending upon 

which compound forms the core or the shell.53 A radiative forcing study showed a 

difference of 0.5 Wm-2 in the global aerosol direct radiative forcing between homogenous 

internal mixing and external mixing.54 Inhomogeneous mixtures are usually accounted for 

using the effective medium approximation, where the mixture is modelled as a 

homogeneous mixture with the average properties of all the constituents (calculated using 

mixing rules).56 Kocifaj et al. investigated the impact of assuming a homogenous 

composition for a core-shell particle, where significant variations were evident in the 

calculated scattering efficiencies of particles.55  

1.3.4 Optical properties 

The optical properties of atmospheric aerosol are key for dictating the indirect and direct 

effect of aerosols on the atmosphere. The extent to which a particle scatters and absorbs 

radiation ultimately determines its contribution to the radiative properties of the global 

climate. Therefore, it is imperative to precisely quantify the scattering and absorption 

properties of atmospheric aerosols. Furthermore, aerosol optical properties can impact 

visibility as a result of both natural and anthropogenic processes.  

Aerosol particles and gases are responsible for the reduction in visibility through the 

scattering and absorption of light.5 In urban environments poor visibility is often considered 

to be synonymous with air pollution. However, natural processes are also well known to 

lead to reduced visibility, such as in the “smoky mountains”. Although this area is of key 

importance for both human health and transport, visibility tends to describe a small 

proportion of the atmospheric column. It is essential to consider the optical properties of 

aerosols from ground level to the top of the atmosphere, taking into consideration the 

concentrations and lifetimes of atmospheric aerosols. 

The key quantities determining the impacts of aerosols are refractive index and single 

scattering albedo (SSA). The complex refractive index, m, describes the extent to which a 

particle absorbs radiation, reflected by the value of the imaginary component of the 

refractive index, k, and the extent of scattering, determined by the real component of the 

refractive index, n, at a given wavelength. The SSA describes the scattering efficiency 

relative to the total scattering and absorption of the aerosol. Measurements of either the 

refractive index or SSA of atmospheric aerosol are crucial to reduce the uncertainty 

associated with the direct effect of aerosols. There are a host of methods used to perform 

these measurements, with techniques spanning from satellite imaging to laboratory studies 

on single aerosol particles.  
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1.4 Measurements of aerosol optical properties 

In order to reduce the uncertainty associated with the direct effect of aerosols in the 

atmosphere it is essential to precisely quantify the SSA of atmospheric aerosol at a range 

of atmospherically relevant conditions. To measure the SSA of aerosol particles at least 

two light attenuation coefficients are required (scattering, absorption and extinction). Mie 

theory can be used to calculate the attenuation coefficients for a particle of arbitrary size, 

under the assumption that the particle is a homogeneous sphere and provided the complex 

refractive index is known. It is therefore key to precisely measure the real and imaginary 

components of the refractive index.  

There are a range of techniques used to measure the optical properties of aerosols; these 

span from satellite measurement of millions of particles to laboratory studies of single 

particles. There are broadly two main approaches to measuring the optical properties of 

aerosol: top-down methods, which are typically field based measurements, and bottom-up 

methods, which generally measure fundamental processes using laboratory techniques.57 

Field measurements have the advantage of being representative of the atmosphere, with the 

further advantage of near real-time measurements. However, the precision of field 

techniques is inherently compromised through measuring thousands of particles (or 

ensemble aerosols) at a time. By contrast, laboratory methods offer superior precision while 

performing measurements which aim to mimic the atmosphere. Studies in the laboratory 

can be further categorised into measurements of ensemble and single aerosol particles. The 

single particle approach can provide a more precise result since the exact shape, size, 

composition and morphology of a particle is known and therefore this negates the averaging 

of these properties in ensemble measurements. Alternatively, predictive rules and 

thermodynamic models provide an approach to estimate aerosol properties, often without 

the need to perform any measurements. Predictive mixing rules are often used to calculate 

the resultant complex refractive index of a particle, provided the refractive indices of the 

constituent compounds are known. 

The following sections provide an overview of ensemble and single particle techniques 

used to measure aerosol optical properties. The typical uncertainties associated with each 

technique are highlighted, and consideration is given to how these uncertainties propagate 

in radiative forcing calculations. 
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1.4.1 Ensemble measurements 

1.4.1.1 Field techniques used to measure the optical properties of aerosols 

The global influence of aerosols deems remote sensing the perfect tool to study the 

emission, distribution and removal of atmospheric aerosol in near-real time. Remote 

sensing is the science of obtaining information about remote objects, which encompasses 

satellite, aeroplane and ground measurements.  

Remote sensing measurements also provides valuable information on the height and optical 

thickness of aerosols on a global scale. Numerous assumptions are made in satellite 

measurements, which need to be validated with more precise measurement techniques.58 

Satellite measurements are often used in conjunction with aeroplane and ground based 

measurements.59 This data is key to include in RT models and arguably cannot be measured 

via any method other than satellite remote sensing.  

Ground-based remote sensing allows the optical and microphysical properties of aerosols 

to be retrieved. Sun photometers measure the spectral irradiance of the sun and sky. This 

is achieved though tracking the position of the sun and measuring the radiation at a given 

location. The radiation measured is compared to the incident radiation from the sun, from 

which, the scattering and absorption behaviour of aerosols can be calculated. The Aerosol 

Robotic Network (AERONET) is a global network of sun photometers which has been used 

extensively to retrieve of the complex refractive index of aerosol particles present in the 

atmosphere. The wavelength-dependent refractive index is calculated from the measured 

intensity and polarization of light scattered by the atmosphere is measured at a range of 

wavelengths (λ = 440, 670, 870, 1020 nm) and angles. This method importantly measures 

the optical depth of aerosols. However, the measured data is not vertically resolved, and 

the measured properties are averaged over the entire aerosol column. A recent method has 

been developed to discern the refractive index from either fine or coarse mode aerosols 

within the total aerosol column.60 This method yields uncertainties of approximately 0.11 

in n and 78 % in k.60  

Measured data over a broad range of spectral wavelengths and angular ranges enable the 

particle size, single scattering albedo and complex refractive index to be retrieved. This 

approach was reported by Dubovik and King and later used by Che et al. to calculate the 

direct aerosol RF.61,62 An inversion algorithm was used with Mie theory; the properties of 

the vertical aerosol column was assumed to be constant since vertical variability 

information is not available (from AERONET measurements). Thus, these measurements 

cannot account for any variability in optical properties with changing environmental 

conditions (such as RH) or variations in aerosol distribution with altitude. Dubovik found 
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both particle size and complex refractive index could be retrieved simultaneously, with the 

majority of errors not exceeding 20% in kλ and 0.02 (or ~ 1.4%) in nλ.
62 The remote sensing 

algorithms reported by Dubovik et al have been used in a number of subsequent studies.61–

63 Recently, Che et al. calculated the direct RF of aerosols under cloud free conditions with 

typical uncertainties of ± 50%.61 

Remote sensing provides a global perspective of the distribution of atmospheric aerosol 

which can be used to construct climate models. However, fundamental information about 

the aerosols are lost, such as aerosol composition, size, height and response to humidity. 

To measure the optical properties of aerosol with superior precision it is necessary to 

measure particles of known composition and size. 

1.4.1.2 Ensemble cavity ring-down spectroscopy 

Ensemble aerosol cavity ring-down spectroscopy (A-CRDS) has been used to measure the 

extinction coefficients of ensemble aerosol.6,64–67 Cavity ring-down spectroscopy (CRDS) 

is a highly sensitive technique where no prior calibration is required. Ensemble aerosol are 

flowed into a measurement cell which has two highly reflective mirrors at either end, a 

typical A-CRDS experimental set up is shown in Figure 1.10. A laser beam is injected into 

the optical cavity and is reflected between the two mirrors, which provides a very long 

effective pathlength (of several kilometres) facilitating high sensitivity. A-CRDS has been 

used to probe absorbing,68 non-absorbing aerosol particles69 and aerosols composed of 

single components to complex mixtures of compounds,53 secondary organic aerosol,66,70,71 

and coated particles.72 The extinction efficiency of aerosol particles is measured and 

comparisons to Mie theory allow the complex refractive index to be calculated. CRDS is a 

highly sensitive technique. However, it is limited by the assumptions required when 

measuring ensembles of aerosols.  
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Figure 1.10 Schematic of the typical set up ensemble aerosol cavity ring-down spectroscopy.73 

M1 and M2 are mirrors 1 and 2, R1 and R2 are the reflectivity of each mirror, L is the length 

of the cavity, and l the length occupied by aerosols, DMA denotes a differential mobility 

analyser and CPC the condensation particle counter. 

In general, in ensemble techniques, the aerosol size and number distribution must be 

resolved prior to performing optical measurements on an ensemble of aerosol (irrespective 

of the measurement technique employed). A polydisperse aerosol plume requires size 

selection, typically with a differential mobility analyser (DMA).67 The number-

concentration of the size selected aerosol are also measured, typically with a condensation 

particle counter (CPC), located on the input or output flow from the measurement cell. The 

uncertainty associated with a CPC ± 10%, which equates to an uncertainty of ± 10% in the 

measured cross section.74,75 It is not possible to measure the size and number distribution 

of aerosols in situ. Therefore, uncertainties are incurred from the measurements before, or 

after the optical property measurements. Multiply charged particles with the same electric 

mobility as singly charged particles can pass through the DMA. This is the cause of the 

greatest uncertainty with ensemble techniques since this effect enables considerably larger 

particles into the measurement cell which impacts the retrieved extinction efficiency.76 The 

larger particles would not be identified by the CPC since this solely provides a measure of 

particle number distribution.76 It is also possible that aerosol particles coalesce, bringing 

about uncertainty relating to both size and number distribution. Aerosols can also be lost 

onto the walls of measurement chambers or connective tubing. Furthermore, uncertainties 

arise in the total aerosol volume sampled when volatile compounds are studied.77 The 

measurements of the optical properties are averaged over hundreds or thousands of 

particles, where the fundamental properties are assumed from DMA or CPC measurements. 

The predominant error in ensemble studies arise from the uncertainties associated with the 

measurements of the size and number distribution of the ensemble of aerosols. The errors 

associated with different ensemble measurements techniques will be discussed. 
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The typical uncertainty in the n and k from ensemble A-CRDS of accumulation mode 

particles is ± 0.02 and ± 0.004 respectively.76,78 Furthermore, knowledge of the length of 

cavity occupied by aerosol is required which can incur additional uncertainties.79 Toole et 

al. developed a means of calibrating this problem using particles of a known reference 

compound.74 This approach improved extinction cross section uncertainties from ~ 11% to 

< 2%, which altered the retrieved refractive index from 𝑚 = 1.496 + 0.018𝑖 to 𝑚 =

1.517 + 0.000𝑖 for squalene, which corresponded to equivalent estimates of RF values of 

-28.1 and -40.5 Wm-2, respectively.74 

The ensemble aerosol droplets studied are often dried prior to size selection,66,68–70,72,74,76,80 

and the majority of studies only provide data of the dry properties of aerosol, which is of 

limited atmospheric relevance. Alternatively, particles were measured at ambient RH 

(~40%).71 Mason et al. provide the first measurements of refractive index dependence on 

discrete RHs (30, 40 and 50 %) of aqueous ammonium sulfate particles with A-CRDS.67 

Li et al. investigated the evolution of aerosol refractive index with upon humidification and 

as a result of multiphase reactions with A-CRDS.81 Further studies must include the RH 

dependence on refractive index in order to provide data to elucidate the interaction of 

aerosols with radiation under atmospheric conditions. 

1.4.1.3 Nephelometry 

Polar and integrated nephelometers measure the extinction and scattering cross sections of 

aerosol particles. Nephelometers are often mounted on aeroplanes in field campaigns and 

can also be operated in the field or laboratory.58 Ambient aerosol particles are passed 

through a nephelometer. An incident beam is directed at the stream of particles and the 

scattering angular distribution is measured over a large angular range. Truncation errors 

occur with this technique due to the limited range of angles over which the scattered light 

is collected, typically < 7 – 170°.82,83 This is an increasingly significant problem for large 

particles due to the dominant scattering in the forward direction.82 The aerosol type, such 

as mineral dust and biomass burning, can be differentiated from the scattering pattern.58 

Both the extinction and scattering cross sections of aerosols are measured which allow the 

refractive index to be calculated with uncertainties in n within 0.02.84  

1.4.1.4 Photoacoustic spectroscopy 

Photoacoustic spectroscopy (PAS) is a commonly used method to measure aerosol 

absorption. A sample is irradiated with a pulse from a laser source, which causes excitation 

within the sample, thus generating an acoustic and thermal wave from the sample.85 A 

calibrated microphone detects the photoacoustic signal.85 A typical PAS experimental set 

up is shown in Figure 1.11. It is a relatively simple technique which requires a small sample 
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volume while achieving high sensitivity,86 with an upper limit of precision of aerosol 

absorption measurements of ~ 6%.87 The accuracy of the method is limited by the 

evaporation of volatile compounds from the particle; this is particularly pertinent at RH > 

30% where the evaporation of water deleteriously impacts the PAS measurements.88 PAS 

requires calibration prior to conducting experimental measurements, which can incur 

uncertainties of up to 10% on the measured absorption coefficient.66 Combining PAS with 

CRDS has enabled the complex refractive index of SOA to be studied, with typical 

uncertainties in nλ < ± 0.006 and k405 < ± 0.002.66  

 

Figure 1.11 Schematic of a typical photoacoustic spectroscopy set up. 

Multiple measurement techniques are often used in combination to provide additional 

optical information. Measurements of the extinction, scattering and absorption cross 

sections yielded SSA values of brown carbon proxies, achieved by concurrent 

measurements with broadband cavity enhanced spectroscopy (CEES), photoacoustic 

spectroscopy, CRDS and nephelometry.89 The complex refractive index was retrieved from 

these measurements at wavelengths of 300 – 650 nm, with errors calculated to be < 1 % in 

n and < 60 % in k (or k ± 0.01-0.015) at 300 – 400 nm, with increased error at longer 

wavelengths.89 Onasch et al. report simultaneous measurements of particle extinction with 

cavity attenuated phase shift and scattering cross sections with nephelometry to yield SSA 

values with uncertainties of ± 0.03.90 The combination of nephelometry with CRDS 

measurements of ambient aerosol gave uncertainties in SSA of < 12 %, where uncertainty 

arising from nephelometry measurements were < 10 %.91 Aerosol extinction measurements 

from CRDS have been combined with scattering measurements from nephelometry to 

allow the aerosol absorption to be derived from the difference between the two 

measurements,90,91 resulting in SSA measurements with an expected associated error of 

<2.9%.75 

1.4.2 Single particle techniques 

The study of single aerosol particles reduces the complexity and facilitates superior 

precision compared to probing ensemble aerosol particles. Typically, ensemble methods 

provide uncertainties of 1% in refractive index, whereas typical uncertainties in single 

particle techniques are 0.1%.67 There are a wide range of techniques which allow single 

particles to be studied; overall they require particle confinement (most often using optical, 
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acoustic forces or an electric fields), coupled to spectroscopic techniques to probe the 

microphysical and optical properties. Measurements of both the particle size and the optical 

properties are required; some spectroscopic techniques enable both sets of data to be 

retrieved simultaneously. Alternatively, additional measurements are required when 

measurement techniques only yield optical data. 

It is well known that predominantly accumulation mode aerosols dominate the direct effect 

in atmosphere, yet it is experimentally challenging to confine such small particles and 

generally coarse mode particles are probed.24,92,93 Furthermore, trapping or measurement 

techniques are often limited to probing exclusively spherical, homogenous particles. 

Therefore, this calls into question the relevance of single particle studies for atmospheric 

applicability. It is key to note that the interaction of a particle with light is indicative of the 

composition. Therefore, for a particle of a given composition, the optical properties are 

independent of particle size (when considering particles of ~ 0.3 to 5 μm in radius). 

Although particles of direct relevance to the direct effect can be probed with ensemble 

methods, irrespective of the morphology or composition, the retrieved refractive is 

inherently limited by estimating the particles size, composition and morphology. Therefore, 

single particle techniques are best placed to provide fundamental information where high 

precision is required; such as to measure the dependence of wavelength or humidity on the 

refractive index, or to assess the validity of mixing rules. 

1.4.2.1 Aerosol optical tweezers 

A particle can be trapped in aerosol optical tweezers (AOT) for days, meanwhile, Raman 

spectroscopy enables the refractive index and size of the single particle to be measured.67,94 

The analysis of the features in the Raman spectra (whispering gallery modes) allows the 

refractive index to be retrieved with an uncertainty of nλ ± 0.0012 (± 0.11 %) and the radius 

with ± 1 nm uncertainty.94 Furthermore, it has been possible to retrieve kλ for very weakly 

absorbing aerosol, where 𝑘 < 10 × 10−9 ± 0.5 × 10−9.94 The low uncertainties associated 

with this technique highlight the superior precision that is achievable with single particle 

analysis techniques. To date, holographic optical tweezers have been used to measure the 

supersaturated properties of aqueous sodium chloride or ammonium sulfate over a range of 

RHs.95 Moreover, analysis of the Raman spectrum allows the refractive index to be 

calculated at a range of wavelengths. However, in Raman spectroscopy the inelastic light 

scattering is measured, which constitutes the minority of light scattering from a particle, 

Therefore, to measure a sufficient number of whispering gallery modes, a particle must be 

sufficiently large, where the radius must be larger than 3 μm.93 Thus, particles probed with 

Raman spectroscopy are larger than those which constitute the majority of atmospheric 

aerosol. 



26 
 

The real component of the refractive index has been retrieved from AOT measurements for 

both solid and liquid particles. High precision was achieved in the retrieved refractive index 

and size by Jones et al. where the elastic light scattering from white light was collected 

from polystyrene beads trapped in counterpropagating focused laser beams.96 The particle 

size was determined within ± 0.4 nm, while the n was measured ± 0.0005 over a wavelength 

range of 480 – 700 nm.96 Atmospheric aerosol samples were probed in AOT by Shepherd 

et al., and n was retrieved with an uncertainty of 0.007.97 

A counter propagating optical tweezer configuration has been used by Signorell and co-

workers to trap single aerosol particles and probe the absorbing or scattering coefficients.98–

100 Recently, the advancement of PAS to study single aerosol particles has been reported 

by probing a single particle trapped in counterpropagating optical tweezers.99,100 This 

approach provides improved sensitivity to ensemble PAS, allowing otherwise inaccessible 

photochemical reactions and size specific absorption behaviour to be probed.99,100 Further 

work with single particle PAS shows the potential to elucidate aerosol absorption properties 

with previously unachievable precision. Furthermore, the ability to study sub-micron sized 

aerosol particles in optical tweezers was demonstrated.99,100 Measurements of the elastic 

scattering from a broadband light source can also be used to provide information about a 

particle size and refractive index.96,98 Importantly it also enables wavelength-dependent 

optical properties to be measured, which is of key importance to atmospheric processes. 

Recently, David et al. reported the broadband light scattering measurements on a single 

aerosol particle.98 Ultraviolet broadband light scattering measurements at 320 – 700 nm 

enabled sub-micron sized particles to be probed, with uncertainties of ± ~ 0.01 in nλ and 

several nanometres in size.98  

1.4.2.2 Electrodynamic balance 

Single aerosol droplets can be levitated by electric forces and concurrently probed with 

optical techniques using an electrodynamic balance (EDB). A small charge is imparted 

onto an aerosol droplet by an induction electrode which enables it to become trapped in the 

null point between electrodes. A schematic of an EDB is shown in Figure 1.12. The mass 

of the particle can be calculated from the dc potential, provided the charge imparted to the 

particle is known.24,101 Unlike optical methods, non-spherical particles can remain trapped 

allowing the hysteresis in efflorescence and deliquescence cycles to be probed.102,103 Tang 

et al. conducted extensive studies on the optical and thermodynamic properties of single 

particles containing aqueous inorganic salts exposed to varied RH in an EDB.21,24,41,104 The 

particle mass and, therefore, size response to varied RH was calculated from the changes 

in dc voltage required to maintain the particle position, while the n633 was calculated from 

elastic light scattering measurements.41 The data reported by Tang et al. have stood as a 
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benchmark to which new measurements techniques are often compared. The minimum 

radius of the probed particles is 5 µm,24,92 and particles of over 50 µm in radius can be 

confined.105 The refractive index accuracy of this single particle technique is superior to 

ensemble methods, where Stemier et al. report an accuracy of better than ± 0.005 in nλ from 

elastic light scattering measurements.92 

 

Figure 1.12 Schematic of an electrodynamic balance containing a trapped aerosol particle, 

viewed from above.106 A sheath gas flow is directed within the cylindrical electrodes to provide 

a controlled relative humidity environment. Each micro dispenser contains either a sample or 

probe solution. 

1.4.2.3 Bessel laser beam optical trap 

The Bessel laser beam (BB) offers an alternative optical trapping technique to confine 

aerosol particles. A BB is formed by passing a Gaussian intensity beam through a conically 

shaped lens, the ensuing interference forms the BB. A major advantage of the BB is the 

pseudo non-diffracting nature of the beam in the propagation direction, meaning it is 

possible to guide particles along the propagation axis over macroscopic distances, ~ 3 

mm.107 Furthermore, the BB can reconstruct around a trapped object, meaning multiple 

particles can be trapped with large distances of separation. BBs have been used to trap 

aerosol particles, where the radiation pressure exerted from the BB was balanced with a 

counterpropagating force to facilitate a stable particle trapping environment.  
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A quadrupole BB and counterpropagating BB traps have been used to trap a single aerosol 

particle while the elastic light scattering from ultraviolet broadband light was collected.98 

This enabled the particle size, down to ~ 300 nm in radius, and refractive index (λ = 320 – 

700 nm) to be retrieved with uncertainties of several nanometres and ~ 0.01 respectively.98 

A number of measurements of single particles in an optical cavity has proven to be a highly 

precise method of retrieving nλ (λ = 405 or 532 nm).108–112 Fine and coarse mode single 

aerosol particles have been optically trapped with a BB, which was stabilised by a 

counterpropagating humidity-controlled gas flow. The optical properties of the particle 

were probed with CRDS whilst simultaneously measuring the elastically scattered light. 

The wavelength-dependent measurements from two instruments were reported, where n532 

and n405 of 1,2,6-hexanetriol were used to benchmark the instruments.108–111 The 

measurements from 10 different droplets were highly reproducible, with one standard 

deviation of n532 ± 0.004.111 The evolving optical and geometric properties of single 

particles composed of aqueous atmospherically relevant inorganic salts (of NaCl, 

(NH4)2SO4 or NaNO3) were measured as a function of RH.108,110–112 Accumulation mode 

particles, with radii as small as ~ 350 nm, were successfully probed.110,111 Furthermore, the 

capability of the instrument to probe k was investigated by simulating the sensitivity of the 

dampening of resonance features in the extinction cross section; where a 10 % uncertainty 

in k was estimated for weakly absorbing aerosol (k < 10-3).113 The simulated precision 

improved to 1% uncertainty in k for more absorbing aerosol (when k > 0.05 or 0.005 for 

coarse and fine more aerosol respectively).113  

A BB trap with CRDS allows indefinite confinement with simultaneous measurements of 

the optical properties of single sub-micron particles of direct relevance to RF. Through 

studying a single aerosol particle, the highly sensitive nature of the CRDS technique can 

be exploited, facilitating precise measurements of aerosol refractive index. Studies of three 

atmospherically relevant salts have been performed; further studies of additional 

atmospherically relevant compounds could provide crucial data to elucidate the direct 

effect of aerosols in the atmosphere.  

Overall, it is unequivocal that precise knowledge of the fundamental optical properties of 

atmospheric aerosol are required to better constrain the direct effect of aerosol in the 

atmosphere. There are limits associated with both ensemble and single particle techniques; 

however, it is arguably critical to gain a comprehensive understanding of the fundamental 

processes that underpin the more complex and dynamic behaviours of atmospheric 

aerosols. Improved precision of refractive index is achieved by studying single aerosol 

particles. Measurements of single aerosol particles with an atmospherically relevant 
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composition (through choosing appropriate solutes and RHs) have the capability of 

providing valuable data capable of reducing the uncertainty associated with RF.  

1.4.2.4 The uncertainty in radiative forcing calculations resulting from 

aerosol measurements 

It is crucial to ensure the aerosol measurements are selected to best address key 

uncertainties in global RT models. Therefore, evaluating the precision of refractive index 

measurements in terms of the uncertainty propagation in RF calculations would be very 

valuable.  

Previous studies have calculated the impact of uncertainties in aerosol refractive index 

measurements in terms of RF uncertainties. Zarzana et al. showed that the refractive indices 

retrieved from extinction-only measurements are too inaccurate to merit use in RF 

calculations.114 Moise et al. reported a change in nλ of 7% (from n = 1.4 to 1.5) 

corresponded to an increase of 12% in RF value.8 Calculations by Zarzana et al. also report 

that for a 75 or 100 nm radius particle composed of non-absorbing (NH4)2SO4, an 

uncertainty of nλ ± 0.003 translates to ± 1% in RF.114 It is unequivocal that a single particle 

measurement technique is the only approach to reach levels of precision of this order of 

magnitude.  

The severity of uncertainty propagation in RT calculations from uncertainties in k is more 

pronounced than for n. Zarzana and co-workers calculated that an uncertainty of ± 0.01 in 

k translates into to an uncertainty of ± 20% in RF.114 Moreover, a reduction in k from 0.05 

to 0 for secondary organic aerosols (SOAs) has been shown to decrease the estimated 

cooling effect of an aerosol by a factor of 3.8 These studies emphasise the importance of 

measuring precise values of n and k to improve the quantification of the direct contribution 

by aerosols to RF. 

Valenzuela and co-workers studied the impact of changes in aerosols particle properties, 

such as n, k and hygroscopicity (κ), to uncertainties in radiative forcing (RF) estimates.115 

Calculations were performed for particles composed of ammonium sulfate and brown 

carbon (BrC), as examples of purely scattering and both scattering and absorbing aerosol 

respectively. The study found that for ammonium sulfate, current uncertainties are nλ ± 

0.003 (from single particle CRDS measurements), and κ ± 0.01 (from EDB measurements) 

which equated to uncertainties of ± 1% and ± 5% in RF estimate for particles with dry 

radius of 0.1 and 0.35 μm respectively.115 Typical uncertainties associated with BrC 

properties are higher which increased the uncertainty in the RF estimate values. Current 

measurements of BrC have typical uncertainties of nλ ± 0.02, k ± 0.01 and κ ± 0.1 which 

translate into RF estimate ± 20% and ± 50% for dry radii of 0.1 and 0.35 μm respectively.115 
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This study clearly demonstrates the improved precision in RF estimate that is achievable 

when sufficiently precise values of nλ and κ are known.115  

Single particle techniques provide a potential route to obtain the precision required in both 

n and k required to improve RF estimates. It is important to note that the RF estimates are 

more sensitive to uncertainties in k, yet measurements of aerosol absorption are more 

challenging to perform. This highlights a key area where further research is critical.  

1.5 Refractive index mixing rules for aerosols composed of 

multiple compounds 

Ambient aerosols are often composed of a mixture of different species. It would be 

extremely time consuming to perform exhaustive measurements of all possible mixtures of 

aerosol species. Therefore, refractive index mixing rules are routinely employed to estimate 

the refractive index of multicomponent mixtures based on the values of the constituent pure 

component refractive indices. The three most commonly used rules are the linear volume 

and linear mass weighting of refractive index and the molar refraction.56 There are no 

definitive guidelines on which of these treatments produces the best prediction of refractive 

index.116 There are a number of comparisons of mixing rules to measured aerosol data, yet, 

existing research fails to draw substantive comparisons and therefore validations of mixing 

rules. 

Several studies have compared aerosol measurements to widely used mixing rules. Riziq 

et al. compared nλ measurements of aerosol composed of glutaric acid and sodium chloride 

from A-CRDS at dry RH to the predictions of mixing rules, where the volume mixing rule 

provided a marginally better representation.80 The volume mixing rule has been used to 

predict the refractive index of sea salt aerosol over a range of humidities; Irshad et al. found 

aerosol measurements differed greatly from predictions and suggested the volume mixing 

rule is an inadequate means of predicting sea spray refractive index.117 Freedman et al. 

compared their experimental measurements of a mixture of succinic acid and ammonium 

sulfate to a range of mixing rules and found the volume mixing rule did not represent their 

measurements.53 Freedman et al. reported aerosol measurements that yielded an average 

n532 = 1.589 which had a RF value 1.4 larger than the volume weighted prediction of n532 = 

1.490.53  

The volume mixing rule is a commonly used mixing rule in atmospheric 

applications.33,116,118 However, the consistency of aerosol measurements with the volume 

weighted rule remains unclear. More work is required to assess the validity of further 

predictive tools.  
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1.6 Project aims  

The main aim of this thesis is to advance the understanding of the optical properties of 

atmospheric aerosol through probing the fundamental microphysical properties of single 

aerosol particles. The contribution of aerosols to RF, by both direct and indirect effects, 

constitutes one of the largest uncertainties that limits our understanding of RF. Therefore, 

to reduce this uncertainty, it is critical to develop techniques that can measure the refractive 

index of atmospheric aerosol at improved precision: by probing single aerosol particles. 

The overarching aim of this work is to provide precise measurements of aerosol optical 

properties to facilitate a deeper understanding of the contribution of aerosols to RF. 

This project aims to provide precise measurements of atmospherically relevant aerosol. 

This has been achieved by studying a single aerosol particle of known composition, while 

altering the RH of the surrounding environment to mimic atmospheric conditions. The 

combination of measurements of the elastic light scattering and CRDS enabled highly 

precise measurements of the particle size and refractive index to be retrieved. This work 

aims to provide measurements which can be input into RF models.  

Furthermore, this work explores a new method to measure the absorption properties of 

single aerosol particles. Modifications to the instrument aim to facilitate the measurements 

of the absorption of a weakly absorbing particle. To date, considerably fewer studies have 

investigated the absorption behaviour of aerosol, compared to scattering and extinction 

studies. This work aims to measure the imaginary component of the refractive index of 

aerosol particles as a function of RH; a key relationship where far too little attention has 

been paid and the nature of which remains unclear.  

Within the aerosol research community, a number of different mixing rules have been used 

to predict the refractive index of aerosol composed of a number of compounds. To date, 

there are limited guidelines for their use. This work aims to test the validity of mixing rules 

by comparing predictions to aerosol measurements with the intention of identifying 

limitations and guidelines for their use. 

  



32 
 

1.7 The original contribution of this work 

There are several key areas where this thesis makes an original contribution to research: 

• Reporting the most precise and extensive dataset of atmospherically relevant 

inorganic salts, spanning both RH and the visible spectrum of illumination 

wavelengths.  

• Demonstrating a new method to measure the absorption of weakly absorbing 

aerosol, highlighting the dependence of absorption on RH. 

• Directly comparing aerosol measurements to mixing rules, enabling the 

recommendation that the group contribution predictive method is the most 

representative method of predicting the refractive index of aerosol composed of 

organic mixtures at RH = 0%. 

 

1.8 Thesis overview 

This chapter has introduced the context to the research, introducing both the interactions of 

aerosols within the atmosphere and the influence of aerosols upon the climate. The current 

techniques for measuring the optical properties of aerosol have been summarised, 

highlighting the limitations in current approaches which ultimately limit the understanding 

of the contribution of aerosols to RF. This chapter has provided the precis of the aims and 

original contributions of this work to the research landscape. 

Chapter 2 gives an overview of the interactions of light with an aerosol particle. 

Specifically, refractive index is introduced which is a key term in describing the optical 

properties of atmospheric aerosol. An overview of Mie theory is presented which is used 

to calculate the light scattering from single particles. The principles of the key 

spectroscopic techniques used in this work are discussed. The optical confinement of 

aerosol particles is described with a specific focus on the generation and manipulation of 

particles with a Bessel laser beam which is used in this work.  

The experimental instrumentation used in this work (the single particle CRDS instrument) 

is described in detail in Chapter 3. The method used to optically trap and optimise the 

particle position in three dimensions is described. The particulars of the measurement 

technique are outlined which include the systematic variations in RH surrounding the 

particle. The methods used to analyse the measured data using Mie theory are described. 

The optical properties of binary aqueous inorganic salts, of key atmospheric relevance, are 

presented in Chapter 4. The response of the refractive index to changes in RH, to mimic 
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atmospheric conditions are reported; a range of illumination wavelengths were used to 

enable the optical dispersive properties of inorganic salts to be studied. Advancements to 

the instrumentation are discussed which facilitated improvements to the precision of the 

retrieved refractive index; enabling measurements to be performed which will provide 

meaningful data for climate models. The refractive index measurements presented at a 

range of illumination wavelengths and from high RH to efflorescence RH, constitutes the 

most extensive and precise dataset to date. A Cauchy model was developed to parameterise 

the measured and literature data which allowed the refractive index to be calculated at any 

visible wavelength.  

Predictive mixing rules which are used to calculate the refractive index of aerosols 

composed of a range of organic compounds were studied in Chapter 5. A range of mixtures 

of organic compounds were studied from binary to quintenary mixtures, which increasingly 

represented the complex mixtures present in atmospheric aerosols. The Cauchy optical 

parameterisation (based on the aerosol measurements) enabled a direct comparison to 

predictive mixing rules, which enabled the validity and limitations of mixing rules to be 

identified for the first time. 

Chapter 6 presents a new method to measure the absorbing properties of single aerosol 

particles. The absorption of aerosols represents a proportionally larger uncertainty in RF 

models compared to scattering behaviour of aerosols. A weakly absorbing single aerosol 

particle was exposed to a near infrared laser beam, which induced a heating-induced size 

change. The size change allowed the extent of absorption and thus the imaginary 

component of the refractive index to be retrieved. Measurements were performed at a range 

of relative humidities allowing, for the first time, the relationship between the absorption 

and RH to be examined.
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Chapter 2  

The Interaction of Light with 

Particles 

 

2.1 Introduction 

The interaction of light with aerosols in the atmosphere is a key process that contributes to 

radiative forcing and the overall temperature of the Earth’s climate. There are, however a 

plethora of additional interactions of light with particles that enable the fundamental 

properties of particles to be probed. Light can be used to probe the physical and chemical 

properties of aerosol, both in the atmosphere and within the laboratory. Furthermore, the 

phenomenon of using light to levitate particles has been studied over decades. 

This chapter outlines the key processes that result from the interaction of electromagnetic 

radiation with particles. Properties and behaviours that are central to this work are 

discussed, such as the refractive index of a medium and optical cross-sections. Mie theory 

can be used to calculate the optical and geometric properties of aerosol particles and the 

comparison of Mie theory generated solutions to experimental data can provide highly 

precise, extensive information about probed aerosol particles. Finally, the forces governing 

optical levitation of particles are discussed, with a focus on the Bessel laser beam 

generation and properties. 

2.2 The interaction of light with a medium 

A beam of light can be considered as both an electromagnetic wave and in terms of a stream 

of photons. Upon interaction with a medium the incident light will interact with the 

medium; the nature of the interaction depends on the composition of the media and the 

wavelength and frequency of the incident light. The electromagnetic radiation interacts 

with the electron field within molecules which make up a medium. The radiation 

periodically interacts at the incident frequency with the electron cloud within the 

molecules. The induced oscillatory frequency results in an oscillating induced dipole 

moment within the molecules. The coupling between these can lead to energy transfer 

between the molecules and photons. When scattered the same frequency as the incident 

radiation, it is known as elastic scattering; when emitted at a different frequency it is known 
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as inelastic scattering. The majority of this work focuses on the elastic light scattering. 

Alternatively, the incident photons can be absorbed by molecules within the medium and 

transformed to internal energy which is emitted as thermal energy. The absorption process 

is never entirely absent from any material. However, in dielectric transparent materials this 

effect is negligible. 

2.2.1 Refractive index 

The index of refraction, or refractive index, describes how light is perturbed when it passes 

through a medium. It is a function of the molecular composition of the medium and depends 

on the polarizability and concentration of constituent molecules. Refractive index, m, is a 

complex number and is represented by: 

 𝑚 = 𝑛 + 𝑖𝑘 2-1 

where the real component, n, influences the extent of scattering and the imaginary 

component, k, describes the magnitude of light absorption of a medium. The scattering 

component is defined by: 

 𝑛 =
𝑐

𝑣
 

2-2 

where c is the speed of light in a vacuum and v is the phase velocity within the medium. 

Therefore, n always takes a value > 1 as the propagation speed though the medium is slower 

than that within a vacuum.  

The theoretical basis of refractive index, or dielectric constant, can be visualised by 

considering a material composed of molecules. When exposed to an electric field the 

interaction is dictated by the microscopic properties of the material, i.e. molecular 

polarizability, the density of molecules, and the local electric field the molecules are 

exposed to. Refractive index has been shown to depend on mass density, as well as 

molecular polarizability and molecular weight, where an increased mass density 

corresponds to increased refractive index.116 The molecular weight and polarizability vary 

minimally with temperature and pressure.116 Therefore, in this work minimal variations in 

temperature (at ambient conditions) are assumed to have a negligible effect on the 

measured refractive index. The key factors that will alter the light scattering by the particles 

are summarised in Figure 2.1.  
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Figure 2.1 The key factors that affect the light scattering of aerosol particles investigated in 

this work. 

In this thesis, the real and imaginary components of the refractive index of aerosol particles 

are considered compared to the surrounding gas phase: 

 𝑚 =
𝑛1

𝑛0
 

2-3 

where m is the relative refractive index, n0 is the refractive index of the gas phase and n1 

the refractive index of the particle. The refractive index of gas phase is assumed to be 1. In 

view of the negligible absorption (or k in Equation 2-1), this thesis will refer to nλ which 

refers to the real component of the refractive index of the aerosol particle at a given 

illumination wavelength, λ. 

2.2.2 Chromatic dispersion 

The variation in refractive index with wavelength is described by the extent of dispersion. 

It is well known that the measured nλ for the same medium will vary depending on the 

illumination wavelength,119–122 with all refractive materials exhibiting dispersion.123 This 

phenomenon is a result of the interaction of light with electrons within the medium. When 

a wave of a given frequency is incident on a medium, the charges bound to the molecules 

within the medium vibrate at the given frequency which alters the phase velocity (and group 

velocity) of the wave frequency, where phase velocity is the rate at which a given phase of 

a wave propagates in space. As the frequency of light approaches the natural frequency (or 

an absorption band) of the molecules the refractive index will change quickly. The natural 

frequency differs for all materials. Therefore, within a given medium, the frequency of the 

wave depends on the incident frequency and the medium composition.  

The variation in refractive index with wavelength for several aqueous inorganic salt 

solutions are shown in Figure 2.2. The refractive index increases with shorter illumination 

wavelengths. The extent of dispersion varies for each inorganic solute, with ammonium 

bisulfate exhibiting a considerably steeper gradient compared to the other salts. The 

dispersive behaviour of media is challenging to predict, and direct measurements are 

required to allow the dispersive behaviour to be elucidated. It is important to keep in mind 
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that the extent of dispersion will affect the scattering behaviour and thus climatic impacts 

of aerosol particles composed of different compounds. 

 

Figure 2.2 The variation in refractive index with illumination wavelength. The data for each 

compound is for an aerosol particle held at 50 % relative humidity calculated from data 

reported by Cotterell et al.119 The red is sodium chloride, blue is ammonium sulfate, purple is 

ammonium bisulfate and black sodium nitrate.  

Semi-empirical expressions are employed to describe the variation in refractive index with 

illumination wavelength.124 The expression derived by Sellmeier assumes that the material 

is represented by a series of harmonic oscillators that resonate at various wavelengths, λi:
123 

 
𝑛2(𝜆) = 1 + ∑

𝐴𝑖𝜆
2

𝜆2 − 𝐵𝑖
2

𝑚

𝑖=1
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where λ is the wavelength of incident light, Ai and Bi are constants relating to the oscillatory 

force. The constants are calculated from experimental measurements to enable the 

dispersive behaviour of a medium to be determined.  

Measurements of aerosol nλ are often conducted at a single illumination 

wavelength.21,41,71,80,125 This, however has limited atmospheric relevance. This work 

encompasses measurements at several illumination wavelengths to allow the dispersive 

behaviour of different atmospherically important compounds to be elucidated. 

2.3 The interaction of light with a single particle 

Light can be scattered or absorbed by a particle. Within the atmosphere, the process of light 

scattering is dominant over light absorption in the visible regime.50 However, aerosol 

absorption greatly influences the radiative balance, and is therefore a crucial factor when 

considering the effect of aerosols on the global climate.  

NaCl 

NH4HSO4 

(NH4)2SO4 

NaNO3 
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When an incident beam encounters a particle, the electromagnetic incident wave interacts 

with the constituent molecules within the particle. The electron cloud of each molecule is 

periodically perturbed by the incident beam at the incident frequency. The induced dipole 

moment acts as a source of radiation, or scattered light. Most of the radiation is emitted at 

the same frequency, elastic scattering, while a small fraction is scattered at an altered 

frequency modulated by internal motions within the molecule (such as vibrational or 

rotational), known as inelastic scattering. A summary of the different interactions of 

radiation with a particle are shown in Figure 2.3. 

 

Figure 2.3 The optical processes involved when a particle is irradiated with light. 

2.3.1 Aerosol size regimes 

The optical properties of atmospheric aerosol are largely defined by the ratio of particle 

circumference to the illumination wavelength, λ. This ratio is defined by the size parameter, 

x: 

 
𝑥 =

2𝜋𝑎𝑛0

𝜆
 

2-5 

where n0 is the refractive index of the surrounding medium (assumed to equal 1), λ is the 

illumination wavelength and a the particle radius. 

Typically, particles are categorised into three size regimes relative to the illumination 

wavelength, illustrated in Figure 2.4. When x << 1 particles are considerably smaller than 

the illumination wavelength (< λ/20) and exhibit Rayleigh scattering. Light scattering is 

more efficient at short wavelengths, which is exemplified by the blue colour of the sky. 

Mie theory provides exact solutions for all particle size regimes. The behaviour of particles 

of comparable size, or greater sizes than the illumination wavelength are described by Mie 

theory. This size regime is the subject of this thesis. Particles significantly larger than 

illumination wavelength can be described by Mie theory, however this is computationally 

extremely expensive. Therefore, the geometric optics approximation, also known as ray 
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optics, is often used as an approximate solution to Maxwell’s equations to account for light 

propagation from large particles.  

 

Figure 2.4 The three different size regimes of aerosol particles, where, from left to right, the 

particle is considerablely smaller than the illumination wavelength, comparable to the 

illumination wavelength and considerable larger than the illumination wavelength. 

In addition to the geometric size of a particle, the optical size, which encompasses the 

scattering and absorbing properties of a particle, must be considered. 

2.4 Mie theory 

Mie theory describes the light scattered by homogeneous spherical particles of an arbitrary 

size. This theorem was proposed in 1908  by Gustav Mie. It was based upon Maxwell’s 

equations which were published in 1865. Mie theory describes the light field at all points 

within the particle and in the surrounding medium under the following assumptions: 

• The particle is a homogenous sphere. 

