
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

6:
46

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ultraviolet refrac
aDepartment of Earth Sciences, Centre of Cl

Building, Royal Holloway University of Lon

E-mail: m.king@rhul.ac.uk
bSTFC, Central Laser Facility, Research Com

Laboratory, Didcot, Oxfordshire, OX11 0FA,
cForest Research, Alice Holt, Wrecclesham, F
dEnvironment and Climate Change Canad

Scotia, B2Y 2N6, Canada
eISIS Pulsed Neutron and Muon Source, Ru

OX11 0QX, UK

Cite this: Environ. Sci.: Atmos., 2023, 3,
1008

Received 10th January 2023
Accepted 20th April 2023

DOI: 10.1039/d3ea00005b

rsc.li/esatmospheres

1008 | Environ. Sci.: Atmos., 2023, 3
tive index values of organic
aerosol extracted from deciduous forestry, urban
and marine environments†‡

Connor R. Barker, §e Megan L. Poole, a Matthew Wilkinson, c

James Morison, c Alan Wilson, d Gina Little, d Edward J. Stuckey, e

Rebecca J. L. Welbourn, ae Andrew D. Ward b and Martin D. King *a

The refractive index values of atmospheric aerosols are required to address the large uncertainties in the

magnitude of atmospheric radiative forcing and measurements of the refractive index dispersion with

wavelength of particulate matter sampled from the atmosphere are rare over ultraviolet wavelengths. An

ultraviolet-optimized spectroscopic system illuminates optically-trapped single particles from a range of

tropospheric environments to determine the particle's optical properties. Aerosol from remote marine,

polluted urban, and forestry environments is collected on quartz filters, and the organic fraction is

extracted and nebulized to form micron-sized spherical particles. The radius and the real component of

refractive index dispersion with wavelength of the optically trapped particles are determined to

a precision of 0.001 mm and 0.002 respectively over a near-ultraviolet-visible wavelength range of

0.320–0.480 mm. Remote marine aerosol is observed to have the lowest refractive index (n = 1.442 (l =

0.350 mm)), with above-canopy rural forestry aerosol (n = 1.462–1.481 (l = 0.350 mm)) and polluted

urban aerosol (n = 1.444–1.485 (l = 0.350 mm)) showing similar refractive index dispersions with

wavelength. In-canopy rural forestry aerosol is observed to have the highest refractive index value (n =

1.508 (l = 0.350 mm)). The study presents the first single particle measurements of the dispersion of

refractive index with wavelength of atmospheric aerosol samples below wavelengths of 0.350 mm. The

Cauchy dispersion equation, commonly used to describe the visible refractive index variation of aerosol

particles, is demonstrated to extend to ultraviolet wavelengths below 0.350 mm for the urban, forestry,

and atmospheric aerosol water-insoluble extracts from these environments. A 1D radiative-transfer

calculation of the difference in top-of-the-atmosphere albedo between atmospheric core–shell mineral

aerosol with and without films of this material demonstrates the importance of organic films forming on

mineral aerosol.
Environmental signicance

Light scattering by atmospheric aerosol directly affects the radiative balance of the planet, however large uncertainties still remain in the magnitude of aerosol
radiative forcing. To improve climate modelling accuracy, refractive index measurements of atmospheric aerosol are required, especially at rarely studied
ultraviolet wavelengths. Here, organic aerosol sampled seasonally from remote, forestry, and urban locations is spectroscopically analysed to determine the
refractive index of the aerosol over near-ultraviolet to visible wavelengths. The refractive index increases from remote, to urban and forestry locations. Finally,
radiative-transfer modelling of organic lms on mineral aerosol demonstrates that observed locational and seasonal variability in the refractive index of organic
aerosol lms may signicantly affect the top of atmospheric albedo for core shell particles.
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1 Introduction
1.1 Atmospheric aerosol