• The surrounding medium is continuous and non-absorbing. 

• The particle is illuminated by an infinite monochromatic, travelling plane wave. 

Mie theory is used in this thesis to retrieve the geometric and optical properties of a particle 

from measurements of scattered light. Mie theory provides the best approximations to the 

experimental conditions. Although it is not possible to perfectly satisfy all assumptions of 

Mie theory, the experimental conditions are designed to best approximate the above 

assumptions. Bohren and Huffman provide extensive derivations of the scattering and 

absorption interactions of light with particles described by Mie theory.126 This work does 

not aim to provide a comprehensive description of Mie theory but a brief overview is 

presented with a particular focus on the aspects relevant to this study. 

In this thesis, CRDS measurements of extinction cross section (σext) were compared to 

calculations of optical cross sections generated using Mie theory. Also, measurements of 
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the angular variation in elastic light scattering were compared to Mie theory simulations. 

The best fit of Mie theory to the experimental data enabled the optical properties of aerosols 

of known compositions to be retrieved.  

2.4.1 Extinction, scattering and absorption cross-sections 

Mie theory describes the interaction of incident electromagnetic radiation with a particle 

which alters the incident beam via scattering and absorption processes. The incident 

irradiation is assumed to consist of both magnetic and electric fields. Upon interaction with 

a particle (surrounded by an infinite medium) the incident irradiation is described by Mie 

theory at all points, within the particle, or the internal field, and surrounding the particle, 

or the external field. The scattering from the particle is given by scattering coefficients 

which can be calculated provided the particle size parameter and refractive index are 

known. 

Figure 2.5 depicts a particle irradiated by an incident electromagnetic field. A detector 

would receive a reduced signal, I, with the presence of a particle in the incident beam, I0: 

the particle has caused extinction of the incident beam. If the medium surrounding the 

particle is assumed to be non-absorbing, the contributions from both the scattering and 

absorbing processes are encompassed by the difference in I0 and I. In this work, single 

homogeneous spherical particles are studied. The extinction of the particle depends on the 

particle size, shape and orientation, composition, the surrounding medium and the 

frequency and polarization on the incident beam.  

 

Figure 2.5 Schematic of the interaction of a particle when illuminated by an incident wave. 

The amount of light that interacts with a spherical homogeneous particle is governed by its 

extinction cross-section, σext, which can differ from the geometric cross-section, σgeom. The 
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extinction cross-section has contributions from the scattering, σsca, and absorption, σabs, 

components: 

 𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠 2-6 

The extinction cross section has the dimension of area, illustrated in Figure 2.6. For a non-

absorbing, purely scattering particle 𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎. 

 

Figure 2.6 Illustration of the different cross-sectional areas of light removed by a particle in 

the far field 

Extinction efficiency, Qext, describes how efficiently light is attenuated by a particle and is 

defined as the ratio of the extinction to geometric cross-section (Equation 2-7). Extinction 

efficiency is a dimensionless constant which depends on the size, morphology and nλ of the 

particle and the wavelength of irradiance.  

 𝑄𝑒𝑥𝑡 =
𝜎𝑒𝑥𝑡

𝜎𝑔𝑒𝑜𝑚
 

2-7 

For spherical particles, which are the subject of this work, the extinction factors are 

independent of the particle orientation and polarization of incident light.  

Single scattering albedo (SSA), ω, describes the proportions of light that is scattered 

relative to total extinction. This is an important metric when considering the climatic 

impacts of aerosols. 

 𝜔 =
𝜎𝑠𝑐𝑎

𝜎𝑠𝑐𝑎 + 𝜎𝑒𝑥𝑡
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ω lies between limiting values of 0 and 1, where a value of 0 would correspond to a 

completely absorbing aerosol and 1 an entirely scattering aerosol. It is imperative to acquire 

precise ω values to reduce the significant uncertainty associated with the impact of aerosols 

on the climate.  
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If a particle is irradiated by an incident beam¸ I0 (W m-2), and the light scattered by the 

particle is Ws (W), then the scattering cross section of a particle, σsca is defined by the 

following expression:  

 
𝜎𝑠𝑐𝑎 =

𝑊𝑠

𝐼0
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The reduction in the intensity of an incident beam of light that is passed through an aerosol 

particle is a function of both the scattering and absorbing properties. The light scattered by 

a particle at an arbitrary distance from the particle is given by equation 2-10, where the 

scattered light is integrated with respect to the scattering direction to give σsca:
50 

 

𝜎𝑠𝑐𝑎 =
1

𝐼0
∫ 𝐼𝑠𝑐𝑎𝑑𝑆

𝑆

 

2-10 

I0 and Isca are the intensities of the incident and scattered light respectively and S is the 

surface of the particle. The σsca is defined in terms of area and usually differs from the 

geometric cross section of a particle, σgeom. For a spherical particle: 

 𝜎𝑔𝑒𝑜𝑚 = 𝜋𝑎2 2-11 

where a is the particle radius. 

The ratio of the scattering and geometric cross sections is the scattering efficiency, Qsca: 

 𝑄𝑠𝑐𝑎 =
𝜎𝑠𝑐𝑎

𝜎𝑔𝑒𝑜𝑚
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where Qsca >1 would indicate a larger scattering cross section than geometric cross section. 

Similarly, the absorption efficiency, Qabs can be defined: 

 𝑄𝑎𝑏𝑠 =
𝜎𝑎𝑏𝑠

𝜎𝑔𝑒𝑜𝑚
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where σabs is the absorption cross section, which is defined by electromagnetic theorem by 

the following expression:50 

 

𝜎𝑎𝑏𝑠 =
(2𝜋 𝜆⁄ )

|�⃗� 0|
2 ∫|�⃗� |

2
𝜀"𝑑𝑉
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where �⃗� 0 and �⃗�  are the electric field vectors of the incident wave and vector inside the 

particle respectively, V is the volume of the particle, 𝜀"is the dielectric permittivity of the 

aerosol particle given by: 

 𝜀" = 2𝑛𝑘 2-15 
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For the majority of aerosol k ≈ 0 (with the exception aerosols such as black and brown 

carbon and ammonium sulfate), meaning σabs ≈ 0. Both �⃗�  and Isca depend on the complex 

refractive index of the particle but also the shape, size and internal structure. Mie theory 

provides an approach to calculate the optical properties of spherical homogeneous particles. 

2.4.2 The extinction paradox 

The extinction efficiency strongly depends on the particle size, or the particle size 

parameter (defined in equation 2-5). Figure 2.7 shows the variation of the extinction 

efficiency and extinction cross section for a water droplet with varied size parameter. At 

low size parameters, x < 5, the Qext value increases rapidly with x. 

 

Figure 2.7 The extinction efficiency, black line, and extinction cross section, blue line, of a 

particle illuminated by a 532 nm incident beam with n = 1.335, i = 0. 

At size parameter values, x > 10, broad minima and maxima, known as interference 

structure, occur. The broad oscillations tend to a value of 𝑄𝑒𝑥𝑡 → 2. This value is double 

what is predicted by geometric optics, indicating the particle removes twice the energy than 

is incident upon it. Thus, the optical cross section is double the size of the geometric cross 

section. This is known as the extinction paradox. The interference structure arises from the 

phase relationship between the light that has passed through the particle without deviation 

(forward scattering) and the light that has not passed through the particle. The different nλ 

within the particle compared to the surrounding gas phase means the light which passed 

through the particle compared to light that did not pass through the particle is a different 

phase when interference occurs in the far field. When both light rays are in phase there is 

constructive interference between the forward scatted light and the incident light. This 

causes the extinction cross section to decrease resulting in a minimum in the Qext. 

Conversely, destructive interference leads a maximum in Qext. Alterations to the 
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illumination wavelength affects the broad oscillatory Qext period over a given size 

parameter range.  

Finer oscillations that occur on top of the broad oscillations are evident in Figure 2.7, these 

are known as ripple structure. The resonances are a result of the particle acting as an optical 

cavity where total internal reflection of the incident light, or a whispering gallery mode 

(WGM), occurs. As expected the WGMs occur at discrete sizes dictated by the particle 

size, refractive index and the illumination wavelength.73 The more absorbing the particle 

the more the oscillations and ripple structure in Qext become damped.73 

2.4.3 Whispering gallery modes 

Whispering gallery modes (WGMs) were first discovered in St Paul’s Cathedral when 

acoustic waves (whispers) could be heard at large distances from the source around the 

circumference of a circular gallery. Resonances arise when total internal reflection around 

a concave surface forms a standing wave around the circumference. Aerosol particles can 

readily act as an optical cavity. WGMs occur at wavelengths commensurate with the 

particle circumference. They occur when a wave returns to same point on circumference at 

the same phase at an integer number of wavelengths, meaning constructive interference 

will occur and the particle will act as an optical cavity, shown in Figure 2.8 (a) and (b). 

This results in amplification of signal at specific frequencies, meaning WGMs can be 

solved numerically with Mie theory. Resonances at discrete particle sizes are observed in 

Figure 2.7 which arise as a result of WGMs.  

 

Figure 2.8 (a) Schematic of total internal reflection to form a WGM. (b) Schematic of the field 

resonating around the circumference of a spherical particle. (c) The polarizations that make 

up electromagnetic radiation. 

WGMs are defined by the mode number, mode order, polarization and azimuthal mode 

number. The mode number refers to the number of integer wavelengths that form the 

standing wave around the sphere circumference. The mode order is the number of standing 

waves that penetrate into the particle which result in a varied sampling depth; a low mode 

order (l = 1) indicates the standing wave is at the surface of the particle, whereas, increased 

values of l indicates increasing penetration. The WGM can be considered as transverse 

electric (TE) or transverse magnetic (TM) polarized with respect to the resonator surface. 
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The azimuthal mode number describes the angle of the standing wave propagation relative 

the incident field angle.  

2.4.4 Cavity standing wave Mie theory 

Classical Mie theory describes plane wave illumination, which is often not the case, such 

as in optical tweezers or an optical cavity. Generalized Lorenz-Mie theory (GLMT) was 

developed to describe the case of a particle irradiated with a beam of arbitrary diameter.127 

GLMT considers travelling wave illumination of a particle. However, in instances when a 

particle is confined within a standing wave, such as in cavity ring-down spectroscopy which 

is the focus of this work, it is necessary to adapt GLMT. Miller and Orr-Ewing developed 

a means of calculating the extinction cross section of a particle irradiated by a standing 

wave.128  

Within a standing wave the scattering from a particle, with a diameter considerably greater 

than the illumination wavelength, varies significantly with the phase of the wave that is 

sampled: a node, antinode or a region between the two. A particle can traverse along the 

axis of the standing wave and therefore sample all phases of the wave, shown in Figure 2.9.  

 

Figure 2.9 A schematic of a particle trapped within the Bessel beam core, where the particle 

can traverse different phases of the cavity standing wave due to Brownian motion. 

The variation in the measured extinction is related to traditional Mie theory with the 

addition of a correction provided by a phase parameter, ζ:128 

 
𝜎𝑠𝑐𝑎𝜁 =

𝑃𝑠𝑐𝑎

𝐼0
 

2-16 

where σsca is the traditional Mie theory determined scattering cross section, Psca is the 

scattering power, I0 the incident flux, the phase parameter is given by:128 

 
𝜁 =

𝑃𝑠𝑐𝑎

𝐼0𝑄𝑠𝑐𝑎𝜎𝑔𝑒𝑜𝑚
 

2-17 
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The phase parameter is dependent on z0 which accounts for the location of the particle 

within the standing wave. Miller and Orr-Ewing consider the standing wave to consist of 

two counterpropagating travelling waves, which summed equate to the intensity of the 

standing wave. The phase parameter is calculated for the limiting cases that the particle can 

experience, at a node where 𝑧0 = 𝜆
4⁄ , or at an anti-node where 𝑧0 = 0. For regions 

between the extreme cases: 

 𝜁(𝑧0) = 1 + 𝜁(𝑧0 = 0)sin(2𝑘𝑧0) 2-18 

In this work, the extrema that the particle can experience are calculated to produce an 

envelope which should encompass the experimental data. This envelope is shown in Figure 

2.10 where the traditional Mie theory (assuming plane wave illumination) is also shown. 

 

Figure 2.10 Variation in the calculated extinction efficiency when traditional Mie theory is 

used, red dotted line, compared to cavity standing wave (CSW) Mie theory, blue and black 

lines corresponding to a particle centred at an antinode and node respectively. 

In this work, single particles are trapped within an optical cavity. Therefore, the Miller and 

Orr-Ewing’s adaption of Mie theory to account for a cavity standing wave (CSW) is 

employed. From this point onwards references to σext or Qext will denote the optical 

properties calculated with CSW-Mie theory. 
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2.4.5 The angular variation in elastic light scattering intensity 

angle 

The angle of the light scattered by a particle in the far field (assuming large distances from 

the particle) can by calculated using Mie theory. The propagation direction of the 

electromagnetic radiation is defined as occurring along the z direction with perpendicular 

or parallel polarization relative to the scattering plane. The scattering plane is defined by 

when the azimuthal angle, ϕ = 0, shown in Figure 2.11.  

 

Figure 2.11 Schematic of the scattering plane, defined as when 𝝓 = 𝟎, the polar angle θ, 

polarization of the beam, and the radius, a, are indicated.73 

Spherical particles scatter elastic light in all directions. However, the intensity variation 

with scattering angle is often anisotropic, with only very small particles exhibiting isotopic 

scattering. The constructive and destructive interference of the scattered light results in 

characteristic variation in intensity verses scattering angle, known as phase function (PF). 

PFs depend on the size parameter, the refractive index of the particle, the frequency and 

polarization of the incident light and the particle shape and morphology. In this work, only 

spherical homogeneous particles are considered. The measurement and analysis of PFs, 

Mie theory can yield precise information about the physical and optical behaviour of a 

particle: 

 
𝑝(𝜃, 𝜙) =

𝑟2
𝑜𝑏𝑠𝑊𝑠𝑐𝑎(𝜃, 𝜙)

𝜎𝑠𝑐𝑎𝐼0
 

2-19 

where robs is the distance from the particle to the detector or observer, Wsca(θ, ϕ) is the 

scattering intensity at a specified angle defined by the polar and azimuthal angle, σsca is the 

scattering cross section and I0 the incident intensity. For a spherical particle the scattering 

is independent of the azimuthal angle, shown in Figure 2.12. 



49 
 

 

Figure 2.12 Schematic of the angular light scattering by a particle. The scattering plane is 

defined as ϕ = 0° with perpendicular and parallel polarizations relative to the scattering plane.  

The light scattering observed at a given distance is a combination of the light that was 

reflected from the surface of the particle or was refracted through the particle and 

subsequently reflected from the particle surface. The interference causes areas of 

constructive and destructive interference which corresponds to the characteristic variation 

in intensity with scattering angle, shown in Figure 2.13. 

 

 

Figure 2.13 Polar plots of the light scattering from a particle with a refractive index of 1.335 

and radii of (a) 0.2 μm or (b) 2 μm illuminated by 532 nm light of either perpendicular or 

parallel polarization, shown by the red and black lines respectively. 

Figure 2.13 shows the polar plots of phase functions calculated using Mie theory for 

droplets illuminated by perpendicular and parallel polarised 532 nm illumination. The 

particle is illuminated from the left where forward scatting is 0 – 90°, with completely 
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forward scattering at 0°. Back scattering is 90 – 180°. The smaller particle in Figure 2.13 

(a) shows near isotropic scattering where light is scattered relatively equally in the forward 

and backward directions. It is important to note the intensity scale in panel (a) is linear and 

whereas panel (b) is a log scale. The larger particle however, exhibits a more complex 

structure where minima and maxima are observed at discrete scattering angles; the structure 

is highly sensitive to the particle size. Furthermore, the larger particle exhibits increased 

scattering in the forward direction. Moreover, the polarization of light influences the 

scattering pattern, where both polarizations show similar scattering at 0 and 180°, yet 

distinctly differing scattering at intermediate scattering angles. Mie theory can be compared 

to experimental phase functions which allows the particle size and refractive index to be 

calculated when the illumination wavelength and polarizations are known.  

Experimentally it is not possible to measure the light scattered over all angles (specifically 

exactly at the forward and backward directions). Typically, PFs are measured around 90° 

over a range of ~ 40°. Figure 2.14 and Figure 2.15 show examples of calculated phase 

functions over 0 – 180° It is evident that even over a relatively limited angular range (of ~ 

30° around a central angle of 90°), there is considerable variation in the calculated PFs with 

varying particle size and nλ. 

 

Figure 2.14 Phase function plots of three particles of the same refractive index (n = 1.335) and 

illumination wavelenght of 532 nm of either perpendicular or parallel polarization, shown by 

the red and black lines respectively, with varied radii. 

Figure 2.14 shows significant variation in the number of features, indicating that the 

calculated PF is highly sensitive to the particle size, given the remaining parameters are 
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constant (n532 = 1.335). An increase in the number of fringes is evident at larger sizes, 

although this is not a linear increase. Furthermore, the similarity of the scattering patterns 

at the two extreme cases of scattering angles is it clearly visible, with the central angles 

showing considerable difference with light polarization. The impact of changing the 

refractive index on the PFs shows more nuanced change, shown in Figure 2.15. 

Approximately the same number of features are present, but the intensities and scattering 

angles of the fringes are altered.  

 

Figure 2.15 Phase function plots of three particles of the same size (a = 1 μm) and illumination 

wavelenght of 532 nm of either perpendicular or parallel polarization, shown by the red and 

black lines respectively, with varied refractive indicies. 

Experimentally, the PFs were measured in the far field at fixed azimuthal angle and varied 

polar angle. In order to collect coherent scattering a smooth surface, and therefore, a 

spherical (liquid) particle was required. The illumination wavelength and polarization were 

known enabling physical information such as size and refractive index to be calculated 

from phase function measurements using Mie theory.  

2.4.6 The asymmetry parameter 

The asymmetry parameter, g, describes the proportions of light that are forward and 

backward scattered. It is the intensity weighted average cosine of the scattering angle, given 

by the following expression: 

 𝑔 = 〈𝜆𝑐𝑜𝑠𝜃〉 2-20 

A value of 𝑔 = −1 represents completely backscattered light (at 180° to the incident light) 

and a value of 𝑔 = 1 represents totally forward scattered light (at 0° to the incident beam). 

Isotropic light scattering, which is symmetrical around 90° to the incident beam, is 
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represented by a value of 𝑔 = 0. The sign of the g value indicates whether light scattered 

by a particle in the atmosphere is predominantly directed back into space, or, towards the 

Earth’s surface, which has significantly differing effects on the global radiative budget.  

The asymmetry parameter can also be considered of practical application when performing 

optical trapping of particles, where the g value affects the trapping efficiency of a particle 

when levitated in a laser beam. 

2.5 Radiation pressure: The optical confinement of 

particles 

Arthur Ashkin first reported the phenomenon of optical manipulation of micron-sized 

particles using radiation pressure in 1970.129 Ashkin’s work laid the foundations for the 

development of optical tweezers which led to a wealth of subsequent particle research.  

When a laser beam irradiates a particle, momentum from the incident beam is transferred 

to the particle, which can result in optical confinement of a particle when balanced with 

gravity or Stokes drag force. The radiation pressure, Qpr, of light describes the efficiency 

of the transfer of momentum from an incident beam to a particle in the direction of 

propagation. It is a dimensionless quantity which is proportional to the extinction and 

scattering cross sections of a particle and the asymmetry parameter. It is given by the 

following expression:130  

 𝑄𝑝𝑟 = 𝑄𝑒𝑥𝑡 − 𝑔𝑄𝑠𝑐𝑎 2-21 

The Qsca cannot be greater than Qext (see equations 2-7 to 2-12) and the asymmetry 

parameter value is −1 ≤ 𝑔 ≤ 1 meaning the Qpr value is positive. Thus, the radiation 

pressure acts in the direction of propagation of the incident beam. 

Radiation pressure consists of both scattering and gradient forces. The scattering force acts 

in the incident beam propagation direction, whereas the gradient force acts along the 

intensity gradient of the incident beam, this is shown in Figure 2.16. 
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Figure 2.16 Schematic of a focused laser beam irradiating a single aerosol particle and the 

resultant forces acting on the particle, where Fpr is radiation pressure and Fgrad is gradient 

force. 

Ashkin did not only report scattering forces in his seminal paper but also gradient forces; 

which drive particles of a higher refractive index than the surrounding medium towards the 

region of highest intensity: towards the beam axis.129 Particles are not only guided in the 

direction of illumination propagation they can also be confined in three dimensions when 

gradient forces are sufficient. An irradiated particle experiences scattering forces, Fsca, 

along the axis of the irradiation. This force arises from the energy deficit between the 

energy removed from the incident illumination and energy emitted from the particle, it is 

given by the following expression:131 

 
𝐹𝑠𝑐𝑎 =

8𝜋𝑛0𝑘
4𝑎6

3𝑐
(
𝑛𝑟𝑒𝑙

2 − 1

𝑛𝑟𝑒𝑙
2 + 2

)𝐼0  
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where n0 is the refractive index of the surrounding medium, the wavenumber 𝑘 = 2𝜋/𝜆, a 

is the particle radius, c the speed of light, nrel the relative refractive index of the particle 

𝑛𝑟𝑒𝑙 = 𝑛1/𝑛0, and I0 is the intensity of the incident light.  

A greater focus of the incident beam results in increased gradient forces, which can 

dominate scattering forces, thus allowing stable particle confinement, such as in optical 

tweezers.132 Absorption within particles provides additional forces, which, if sufficient can 

result in the ejection of the particle from an optical trap or can lead to photophoretic 

trapping.  

The exertion of radiation pressure and sufficient gradient forces enable particles to be 

trapped in both vertically and horizontally propagating experimental set ups. The radiation 

pressure can be balanced with a counteracting force to provide additional confinement 

stability, such as counterpropagating laser beams48,96,97,133–138 or gas flows.109,111,112,119,139,140 
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2.5.1 A Bessel laser beam optical trap 

This work requires the confinement and movement of a single aerosol particle over 

macroscopic distances. This is necessary to enable the single particle CRDS to be 

performed which measures the σext of a particle. Traditional optical trapping methods, such 

as the optical tweezers, first described by Ashkin, use Gaussian intensity beams to form the 

trap. However, as the Gaussian beam propagates from the focal point the beam diffracts, 

thus compromising the trapping stability. Therefore, in this work a non-diffracting beam 

was employed: the Bessel laser beam.141,142 

The Bessel laser beam (BB) has been proven to exhibit limited diffraction. This was first 

noticed by Durnin,143 who, whilst examining a set of solutions to the Helmholtz equations 

realised certain Bessel solutions were not dependent on the propagation distance and are 

non-diffracting. The BB is so called due to the nature of the cross-section of the beam 

which is a Bessel function, a central core surrounded by concentric rings.142 A BB can 

theoretically consists of an infinite number of concentric rings,144 provided an infinite 

amount of energy is supplied (which in practice is not achievable). It was, therefore, 

surmised by Durnin et al. that a perfect BB cannot be formed.145 However, a “quasi” or 

“finite” BB can be achieved, where it is formed from a finite amount of energy. The beam 

is considered non-diffracting over a finite distance,145 or the beam can be considered pseudo 

non-diffracting. The power is equally distributed between the concentric rings of the BB. 

Thus, the more rings present the longer the distance the beam is considered to be non-

diffracting but the higher the laser power that must be delivered.141 

An ideal BB can be described by the following expression:142 

 𝐸(𝑟, 𝜙, 𝑧) = 𝐴0𝑒𝑥𝑝(𝑖𝑘𝑧𝑧)𝐽𝑛(𝑘𝑟𝑟)𝑒𝑥𝑝(±𝑖𝑛𝜙) 2-23 

where Jn is the nth order Bessel function, kz and kr are the longitudinal and radial wave 

vectors, with 𝑘 = √𝑘𝑧
2 + 𝑘𝑟

2 = 2𝜋
𝜆⁄ , and r, ϕ and z are the radial, azimuthal and 

longitudinal components respectively. The non-diffracting nature of BBs is shown by the 

solution to the Helmholtz equation, where the intensity, I in the z direction satisfies:142 

 𝐼(𝑥, 𝑦, 𝑧 ≥ 0) = 𝐼(𝑥, 𝑦) 2-24 

thus, showing the intensity of the cross section is unchanged as the beam propagates in the 

z direction: the beam is non-diffracting. The intensity structure of BBs depends on the order 

of the beam, where a zeroth order BB (n =0) exhibits a bright central core and higher order 

BBs (n > 0) exhibiting a non-diffracting dark central core. A zeroth order BB is the most 

commonly used form of BB142 and is the focus of this work. 
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A zeroth order BB is formed by passing a Gaussian laser beam through a conically shaped 

lens, called an axicon. The resultant wave vectors can be considered to propagate along a 

cone,142 illustrated in Figure 2.17. The axicon imposes a phase shift 𝜙(𝑟, 𝜃) = 𝑘(𝑛 − 1)𝛾 

onto the incident beam, where θ and r are the cylindrical coordinates on the axicon face, k 

is the wavevector, n the refractive index of the axicon, and γ the internal angle of the 

axicon.141 The axicon imposes the same angular shift on all the waves which yields the 

BB.141 The self-interference of cylindrical symmetry forms the characteristic “bulls eye” 

pattern of the zeroth order BB.144 It is key to note that the alignment of the axicon with the 

incident Gaussian beam is critical and minor misalignment can result in aberrations.141,144  

 

Figure 2.17 (a) A schematic of the formation of a Bessel beam. A Gaussian intensity profile 

beam is passed through an axicon, where after a given propagation distance, zmax the Bessel 

beam is formed.144 (b) A schematic of the propagation along a cone.142(c) Cross-section 

intensity profile of a Bessel laser beam. 

Another interesting feature of BBs is that of reconstruction or “self-healing”.141,142 If an 

object is placed in the centre of the beam, some of the rays are obstructed. However, the 

beam can reconstruct past the object after a given propagation distance which depends on 

the width of the obstruction.142  

BBs have been used in large number of applications both in research and industry which 

utilised the long depth of field offered from BBs. Particularly of interest in this work, BBs 

have been used to trap single aerosol particles.48,98,107–112,119,134,136,137,139,140,146–148 A range of 

experimental set ups have been developed where the radiation pressure exerted by the BB 

was balanced with a counteracting additional force to provide stable optical confinement. 

Multiple BBs have been used to trap single submicron sized particles,136,137,146 where the 

stability of particle confinement was studied as a function of the number of BBs (either two 

or four) and the extent of the alignment of the beams.136 An optical trap formed by a BB 

coupled to a counter propagating Gaussian beam enabled multiple particles to be trapped 

while the efflorescence behaviour was studied.48 Single aerosol particles of radii ~ 350 nm 

– 2 μm were trapped by balancing the radiation pressure exerted by the BB with a 

counterpropagating gas flow while the optical properties were probed.107–112,119,139,140,147,148  
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2.6 Summary 

This chapter has discussed the theories that underpin the basis of this work. The use of Mie 

theory to describe the interaction of light with particles was discussed. Specifically, the use 

of Mie theory to predict the angular variation in scattering and the optical cross sections of 

particles were highlighted. Mie theory is used in this thesis to retrieve the optical and 

geometric properties of single particles through comparisons between Mie theory and 

experimentally measured data. This chapter has also discussed the amendments to Mie 

theory to consider irradiation from a standing wave, which is used in this work. The 

phenomenon of optical confinement of particles with radiation pressure was discussed, 

with a specific focus on the generation and manipulation of particles with a Bessel laser 

beam. The next chapter focuses on the experimental instrumentation and methodologies 

which enable the confinement and measurements of the optical properties of single aerosol 

particles. 

 



57 
 

Chapter 3  

Experimental Techniques 

 

This chapter will describe the experimental techniques used to confine and study the optical 

properties of single aerosol particles. The conditions surrounding the particles were 

systematically varied to mimic the environments ubiquitous within the atmosphere. This 

work focuses primarily on measurements performed with the single-particle cavity ring-

down spectroscopy (SP-CRDS) instruments. The technique is based upon the interaction 

of particles with light, which both confines a particle and allows the optical properties of 

the single particle to be probed spectroscopically. 

A Bessel laser beam (BB) was used to optically trap a single aerosol particle, while the 

optical properties were simultaneously probed. A BB was used in this work because it is 

pseudo non-diffracting which allows particles to be traversed over relatively large 

distances. Furthermore, the central core size can be tailored to enable accumulation mode 

particles, and therefore more of an atmospherically relevant size to probed. The geometric 

size of the single particle was probed by collecting the characteristic angular variation in 

elastic light scattering. Knowledge of the particle size to nanometre precision coupled with 

concurrent measurements of the extinction cross section of the particle with cavity ring-

down spectroscopy (CRDS) enabled the optical properties to be probed with remarkable 

precision, nλ ± ~ 0.004. The optical properties of the particle were also retrieved from the 

elastic light scattering measurements, the typical uncertainties in the retrieved were nλ ± ~ 

0.005. Although the level of precision achievable with CDRS were not attainable with 

elastic light scattering measurements, nevertheless informative optical (at an additional 

illumination wavelength) and geometric data were retrieved. 

This chapter provides an overview of the experimental and analysis methods used in this 

work. First, the preparation and method of producing aerosol particles are outlined. 

Sections 3.2 and 3.3 provide a brief introduction to the BB and principles of CRDS. A full 

description of each of these elements are provided in the single particle cavity ring-down 

instrument description and the BB is described in more detail in Chapter 2. A thorough 

description of the instruments used in this work is provided, followed by a detailed 

description of the finer methodological points. The analysis of the elastic light scattering 

for retrieving the geometric and nλ are discussed. Also, the method employed to retrieve 

optical information from CRDS extinction cross section measurements are outlined. 
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3.1 Aerosol preparation and generation 

A number of atmospherically relevant solutes have been studied to produce comprehensive 

data sets of nλ at a number of illumination wavelengths (λ = 405, 473, 532 nm) and as a 

function of relative humidity (RH). Aqueous solutions composed of a single inorganic 

solute (100 gL-1) or a mixture of organic solutes (150 gL-1) were prepared and converted to 

aerosol particles with an ultrasonic medical nebuliser. Within the nebuliser, an electric 

oscillator oscillated a piezoeletric element to create an ultrasonic wave. The ultrasonic 

waves were transmitted through the water reservoir which surrounded a cup containing the 

prepared bulk solution. The high frequency vibrations caused the bulk liquid solution to 

form a fine mist of aerosol particles which were introduced into the trapping cell, as shown 

in Figure 3.1. A range of particle sizes were generated by the nebuliser, with a mass 

weighted mean diameter of 3.5 µm.149 

 

Figure 3.1 Schematic of the ultrasonic medical nebuliser and aerosol generation process.150  

The aerosol plume was directed into the trapping cell. When aerosol particles passed 

sufficiently close to the BB core, the gradient forces were adequate to successfully trap an 

individual or multiple particles. When a number of particles were trapped, the BB laser 

power was reduced to eject multiple particles. This process was repeated until a single 

particle was successfully trapped. 

3.2 The Bessel beam optical trap 

This section provides a brief introduction to the trapping technique employed in this work. 

For a thorough description of the BB formation and manipulation of particles see Chapter 

2, while Section 3.4 provides the details of the instrumentation used in this work.  
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Aerosol particles can be trapped in the bright central core of a zeroth order BB. Radiation 

pressure from the BB exerts a force on the particle in the BB propagation direction, while 

transverse optical forces stabilise the particle in the orthogonal direction to 

propagation.142,147 In this work, the Bessel beam propagated vertically, where the radiation 

pressure acted in the upward vertical direction. This force was opposed by a Stokes drag 

force exerted by a counterpropagating gas flow. When both forces were balanced the 

particle remained confined and stationary within the Bessel beam core. Adjustments to the 

power of the Bessel beam enabled the position of the trapped particle to be traversed over 

macroscopic distances.  

The Stokes drag force, Fdrag, exerted by the gas flow on a single particle is given by the 

following equation:147 

 𝐹𝑑𝑟𝑎𝑔 = 6𝜋𝜇𝑎𝜈 3-1 

where µ is the dynamic viscosity of the medium, a is the particle radius and υ is the speed 

of the gas flow at the particle location. When the radiation force, Fpr, in the longitudinal 

direction was balanced with Fdrag, the net force, Fnet would equal 0, which would result in 

stable optical trapping conditions, shown in Figure 3.2:147 

 𝐹𝑛𝑒𝑡 = 𝐹𝑝𝑟 − 𝐹𝑑𝑟𝑎𝑔 3-2 

The magnitude of transverse forces acting on a particle varied depending on the position of 

the particle along the BB propagation axis and the radius of the particle. However, Preston 

et al. demonstrated that particles of any radii experience transverse forces towards the 

centre of the beam,147 indicating accumulation mode particles of direct atmospheric could 

be trapped. 

 

Figure 3.2 (a) Schematic of the forces experienced by the single aerosol particle.147 (b) Cross 

section of the Bessel beam. 

The laser power was varied, which allowed the magnitude of the radiation pressure force 

to be controlled and the subsequent position of the particle in the optical trap be optimised 

with millimetre precision.108 In addition to radiation pressure exerted by the BB core, 

optical gradient forces acted in the transverse direction to allow confinement of sub-micron 
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size particles over extended timescales.110,136,147 The size of particles trapped was coarsely 

tuned by varying the laser power and the size of the BB core.110 

3.2.1 Alignment of the Bessel beam 

A well aligned BB is required to provide suitable conditions to facilitate stable trapping of 

aerosol particles. The quality of the BB was observed by imaging the BB two-dimensional 

profile. A bright, well-defined, circular central core surrounded by concentric rings where 

the light intensity was evenly distributed around the rings constituted a well aligned, high-

quality Bessel beam, shown in Figure 3.2 (b). This was achieved through the precise 

alignment of the Gaussian beam through the axicon and the adjustments of the mirror which 

directed the Bessel beam into the trapping cell.  

3.3 Principles of cavity ring-down spectroscopy 

The principles of CRDS are introduced in this section, while the details of the specific 

instrumentation used in this work are described in Section 3.4. 

CRDS is a highly sensitive, non-invasive technique which uses the Beer Lambert Law to 

determine particle extinction efficiency without the need for instrument calibration.73,76,151 

CRDS has been used extensively in aerosol science to measure particle extinction cross-

sections due to the high sensitivities achieved from the long effective pathlength, upon the 

order of tens of kilometers.151,152 Continuous wave (CW) laser CRDS is used in this work 

and offers superior minimum sensitivity compared to pulsed laser CRDS.73 This is achieved 

by reflecting a laser light source multiple times between two highly reflective mirrors, 

forming an optical cavity. The technique has typically been employed with ensemble 

aerosols,44,49,65–67,69,71,72,79,91,153–157 where the uncertainties in quantifying the aerosol 

properties (such as number density, particle size etc.) dominate measurement 

uncertainties,75 with typical uncertainties of nλ ± 0.02.76 Therefore, by studying single 

aerosol particles where these properties can be precisely measured, the superior precision 

offered by CRDS can be capitalised upon. 

A CRDS system consists of a laser light source which is pulsed as it enters the optical 

cavity, two highly reflective mirrors with coupling optics, and a detection system.151 A 

schematic of a typical set up is shown in Figure 3.3. The continuous wave light source is 

passed through an acousto optic modulator (AOM) to select and inject the first order 

diffraction spot into the optical cavity. The injected light reflects back and forth between 

the two mirrors, which have the same radius of curvature. The length of the cavity must be 

shorter than the radius of curvature of the mirrors to ensure stable modes are sustained and 

a stable cavity is achieved. Both mirrors are highly reflective, however a small proportion 
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of light leaks from the mirrors which is measured as a function of time. From the initial 

pulse of light into the cavity, the photodiode measures the exponentially decay in the 

intensity. The decay rate is measured to give the characteristic “ring-down” time. The 

difference between the ring-down times of an empty cavity and the cavity containing a 

sample is informative of the optical properties of the sample.  

 

Figure 3.3 Schematic of the cavity ring-down apparatus, where AOM is an acousto-optic 

modulator and MM is mode matching. 

The ring-down time is indicative of both the alignment of the cavity, and the optical 

properties the aerosol particles within the optical cavity. The time taken for the intensity to 

decay to 1/e of the initial intensity for an empty cavity is defined τ0. When a particle is 

trapped within the cavity ring-down (CRD) laser path, light is attenuated by the particle, 

decreasing the RDT, τ. CRDS provides extinction cross-section measurements with respect 

to time when the inter-mirror distance, L, beam waist, w, and c, the speed of light are 

known:108,111 
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3.4 The single-particle cavity ring-down spectrometer 

The SP-CRDS instruments were used to trap single aerosol particles and measure the 

evolving optical properties as the particle composition changed due to the varied 

surrounding conditions. Single aerosol particles were optically trapped within a BB, while 

the characteristic light scattering was examined with CRDS and the angular variation in 

elastic light scattering (or phase functions, PFs) measured. The two SP-CRDS instruments 

allowed the nλ of aerosol to be probed at a number of different wavelengths (n405, n473, n532, 

n633) via the multiple illumination wavelengths (𝜆 = 405, 473, 532 and 633 nm). A 

schematic of the measurement and analysis processes are shown in Figure 3.4. These 

instruments were custom built at the University of Bristol and have been the culmination 
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of a number of researchers’ efforts over several years. The instrumental set up of each SP-

CRDS instrument will be described, and the details of the BB trap, PFs and extinction 

cross-section (σext) measurements will be discussed in detail. 

 

Figure 3.4 Summary of the data collected and the data retrieved from the SP-CRDS 

measurements. 

3.4.1 532-nm SP-CRDS instrument 

The 532 nm CRDS system is summarised in Figure 3.5 (a) and has been described 

elsewhere.112,113,119,139,140 A 532 nm Gaussian laser beam (Verdi Coherent 5 W) was passed 

through an optical isolator to protect the laser source from any back reflections and then 

through a half wave plate (λ/2 at  45°), which rotated the polarization of the light and 

enabled more laser power to form the BB. The beam was passed through a polarizing beam 

splitter (PBS), which produced two beams of opposite polarization. One path of the beam 

(with parallel polarization) was expanded through a pair of lenses to illuminate the 

conically shaped lens, known as an axicon (Altechna, apex angle 178°). This produced a 

BB with a propagation distance of  1 m. The core of the BB was  40 µm in diameter 

which was too large to trap fine mode particles. The BB was focused through a pair of 

lenses in order to reduce the core size to  3-5 µm in diameter. The BB was passed through 

a lens (f = 50 mm) mounted on a cage system rotation mount before propagating vertically 

into the trapping cell. A glass coverslip, which was regularly replaced, sealed the base of 

the trapping cell and ensured the optics remained clean. A nitrogen (N2) flow was 

introduced to the cell, with a flow rate of ~ 100 sccm, in a counter- propagating direction 

to the radiation pressure exerted by the BB which facilitated stable optical trapping 

conditions. The humidity of the N2 gas flow was controlled through the combination of a 

dry and wet flows. The contribution of each flow was controlled by a mass flow controller 

to achieve the desired RH. A capacitance probe (Honeywell) was located in the trapping 

cell ~ 1 cm from the trapped particle location which measured the RH surrounding the 

particle.  
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Figure 3.5 (a) Schematic diagram of the 532 nm SP-CRDS instrument, where OI is an optical 

isolator, PBS is a polarizing beam splitter, AOM is an acousto-optic modulator and PD is the 

photodiode. (b) Schematic diagram of the trapping cell, the same design was used in both the 

532 and 405 nm SP-CRDS instruments. 

The cavity ring-down (CRD) beam was formed from the other path of the 532 nm beam 

split by the PBS. This was gently focused into the AOM (Intra-Action, ASM-1101LA65) 

which split the beam into a series of diffraction spots; the first order spot was identified and 

selected. All other modes (zeroth and higher order) were directed into a beam dump. The 

first order diffraction spot was directed through a mode matching lens and into the optical 

cavity where it formed a standing wave between two highly reflective mirrors (Layertec, > 

99.99% reflectivity at 532 nm). The mirrors had a radius curvature of 1 m and were set at 

a distance of 0.5 m. Gimbal mounts allowed fine adjustment of the mirrors, with rotation 

around the centre of the mirror. The cavity was aligned to preferentially excite the TEM00 
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mode. The output mirror was mounted on a piezo ring actuator (Piezomechanik) which 

scanned the cavity over several free spectral ranges to modulate the cavity mode 

frequencies and ensured resonance between the illumination wavelength and the cavity 

length. The piezo ring actuator was driven by a triangular waveform with an amplitude of 

~3 V and frequency of 10 Hz. The intensity within the cavity built up and a small fraction 

of intensity was transmitted through the output mirror, this was focused into the photodiode 

(RedWave Labs, D101). The intensity measured by the photodiode was output as a voltage 

which was sent to both the digital delay generator and Compuscope 14-bit digitaliser 

(GaGe, Octopus CS8322). The digital delay generator (Berkeley Nucleonics Corporations, 

Model 555) triggered a 5 V TTL pulse when a signal of > 1V was detected. This pulse was 

sent to the AOM which switched off the first order diffraction spot. This process initiated 

a ring down event, a schematic of this process is shown in Figure 3.3. Ring down decays 

were recorded at a rate of 5 - 10 Hz and were used to determine τ. Typical τ0 values for an 

empty and well aligned cavity were 24.5 µs ± 0.5. Prior to collecting the measurements, 

the cavity mirrors were cleaned (with methanol (HPLC grade)) and the trapping cell 

position was arranged to ensure the CRD beam passed through the centre of the holes in 

the trapping cell for the CRD beams. Retractable plastic tubing between the trapping cell 

and the cavity mirrors ensured the CRD mirror cleanliness were maintained throughout the 

measurements by minimising dust particles. 

Measurements of the elastic light scattering intensity from a single aerosol particle as a 

function of scattering angle, known as phase functions (PFs), were performed 

simultaneously with CRDS measurements. In some instances, the BB was used to provide 

illumination for PFs, or the probe beam at 473 nm was employed. In which case, the probe 

beam at 473 nm (Laser Quantum Ciel 350 mW) was aligned collinearly with the BB using 

a PBS. The probe beam also propagated vertically into the trapping cell and was weakly 

focused through a lens (f = 50 mm) prior to entering the trapping cell. The probe beam had 

a Gaussian intensity profile and a diameter (~ 30 µm) considerably larger than the BB 

central core. A camera (Thorlabs), coupled to a 20× long working distance objective with 

a numerical aperture of 0.42, collected the PFs at 90° to the incident light. A 532 nm line 

filter and polarizing filter in front of the camera ensured only light at 473 nm and of the 

appropriate polarisation (parallel polarisation with respect to the imaging plane) were 

collected. 

A medical nebuliser (Omron, NE-U07) was used to introduce aerosol particles into the 

trapping cell. The presence of trapped particles was identified by the change in CRD times 

and through imaging of the elastically scattered light. If more than one particle was trapped, 

the 532 nm laser power was reduced, resulting in insufficient forces to trap multiple 
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particles and they were ejected. Once a single particle was trapped the particle was left in 

the trap for ~ 5 minutes to allow the gas flow to purge any excess aerosol generated during 

nebulisation from the optical cavity, while a purge flow at the faces of the mirrors 

maintained cleanliness. The position of the particle was optimised within the CRD and PF 

beams (see section 3.4.3 for more details) and the light scattering from the particle 

collected.  

3.4.2 405-nm SP-CRDS instrument 

The 405 nm CRDS system is similar in design to the 532 nm CRDS system. It is 

summarised in Figure 3.6 and has been described extensively elsewhere.110–112,119 A 532 nm 

beam was used to form the BB which trapped the single aerosol particle; in most instances 

it was also used to provide illumination for the PFs, otherwise, a 633 nm probe beam was 

used. The CRDS measurements were performed at 405 nm. 

A 405 nm diode laser (IQ Series, Power Technology Incorporated, 35 mW) was passed 

through an optical isolator (OFR, IO-5-427-LP). The beam was then passed through an 

AOM (Brimrose), the first order diffraction spot was selected and focused into the optical 

cavity, while the zeroth and higher order modes were removed into a beam dump. The 

optical cavity was constructed from two highly reflective mirrors (Layertec, R > 99.96% at 

405 nm, radius of curvature 1 m) with an inter-mirror distance of 0.8 m, with one mirror 

mounted on a piezo ring actuator (Piezomechanik). The cavity was aligned such that the 

TEM00 mode of the 405 nm beam was preferentially excited. The cavity length was 

modulated by the piezo ring actuator to ensure resonance was achieved between the laser 

frequency and the cavity length. The piezo ring actuator was driven by a triangular 

waveform of amplitude 20 V and a frequency range of 10-20 Hz. The cavity mirrors were 

mounted inside Gimbal mounts which allowed fine adjustment of the mirror alignment. 

The light intensity within the cavity built up, a small fraction of the light was transmitted 

through the output mirror and focused onto the photodiode (RedWave Labs, D101). The 

photodiode measured a voltage which was sent to both a Compuscope 12-bit digitiser 

(GaGe, Octopus CS8222) and a digital delay generator. When cavity reached the threshold 

level, the photodiode voltage reached 1 V and the digital delay generator sent a pulse (5 V 

TTL) to the AOM which switch off the first order diffraction spot. This process initiated a 

ring down decay (via the same processes summarised in Figure 3.3). The digitiser enabled 

the intensity of light to be recorded as a function of time which allowed the optical decay 

of the cavity to be determined. A typical RDT for the empty cavity, τ0, was 14.5 µs ± 0.5. 
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Figure 3.6 Schematic of the 405 nm SP-CRDS instrument experimental set up, where OI is an 

optical isolator, PBS is a polarizing beam splitter, AOM is an acousto-optic modulator and PD 

is the photodiode. 

The BB was formed by focusing a 532 nm Gaussian laser beam (Laser Quantum Opus, 2 

W) through an axicon (Altechna, opening angle 2°), which was focused through a pair of 

lenses (f = 50 and 500 mm) to a reduce the core diameter to ~5.5 μm. The BB was focused 

into the trapping cell in the vertical direction via a coverslip located on the base of the 

trapping cell. The vertical position of the particle was centred in the CRD beam through 

the coarse adjustment of the lens below the trapping cell. Fine adjustments to the vertical 

position of the particle were made by varying the gas flow rate. The gas flow rate was 

therefore varied between experiments, from 100 – 200 sccm. The BB was primarily used 

as the source of PF illumination. When used, the 633 nm PF illumination beam (HeNe, 

LHP073, Melles Griot, 2mW) was passed through a half wave plate (λ/2 at  45°) and 

focused though a series of lenses (f =50 and 280 mm) to provide the maximum illumination 

intensity for PF analysis while retaining a pseudo plane wave diameter (~ 15 µm). The 633 

nm beam was aligned co-linearly to the BB with a PBS before propagating vertically into 

the trapping cell.  

A plume of aerosol was produced by a medical nebuliser (Omron, NE U07) which was 

directed into the trapping cell. A single particle was trapped and centred within the 405 nm 

CRD beam and if employed, the 633 nm PF probe beam. The trapping cell was mounted 

on a translation stage which allowed the trapped particle to be moved in a horizontal, 

perpendicular direction to the CRD beam (see section 3.4.3 for more details), an example 

of one of the procedures used to ensure the particle was in the centre of the CRD beam. 

The humidity controlled N2 gas flow entered the top of the trapping cell in a counter 

propagating direction to the BB. The humidity within the trapping cell was measured by a 

RH probe (Honeywell) which was located as near to the trapped particle as possible (~ 1 

cm from the particle). The humidity of the gas flow was controlled by mass flow controllers 
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which varied the proportions of humified to dry N2. The PFs were collected with a camera 

coupled to a 20 × long working distance objective with a numerical aperture of 0.42 at 90° 

to the incident light. When the 633 nm probe beam was used for PF illumination a notch 

line filter was used to ensure only light at 633 nm was collected.  

Within the cavity and trapping cell, airborne dust was kept to a minimum to ensure it did 

not interfere with the highly sensitive measurements. Between the trapping cell and the 

cavity mirrors (retractable) plastic tubing ensured the air space in the cavity was kept as 

clean as possible. A N2 gas purge flow was directed across the face of the mirrors to 

maintain cleanliness.  

In both systems, aerosol was nebulised into the trapping cell, and the presence of an 

optically trapped particle was confirmed from the image recorded by the camera and by a 

decrease in the RDT. The position of the droplet was centred horizontally and vertically 

within the CRD beam. When the position of the droplet was optimised, the laser feedback 

and RH programme were initialised. The laser feedback automatically adjusted the laser 

power required to maintain the optimum particle position in the centre of the CRD beam, 

while the radius changed with RH. The PFs and CRDS data, which were used to calculate 

the optical properties of the particle, were saved for later processing. 

3.4.3 Aligning the position of a trapped particle 

It was essential a trapped particle was aligned in the centre of the CRDS and PF beams to 

ensure the measured data provided robust information relating to the optical properties of 

the particle. Prior to conducting any experiments, it was ensured that the CRD beam passed 

through the centre of the holes in the trapping cell windows. This ensured any changes to 

the τ resulted from the interaction of the particle with the CRD beam. The particle was 

centred in the CRD beam by optimizing the three-dimensional position of the optically 

trapped particle. The trapping cell was mounted on a micrometre resolution translation 

stage which allowed the particle to be moved in two horizontal directions (perpendicular 

to, and along the axis of the CRD beam). The vertical position of the particle was adjusted 

by fine-tuning the vertical position of the lens below the trapping cell and by altering the 

gas flow. The particle was centred in the CRD beam by adjusting each parameter and 

observing the change in τ, with a global minimum corresponding to the particle located in 

the centre of the CRD beam. Once the particle was centred within the CRD beam the BB 

laser power was modulated to maintain the vertical position as the radius evolved. 
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3.4.4 Alignment of the phase function probe beam 

It was essential to ensure the particle was centred within the PF probe beam to best satisfy 

an assumption of Mie theory that a particle was illuminated by a plane wave. Prior to 

trapping any particles, the trapping cell was removed, and the probe beam was aligned co-

linearly with the BB beam core. A 100× objective allowed the examination of the two-

dimensional alignment, while the polarizing beam splitter (PBS) position was finely 

adjusted to ensure optimal alignment of the two beams. When this was optimised, a particle 

was trapped, and the fine adjustments to the position of the PBS further aligned the PF 

probe beam position. Optimum alignment of the probe beam with the particle was given 

by the maximum intensity of illumination, recorded as a maximum in elastic light 

scattering.  

The position of the camera was optimised to collect the elastic light scattering from the 

particle. The two-dimensional PF was imaged on the computer screen. The PF was centred 

by adjusting the position of the camera which was also mounted on a translation stage. 

Once in position, the vertical position of the particle was then monitored by a camera, and 

a feedback loop initiated to modulate the BB laser power. This ensured that the particle 

remained in the same vertical position within the trapping cell, and therefore remained in 

the centre of the CRD beam and the elastic light scattering was continually recorded as the 

particle size varied. 

3.4.5 Control of the gas phase relative humidity 

Extensive data, such as σext, radial growth factor and nλ of aerosol droplets as a function of 

RH are required to quantify and understand the hygroscopic and optical behaviour of 

atmospheric aerosols. In the experimental set up, the RH was varied to replicate 

environmental conditions. 

For measurements which probed hygroscopic species, the rate at which the RH in the 

trapping cell was changed varied depending upon the solute under investigation. A single 

particle was trapped and probed for ~ 5000 seconds to ensure sufficient data was acquired 

to allow the robust retrieval of the optical and geometric properties. The RH was controlled 

by adjusting the relative ratios of the wet and dry nitrogen flows, using mass flow 

controllers (MFC), shown in Figure 3.7. The intervals between changing the ratios and the 

ratio step size were altered according to the efflorescence RH of the given solute. As the 

RH was lowered, different solutes effloresce at characteristic RHs and, different RH 

profiles were required, to ensure sufficient data was collected. Table 3-1 provides the rates 

and ratio changes used for different compounds, with the resultant change in RH shown in 

Figure 3.8. Initially, the humified nitrogen flow was set at 100 % to produce as high RH as 
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was possible in the trapping cell. The proportion of dry nitrogen was then increased as the 

experiment progressed, and drier conditions were required. The RH was changed very 

slowly over a number of hours and, the composition of the droplet was assumed to remain 

in equilibrium with the surrounding gas phase RH.  

 

Figure 3.7 Schematic of the set up that controlled the relative humidity that surrounded the 

particle, where MFC is mass flow controller. 

 

Table 3-1 The ratio step in changing the proportions of wet to dry nitrogen flows and the 

interval between the change in ratios for different solutes studied. 

Humidity programme Aqueous solute Ratio step / % Interval between ratio 

change / minutes 

Inorganics 1 Ammonium sulfate, 

ammonium bisulfate or 

sodium chloride 

0.5 1 

Inorganics 2 Sodium sulfate 0.25 1 

Organics 1 Aqueous organic 

mixtures 

1 1 
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Figure 3.8 Rates at which the relative humidity in the trapping cell was altered depending on 

the efflorescence relative humidity of the solutes studied. 

3.5 Particle size and refractive index retrieval from phase 

function measurements  

PFs from a single aerosol particle were measured every second, which enabled the evolving 

optical and geometric properties of the particle to be measured as a function of varied 

environmental conditions. The intensity of scattered light is affected by the polarization 

and illumination wavelength, the radius, and nλ of the particle.73 The elastic light scattering 

was measured at scattering angles over the range of 69-111°. Three illumination 

wavelengths (λ= 473, 532 or 633 nm) were employed to measure PFs for the 532 and 405 

nm SP-CRDS instruments. In all cases, the same experimental and analysis procedures 

were employed. This method requires no prior assumptions about the particle, except 

knowledge of nλ of pure water at the illumination wavelength (available from Daimon et 

al.), and yields precise optical and geometric information for a single particle.122 

PFs were collected over the duration of ~ 2 hours and subsequent offline analysis allowed 

the microphysical properties to be retrieved. The measured two-dimensional elastic light 

scattering was converted to one-dimensional plots of relative intensity with scattering 

angle, shown in Figure 3.9. The measured PFs were compared to a library of Mie theory 

simulated PFs. This procedure has been described previously.111,112,119,148 
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Figure 3.9 (a) Experimentally measured elastically scattered light from a single particle at 90° 
to the 473 nm incident illumination. (b) The corresponding one-dimensional intensity plot 

from the measured data. 

The method to retrieve the size and refractive index from PFs assumes, for a hygroscopic 

particle, the only compound evaporating from the particle is water. To ensure the data 

retrieved from the PFs was robust, prior to conducting hygroscopic measurements it was 

important to confirm the non-aqueous component was involatile (except for water). 

In order to measure nλ as a function of RH, the RH surrounding a liquid particle was 

decreased until the particle effloresced, where it spontaneously crystallised. At this point, 

if the particle crystal structure was sufficiently spherical it remained confined within the 

optical trap and the PFs showed an abrupt change, shown in Figure 3.10 (c) and (d). The 

collected PFs where the particle was crystalline were excluded from the analysis procedure 

since the particles deviated from assumptions of Mie theory (it was no longer spherical and 

homogenous) and therefore, the validity of the retrieved radius and nλ would have been 

compromised. 
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Figure 3.10 (a) and (b) Exemplar images of the elastic light scattered by a liquid and crystalline 

particle respectively. (c) and (d) Contour plots of the relative intensities of phase function 

fringes for an ammonium bisulfate particle exposed to decreasing relative humidity. Panel (c) 

shows the full range of relative humidity while (d) shows the sharp change in recorded phase 

functions as a result of efflorescence. 

The nλ (at λ = 473, 532 or 633 nm) and the particle radius were retrieved by comparing the 

measured PFs to a library of simulated Mie theory PFs. The refractive index governing the 

PFs were varied according to the following equation:111 

 𝑛𝜆 = 𝑛𝜆,0 +
𝑛𝜆,1

𝑎3
+

𝑛𝜆,2

𝑎6
… 3-4 

where nλ is the refractive index at the wavelength of illumination, nλ,0 is the refractive index 

of pure water at wavelength λ,122 a is the particle radius, and nλ,1 and nλ,2 are coefficients 

that relate nλ to a. These parameters define the output Mie theory PF simulations which 

were compared to the measured PFs. The degree of correlation between each measured and 

simulated PF was described by the Pearson correlation coefficient, 𝑐(𝑛𝜆). This measures 

the extent of correlation between each simulated and measured PF, with the coefficient 
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range from -1.00 – 1.00, where values of -1 and +1 indicate perfect negative or positive 

correlation, and 0 indicates no linear correlation. The mean Pearson correlation coefficient, 

𝑐̅(𝑛𝜆), described the average correlation between all measured and simulated PFs, where 

𝑐̅(𝑛𝜆) = 1  would correspond to perfect correlation. The parameters a, nλ,1 and nλ,2 were 

varied initially over a broad range, which was followed by a grid search around the values 

that corresponded to the highest 𝑐̅(𝑛𝜆) values. The parameters nλ,1 and nλ,2 and a were 

refined over several subsequent simulations, where the overall range and increments 

between each value was decreased to achieve the global maximum in 𝑐̅(𝑛𝜆). This process 

was repeated until the correlation ceased to improve. Typical input values for the PF 

simulations are shown in Table 3-2 with the resultant outputs shown in Figure 3.11.The 

maximum 𝑐̅(𝑛𝜆) was defined as the best fit from which the particle radius and nλ were 

retrieved at the associated RH. Figure 3.11 shows the Pearson correlation, radius and n473 

for an aqueous NaCl particle for a range of simulation inputs. Initially, a broad range of 

inputs were simulated, these were systematically refined to achieve 𝑐̅(𝑛473,1, 𝑛473,2) =

0.9949. 

Table 3-2 Exemplar input values in the phase function simulation procedure. 

Simulation 

number 

n473,1 

range 

n473,1 

increment 

n473,2 range n473,2 

increment 

Radius range /nm 

1 0 − 10 0.5 -10 − 10 1 400 − 3000 

2 0 − 1.5 0.1 -2 – 3 0.2 700 − 1400 

3 0.3 – 1.0 0.05 -1.5 – 1.0 0.1 850 − 1300 
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Figure 3.11 (a) The fitted correlation coefficient, n473 and radius for each PF frame for an 

aqueous NaCl particle. The black points correspond to the initial simulation inputs 

parameters, the grey and teal points correspond to the optimised and best fit parameters 

respectively. (b) The variation in the Pearson correlation coefficient, c(𝒏𝟒𝟕𝟑), as a result of 

changing the n473,1 and n473,2 parameters. The parameters used in the initial to best fit 

simulations are indicated for both n473,1 and n473,2 values. 

The 𝑐̅(𝑛𝜆) value expresses the extent to which the simulations described the measured data. 

Therefore, 𝑐̅(𝑛𝜆) > 0.99 indicates the Mie theory simulations are highly representative of 

the droplet and that minimal uncertainties were incurred, resulting in reliable output nλ and 

radii. This is reinforced where the radius and nλ exhibit a consistent relationship with RH 

(with the absence of any unphysical undulations). The nλ at a given RH can be compared 
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for multiple measurements of particles containing the same solute. One standard deviation 

of the average nλ would be indicative of the reproducibility across measurements (see 

Chapter 4 for these measurements). The uncertainty associated with the RH probe was ± 2 

% and this is expected to be the dominant source of uncertainty in these measurements. 

Tang et al. report a parameterisation of n633 with RH.21,41 In the absence of literature data 

at the measurement illumination wavelengths nλ (𝜆 = 405, 473 or 532 nm), retrieved data 

will be qualitatively compared to the Tang et al. parameterisation.21,41  

3.6 Single particle extinction cross section measurements 

using CRDS 

The combination of single particle CRDS coupled to measurements of the particle size with 

nanometre precision provides a powerful technique in probing aerosol optical properties. 

The BB optical trap allowed stable confinement of a particle while the surrounding 

environmental conditions were varied and the associated change in σext were measured 

continuously. The CRDS measurements provide τ from which σext can be calculated to 

provide a precise description of the optical properties of a single aerosol particle. The 

method to retrieve the nλ from σext measurements has been described previously.111–113,119,140  

The RDTs, τ, were measured at a frequency of 5-10 Hz. The variation in σext was calculated 

from the measured τ values (using equation 3-3), an example of which is shown in Figure 

3.12(a). The radius variation was known from PFs, thus the σext as a function of particle 

radius could be extrapolated, shown in Figure 3.12 (c). 
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Figure 3.12 Data from an aqueous sodium chloride particle. (a) Raw τ and τ0 values recorded 

with CRDS. (b) Schematic of a single aerosol particle trapped in the Bessel beam with the 

ability to sample different areas of the cavity standing wave. (c) Extinction cross-section 

measure from CRDS as a function of particle radius (from PF measurements), green data 

points. The tradition Mie theory simulation is shown by the red dashed line with the best fit 

CSW Mie simulation for a particle centred at a node and antinode of the CSW shown in black 

and blue respectively. (d) and (e) Show the contour plots for the extinction cross-section fitting 

procedure, the colour bar shows the corresponding merit function value. 

Figure 3.12 (c) shows the measured σext data is distributed around the predicted Mie theory 

σext. This phenomena was also reported by Mason et al.109 The measured σext is a result of 

the particle illuminated by, and sampling different regions of, a standing wave (shown in 

Figure 3.12 (b)), whereas Mie theory assumes a travelling wave illumination. The effect of 

a standing wave on the measured σext has been studied by Miller and Orr-Ewing and is 

described by the following equation:128 

 𝜎𝑒𝑥𝑡
∗ = 𝜁(𝑚, 𝑎, 𝑧0)𝜎𝑒𝑥𝑡 3-5 

where the phase parameter, ζ, relates 𝜎𝑒𝑥𝑡
∗ to 𝜎𝑒𝑥𝑡 and is a function of the complex 

refractive index, m, radius, a, and phase of the standing wave, z0 (please see section 2.4.4 

for more details). The trapped particle experiences Brownian motion within the BB core 
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(which is ~ 2-3 times larger than the particle) meaning it readily experienced a range of 

standing wave conditions within the cavity standing wave (CSW) (shown in Figure 3.12 

(b)). Simulations were performed to account for the two extreme conditions the particle 

experienced, either centred at a node or antinode of the CSW. Phase offsets of π/4 or 0 were 

used to calculate each condition, according to calculations outlined by Miller and Orr-

Ewing.128 The simulated σext envelope broadens and narrows at given radii, the broadening 

owing to WGMs (where the τ values are seen to decrease due to enhanced light scattering). 

The measured σext does not collapse to the extent of the simulated σext envelope due to 

experimental noise. The CSW Mie theory envelope shown in Figure 3.12 (c) is the best fit 

simulation. This was achieved by varying a range of parameters in a similar method to the 

PF analysis: 

 
𝑛𝑥 = 𝑛𝑥,0 +

𝑛𝑦,1 + Δ𝑛1

𝑎3
+

𝑛𝑦,2 + Δ𝑛2

𝑎6
 

3-6 

where nx,0, is the RI of pure water, where 𝑥 = 405 or 532 nm and 𝑛0 = 1.343 or 1.335 

respectively.122 The parameters ny,1 and ny,2 and a, radius, will have been previously 

calculated for the same particle in the PF simulations (where PF illumination 𝑦 =

473, 532 or 633 nm). The n1 and n2 parameters from the PF simulations were used to 

provide an approximate range which was initially input in the σext simulations. The 

parameters ∆n1, ∆n2, and w were incrementally searched to find the best representation of 

the simulations to the measured data, which was defined by R:112 

 

𝑅 =
1

𝐽
∑

|𝜎𝑒𝑥𝑡,𝑗 − 𝜎𝑒𝑥𝑡,𝑠𝑖𝑚|

𝜌𝑗

𝐽

𝑗=1

 

3-7 

where R represents residual between the measured and simulated σext, defined by the 

number of measured data points that lie outside the CSW Mie theory generated envelope. 

The global minima in R corresponds to the best fit between the simulated and measured 

data. ρj is the density of data points, this term ensured the simulated σext was not biased to 

fit areas where a high density of data points were present (for example, where the resonance 

structure collapses).  

A range of CSW Mie theory envelopes were simulated and compared to the measured data. 

The parameters w, ∆n1 and ∆n2 were systematically varied. Initially, a broad range of values 

were simulated, with the ∆n1 and ∆n2 inputs based on the best fit values from the PF 

simulations. These values were different to those optimised in the PF fitting procedure 

owing to the different illumination wavelength. At least 20 values within each range were 

calculated, throughout the simulations, the input ranges were refined to encompass the 

global minimum in R, shown by the contour plot Figure 3.12 (d) and (e). Errors incurred 
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from the fitting method can be extrapolated from midpoints between the contour line where 

the minimum rises above the background noise.109 The uncertainties associated with the 

fitting procedure in n1 and n2 are negligible when compared to the uncertainty in the RH 

measurements (±2%). 

3.7 The output of SP-CRDS measurements 

The different measurements techniques applied within the SP-CRDS instruments allowed 

nλ to be retrieved as a function of RH, an example of which is shown in Figure 3.13. The 

analysis of PFs provides the radius, with nanometre precision, and nλ both as a function of 

RH. The σext data from CRDS provides a precise measure of nλ as a function of RH. Figure 

3.13 shows a smooth dependence of nλ with RH, indicating the retrieved dependence of nλ 

with RH is representative of the measured droplet. Furthermore, the experimentally 

determined data (n473 and n532) compare well with literature data reported by Tang et al. for 

n633. The data show the expected variation in chromatic dispersion and are consistent with 

nλ parameterised by Daimon et al. for pure water,122 thus indicating the validity of the 

measurement and analysis procedures.  

 

Figure 3.13 The retrieved n473 and n532 for an aqueous NaCl particle indicated by green and 

blue data points respectively. The parameterisation of n633 for NaCl reported by Tang et al. is 

shown in red,21,41 with the literature values of pure water at a range of illumination 

wavelengths shown by the open squares.122  
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3.8 Summary 

This chapter has described the experimental details of the SP-CRDS instruments and the 

analysis procedures. The collection and analysis of the elastic light scattering allowed the 

radius and nλ to be calculated at a given RH, while CRDS measurements yield nλ with 

superior precision. Provided 𝑐̅(𝑛𝜆) and R are sufficiently high and low respectively, the 

principal uncertainty is assumed to arise from the RH measurements. In this work, the SP-

CRDS instruments were the predominantly used to probe the optical properties of 

hygroscopic single aerosol particles. The combination of the data from both SP-CRDS 

instruments provides critical information about variation in the nλ with both RH and 

illumination wavelength. 
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Chapter 4  

Multi-Wavelength Measurements of 

the Refractive Index of Single 

Aerosol Particles Composed of 

Aqueous Inorganic Solutes 

 

The work presented in this chapter is the work preceding and contributing to the 

publication in the Journal of Atmospheric Chemistry and Physics Discussions, reference 

119, the results within which were equally contributed to by myself and Michael I. 

Cotterell.119 The individual measurements presented in this chapter were performed and 

analysed by me, while data in average plots is a combination of data collected by both MIC 

and myself. I performed the aerosol optical tweezers measurements, with the assistance of 

Bryan Bzdek. Measurements of aqueous sodium nitrate aerosol optical properties were 

conducted by MIC, except for the aerosol optical tweezers measurements which I 

performed. All sodium sulfate data measurements were performed by me. The initial optical 

dispersion modelling was conducted by MIC, with the model optimisation and comparisons 

conducted by me. 

The purpose of this chapter is twofold: to demonstrate the precision of measurements of 

the real component of the refractive index, nλ, from the single-particle cavity ring-down 

spectroscopy (SP-CRDS) instruments, and to report the variation in nλ of inorganic solutes 

as a function of illumination wavelength and relative humidity (RH). This chapter presents 

improvements to the SP-CRDS instrumentation, through the addition of a Gaussian 

intensity probe beam to provide phase function (PF) illumination. Particles composed of 

aqueous binary inorganic solutes are studied to resolve the fundamental interaction of these 

solutes with radiation, spanning the visible spectrum and when exposed to a range of RHs. 

Aerosol optical tweezers measurements yield data at an additional wavelength ( = 650 

nm; n650) over a range of humidities. The measured data are combined with literature data 

(n589 and n633) to form an extensive and precise database of the optical properties of 

inorganic species at a range of wavelengths of illumination.21,41,158 These data are used to 
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build a parameterisation which fully describes the variation in nλ with RH (100 % - 

efflorescence RH) and illumination wavelength (λ = 400 – 650 nm). This parameterisation 

represents the most extensive and precise description of aerosol nλ to date, which can be 

input into global radiative forcing models to provide an improved description of 

atmospheric aerosol optical properties.  

4.1 Introduction 

The contribution of aerosols to radiative forcing (RF) remains a significant source of 

uncertainty which contributes to the considerable uncertainty associated with the effects of 

anthropogenic emissions upon the climate.29 The best estimate of aerosol RF is currently 

−0.9 (
+0.8
−0.1

)Wm-2 (compared to the year 1750), indicating an overall cooling effect of 

atmospheric aerosol, with the uncertainties representing 5 - 95 % confidence limits.29 Top 

of the atmosphere RF (RFTOA) calculations are often used to assess the impact of 

aerosols.10,29,159,160 This can be estimated with the following expression:68 

 𝑅𝐹𝑇𝑂𝐴 = 𝑆0𝐷𝑇𝑎𝑡𝑚
2 (1 − 𝐴𝑐𝑙𝑑)[2𝑅𝑠(1 − �̅�) − �̅��̅�(1 − 𝑅𝑠)

2] 4-1 

where S0 is the solar constant (1370 W m-2), D is the fractional day length (typically 0.5), 

Tatm is the solar atmospheric transmittance (0.76), Acld is the fractional cloud cover 

(typically 0.6), Rs is the surface albedo (0.15), �̅� is the average fraction of light scattered 

back into the hemisphere and �̅� is the spectrally weighted single scattering albedo. The 

geographic variation in D, Tatm, Acld and Rs can be measured from ground, satellite or 

aeroplane based measurements. The terms �̅� and �̅� can be calculated using Mie theory, 

assuming the particles are spherical and homogenous, amongst other assumptions, for a 

given particle radius, wavelength of illumination and complex refractive index, 𝑚 = 𝑛 +

𝑖𝑘. Measurements of atmospheric aerosol size distribution are relatively straight forward, 

with instruments such as differential mobility analysers or differential mobility particle 

sizers.161,162 It is crucially the measurement of aerosol refractive index that provides the 

largest challenge in calculating the terms �̅� and �̅�, which impacts the precision of the 

calculated RFTOA. A study by Zarzana et al. calculated the level of precision required in n 

to provide precise RF predictions, with 𝑛 ± 0.003 corresponding to an uncertainty of 1 % 

in RF for non-absorbing (NH4)2SO4 particles of 75 or 100 nm in radius.114 Therefore, in 

order to significantly improve RF estimates, measurements of n must endeavour to 

approach this superior level of precision. Arguably, the only way to resolve n ±≈ 0.003 is 

through measuring the fundamental physiochemical properties of single aerosol particles.  

Aerosol particles can access supersaturated solute states which are not accessible in bulk 

phase measurements. There are a range of techniques to measure the real component of the 
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refractive, n, of aerosol particles. Many studies focus on ensemble aerosol measurements, 

where the precision of the retrieved refractive index is compromised by uncertainties in 

measurements of number density and size distribution.76 The precision of ensemble aerosol 

cavity ring-down spectroscopy (A-CRDS) is typically limited to n ± 0.02.67 Alternatively, 

single aerosol particles can be probed in the laboratory. There are a range of optical and 

electrodynamic methods to trap particles which are coupled to one, or multiple, 

spectroscopic techniques which precisely probe the properties of the particle with known 

composition. Tang and Munkelwitz used an electrodynamic balance (EDB) to trap single 

particles containing aqueous inorganic solutes. The elastic light scattered from the particle 

(at 633 nm) was collected at 90° to the illumination plane. The size response of the particle 

to changes in the surrounding RH were calculated from changes required in the DC voltage 

to maintain the particle position.21,41 The variation in n633 with RH was retrieved from 

comparisons of the measured scattered light traces to Mie theory.21,41 These 

parameterisations have stood as the benchmark for subsequent studies of scattering by 

inorganic aerosol.67,111,140,163 Such measurements of n are, however, often performed at a 

discrete wavelength of illumination, which does not allow the variation in refractive index 

with wavelength, known as optical dispersion, to be probed. Considering aerosols are 

illuminated with the full solar spectrum, these single wavelength measurements provide 

optical information of limited atmospheric relevance. Furthermore, RF calculations often 

neglect to include any variation in nλ with RH; dry conditions are frequently assumed (0% 

RH).68 When considering hygroscopic aerosol species this assumption clearly over 

simplifies atmospheric conditions and the resulting variations in refractive index with 

changing aerosol composition. 

In this work, aqueous binary inorganic particles are studied, and the precision of the 

technique is maximised to retrieve atmospherically relevant optical constants. It is 

imperative to comprehensively study the fundamental process that underpins more 

complex interactions occurring within the atmosphere. To measure the refractive index of 

atmospherically relevant inorganic particles at a number of wavelengths, a range of 

instruments and measurement techniques have been employed. SP-CRDS yields n405, n473, 

n532 and n633, while aerosol optical tweezers measurements give n650. Literature data are 

available for n633 as a function of RH,21,41 and bulk measurements of n589 are widely 

available.158 This extensive range of data is combined in an optical dispersion model, with 

the intention of describing nλ as a function of RH and illumination wavelength, thus, 

providing the most atmospherically relevant, precise parameterisation on inorganic species 

to date. 
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Figure 4.1 Flowchart of the content of chapter 

4.2 Experimental instrumentation and development 

4.2.1 Single particle cavity ring-down spectroscopy instruments 

The 405 nm and 532 nm SP-CRDS instruments have been described in detail in section 3.4 

and previously.111,112,119,139,140 In this chapter, the modifications to the instruments are 

discussed and experimental limitations that compromise the precision of the retrieved data 

are identified. Single aerosol particles composed of aqueous NaCl, Na2SO4, (NH4)2SO4 or 

NH4HSO4 were trapped in the Bessel laser beam (BB) at initially high RH, which was then 

systematically decreased over ~2 hours, until the particle effloresced or exited the trap. The 

thermodynamic properties of aqueous sea salt aerosol have showed a weak dependence 

with temperature.164 In this work, measurements were conducted at ambient temperature 

(19 – 21 °C). 

4.2.2 Aerosol optical tweezers 

In this work aerosol optical tweezers (AOT) are used to measure the nλ of single aerosol 

particles at varied RH. These measurements were used to complement the SP-CRDS 

measurements by providing nλ data at an additional wavelength of 650 nm. In the AOT the 

particle was optically trapped with a focused vertically propagating laser, while the particle 

was simultaneously probed using Raman spectroscopy. The single particle is larger than 

those probed with SP-CRDS, with a minimum size of 3 µm in radius required to provide 

sufficient inelastic light scatter from which the particle size and nλ can be retrieved. 
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Figure 4.2 Schematic of the aerosol optical tweezers experimental set-up.93 

The experimental set-up of the commercial AOT (AOT-100, Biral) has been described 

previously and is summarised in Figure 4.2.93,165 A plume of aerosol was produced by a 

medical nebuliser (NE-U22, Omron) and directed into the trapping cell until brightfield 

imaging showed the presence of a single trapped aerosol particle. LED light (λ = 455 nm) 

illuminated the trapped droplet, enabling particle imaging. The trapped aerosol particle was 

enlarged via coalescence by introducing additional droplets into the trapping cell until it 

reached ~ 5 µm in radius. A 532 nm laser (Opus 2W, Laser Quantum) was focused through 

a high numerical aperture microscope objective (Olympus PLFLM 100×) to form a focused 

beam which had sufficient gradient forces to confine aerosol particles. The RH was 

controlled within the trapping cell in a similar method to the SP-CRDS instruments, where 

the ratio of dry to humified nitrogen flows were controlled by mass flow controllers and 

the resultant RH measured by a probe (Honeywell HIH-4602C). The RH in the trapping 

cell was systematically decreased over ~ 2 hours while the optical and physical properties 

of the particle were probed with Raman spectroscopy. 

The inelastic light scattered from the trapped particle was measured as the RH surrounding 

the particle was varied, allowing the size and composition of the particle to be monitored. 

The inelastic light was imaged onto the entrance slit of a 0.5 m length focus spectrograph 

(Princeton Instruments, Action Sprectra SP-2500i). A notch filter removed the elastic light 

that would otherwise saturate the CCD (cooled charge-coupled) camera. Within the 

spectrometer, the light was dispersed (by a 1200 grove mm-1 grating onto a CCD camera. 

The use of this grating allowed a wavelength range of 40 nm to be probed (centred around 
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the OH spontaneous band at 645 nm). The Raman spectrum recorded from the single 

particle consisted of broad underlying Stokes bands (an example of a OH band is shown in 

Figure 4.3) with sharp stimulated peaks occurring at wavelengths commensurate with 

whispering gallery modes (WGMs). Elastic light scattering constitutes the majority of light 

scattered by a particle, therefore, the signal of Stokes scattering is inherently weak, and 

approximately one in every 106 to 108 photons is inelastic light scattering.166 Therefore, it 

was important to have an adequately large particle which stimulates a sufficient number of 

modes to provide the necessary signal from which the radius and RI were retrieved. Raman 

spectroscopy also allows the relative abundance of chemical species within a droplet to be 

measured from the spontaneous Raman signals, however, this was not the focus of this 

work. 

 

Figure 4.3 Raman spectrum of a single droplet of sodium nitrate trapped in the AOT and 

illuminated at 532 nm. The broad spontaneous band and the sharp resonances from the 

stimulated Raman scatter are indicated. 

The wavelengths of the stimulated resonance structure allows the radius, nλ and dispersion 

terms of each spectrum to be retrieved by online analysis software (Live Aerosol Raman 

Analysis, LARA, a customised LabView programme developed at the University of 

Bristol). The software compares the peak positions of the experimentally measured Raman 

spectra to a library of Mie theory simulations, using the algorithms reported by Preston and 

Reid.120 Experimental uncertainties are typically ± 5 nm in radius and n650 ± 0.001.93 It is 

essential that there are at least three WGMs in every spectrum (which are a mix of TE and 

TM modes), to which the comparisons to Mie theory are performed. As the particle size 

decreases, in this case due to the evaporation of water as the RH in the trapping cell 

decreases, the WGMs shift to lower wavelengths. Modes that move out of the accessible 

wavelength range are replaced by different modes that have similarly shifted from longer 
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wavelengths, thus allowing continually evolving modes to be used for the retrieval of the 

radius, RI and dispersion terms.  

4.2.3 Comparison of phase function measurements from different 

illumination intensity profiles 

4.2.3.1 Phase function measurements from Bessel beam illumination  

The BB (λ = 532 nm) was used both to confine the single aerosol particle and also to 

provide illumination for the PFs. The radius retrieved from the PF analysis was used in the 

subsequent retrieval of n532 or n405 from extinction cross-section, σext, measurements with 

the 523 nm or 405 nm SP-CRDS instruments respectively. The PF fitting procedure has 

been described in detail previously, section 3.5. The parameters n1 and n2 were varied and 

refined over a number of simulations to provide the best fit between the measured and Mie 

theory simulated PFs, corresponding to a maximum mean Pearson correlation coefficient, 

𝑐̅(𝑛1,𝜆, 𝑛2,𝜆). The retrieved radius and n532 from six PF simulations, from the initial 

simulation to the best fit simulation, of a single aqueous (NH4)2SO4 particle are shown in 

Figure 4.4. 
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Figure 4.4 The outputs of the phase function simulations for an aqueous ammonium sulfate 

particle in the 532 nm SP-CRDS instrument. Panels (a)(c)(d) show the outputs from the first 

to the last simulation, corresponding to couloured data points indicated in panel (a). (a) Shows 

the correleation between the measured and simulated PFs. The colour of the data points 

indicate from which simulation they are output, which applies to panels (a) (c) and (d). (b) 

Shows the varation in mean Pearson correlation as the values of n532, 1 and n532, 2 are varied. 

(c) shows the output radius and (d) the output refractive index, n532. 

Figure 4.4 (a), (c) and (d) show the outputs from the initial simulation parameters, and the 

resultant outputs as the simulation input parameters were refined, while panel (b) shows 

the correlation achieved from a range of n1 and n2 values. The output radius decreases with 

time (as the RH decreased), and n532 increases, however, several steps are evident in the 

analysed data. Considering the RH was slowly decreased over ~ 2 hours, it would be 

expected that water would slowly evaporate, thus producing a slow decrease in particle 

radius and the n532 would similarly smoothly increase. It is assumed that the steps observed 

are artefacts of the fitting procedure. Such large, erroneous steps in radius and n532 

highlights the limitations of the current PF measurement and analysis procedure. Similarly, 

aqueous NH4HSO4 and NaNO3 particles also showed artificial steps in the radius and n532 



89 
 

as the RH was changed, and the mean Pearson correlation for NH4HSO4 and NaNO3 was 

𝑐̅(𝑛532) = 0.9452 and 0.9282 respectively. 

The experimentally measured PFs are compared to a library of Mie theory simulated PFs 

in the analysis procedure. It is of note that Mie theory incorporates a number of 

assumptions, arguably the most crucial here is that the particle is illuminated by a plane 

wave. The BB illumination is far from the plane wave illumination assumed in Mie theory; 

the diameter of the BB central core is ~3 - 5.5 µm (far from infinite) and the diameter of 

the particles investigated is 2-4 µm. The discontinuity between the model assumptions and 

the experimental reality will be assessed through the addition of a Gaussian intensity profile 

beam of ~ 30 - 100 µm in diameter. Furthermore, it should be considered that the retrieved 

particle radius is used in the σext fitting procedure; uncertainties in the radius will directly 

impact the retrieved n532 and n405 from σext measurements. Therefore, improving the 

reliability of the PF measurements will be advantageous to the precision achieved in nλ 

from σext measurements. In addition, illuminating the particle with a probe laser beam at an 

additional wavelength of light would provide more nλ information, extending the database 

of optical information for atmospherically relevant compounds.   

4.2.3.2 The addition of a beam at 473 nm for phase function acquisition 

A Gaussian probe laser at 473 nm was added to the 532 SP-CRDS instrument to improve 

the experimental representations of the Mie theory simulated PFs. The Gaussian beam was 

 50-100 µm in diameter and was therefore more representative of a plane wave relative to 

the particle size, thus providing an improved approximation to Mie Theory. The output PFs 

(for a single aqueous (NH4)2SO4 particle) illuminated from the 473 nm Gaussian intensity 

probe beam is shown in Figure 4.5.  
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Figure 4.5 The outputs of the phase function simulations from probe beam illumation at 473 

nm for an aquoeus ammonium sualfate particle. (a) Shows the correleation between the 

measured and simulated PFs, the colour of the data points indicate which simulation from 

which they are output, which applies to panels (a) (c) and (d). (b) Shows the varation in mean 

Pearson correlation as the values of n473, 1 and n473, 2 are varied. (c) shows the output radius 

and (d) the output refractive index, n473. 

Figure 4.5 clearly illustrates a superior fit to Mie theory when PFs are collected from the 

probe beam of Gaussian intensity. The mean Pearson correlation is higher than when 

illuminated by the BB, with typical �̅�(𝑛473) > 0.99 compared to 𝑐̅(𝑛532) < 0.98 when 

illuminated by the BB. Furthermore, the retrieved radius and n473 data are considerably 

smoother, with minimal steps incurred from the fitting. This indicates the output data is 

considerably more representative of the particle when illuminated by a Gaussian probe 

beam compared BB illumination. Since the addition of a probe beam for PF illumination 

proved beneficial the same principle will be applied to the 405-nm SP-CRDS instrument. 

Although only limited examples of the improvement in PF fitting using the Gaussian 

illumination beam are presented, the conclusions are robust and general.  

  



91 
 

4.2.3.3 The limitations of phase function measurements 

It is essential that the PF measurements and the retrieved particle radius and nλ are as precise 

as possible to be of use in atmospheric models. To ensure the retrieved variation of nλ and 

radius as a function of RH remains reliable over the course of an experiment, the size range 

of the particle must be considered. The number of fringes observed in the angular collection 

range is governed by the illumination wavelength, nλ and size of the particle. The size of 

the particle is arguably the key parameter that dictates the reliability of the retrieved data. 

Previous studies have shown that particles of aqueous NaCl and (NH4)2SO4 with a radius 

as small as 350 nm can be probed with SP-CRDS.110 However, the precision of the retrieved 

nλ is imperative in this work and, therefore, particles of on average > 1 µm in radius will 

be considered as the minimum size that can afford reliable values of nλ. The smaller the 

particle, the fewer characteristic fringes are present (evident in Figure 4.6), and therefore 

there are fewer features to compare to Mie theory simulations, which would compromise 

the reliability of the fitting procedure. Figure 4.6 shows the retrieved radius and n473 for an 

aqueous (NH4)2SO4 particle, which has a mean Pearson correlation of 𝑐̅(𝑛473) = 0.9936. 

The optical constants measured in this work are independent of particle size and dictated 

by the illumination wavelength and microscopic polarizability of the molecules which 

constitute the particle. Therefore, the study of coarse mode particles will enable improved 

nλ and radius precision while the variation of nλ with RH will apply to aerosol regimes of 

more relevance to the direct effect of aerosols. 
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Figure 4.6 The radius and refractive index, n473, of a single ammonium sulfate droplet. 

Exemplar phase functions are shown below which were collected at the indicated relative 

humidities and correspond to the particle sizes indicated. 

The dependence of the radius and n473 is expected to be smooth as the RH was constantly 

decreased. Figure 4.6 however, shows undulations in both the radius and n473 with RH. 