Aerosol species in the atmosphere are radiative forcing agents,
causing changes in the radiative uxes of solar and terrestrial
atmospheric radiation.1–4 Atmospheric aerosol directly affects
the radiative balance of the planet through the scattering and
absorption of electromagnetic radiation, resulting in a negative
radiative forcing,1,4–6 although the magnitude of the negative
radiative forcing remains a large uncertainty when modelling
the Earth's climate.2,4–10 In contrast to the well-dened radiative
forcing of greenhouse gases, the 2021 IPCC Sixth Assessment
Report estimated the radiative forcing due to aerosol–radiation
interactions from 1750–2014 to be−0.3 Wm−2±−0.3 Wm−2.10

To reduce the uncertainty in the magnitude of the negative
radiative forcing by atmospheric aerosol, the direct effect must
be characterized for atmospheric particulate matter, which
requires a detailed understanding of the optical properties of
atmospheric aerosol over all atmospherically relevant wave-
lengths. There has been signicant research in the literature
detailing the real component of refractive index dispersion of
atmospheric aerosol at visible wavelengths,11–24 or recording the
real component of refractive index at single visible
wavelengths.17,25–30 Tropospheric electromagnetic radiation
reaches a minimum wavelength of 0.29 mm at the Earth's
surface.31 Several studies have measured the refractive index
dispersions of atmospheric aerosol particles over near-
ultraviolet wavelengths above 0.35 mm, e.g. ref. 13, 15, 16 and
21. However, measurements of the refractive index dispersions
of atmospheric aerosol particles between 0.29–0.35 mm are
rare.11,19,20 The majority of studies into the scattering of light by
atmospheric aerosol average the optical properties over particle
ensembles, over a distribution of morphologies and
radii.13,15,16,20,21,32,33 Isolating single particles for spectroscopic
analysis enables highly precise simultaneous measurements of
the size and refractive index of individual aerosol particles,19,34,35

and observation of the optical properties and particle phase and
morphology throughout chemical and physical
reactions.14,17,18,35–39 To date, only one study19 has used single
particle techniques to measure the refractive index dispersion
of atmospherically-relevant aerosol particles at wavelengths
below 0.35 mm,19 and more measurements are needed in this
region of extracted atmospheric particulate matter.

The chemical composition of atmospheric aerosol is
complex,40,41 and there is large variability in the size, concen-
tration and composition of the aerosol over time and location.1,5

The complexity of the aerosol chemical composition can lead to
partitioning of the chemical components and the formation of
an organic lm at the aerosol–air interface, which can in turn
affect the chemical and optical properties of the aerosol.23,24,42–45

The main components of global atmospheric aerosol mass
include sulphates, nitrates, black carbon, oceanic sea-spray,
mineral dust, and organic aerosol species, and each chemical
component has individual and varied light scattering proper-
ties.2 A signicant area of aerosol research is dedicated to
studying the properties of secondary organic aerosol (SOA),
© 2023 The Author(s). Published by the Royal Society of Chemistry
which is produced via the atmospheric oxidation of gas-phase
volatile organic precursor compounds.3,15,16,22,27,28,46,47 Atmo-
spheric aerosol is both biogenic and anthropogenic in origin,
with the contribution from anthropogenic sources such as fuel
combustion and industrial emissions rising signicantly over
the 20th century to now comprise an estimated 25–50% of total
atmospheric aerosol particulate matter.2,5,48
1.2 Localized aerosol properties

The increase in anthropogenic emissions now means that
virtually all atmospheric aerosol has been impacted by anthro-
pogenic pollution, and measurements of aerosol with a truly
biogenic source are difficult to obtain. One of the few remaining
locations with aerosol approximating natural (no-human
impact) conditions is marine environments, collected in
remote regions far from human populations or industrial
sites.49 Remote marine locations still contain limited contribu-
tions from long-range transport of continental aerosol particles
however, which can signicantly affect the light scattering
properties and key chemical processes of the aerosol parti-
cles.50,51 Despite representing pristine conditions, the particle
number, size distribution, and chemical composition of remote
marine aerosol remains highly variable locationally and
temporally.52 The coarse mode (r > 0.5 mm) is comprised of sea
salt particles,49,52 silicate mineral dust particles from desert
regions,50,52 and internally mixed silicate-sea salt particles,49,53