These oscillations are incurred from the fitting procedure and are not representative of the 

particle radius and n473. This is attributed to the number of features observed in the PFs, 

where fewer are observed at smaller particle radii. Smaller particles could be reliably 

probed if a shorter wavelength of illumination were available. David et al. reported the use 

of UV illumination, allowing the radius of particles as small as 300 nm to be retrieved.98 

This would be a potential further improvement to the instrumentation. However, given the 

current set up, these boundaries were identified to ensure the precision of the output data 

was uncompromised.  

4.2.3.4 The addition of a 633 nm probe beam for phase function illumination 

The addition of the 473 nm probe beam considerably improved the PF acquisitions for the 

532 nm SP-CRDS instrument. Therefore, the same approach was applied to the 405 nm 

SP-CRDS instrument, where BB illumination (λ = 532 nm) was previously used to provide 

the radius as a function of RH. Here, a probe beam at 633 nm was added to the instrument; 

as discussed previously, there are several motives for the addition of this probe beam. The 



93 
 

Gaussian illumination provides a nearer approximation to a plane wave, with a beam 

diameter ≈ 50-100 µm compared with a BB diameter ≈5.5 µm. Furthermore, this additional 

illumination wavelength further increases the measurement database as well as potentially 

improving the precision of the retrieved radius, which impacts the precision of n405 retrieved 

from σext measurements. Additionally, the PF measurements at 633 nm can be directly 

compared to the parameterisation of n633 reported by Tang et al.21,41  

The addition of the Gaussian intensity probe beam improved the Pearson correlation, 

however it yielded inconsistent nλ results which resulted in an examination of the 

experimental limitations associated with the measurements. Single aqueous particles 

composed of (NH4)2SO4 or NaCl were trapped and illuminated with the 633 nm probe 

beam. The 𝑐̅(𝑛633) was consistently high (Table 4-1), however, the variation in n633 with 

RH was systemically different to those reported by Tang et al.21,41 This is shown in Figure 

4.7. 

 

Figure 4.7 The 633 nm probe beam illuminated phase functions were collected and analysed 

for four different aqueous sodium chloride droplets. The retrieved real component of the 

refractive index is shown in (a) as a function of relative humidity, alongside the 

parameterisation reported by Tang et al., indicated by the dashed line. 21,41 The variation in 

particle radius with relative humidity is shown in (b).  

Table 4-1 The mean Pearson correlation, average residual between n633 retrieved from PF 

measurement and reported by Tang et al. and the size range of each aqueous sodium chloride 

droplet measured. 

Droplet  𝑐(𝑛633)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (PFs) ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅  (PFs-Tang) Radius range / µm  

1 0.9956 0.0110 1.6 – 1.1 

2 0.9953 0.0027 1.7 – 1.3 

3 0.9957 0.0026 2.0 – 1.6 

4 0.9956 0.0017 2.1 – 1.6 
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The previous addition of the Gaussian intensity probe beam (λ = 473 nm) provided 

increased 𝑐̅(𝑛473) and decreased �̅�(𝑛473). Here, there is a large variation in n633 despite 

𝑐(𝑛633)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≥0.992. This implies there is an additional factor affecting the retrieved n633. 

Figure 4.7 (a) reports the n633 retrieved from four droplets. When the radius was > 1.3 μm, 

the n633 values were consistent and agreed well with n633 reported by Tang et al. 21,41 Indeed, 

the deviation of these measurements from those reported by Tang is the largest for the 

smallest droplet studied. Therefore, the minimum size of particle when illuminated by 633 

nm must be considered.  

Figure 4.8 illustrates the extent to which the wavelength of illumination influences the 

number of features (minima and maxima) present for a 1 µm aqueous NaCl particle; the 

longer the wavelength of illumination, the fewer features are present. It is therefore 

appropriate to ensure there are sufficient features with 633 nm illumination to provide a 

robust fit to Mie theory. For PF measurements to achieve reliable radius and n633 retrieval, 

a minimum of 4 fringes are required in the PFs. Therefore, the particles radii must not 

decrease below 1.3 μm. The n633 values retrieved from aqueous NaCl particles with radii > 

1.3 μm is shown in Figure 4.9. 

 

Figure 4.8 Phase functions for aqueous NaCl particles of a range of sizes and with 473 or 633 

nm illumination. 

 

Figure 4.9 The retrieved n633 for aqueous NaCl particles with radii > 1.3 µm compared to the 

parameterisation reported by Tang et al. is shown by the black dashed line. 21,41 (a) The n633 

retrieved from 5 different particles, indicated by coloured data points, as a function of relative 

humidity. (b) The average variation of n633 with relative humidity is indicated by the red data 

points, with one standard deviation indicated by the shaded region. 



95 
 

There is good agreement between the measured and literature n633 with RH, with the 

measured data from droplets with radii > 1.3 μm showing improved consistency compared 

to radii < 1.3 m. The average residual, ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅ ± 0.0026 between the measured n633 

compared to the parameterisation reported by Tang et al. is significantly improved by 

considering only larger droplets.21,41 There is increasing deviation from the literature n633 

at higher RH%, which is considered to be within the uncertainty of RH measurements (± 2 

%). Furthermore, ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅ < 0.003, which Zarzana et al. calculate to correspond to an 

uncertainty in RF of 1% (for non-absorbing (NH4)2SO4 particles with a radius of 75 or 100 

nm).114  

The 633 nm probe beam was employed to provide illumination for PFs for measurements 

with the other inorganic solutes of interest, ensuring measurements are only considered 

when the radius was larger than 1.3 μm. Figure 4.10 shows the retrieved n633 for four 

(NH4)2SO4 droplets as a function of RH, which are compared to the parameterisation 

reported by Tang et al.21,41 Table 4-2 shows the number of measurements of each solute, N, 

𝑐̅(𝑛633) for all measurements of each respective solute, and the average residual between 

the Tang et al. parameterisation and the average measured n633, ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅ .21,41  

 

Figure 4.10 Measurements of n633 for four aqueous ammonium sulfate particles (coloured data 

points). The retrieved n633 is compared to the parameterisation reported by Tang et al. (dashed 

black line). 
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Table 4-2 Summary of the measurements of inorganic compounds with the 633 nm probe beam 

providing PF illumination. 

Aqueous 

compound 

N 𝑐̅(𝑛633) (PFs) �̅�(𝑛633) (PFs) ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅  (PFs-Tang) 

NaCl 5 0.9962 0.0028 0.0026 

(NH4)2SO4 5 0.9938 0.0067 0.0135 

NH4HSO4 3 0.9890 0.0115 0.0117 

Na2SO4 3 0.9957 0.0066 0.0052 

 

It is evident that the addition of the probe beam at 633 nm has improved the 𝑐̅(𝑛633). 

However, there remain some large �̅�(𝑛633) and ∆𝑛633
̅̅ ̅̅ ̅̅ ̅̅ .21,41 There are various possibilities 

for the inconsistent measurements  including contamination in the solutions, nebuliser or 

trapping cell, RH probe calibration, particle size and imaging adjustments such as exposure 

time. Careful consolidation of these factors did not improve the retrieved n633 and therefore 

the overall laser power of the 633 nm probe beam was considered. 

When the probe beam (at 633 nm) was used for PF illumination for the solutes Na2SO4, 

(NH4)2SO4 and NH4HSO4, the standard deviation is larger than the previous method of 

using the BB for PF illumination, thus indicating the output n633 data is not reproducible. 

The uncertainty associated with the retrieved n633 is larger than what would usually be 

considered within experimental error. The 633 nm laser beam has a maximum intensity of 

5 mW, compared to the 473 nm beam which has a maximum intensity of 35 mW. The 

considerably lower intensity of the 633 nm probe beam is considered to be the principle 

factor in the variation in the reliability of the PFs. An alternative, more powerful, Gaussian 

intensity illumination source was not available. Thus, the BB was considered, for the 405 

nm SP-CRDS instrument, to provide the most reliable illumination for PFs. Nevertheless, 

were an alternative more powerful light source available this would be more favourable 

than BB illumination of PFs. It remains the recommendation of this work that a Gaussian 

intensity beam with a diameter significantly larger than the confined particles should be 

used for PF illumination, provided the beam is of sufficient intensity, P > 35 mW. 
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4.2.4 Measurements of 1,2,6-hexanetriol  

1,2,6-Hexanetriol has been used previously to benchmark the BB-CRDS system since the 

RI remains constant (at low RH ≈ 0%) and is well documented,109,110 allowing the capability 

of the system to be examined. The RH was set to a constant low level (<1 %) and the droplet 

was assumed to be pure 1,2,6-hexanetriol (and all water had evaporated). The nλ was 

retrieved from PF and σext measurements; this procedure is described thoroughly in Chapter 

3. The simulated angular range was calibrated to ensure the simulated PFs represent the 

measured PFs (with the improved experimental set up).  

4.2.4.1 Calibrating the angular range over which the phase functions were 

collected 

When the position of any equipment that was involved in the collection of PFs was altered, 

the angular range over which the PFs were collected was calibrated to account for the 

repositioning of equipment. Twenty simulations were performed over a series of angular 

ranges and angular widths where the central collection angle was systematically varied. 

The maximum resultant mean correlation coefficient, 𝑐̅(𝑛473), indicated the most 

representative angular range of the experimental set up. The variation in central angle and 

angular range with 𝑐̅(𝑛473) is shown in Figure 4.11. 

 

Figure 4.11 20 simulations were performed for a series of angular widths and central angles 

which resulted in a range of mean correlation values. 

The maximum mean correlation occurred with an angular range of 69 - 111° where 

𝑐̅(𝑛473) = 0.9939. These input parameters were used for future measurements until it was 

necessary to find the new angular range over which the PFs were collected. 
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4.2.4.2 Retrieving the refractive index of volatile particles of a constant nλ 

A single 1,2,6-hexanetriol particle was trapped for ~ 2 hours. The droplet composition was 

assumed to be pure 1,2,6-hexanetriol and therefore the nλ was expected to remain constant. 

The initial particle radius was > 1.5 µm and, under the dry conditions, the particle radius 

decreased as 1,2,6-hexanetriol evaporated from the particle. 

 

Figure 4.12 (a) The mean correlation between experimental PFs and Mie theory PFs at varied 

n473 for three different 1,2,6-hexanetriol droplets. (b) Experimental CRDS data in green (of 

Droplet 2) fitted to simulated CSW-Mie theory fitted in black, each line corresponding to the 

particle centred on a node and anti-node of the CSW. The contour plot (of Droplet 2) 

corresponds to the errors in radius and in RI, n532, incurred from the CRDS fitting with CSW-

Mie theory 

Figure 4.12 (a) shows the correlation between the Mie theory simulations and the PF data 

collected for 3 droplets of 1,2,6-hexanetriol, where the n473 of the particle corresponds to 

the value where maximum mean Pearson correlation is achieved, where the average n473 = 

1.4805 ± 0.0012. A high correlation is observed with 𝑐̅(𝑛473)> 0.992 which indicates the 

retrieved radius and n473 are reliable. The correlation is considerably higher than previously 

when the BB was used for the PF illumination (for inorganic species).  
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The CSW-Mie theory simulated extinction efficiency (Qext) provides an excellent fit to the 

measured Qext; this is shown for droplet 2 in Figure 4.12 (b). The remarkable agreement 

between Qext peak positions further validates the precision of the retrieved radius data from 

the probe beam-illuminated PFs. The proportion of data points that lie outside of the CSW 

Mie theory generated envelope is expressed as a merit function. A global minimum in the 

merit function corresponds to the best fit of CSW-Mie theory with the σext data. The contour 

plot (Figure 4.12) shows the region in which the merit function exhibits a global minimum. 

Errors incurred from the fitting method can be extrapolated from the midpoint between the 

contour line where the minimum rises above the background noise (indicated in bold in 

Figure 4.12).109 The best fit of the experimental CRDS with CSW-Mie theory (for droplet 

2) gives n532 = 1.4776 ± 0.0042 with an uncertainty in the radius of ± 0.6 nm. The average 

RI from the three droplets is n532 = 1.4752 ± 0.006; the uncertainty corresponds to one 

standard deviation. This compares well with previous measurements, where PF 

measurements at 532 nm gave n523 = 1.477 ± 0.004,111 Qext measurements yielded n523 = 

1.4782 ± 0.0007,109 and a combination of PF and radiation pressure measurements gave 

n523 = 1.482 ± 0.001.110 The extent of the agreement between these techniques validates the 

calibration of the angular range and highlights the precision of this improved technique 

(with the probe beam illuminated PFs) to retrieve n523. 

For the three particles presented here, the particles evolved from an initial radius of ~ 1.5 

–1.8 µm to a final size of ~ 0.4 µm. The nλ remains constant over the duration of the 

experiment it is evident that particles with radii < 400 nm to ~ 250 nm can be successfully 

probed to yield precise radii and n473 (contrary to when studying hygroscopic aerosol and 

when the nλ varies with RH).  

4.3 Retrieving nλ for hygroscopic single aerosol particles  

The precision of the SP-CRDS instrument with the addition of the probe beam for PF 

illumination has been demonstrated with measurements of 1,2,6-hexanetriol; in this section 

the optical properties of the most atmospherically abundant inorganic solutes will be 

studied. Aqueous inorganic particles containing NaCl, NaNO3, Na2SO4, NH4HSO4 or 

(NH4)2SO4 were confined in the BB optical trap at high RH, the PFs and σext were measured 

as the RH surrounding the particle was systematically decreased over ~ 2 hours.  
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4.3.1 Retrieving the refractive index from extinction cross section 

measurements of single aqueous inorganic particles 

CSW-Mie theory σext simulations were compared to the measured σext data which allowed 

the n405 or n532 to be retrieved.  

Figure 4.13 reports an example of the analysis of the PF and the σext data collected for a 

single, aqueous NaCl particle (measured with the 532 nm SP-CRDS instrument). The PF 

fitting procedure (from illumination at 473 nm) yielded n473 and the radius. The radius was 

then used in the σext analysis to allow n532 to be retrieved. This process was followed for 

every particle probed in this work. Figure 4.14 and Figure 4.15 show exemplar σext plots 

with the optimised CSW-Mie theory fit from which n532 and n405 were retrieved. 

 

Figure 4.13 (a) The retrieved refractive index of a single aqueous NaCl particle from SP-CRDS 

measurements as a function of RH. (b) The measured extinction cross-section of the single 

NaCl particle are shown by the green data points, the black lines correspond to the best CSW-

Mie theory simulations, from which the refractive index in panel (a) is retrieved. 

Figure 4.14 shows a number of exemplar σext plots of the aqueous solutes of interest in this 

work studied with the 532 nm SP-CRDS instrument. As previously discussed, the average 

radius of the particles probed was larger than 1 µm to ensure precision in the retrieved 

particle radius. It is evident that the larger droplet radii correspond to more features 

observed in the σext plots. The best CSW-Mie theory fits corresponding to the envelope in 

σext calculated for the particle centred at a node and antinode of the CSW are shown for 

each droplet in Figure 4.14. The best-fit CSW Mie theory envelopes were found by varying 

the beam waist, n1 and n2 parameters. The best-fit is determined by minimising the number 

of experimental data points lying outside of the CSW-Mie theory generated envelope. This 

corresponds to an excellent agreement with the measured σext indicated by the excellent 

agreement in the narrowing and broadening of the data and the positions of the peaks. The 

same procedure was employed for the σext measurements performed on the 405 nm SP-

CRDS instrument, examples of which are shown in Figure 4.15. 
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Figure 4.14 Extinction cross-section measurements measured with the 532 nm SP-CRDS 

instrument for a range of inorganic solutes. 
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There are an increased number of resonances present in the 405 nm σext measurements 

compared to 532 nm measurements over comparable radius ranges. This is due to the 

shorter wavelength of illumination (of 405 nm); the increased number of features is 

expected to facilitate increased precision in the retrieved n405. However, the radius data that 

is used in the σext analysis is retrieved from BB-illuminated PFs which is expected to have 

inferior precision to the 473 nm probe beam PF measurements. The increased number of 

resonances in the 405 nm spectrum may negate any errors incurred by the BB-illuminated 

PFs. This is evident in Figure 4.16 and Table 4-3 where one standard deviation in the 

average n405 is, in most cases, comparable to those retrieved with the 532 nm SP-CRDS 

instrument.  

The Na2SO4 σext measurements at 405 nm proved challenging to fit to the CSW-Mie theory. 

Examples are shown in Figure 4.15 (g) and (h) where the simulated envelopes do not 

represent the measured data across the full radius range. The measurements shown 

represent the best fit of the CSW-Mie theory to the measured data for all Na2SO4 data sets. 

However, these examples are inferior compared to the typical fits of the other solute data. 

A number of factors were investigated to try to rectify the unsatisfactory fitting to CSW 

Mie theory to the measured Na2SO4 σext data (for example, a new solution was prepared, the 

alignment and calibration of the instrument was checked). However, the results were not 

improved, and it is assumed there was either an absorbing contaminant present in the 

sample, or, the more pronounced non-linear dependence in the retrieved n532 with RH (from 

BB-illumination) compared to the other solutes, inhibited the retrieval of reliable radii. In 

addition to this, Na2SO4 has the highest ERH (~ 60 %) of all the solutes studied in this 

work, which reduces the available radius range and thereby limits the number of σext 

resonances measured. Therefore, the aqueous Na2SO4 measurements performed with the 

405 nm SP-CRDS instrument are not deemed sufficiently reliable to be included in further 

work. The remaining solutes show excellent agreement between the measured σext and the 

best-fit CSW Mie theory envelope, indicated by the remarkable similarity of the 

simulations to the measured data in Figure 4.15 (a) – (f).  
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Figure 4.15 Extinction cross-section measurements measured with the 405 nm SP-CRDS 

instrument for a range of inorganic solutes. 
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The average nλ for each solute at each measurement wavelength was calculated over the 

measured RH ranges. The uncertainty in the measured nλ was calculated as one standard 

deviation in the measured nλ, where one standard deviation, �̅�(𝑛𝜆) = 0, would indicate 

perfect agreement of all measured nλ values across the entire RH range studied. Figure 4.16 

shows the average refractive indices measured from both the 532 and 405-nm SP-CRDS 

instruments. 

 

Figure 4.16 Average of all measurements from the 405 and 532 nm SP-CRDS instruments, 

indicated by the coloured data points. The standard deviation in the measurements is shown 

by the shaded areas. 

In all cases in Figure 4.16, the nλ values increase with decreasing RH. The average 

measured nλ are shown, with the shaded region corresponding to one standard deviation. 

The parameterisation by Tang et al. of n633 as a function of RH for a range of solutes (please 

see section 4.5.2 for more details) are also shown in Figure 4.16. At high RH the 

composition of the particle is predominantly water, and therefore the nλ approaches that of 

pure water, where there is minimal variation in nλ with wavelength. At low RHs the 

composition of the particle, and therefore nλ, tends towards that of the pure solute and the 

variation in nλ with wavelength, or optical dispersion increases.  
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In general, the position of the measurements relative to each other lie where they would be 

expected, due to optical dispersion. The Tang et al. parameterisation at the longest 

wavelength lies at the lowest nλ, with measurements at shorter wavelength exhibiting 

incrementally increased nλ. The NH4HSO4 measured data do not converge as much with 

the Tang parameterisation at the high RHs compared to the other solutes; this observation 

is, however, qualitative since the extent of the dispersion in NH4HSO4 has not been 

previously reported. The measured nλ with RH show consistent shapes to the 

parameterisation by Tang et al. with consistent non-linearity observed for Na2SO4 in all 

measurements.  

The average standard deviation, 𝑠(𝑛𝜆)̅̅ ̅̅ ̅̅ ̅ from the number of particles studied, N, is tabulated 

in Table 4-3. Measurements using the 532 nm SP-CRDS instrument show high levels of 

precision with σext measurements yielding superior precision with 𝑠(𝑛532)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ < 0.003. The 

probe beam PF measurements provide good accuracy with 𝑠(𝑛473)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈ 0.0035. The 

standard deviation for Na2SO4 measurements is higher than the other solutes; this is 

attributed to the high ERH and therefore the reduced number of resonances in the σext. The 

standard deviation between measurements from the 405 nm SP-CRDS instrument is higher 

than from the 532 nm instrument. It is assumed this is due to the increased uncertainty in 

data retrieved from the BB-illuminated PFs. There are notably higher values of 𝑠(𝑛532)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

and 𝑠(𝑛405)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  for NH4HSO4 for measurements with the 405 nm SP-CRDS instrument, which 

are caused by increased uncertainty in n532 from the PFs which shows the largest difference 

compared to n532 retrieved from σext measurements (shown in Figure 4.17). The retrieved 

n532 from different measurement techniques (BB-illuminated PFs and σext measurements) 

will be discussed in the following section. 
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Table 4-3 Summary of measurements of aqueous inorganic solutes with the 405 nm and 532 

nm SP-CRDS instruments. 

 

532 nm-SP-CRDS 

instrument data 

405 nm-SP-CRDS instrument data 

Aqueous 

compound 

N �̅�(𝑛473) 

(PFs) 

�̅�(𝑛532) 

(σext) 

N �̅�(𝑛532)  
(BB-
PFs) 

�̅�(𝑛405)  
(σext) 

N �̅�(𝑛633) 

(PFs) 

�̅�(𝑛405)  
(σext) 

NaCl 7 0.0038 0.0030 5 0.0088 0.0044 5 0.0028 0.0042 

Na2SO4 9 0.0072 0.0062 - - - - - - 

NH4HSO4 4 0.0054 0.0025 3 0.0130 0.0095 - - - 

(NH4)2SO4 9 0.0036 0.0027 4 0.0086 0.0041 - - - 

 

4.3.2 A comparison of different measurements techniques for 

determining n532  

The average n532 retrieved from different experimental methods can be compared for four 

inorganic systems, aqueous NaCl, NaNO3, (NH4)2SO4 and NH4HSO4. Figure 4.17 shows 

the average n532 retrieved from BB-illuminated PF measurements and σext measurements. 

The shaded regions correspond to the standard deviation in the measurements. 
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Figure 4.17 Comparison of the average refractive index at 532 nm retrieved from BB 

illuminated PFs, the grey data points and from extinction cross-section measurements with 

CRDS, green data points. The shaded envelope represents the standard deviation associated 

with the average data points. Each panel (a)-(d) shows the data for aqueous NaCl, NaCO3, 

(NH4)2SO4 and NH4HSO4 respectively. 

Given that both measurement techniques use 532 nm illumination, it is expected that the 

retrieved n532 at a given RH should be the same, within the uncertainties of the 

measurements (~ ± 2 % in RH). The dependence of n532 on RH from the different 

instruments exhibit the same overall trend, with n532 increasing with decreasing RH. 

However, the gradient of the average n532 differs depending on the measurement technique 

employed. The n532 retrieved from BB-PFs shows a steeper trend compared to n532 retrieved 

from σext measurements. The variation in n532 is attributed to errors incurred from the BB-

illuminated PFs. This comparison further evidences the recommendation to employ 

Gaussian intensity illumination for PFs. 

Both techniques show reasonable agreement for aqueous NaCl and (NH4)2SO4, where the 

difference between n532 measured on the independent SP-CRDS instruments is less than 

0.01 and the measurements intersect across the RH range studied. There is considerably 

larger deviation observed between the two measurements of n532 for aqueous NH4HSO4: 

the average measured n532 differs by ~ 0.02 at low RH. Furthermore, the standard deviation 

of the n532 from BB illuminated PF measurements of aqueous NH4HSO4 is more than 

double those observed for the other compounds. It is evident that the precision achieved 



108 
 

from σext measurements is superior to PF measurements with BB illumination. This is 

clearly shown in Figure 4.17 and Table 4-3 by the standard deviation achieved from σext 

measurements in all cases constituting less than half of the standard deviation achieved 

with BB-PF measurements.  

When collating all measured data, the measurements of n532 retrieved from σext 

measurements will be reported rather than those from BB-illuminated PF measurements. 

The radius data from BB-illumination PFs is, however, required to retrieve n405. The radius 

data is not considered to have a significant deleterious effect on the retrieved n405, which is 

evidenced by the relatively low standard deviation exhibited by the n405 data (Table 4-3). 

Furthermore, it has been reported that ± 5 nm uncertainty in the radius affects the accuracy 

of the retrieved refractive index by < 0.0057 ± 0.0007 for hygroscopic aerosol.113 Therefore, 

the n405 data is considered to be of sufficient reliability for inclusion in further work. 

Nevertheless, it is irrefutable that the use of a Gaussian intensity PF probe beam would 

improve the precision and accuracy of the nλ and radius retrieved from both the PF and σext 

measurements. 

4.4 Aerosol optical tweezers measurements of n650 

To provide a full description of variation in nλ with RH and illumination wavelength, it is 

advantageous to perform measurements across the full RH range and at as many 

wavelengths of illumination as possible to parameterise the extent of optical dispersion. 

The AOT were used to provide aerosol RI at the additional wavelength of illumination of 

650 nm. AOT provide an alternative method to confining single particles (over ~2 hours) 

while environmental conditions were varied. Simultaneous Raman spectroscopy allowed 

the evolving optical properties to be measured as a function of environmental conditions. 

Figure 4.18 shows a typical change in radius and n650, retrieved from Raman spectroscopy, 

for an aqueous NaCl particle as the RH was varied. 

 

Figure 4.18 The radius and refractive index of an aqueous NaCl particle measured from 

Raman spectroscopy when the particle was confined in the AOT 
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As expected, at high RH, n650 approaches that of water (n650 = 1.3313),122 and as water 

evaporates at lower RH decreasing the radius and increasing n650 as the particle composition 

tends towards that of pure NaCl. The overall particle size is larger than those investigated 

with the SP-CRDS instruments; with the AOT an ~3 µm radius is the lower limit of particle 

size that enables sufficient information to be retrieved from the Raman spectra. The data 

points in Figure 4.18 are not continuous and exhibit regions where the radius and n650 data 

were not able to be retrieved from the Raman spectra. The regions where there is little, or 

no radius or n650 data correspond to the same RH and therefore the same time. The radius 

and n650 are simultaneously fitted in the LARA software; a minimum of 3 WGMs are 

required to fit the spectra. If one of these modes has a low intensity, is situated near another 

band or, is particularly broad the automated programme can wrongly assign the modes 

causing the observed loss in data points. The data from the Raman spectra for a given RH 

are spread over a range of particle sizes and refractive indices, with ~ ± 50 nm in radius 

and ± 0.001 in n650.  

Figure 4.19 shows the retrieved n650 as a function of RH for the inorganic solutes of interest. 

All solutes exhibit the same trend of n650 with RH, where n650 increases with decreasing 

RH. It was experimentally challenging to measure n650 over a large RH range since the 

particle size decreased as the RH was lowered, often decreasing below the 3 µm threshold. 

Therefore, Figure 4.19 shows the optical properties of a number of solutes at high RH but 

it was difficult to achieve measurements near the ERH of the respective solute. 
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Figure 4.19 Refractive index measurements at 650 nm performed with aerosol optical tweezers 

of single aerosol particles composed of aqueous inorganic solutes 

In AOT measurements, n650 is retrieved from Raman spectroscopy. The analysis method 

used yields not only the particle radius and n650 but also dispersion terms which allow the 

nλ to be calculated over a range of wavelengths. This is represented by the following 

expression:  

 𝑛 =  𝑛0 + 𝑚1(𝜈 − 𝜈0) + 𝑚2(𝜈 − 𝜈0)
2 4-2 

where n is the refractive index at the desired wavelength, n0 is the refractive index at the 

measured wavelength, n650 in this case, m1 and m2 are the dispersion terms, ν is the 

wavenumber of the desired wavelength and ν0 is the wavenumber at the measurement 

illumination wavelength. These dispersion terms allow n633 to be calculated which can be 

directly compared to the Tang et al. parameterisation. 
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4.5 A direct comparison of different techniques for 

measuring n633  

Previous sections 4.2-4.4 have demonstrated measurements of nλ at a number of different 

wavelengths using both SP-CRDS and AOT instruments. Similarly, measurements of n633 

can be compared from PF measurements (when λ = 633 nm) with the parameterisation 

reported by Tang et al. and AOT measurements to assess whether it is appropriate to use 

the Tang parameterisation in conjunction with measured data in an optical dispersion 

model.21,41 

4.5.1 Tang et al. parameterisation of n633 as a function of relative 

humidity 

The parameterisation reported by Tang et al. has stood as the benchmark for the new 

techniques to measure nλ,
67,111,140,163 or to describe the change in particle size with 

RH.35,51,125,153 It is possible to directly compare the parameterisation reported by Tang et al. 

to n633 retrieved from AOT and PF measurements for aqueous NaCl. 

Tang et al. reported extensive measurements of single aerosol particles, composed of 

aqueous inorganic solutes, trapped in an electrodynamic balance (EDB).21,41,167 Particles of 

6 - 8 µm in diameter when dry, were trapped and illuminated by 633 nm light while the RH 

was varied.41 The RH induced size-change was retrieved from both the change in the DC 

field required to maintain the particle position, and from light scattering recorded at 90º to 

the 633 nm illumination. The n633 was retrieved by comparing the measured elastically 

scattered light to Mie scattering plots.35 

Tang and Munkelwitz report the polynomial coefficients for water activities and densities 

for the solutes of interest in this work, for a defined range of solute weight percentages, as 

well as partial molar refraction (PMR) values for each solute.41 The polynomial coefficients 

and PMR values are collated in Table 4-4. Equations 4-3 - 4-8 are reported by Tang and 

Munkelwitz and allow n633 to be calculated at a given RH:41 
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Table 4-4 Polynomial coefficient and partial molar refraction (PMR) values reported by Tang 

and Munkelwitz.41 The number in brackets are the exponents of base 10 for the respective 

coefficient. The * indicates the value as reported by Stelson et al.168 and ** indicates the values 

as reported by Tang et al.21 The underlined range indicates 𝒂𝒘 = 𝟏. 𝟓𝟓𝟕 + ∑𝑪𝒊𝒙𝒊.
41  

 

NaCl (NH4)2SO4 NH4HSO4 Na2SO4 NaNO3 

PMR 9.2 ± 0.18* 23.5 ± 0.04 18.38 ± 0.04 15.13 ± 0.04 11.22 ± 0.04 

x% 0-46** 0-78 0-97 0-40 40-67 0-98 

C1 -5.892 (-3) -2.715 (-3) -3.05 (-3) -3.55 (-3) -1.99 (-2) -5.52 (-3) 

C2 1.24 (-4) 3.113 (-5) -2.94 (-5) 9.63 (-5) -1.92 (-5) 1.286 (-4) 

C3 -1.688 (-5) -2.336 (-6) -4.43 (-7) -2.97 (-6) 1.47 (-6) -3.496 (-6) 

C4 3.105 (-7) 1.412 (-8) - - - 1.843 (-8) 

C5 -1.44 (-9) - - - - - 

A1 7.93 (-3) 5.92 (-3) 5.87 (-3) 8.871 (-3) 6.512 (-3) 

A2 -4.28 (-5) -5.036 (-6) -1.89 (-6) 3.195 (-5) 3.025 (-5) 

A3 2.52 (-6) 1.024 (-8) 1.763 (-7) 2.28 (-7) 1.437 (-7) 

A4 -2.35 (-8) - - - - 

 

The weight percentage of solute, xi, is translated to water activity, aw with the following 

equation: 

 𝑎𝑤 = 1 + ∑𝐶𝑖𝑥
𝑖  

4-3 

where water activity is related to RH by a factor of 100: 

 𝑅𝐻 = 100𝑎𝑤 4-4 

The refractive index, n, of a specified solute is given by: 

 
𝑅 =  

𝑉(𝑛2 − 1)

(𝑛2 + 2)
 

4-5 
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where, R is molar refraction of a pure substance or homogenous mixture which is expressed 

in equation 4-6, and V is the molar volume given by equation 4-7. 

 𝑅 = 𝑅1 + (𝑅2 − 𝑅1) 4-6 

R1 and R2 are the PMR values of the solvent and solute respectively, R1 = 3.717 for water 

and R2 is given by the reported PMR coefficients.41  

 
𝑉 =

1

𝑑
[𝑀1 + (𝑀2 − 𝑀1)𝑦] 

4-7 

where M1 and M2 are the molecular weights of the solvent and solute respectively, y is 

solute mole fraction and d is the solution density given by the following equation: 

 𝑑 = 0.9971 + ∑𝐴𝑖𝑥
𝑖 

4-8 

where Ai corresponds to the polynomial coefficients reported by Tang and Munkelwitz and 

x corresponds to the weight percentage of solute.41 

Equation 4-5 can be rearranged to give n when the R and V are known for a given aw: 

 

𝑛 = √
(−

2𝑅
𝑉 − 1)

(
𝑅
𝑉 − 1)

  

4-9 

For each solute the dependence of n633 can be calculated for the defined range of solute 

weight percentages by combining of the polynomial coefficients, PMR values and by 

calculating d, y, V and R for each aw.  

The parameterisation reported by Tang and Munkelwitz is compared to the retrieved n633 

from AOT and SP-CRDS measurements in Figure 4.20 for aqueous NaCl. The data points 

from the PF measurements represent an average of three different measurements. The error 

bars on the AOT and PF measurements represent the ± 2 % uncertainty associated with the 

RH probe which is the prevailing error compared to one standard deviation of the PF 

measurements. The AOT and PF measurements show good agreement, where, at a given 

RH, the retrieved n633 is the same or within the experimental error bars. These experimental 

measurements also show consistency with the parameterisation by Tang et al. indicating 

the validity and reliability of the parameterisation for inclusion in further work. The n633 

data retrieved from AOT measurements lie marginally below other n633 data. This indicates 

that the error associated with the AOT RH measurements are likely to be towards the upper 

end of the ± 2% uncertainty. It is worth noting that there is no specific uncertainty 

associated with RH measurements reported by Tang and co-workers.21,41 It was reported 

that the evaporation, condensation, efflorescence and deliquescence measurements were 

reproducible to a precision of better than ± 2 % RH.41 Therefore, no error bars have been 
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attributed to the Tang et al. parameterisation.21,41 It is, however, possible to compare the 

parameterisation reported by Tang et al. to available literature data which allows the 

uncertainties associated with the Tang data to be inferred. 

 

Figure 4.20 A comparison of different techniques to measure and retrieve n633 at varied 

relative humidity. The red circular data points were retrieved from PF measurements, and 

the dark red diamond points from Raman spectroscopy using AOT. The error bars represent 

± 2 % uncertainty associated with RH probes. The black line is the parameterisation reported 

by Tang et al.21,41 

There are a number of studies where is it possible to compare reported measurements of 

solute weight percentage at given water activities, or RHs, to those measured by Tang et 

al.41,101,169,170 Although these are not direct comparisons to the n633 parameterisation, the 

reliability of the RH measurements can be assessed. Bulk solution data, for NaCl, Na2SO4 

and NaNO3, are compared to the droplet evaporation data reported by Tang et al. where for 

high water activities, > 80 %, > 85 % and > 75 % RH respectively, there is excellent 

agreement between the measurements.41,170 Tang and Munkelwitz find good agreement to 

work by Richardson and Spann (over a range of ~ 65 – 45 % RH) for measurements of 

(NH4)2SO4 solute weight percentage as a function of aw.41,169 A comparison is also drawn 

to the work of Cohen et al., for (NH4)2SO4, where the data deviates by  ~ 4 % in RH as 

observed between 70 – 50 % RH.41,171 Hargreaves and co-workers find good agreement 

when comparing their EDB and AOT NaCl measurements to those reported by Tang et al. 

where at RH > 70 % there is agreement between the data within ± 0.2 %.41,101 However, 

there is increasing divergence between the data reported by Hargreaves and Tang at 

decreasing RH, corresponding to a difference of +5 % in RH at 45 %.41,101 Similarly, for 

Na2SO4, increasing deviation is observed between aw and associated weight percent (with 

decreasing RH) when compared to the work of Cohen and co-workers, with differences of~ 

6 % observed at 55 % RH, which Tang and Munkelwitz considered to be too large to be 

deemed an experimental error.41,171 Overall, the measurements by Tang and Munkelwitz 

compare well to available data; there are, however, discrepancies when compared to the 
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data from Cohen et al. particularly at low RHs (< 55 %).41,171 Given there are no 

experimental uncertainties defined by Tang et al., it can be assumed the parameterisation 

is highly robust at high RHs (100 - 80 %) due to the good agreement with literature data, 

but it is possible that the RH measurements encompass potential uncertainties which 

increase at decreasing RHs. 

4.5.2 Estimating the uncertainty associated with the Tang 

parameterisation in the refractive index domain 

Although the level of uncertainty in the RH or n633 measurements is not reported, Tang and 

Munkelwitz present the uncertainty associated with their measurements of PMR for a range 

of solutions.41 The PMR value for each solute is used to calculate n633 at a defined RH, the 

uncertainty in the PMR value will translate to an uncertainty in the associated n633. The 

solutes (NH4)2SO4, NH4HSO4, Na2SO4 and NaNO3 are all reported with an uncertainty of 

± 0.04 for each PMR value.41 The PMR value for NaCl reported by Stelson was used in the 

parameterisation reported by Tang et al.41,168 Stelson reports a PMR value of 9.2 ± 0.18 for 

NaCl.168 The uncertainty associated with each solute PMR value was added to, or 

subtracted from, the reported PMR value and the resultant n633 calculated. The resulting 

uncertainty envelope is shown in Figure 4.21 (in the n633 domain) by the shaded regions.  

 

Figure 4.21 The parameterisation of n633 as a function of relative humidity for a range of 

inorganic solutes reported by Tang et al. (indicated by the lines), the uncertainty associated 

with the partial molar refraction values is indicated by the shaded regions.21,41 

For all salts, the RH range over which the parameterisations are valid are calculated from 

the solute weight percentages reported in Table 4-4 and equation 4-3. It was presumed over 

this range the solutes remained aqueous solutions. The maximum reported solute weight 

percentage corresponds to a minimum RH and is assumed to correspond to the ERH for the 
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respective solute. This is tabulated in Table 4-5 along with the corresponding 

experimentally measured ERH. 

Table 4-5 The efflorescence relative humidity for of interest. The humidity reported for the 

work of Tang et al is calculated from the solute weight percentage over which the 

parameterisation is valid. The measured relative humidities are shown for each SP-CRDS 

instrument, the uncertainty refers to one standard deviation. 

 

Aqueous 

solute 

 

Aqueous ERH % 
calculated from Tang 

et al. parameterisation 

solute 

Measured ERH % 

N 532 nm SP-CRDS 

instrument 

N 405 nm SP-CRDS 

instrument 

NaCl 45.5 10 47.7 ± 0.5 17 45.2 ± 1.6 

Na2SO4 58.0 14 60.5 ± 0.5 4 56.7 ± 1.9 

NH4HSO4 2 18 36.3 ± 1.3 3 36.5 ± 0.4 

(NH4)2SO4 39.2 14 36.5 ± 2.0 5 36.2 ± 0.6 

 

Both the measured and literature ERH for each respective solute (with the exception of 

NH4HSO4) agree within ~ ± 2 % error associated with the RH probes. The error indicated 

in Table 4-5 represents one standard deviation in the measured ERH. Both (NH4)2SO4 and 

NH4HSO4 show excellent agreement in the ERH measured from the separate SP-CRDS 

instruments indicating the consistency between both instruments. There are small 

variations in measured ERHs for NaCl which differ by ~ 2 %. Na2SO4 ERH varies by ~ 4% 

between the different instruments, this indicates that it was possible that there were 

contaminants present in the samples (which has been previously identified for Na2SO4). 

Nevertheless, the standard deviation in the measured ERH shows excellent consistency and 

variation in the measured ERH is within the error associated with the probes. It is worth 

noting that the Tang et al. parameterisation of NH4HSO4 provides n633 to a RH of 2 % 

(equivalent to a solute weight percentage of 97%). Tang and Munkelwitz reported that 

some NH4HSO4 droplets remained liquid in dry conditions; this was attributed to the acidity 

of the particle and difficulties in removing traces of ammonia from the experimental 

system.41 Therefore, the ERH reported by Tang et al. differs greatly from the 

experimentally measured ERH. Mason et al. reduced the RH that surrounded a single 

particle composed of NH4HSO4 to ~36 % RH at which point the particle left the trap, 

presumably due to efflorescence.140  
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4.6 A parameterisation of the variation in the refractive 

index with illumination wavelength and relative 

humidity for aqueous inorganic solutes  

Sections 4.2 - 4.4 have described that accurate measurements of nλ (n405, n473, n532) can be 

performed with SP-CRDS and AOT (n650) for a range of atmospherically abundant 

inorganic aerosols as a function of RH. In order to improve global estimates of aerosol 

forcing it is imperative to measure nλ to a high level of precision (± < 0.003). These 

measurements were performed at discrete wavelengths, whereas in the atmosphere, 

aerosols are illuminated with the full solar spectrum. Therefore, given the extensive range 

of measured (n405, n473, n532, n650) and available literature data (n589, n633) at RHs from 100% 

to the solute ERH, it would be invaluable to provide a comprehensive parameterisation of 

all available data, allowing nλ to be calculated for the full range of visible wavelengths 

(400-650 nm) and RHs (100 % - ERH).21,41,158 Provided the measured and literature data 

are well described by the model, this method would provide a robust description of nλ as a 

function of RH at illumination wavelengths where measurements were not performed and 

literature data is not currently available. 

The Sellmeier and Cauchy equations have been used extensively to describe the variation 

of nλ with wavelength.37,79,97,98,172 The efficacy of these methods to describe the measured 

and literature data will be assessed.  

4.6.1 Sellmeier and Cauchy optical dispersion models 

To describe the measured and literature data as a function of wavelength and RH, the 

average nλ was calculated for every 2 % step in RH. This RH bin size was chosen because 

the typical error in the RH probes used in the measurements is ± 2 %. Aqueous NaCl was 

chosen for an initial comparison of the different parameterisation equations since the data 

set contains a median number of data points (due to the median ERH). The average NaCl 

data that was used as the basis of both the Cauchy and Sellmeier parameterisations is shown 

in Figure 4.22.  



118 
 

 

Figure 4.22 All measured and literature data for aqueous NaCl at 405, 473, 532, 589, 633 and 

650 nm averaged in to 2 % RH bins. 