whereas smaller remote marine aerosol (r < 0.3 mm) is domi-
nated by non-sea-salt sulfate from the oxidation of atmospheric
organosulfur groups, including biogenic marine dimethyl
sulde and biogenic and anthropogenic SO2.2,49,52 The remain-
ing fraction of the total remote marine aerosol mass is
comprised of nitrate groups (r > 0.35 mm),52 organic and black
carbon aerosol from long-range transport of biomass burning
emissions,50 organic matter2,49,54,55 and a limited amount of
anthropogenic aerosol species.56

Forests play a key role in both the production and removal of
aerosol from the atmosphere, and as a result have signicant
effects on the radiative balance of the planet.57,58 In addition,
the propensity of organic material to form a lm around aerosol
particles means that the composition of the organic aerosol
fraction is key to determining the climatic impacts of forestry
aerosol.45,58 Forests are responsible for 70% of global biogenic
volatile organic compound (BVOC) emissions,57,59 and between
latitudes of 36° N and 68° N, monoterpenes such as a-pinene, b-
pinene, and limonene are the dominant BVOC precursors.58,59

BVOC precursors undergo complex chemical pathways such as
in-canopy oxidation and gas-to-particle conversion to form
biogenic SOA,58,60 which comprises 85% of global organic
aerosol mass.61 The remaining organic fraction of forestry
aerosol consists of biogenic primary organic aerosol (BPOA),
which includes primary particles from forest res, seasonal
pollen, spores, debris from leaves or soil, and bacteria.58,60,62 The
total ux of aerosol at forestry locations is a balance between the
in-canopy production of biogenic SOA and BPOA, vertical
temperature gradients across the canopy, and the removal of
atmospheric aerosol through wet and dry deposition. Aerosol
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1009
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uxes have been demonstrated to be oxidation-level and vola-
tility dependent, with higher deposition for more oxidized, less
volatile organic aerosol, and higher emission for less oxidized,
more volatile organic aerosol.57 Similar to remote marine aero-
sol, forestry aerosol is likely to include localized or long-range
contributions from biomass burning, anthropogenic organic
emissions and inorganic compounds, which may affect the
optical properties of the aerosol particles.58

Even in urban locations with high levels of anthropogenic
emissions, organic matter (not including black carbon) remains
the largest component of urban particulate matter, comprising
29% of PM2.5 in London. The remaining minor components
include inorganic compounds and black carbon from biomass
burning.49,63 Precursor VOCs for the formation of SOA are over-
whelmingly biogenic in origin (∼90%), with the remaining 10%
arising from anthropogenic sources such as combustion or
petroleum.49,64 Anthropogenic VOCs (AVOCs) can have signicant
effects on aggregate SOA production, enhancing the oxidation
and gas-to-particle conversions of BVOCs.2,65 In addition, AVOCs
may affect the optical properties of aggregate SOA through BVOC/
AVOC interaction, potentially leading to an increase in the
refractive index.16 This is particularly relevant in urban environ-
ments, where oxidation of AVOCs can lead to rapid increases in
SOA production,49,66 and at northern mid-latitudes AVOCs could
be as relevant as BVOCs for SOA production.2
1.3 Optical trapping and Mie scattering

Optical trapping techniques are able to isolate and control
single micron-sized aerosol particles over experimental time-
scales, in gaseous media, without the need for mechanical
support.67–69 An aerosol particle optical trapping system
commonly uses one or more focussed TEM00 Gaussian beams of
near-infrared laser light to capture micron-sized dielectric
particles. The transfer of momentum from the photons in the
laser beam to the particles induces an optical force on the
particle, which for particles of a higher refractive index than the
surrounding medium, pushes the particle along the intensity
gradient to the focus of the laser.68 Optical trapping has been
used in conjunction with spectroscopic techniques in a wide
variety of studies to determine the size and refractive index of
optically trapped aerosol particles.12,14,17–19,23,24,35,36,38,39,70–77 The
cavity-like structure of spherical aerosol particles causes inci-
dent light rays to undergo total internal reection at the air-
particle interface, producing standing waves that form a series
of Morphology Dependent Resonances (MDRs).34,74 In spectro-
scopic measurements of single aerosol particles, the back-
scattered light from the single aerosol particle is collected in the
far eld and delivered to a spectrometer to produce a Mie
spectrum, observed as scattered intensity as a function of
wavelength. The Mie spectrum contains a series of super-
imposed peaks in intensity corresponding to the MDRs of the
particle. The scattered intensity at a specic wavelength, l, is
a function of the size parameter of the particle, x (eqn (1)),
which includes the wavelength of incident illumination, l, the
refractive index of the medium, nmedium, and the radius of the
particle, r.
1010 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
x ¼ 2pnmediumr

l
(1)

The scattered intensity is also a function of the relative
refractive index of the particle, m.

m ¼ nparticle

nmedium

(2)

If the refractive index of the medium and the wavelength of
incident light is known, the refractive index, nparticle, and radius,
r, of the particle can be determined through comparison of the
experimental Mie spectrum to an array of Mie spectra calculated
using Mie theory, which describes the scattering of electro-
magnetic light by wavelength-sized spheres.78 Thus, it is
assumed that the droplets are spherical and the dispersion of
refractive index with wavelength can be described by a disper-
sion equation. Signicant development has been made into
methods of retrieving the size and refractive index information
from wavelength-resolved scattered light spectra.34,35,71,72,75,79,80

Broadband Light Scattering (BLS) measurements of optically
trapped spherical particles involve illumination of the isolated
particles with a broad range of wavelengths similar in size to the
particle radius, and subsequent collection of the backscattered
light over a range of wavelengths and scattering angles.19,74

Although the backscattering of light by single spheres is
dominated by the scattering at 180°, integration of the scattered
light over a large range of angles relates the intensity of the Mie
spectra to a practical collection geometry whilst maintaining
the wavelength positions of the MDRs.74 Measuring the scat-
tering of light by the single particles over a large range of
wavelengths simultaneously is benecial for atmospheric
studies, as it allows the optical properties of the particle to be
determined over a large wavelength range in a single
measurement. Additionally, increasing the measured wave-
length range increases the number of experimentally observed
MDRs, which aids the comparison between experimental and
calculated spectra by minimising the number of possible solu-
tions.74 Numerous studies of the optical properties of aerosol
have focused on narrow wavelength ranges of <0.05
mm,34,36,38,73,79 with many later techniques using multiple
measurement tools to cover a series of wavelength ranges at
once,13,16,20,22 in contrast to measuring the scattering over
a single broad range.12,19,74,75,77

The primary reason for measuring the scattering of light by
atmospheric aerosol particles at UV wavelengths is atmospheric
relevance, as it is necessary to ll the current gap in the literature
for refractive index dispersions at UV wavelengths of single
atmospheric aerosol particles. In this study, the scattering of light
by atmospheric aerosol particles is recorded simultaneously over
a large UV-visible range of 0.320–0.480 mm, making it a powerful
tool to obtain the optical properties of atmospheric aerosol. The
procedure to determine the radius and wavelength-resolved
refractive index of single aerosol particles is fully detailed in
previous work,77 and is similar to other recent
literature.14,18,19,35,39,80,81
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2 Methods