The data points shown in Figure 4.22 are a combination of both averaged measured data, 

from SP-CRDS and AOT measurements, and literature data, from bulk measurement at 

589 nm,158 the parameterisation by Tang et al. at 633 nm,21,41 and measurements of pure 

water (RH = 100%) at all wavelengths of interest (λ = 405, 473, 532, 589, 633, 650 nm).122 

4.6.1.1 The Sellmeier parameterisation 

The Sellmeier equation provides a description of nλ at varied wavelength. The Sellmeier 

equation is as follows: 

 

nλ
2 = 1 + ∑

Ajλ
2

λ2 − Bj
2

N

j=1

 

4-10 

where, nλ is the calculated refractive index at a given wavelength, λ, Aj and Bj are 

coefficients given by equations 4-12 and 4-13. The measurements of aqueous inorganics 

are assumed to be purely scattering, with negligible absorption, therefore equation 4-10 

only requires N = 1. 

 
nλ

2 = 1 +
A1λ

2

λ2 − B1
2 

4-11 

In order to incorporate the dependence on RH, a polynomial dependence on RH or water 

activity, aw, (where 𝑅𝐻 = 100aw) is introduced: 

 A1 = a0 + a1(100aw) + a2(100aw)2 4-12 

 B1 = b0 + b1(100aw) + b2(100aw)2 4-13 

The terms A1 and B1 were calculated by performing a least square fit to equation 4-11 

whereby the residual between the measured or literature nλ and the corresponding Sellmeier 

parameterisation was minimised. The parameterisation was achieved with the Microsoft 

Excel generalised reduced gradient (GRG) non-linear engine. The data points at 100 % RH 
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are literature values of the nλ of pure water, parameterised by Daimon et al.122 The model 

is constrained to these literature values, by incrementally varying the weighting of the 

residual between 100% RH data points and the model. This ensures the parameterisation 

exactly described the well characterised data at 100% RH. Figure 4.24 (a) shows the 

resultant Sellmeier parameterisation compared to the measured and literature data.  

4.6.1.2 The Cauchy parameterisation 

The Cauchy optical dispersion equation allows refractive index, nλ, to be calculated at a 

given wavelength, λ, with respect to a central wavelength, λ0, given by the following 

equation: 

 

nλ = n0 + ∑ni [(
λ0

λ
)
2i

− 1]

N

i=1

 

 

4-14 

where, n0 and ni are given by equations 4-15 and 4-16: 

 n0 = n0,0 + n0,1(100aw) + n0,2(100aw)2 + n0,3(100aw)3

+ n0,4(100aw)4 

4-15 

 n1 = n1,0 + n1,1(100aw) + n1,2(100aw)2 + n1,3(100aw)3 4-16 

The average n532 (from σext measurements) are used as the λ0 values. This data is considered 

to be precise and lies in approximately the centre of the range studied, 400 to 650 nm. The 

n0 (of n0,0, n0,1 etc) term is given by the coefficients from a fourth order polynomial fit to 

the average measured n532 data for a given compound. Figure 4.23 shows the average 

measured n532 data. These coefficients were set as the n0 values. 

 

Figure 4.23 The average n532 for aqueous NaCl every 2 % RH, green data points. The fourth 

order polynomial fit to the data is shown by the red line. 

All data shown in Figure 4.23 below 90 % RH is the average measured n532 data of aqueous 

NaCl. The data point at 100 % RH is from the parameterisation reported by Daimon et al. 
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for pure water.122 The fourth order polynomial describes the n532 data very well, with 

R2=0.9997. 

As with the Sellmeier expansion, it is found equation 4-14 only requires an expansion to 

N = 1: 

nλ = n0 + n1 [(
λ0

λ
)
2

− 1] 
4-17 

 Similarly, the dependence of nλ on RH is taken account in the terms that denote n0 and n1. 

As with the Sellmeier model, the residual between the data at RH =100%, reported by 

Daimon et al.,122 and the model, was given additional weighting.  

The n1 term, at a given RH, describes the variation in nλ with wavelength. The values that 

describe n1 were fitted such that the residual between the Cauchy model and the measured 

and literature data was minimised, see equation 4-18. This was achieved following the same 

procedure as with the Sellmeier model. The overall agreement between the global Cauchy 

model (nmodel) and the measured and literature data (nj) is described by |𝑛|̅̅ ̅̅  which was 

calculated by evaluating the mean difference in nλ in which the summation is over all 

literature and measured data, J: 

 

|n|̅̅̅̅ =
1

J
∑|nmodel − nj|

J

j=1

 

4-18 

Figure 4.24 shows nj and nmodel at 10 % RH increments, providing an overview of how the 

model fits the nj data. The model is, however, fitted to approximately four times as many 

data points as shown in the figure, i.e. every 2% over the entire RH range available. Both 

the Sellmeier and Cauchy parameterisations describe nj well, with both |𝑛|̅̅ ̅̅ < 3.6 × 10−3 

and Figure 4.24 shows that, on the whole, both parameterisations lie within the error bars 

of the data. The low |𝑛|̅̅ ̅̅  indicates in Table 4-6 the parameterisation deviates minimally 

from the precise data sets upon which it is based. Furthermore, the number of coefficients 

required to parameterise nλ (λ = 400 – 650 nm) with RH is comparable to the number of 

coefficients reported by Tang et al. which describe the variation in n633 with RH.21,103 
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Figure 4.24 A comparison between the Sellmeier and Cauchy parameterisation, shown by the 

dashed and solid lines respectively, compared to the aqueous NaCl measured and literature 

data (data points). The data and parameterisation are shown every 10 % RH for simplicity. 

Table 4-6 Sellmeier and Cauchy optical dispersion model coefficients to describe the variation 

in refractive index with wavelength and relative humidity for aqueous NaCl. 

Sellmeier 

coefficients 

Sellmeier 

parameterisation for 
NaCl 

Cauchy coefficients 

Cauchy 

parameterisation for 
NaCl 

a0 0.9539 n0,0 1.2401 

a1 / 10-2 0.1694 n0,1 / 10-2 1.4650 

a2 / 10-4 -0.3638 n0,2 / 10-4 -3.8392 

a3 / 10-6 - n0,3 / 10-6 4.0584 

a4 / 10-8 - n0,4 / 10-8 -1.5888 

b0 / 10-2 2.4281 n1,0 / 10-2 1.7354 

b1 / 10-4 -1.1889 n1,1 / 10-4 2.9105 

b2 / 10-6 -0.3321 n1,2 / 10-6 -3.4494 

|𝑛|̅̅ ̅̅  / 10-3 2.1478 |𝑛|̅̅ ̅̅  / 10-3 3.5952 
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The Cauchy parameterisation includes a central wavelength term, where 𝜆0 = 532 𝑛𝑚. It 

is evident from Figure 4.24 (b) that the parameterisation intersects the n532 data points. This 

method is reliant upon the precision of the n532 data. In order to assess the validity of the 

central wavelength to provide the n0 terms, a range of other central wavelengths will be 

investigated. These simulations will establish the most appropriate central wavelength and 

identify whether the Cauchy parameterisation can provide a more robust means of 

parameterising nλ in terms of RH and illumination wavelength. 

4.6.2 Cauchy model development 

4.6.2.1 Identifying the optimum central wavelength to parameterise nλ 

The effect of varying λ0 on the resultant parameterisation is shown in Figure 4.25. It is 

evident from Figure 4.25 (a) and (b) that nj is extremely well described at 532 nm. However, 

this is not the case at the higher and lower ranges of wavelength. Specifically, n650 is poorly 

described by the model, lying outside the measured error bars. The Cauchy model is 

preferentially fit to the measured n532 data. λ0 was set at two more wavelengths, where data 

was available at approximately the centre of the wavelength range investigated, λ0= 473 or 

589 nm. Also, λ0 was set to 525 nm, and the n0 terms floated in the fitting procedure in a 

similar fashion to the Sellmeier fitting procedure. 
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Figure 4.25 (a)(c)(e)(g) The Cauchy parameteristion resulting from varying the central 

wavelength, λ0, for aqueous NaCl. The data points are the measured and literature data are 

shown by the data points, and the Cauchy model shown by the lines, shown for every 10 % 

RH for simplicity. (b)(d)(f)(h) The absolute residual values between the Cauchy 

parameterisation and the measured and literature data points. 
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An examination of the residuals between the nmodel and nj allows a more rigorous 

identification of any bias in the parameterisation. The |𝑛|̅̅ ̅̅  value should be minimised to 

best parameterise nj. Figure 4.25 shows the absolute residual between the model and data 

every 10 % RH for simplicity. In all cases where 𝜆0 = 532, 473, 589 or 525 nm at 100% 

RH, |𝑛|̅̅ ̅̅ < 2.5 × 10−3 since the residual between model and data reported by Daimon et 

al. has increased weighting.122 It is evident from Figure 4.25 that where λ0 and the n0 values 

are given by measured data (λ0 = 473 or 532 nm), the parameterisation preferentially fits to 

the respective λ0, shown by the presence of the minimum in the average absolute residual. 

Data at λ ≠ λ0 is not well described, indicated by the increased residuals where λ ≠ λ0 and 

reflected by the |𝑛|̅̅ ̅̅ values, where |n532|̅̅ ̅̅ ̅̅ ̅̅ ≈ 3.6 × 10−3 and |n473|̅̅ ̅̅ ̅̅ ̅̅ ≈ 2.4 × 10−3. The n589 

literature data are from bulk phase measurements which do not span into the supersaturated 

solute regime. When λ0 = 589 nm, the n0 values are given by limited data at RH > 76 %. 

Therefore, the largest discrepancies of all parameterisations are observed between the 

model and data at low RHs, which results in a high average residual, |n589|̅̅ ̅̅ ̅̅ ̅̅ ≈ 3.7 × 10−3. 

When λ0 = 525 nm the n0 coefficients are given by the same fitting procedure which obtains 

n1 coefficients (the n0 coefficients are also obtained from the GRG non- linear, fit Equations 

4-17 - 4-16). Here, the parameterisation provides an improved representation of the data, 

where reduced residuals are observed between the parameterisation and the data, 

representing the best description of all data, |n525|̅̅ ̅̅ ̅̅ ̅̅ ≈ 2.1 × 10−3. There is an absence of 

the previously observed minima in the residuals which indicates an unbiased 

parameterisation. Therefore, owing to the unbiased model fit and minimum average 

absolute residual between the model and data, λ0 = 525 nm and optimised values n0 will be 

used as the method for all future Cauchy interpolations. 

The largest uncertainty associated with the measured data is considered to arise from the 

RH measurements. It is advantageous to use data from as many independent instruments 

as possible since it minimises the probability that there is a systematic error described by 

the parameterisation. Furthermore, the RH dependence of the parameterisation is 

predominantly described by the n0 term. The inclusion of all data to calculate the n0 terms 

minimises the uncertainty in RH associated with any one instrument, and therefore a more 

robust description of the variation of nλ with RH is produced. The combination of such 

precise data measured from independent instruments shows that the techniques are both 

accurate and precise. The |n|̅̅̅̅  value therefore, not only describes the fit of the 

parameterisation but also provides an indication of the accuracy of the data sets themselves.  

Given the precision of the input data is of upmost importance, it is critical that the 

parameterisation preserves the precision of the data to provide an atmospherically relevant 
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description of nλ. Therefore, the modelling must not incur uncertainties that compromise 

the validity of the outputs when |n|̅̅̅̅  is considered in terms of uncertainties in RF. |n525|̅̅ ̅̅ ̅̅ ̅̅  is 

importantly less than 0.003, which corresponds to an uncertainty of less than 1% in RF.114 

This minimal residual between the parameterisation and data further validates both the 

output parameterisation and accuracy of measurements from independent instruments. To 

ensure the most accurate description of the data is generated, the number of terms included 

in the fitting procedure will be investigated. 

4.6.2.2 Varying the functional form of the Cauchy optical dispersion 

parameterisation 

The aim of this work was to identify the minimum number of parameters required to 

provide an accurate description of nλ (to minimise computational power required if the 

parameterisation was used in future RF models). The expansion of the Cauchy equation 

was varied, from i = 1 - 3, while the number of terms included and functional form of the 

polynomial equations that give the n0 and n1 terms were also varied. Table 4-7 summaries 

the range of parameters that were varied, with the corresponding model fit.  
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Table 4-7 Summary for the fit parameters that were varied in optimising the Cauchy 

dispersion model to ensure the measured and literature data was most precisely described by 

the dispersion model. 

Number of i 

terms 

Function form of 

ni fit 

Central 

wavelength, λ0 / 

nm 

Sum of squares  

/×10-3 
Mean residual, |𝑛|̅̅ ̅̅  

/×10-3 

1 4, 2 532 2.421 3.595 

1 4, 3 532 2.352 3.459 

1 4, 4 532 2.302 3.363 

2 4, 2, 2 532 2.214 3.240 

1 4, 2 473 1.269 2.432 

1 4, 2 589 3.350 3.749 

0 (just n0 

terms) 

4 525* 8.765 6.913 

1 4, 2 525* 0.840 2.083 

2 4, 2, 2 525* 0.188 0.982 

3 4, 2, 2 525* 0.604 1.800 

1 4, 3 525* 0.789 2.061 

1 4, 4 525* 0.786 2.050 

 

Table 4-7 shows that as the number of i terms are increased, the parameterisation fits the nj 

data points more closely, reflected by the lower |n|̅̅̅̅  values. However, when i > 1 the 

parameterisation intersected all data points meaning the dependence of nλ with RH 

exhibited unphysical dependencies (if for example, the measured n405 lay below n532). Thus, 

the parameterisation is deemed most reliable when 𝑖 = 1. The |n|̅̅̅̅  decreases as more terms 

are included. To maintain precision while minimising the number of terms included, four 

n0 coefficients and 3 n1 coefficients were identified to produce future parameterisations 

which will be used in all further work.  
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4.7 Cauchy parameterisation of all aqueous inorganic 

solutes  

The average measured nλ (n405, n473, n532, n650) and literature nλ (n589, n633) as a function of 

RH for each inorganic solute of interest were collated. The average nλ of the data was 

calculated every 2% RH. Figure 4.26 shows the nλ for each discrete wavelength as a 

function of RH.  

 

Figure 4.26 A summary of the average measured data, n405, n473, n532, from SP-CRDS 

measurements, bulk data from literature, or measurements, n589,158 AOT measurements, n650, 

the parameterisation reported by Tang et al., n633,
21,41 and the refractive index of pure water 

reported by Daimon et al.122 The measured data is binned at 2 % RH intervals.  
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For each aqueous solute, at a given RH, nλ tends to decrease with increasing wavelength; 

this occurrence is expected due to chromatic dispersion. Furthermore, the divergence in nλ 

with λ decreases at increased RH due to minimal variation in nλ for pure water (RH = 100%, 

shown in Figure 4.26 (a)-(e)). As the composition of the aerosol tends towards that of the 

pure solute (as the RH is decreased) the chromatic dispersion increases.  

Each nλ reported was measured with a different instrument (apart from n473 and n532 which 

were both measured on the 532 nm SP-CRDS), with each instrument contributing different 

uncertainties in RH and nλ measurements. When taking this into consideration, the 

variations in nλ with wavelength and RH are extremely consistent. Aqueous NaCl and 

Na2SO4 (Figure 4.26 (a) and (e)) show the expected relationship of nλ with wavelength and 

RH across all reported nλ, showing it is appropriate to collate these measurements. There 

are some discrepancies where a shorter wavelength measurement crosses nλ of a longer 

wavelength, (for example in Figure 4.26 (c) and (d) where n650 is above n589 and n633) which 

is not expected according to chromatic dispersion; however this is considered to arise from 

uncertainties associated with RH measurements.  

The nj data shown in Figure 4.26 were used in the Cauchy model to allow nλ to be calculated 

at any wavelength (400 – 650 nm) and RH (from 100 % to the ERH). The resultant Cauchy 

parameterisation is shown alongside the nj data for each aqueous solute at 10 % RH 

intervals in Figure 4.27.  
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Figure 4.27 The optimised Cauchy optical dispersion model (lines) fit to the experimental at 

literature data (data points). Every 10 % in relative humidity is shown for simplicity. 

Figure 4.27 shows nj compared to the nmodel, from the previously described global fitting 

procedure (the coefficients from which, for each compound, are listed in Table 4-8). The 

total number of data, N, used in the fitting procedure are indicated in Table 4-8. The model 

was constrained to the literature values for pure water reported by Daimon et al. which is 

evident in Figure 4.27 by the agreement of the model to data points at RH = 100 %.122 The 

error bars represent the uncertainty in RH (± 2 %) in the nλ domain, this error is considered 

the prevailing uncertainty in our measurements, where the variation in nλ between repeats 

of measurements is indicated by the standard deviation (Table 4-3) is less than the 

uncertainty associated with the RH probe. The model shows good agreement with the data, 

where in the majority of cases the model intersects the data points, or is within the error 

bars. There are cases where the parameterisation and the data do not intersect, which is due 

(NH4)2SO4 
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to several different possible causes. All data presented are (with the exception of n473 and 

n532) measured with separate instruments which can incur different uncertainties. Different 

solutions were used to collect the data, and therefore varying levels of contaminants could 

be present. The different inorganic species studied exhibit a range of ERHs, meaning there 

are large variations in the number of data points, N, available (N = 190 – 86) to base the 

parameterisation upon. This could result in a less reliable parameterisation of the data, 

especially when the available data are concentrated to a particular region of the spectrum. 

In general, the measured data at n405, n473 and n532 are described well by the Cauchy 

parameterisation, with the exception of NH4HSO4. In this case, there is a discrepancy 

between the measured data and the Cauchy parameterisation. The previous comparison of 

retrieved n532 for NH4HSO4 (in section 4.3.2) indicated the reliability of the 532 nm 

illuminated PFs were compromised, and this has a potential impact on the measured n405. 

The literature data at n633 is described well by the Cauchy parameterisation, with 

discrepancies observed at low RHs for NaCl and (NH4)2SO4. The deviation from the model 

and data is attributed to the reduced number of data points for λ > 600 at lower RHs, 

meaning the parameterisation is preferentially constrained to the data at λ < 600 nm. The 

deviations between the model and n633 at low RHs is typically on the order of > 0.003, with 

the greatest discrepancy observed for NaCl at 50 % RH with n633 ± ~ 0.005. The n650 

measurements are systematically marginally lower than the model parameterisation. This 

indicates that it is possible there is a systematic variation in the measured n650 due to the 

uncertainty in the RH probe calibration, with the recorded RH lying at the upper limit of 

the estimated uncertainty of – 2% in RH. This is also evident in Figure 4.20 where the AOT 

measured data lie below the comparable n633 data. Nevertheless, when it is considered that 

the data presented are from separate instruments with the exception of n473 and n532 and 

each potentially contributing uncertainties of varying degrees, the data show excellent 

agreement, indicated by the consistent fit of nmodel to nj. 

Table 4-8 summarises coefficients required to produce the parameterisation for each solute 

and the resultant fit of the model to the data. The RH range that the model represents for 

each solute is indicated in Table 4-8. The solutes NaCl, NaNO3 and (NH4)2SO4 have a value 

of |𝑛|̅̅ ̅̅ ≤ 0.002, indicating the Cauchy parameterisation is highly representative of nj. 

Similarly, the parameterisation of Na2SO4 shows good agreement with nj, with |𝑛|̅̅ ̅̅ =

0.0027. This indicates the reliability of the parameterisation is not compromised by the 

significantly reduced number of data points (due to the high ERH of Na2SO4 and choosing 

to exclude n405 data) from which the parameterisation was calculated. Aqueous NH4HSO4 

shows the largest residual with |𝑛|̅̅ ̅̅ = 0.0044. This is largely due to the measurements of 
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n405, n473 and n532 not showing the expected chromatic dispersion compared to the other 

data owing to the largest discrepancy in n532 observed for NH4HSO4 (shown in Figure 4.17).  

Table 4-8 Summary of the global fit Cauchy parameters to best describe nλ as a function of 

RH and λ for each aqueous solute studied in this work. The coefficients nx,x relate to equations 

4-17 to 4-16, where N is the total number of data points from which the Cauchy 

parameterisation was output and where |𝒏|̅̅ ̅̅  is the absolute mean residual between the Cauchy 

model and the measured and literature data points. 

Coefficient NaCl NaNO3 (NH4)2SO4 NH4HSO4 Na2SO4 

n0,0 1.3495 1.4767 1.3764 1.4649 2.3810 

n0,1 / 10-2 0.8770 -0.0761 0.8552 0.0690 -3.2494 

n0,2 / 10-4 -2.6190 -0.1451 -2.7632 -0.4877 3.3485 

n0,3 / 10-6 2.8864 0.2941 3.3769 0.6234 -0.5428 

n0,4 / 10-8 -1.1586 -0.2147 -1.5096 -0.3336 -0.6018 

n1,0 / 10-2 7.0981 3.1219 -5.7022 3.8202 34.8882 

n1,1 / 10-4 -21.7961 -1.8033 46.6467 4.1621 -61.1350 

n1,2 / 10-6 31.1422 -1.4789 -82.4706 -6.4225 27.6052 

n1,3 / 10-8 -15.5951 1.3676 42.4736 -0.5106 0.0000 

N 121 190 130 164 86 

|∆𝑛|̅̅ ̅̅ ̅̅  / 10-3 2.0 1.6 1.8 4.4 2.7 

aw range 1 – 4.8 1.0 – 0.8 1.0 – 3.6 1.0 – 3.6 1.0 – 6.0 

 

The coefficients in Table 4-8 can be used to calculate nλ for a given solute at any given RH 

(from 100 % to near the ERH, indicated in Table 4-8) for a given wavelength, where 𝜆 =

400 − 650 nm; Figure 4.28 shows variation in nλ associated with varying λ and RH.  
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Figure 4.28 Contour plots of the Cauchy parameterisation of nλ in terms of RH and λ for each 

inorganic aqueous solute of interest. The key shows the refractive index value that 

corresponding to each colour. 

  

(NH4)2SO4 (d) NH4HSO4 
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Figure 4.28 shows the Cauchy parameterisation of each inorganic solute of interest in the 

form of a contour plot. This full description of nλ provides the most precise and extensive 

parameterisation of nλ to date. Furthermore, specific data can be drawn from the 

parameterisation if a particular RH or λ is of interest, the precision of which is indicated by 

the |𝑛|̅̅ ̅̅  value in Table 4-8. The parameterisation provides significantly more 

comprehensive data for inclusion in global RF models than was available previously. A 

full description of nλ is obtained from the minimum number of coefficients for the most 

abundant inorganic solutes in the atmosphere. This work strives to elucidate the uncertainty 

associated with direct effect of aerosols on the Earth’s climate; it is the intention that the 

parameterisation detailed here will be included in global RF models to significantly reduce 

this considerable uncertainty. 

4.8 Summary 

In this chapter single aerosol particles, composed of aqueous NaCl, Na2SO4, (NH4)2SO4 

and NH4HSO4, representing the most atmospherically abundant compounds, were confined 

and exposed to varied RH, a surrogate for diverse environmental conditions. The evolving 

σext of the particle and PFs were concurrency measured, the analysis of which gave nλ at 

the illumination wavelength. The addition of a Gaussian probe beam to provide PF 

illumination proved to be advantageous to the precision of the retrieved radius and nλ. SP-

CRDS measurements (n405, n473, n532) were supplemented with AOT measurements of n650. 

The variation in average nλ (from > 5 particles) was reported as a function of RH, the 

precision of which corresponds to, in most cases, < 0.003, which equates to ~ < 1 % 

uncertainty in terms of RF.114 The measured data was combined with available literature 

data (n589 and n633)
21,41,158 and parameterised by both Cauchy and Sellmeier optical 

dispersion models. These were optimised to ensure the parameterisation described the nλ 

data accurately.  

The addition of a Gaussian intensity probe beam to provide illumination for PF 

measurements demonstrated improvements to the retrieved radius and n473. This was 

evidenced by the improved mean Pearson correlation of 𝑐(𝑛473)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ > 0.99  compared to 

𝑐(𝑛532)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ < 0.99 with BB illumination. Measurements of 1,2,6-hexanetriol showed the 

system can retrieve precise n532 data which was consistent with previous 

measurements.110,111 Therefore, the 473 nm probe beam was employed for all 

measurements, providing valuable n473 data at an additional wavelength. The 633 nm probe 

beam showed variable results, with improvements observed for aqueous NaCl particles but 

with inconsistent results for the other solutes of interest. Therefore, in the absence of a more 

powerful light source, to ensure consistency, the BB was used as the PF illumination 
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source. The precision arising from σext measurements (at 405 nm) using the PF-generated 

radii (to analyse the σext data) proved not overly detrimental to the precision of the retrieved 

n405, with typical uncertainties of 𝑠(𝑛405)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ < ~ 0.004. Although it is the recommendations 

of this work to use Gaussian intensity illumination for PFs, the uncertainty associated with 

n405 measurements was considerably smaller than that associated with n532 (BB-PF) 

showing that, although the precision of the PF outputs was compromised, there were 

minimal deleterious effects on the precision of n405 from σext measurement.  

The parameterisation of n633 as a function of RH reported by Tang and Munkelwitz was 

compared to measurements of n633 from two independent instruments.21,41 All three data 

sets showed good agreement, indicating the accuracy and compatibility of the independent 

measurements techniques.  

The nλ of single, inorganic aerosol were measured at a number of wavelengths, where λ = 

405, 473, 532 and 650 nm as a function of RH. This measured data were combined with 

literature data reported at 589 and 633 nm. The variation in nλ was parameterised as a 

function of RH and wavelength of illumination with a Cauchy optical dispersion model. 

The optimisation of the Cauchy model ensured the resultant parameterisation was most 

representative of the input data and therefore the precision of the measured data was not 

compromised, while any potential systematic errors in any of the measurements were 

eliminated. This description of nλ constitutes the most precise and extensive to date, with 

the intention that it will be used in global radiative transfer models. Furthermore, the 

number of terms required to describe the extensive range of data is comparable to the 

number of terms reported by Tang et al. to parameterise the variation in nλ for a single 

wavelength of illumination (λ = 633 nm) as a function of RH.21,41 

It is imperative to have precise measurements of the optical properties of binary solutions 

known to be prevalent in the atmosphere, a comprehensive understanding of which will 

facilitate the study of more complex and atmospherically relevant organic aerosol 

components. The aqueous solutes studied represent the most abundant inorganic solutes in 

the atmosphere. It is critical to precisely measure the optical properties of binary systems 

before highly complex mixtures, which are more representative of atmospheric aerosol, can 

be probed and fully understood. This chapter has highlighted the precision in nλ that is 

achievable with the SP-CRDS instruments. The SP-CRDS instruments provides a potential 

route to probe single aerosol particles containing complex mixtures that would allow the 

validity of mixing rules to be assessed. These measurements have not been previously 

achievable due to the lack of precision in nλ available in other instrumental techniques.
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Chapter 5  

Measurements of the Optical 

Properties of Complex Mixtures of 

Aqueous Organic Compounds 

 

This chapter contains data (Figure 5.18 (a) and Figure 5.19(a)) which was presented in 

reference 57 in Faraday Discussions.57 A manuscript is in preparation for the majority of 

the data presented in this chapter. I performed all aerosol measurements of refractive index 

and calculated the predicted refractive index using the approaches presented in this 

chapter. The bulk refractometer and density measurements were performed by Aleks 

Marsh, except for the case of the aqueous glutaric acid and lysine mixture, where I 

performed the measurements.  

This work builds upon previously reported binary aerosol real refractive indices (nλ) at a 

given illumination wavelength (λ), by examining aerosol composed of increasing chemical 

complexity and thus, relevance to those found in the atmosphere. This chapter presents the 

first precise measurements of the optical properties of increasingly complex mixtures of 

aqueous organic compounds with the single particle cavity ring-down spectroscopy (SP-

CRDS) instrument. The measured data is compared to refractive index predictions (at 589 

nm, n589) calculated from different refractive index predictive approaches. This work 

presents the first thorough assessment of the validity of predictive methods and identifies 

specific parameters that are deleterious or advantageous to the prediction of n589. The 

solubility of the solute is shown to dictate the precision of the molar refraction mixing rule, 

while the group contribution (GC) model provides n589 predictions of the pure component 

with comparable precision to the precision achievable in typical ensemble aerosol 

measurements. The comparisons of precise single aerosol particle measurements to 

predictions enables general recommendations to be made regarding the overall benefits of 

laboratory methods compared to the merits of predictive mixing rules. The methodological 

and financial efficiencies of predictive approaches compared to experimental methods are 

also considered, allowing general conclusions regarding the validity and limitations of 

predictive approaches to be deduced.  
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5.1 Introduction 

It is of utmost importance to study the optical properties of aerosol particles to more tightly 

constrain estimates of global radiative forcing. Indeed, a number of laboratory techniques 

measure the refractive index of aerosol particles, tackling the task from the bottom-up. 

Single particle (SP) techniques enable high levels of precision to be achieved, nλ ± ~ 

0.005,119 which enable the fundamental properties of aerosols to be resolved. To date, 

precise measurements of nλ of single particles composed of binary or ternary mixtures of 

compounds have been investigated,21,41,67,111,112,119,139,140,173 providing a relatively simplified 

representation compared to the complex mixtures which commonly make up atmospheric 

aerosol.174,175 Alternatively, mixing rules provide an approach to estimate the refractive 

indices of aerosol particles, using theoretical relationships to estimate n589 for a particle of 

a given composition. There are no formal constraints under which different mixing rules 

should be applied and there are limited comparisons of predictions to measurements of 

aerosol nλ due to the previously limited precision of aerosol measurements. Rigorous 

investigation into the validity of mixing rules is required to improve global radiative forcing 

calculations. The precise measurements of complex mixtures nλ with the SP-CRDS 

instrument will enable a thorough examination of different methods for estimating 

refractive indices, allowing the limitations and general recommendations for the use of 

mixing rules to be made. 

Within the atmosphere, aerosols are composed of a diverse mixture of components from a 

range of both natural and anthropogenic sources.1,176,177 The presence of varied compounds 

within aerosol particles will affect the interaction of particles with the surrounding gas 

phase, which, will in turn affect the mass fraction of solute (ϕs) within the particle at a given 

relative humidity (RH). Changes to the surrounding RH also change the particle size, phase, 

shape, and nλ, thus affecting the radiative forcing impacts of aerosols. Furthermore, 

aerosols readily exist at supersaturated solute states which are inaccessible in bulk phase 

measurements. Therefore, in the absence of aerosol measurements of a given mixture an 

economical, alternative means of estimating the supersaturated microphysical properties 

are required: mixing rules.  

There are a range of mixing rules that allow the hygroscopic and optical behaviours of 

mixed component systems to be predicted based on knowledge of the relative abundance, 

density and refractive index of the pure component of each constituent compound. The 

prediction of the microphysical properties of aerosols in supersaturated solute states 

requires assumptions regarding the pure component solute. Often compounds exist as 

crystalline solutes in their pure form, therefore further calculations are required to estimate 
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the subcooled melt density and refractive index. Cai et al. clearly defined rules under which 

the density of the pure component can be predicted based on the solubility of the solute.56 

The most common mixing rules used in aerosol science are the volume fraction weighted 

mixing rule,51,111,154,178 mass-fraction weighted mixing rule,49 and the molar refraction (MR) 

mixing rule.56,111 However, there are no formal conditions under which each mixing rule is 

applied and there have been limited comparisons to aerosol measurements. Recent work by 

Cai et al. shows an alternative method of predicting the pure component n589 of compounds 

using a group contribution (GC) method.179 In principle, this method can be used to predict 

the refractive index of aerosol composed of a mixture of compounds. The advantage of 

using such GC methods are that they are significantly more time and cost efficient than 

performing exhaustive aerosol measurements. However, in the absence of rigorous 

comparison to experimental supersaturated aerosol data the validity of GC methods 

remains unclear. This work compares aerosol measurements to mixing rules to provide a 

framework for the prediction of properties of atmospherically important, highly complex 

aerosol particles. 

The optical properties of ensemble aerosol have been extensively probed, with a number 

of studies focused on aerosol composed of both organic and inorganic species.78,180 Many 

studies have probed the evolving optical properties of ensemble SOA as a result of chemical 

ageing or multiphase reactions,70,81,180–183 where nλ was resolved with precision of ~ ± 

0.02.180 There have been a number of comparison studies of mixing rules, by comparing 

aerosol measurements 64,111,116 or bulk phase measurements.56 Wang et al. compared n532 

predictions from a range of mixing rules (MR, volume ratio linear and Maxwell-Garnett 

rules) to CRDS measurements of dry ensemble aerosol (composed of different ratios of 

succinic acid to ammonium sulfate).64 In all cases the predicted n532 (calculated from the 

molar refraction, volume weighted and Maxwell-Garnett mixing rules) compared well to 

the measured n532, with the volume ratio rule providing the worst prediction, differing by 

0.0067.64 Aerosol composed of glutaric acid and sodium chloride were probed by aerosol 

CRDS where the mass weighted mixing rule provided the best comparison to the 

measurements.49  

Arguably the precision achievable from ensemble measurements is insufficient to validate 

mixing rules. Recent work by Cai et al. focused on predicting the hygroscopic and optical 

behaviour of a large range of organic compounds based on bulk phase measurements. Their 

work showed the molar refraction (MR) mixing rule provided the best prediction of 

refractive index.56 Liu et al. compiled published refractive index and density data of pure 

solutes and measurements of mixtures to assess the efficacy of mixing rules for predicting 

properties of multicomponent systems.116 The theoretical analysis showed that the MR 
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mixing rule was consistent with the Lorenz-Lorenz relation, highlighting the underlying 

physical basis.116 Therefore, in this work solely refractive index mixing rules which have 

an underlying physical basis (and are consistent with the Lorenz-Lorenz relation) will be 

studied; therefore, the validity of the MR mixing rule and GC theory will be explored.  

The refractive index of single particles of relatively simple systems composed of binary 

aqueous inorganic or organic compounds have been investigated previously,110,111,140 with 

a limited number of studies probing more complex systems. Shepard et al. used optical 

tweezers to measure the refractive index of atmospheric organic aerosol samples collected 

from the field, with typical uncertainties of n589 ± 0.007.97 Steimer et al. used an 

electrodynamic balance to measure nλ with an accuracy better than 0.005 for single particles 

composed of shikimic acid, a surrogate for SOA.92 SP-CRDS measurements of binary 

inorganic n405 were compared to mixing rules, where the MR mixing rule provided the best 

estimate.111 Clearly single particle (SP) techniques yield superior precision in nλ. However, 

such measurements are predominantly of binary solutions with limited comparisons to 

mixing rules. This highlights the opportunity for SP techniques to provide a means of 

robustly testing theoretical mixing rules for more complex multicomponent systems. 

The aim of this work is to test the validity of mixing rules. This is achievable with the high 

level of precision in nλ ± < 0.005 attained with SP-CRDS.119 This work represents the first 

measurements of any mixtures of organic compounds with SP-CRDS. The compounds 

studied are summarised in Figure 5.1. The method requires no prior assumptions about the 

properties of the pure component solute; thus, allowing the validity of mixing rules to be 

rigorously examined. Specifically, increasingly complex mixtures of atmospherically 

relevant aqueous organic compounds were probed and n473 and n532 measured over a range 

of RHs. The Cauchy chromatic dispersion model parameterised the measured data, which 

enabled direct comparison of the Cauchy calculated n589 to predictive approaches. The 

solutes studied were crystalline in pure form, therefore bulk phase refractometer 

measurements of n589 and density measurements were used with the MR mixing rule to 

produce a prediction of n589 from 100 – 0 % RH. The GC model was used to calculate the 

pure component (equivalent to 0 % RH) n589 for binary and complex mixtures. This work 

presents the first calculations of n589 with the GC model for mixed component systems. 

This work will test the validity of mixing rules and identify appropriate limitations. Further, 

more general conclusions regarding the validity of different methods of predicting of 

measuring refractive index will be discussed.  



139 
 

 

Figure 5.1 Schematic of the content of the chapter. 

 

5.2 Experimental techniques 

In this work, the 532 nm SP-CRDS instrument was used to measure the variation in n473 

and n532 as a function of RH. Single aerosol particles containing aqueous organic solutes of 

increasing complexity were studied. Bulk phase measurements of n589 were performed with 

a refractometer and the density measured, which were used to calculate the MR prediction 

at supersaturated regimes. 

5.2.1 Single-particle cavity ring-down spectroscopy instrument 

The 532-nm SP-CRDS instrument was used to perform measurements presented in this 

chapter. The instrument has been described in section 3.4.1. As in previous measurements, 

a single aqueous particle, containing the desired solutes, was trapped in the vertically 

propagating Bessel beam. Initially, the particle was trapped at high RH, which was 

systematically decreased over the course of ~ 2 hours. Simultaneous measurements of the 

angular variation in elastic light scattering, or phase functions (PFs), from an incident probe 

beam of Gaussian intensity profile (λ = 473 nm) allowed the refractive index (n473) and size 

of a particle to be retrieved. Meanwhile, measurements of the extinction cross section, σext, 

with cavity ring-down spectroscopy (CRDS, at λ = 532 nm) enabled the refractive index 

(n532) of the particle to be retrieved as a function of RH. 

The precision of this instrument has been demonstrated in Chapter 4 through the repetition 

of measurements of particles of the same composition (~ 10 repeats). Therefore, given the 

reported precision of the instrument, it was deemed robust to conduct ~3 repeat 

measurements for each aqueous organic mixture. The refractive index as a function of RH 
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was retrieved from both PFs and σext measurements and the average and one standard 

deviation in nλ was calculated for each illumination wavelength. 

The refractive index of hygroscopic particles can be measured precisely with PF 

measurements. It is important to note, however, that the current PF analysis procedure 

cannot represent systems where multiple compounds evaporate simultaneously. Therefore, 

in advance of varying the RH, the aqueous particle containing the desired solutes was held 

at constant RH (~ 80 %) while PFs were recorded. These measurements were analysed and 

examined to ensure that minimal solute evaporation occurred from a particle over ~1 hour. 

Therefore, in measurements when the RH was varied, it was appropriate to assume that 

only water was evaporating from the aerosol particle; thus, the retrieved nλ and radius as a 

function of RH was robust.  

The compounds studied in this work are known to be prevalent in the atmosphere.184,185A 

range of mixtures of increasing complexity were chosen, where the molecular functionality, 

molecular masses and solute solubility were varied. This approach aimed to allow 

identification of any key properties or factors that improve, or were deleterious to, the 

prediction of n589. There were also experimental limitations that were taken into 

consideration. As discussed previously, to robustly represent the change in radius and n473 

with changing RH it was assumed only water was evaporating from the particle. 

Furthermore, the average ratio of oxygen to carbon atoms in the mixture were considered 

to minimise the likelihood that liquid-liquid phase separation would occur. Previous studies 

showed that liquid-liquid phase separation can occur when the O:C ratio of the organic 

compounds are less than 0.56.9,186,187 Table 5-1 shows the mixtures of compounds 

investigated in this work, with the corresponding O:C ratios.  
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Table 5-1 Aqueous organic mixtures studied in this work 

Mixture Molar 

ratio 

Constituent compounds and the chemical structure O:C 

ratio 

Binary 1 - 

Lysine  

0.33̇ 

Binary 2 - 

Glycine  

1 

Ternary 1 1:1 Lysine  Glycine 0.50 

Ternary 2 1:1 Lysine Glutaric acid 

 

0.55 

Quaternary 

1 

1:1:1 Pimelic acid 

 

2,2-dimethylglutaric acid 

 

0.57 

3,3-dimethylglutaric acid 

 

Quintenary 

1 
1:1:1:1 Lysine Glycine 0.75 

Glutaric acid Malonic acid 

 

Quintenary 

2 

2:2:1:1 Lysine Glycine 0.66̇ 

Glutaric acid Malonic acid 

Quintenary 

3 

1:1:1:1 Arginine 

 

Methylsuccinic acid 

 

0.77 

Citric acid

 

Glutaric acid 
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5.2.2 Bulk phase measurements of density and refractive index 

For MR predictions of n589, the properties of the pure component solute densities and n589 

are required. For solutes which were crystalline in pure form, the subcooled melt density 

and refractive index were estimated, following the procedure described by Cai et al.56 Bulk 

phase measurements of the density and n589 of aqueous solutes were performed to calculate 

the supersaturated solute states present in aerosols with mixing rules. Such measurements 

are straightforward and require a number of (> 4) measurements at a range of mass fraction 

of the molar mixture of solutes (preferably so that measurements are relatively evenly 

spaced in the square root of mass fraction of solute domain; please see section 5.3.1 for 

more details). A range of solutions containing molar mixtures of the constituent compounds 

were prepared, ranging from dilute solutions to the solubility limit.  

5.2.2.1 Refractometer measurements 

A digital refractometer (Misco Palm Abbe PA203, with an accuracy of n ± 0.0001) was 

used to measure the refractive index of aqueous organic mixtures at 589 nm. Prior to the 

measurement of aqueous organic compounds, the refractive index of distilled water (Purite 

Select Fusion) was measured, to ensure the instrument calibration was satisfactory (n589 = 

1.3330). A few droplets (~1 mL, enough to cover the instrument lens) of the desired 

aqueous organic solution at a given ϕs was dispensed onto the lens of the refractometer and 

the refractive index measured and recorded. The lens of the refractometer was cleaned, and 

the measurement of distilled water was repeated before the following ϕs solution was 

measured. The n589 of each ϕs was measured three times and the average refractive index 

was calculated. A schematic of the internal components which enable the digital 

refractometer to measure n589 is shown in Figure 5.2.  

 

Figure 5.2 Schematic of the internal components of the digital refractometer.188 (a) Shows the 

measurements with the absence of a sample, while (b) shows the presence of a liquid sample. 
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Figure 5.2 shows the light generated from an LED at 589.3 nm which was passed through 

a sapphire prism, with a greater refractive index than the sample solutions. The light was 

reflected and collected by a linear array of photodiodes (containing 1024 detector 

elements). The change in the scattering angle of the light after interacting with the liquid 

sample was indicative of the sample refractive index. The refractometer provided the 

refractive index at the user interface. 

5.2.2.2 Density measurements  

A vibrating capillary density meter (Mettler Toledo Densito 30PX, with an accuracy of 

±0.001 g cm-3) was used to measure the density of the sample solutions. The same 

procedure that was outlined for refractive index measurements was followed, where the 

density of distilled water was measured before and between each organic solution to ensure 

the calibration and cleanliness of the instrument (ρ = 0.997 g cm-3). The solutions were 

injected into the density meter with a syringe, and it was ensured that there were no air 

bubbles present in the measurement cell while measurements were performed. Three 

measurements of density are performed for each solution, at a given ϕs, to ensure the 

measurements are reproducible. The measurement cell consists of a U-tube which, when 

filled with the liquid sample, is electronically excited to induce an oscillatory motion. The 

resonant frequency of the U-tube is influenced by the mass and therefore the density of the 

sample. Given the volume of the U-tube is known, the density is calculated by the 

oscillation period, T:189 

 

𝑇 = 2𝜋√
𝜌𝑉𝑐 + 𝑚𝑐

𝐾
 

 

5-1 

where ρ is the density of the sample in the cell, Vc is the internal volume of the U-tube, mc 

is the mass of the empty U-tube and K is the U-tube specific spring constant. This 

calculation was automated within the instrument to provide the measured density at the 

user interface.  