Atmospheric aerosol particulate matter was collected from
various representative atmospheric environments by drawing
air through pre-combusted quartz lters. The particulate matter
was prepared for optical trapping via extraction with chloroform
and water, and stored at −20 °C until required. The extraction
process means that the sample can be described as the hydro-
phobic organic fraction of atmospheric aerosol. Any inorganic
compounds that are preferentially soluble in chloroform, will
also be in this fraction. A thorough description of the sampling
and sample extraction procedures can be found in ref. 23 and
45. Prior to trapping, the atmospheric particulate matter extract
was transferred to propan-1-ol suitable for ultrasonic nebu-
lisation, similar to ref. 23. A vertically-aligned counter-
propagating optical trap, shown in Fig. 1 and fully detailed in
previous work,12 was used to optically trap atmospheric aerosol
particles in an aluminium sample chamber. A separate optical
system, also shown in Fig. 1, was used to deliver light with
a large spectral range from a Laser-Driven Light Source, to
illuminate the trapped particle at 90° relative to the trapping
direction. The backscattered white light was collected by an UV-
optimised objective lens over scattering angles of 150–180°,
equivalent to a solid angle of 0.84 sr. The scattered light was
delivered via bre to a spectrograph to produce a Mie spectrum
of scattered light intensity as a function of wavelength over
wavelengths of 0.299–0.480 mm. Calculated Mie spectra were
produced for spheres of known refractive index and radius and
compared to the experimental spectra in an iterative tting
Fig. 1 A schematic diagram of the optical trapping and illumination
apparatus, not to scale. Infrared laser light (1.064 mm) is focussed
through opposing objective lenses to form an optical trap at the
sample plane. A broadband light source is delivered through a separate
optical system at 90° relative to the optical trap, and the backscattered
light is collected and delivered to a spectrograph.

© 2023 The Author(s). Published by the Royal Society of Chemistry
process to evaluate the refractive index and radius of the opti-
cally trapped spherical aerosol.
2.1 Sample preparation

Samples were collected and analysed from a location with high
anthropogenic aerosol emissions (polluted urban), a location
rich in biogenic aerosol emissions (rural forestry), and a loca-
tion with low anthropogenic emissions but high natural aerosol
concentration (remote marine). For each sample, the extraction
procedure collects the organic fraction of the samples, to
further analyse the optical properties of the organic thin lms
present on tropospheric aerosol.23,42–44

The polluted urban samples were collected over 30 day
periods at a height of 20 m, on the Queens Building at the Royal
Holloway, University of London (RHUL) campus. This location
is within 10 km of three major motorways, London Heathrow
airport, and a major urban centre in London, and therefore
represents a location with highly anthropogenic emissions.23

The forestry samples were collected in the Straits Inclosure at
Alice Holt Forest in south-east England (51°09′ N, 0°51′ W),
approximately 60 km from London and managed by Forest
Research. A primarily temperate, deciduous forest, the domi-
nant tree species in the Straits Inclosure is mature oak, of which
the majority is Quercus robur L., and a minor fraction consists of
Q. petraea (Mattuschka) Liebl., and Q. cerris L. Approximately
10% of the tree species are European ash (Fraxinus excelsior L.),
and the inclosure contains an additional 4.6 ha of mixed coni-
fers (Pinus nigra subsp. laricio Maire., Pinus sylvestris L., and
Cryptomeria japonica (L. f.) D. Don). Below the canopy, the
understory contains mostly hazel (Corylus avellana L.),
hawthorn (Crataegus monogyna Jacq.), and ground ora.82–88 For
each 30 day period, samples were collected on an observation
tower at heights of 2 m and 25 m, from the base (in-canopy) and
top (above-canopy) of the tower respectively. Collection of
aerosol samples at two heights means that an in/above-canopy
comparison can be made, and the seasonality of the samples
means that the effect of the deciduous trees on aerosol
concentrations can be monitored. The remote marine samples
were taken at the Sable Island Station on Sable Island, a small
Canadian sandbank in the North Atlantic Ocean.89–91 Sable
Island is 175 km from the Canadian mainland, and for the
purposes of this study acts as a ’background aerosol’ measure-
ment, with high levels of biogenic sea spray emissions49 and
minimal anthropogenic emissions from North American
continental outow.56

The atmospheric samples were collected by drawing air
through pre-combusted quartz lters (Whatman QM-A Grade/
SKC QM-A Grade, 47 mm diameter), which had been placed
in a furnace at 500–600° for z12 h to remove trace organics.
The air was pulled through clean stainless-steel pipelines at
a ow rate of 30 L min−1 for the polluted urban samples, and
20–25 L min−1 for the rural forestry and remote marine
samples, into a PFA (peruoroalkoxy) Savillex lter holder. To
prevent contamination, the lter holder was dissembled in
a glove box, and the sample and lter were stored in the dark at
−20 °C until further processing. The extraction procedure used
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1011
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in this study has been detailed in previous publications,23,44,45

and involved full mechanical disintegration of the lter in
10 mL of chloroform (Sigma-Aldrich, $99%, contains 0.5–1.0%
ethanol as stabilizer) and 10 mL of ultrapure water (>18.2 MU

cm), before ltration of the resulting solution through a second
blank pre-combusted quartz lter (Whatman QM-A Grade/SKC
QM-A Grade, 47 mm diameter) to remove any lter debris.
The chloroform organic layer, which contained the organic
atmospheric extract material, was drawn off into 10 mL amber
vials and stored in the dark at −20 °C until further processing.
The sample was blown down using dry argon to remove the
excess chloroform, and re-dissolved in 2 mL of chloroform for
long-term storage in amber glass vials with PTFE lids. The vials
were stored in the dark at −20 °C. To be consistent with our
previous studies23,44,45 and to ensure that the extract was not
hygroscopic only the chloroform extract was used. All glassware
and equipment in the extraction procedure was cleaned thor-
oughly before use with Decon 90 and rinsed extensively with
ultrapure water and chloroform. The efficiency of the extraction
and re-aerosolisation process were not measured other than to
note collection of material over a 30 day period permits capture
of several micron-sized droplets in the laboratory at the expense
of exhausting the sample. However, the amount of organic
material in each sample could be very crudely estimated from
the residue le in the glass vial aer removal of the chloroform
extraction solvent. Concentrated samples, such as the polluted
urban samples, commonly le an opaque brown smear on the
walls of the glass vial, whereas less abundant samples such as
the remote marine and rural forestry samples le extremely
faint smears inside the glass vial. To make sure that the amount
was sufficient for nebulisation to deliver aerosol particles to the
optical trap, the samples were commonly combined into
seasons. Details of the constituent months for each sample are
included in the ESI.‡ In order to provide a control for the
experiment and detect any possible contamination of the
samples, blank lters were collected together with each sample.
The blank lters were prepared identically to the real samples
and travelled with the sampled lters, where they were exposed
to the air and immediately sealed for analysis. The blanks were
then extracted, and nebulized for optical trapping using the
same procedure as for the real atmospheric organic extracts.
Several small particles (r < 0.5 mm) were observed in the sample
chamber aer nebulization of the blanks, which upon trapping
underwent rapid losses in droplet volume through evaporation
of the propan-1-ol solvent. To further demonstrate that the
blank samples contained no material, representative Langmuir
trough surface pressure–area isotherms of selected samples are
given in the ESI.‡
2.2 Optical trapping

A vertically-aligned counter-propagating optical trap (Fig. 1),
was used to optically trap individual atmospheric aerosol
particles. The optical trapping system here is detailed in
previous work,12 and has been used in numerous recent
studies.18,23,24,37,77 Two continuous wave Nd:YAG lasers (Ventus
1064, Laser Quantum) produced 1.064 mm laser beams that
1012 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
were passed through separate beam expansion optics to overll
the back apertures of the opposing objective lenses (Mitutoyo M
Plan Apo NIR 50X, NA = 0.42).92 The opposing objective lenses
focussed the two laser beams through borosilicate windows to
form an optical trap inside an aluminium sample chamber,
with a focal offset of z10 mm.12 The spatial offset between the
optical trapping lasers in the x, y, and z axes was aligned using
a piezo-electric stage (Physik Instrumente, E501). The laser
powers, which were measured at the point of focus prior to data
collection, were set at 15 mW for the downwards beam, and 10
mW for the upwards beam, providing stable trapping and
focussed brighteld imaging of the particle.12,24,37,77
2.3 Aerosol generation