5.3 Refractive index mixing rules  

There are a range of mixing rules that can be employed to predict the optical and 

hygroscopic properties of aerosol composed of a mixture of compounds. The MR mixing 

rule is in accordance with the Lorentz-Lorentz equation, which unlike the other mixing 

rules has a physical basis and will therefore be considered in this work. Similarly, the GC 

model is based upon the Lorenz-Lorenz relation and allows the pure component refractive 

index to be determined. 
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5.3.1 Molar refraction mixing rule 

The MR mixing rule is commonly used to calculate the effective refractive index of a 

known mixture. The refractive index and densities of the pure constituent components116,190 

and the partial molar refraction data of the aqueous constituent molecules are required.21,168 

In order to predict the physiochemical properties of aerosol which exist in supersaturated 

solute states, it is essential for mixing rules to include the pure component subcooled melt 

density and refractive index.191 It is often not possible to measure these data, given that 

many compounds exist in a crystalline state in pure component form. Therefore, a method 

to estimate these properties must be employed. Cai et al. have thoroughly discussed a 

method of predicting the pure component subcooled melt refractive index and density from 

bulk phase measurements which will be used in this work.56 The effective density of a 

mixture is calculated using following self-consistent mixing rule:56 

 1

𝜌𝑀
=

1

𝑀𝑒
∑

𝑀𝑖𝑥𝑖

𝜌𝑚𝑖
𝑖

= ∑
𝜙𝑖

𝜌𝑚𝑖
𝑖

 
5-2 

where ρM is the effective density of the mixture, Me is the effective molecular weight, Mi 

the molecular weight of constituent species i, xi the mole fraction of species i, and ϕ the 

mass fraction and ρmi is the pure component density (which for solutes which are crystalline 

in pure form must be the room temperature melt density)191. 

The method for predicting the pure component density of a mixture of solutes reported by 

Cai et al. is summarised in Figure 5.3, and described in more detail in Sections 5.3.1.1 and 

5.3.1.2. This procedure was used in all calculations of the pure component melt density in 

this work. 
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Figure 5.3 Summary of the procedure reported by Cai et al. for calculating the pure 

component subcooled melt density of crystalline solutes, ϕs is the mass fraction of solute in an 

aqueous solution.56 

The Lorenz-Lorenz relation describes the physical relationship between pure substance 

refractive index and the mean molecular polarizability, α:56  

 
𝑅 = (

𝑛2 − 1

𝑛2 + 2
)

𝑀

𝜌𝑀
=

𝑁𝐴𝛼

3
 

5-3 

where ρM is the pure component melt density, M the molecular weight of the substance, R 

the molar refraction of a substance and NA Avogadro’s constant. The relation must be 

modified for instances where the solutes are not pure, and it is a multicomponent mixture. 

The effective properties of the ideal homogeneous system can be calculated (given by a 

subscript e) which is discussed in section 5.3.1.2.  

5.3.1.1 Retrieving the pure component melt density from bulk phase 

measurements 

The estimation of the pure component melt density is required in the calculations of the 

mixture pure component subcooled refractive index and the multicomponent n589 at RHs 

0–100%. The pure component melt density of a mixture of compounds can be retrieved 

from bulk phase measurements. There are two methodologies reported by Cai et al. which 

are used depending on the solubility of the solutes (indicated in Figure 5.3).56  
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For system composed of multiple constituents, equation 5-2 can be rewritten:56 

 1

𝜌𝑀(1 − 𝜙𝑠)
=

𝜙𝑠

𝜌𝑠(1 − 𝜙𝑠)
+

1

𝜌𝑤
 

5-4 

where ϕs is the mass fraction of a solute, ρM is the effective mass density, ρs is the pure 

component density of the solute, ρw is the pure component density of water. The pure 

component melt density is estimated from a series of bulk phase measurements. The ideal 

mixing rule was employed when the solutes are of low solubility, and the achievable ϕs in 

water is less than 0.4.56 Figure 5.4 shows bulk phase measurements of aqueous glycine up 

to the solute solubility limit: the y intercept was constrained to the 1 𝜌𝑤
⁄  value. The pure 

component melt density is calculated from the reciprocal of the gradient of the linear fit 

shown in Figure 5.4.  

 

Figure 5.4 Measurements of the density of aqueous glycine, blue data points. The solute is 

relatively insoluble and the maximum ϕs < 0.4, therefore the density is calculated from the 

linear fit shown by the green line. 

If the solute is considerably more soluble in water, so that the 𝜙𝑠 > 0.4, an alternative 

approach is used to calculate the pure component melt density. The pure component 

subcooled melt density is calculated from fitting a 3rd order polynomial fit to the √𝜙𝑠 

against the measured density, this is shown in Figure 5.5. The pure component subcooled 

melt density is estimated from the 3rd order polynomial when 𝜙𝑠 = 1.  
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Figure 5.5 The measured density for aqueous lysine plotted against the square root of the mass 

fraction of lysine. The was highly soluble and therefore the maximum ϕs > 0.4, allowing a third 

order polynomial to be fitted from which the pure component density was retrieved. 

5.3.1.2 Calculations of supersaturated refractive index from bulk phase 

measurements 

It is key to measure, or have the ability to estimate, the refractive index of given solutes 

over a range of atmospherically important RHs (0 – 100 %), corresponding to ϕs = 1 – 0. 

The bulk phase measurements and the calculated pure component density and n589 are used 

to calculate n589 at supersaturated solute states. Two methodologies are used depending on 

the solubility of the solutes in the mixture. The following expression gives the relationship 

between the pure component melt refractive index, n589(solute) and the molar refraction 

value of the solute, R(solute): 

 
𝑅(𝑠𝑜𝑙𝑢𝑡𝑒) =

𝑛589(𝑠𝑜𝑙𝑢𝑡𝑒)

𝜌(𝑠𝑜𝑙𝑢𝑡𝑒)
×

𝑛589(𝑠𝑜𝑙𝑢𝑡𝑒)2 − 1

𝑛589(𝑠𝑜𝑙𝑢𝑡𝑒)2 + 2
 

5-5 

where ρ(solute) is given by the procedure previously outlined in Section 5.3.1.1. The values 

of n589(solute) and R(solute) are calculated using a fitting procedure. The values n589(solute) 

and R(solute) are varied while the subsequent residual between the resultant n589 (for a 

given ϕs) and the bulk phase measurements of n589 is calculated. The optimum values are 

achieved using the Excel GRG nonlinear engine. The n589 at a given ϕs is calculated by 

rearranging Equation 5-3 to give: 

 

𝑛589 = √

𝑀𝑒
𝜌𝑒

+ 2𝑅𝑒

𝑀𝑒

𝜌𝑒
− 𝑅𝑒

 

5-6 
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where Re is the effective molar refraction, ρe the effective density and Me is the effective 

molar weight: 

 𝑀𝑒 = ∑𝑥𝑖𝑀𝑖

𝑖

 
5-7 

where x is the mole fraction and M the molecular mass of component i in a mixture.  

The effective molar refractions for solute mole fractions of 0 – 1 are calculated with the 

relative proportions of R(solute) and R(water), where 𝑅(𝑤𝑎𝑡𝑒𝑟) = 3.712. The effective 

densities of the aqueous solute at ϕs < 1 are calculated with different methods according to 

the solute solubility. In a similar fashion to the pure component melt density method, where 

the solute is highly soluble in the solvent, ϕs > 0.4, the following procedure is adopted. A 

third order polynomial function is fitted to the measured density data. The polynomial 

coefficients are used to calculate the effective density of the aqueous mixture at a range of 

ϕs. Alternatively, for solutes which are relatively insoluble, with ϕs < 0.4, the effective 

density is calculated from the pure component density: 

 
𝜌𝑒 =

1

𝜙𝑠

𝜌𝑠
+

1 − 𝜙𝑠

𝑀𝑒
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This method yields the refractive index of a given solute at a range of ϕs from 0 – 1. 

5.3.2 The group contribution model 

The GC approach was developed by Cai et al. and allows the pure component refractive 

index of organic compounds to be predicted based on the molecular polarizability of the 

constituent molecular subgroups.179 The theory is based on the Lorenz-Lorenz equation 

which relates the refractive index, nλ, of a species to the density, ρm, and molar 

polarizability, α: 179 

 
∑𝑥𝑓

𝛼𝑓

𝑉𝑚,𝑓
𝑓

=
3

4𝜋
(
𝑛2 − 1

𝑛2 + 2
) 

5-9 

where f is the functional group, xf is the mole fraction, and Vm,f is the polarizability volume, 

given by the following expression: 

 
𝑉𝑚,𝑓 =

𝑀𝑓

𝜌𝑚,𝑓
 

5-10 

where Mf is the molecular mass of the compound and ρm,f is the density. 

This approach can be used to estimate the n589 of a given solute in its pure component state, 

for the solutes investigated in this work fitted to solution data largely, with some crystalline. 

The work compiled hundreds of compounds pure component n589 data reported by Sigma 
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Aldrich. Cai et al. fitted the GC model to the literature data through minimising the residual 

between the literature n589 and GC calculated n589 by floating and optimising the 𝛼 𝑉𝑚,𝑓
⁄  

value for each molecular subgroup. The major advantage of this method is that the only 

data required to generate n589 is the molecular structure of the compound and the reported 

𝛼
𝑉𝑚,𝑓

⁄  values.  

In this work, the GC theory was used for the first time to estimate the pure component n589 

of a mixture of compounds. Figure 5.6 summarises the method used to generate a prediction 

of n589 using the GC approach. The molecular subgroups are designated according to the 

AIOMFAC model guidelines,192 with the exception of molecules which contained an 

alcohol group where the alkyl groups were treated as “CHn (alcohol)” molecular subgroups 

(which is the case in the GC model).179 The number of subgroups were multiplied by the 

corresponding 𝛼 𝑉𝑚,𝑓
⁄  coefficient indicated in Table 5-2 (model 1+ additional compound 

coefficients were used), the molecular polarizability from each functional group are 

combined in equation 5-9 to give the pure component n589. 

 

Figure 5.6 Summary of the procedure used to predict the pure component n589 using the Group 

Contribution approach.179 
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Table 5-2 Table of the Group Contribution approach coefficients for the 𝜶 𝑴𝑽
⁄  from Cai et al. 

for the molecular subgroups used in this work and the number of each subgroup in each 

organic mixture studied.179 

 

Molecular 

subgroup 

 

𝛼
𝑀𝑉

⁄  

coefficient 

Number of molecular subgroups in each aqueous 

mixture 
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n

e 

G
ly

ci
n

e 

T
er

n
ar

y
 1

 

T
er

n
ar

y
 2

 

Q
u

at
er

n
ar

y
 

Q
u

in
te

n
ar

y
 1

 

Q
u

in
te

n
ar

y
 2

 

Q
u
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n
ar

y
 3

 

CH3 (alc- 

tail) 

0.0555 - - - - 4 - - 1 

CH2 (alc) 0.0543 4 1 5 7 9 9 14 9 

CH (alc) 0.2201 1 - 1 1 - 1 2 2 

C (alc) 0.2369 - - - - 2 - - - 

C (OH) 0.1508 - - - - - - - 1 

OH 0.1071 - - - - - - - 1 

COOH 0.1179 1 1 2 3 6 6 8 8 

NH2 0.1156 2 1 3 2 - 3 6 2 

NH 0.1156 - - - - - - - 1 

CH=N 0.1159 - - - - - - - - 

 

This is the first assessment of the prediction of mixtures of organic compounds with the 

GC approach. In this work, the n589 was calculated by entering the constituent molecular 

subgroups of all constituents of the mixture (with appropriate stoichiometric weightings) 

with the GC approach and calculating the pure n589 for the mixture. The GC model was 
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developed with single compounds, this work will identify whether it is appropriate to use 

the model for complex mixtures of different organic compounds. 

5.3.3 Converting mass fraction of solute to relative humidity 

It is essential the optical properties of aerosol at different environmental conditions, such 

as RH, are known. Often the microphysical properties of aerosol are reported as a function 

of ϕs. It is imperative for atmospheric applications to calculate the RH with which the mass 

fractions are associated. The conversion from ϕs to RH, however, is not elementary and 

requires knowledge of the non-ideal hygroscopic behaviour of the given solutes. The 

properties of aerosol can be calculated using thermodynamic models such as AIOMFAC, 

however there are limited data upon which the models are constrained.192 This work 

includes measurements of amino acids, which are not included in the thermodynamic 

models. Therefore, in the majority of this work the mass of solute in a given droplet was 

calculated by confining a particle in dry conditions (~ < 5 % RH) and assuming the 

composition was exclusively the organic components. 

5.3.3.1 Calculating the mass fraction of solute from single particle 

measurements 

The ϕs to RH relationship was inferred from SP-CRDS measurements through calculating 

the number of moles of the given solutes in a dry aerosol particle and, in the absence of a 

ϕs to growth factor curve, assuming volume additivity. The dry size of a particle was 

directly measured with phase function measurements, provided the particle remained 

trapped at dry conditions. It was assumed at dry conditions that the particle was composed 

of the pure constituent solutes and all water had evaporated from the particle, therefore, 

𝜙𝑠=1. The number of moles of the constituent compounds were calculated at dry conditions 

(the density was assumed to equal that of the pure component melt density detailed in 

Section 5.3.1.1). Given the number of moles of solute were known at dry conditions, the 

number of moles of water corresponding to the increase in particle volume at higher RHs 

was extrapolated, therefore, allowing the 𝜙𝑠 to be calculated at a given RH. The 

experimentally retrieved 𝜙𝑠 at the associated RH was plotted and polynomial functions 

fitted to describe this relationship at high and low 𝜙𝑠, constraining the fit to 𝜙𝑠 = 1 at 0% 

RH and RH = 100 % at 𝜙𝑠 = 0 respectively. This procedure was employed for all organic 

mixtures which contained amino acid groups, since these atomic subgroups were not 

included in the AIOMFAC or UManSysProp models.192,193 Figure 5.7 shows a flowchart of 

the method of converting radius to ϕs, and shows the resultant relationship for a particle 

containing a molar mixture of aqueous glycine and lysine.  
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Figure 5.7 (a) Procedure for calculating the relationship between mass fraction of solute and 

the measured relative humidity. (b) Example of the retrieved mass fraction of solute (of a 1:1 

molar mixture of glycine to lysine) and the polynomial fits constrained to 𝝓𝒔 = 𝟏 (red line) 

and RH = 0 (blue line) for low and high mass fractions of solute respectively. 

In some cases, it was not possible to confine a liquid particle to low RH if, for example, it 

effloresced. Thus, it was necessary to employ a thermodynamic model to provide the 

relationship between ϕs and RH. 

5.3.3.2 AIOMFAC thermodynamic model 

The Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients 

(AIOMFAC) model is an online thermodynamic model which enables the non-ideal 

behaviour of mixtures of organic components and water to be calculated.192,194 The 

AIOMFAC model is a GC model which has been compared widely to experimental data 

where the model is reported to provide reasonable accuracy,192 with the AIOMFAC model 

representing experimental data within 10% RH.194 To generate the data of interest, the 

functional groups of the molecules (shown in Figure 5.8 (a)) were entered into the online 

model. There were a wide number of organic functional groups and different cation and 

anions available. However, the model did not cater for molecules containing amino acids. 

In this work, the mixture containing pimelic acid, 2,2-dimethylglutaric acid and 3,3-

dimethylglutaric acid was not measured at approximately dry conditions (due to 

efflorescence). Therefore, the AIOMFAC model was only employed for this specific 

mixture. The molecular subgroups for the constituent molecules and the relationship 

between ϕs and RH calculated with the AIOMFAC model are shown in Figure 5.8. 
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Figure 5.8 (a) The atomic subdivisions of the constituent molecules that were entered in the 

AIOMFAC model, where the different colours represent different molecular subgroup 

designations, green is a carbonyl group and grey an alkyl subgroup. (b) Mass fraction of solute 

(consisting of pimelic acid, 2,2-dimethyglutaric acid and 3,3-dimethyglutaric acid) to relative 

humidity relationship from AIOMFAC model predictions.  

5.4 SP-CRDS measurements of the variation in refractive 

index of aqueous organic mixtures with relative 

humidity and wavelength  

Organic compounds constitute the majority of atmospheric aerosol.17 This work presents 

the first measurements of single aerosol particles composed of a mixture of aqueous organic 

compounds over a range of RHs. Furthermore, increasingly complex particle compositions 

were studied. The SP-CRDS instrument provides precise measurements of n473 and n532. 

These measurements were compared to mixing rules and allowed a rigorous assessment of 

their validity. This was achieved through calculating n589 using the Cauchy chromatic 

dispersion model based upon the SP-CRDS and bulk phase measurements; this procedure 

allowed a direct comparison to the mixing rules. A range of atmospherically relevant 

organic compounds are the subject of this chapter. The different mixtures of organic 

compounds were chosen to aid the identification of the driving factors that dictate the 

accuracy of the prediction of the refractive index of particles composed of numerous 

compounds. It is also worth noting, there were a number of experimental factors that 

required consideration in order to ensure the precision of the measurements. The O:C ratios 

of the mixtures were considered to ensure liquid-liquid phase separation was unlikely to 

occur, which would compromise the retrieved radius and n473 from PF measurements. 

Additionally, it was necessary that the organic compounds were involatile within the 

experimental timescales. The precision of the SP-CRDS has previously been demonstrated 

in the previous chapter, therefore, in this work 2-3 measurements of each mixture were 

performed. 
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Both the MR mixing rule and the GC model were used to calculate n589. The pure 

component subcooled melt densities and n589 were calculated using the procedure 

summarised in Section 5.3.1 and thoroughly described by Cai et al.56 The GC model 

coefficients used to calculate the pure component n589 are tabulated in Table 5-2. 

5.4.1 Cauchy chromatic dispersion model to predict 

supersaturated n589  

In order to quantitatively compare the validity of the supersaturated n589 generated from 

predictive methods, a description of n589 with RH was determined based on the SP-CRDS 

and bulk phase measurements. The Cauchy equations are used in this work to provide a 

parameterisation of nλ based on measurements to enable n589 to be calculated at 

supersaturated concentrations. This allows a direct comparison between the Cauchy 

calculated n589 and the predications from the MR mixing rule and the GC model. The 

methodology used to generate a parameterisation which best describes the measured data 

was discussed in detail in Chapter 4. Therefore, a brief overview of the method is presented 

here.  

The Cauchy chromatic dispersion equation enables the extent of dispersions to be 

calculated at a given wavelength, λ, and RH (or 100aw) when it is fitted to measured data 

points: 

 

𝑛𝜆 = 𝑛0 + ∑𝑛𝑖 [(
𝜆0

𝜆
)
2𝑖

− 1]

𝑁

𝑖=1

 

5-11 

where λ0 is the central wavelength, 525 nm in this work and n0 and n1 are given by equations 

5-12 and 5-13. 

 𝑛0 = 𝑛0,0 + 𝑛0,1(100𝑎𝑤) + 𝑛0,2(100𝑎𝑤)2 + 𝑛0,3(100𝑎𝑤)3 5-12 

 𝑛1 = 𝑛1,0 + 𝑛1,1(100𝑎𝑤) + 𝑛1,2(100𝑎𝑤)2 + 𝑛1,3(100𝑎𝑤)3 5-13 

The values that give n0 and n1 were optimised such that the average residual, |𝑛|̅̅ ̅̅ , between 

the Cauchy model, nmodel, and the measured data points, nj, was minimised: 

 

|𝑛|̅̅ ̅̅ =
1

𝐽
∑|𝑛𝑚𝑜𝑑𝑒𝑙 − 𝑛𝑗|

𝐽

𝑗=1

 

5-14 

The minimum |𝑛|̅̅ ̅̅  and thus the optimum parameterisation was achieved by varying the n0 

and n1 coefficients using the Microsoft Excel GRG non-linear engine. The n473 and n532 data 

used was the average from a number of SP-CRDS measurements. The n589 was from the 

bulk phase measurement of the desired mixture: the equivalent water activity/RH range of 
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these measurements is dependent on the solubility limit of the solutes. The Cauchy 

parameterisation was compared to data at 2% RH intervals since this is the upper end of 

the uncertainty associated with the RH probe in the SP-CRDS instrument. The Cauchy 

parameterisation was compared to the measurements over the available RH range. The data 

for pure water reported by Daimon et al. was used to provide the refractive index at RH = 

100%.122 The residual between the parameterisation and the data at RH = 100 and at the 

lowest measured RH were incrementally increased, if necessary, to ensure the Cauchy fit 

represented both data at the extremes of the RH range studied. The optimised Cauchy 

parameterisation of the measured data is shown in Figure 5.9. 
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Figure 5.9 The measured refractive index at discrete wavelengths indicated by the data points 

and the Cauchy model fit indicated by the lines. Every 10% in relative humidity is shown for 

simplicity which is indicated by the different coloured lines and data points.  
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Figure 5.9 shows nj and nmodel at 10% RH increments, providing an overview of the model 

description of the measured data. It is important to note that the model was fitted to data 

every 2 % in RH, the number of data points, N, upon which each mixture parameterisation 

is based are shown in Table 5-3. On the whole, the measured data spans a large range of 

RHs. The quaternary mixture (composed of aqueous pimelic acid, 2,2 and 3,3-

dimethylglutaric acid) effloresced at relatively high RH, thereby restricting the available 

RH range that could be studied. For the remainder of the mixtures studied, the 

parameterisation provides a good description of the measured nλ at the low RH range and 

at 100% RH. However, the parameterisation gives values at 80 and 90% RH that differ 

significantly from the measurements. The nλ changes rapidly at high RHs which the 

parametrisation often cannot represent and the nλ is always underpredicted at high RHs by 

typically 0.8 or 2.5 %. Nevertheless, the minimal variation in nλ at low RHs is encompassed 

by the model. In general, the measured data are described well by the parameterisation, 

indicated by the low |𝑛|̅̅ ̅̅  values in Table 5-3, with all |𝑛|̅̅ ̅̅ ≤ 10-2. The mixture with the 

largest average residual is the Ternary 2 (composed of aqueous lysine and glutaric acid) 

this is evident in Figure 5.9 where there the Cauchy model predicts nλ which differs by at 

most ± 0.05 from the measured data.  

Table 5-3 summarises the coefficients which describe the variation in nλ with RH and λ for 

each aqueous organic mixture studied. The number of measured and literature data points, 

N, which the parameterisations are based upon are indicated. These vary from ~ 40 – 100, 

and is due to both the varying solubility of the solutes, which dictates the number of n589 

data points, and the efflorescence RH. The quaternary mixture (composed of aqueous 

pimelic acid and 2,2 and 3,3-dimethylglutaric acid) exemplifies both factors; the solutes 

are the most insoluble of those studied in this work and the neutralised mixture exhibited a 

high efflorescence RH thereby limiting the number of data points. The |𝑛|̅̅ ̅̅  value is the 

lowest of all mixtures, indicating the Cauchy model describes the available data very well. 

The Cauchy model does not describe mixtures which show large variation in nλ at high RH 

and minimal variation in nλ at low RHs, where |𝑛|̅̅ ̅̅ ≈ 9 × 10-3 for aqueous lysine, ternary 2 

(composed of lysine and glutaric acid) and quintenary 2 (composed of 2:2:1:1 molar 

mixture of lysine, glycine, malonic acid and glutaric acid). The parameterisation describes 

mixtures which exhibit a more constant change in nλ with RH with improved accuracy, 

such as for ternary 1 mixture (composed of glycine and lysine) where |𝑛|̅̅ ̅̅ ≈ 5 × 10-3. 
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Table 5-3 Summary of the global fit Cauchy parameters to best describe nλ as a function of 

RH and λ for each aqueous mixture studied in this work. The coefficients nx,x relate to 

equations 5-12 and 5-13, N is the total number of data points from which the Cauchy 

parameterisation was output, where |𝒏|̅̅ ̅̅  is the absolute mean residual between the Cauchy 

model and the measured data. 
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n0,0 1.5715 1.5460 1.5593 1.5334 1.4591 1.5429 1.5472 1.5442 

n0,1/10-5 -2.6308 -76.012 -86.990 -23.261 46.615 1.5638 -7.2558 -0.3782 

n0,2/10-7 0.0000 19.097 -11.286 1.6570 0.0000 -1.6261 5.2511 0.0000 

n0,3/10-7 -2.3181 -1.4896 -1.2500 -1.7124 -1.6847 -2.0428 -2.0647 -2.0842 

n1,0/10-2 4.8352 3.3403 2.3486 3.7657 7.3039 5.8749 6.2852 1.4708 

n1,1/10-4 -2.0959 -1.4605 -1.5491 -1.3737 -5.7801 -3.4973 -6.1114 1.5704 

n1,2/10-6 -2.1938 0.5095 0.0000 -1.2318 -0.0520 -0.25543 -1.1762 -2.3199 

n1,3/10-8 -1.4337 0.0000 0.0000 0.1314 0.0000 -0.76114 1.8478 0.0000 

N 102 81 71 93 39 50 96 80 

|𝑛|̅̅ ̅̅ /10-3 7.5 5.2 5.5 10 3.9 4.9 8.2 6.0 

RH range /% 100 – 0  100 – 0 100 – 0 100 – 0 100 – 50 100 – 0 100 – 0 100 – 0 
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5.4.2 Measurements of binary organic compounds 

The optical properties of aqueous binary mixtures of organic compounds were investigated. 

Amino acids are known to be prevalent in the atmosphere, released from oceanic bubble 

bursting releasing proteinous species, or from long range terrestrial sources.185 Both lysine 

and glycine have relatively similar molecular structures and functionality yet distinctly 

different solubility. The mixing rules and bulk measurements (at λ = 589 nm) were 

calculated or measured as function of the ϕs. The ϕs was converted to the more 

atmospherically relevant parameter of RH from the SP-CRDS measurements in a process 

previously described in section 5.3.3.  

A single aerosol particle composed of a single aqueous organic solute was trapped and the 

extinction cross-section probed with CRDS. An example of the measured data collected for 

each droplet are shown in Figure 5.10, where both the raw data and the optimised cavity 

standing-wave (CSW) Mie theory fit to the data are shown. It is clear the larger droplet 

radii exhibits an increased number of features. Overall, the CSW-Mie theory envelope 

replicates the measured data broadening and narrowing and peak positions. The extinction 

cross-section fitting procedure yields the refractive index at the illumination wavelength (λ 

= 532 nm), this is shown in Figure 5.11 for both organic compounds. 

 

Figure 5.10 Extinction cross-section measurements of binary aqueous organic solutions. The 

green data points are the measured data and the black lines are the cavity standing-wave 

(CSW) Mie theory fit.  

The n473, n532, and n589 from SP-CRDS and refractometer measurements in Figure 5.11 

exhibit the expected trend in chromatic dispersion, where at high RH the nλ converge as the 

particle composition tends towards that of pure water. At lower RHs the nλ increases and 

diverges as the composition tends towards that of the pure solute. The maximum RH 

achievable in the SP-CRDS instrument is ~90 %, and, as the particles were gradually dried 

out, the particles either became too small (beyond the experimental limits) or unstable and 
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exited the trap. Therefore, the SP-CRDS measurements do not always span the entire 

possible RH range.  

The refractometer measurements are conducted in the bulk phase. Therefore, these 

measurements are limited by the solubility of the given solutes. Lysine is highly soluble 

and therefore the bulk measurements span from 100% - 72 % RH, whereas glycine is 

sparingly soluble which corresponds to RHs > 95 %. These measurements lie in accordance 

with the SP-CRDS measurements, illustrating the precision and complementary use of 

these different techniques. 

The n589 calculated from the Cauchy model based on the SP-CRDS and bulk phase 

measurements are also shown in Figure 5.11. The Cauchy description can be directly 

compared to the molar refraction and GC n589 estimates. The MR predictions of n589 at 

supersaturated solute concentrations are, in effect, an extrapolation of the bulk n589 data but 

constrained to conform with the MR functional forms. Figure 5.11 shows that the MR 

prediction is significantly more accurate with increased solute solubility: the prediction of 

aqueous lysine is superior to that of aqueous glycine. The MR prediction of lysine shows 

good agreement with n589 calculated with the Cauchy model, whereas, the MR prediction 

of glycine overpredicts n589, the extent of which increases at decreasing RH. The glycine 

MR prediction lies above the SP-CRDS measurements at RHs < 75 %, which defies the 

expected trend in chromatic dispersion. This indicates that MR predictions are not a precise 

representation of the particle optical properties for this system. This is not an unexpected 

result since this approach is dependent on fitting the MR functional form to bulk phase data 

which are limited for glycine due to its sparingly soluble nature. 
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Figure 5.11 Both panels show the SP-CRDS average measured n473 and n532 (blue and green 

data points respectively with the shaded area corresponding to one standard deviation), the 

Cauchy model calculation of n589 (the dashed orange line), the bulk phase n589 measurements 

(shown by the orange squares), the molar refraction prediction of n589 (shown by the solid 

orange line), and the group contribution prediction of the pure component n589 (shown by an 

open orange triangle) for aqueous (a) glycine or (b) lysine. 

The GC model predicts the pure component n589 at RH = 0%. The prediction of n589 of pure 

glycine is significantly lower than the n589 based on SP-CRDS measurements, where n589 

from the GC model differs by ~ 0.05. The GC prediction for lysine agrees well with n589 

from the Cauchy model. Both molecules were divided into the same molecular subgroups 

in the GC model, but in differing proportions. Lysine is a larger molecule than glycine, 

with a longer alkyl chain and an additional nitryl group. The GC model is trained to 

hundreds of compounds; however, it is inevitable that some subgroups will be better 

described by the model than others.  
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5.4.3 Measurements of ternary mixtures of organic compounds 

The optical properties of a range of ternary mixtures were measured and compared to 

mixing rules to identify the factors that influence the validity of the predictions. The optical 

properties of binary aqueous glycine or lysine were previously probed. An aqueous 

equimolar mixture of aqueous lysine and glycine was investigated to study whether the 

refractive index was additive or whether it is more complex. Glutaric acid is one of the 

most prevalent organic compounds in the atmosphere,184 and so an equimolar mixture of 

aqueous glutaric acid and lysine was also studied.  

Examples of the measured extinction cross-sections of both ternary mixtures are shown in 

Figure 5.12. The CSW-Mie theory fit represents the data well, with the envelope peak 

positions matching the measured data, with a minor deviation evident in Figure 5.12 (b) as 

the particle radius decreases below 1100 nm. The measurements were repeated for each 

particle composition, thus ensuring at least two particles containing the same solutes were 

probed. The average n532 from CRDS measurements as shown in Figure 5.13. 

 

Figure 5.12 Extinction cross-section measurements of aqueous ternary mixtures of organic 

compounds. The green data points are the measured data and the black lines are the cavity 

standing-wave (CSW) Mie theory fit. 
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Figure 5.13 Both panels show the SP-CRDS average measured n473 and n532 (blue and green 

data points respectively with the shaded area corresponding to one standard deviation), the 

n589 calculated from the Cauchy model (the dashed orange line), the bulk phase measurements 

at n589 (shown by the orange squares), the molar refraction prediction of n589 (shown by the 

solid orange line), and the group contribution prediction of the pure component n589 (shown 

by an open orange triangle) for aqueous (a) lysine and glycine or (b) lysine and glutaric acid. 

Figure 5.13 shows the expected trend in chromatic dispersion for the measured data, with 

both mixtures exhibiting minimal variation in refractive index with increasing RH. Both 

mixtures show similar solubility limits (~ 85 %), yet the MR prediction of supersaturated 

n589 shows varying degrees of precision. The MR prediction for the aqueous glycine and 

lysine mixture increasingly over predicts n589 at decreasing RHs. The MR prediction is 

similar to the prediction for glycine, which similarly overpredicted n589. The measured n473 

and n532 are very similar to that of aqueous glycine. However, since both the binary lysine 

and glycine measurements are relatively similar it is difficult to ascertain whether the 

optical properties are dominated by a specific compound. The GC model underpredicts n589 

for the aqueous glycine and lysine mixture at RH = 0%. Given that refractive index varies 

with illumination wavelength (according the Cauchy or Sellmeier equations, see Chapters 

2 and 4 for more details) due to the chromatic dispersion, it is expected that the refractive 

index will increase as the illumination wavelength decreases. Arguably an underprediction 
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of n589 is more plausible physically (due to the expected trend in nλ from chromatic 

dispersion) than an overprediction. It is unequivocal that if the n589 predictions lie above 

the SP-CRDS data that the prediction is inaccurate. However, the extent of the 

underprediction of n589 cannot be assessed since there are no available measurements at 

longer wavelengths to which the prediction can be compared and constrained. 

The glutaric acid and lysine predictions of supersaturated n589 show good agreement 

compared to the Cauchy model. The MR prediction agrees well with the Cauchy calculation 

of n589 for RHs < 70 %. At high RHs the MR description of n589 is based upon measurements 

which equate to high RH conditions. Furthermore, the Cauchy description was not able to 

represent the sharp change in nλ observed at high RHs for a number of mixtures. Therefore, 

is it assumed at high RHs (> 70%) that the MR mixing rule provides a superior prediction 

compared to the Cauchy model. The GC prediction of the pure component n589 lies ~ 0.01 

below the n589 Cauchy calculation. It is worth noting that this prediction method solely 

considers the molecular subgroups that constitute the molecules in the mixture, and it 

provides a remarkably good prediction of the mixture n589 at 0% RH. 

5.4.4 Measurements of quaternary mixtures of aqueous organic 

compounds 

5.4.4.1 Aqueous pimelic acid, 2,2-dimethyl glutaric and 3,3-dimethyl glutaric 

acid  

An aqueous mixture of three organic compounds that are structural isomers was 

investigated. Prior to conducting measurements at varied RH, a particle composed of 

aqueous pimelic acid, 2,2-dimethyl glutaric and 3,3-dimethyl glutaric acid was trapped and 

held at constant RH. At (near) constant RH the radius decreased and the n473 increased, 

indicating a change in composition as compounds evaporated from the particle. All other 

organic mixtures presented in this chapter did not exhibit volatilisation at constant RH. 
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Figure 5.14 An aqueous, eqimolar mixture of pimelic acid, 2,2-dimethylglutaric acid and 3,3-

dimethylglutaric acid (a) held at constant RH, blue data points, while the PFs were collected, 

yielding the radius, black data points, and n473, red data points. (b) The same aerosol particle 

was then exposed to decreasing RH. 

Figure 5.14 (a) shows that over ~ 3000 seconds the particle radius decreased by 400 nm, 

indicating the volatilisation of compounds from the particle. This process is indicative of 

the high vapour pressures of the constituent compounds. To reliably retrieve n473 (and 

therefore n532) as a function of RH, it is essential the only compound volatilising from the 

droplet is water and the ratio of solutes remains constant over the course of the 

measurement. Figure 5.14 (b) shows the same particle from Figure 5.14 (a) under varied 

RH. The radius with humidity trend is broadly as expected. However, there is an unphysical 

dependence of n473 with RH at < 60 %. The process of more than one compound volatilising 

at once, at varying rates, produces a complex relationship between the particle radius and 

n473 which it is not possible to represent with the current PF analysis software. Therefore, 

to reliably measure the optical properties of these compounds the vapour pressure of the 

dicarboxylic acids must be supressed by changing the droplet pH.  
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5.4.4.2 Aqueous pimelic acid, 2,2-dimethyl glutaric and 3,3-dimethyl glutaric 

acid with sodium hydroxide 

The quaternary aqueous organic mixture was neutralised to supress the vapour pressure to 

ensure the only size response was hygroscopic. The pH was increased from pH 1.99 to pH 

5.98 through the addition of sodium hydroxide solution; consequently, the solution was the 

sodium salt of constituent acids. The presence of sodium hydroxide adds an additional 

hygroscopic component to the solution, which will undoubtably effect the hygroscopic 

response of the particle. However, given the current analysis approach this method offers 

a surrogate for the otherwise currently inaccessible volatile mixture. A single aerosol 

particle generated from the neutralised bulk solution was examined in the SP-CRDS at near 

constant RH, shown in Figure 5.15. 

 

Figure 5.15 Neutralised aqueous pimelic acid, 2,2-dimethylglutaric acid and 3,3- 

dimethylglutaric acid solution held at near constant RH, blue data points, while the radius, 

black data points, and n473, red data points, were measured from PFs. 

Under near constant RH conditions, the change in radius and n473 of the neutralised solution 

was minimised compared to Figure 5.14 (a) and were consistent with changes in the 

surrounding RH. The neutralisation of the solution successfully supressed the volatilisation 

of the compounds of interest, meaning the RH induced-size change was assumed to arise 

from the change in water content within the particle. The neutralised solution was used in 

further experiments to study the optical properties of this quaternary mixture.  

A consequence of adding sodium hydroxide to the organic mixture was that it caused the 

particles to effloresce at a relatively high RH of ~ 55 %. This is intuitive since the addition 

of a base to an acid will produce salt and water. This meant that it was not possible to use 

the method outlined in section 5.3.3 to convert from ϕs to RH because the particle 

crystallised. Therefore, the relationship between ϕs and RH was calculated with the 

AIOMFAC model (for pimelic acid, 2,2 and 3,3-dimethylglutaric acid). It is worth noting 
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the AIOMFAC model considers organic subgroups. However, although the model includes 

some inorganic ions is was not possible to include NaOH.  

Figure 5.16 shows an exemplar plot of the measured extinction cross-section of a droplet 

containing the neutralised quaternary organic mixture. The CSW Mie theory envelope fits 

the measured data well, with the peaks and envelope collapses corresponding to the 

measurements. The data below 1200 nm shows a minor difference between the peak 

positions of the measured data and fitted envelope. Overall however, the CSW Mie theory 

represents the data. The retrieved n532 from this particle was combined with n532 from two 

different particles to provide the average n532 and one standard deviation in Figure 5.17. 

 

Figure 5.16 Extinction cross-section measurement of neutralised aqueous pimelic acid, 2,2-

dimethylglutaric acid and 3,3-dimethylglutaric acid solution. The green data points are the 

measured data and the black lines are the CSW Mie theory fit. 

The MR prediction in Figure 5.17 shows considerable deviation from the SP-CRDS 

measurements. The aqueous quaternary mixture effloresced at ~ 55 % RH, therefore, the 

SP-CRDS data covers a limited range of RHs. The bulk phase refractometer measurements 

span a limited range of RHs, > 98 %, due to the limited solubility of the solutes. The 

insolubility is shown to be severely detrimental to the MR prediction of n589, where, unlike 

the other mixtures examined in this work, the MR prediction diverges considerably from 

the SP-CRDS measurements at high RHs. The deviation is attributed primarily to the 

insolubility of the solutes. However, it is also worth noting that the ϕs to RH was calculated 

from AIOMFAC model, and this may incur additional errors.  

The Cauchy model n589 spans a limited valid RH range, since the measurements upon which 

it is based cover a limited RH range. Therefore, it is not possible to compare the accuracy 

of the predictions to the Cauchy model at RHs < 50%. It can be observed, however, that 

both the MR and GC approaches provide a similar prediction of n589 at 0% RH, within 
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~0.015. In this work, for previous mixtures where both approaches have given relatively 

similar values of n589 these predictions proved to be similar to the Cauchy prediction. 

Therefore, it is hypothesised that due to the similarity of both predictive approaches, the 

low RH predictions are likely to be relatively accurate. 

 

Figure 5.17 The SP-CRDS average measured n473 and n532 (blue and green data points 

respectively with the shaded area corresponding to one standard deviation), the Cauchy model 

calculation of n589 (the dashed orange line), the bulk phase measurements at n589 (shown by the 

orange squares), the molar refraction prediction of n589 (shown by the solid orange line), and 

the group contribution prediction of the pure component n589 (shown by an open orange 

triangle) for aqueous pimelic acid, 2,2-dimethylglutaric acid and 3,3-dimethylglutaric acid 

with sodium hydroxide. 

5.4.5 Measurements of quintenary mixtures of organic compounds 

Quintenary mixtures of aqueous organic compounds were investigated in equimolar and 

non-equimolar ratios with the aim of identifying whether the molar proportions of the 

constituents within the mixture have a proportional effect on the resultant refractive index. 

A mixture of compounds containing a large range of molecular weights and functionality 

were also investigated. 

A single particle composed of the desired solutes was trapped in the BB while the elastic 

light scattering, and extinction cross-section were measured. Figure 5.18 shows exemplar 

measured extinction cross-sections of particle composed of quintenary mixtures with the 

optimised CSW Mie theory fit. The different particles exhibit a varied number of features, 

with the smallest particle exhibiting the fewest. Although both particles in panels (b) and 

(c) have comparable upper radii, yet there are fewer resonances observed in the panel (b). 

None of the quintenary mixtures effloresced and were liquid at very low humidities (RH < 

5%). The data in panel (b) does not extend to lower radii due to trapping instabilities and 

the particle exiting the BB trap prior to exposure to low RHs and corresponding smaller 

radii. The CSW Mie theory envelope represents the measured data well. At least two 

different droplets containing the same solutes were studied, the retrieved nλ from extinction 
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cross-section measurements and PFs for each quintenary mixture was averaged over the 

RH range studied, this is shown in Figure 5.19. 

 

Figure 5.18 Extinction cross-section measurements of quintenary aqueous mixtures of organic 

compounds. The green data points are the measured data and the black lines are the CSW 

Mie theory fit. 

In general, the measurements and predictions of the equimolar mixture of aqueous lysine, 

glycine, glutaric acid and malonic acid show the expected trend in chromatic dispersion, 

with the shorter illumination wavelengths exhibiting higher nλ at a given RH. The non-

equimolar mixture shows the expected dispersion behaviour for the SP-CRDS 

measurements and the GC model. However, increasing divergence is seen for the MR 

prediction with decreasing RH. The solubility limits of both mixtures are comparable and 

in both cases the MR prediction increasingly deviates from the Cauchy model n589 as the 

RH decreases. The MR supersaturated regime predictions are an extrapolation of the 

subsaturated bulk phase measurements which are constrained to the MR functional form 

and therefore, it is predications will be increasingly imprecise at lower RHs. The MR 

prediction of n589 exhibits a different curvature to the measured data. The dependence of 

the measured nλ with RH depends on the hygroscopicity of the particle and the refractive 

index of the pure solute. At low RHs the nλ shows less variation with RH than the MR 

prediction; it is possible that this is a result of the particle viscosity increasing (at decreasing 

RH) which would suppress the water loss from the particle.  
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Figure 5.19 All of the panels show the SP-CRDS average measured n473 and n532 (blue and 

green data points respectively with the shaded area corresponding to one standard deviation), 

the Cauchy model calculation of n589 (the dashed orange line), the bulk phase measurements 

at n589 (shown by the orange squares), the molar refraction prediction of n589 (shown by the 

solid orange line), and the group contribution prediction of the pure component n589 (shown 

by an open orange triangle) for aqueous (a) lysine, glycine, glutaric acid and malonic acid in 

equimolar ratios (b) lysine, glycine, glutaric acid and malonic acid in molar ratios of 2:2:1:1 

and (c) arginine, methylsuccinic acid, glutaric acid and citric acid in equimolar ratios. 

The variation of the molar ratios of glycine and lysine in panels (a) and (b) of Figure 5.19 

shows the MR predicted n589 is more sensitive to the changes in composition compared to 

the measured data. The SP-CRDS measurements of both mixtures, regardless of the molar 

ratios, show remarkably similar n473 and n532 at a given RH. Varying the proportions of 

lysine and glycine had a minimal impact on the measured nλ. For both mixtures, the GC 

model compares very well to the Cauchy n589, in both cases underpredicting by ~ 0.02. This 

method of prediction provides a significantly improved prediction compared to the MR 

approach. However, it is worth noting both predictive approaches are generated from 

different methods. The MR mixing rule is an extrapolation of bulk phase measurements to 

the solubility limit of the solutes, thus the divergence at low RHs is intuitive since the 

prediction is constrained at high RHs.  

Figure 5.19 (c) shows the measurements and predictions of nλ as a function of RH for a 

mixture of aqueous arginine, glutaric acid, methylsuccinic acid and citric acid. It is evident 

that the MR and GC predictions of n589 show good agreement with the Cauchy model n589. 

The MR prediction agrees remarkably well with the Cauchy n589 over the majority of the 
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RH range, 100 – 30%. At lower RHs, < 30% RH, the MR mixing rule lies marginally above 

the Cauchy calculation of n589, by < 0.01. The complexity of the mixture investigated here 

is not expected to impact the MR prediction, the validity of which is predominantly dictated 

by the solute solubility. However, the complexity of the mixture is more likely to impact 

the prediction from GC theory. In this case, GC theory shows a slight underprediction of 

n589 compared to the Cauchy model n589 at RH = 0%. The GC n589 estimate is very similar 

to the Cauchy calculation of n589, particularly when taking into consideration the 

complexity of the mixtures and the number of different molecular subgroups contained 

within the quintenary organic mixtures. 

The MR and GC approaches to calculate n589 have been compared for each aqueous organic 

mixture of increasing complexity. To assess the validity and limitations of the predictive 

methods, the data from all organic mixtures were evaluated as a whole.  

5.5 A comparison of measured data to the refractive index 

mixing rules  

Refractive index mixing rules are frequently used to estimate the refractive index of 

atmospheric aerosol. Often the rules used have little physical basis and have not been 

directly compared with aerosol measurements. Therefore, the validity of using such rules 

to predict aerosol nλ has not been rigorously investigated. This work considers predictive 

methods which are consistent with the Lorenz-Lorenz equations. The MR mixing rule is 

based on the physically sound Lorenz-Lorenz equations, which is used to parameterise bulk 

phase measurements. The Cauchy model on the other hand, is fitted to considerably more 

extensive data, both in terms of wavelength and RH, which includes supersaturated 

measurements. This chapter presents the first direct comparison of multicomponent aerosol 

data to the GC approach. The MR mixing rule was investigated from 0 – 100 % RH for 

binary to quintenary mixtures of aqueous organic species. The MR and GC methods of 

predicting the pure component n589 will be assessed. 

It is important to identify the validity of mixing rules to better understand the circumstances 

when different measurement or predictive approaches are best employed. There are a 

number of experimental techniques that allow the refractive index of aerosol particles to be 

measured directly. These are typically time consuming, expensive and require expertise. 

Furthermore, when considering the vast number of mixtures of compounds in the 

atmosphere, the scale of the task is enormous. A comparison of the Cauchy model n589 with 

different predictive approaches aims to identify whether, given typical instrument 

uncertainties, a computational approach or bulk phase measurements are appropriate, or if 
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the precision from aerosol measurements are necessary. Both the simplicity of the method 

and the precision in terms of radiative forcing will be considered, where the uncertainty in 

nλ must be minimised to reduce uncertainties propagated in RF calculations. 

5.5.1 An assessment of the molar refraction mixing rule validity 

The MR mixing rule was compared to the Cauchy model n589 over the full RH range. The 

residual between MR predicted n589, and the Cauchy n589 was calculated at each RH and is 

shown in Figure 5.20. A residual of zero would correspond to the same values of n589, 

whereas a positive residual value implies the MR prediction is higher than the Cauchy n589 

value at a given RH. 

 

Figure 5.20 The residual between the molar refraction prediction and the Cauchy model 

calculation of n589 as a function of RH. The different colour data points relate to different 

mixures, indicated in the key, with the colour indicative of the solute solubility, where blue is 

most soluble to red least soluble. 

It is important to note, when observing the residuals in Figure 5.20 at high RH (>~ 70% 

RH), that the Cauchy model to which the MR predications are compared often did not 

provide a precise description of nλ. The MR mixing rule is based upon measurements made 

at mass fractions of solute equivalent to high RHs, and therefore the MR mixing rule is 

expected to be most accurate at high RHs, particularly for highly soluble solutes. Therefore, 

predominantly for highly soluble mixtures it is more appropriate to examine the residual in 

n589 at lower RHs (< 70%) where the Cauchy model provided a precise description of the 

measured data. Taking this into consideration, in general, the residual increases with 

decreasing RH. Notably the more soluble compounds, overall, have lower residuals across 

the RH range, with sparingly soluble mixtures exhibiting the largest residuals. The 

quaternary mixture (of pimelic acid, 2,2, and 3,3-dimethylglutaric acid) shows a 

particularly high residuals at increased RH. This mixture was extremely insoluble, and the 



173 
 

ϕs to RH relationship was calculated with the AIOMFAC model, unlike all other data 

presented therefore this data will be excluded from proceeding comparisons.  

Figure 5.21 (a) shows the solubility of the solutes in a mixture compared to the average 

absolute residual between the MR prediction and the Cauchy calculation of n589. There is a 

trend that increasingly soluble solutes exhibit lower average residuals. This is indicative of 

the process by which the supersaturated MR n589 is calculated: where the bulk phase data 

constrains the MR prediction. For soluble solutes with ϕs > 0.3 achievable the typical 

uncertainty in n589 is ≤ 0.02, whereas where ϕs < 0.3 increasing errors prevail, n589 ~ 0.03.  

 

Figure 5.21 The average residual between the molar refraction prediction and the Cauchy 

model calculation of n589 as a function of (a) the solubility of the solutes and (b) the O:C ratio 

of the mixture. 

To assess the factors that govern the reliability of the MR mixing rule a range of factors 

were compared to the average residual. The relative proportions of oxygen to carbon atoms 

(O:C ratio) within molecules is a metric often used to predict particle microphysical 

properties in aerosol science.9,186,195 The relationship between the O:C ratio and the residual 

is shown in Figure 5.21 (b), where there is no clear trend observed. Recent studies have 

suggested the O:C ratio is not a useful metric to describe aerosol properties, since it fails to 

encompass the variation in species within an aerosol particle.57 The solubility of solutes 

however, influences the overall precision of the MR predictions. Figure 5.21 (a) gives an 

overall indication of the precision of the MR mixing rule. For highly soluble solutes where 

ϕs > 0.5 the mixing rule predicts n589 ± ~ 0.015. However, the accuracy of the prediction is 

significantly compromised by sparingly soluble solutes. This assessment shows the MR 

mixing rule provides reasonable estimates of complex mixture refractive indices and the 

solubility of the solutes is the key driver that dictates the precision of the prediction. It is 

key to note the accuracy of the prediction is increasingly compromised at lower RHs since 

this is only constrained at high RHs by the bulk data (equivalent high RHs) from which the 

MR functional form is fitted. 
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5.5.2 An assessment of the pure component refractive index 

predictions 

The pure component predictions of n589 (at RH = 0%) from MR and Cauchy models were 

compared and these values were compared to the GC model n589 prediction. This 

comparison enabled the GC model to be assessed, since the GC model predicts the pure 

component n589. Furthermore, by evaluating the efficacy of a predictive method at RH=0%, 

it provides an indicator of the largest likely deviation of the MR mixing rule from the 

Cauchy calculation of n589, given the MR n589 at high RHs is constrained by bulk phase 

measurements. Therefore, this assessment provides a route to comparing the methods of 

determining the pure component n589 which in essence, dictates the maximum residuals 

over the entire RH range, 0 – 100 %. The predicted pure component n589 from the Cauchy 

model, MR mixing rule and GC model are shown in Figure 5.22 (a) for each organic 

mixture, with the residual from the Cauchy n589 shown in panel (b).  

 

Figure 5.22 A comparison of the pure component refractive index predicted from the molar 

refraction mixing rule (red data points) and the group contribution model (blue triangles) and 

the Cauchy model calculation of n589 (black squares) for (a) the pure component mixtures and 

(b) the residual between the Cauchy model calculation of n589 and the predicted n589. 
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In general, the MR mixing rule tends to overpredict the pure component n589 compared to 

the Cauchy model. The average residual between the Cauchy model and MR (at RH = 0%) 

is 0.030. The positive ∆𝑛589 value is indicative of the predicted n589 lying above the Cauchy 

n589, which is evident in Figure 5.22(a). A ∆𝑛589 value of approximately zero indicates the 

prediction is consistent with the Cauchy n589. The Cauchy model is based upon more 

extensive data, which spans both the subsaturated and supersaturated solute states, 

therefore it is expected to provide an accurate description of n589 at lower RHs. By 

comparison, the MR mixing rule description of n589 is expected to be accurate at high RHs, 

which equate to the bulk phase measurements, to which the functional form is 

parameterised. The divergence from the Cauchy model at low RHs indicates the MR 

mixing rule is restricted by the limited data set upon which is based. However, highly 

soluble solutes, where ϕs > 0.5, are expected to facilitate improved accuracy. This is 

exemplified by the MR predictions of lysine and the lysine and glutaric acid mixture which 

are very similar to the Cauchy model, with ∆n589 < 0.01. 

This work represents the first use of the GC theory to predict the pure component n589 of 

aerosol composed of more than one compound. The GC model offers an alternative 

approach to predicting n589, whereby the model coefficients were previously optimised to 

a pure component data (containing 234 compounds).179 On the whole, the GC model 

estimates lie below both the Cauchy and MR predictions. The average residual of all 

mixtures between the GC theory and the Cauchy n589 value is −0.023. This is remarkably 

close given this method required no measurements. It is also important to consider the 

impacts of the predicted behaviour of aerosols on the climate. An underprediction 

corresponds to a more conservative prediction of the scattering, and ultimately the cooling 

potential, of atmospheric aerosol. 

The GC model was trained to the compounds of glycine and lysine therefore it is expected 

that these compounds should be represented reasonably well. The mixtures were not part 

of the training set, and the predictions solely rely on the molecular polarizability of each 

molecular subgroup. The GC prediction of glycine is the worst of all compounds 

investigated in this work compared to the Cauchy model and MR mixing rule, with the n589 

of the mixtures represented remarkably well. Given glycine is a relatively small molecule, 

it was investigated whether the number of molecular subgroups included in the GC model 

influences the precision of the prediction. Figure 5.23 shows the residual between the GC 

prediction and Cauchy n589 as a function of the number of subgroups which form each 

mixture.  
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Figure 5.23 The residual between the group contribution approach prediction and the Cauchy 

model calculation of n589 as a function of the number of molecular subgroups in each mixture. 

Figure 5.23 shows the number of molecular subgroups in each mixture does not clearly 

influence the residual between the Cauchy model and n589 from GC theory, indicating the 

validity of this approach to predict n589 for molecules of varying sizes and mixtures 

containing a range of compounds and numerous molecular subgroups.  

The n589 prediction is calculated with the GC theory by summing the constituent molecular 

subgroup 𝛼 𝑉𝑚⁄ values for the respective subgroups. The average 𝛼 𝑉𝑚⁄ values for each 

mixture are shown in Figure 5.24 as a function of the associated residual at RH = 0 %. It is 

evident that the lower average 𝛼 𝑉𝑚⁄  values correspond to a higher residual, indicating 

inferior prediction of n589. However, since most of the mixtures have similar average 𝛼 𝑉𝑚⁄  

values, with only one data point to compare to the majority of the data it is challenging to 

draw a conclusive comparison. This finding is, however, of note, as it identifies a potential 

factor which hinders the prediction of n589, and is an area of interest for further work.  
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Figure 5.24 The average 𝜶 𝑽𝒎
⁄  coefficient value for each organic mixture against the residual 

between the group contribution approach prediction and the Cauchy model calculation of n589. 

Overall the GC model predicted the pure component n589 with approximately a third better 

precision than the MR predictions. The GC theory provides an average a residual of n589 ± 

0.023, which is comparable to typical ensemble aerosol measurement precision which is, 

at best nλ ± 0.02.67,84 The MR predictions of n589 were accurate at high RHs, where the 

prediction is constrained by the bulk phase measurements, yet increasingly deviated at 

lower RHs. Thus, the accuracy of this method is inherently limited by the solubility limit 

of the solutes. For the crystalline solutes in pure form studied in this work, the precision of 

the MR mixing rule is only comparable to the precision of ensemble methods at high RH, 

or where the solutes are highly soluble (ϕs > 0.5). The uncertainty associated with both 

predictive techniques is inferior compared to SP measurement techniques by an order of 

magnitude. However, both the MR mixing rule and the GC model are significantly more 

straightforward than performing aerosol measurements, the GC model is particularly 

efficient with no measurements required. In the absence of SP aerosol measurements, it is 

the recommendation of this study that the GC model is used to predict the pure component 

n589, while the MR mixing rule is used to calculate n589 at high RHs for solutes with ϕs > 

0.3. 

Importantly, the GC method provides an estimate of n589 for the pure mixture which has 

proved to be the largest uncertainty in MR mixing rule predictions, since this method is 

limited by the solubility of the solutes. Thus, the use of the GC model prediction could be 

considered in combination with bulk data and the MR mixing rule, or alternative mixing 

rules. Specifically, in combination with the MR mixing rule this approach could provide a 

potentially powerful method of calculating aerosol n589 over a range of RHs since, 

importantly, since it would constrain the predictions at low RH. 

Vm 
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5.6 Summary 

This work has presented not only the first measurements of atmospherically relevant 

organic species with the SP-CRDS instrument, but also the first measurements of aerosol 

containing a number of compounds. The n473 and n532 and, where possible bulk phase n589 

measured data, informed the Cauchy chromatic dispersion model. The Cauchy calculation 

of n589 enables a direct comparison and assessment of the accuracy of the MR and GC 

predictive methods. Overall, the MR mixing rule was accurate at high RHs and diverged 

increasingly at low RHs; the extent of divergence was greatest for the least soluble solutes. 

The GC method produced predictions with remarkable similarity to n589 calculated from the 

Cauchy model.  

The SP-CRDS instrument was used to provide precise measurements of n473 and n532 over 

a range of RHs. It is important to note that SP-CRDS measurements do not require any 

estimations of the pure component properties, and therefore are not subject to assumptions 

and potential uncertainties incurred from predictive method estimations. Therefore, using 

the SP-CRDS instrument provides an unbiased means to compare and assess the validity 

of mixing rules. Furthermore, the precision and accuracy of SP-CRDS measurements have 

been demonstrated previously (nλ ± 0.005) which allowed rigorous comparison to 

predictive methods. The use of the Cauchy model to describe the variation of nλ with 

illumination wavelength and RH has been previously discussed and validated.119 

Employing the Cauchy model enabled a direct means of comparison to the different 

predictive approaches; thus enabling factors that limit the accuracy of predications to be 

identified.  

This work concludes that SP aerosol measurements, specifically SP-CRDS, provides 

superior precision of nλ as a function of RH. However, in the absence of SP measurements, 

it is significantly more straightforward and feasible to calculate nλ with mixing rules. The 

comparison of the Cauchy model based on aerosol measurements to the different predictive 

approaches has allowed general conclusions to be drawn regarding the validity of the 

methods. The accuracy of the MR rule was highly dependent on the solubility of the 

constituent solutes (when solutes were crystalline in pure component state), with the 

precision of the description deteriorating at highly supersaturated solute states 

corresponding to low RH environments. Therefore, solutes with solubility of ϕs > 0.5 

should be used to generate a prediction of n589 ± ~ < 0.02. Alternatively, the MR mixing 

rule should be used to describe n589 at high RHs, > 80%, for solutes with ϕs > 0.3. In absence 

of SP-measurements the GC model provides a good prediction of n589 at 0 % RH. The 

average deviation between the Cauchy n589 and n589 predicted by the GC model was -0.023. 
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This uncertainty accounts for < 1.5 % uncertainty in n589 and represents analogous precision 

compared to typical ensemble aerosol measurement uncertainties. Taking into 

consideration the elementary procedure required to produce a prediction of n589 with the 

GC theory, requiring the constituent molecular subgroups and the 𝛼 𝑉𝑚⁄  coefficients, this 

method provides a simpler, cheaper and more accurate method of predicting the pure 

component n589. 

The precise measurements achievable with SP-CRDS combined with the Cauchy 

chromatic dispersion model has allowed the validity of refractive index predictive 

approaches to be explored. In this work the SP technique has proved extremely useful in 

identifying the validity of mixing rules, thus, enabling predictive approaches to be 

employed to a greater effect. The further use of bottom up approaches are essential to 

elucidate the fundamental properties of aerosols and to validate and potentially improve 

top-down approaches to ultimately, improve our understanding of the complex and 

dynamic behaviour of atmospheric aerosols. 
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Chapter 6  

Measurements of the Imaginary 

Component of the Refractive Index 

of Weakly Absorbing Single Aerosol 

Particles 

 

The content of this chapter expands on the Journal of Physical Chemistry A publication, 

reference 139.139 I was the main contributor to the data that constitutes this publication 

and wrote the manuscript. I acknowledge the contributions of Hongze Lin and Michael 

Cotterell to the instrument development, and MIC for the python code used to retrieve the 

imaginary component of the refractive index. MIC conducted the simulations for the data 

presented in Figure 6.6; the remainder of the data presented in this chapter is my own 

work. I appreciate project supervision from both Andrew Orr-Ewing and Jonathan Reid. 

The previous chapters focus on retrieving the real component of the refractive index, n, of 

a single aerosol particle with single-particle cavity ring-down spectroscopy (SP-CRDS). 

This chapter presents the first measurements of absorption by a single, weakly absorbing 

particle with the SP-CRDS instrument at a range of relative humidities (RHs). The existing 

532-nm SP-CRDS instrument was modified to include a near-infrared (NIR) laser beam to 

induce droplet heating. Here, a new technique for probing weakly absorbing particles is 

presented. The NIR heating-induced size-change allowed the imaginary component of the 

refractive index, k, to be retrieved. Importantly, this work reports the variation in k over a 

range of RHs, a relationship that remains widely unstudied. It is crucial to elucidate the 

value of k for aerosol particles to reduce the uncertainty associated with the direct effect of 

aerosols in radiative forcing. 
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6.1 Introduction 

The ability of aerosols to scatter and absorb solar and terrestrial radiation is governed by 

particle size, morphology, mixing state and refractive index (RI). The single scattering 

albedo (SSA) is an important optical property in determining the net influence of aerosols 

on the Earth’s radiative balance. The SSA is the ratio of the scattering (sca) and total 

extinction cross-sections (ext) of a particle, with accurate characterizations of these optical 

quantities of upmost importance for improving the representation of aerosols in climate 

models.4 To measure the SSA of aerosol particles, at least two of the three light attenuation 

coefficients (scattering, absorption and extinction) must be quantified. Providing aerosol 

particles are homogeneous and spherical, the optical attenuation coefficients and SSA can 

be calculated using Mie theory for a particle of arbitrary size if the complex refractive index 

is known. The complex RI, m, consists of a real component (n) that influences the extent 

of light scattering and an imaginary component (k) that determines the magnitude of light 

absorption. Highly precise measurements of n and k are required to elucidate of the affect 

aerosols on the climate. For aerosol particles of diameter 150 nm with m equivalent to that 

of ammonium sulfate, Zarzana and co-workers calculated that an uncertainty of ± 0.01 in k 

or 𝑛 ± 0.06 translates into to an uncertainty of ± 20 % in radiative forcing.114 Moreover, a 

reduction in k from 0.05 to 0 for secondary organic aerosols (SOA) has been shown to 

decrease the estimated cooling effect of an aerosol by a factor of 3.8 These studies 

emphasise the importance of measuring accurate refractive indices to improve the 

quantification of the direct contribution by aerosols to radiative forcing. Furthermore, a 

considerably smaller uncertainty in k, compared to n, equates to the same levels of 

uncertainty in RF, reinforcing the demand to develop techniques to precisely probe k.114  

Aerosol cavity ring-down spectroscopy (A-CRDS) and cavity enhanced extinction 

spectroscopy (CEES) have been used extensively to measure the extinction coefficients of 

ensemble aerosol.6,64,65,67,71,155 These measurements of aerosol extinction have been used to 

retrieve the m of a range of aerosol species, such as SOA, inorganic species and mineral 

dust.6,68,80,154,157,196 Typical uncertainties for A-CRDS for the real component of the RI are 

n ± 0.02.67 However, studying aerosol particles ensembles encompasses large uncertainties 

when assuming the size distribution and number concentration of the measured aerosol. 

The uncertainty associated with ensemble measurements is deleterious to the extinction 

measurements, with typical uncertainties in the number concentration introduced from a 

condensation particle counter of  ±10 %.74,75 Furthermore, Zarzana et al. showed that the 

complex RIs determined from extinction-only measurements for absorbing aerosols are too 

inaccurate to merit use in radiative forcing calculations.114 The same study showed that, 
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when more than one attenuation coefficient was measured, greater accuracy in the retrieved 

complex RI significantly improved estimates of radiative forcing.114  

A number of studies have reported measurements of aerosol extinction, scattering and 

absorption to improve the precision of the calculated refractive index.75,87,197 Aerosol 

extinction measurements from cavity ring-down spectroscopy (CRDS) have been 

combined with scattering measurements from nephelometry to allow the aerosol absorption 

to be derived from the difference between the two measurements,90,91 resulting in SSA 

measurements with an expected associated error of < 2.9%.75 Photoacoustic spectroscopy 

(PAS) has been used to measure aerosol absorption,198 with the upper limit of instrument 

precision stated as ~ 6%.87 Combining PAS with CRDS has enabled the complex refractive 

index of SOA to be studied, with typical uncertainties in n < ± 0.006 and k < ± 0.002.66 

Recent measurements by Bluvshtein and co-authors combined extinction, scattering and 

absorption measurements from CEES, PAS, CRDS and nephelometry to obtain the SSA of 

brown carbon proxies from 300-650 nm.89 These measurements are still subject to 

uncertainties associated with measuring ensemble aerosol which, unequivocally limit the 

precision of the retrieved refractive index.  

Laboratory studies of single aerosol particles allow the fundamental aerosol microphysical 

properties to be deduced with enhanced precision. The precise size (to nm accuracy) and 

microphysical properties of a single particle with a known composition can be measured, 

thus eliminating the additional uncertainty associated with ensemble measurements of 

aerosol size and number distributions.67 The optical properties of particles of known 

composition can be probed with high precision, enabling predictive mixing rules to be 

compared and assessed.56 Single aerosol particles have been studied with a number of 

different experimental techniques. For example, PAS of an optically trapped single aerosol 

particle was recently proven to be a potentially powerful tool for elucidating photochemical 

reactions that occur in atmospheric aerosol.100 However, ambiguities have been shown to 

arise in PAS at high RHs,8,88 where the evaporation of water deleteriously impacts the PAS 

signal; Langridge et al. recommended that PAS is not an appropriate technique for 

measuring aerosol at high, atmospherically relevant RHs.88 Single particle nephelometry 

has been developed to measure the complex refractive index and distinguish between 

spherical and non-spherical particles.173 The absorbing properties of single aerosol particles 

trapped with aerosol optical tweezers have been deduced from whispering gallery modes 

observed by Raman spectroscopy.94 This technique provided the n to a precision of ± 

0.0012 (better than ± 0.11 %) and, in a limited number of studies, the technique has been 

shown to be sufficiently sensitive to allow the determination of k values of 1×10-8.94 
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Within the atmosphere, aerosols experience varying environmental conditions, such as 

changes to RH, which alter the composition of a particle and consequently the 

physiochemical properties that affect their radiative forcing potential. It is therefore 

imperative to study the optical properties of aerosol particles at varied RHs, a dependence 

that is often neglected when studying aerosol optical properties where discrete RHs are 

mostly studied.97,173,182,199 We have developed a SP-CRDS instrument where the high 

precision in n has been previously demonstrated (Chapter 4), with a typical uncertainty of 

~ ± 0.004 in n.119 We recently reported a parameterisation of nλ in terms of both RH and 

illumination wavelength for a range of inorganic aerosol components.119 The current work 

presents a novel strategy to simultaneously measure the extinction and absorption of a 

single aerosol particle by introducing an additional heating laser beam into our SP-CRDS 

instrument. This NIR heating laser beam can be used to induce a size change from which 

the change in k (∆k) can be determined. In many ways, the underlying process is similar to 

the approach used in PAS instruments, except here the changes to the particle size are 

measured directly, rather than probing the pressure wave that propagates following heat 

and mass transfer from an evaporating heated aerosol particle. Here, the retrieval of the 

change in k from single, weakly absorbing aerosol particles at a number of discrete RHs 

(from ~ 40 - 85% RH) are reported. The change in particle size, temperature and vapour 

pressure were modelled when a particle was illuminated by wavelengths of 532 and 1500 

nm, and laser powers of 20 and 50 mW. Measurements are presented for aqueous aerosol 

particles containing the atmospherically relevant inorganic solutes sodium chloride (NaCl) 

or ammonium sulfate ((NH4)2SO4). 

6.2 Experimental methods 

Chapter 3 described the 532-nm SP-CRDS instrument and the associated analysis 

procedures in detail, while the limitations and recommendations of the instrument were 

addressed in Chapter 4. The following section describes the modifications to the 532-nm 

SP-CRDS instrument to induce droplet heating and study light absorption.  

6.2.1 Single particle cavity ring-down spectroscopy instrument 

Figure 6.1 illustrates the SP-CRDS instrument, which has been described previously in 

literature and Chapter 3.108,109,112,119,147 In this work, an additional NIR laser beam is 

included to induce droplet heating. It is key to note that particles were optically trapped 

with radiation pressure and therefore it was important to ensure absorption was minimal at 

the trapping wavelength. Consequently, weakly absorbing particle are studied to minimise 

any photophoretic effects occurring which would culminate in unstable trapping 

conditions, and the particle exiting the optical trap. Particles composed of aqueous NaCl or 
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(NH4)2SO4 are studied in this chapter to benchmark this experimental approach. The radii 

of single aerosol particles studied ranged from ~1 – 2 µm. 

 

Figure 6.1 Schematic diagram of the experimental set-up. AOM is an acousto-optic modulator, 

M1 and M2 are highly reflective mirrors constituting the ring-down cavity, PZT is a piezo ring 

actuator, PD is a photodiode, PBS is a polarizing beam splitter and OI an optical isolator 

A single aerosol particle was optically trapped in a Bessel laser beam (BB,  = 532 nm) 

while the surrounding humidity was controlled and held constant. In addition, the particle 

was continuously illuminated with a second laser beam ( = 473 nm) with a Gaussian 

intensity profile, from which the elastically scattered light was collected. Moreover, the 

particle was irradiated with a NIR laser beam ( = 1520 nm) at systematically varied 

intensities. Finally, CRDS was used to characterize changes in the optical cross-section of 

the particle ( = 532 nm).  

6.2.2 Single particle cavity ring-down spectroscopy of a heated 

single particle 

The CRDS was conducted at a wavelength of 532 nm in a spectrometer which has been 

described previously (in Chapter 3).108,109,119,140 The particle was centred in the CRDS beam 

by optimizing its vertical and horizontal positions. The particle trapping height was then 

monitored by a camera, and a feedback loop used to control the BB laser power to ensure 

that the particle remained in the same vertical position within the trapping cell. The PFs 

were recorded every second while the particle underwent modulated heating, whereas the 

ring down times were measured at a rate of 5-10 Hz. 
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CRDS was used to explore whether changes in the σext were detectable upon NIR laser 

heating. The limitations of the detectable changes in the σext for a single, absorbing aerosol 

particle have previously been reported.113 Here, however, the aerosol particle is non-

absorbing at the CRDS laser wavelength and instead the consequences of absorption at the 

wavelength of the NIR heating beam for the optical cross-section at the CRDS wavelength 

are examined. 

6.2.3 Near-infrared heating of a single particle 

A NIR laser beam (1520 nm, NTT Electronics, NLK1S5GAAA) was passed through an 

optical beam shutter (Thorlabs, SH05) which opened and closed every ~ 20 seconds, thus 

repeatedly irradiating the particle, a schematic of which is shown in Figure 6.2. The beam 

was focused by a lens (f = 40 mm) and then propagated horizontally into the trapping cell, 

orthogonal to the phase function (PF) and BB laser beams, and towards the PF imaging 

camera coupled to a high numerical aperture objective.  

 

Figure 6.2 Schematic of the near IR laser beam being shut on and off. 

The alignment of the NIR beam was experimentally challenging since it was not visible, 

and it was not possible to align it collinearly to existing beams. The NIR beam represented 

the fourth laser beam focused on the single micron-sized particle. The alignment procedure 

for the NIR heating beam was as follows. When a droplet was trapped, the elastically 

scattered light from the 473 nm beam was observed, using a bandpass filter to prevent the 

collection of NIR light. The camera position was optimized to ensure the PFs were at the 

centre of the camera image. The bandpass filter and camera were then removed to allow 

coarse alignment of the NIR beam with the 473 nm elastically scattered light. A NIR 

detector card allowed NIR imaging and coarse alignment with the PFs. A mirror which 

directed the NIR beam into the trapping cell was adjusted to ensure the NIR beam was 

centred on the droplet. Finally, the filter and camera were reinstated and the NIR beam 

alignment was finely adjusted by maximising the change in the positions of the elastic light 

scattering fringes in the PFs upon exposure to the NIR beam. An example of the measured 

change in radius with the corresponding observed change to the PFs are shown in Figure 

6.3. 
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Figure 6.3 (a) Showing the variation in the particle radius as the alignment of the 1520 nm 

laser beam was finely tuned by minor adjustments the position of a mirror, the black data 

points are when the NIR is shut off, the red when the NIR beam is on and the alignment varied. 

(b) The resultant changes in PFs from changing the 1520 nm laser alignment. 

The changes to PFs, and therefore the particle radius, in Figure 6.3 arise from changes to 

the alignment of the 1520 nm laser through adjusting the position of a mirror which directed 

the incoming NIR beam into the trapping cell. Following coarse adjustment to the NIR 

beam with the PFs, the alignment was more finely adjusted through fine-tuning the mirror 

to give the greatest variation in the PFs between when the particle was and was not 

irradiated with the NIR (shown in Figure 6.3 (b)). The largest difference observed in the 

PFs, where the positions of the minima and maxima were most altered, corresponded to the 

largest change in particle radius and, thus, the optimised NIR alignment. The adjustments 

to the mirror position were repeated and the NIR beam was repeatedly shut on and off to 
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ensure the maximum difference in PFs was observed between the heated (NIR illuminated) 

and un-heated ambient particle. This method proved to be the most effective at aligning the 

NIR beam position with the particle, however, it is likely that this procedure incurred a 

level of uncertainty regarding the alignment of the NIR beam onto the single particle. This 

uncertainty is difficult to quantify, although it is accounted for in later calculations of the 

absorption of single aerosol particles (in Section 6.5).  

Throughout the measurements the single particle was held at constant RH, the heating beam 

was modulated, and the laser power controlled and varied. The trapped particle was heated 

for ~ 20 seconds, then the heating beam was shut off for ~ 20 seconds before the process 

was repeated at a different laser power. The power of the heating laser was varied such that 

the particle experienced varying magnitudes of heating and, therefore, underwent varying 

degrees of heating-induced size change. Holding the particle at each laser power for 20 

seconds ensured the particle was both allowed sufficient time to achieve a new equilibrium 

size and also that there was a sufficient number of measured PFs to retrieve reliable heating-

induced size changes. 

In this work, the NIR beam entered the trapping cell where the RH probe was located in all 

previous SP-CRDS measurements.57,108,111,112,119,140 The RH probe was relocated to ~10 cm 

from the trapped particle location, significantly further than the ~1 cm distance in all 

previous work. Thus, the measurements of RH were not deemed to be reliable, as the probe 

was located too far from the droplet trapping environment. The average variation in n473 

with RH was previously reported (in Chapter 4) for a number of aqueous inorganic species 

with ± 2 % uncertainty in RH.119 Therefore, the RH was instead inferred from the measured 

n473 in combination with the published RI-RH parameterisations.119 

6.2.4 Retrieving the beam waist of the near infrared beam 

To calculate the NIR power density irradiating the trapped particle, it was essential to 

quantify the beam waist at the particle location. The heating laser beam waist was resolved 

at the particle location from a series of measurements and calculations. This involved a first 

measurement of the dimensions of the pre-focused beam, then a calculation of the focused 

beam waist and, finally, the particle position relative to the focal point of the NIR beam. 

The beam waist of the heating beam prior to any focusing lenses was measured by scrolling 

a razor blade mounted on a micrometer-resolution translation stage across the Gaussian 

profile of the heating beam to determine the pre-focus beam waist and profile. The laser 

power associated with each position of the blade was measured with a power meter. The 

1520 nm beam power was measured at each associated razor blade position, which is shown 

in Figure 6.4.  
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Figure 6.4 The measured intensity of the 1520 nm beam, shown by the black data points, as a 

razor blade was moved across the cross-section of the Gaussian intensity profile, Equation 6-1 

was fitted to the measured data points to yield the beam waist, shown by the red line. 

The beam waist of the 1520 nm beam was retrieved by fitting the following equation to the 

measured data, Pmeasured: 

 
𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

𝑃1

2
[1 ± (

√2(𝑋 − 𝑃2)

𝑃3
)] 

 

6-1 

where P1 is the laser power, P2 the midpoint distance the razor blade moved and where P3 

was given by the following equation: 

 
𝑃3 = (

1

𝑒2
) 𝑟 

6-2 

where r is the radius of the unfocused 1520 nm laser beam, in this work 𝑟 = 6.55 mm. The 

beam was passed through a lens (f = 40 mm) prior entering the trapping cell. The beam 

waist at the focal point of the 1520 nm beam was calculated with the following equation: 

 
2𝑤0 = (

4𝜆

𝜋
)(

𝐹

𝐷
) 

6-3 

where w0 is the beam waist at the focal point, λ is the wavelength of illumination (1520 

nm), F is the focal distance of the lens and D the diameter of the lens that was illuminated. 

The NIR beam waist at the focal point was calculated to be 3.0 µm from the lens properties 

and the measured pre-focus beam waist. The trapped particle was unlikely to lie in the focal 

point of the NIR laser. Therefore, the exact location of the particle relative to the focal point 

was measured. 

In order to estimate the beam waist of the NIR beam at the location of the trapped particle, 

a particle was trapped and the trapping cell (mounted on a micrometre resolution translation 
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stage) scrolled along the propagation axis (z-axis in Figure 6.5) of the NIR beam. This is 

illustrated in Figure 6.5 (a) and (b). PFs were measured with the droplet sitting at each 

position along the NIR beam propagation axis (z-axis) from which the radius was retrieved 

shown in Figure 6.5 (c). 

 

Figure 6.5 (a) and (b) Illustrate the trapping cell containing the suspended particle being 

moved along the propagation axis of the 1520 nm laser beam viewed from above. (c) The 

variation in the radius of a particle as it is moved along the propagation axis of the NIR heating 

beam and experiences variations in power density exhibited from the NIR beam. 

Figure 6.5 (c) shows the variation in particle radius which results from the variation in 

power density and, therefore, the magnitude of heating exerted from the NIR beam. The 

minimum in the particle radius is assumed to result from the maximum power density and, 

therefore, the positioning of the particle at the focal point of the heating beam (along the z-

axis). The heating measurements were performed where the particle was centred within the 

CRD beam, this location did not coincide with the focal point of the heating beam. The 

distance from the original position of the particle (where it was centred in the cavity ring-

down (CRD) beam) to the focal point of the NIR beam was used to calculate the beam 

waist at the original particle position where the measurements were performed: 
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𝑤2(𝑥) = 𝑤0

2 [1 + (
𝜆𝑥

𝜋𝑤0
2
)
2

] 
6-4 

where wx is the beam waist at x distance from the focal point. This combination of methods 

allowed the heating beam waist to be calculated at a given distance of the droplet from the 

focal point. This was repeated for 2 droplets and yielded an average NIR beam waist at the 

original particle position of 81.6 µm, 0.5 mm from the focal point of the NIR beam. Having 

calculated the NIR beam waist irradiating the particle at the trapping location, the 

experimental measurements can be analysed to retrieve k for weakly absorbing single 

aerosol particles. 

6.3  A model to predict the size response of aqueous 

droplets to a laser-induced heating 

Upon irradiation from the NIR laser, the weakly absorbing droplet is expected to increase 

in temperature. The extent of heating will depend on the k of the solute. The increase in the 

droplet temperature will, in turn, increase the droplet vapour pressure. Therefore, the 

solvent will evaporate from the droplet, and the concentration of the solute increase within 

the particle, thus causing a decrease in the vapour pressure of the particle and a new 

equilibrium size of the particle under NIR heating. 

The irradiation of an absorbing particle can increase the temperature of the particle until, 

under constant irradiation, a steady state temperature and size is achieved. This is reached 

when the energy absorbed by the particle through laser irradiation is equal to the energy 

lost via collisional cooling with the surrounding gas phase molecules; thus, the particle 

reaches a new equilibrium vapour pressure and size. In order to identify the optimum 

wavelength of laser irradiation to drive a detectable size change, a number of different 

wavelengths of irradiation were investigated using an approach previously reported by 

Miles et al., using a model to predict the size of aqueous NaCl droplets with a varying 

degree of heating.94 This model was used to predict the size change associated with 532 nm 

illumination in optical tweezers, which allowed the retrieval of the complex refractive 

index, measuring k532 as small as 10-8.94 In this work, the model described by Miles et al. 

was used to identify the appropriate wavelength of illumination to drive sufficient heating, 

and subsequent detectable size change, to the weakly absorbing aerosol particles.  

Previous studies consider a droplet illuminated with a constant laser power, P, with a radius 

of a. The change in droplet temperature is given by ∆T, where T1 and T2, refer to the initial 

and elevated temperature upon exposure to the laser power.94,200,201 



192 
 

 
Δ𝑇 = 𝑇2 − 𝑇1 =

𝑎𝑄𝑎𝑏𝑠𝑃

4𝜋𝑤2𝜅𝑎
 

6-5 

Qabs is the absorption efficiency, w is the beam waist at the droplet location and Ka is the 

thermal conductivity of air (0.026 W m-1 K -1 at 298K). The size dependent absorption 

efficiency was calculated from Mie theory, where the particle radius, complex refractive 

index and wavelength of illumination were chosen. It is through varying these parameters 

in the Mie theory subroutine that k can be calculated for a given particle. The size 

dependence of the absorption efficiency for a particle consists of ripple structure, where for 

a particle with a radius larger than the wavelength of illumination, sharp resonances can 

occur in the absorption efficiency which can cause large increases in droplet 

temperature.94,139,202,203 In our measurements, the particle radii range from 1-2 µm and, 

therefore, the resonance structure does not exhibit any resonant features. 

Upon exposure to the source of heating, the particle temperature increases driving an 

increase in droplet vapour pressure. Therefore, the solvent will evaporate from the droplet. 

This results in an increase in (non-volatile) solute concentration within the particle which, 

in turn, reduces the particle vapour pressure. This relationship between the change in 

vapour pressure of the solution to a change in temperature is expressed by the Clausius-

Clapeyron equation: 

 
𝑙𝑛 [

𝑝(𝑇2)

𝑝(𝑇1)
] =

Δ𝐻𝑣𝑎𝑝

𝑅

𝑇2 − 𝑇1

𝑇1𝑇2
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where ∆Hvap is the enthalpy of vaporisation of the aqueous solution and R is the molar gas 

constant. Assuming changes to the droplet temperature induced by laser heating are 

minimal, equation 6-6 simplifies to: 

 
𝑙𝑛 [

𝑝(𝑇2)

𝑝(𝑇1)
] =

Δ𝐻𝑣𝑎𝑝

𝑅

Δ𝑇

𝑇1
2 
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where ∆T is given by equation 6-5. The absolute vapour pressure of the particle directly 

depends on the water activity within the particle, aw (which relies upon the RH of the gas 

phase). As the particle is heated, and water evaporates, the droplet volume decreases and 

the associated aw decreases. The dependence of vapour pressure on aw is incorporated in 

equation 6-8, where the vapour pressure of the heated droplet can be obtained: 

 
𝑝(𝑇2) = 𝑎𝑤𝑝𝑠𝑎𝑡(𝑇𝑎)𝑒𝑥𝑝 [

Δ𝐻𝑣𝑎𝑝

𝑅

Δ𝑇

𝑇𝑎
2] 

6-8 

where Psat(Ta) is the saturation vapour pressure of water above a flat surface at ambient 

temperature, T1, is equal to 3235 Pa at 298K. The variation in the droplet size and solute 

concentration at given water activities was calculated from the E-AIM model, from which 
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the radial growth factor at a given water activity was calculated for a certain dry particle 

size.204,205 This allowed simulations to be performed over the range of water activities and 

associated solution droplet radii, for 𝑎𝑤 = 1.0 − 0.45, for aqueous NaCl.  

The simulated change in radius driven by illumination was initially compared to the 

original model reported by Miles et al. by simulating the heating of the single particle from 

532 nm illumination. The input parameters were set to those reported by Miles et al. except 

for the variation in real components of the refractive index for NaCl with water activity, 

where the recently reported parameterisation was used.119 The simulations compared well 

to the work of Miles et al. indicating the validity of our implementation of the model.139 

The simulations showed the calculated temperature change was of order tens of milli-

Kelvin for particles with a radii ranging from ~3900-3800 nm, depending on the initial 

particle size. This temperature change let to a change in droplet radius which corresponded 

to a maximum size of ~ 10 nm.  

Having validated the model, the heating-induced size-change from the 532 nm laser was 

investigated. The single aerosol particle was optically trapped with a BB at 532 nm. 

Therefore, it is imperative to identify whether this can lead to observable evaporation. The 

BB imparts the maximum power density onto the confined particle compared to the CRDS 

and PF beams and so, only BB-induced heating is investigated here. The input parameters 

for the model were adjusted to reproduce the experimental conditions of the 532 nm SP-

CRDS instrument. The droplet radius was 2 µm, the upper size limit of typical droplets 

trapped in the BB. The maximum RH achievable is ~ 80%, which corresponds to a region 

where radial growth factors have a very low sensitivity to aw. Laser powers of 30 to 35 mW 

were used, which is the typical range output by the BB core, with a beam waist of 2 µm. 

The heating model predicted a size change of 2 nm with the above parameters 

corresponding to typical experimental conditions, illustrating that the BB causes minimal 

droplet heating and, therefore, imparts negligible droplet size change. The precision of the 

radius retrieved from PF measurements is approximately 1 nm over a particle radius range 

from 1 – 2 µm. Therefore, the heating induced from the BB core is assumed to have a 

negligible impact on the confined particle. The model will be used to identify whether near 

infrared illumination will cause an observable heating-induced size change. 

In this work, aqueous particles containing the solutes NaCl or (NH4)2SO4 were investigated. 