Prior to trapping, the sample was concentrated via gentle
evaporation of the chloroform solvent with dry argon and dis-
solved in 2 mL of propan-1-ol. Propan-1-ol acts as a superior
nebulisation carrier solvent to chloroform.23 For the polluted
urban aerosol samples, z0.33 mL of the atmospheric extract:
propan-1-ol solution was added to the chamber of a nebuliser
with an additional 2 mL of propan-1-ol. For the remote marine
and rural forestry aerosol samples, which contained less
particulate matter, additional atmospheric extract was required,
and 1 mL of atmospheric extract: propan-1-ol solution was
added to the chamber of a nebuliser with an additional 2 mL of
propan-1-ol.

Prior to nebulisation, gaseous nitrogen was ushed through
the entire system for several minutes, including the PTFE-
tubing, nebuliser and sample chamber. The ow was regu-
lated using a mass ow meter (MassView MV-302). The nebu-
liser produced aerosol particles from the atmospheric extract:
propan-1-ol solution, and delivered the aerosol via short (z21
cm) quarter-inch PTFE tubing to the aluminium sample
chamber, which contained inlet and exhaust ports in order to
maintain a constant gaseous ow throughout the chamber. The
nebuliser produced aerosol particles without gaseous ow for
z30 s, aer which the nebuliser was switched off and nitrogen
gas was introduced to carry the aerosol particles to the sample
chamber. The gaseous ow required to transfer the aerosol to
the optical trap whilst maintaining optimal optical trapping
ranged from ow rates of ∼30–120 mL min−1. The aerosol
particles were initially optically trapped ∼10–50 mm above the
borosilicate glass on the bottom of the sample chamber, where
the gaseous ow is slower. Aer optical trapping, the gaseous
ow was adjusted to 40mLmin−1 and le for several minutes to
allow for any remaining aerosol in the chamber to settle in the
sample chamber or leave through the exhaust vent. The
aluminium sample chamber was then lowered by z5 mm to
move the optically trapped particle into the centre of the
chamber for optimal spectroscopic imaging. The carrier solvent
propan-1-ol evaporates rapidly during transit. The temperature,
pressure and humidity in the sample chamber were approxi-
mately 20 °C, atmospheric pressure and 35 ± 3.2% respectively,
but were not locally controlled beyond the temperature and
humidity controlled room. The stability of the optical trap was
constant for timescales of several hours.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Imaging

To identify the presence of a particle in the optical trap and
allow for optimisation of the trapping strength, a white LED
(Comar 01 LD 555) placed above the upper objective lens
provided brighteld imaging. The lower objective lens acted as
a condenser to image the trapped particle onto a charge-
coupled device (Sony XC-ST51CE CCD), and the stability of
the trap was optimised during trapping via adjustment of the
focal offset of the two opposing laser beams. The illuminating
LED was switched off during data acquisition. In a deviation
from previous work,12,14,18,23,37,74 a separate optical system was
constructed at 90° relative to the existing optical trap to maxi-
mise the illumination of the particle by UV wavelengths (Fig. 1).
A Laser-Driven Light Source (ENERGETIQ EQ-99X LDLS)
produced broadband light with a very large spectral range
(0.170–2.100 mm), which was ltered to remove wavelengths
<0.295 mm and focussed onto the trapped aerosol using an UV-
optimized, long-working distance objective lens (Thorlabs
LMUL-50X-NUV-SP, NA = 0.42). The elastically backscattered
light was collected as a function of wavelength by the same
objective lens over scattering angles of 150–180°, representing
a solid angle of 0.84 sr. The collected light was directed into the
20 mm entrance slit of the spectrometer (Acton SP2500i, 300
groove per mm, 0.300 mm blaze diffraction grating). The spec-
trometer recorded the intensity as a function of wavelength over
a range ofz0.181 mm from 0.299–0.480 mm, with a resolution of
2.609 × 10−4 mm at the centre wavelength (l = 0.390 mm).
2.5 Data analysis