The beam focus of the NIR beam was considerably broader than that of the BB or optical 

tweezer measurements (reported by Miles et al.). The variation in the real and imaginary 

components of the refractive index for pure water at a range of illumination wavelengths is 

shown in Figure 6.6 (a).36,37 The imaginary component of the refractive index increases by 
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approximately five orders of magnitude from 532 to 1500 nm, where k = 2.57×10-4 at λ = 

1500 nm. The calculated vapour pressure of a NaCl particle as a range of initial particle 

radii and varied 1500 nm laser powers is shown in Figure 6.6 (b). Here, there is an absence 

of resonance structure, which is owing to the long wavelength of the near infrared beam 

compared to the particle radius and the increased imaginary component of the refractive 

index, which dampens resonant coupling into whispering gallery modes (WGMs).  

The heating induced size change associated with different laser powers and a range of initial 

particle radii is shown in Figure 6.6 (c). The x-axis corresponds to range of droplet radii at 

80% RH at a NIR beam power of zero. The change in droplet radius, ∆radius, from the 

initial ambient radius (at P = 0) from 1500 nm irradiation at either 20 or 50 mW is shown 

by the red and black lines respectively. For example, for a droplet with a 1900 nm radius 

when at ambient conditions (i.e. not exposed to 1500 nm heating) it was calculated that a 

~ 7 nm or ~ 20 nm change in the droplet radius is expected to result from 1500 nm 

irradiation at 20 or 50 mW respectively. These simulations show that for droplets at typical 

experimental conditions, irradiation from a 1500 nm laser beam at 20 – 50 mW is calculated 

to provide sufficient droplet heating to bring about discernible heating-induced radius-

changes. 
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Figure 6.6 (a) The complex refractive index of water at illumination wavelengths from 400-

1800 nm, the real refractive index from Hale et al.36 and the imaginary refractive index from 

Kedenburg et al.37 (b) The calculated vapour pressure of an aqueous NaCl droplet of a range 

of initial particle radii (1800 – 2200 nm) aw = 0.8, upon illumination of 1500 nm laser with a 

power = 0, 20, 50 mW, given by the different coloured lines indicated. (c) The simulated 

heating-induced size change for a particle with the same input parameters as in (b) with the 

change in radius, ∆radius, from a droplet irradiated with 1500 nm with power = 20 or 50 mW. 

6.4 Near-infrared heating of single aerosol particles at 

high relative humidity 

Single aerosol droplets composed of both aqueous (NH4)2SO4 and NaCl solutions have 

been studied. A particle was trapped and held at (near) constant RH while the NIR beam 

intermittently irradiated the particle. Each particle was held at a different (constant) RH to 

provide measurements over a range of RHs with the intention of probing the otherwise 
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unresolved relationship between k and RH. The heating laser beam was systematically shut 

on and off. When the NIR beam irradiated the droplet, it was with constant power, the 

power for each droplet heating phase was systematically varied to provide a measure of 

heating-induced radius-change as a function of NIR laser power. Laser illumination of the 

droplet caused the droplet temperature to increase, thus driving evaporation of water, and 

the associated heating-induced size change was measured. At each laser power, the 1520 

nm laser irradiated the droplet for ~ 20 seconds, which was sufficient time to allow the 

particle to achieve a steady size, with no further net condensation or evaporation. Davies 

et al. report timescales of < 2 seconds for water to evaporate from water-glycerol droplets 

to achieve equilibrium with the surrounding gas phase.206 Figure 6.7 (a) and (c) shows the 

radius response of a single aqueous droplet composed of NaCl and (NH4)2SO4 respectively, 

to heating. Upon initiation of heating, the droplets evaporate to a new equilibrium size 

within 1 second, the limiting detection timescale of PF measurements. A strong correlation 

can be seen between the incident laser power and the volume of water lost from the droplet, 

in Figure 6.7 (a) to (d). The radius of the droplet reverted to the original size once the 

heating beam was attenuated to zero power (the black points in Figure 6.7 (a) and (c)). 

 

Figure 6.7 Irradiation of an (a)(b) aqueous NaCl droplet and (c)(d) an aqueous (NH4)2SO4 

droplet with the 1520-nm laser beam. (a) and (c) Show changes to the radii of single aerosol 

particles as the laser power is varied (indicated by the coloured data points). (b) and (d) The 

average change in particle radius as a function of heating laser power. The error bars indicate 

the standard deviation in the derived radius. 
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6.4.1 A comparison of the measured size change to simulations  

The heating-induced size changes measured from PFs were compared to the modelled size 

changes. To calculate the size change for the particle in Figure 6.7 (a) and (b) a beam waist 

of 81.6 µm was used (which was estimated with the method outlined in Section 6.2.4) and 

water activity of aw = 0.89. However, the calculated size change was approximately double 

the experimentally measured size change at 33 mW and this was found to be the case for 

all particles studied. This discrepancy (of ~ 41 nm, for the particle presented in Figure 6.8) 

was significantly larger than the uncertainty of ± 0.5 nm associated with PF analysis, 

suggesting that one of the parameters required for the heating simulation was not correct. 

The ± 2% uncertainty associated with the inferred RH only accounts for ± 0.5 nm of size 

change. The modelled heating-induced size change is more sensitive to the values of beam 

waist and laser power. Figure 6.8 shows the sensitivity of the simulated change in radius to 

these parameters for the single highest power measurement. In Figure 6.8 (a), the simulated 

value of the laser power was varied from 5 – 33 mW with the beam waist set at 81.6 µm. 

In Figure 6.8 (b), the simulated 1520 nm beam waist was varied from 75 – 88 µm while the 

laser power was held constant at 33 mW. The resultant changes in radius predicted by the 

model are compared to the measured change in radius of 33 nm recorded at the highest 

level of NIR power, P = 33 mW (indicated by the blue dashed line). 

 

Figure 6.8 The variation in the modelled heating-induced size change (with inputs of initial 

size = 1836 nm, aw = 0.89, initial laser power = 0 mW) as the following input parameters were 

varied: (a) final laser power (5 - 33 mW), with the beam waist set to 81.6 µm and (b) beam 

waist (75 – 88 µm), with the final laser power set at 33 mW. The experimentally measured size 

change of a droplet of 1836 nm at aw = 0.89 and laser power 33 mW is indicated by the dashed 

blue line. 

As shown in Figure 6.8, the simulated heating-induced size change is significantly more 

sensitive to changes in the input laser power than the input heating beam waist. The range 

of values of beam waist chosen corresponds to the uncertainty associated with the 

measurements of the NIR beam waist. Therefore, we deduce that the particle must be 



198 
 

sampling less than the expected fraction of the full laser power (33 mW) calculated by 

comparing the beam waist and the particle radius. It is feasible that the droplet was not 

centred in the NIR beam, and, therefore would experience a lower laser power. 

6.4.2 The effective NIR laser power irradiating a single particle 

To account for the imprecision in achieving the optimal alignment of the NIR beam on a 

particle, we must base our analysis on inferring changes in absorption and k with RH and 

size relative to measurements for a reference droplet measured at the highest RH. At this 

reference RH, we assume that the value of k is equal to that of pure water which allows the 

effective laser power that gives the observed size change at this RH to be calculated. This 

is illustrated in Figure 6.9. This inferred value of effective laser power is then used for the 

simulations of measurements at lower RHs while k1520 is varied in the model simulations. 

 

Figure 6.9 Modelled size change for a particle of 1836.4 nm radius with an assumed 

composition of pure water shown by the data points at a range of 1520 nm laser powers, with 

a beam waist of 81.59 µm. The polynomial fit to the modelled size allows the effective laser 

power to be calculated from the measured size change for the particle at the 89 % relative 

humidity, this is indicated by the black dashed line. 

The method for aligning the NIR beam onto the trapped particle was described earlier (in 

Section 6.2.3). Precisely aligning the invisible heating beam was challenging, in particular 

when the initial particle size was relatively small (~ < 1.3 µm), with small associated 

heating-induced changes in PFs and geometric size. If the NIR heating beam were centred 

on the particle, it would have experienced the maximum intensity of the Gaussian profile 

heating beam. However, if the NIR beam was not perfectly centred, the laser power 

experienced by the particle would be reduced, with the extent of the reduction dependant 

on the position of the particle within the Gaussian intensity profile. The illumination laser 
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power intersecting the particle was therefore deemed to be the largest uncertainty in these 

measurements.  

Subsequently, we developed a strategy to determine an effective laser power illuminating 

a droplet. We corrected for misalignment of the Gaussian beam centre by replacing the 33 

mW laser power incident on the trapping cell by a reduced input value in the model, which 

we refer to as the effective laser power. This scaling was achieved by varying the total laser 

power input in the model, to simulate the sensitivity of the position of the particle relative 

to the centre of the NIR beam Gaussian profile i.e. towards the edge where the intensity 

would be reduced. The measurement of a particle at the highest RH available (referred to 

as the reference particle), and consequently composed of the largest proportion of water, 

was used in these simulations of the measurements. The real and imaginary refractive index 

terms were set to those of pure water, and the total laser power value was varied (from 5 – 

33 mW as shown in Figure 6.8 and Figure 6.9). This procedure allowed the effective laser 

power to be retrieved when the modelled size change equalled the measured size change.  

For the data presented in Figure 6.8 (a) and Figure 6.9, the derived effective total laser 

power incident on the trapped aqueous NaCl droplet corresponds to 11.0 mW, which is a 

third of the value expected based on the measured total power output from the 1520 nm 

beam. This scaling of the actual to effective laser power was retained in further model 

simulations for all subsequent particle measurements at lower humidities. The scaling 

accounts for the imperfect transverse and axial positioning of the droplet in the focused 

Gaussian beam; although a more exact model could be implemented, the current challenge 

is one of experimental alignment. A particle of ~1 m size held within a vertically 

propagating BB core of similar size and co-propagating beam for PF determination, must 

be aligned simultaneously with a horizontally propagating CRD beam of waist ~200 m, 

the orthogonally propagating NIR laser beam with a focal waist  <10 m. For particles at 

lower humidities (i.e. all particles other than the initial reference particle from which the 

effective laser power was calculated), the value of k1520 input into the model was varied, 

thus allowing a relative change in k1520 from that of pure water to be calculated. This 

approach enables the relationships between k1520, droplet size and RH to be examined.  

6.4.3 The change in refractive index, temperature and vapour 

pressure upon NIR heating 

An increase in the NIR laser power irradiating a droplet will cause an increase in the droplet 

temperature, which will increase the solvent evaporation resulting in a higher solute 

concentration and, thus, altering the real component of the refractive index. Figure 6.10 

shows the outcome of experimentally varying the effective laser power on the value of n473 
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from the PF measurements at 473 nm, and the modelled temperature and vapour pressure 

for two aqueous NaCl droplets held at 89 % and 70% RH. As the NIR laser power 

illuminating the particle increases, n473 also increases, as expected for a decreasing droplet 

size and increasing solute concentration. Similarly, the n473 of the particle at 70% RH is 

higher than that of the particle at 89% RH, again due to the higher concentration of solute 

at lower RH. The concomitant changes in vapour pressure and temperature for each particle 

were quantified from model simulations (at the appropriate conditions of e.g. RH). The 

simulated change in particle temperature is always < 0.1 K, but is larger for higher NIR 

laser powers, as expected. 

 

Figure 6.10 The effect of 1520 nm laser power (scaled to an effective power, as described in 

the main text) on the average (from up to 7 measurements at each laser power) real refractive 

index retrieved from fitting PFs at  = 473 nm to Mie theory predictions (black data points), 

and the simulated vapour pressure (red data points) and corresponding temperature change 

(additional axis) for 2 different aqueous NaCl particles held at different humidities. 

Figure 6.10 shows the average n473 values. These data were calculated from multiple 

measurements of n473 at each effective laser power, as the power was systematically 

increased and decreased and repeatedly modulated; a standard deviation of < ± 0.00006 is 

indicated by the error bars. At any one laser power, there was variation in n473 because the 

particle was exposed to each laser power multiple times (shown in Figure 6.7) over ~ 2000 

seconds. Over the course of the measurement, any minor drift in RH would have also 

altered the particle composition and, thus, the retrieved value of n473. Considering the 

timescales of the experiments (~ 2000 seconds) and slight variations in RH, the modest 

standard deviations in retrieved n473 values illustrate the high levels of stability achievable 

with this technique. The changes in temperature and vapour pressure (red data points in 
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Figure 6.10) are inferred from the analysis. As expected, as the effective laser power 

increased the droplet temperature increased and the vapour pressure also increased, 

resulting in solvent expulsion upon heating.  

6.5 The dependence of k1520 on relative humidity for 

different aerosol particles 

Single particles composed of aqueous NaCl or (NH4)2SO4 were held at a discrete RH while 

the laser power irradiating the particle was varied. The RH surrounding the droplet governs 

the relative proportions of solvent and hygroscopic solute within the liquid droplet. 

Therefore, the extent of evaporation, at a given NIR laser power, for a droplet at different 

RHs is expected to vary. The interplay between the surrounding RH and NIR laser power 

and the resulting droplet size change will be investigated. 

The heating-induced size-change was normalized by converting it to a change in growth 

factor (GF) which allowed the variation in size change as a function of RH to be examined 

over many droplets of different absolute size. The radial growth factor is defined as the 

ratio of the wet droplet radius to the dry particle radius and the change in growth factor 

(∆GF) is given by: 

 
Δ𝐺𝐹 =

𝑎0 − 𝑎𝑥

𝑎𝑑𝑟𝑦
 

6-9 

where a0 is the radius of a given particle when not illuminated by the NIR beam, ax is the 

radius of the same particle at a given NIR laser power of P = x mW, and adry is the dry size 

calculated for each particle. The variation in the radial growth factor with RH was 

calculated from the Extended Aerosol Thermodynamics Model (E-AIM).204,205 Then, by 

comparing the calculated growth factor dependence on RH with the experimental variation 

in wet droplet size with RH in the absence of the NIR beam, the dry particle size was 

determined. Finally, the change in growth factor upon exposure to NIR illumination was 

calculated from Equation 6-9.  

Figure 6.11 (a) shows the change in GF for 7 different aqueous NaCl droplets held at RHs 

in the range 59 – 89 % while the power of the NIR beam was varied. Figure 6.11 (c) shows 

the change in GF of 4 aqueous (NH4)2SO4 droplets held at a range of RHs, from 81 – 41 %. 

The magnitude of change in GF depends on RH surrounding the particle. The RH is 

indicative of the composition of the particle: at lower RHs, the particle solute concentration 

is higher (aw is lower), and greater laser power is required to drive the same amount of 

water evaporation, compared to an equivalent sized particle at higher RH. Therefore, the 

relative magnitude of change in GF is smaller as the surrounding RH decreases.  
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The variation in the imaginary component of the refractive index with RH was determined 

by simulating size changes for a range of ∆k1520 values and comparing the changes in 

simulated and measured size changes with laser power at each RH. The retrieved value of 

k1520 represents the change in k1520 (∆k1520) from that at the reference RH rather than an 

absolute value, shown in Equation 6-10: 

 ∆𝑘1520 = 𝑘1520(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑅𝐻) − 𝑘1520(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) 6-10 

where k1520 (reference) is the imaginary component of pure water that is used for the 

reference measurement at the highest humidity, from which the effective laser power is 

determined. In this analysis, the other parameters were kept constant while ∆k1520 was 

varied. The results are shown in Figure 6.11 (b) and (d). Although this method does not 

give the absolute value of k1520 it does enable the dependence of ∆ k1520 on RH to be 

examined. 

 

Figure 6.11 Variation in the change of growth factor for (a) aqueous NaCl and (c) aqueous 

(NH4)2SO4 particles as a function of the effective heating laser beam power for RHs from 59-89% 

and 41 – 81 % respectively. The lines correspond to the model prediction of the particle heating-

induced size change converted to the growth factor domain; (b) and (d) the retrieved change in k1520 

for aqueous NaCl or (NH4)2SO4 particles as a function of RH. The x-axis error bars correspond to 

the ± 2% uncertainty in RH, and the y-axis error bars represent the uncertainty associated with the 

size from PF fitting.  

The error bars in Figure 6.11 (b) and (d) represent the uncertainty associated with the 

inferred RH and the retrieved particle size. Fitting the measured PFs with Mie theory 
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simulations yielded the radius and n473 values for each particle. Measurements were only 

included in this work when the mean Pearson correlation coefficient (which represents the 

correlation between the measured and simulated PFs), 𝑐̅(𝑛473) > 0.99. The uncertainty in 

the size of the particle resolved from PF measurements was ± 0.5 nm. The impact of this 

uncertainty in the retrieved value of ∆k1520 was assessed by fitting ∆k1520 to the 

experimentally measured size change ± 0.5 nm. The resulting uncertainties in the values of 

∆k1520 are shown in Figure 6.11 (b) and (d). The smaller the initial size of the droplet, the 

larger the uncertainty in ∆k1520.  

Figure 6.11 shows for both solutes that as a droplet is exposed to lower RH, and, therefore, 

the solute concentration increases, thus decreasing the vapour pressure, proportionally less 

solvent evaporates from the droplet, corresponding to a smaller change in GF. The gradient 

of the change in GF with NIR laser power for both solutes is dependent on the surrounding 

RH. Therefore, illustrating the interplay between RH and laser power affecting the vapour 

pressure of the droplet which determines the heating-induced size-change (and thus the 

change in GF). 

The data reported in Figure 6.11 (b) suggest an increase in k1520 for aqueous NaCl droplets 

as the humidity decreases. This trend is indicative of the likely change in particle 

composition, which is in equilibrium with the surrounding gas phase: as the humidity 

decreases, the water content of the particle also decreases, which increases the solute 

concentration. We assume that the light absorption responsible for the observed ∆k1520 in 

Figure 6.11 (b) is caused by impurities in the NaCl solute, because NaCl does not absorb 

at 1520 nm, and this absorption is additional to that of pure water (which is already 

accounted for in the initial simulations of the reference particle).207 Miles et al. also studied 

the light absorption of single aqueous NaCl particles at 532 nm with Raman spectroscopy.94 

Their calculated values of k532 were larger than that of pure water, and this difference was 

also attributed to the presence of absorbing impurities.94  

Aqueous (NH4)2SO4 in Figure 6.11 (d) show a weaker trend between the retrieved k1520 and 

the RH the particle is exposed to. The retrieved values of k1520 are smaller compared to 

NaCl and so a trend in k1520 is more challenging to discern. It is worth noting each 

measurement at the different humidity represents a different particle and thus potentially 

varied alignment of the NIR beam which has proved to be critical parameter in this work. 

Furthermore, the (NH4)2SO4 particles studied were relatively small in size, meaning the 

alignment of the NIR was particularly challenging. The change in growth factor for these 

particles was less than those of aqueous NaCl at comparable RHs. It is possible the 

absorbing impurities in the NaCl solute are more strongly absorbing than those present in 
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(NH4)2SO4. Alternatively, it is also likely that the varied alignment of the NIR beam caused 

reduced absorption due to the smaller initial size of the particles. It is important to study 

one particle held at a range of humidities to be able to clearly resolve the relationship 

between k1520 and RH.  

6.6 Studies of the same aerosol particle held at different 

humidities 

The same (NH4)2SO4 particle was held in the BB trap over the course of ~ 8 hours, over 

this time the RH was decreased. The particle was then held at the given RH for ~ 1 hour to 

ensure the RH was stable before the heating measurements were performed. This process 

was repeated at four RHs. This measurement was experimentally challenging since it 

required the particle to be held for a prolonged period of time, while a number of external 

factors were varied (RH and NIR laser illumination) which could compromise the stability 

of the confined particle. The outcome of these measurements proves that the NIR alignment 

is the key parameter in the retrieved ∆k1520. Thus, a clear dependence of ∆k1520 with RH was 

observed, as is reported in Figure 6.12.  

 

Figure 6.12 The change in the relative value of k1520 for a single aqueous (NH4)2SO4 particle 

held at a range of humidities 

Unlike the case of aqueous NaCl and (NH4)2SO4 aerosol shown in Figure 6.11, these 

measurements were made on the same particle and clearly show that ∆k1520 increases as RH 

decreases. In these measurements, the effective laser power input was known to be 

appropriate for each the measurement at each RH. The magnitude of the change in ∆k1520 

with RH is comparable to that of aqueous NaCl and greater than that of (NH4)2SO4 shown 

in Figure 6.11 (d). The variation of kλ with wavelength for (NH4)2SO4 crystals was reported 

previously, and the nearest value to our measurement wavelength is at λ = 1500 nm where 

𝑘1500 = 3.4 × 10−5.207 This is of the same order of magnitude as our reported change in 
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k1520 from that of water with decreasing RH. Measurements of the absolute imaginary 

component of the refractive index are of greater interest than a relative measure of ∆k1520. 

However, here the importance of measuring the variation in ∆k1520 with RH, even for very 

weakly absorbing species, is highlighted. Furthermore, the ∆k1520 reported here, can be 

attributed to the absorption of the solute (or impurities contained within it), since the 

absorption of water has already been accounted for. Further work will endeavour to 

measure kλ directly as a function of RH, for a wider range of droplet compositions, to 

parameterise the dependence of kλ on RH. 

6.7 Measurements of the extinction cross-section of an 

optically heated single particle  

Single particle CRDS measurements were performed for each particle as it was irradiated 

with the NIR heating beam, and a section of a measurement is shown in Figure 6.13 (a) as 

an example. The CRD times, τ, determine the σext of the single particle: 

 
𝜎𝑒𝑥𝑡 =

𝐿𝜋𝑤2

𝑐
(
1

𝜏
−

1

𝜏0
) 

6-11 

where L is the length of the optical cavity, w is the beam waist (of the CRD beam, and 

estimated as 0.24 mm in later estimates of σext), and τ0 the CRD time of the optical cavity 

in the absence of the droplet.208 CRDS measurements were made at a wavelength of 532 

nm, where the particle is assumed to be non-absorbing (see section 6.3 for more details). 

Figure 6.13 (a) shows variation in τ as the particle was heated by the NIR laser beam and 

illustrates the sensitivity to changes in the particle σext induced by the heating. The changes 

in the recorded CRD times increase as the power of the heating beam increases. The 

fluctuations in  are a consequence of the Brownian motion of the aerosol particle within 

the BB trap.108,128 
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Figure 6.13 The cavity ring-down times, τ, of a single aqueous NaCl particle as it was heated 

by a 1520 nm beam (red points) decrease compared to when the 1520 nm beam was blocked 

(black points). The 1520 nm effective laser power is indicated with red labels. The average τ 

values at each effective laser power are shown by large red squares, and when the NIR beam 

is off by the large black diamonds. The average (large red and black) points also correspond 

to the average estimated σext indicated on the corresponding y-axis. (b) The change in the 

measured τ values and the associated estimated change in σext are shown as a function of the 

particle size change, retrieved from PF measurements, as a result of modulated heating 

Figure 6.13 (a) shows the average measured ring-down time τ, which decreases as the 

particle is irradiated with increasing NIR illumination. As the particle size decreases, its 

smaller geometric cross section might be expected to cause an increase in the τ value. 

However, the τ value is determined by the σext, not the geometric cross section. These two 

parameters are connected by the extinction efficiency, Qext, which is defined in Equation 

6-8. Qext is a function of the size parameter, χ (shown in Equation 6-13). 

 
𝑄𝑒𝑥𝑡 =

𝜎𝑒𝑥𝑡

𝜎𝑔𝑒𝑜𝑚
 

6-12 

 
𝜒 =

𝜋2𝑟

𝜆
 

6-13 

Here, r is the particle radius and λ is the illumination wavelength. The extinction efficiency 

varies with size parameter; thus, as the particle is heated and the size parameter changes, 

the particle will exhibit different extinction efficiencies. In the size parameter range of the 
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particle considered in the current example, as the particle is heated the extinction efficiency 

increases with a decrease in size. The resulting increase in σext causes the observed changes 

to τ values upon heating, this is shown in Figure 6.13 (a).  

The rapid heating-induced size response was generally recorded more rapidly by CRDS 

than by the PF measurements and observed before the change in the electronic signal 

reporting the status of the shutter controlling the heating beam was registered. Both the PF 

and shutter status data were collected every second. This effect is particularly evident in 

Figure 6.13 (a) at ~ 1210 seconds, where the τ values have changed, but the data points are 

still colour-coded as black (incorrectly indicating the particle was not irradiated by the NIR 

beam). Thus, the CRDS data illustrate the rapid size response of the droplets to irradiation 

by the heating beam and indicate the benefits that would derive from measuring PFs and 

the shutter status at intervals of < 1 second. For example, the mass accommodation 

coefficient could be directly probed, which would provide valuable insights into the 

evaporation kinetics of droplets of smaller radii than have previously studied.209,210 

Figure 6.13 (b) shows the consequences of changes in the power of the heating beam for 

measured τ values and change in σext values from CRDS and droplet sizes measured from 

PFs. There is a clear correlation between the changes in τ, σext and particle size change 

induced by droplet heating, each of which is determined from separate measurement 

techniques (CRDS and PFs respectively). This trend reinforces the sensitivity of both PF 

measurements and CRDS to changes in the size of single aerosol particles and further 

illustrates the complementary use of these techniques. Thus, demonstrating the possibility 

of providing concurrent σext measurements by CRDS when exploring optically induced 

heating.  

6.8 Summary 

Droplet heating by a NIR laser has been combined with our previously reported single-

particle trapping and observation methods to measure RH-dependent changes in the 

complex refractive index of weakly absorbing single aerosol particles. These are the first 

measurements of the dependence of k with RH. The absorption of 1520-nm laser radiation 

by single particles composed of aqueous NaCl or (NH4)2SO4 has been reported at a range 

of discrete RHs. The radius and n473 of the particle were retrieved from PF measurements, 

and the absorption of a particle relative to a water droplet was calculated from the change 

in particle size upon heating. The positioning of the single particle in the heating beam 

proved to be crucial in quantitatively accounting for the size change upon heating and this 

challenge must be addressed in future work, despite the critical tolerances in aligning 

multiple laser beams with a trapped droplet that must be achieved. However, here we have 
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developed a method to scale the incident laser power to quantify the actual power 

irradiating the particle and to retrieve relative changes in absorption.  

Multiple measurements of single particles of aqueous NaCl, and a single aqueous 

(NH4)2SO4 particle showed an increase in k1520 relative to that of water with decreasing RH. 

This greater absorption at 1520 nm at lower RHs was attributed to impurities in the solute. 

The measurements illustrate the capability of the system to retrieve ∆k1520 values for very 

weakly absorbing aerosol. Despite determining a relative change in k1520 rather than an 

absolute value, the data highlight the variation in the absorption of aerosol particles with 

RH, thus emphasising this dependence as an additional factor to be considered when 

including aerosol optical properties in radiative transfer models. This work represents 

single aerosol particles produced in laboratory conditions, where RH dependent absorption 

is exhibited from contaminants. This work highlights that, in all likelihood, in atmospheric 

conditions where aerosols are composed of complex mixtures of species, absorption will 

be, to varying extents, present in all aerosol. 

The detection of changes to the σext of a single particle of radius 1-2 µm as the heating beam 

was modulated demonstrates the sensitivity of the SP-CRDS technique. The changes in 

geometric cross-section derived from PF measurements, and changes in extinction cross-

section from CRDS, illustrate the complementary nature of these analysis methods. In 

addition, the CRDS measurements can be made with extremely high time resolution. Such 

measurements could be invaluable in measuring kinetic parameters for water 

condensation/evaporation, for example in retrieving the value of the mass accommodation 

coefficient from measurements on single particles that are much smaller than previously 

studied.209,210 In addition, these measurements will allow us to look at the mechanism 

inherent to photoacoustic spectroscopy, potentially allowing us to study the ambiguities 

that arise in PAS measurements at elevated RH when the photoacoustic signal is a product 

of mass transfer from an evaporating droplet as well as heat transport.88 The current SP-

CRDS instrument is inherently limited to studying weakly absorbing aerosol. Further 

instrument development will strive to retrieve complex refractive index information for 

more strongly absorbing aerosol species for inclusion in radiative transfer models. 
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Chapter 7  

Summary, Conclusions and Further 

Work 

 

This thesis sets out to provide precise, fundamental optical measurements of single aerosol 

particles, with the intention of contributing towards elucidating the direct interaction of 

aerosol particles with radiation. It is of critical importance to improve the significant 

uncertainties that prevail in our understanding of the impact of aerosols upon radiative 

forcing. The extent to which different aerosol species scatter or absorb light must be better 

constrained by directly measuring these interactions. Furthermore, widely used theoretical 

mixing rules which are used to estimate the refractive index of multicomponent aerosols 

remain widely unvalidated. This thesis addresses these key gaps in the research landscape. 

A Bessel laser beam (BB) trap was used to trap single aerosol particles, the size of which 

ranged from 1 -2 μm in radius. The particle size was retrieved from the analysis of the 

angular variation in elastic light scattering, or phase functions (PFs), which also yielded the 

refractive index of the particle. Simultaneous measurements of the extinction cross section 

of the particle, a key parameter relating to the direct effect of aerosols, was measured with 

cavity ring down spectroscopy (CRDS). The analysis of this data enabled the precise 

refractive index of the particle to be retrieved. The trapped particle was exposed to a range 

of relative humidities (RHs), to mimic atmospheric conditions, thus, the evolving optical 

properties were measured as a function of RH. 

7.1 Summary of results 

In this work, single aerosol particles composed of aqueous solutes were investigated. This 

approach was chosen since it facilitates superior precision compared to ensemble methods, 

which are discussed in Chapter 1. The RH surrounding the particle was varied, and since 

the solutes studied were hygroscopic, the composition and, thus, the optical properties, 

evolved. A number of discrete illumination wavelengths were used to probe the particle to 

enable the variation in refractive index with wavelength to be explored. 

Chapter 4 presented measurements of a range of inorganic solutes (NaCl, (NH4)2SO4, 

NH4HSO4, Na2SO4) which are commonplace in the atmosphere. Initially, improvements to 



210 
 

the single particle cavity ring-down spectroscopy (SP-CRDS) instrument were presented. 

The addition of a Gaussian intensity profile light source for PF measurements showed 

improvements to the precision of the retrieved particle size and refractive index compared 

to BB illumination, with mean Pearson correlations of > 0.99 were readily achievable with 

Gaussian intensity illumination. Furthermore, the modification provided the additional 

benefit of generating further optical information at an extra illumination wavelength of 473 

nm. Recommendations were made regarding the minimum particle size probed in this work 

to ensure the utmost precision from PF measurements (for λ = 473 nm minimum radius = 

1 μm, for λ = 633 nm minimum radius = 1.3 μm). Following these recommendations and 

the instrument modification, the most abundant atmospherically relevant aqueous inorganic 

salts were probed. The refractive index of each particle was measured from ~ 90 % to 

efflorescence RH, at a range of illumination wavelengths (λ = 405, 473, 532, 650 nm). 

Repeat measurements of different droplets of each inorganic salt were performed to enable 

the precision of the SP-CRDS instruments to be identified. The uncertainty was given by 

one standard deviation for each respective salt every 2% RH, with an average uncertainty 

of nλ ± 0.005 for PF measurements and nλ ± 0.0035 from CRDS measurements. The 

measured data were combined with complementary literature data reported by Tang et al.at 

633 nm for all salts of interest over the entire RH range,21,41 and measurements of pure 

water (equivalent to RH = 100%) for all illumination wavelengths.122 All measured and 

literature data were combined and a parameterisation model was developed to best describe 

the data. The Cauchy optical dispersion model enabled the measurements at discrete 

wavelengths to be extrapolated to all visible wavelengths and RHs based on the available 

data, thus providing the most precise and extensive description of inorganic aerosol optical 

properties to date. The intention of this work was to provide a through description of 

inorganic optical properties for inclusions in radiative transfer models. 

Within the atmosphere, aerosol particles rarely exist as binary aqueous particles. To 

account for the complexity of multicomponent aerosol mixing rules are commonly used in 

atmospheric models to estimate the refractive index of aerosol particles composed of a 

range of compounds. There are a number of different mixing rules, yet the validity and 

limitations of such rules remain unknown due to limited comparisons with aerosol 

measurements. Chapter 5 presents a comparison of aerosol measurements from the SP-

CRDS instrument to mixing rule predictions for particles composed of increasingly 

complex organic mixtures. The molar refraction mixing rule and the group contribution 

(GC) model estimates were compared to the Cauchy model which was based on measured 

data. The molar refraction mixing rule is an extrapolation of bulk phase measurements 

which conforms with the MR functional form. The Cauchy model is also an extrapolation 
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of measured data; however, this data spans a number of wavelength and considerably 

greater relative humidity range. The molar refraction mixing rule provided more accurate 

n589 estimates than the Cauchy model at high RHs (typically ~ > 80%), specifically for 

solutes which could achieve > 0.3 mass fraction of solute in solution. At lower RHs, the 

Cauchy model provided an accurate description of n589, with the MR estimate increasingly 

diverging, this was particularly evident for sparingly soluble solutes. The refractive index 

was also calculated using a different approach, a group contribution model optimised by 

Cai et al. to predict n589 for pure solutes (at RH = 0%).179 This work represents the first time 

this approach has been used to calculate the refractive index of anything more complex 

than unary systems. The GC approach required no measurements, needing only a 

calculation based on the molecular subgroups present in each mixture. The GC approach 

provided a remarkable comparison to the Cauchy model at RH = 0%, with an average 

difference of n589 ± 0.023, achieving uncertainties that are analogous to errors associated 

with typical ensemble aerosol measurement techniques. Single particle measurement 

methods unequivocally provide the most precise measurements of nλ. In the absence of 

single particle techniques, it is the recommendation of this work that the GC approach is 

used to predict multicomponent pure component refractive index, while the molar 

refraction mixing rule is used to provide n589 at high RHs, particularly for highly soluble 

solutes. 

Uncertainties associated with the absorption properties of aerosol are known to contribute 

proportionally larger uncertainties compared, to light scattering, to radiative forcing 

estimates. A new method to measure the imaginary component of the refractive index of 

weakly absorbing aerosol was developed. The addition of a near infrared laser beam (λ = 

1520 nm) to the SP-CRDS instrument enabled the absorption of a weakly absorbing particle 

to be studied. The heating beam was focused on the trapped droplet and modulated to 

provoke a heating-induced size response, which was measured by collecting the variation 

in PFs. This work investigated the relative absorption of aqueous particles; absolute 

measurements were not possible since it was experimentally challenging to ensure the 

position of the particle was centred within the near infrared beam. Changes in the imaginary 

component of the refractive index of < 10-5 were detectable with this technique. Particles 

were exposed to a range of RHs, with the same particle successfully held at a range of 

discrete RHs while the imaginary component of the refractive index was probed. This 

approach confirmed that the extent of absorption is dependent on the RH hygroscopic 

aerosol is exposed to; this work establishes this dependence for the first time. 
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7.2 Significant conclusions 

Through identifying the key uncertainties in atmospheric aerosol science and strategically 

preforming measurements which utilise the benefits of the SP-CRDS instrument several 

significant conclusions have been drawn from this work. The precision achievable with the 

SP-CRDS instrument enables both atmospherically pertinent measurements to be 

performed, while also enabling more general conclusions regarding the validity of mixing 

rules to be made.  

The repetition of measurements of different droplets containing the same solute, showed 

over a range of RHs, that the retrieved refractive index was highly consistent. Thus, the 

most comprehensive and precise database of inorganic refractive index as a function of RH 

and illumination wavelength has been reported. The treatment of aerosol refractive index 

in current radiative transfer models often only use a single value to describe an aerosol 

species, for example all organic aerosol,38 or refractive indices are considered for a single 

illumination wavelength.178 Within the atmosphere, aerosol particles are exposed to a broad 

spectra of radiation wavelengths and range of humidities. This work has illustrated the 

extent to which the refractive index varies with both RH and illumination wavelength, 

illustrating that it is of key importance to include the dependence of refractive index on 

these parameters in radiative transfer models.  

The first measurements of organic compounds with the SP-CRDS instrument were 

presented. The complexity of the number of compounds investigated were systematically 

increased. This enabled factors that were advantageous or deleterious to the mixing rule 

prediction of refractive index to be identified. The key outcome of this work is the 

recommendations regarding the use of the molar refraction and GC predictive methods. 

The molar refraction mixing rule provided a better description of nλ than the Cauchy model 

at high RHs (typically > 80%), particularly for soluble solutes (mass fraction of solute > 

0.3). However, at lower RHs (typically < 30%) the molar refraction mixing rule diverged 

from n589 calculated from the Cauchy model. The GC model compared well to the Cauchy 

model at RH = 0% with on average a difference of n589 ± 0.023, which is comparable to 

uncertainties associated with ensemble aerosol measurement techniques. It must be noted, 

however, that the GC approach has the significant advantage of a considerably simpler, 

quicker and cheaper methodology compared to ensemble measurements while providing 

analogous accuracy. Therefore, in the absence of single particle aerosol measurements 

methods it is the recommendation of this work that the GC method is used to estimate n589 

for RH = 0% while the molar refraction mixing rule is most appropriate for predictions at 

high RH for soluble solutes.  
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This work also probed the variation in the imaginary component of the refractive index 

with RH. Miles et al. have also reported measurements of k of optically tweezed single 

aqueous NaCl particles, however these are limited to high RHs (96.9 and 98.4%).94 This 

work represents the first measurements of the dependence of k on RH to date. Extensive 

work has measured the variation in the real component of the refractive index with RH, yet 

little research has probed, the arguably proportionally more important relationship of 

absorption with RH. Here, it was possible to show that the magnitude of absorption of 

hygroscopic aerosol varied as result of the surrounding RH, with increased absorption at 

decreased RH. This work successfully exhibits the relationship between aerosol absorption 

and RH and highlights the requirements of further work in this area. This relationship 

remains relatively unstudied since photoacoustic spectroscopy, the key method used to 

measure aerosol absorption, is unable to measure aerosol at RH > 30% since the 

evaporation of water interferes with the acoustic signal.88 Therefore, this new method 

presents a potential route to address these otherwise elusive measurements.  

This work has exemplified the precision of refractive index measurements that are 

achievable with SP-CRDS; arguably the most precise measurements of aerosol refractive 

index to date. The findings of this research provide critical insights of the interaction of 

atmospheric aerosols with radiation. The most comprehensive and precise measurements 

of atmospherically relevant inorganic compounds have been reported. This work has also 

enabled a framework for the use of the molar refraction mixing rule and the GC approach, 

enabling limitations and estimates of accuracy to be generated. Furthermore, this thesis has 

successfully probed and for the first time, established the variation in aerosol absorption 

with RH. This work has yielded atmospherically relevant data for direct use in atmospheric 

models and has facilitated overarching conclusions to be drawn. 

7.3 Further work 

The SP-CRDS instruments has been used to measure data for a number of atmospherically 

relevant systems, both organic and inorganic. The instrument could be used in the future to 

extend the database of compounds studied; in addition to investigating the optical 

properties of binary aqueous systems, more complex systems could be studied, such as 

aqueous inorganic or inorganic-organic mixtures. These measurements would cast light on 

the hygroscopic and thus compositional optical responses as well as any changes in 

efflorescence RHs. 

There were a number of experimental limitations associated with the instrumentation, 

which could be addressed in further work. The addition of a Gaussian probe beam of 

sufficient power (> 2 mW) for PF illumination on the 405 nm SP-CRDS instrument would 
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improve the precision of the retrieved data, while also potentially provide additional 

refractive index data at an extra wavelength. The current means of introducing aerosols into 

the trapping cell is with a medical nebuliser and this produces a plume of particles. A 

possible means of reducing the excess aerosol generated would be to employ a droplet on 

demand generator. A BB trap has the capability of trapping accumulation mode particles. 

However, to maintain precision in the measurements there are limits on the minimum size 

of particles with the current instrumentation (radius > 1 μm for 473 nm). If a shorter 

illumination wavelength source of PFs were employed, this would provide proportionally 

more features thus enabling smaller droplets to be reliably probed. The key disadvantage 

of using the BB optical trap is that the aerosol studied must be non-absorbing at the BB 

wavelength; if the particle were absorbing the particle would become unstable and exit the 

optical trap due to photophoresis. Therefore, to capitalise on the sensitivity of CRDS as a 

method to probe the absorption of aerosol, an alternative means of trapping single particles 

would have to be employed. This work is in the preliminary stages, where a quadrupole 

trap enables highly absorbing, or non-spherical aerosols to be trapped for days. The 

quadrupole trap in conjunction with PF and SP-CRDS measurements extends the capability 

of the BB SP-CRDS instruments, providing a pathway to measure currently inaccessible 

photochemical and absorption processes. 

The spontaneous change in particle phase and shape upon efflorescence causes changes to 

the extinction cross section of a particle. This change is readily measurable with CRDS. To 

date, when the crystal structure of the particle was sufficiently spherical the particle 

remained in the BB trap, therefore, enabling PF and CRDS measurements. The BB trap is 

limited to confining near-spherical shaped particles. Thus, in reality most particles exited 

the BB trap upon efflorescence. Therefore, a further advantage of the quadrupole trap 

coupled to CRDS would enable measurements of the change in extinction cross section 

associated with crystallisation and would allow the particle shape to be retrieved from the 

associated change in extinction cross section. 

A natural progression of the heating measurements of aerosol particles is the measurements 

of the mass accommodation coefficient. PF measurements at intervals of < 1 second would 

provide increased time resolution of the heating-induced size response of the particle. This 

would provide potentially important insights into the mass transfer rate between the aerosol 

and gas phase. The magnitude of the mass accommodation coefficient remains uncertain 

for many semi-volatile atmospheric species, such as water and ammonium nitrate, and 

therefore limits out knowledge of the concentrations of species within the atmosphere, 

while also contributing uncertainty to the growth rates of clouds.209 Ambiguity prevails in 
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literature measurements of the mass accommodation coefficient of water.209 This method 

could prove a powerful tool in elucidating such uncertainties. 

The validation of mixing rules through comparisons to aerosol measurements have proved 

enlightening in identifying the precision and limitations of the molar refraction mixing rule 

and GC model. Further studies need to be carried out to validate the use of mixing rules for 

multicomponent systems composed of inorganic and organic compounds. Furthermore, the 

work to date examined solutes that are crystalline in their pure form, it would be insightful 

to compare measurements and predictions of compounds that are liquid in their pure form; 

this would be interesting, since the outcome of this work shows the molar refraction mixing 

rule estimate is increasingly inaccurate for sparingly soluble solutes since the functional 

form has a physical basis from the bulk data.  

The overarching aim of this work was to address the key uncertainties in the interaction of 

atmospheric aerosols with radiation. The real components of the refractive index of 

inorganic compounds were studied, enabling a comprehensive, precise database of 

properties to be reported at atmospherically relevant conditions. The imaginary component 

of the refractive index was probed for the first time with the SP-CRDS instrument; despite 

its exploratory nature, this study offers some insight into the dependence on the variation 

of absorption with RH. Aerosol measurements were compared to predictive mixing rules; 

the findings of this work have a number of practical recommendations. This thesis has 

provided a deeper insight into both the fundamental and more complex optical properties 

of single aerosol particles. Therefore, highlighting both the significance of considering the 

influence of illumination wavelength and RH and on the complex refractive index of 

aerosols and using appropriate mixing rules to estimate the refractive index of 

multicomponent species. 
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