A computational program, based on the theoretical methods set
out in the BHMIE computational code,78 detailed in ref. 77 and
written in Python3.6 compared each experimental Mie spec-
trum to a series of calculated Mie spectra, to determine the
refractive index dispersion and radius of the optically trapped
aerosol. The wavelength-dependence of the real refractive index
can be described in the visible region by the Cauchy equation:

n ¼ Aþ B

l2
þ C

l4
(3)

Here, n is the refractive index at the wavelength of the light, l,
and A, B and C are all Cauchy parameters that must be deter-
mined empirically through comparison of the experimental Mie
spectrum to an array of calculated Mie spectra.78 Further details
of the automated tting process are included in the ESI.‡

For the polluted urban spring and summer samples, the data
were recorded at two separate wavelength ranges. The wave-
length ranges were 0.290–0.380 mm and 0.350–0.440 mm, with
centre wavelengths of 0.340 and 0.400 mm, and resolutions of
1.291 × 10−4 mm and 1.285 × 10−4 mm respectively. The UV
0.340 mm centre wavelength spectrum contained a larger
number of sharp, dened MDRs, and so the UV spectra were
used to determine the refractive index dispersion and radius of
the particle, using the automated tting process. For the remote
marine samples and the rural forestry above canopy spring
sample, the small particle sizes (<0.6 mm) resulted in Mie scat-
tering spectra with #5 broad MDRs, which cannot be t
© 2023 The Author(s). Published by the Royal Society of Chemistry
accurately using the automated tting process (see ESI‡). A
manual tting process, similar to that of the automated tting
process, was used in order to determine the size and refractive
index dispersion of the small particles. An optimal t between
the experimental Mie spectrum and calculated Mie spectra was
determined by minimising the difference in the wavelength
positions of the MDRs across the spectrum. Crucially in the
manual tting process, the comparison involved consideration
of the overall shapes of the experimental and calculated Mie
spectra. The associated errors with the manual tting process
are signicantly increased and are discussed in Section 3.1.
2.6 Atmospheric radiative-transfer modelling

It is instructive to assess if the experimental results of the work
presented here may be important to the light scattering in the
atmosphere. Thus the experimental results of the work were
applied to a 1D radiative-transfer model to assess the impact
that organic lms, i.e. the materials studied, coating mineral
aerosol may have on top of atmosphere albedo as a function of
organic lm thickness. Mineral aerosol were chosen as the core
as Jones et al.18 have previously demonstrated that organic
compounds can form core–shell aerosol on silica particles. The
aerosol particles were considered spherical for ease of calcula-
tion. The assessment was performed for remote and urban
aerosol lms to bracket typical atmospheric conditions. An
atmospheric radiative-transfer model93 was applied to study an
atmospheric aerosol layer consisting of core mineral aerosol
coated in an organic shell with the real refractive index of the
atmospheric aerosol extract measured within the work pre-
sented here and Shepherd et al.23 and with imaginary refractive
index data from wider literature. The change in the top-of-the-
atmosphere albedo was calculated for an aerosol layer with
the composition of a silica core aerosol surrounded by a shell of
urban, or remote atmospheric aerosol extract with the lm
thickness varying from 10−4–0.1 mm. The silica core aerosol had
a size distribution of atmospheric aerosol typical of remote and
urban environments.94 The change in the top-of-the-
atmosphere albedo is reported similar to the approach of
Shepherd et al.23 Note these calculations are an exploratory
study to simply demonstrate potential effects on the top-of-the-
atmosphere albedo owing to the presence of organic lm with
refractive indexes measured herein on pure core–shell particles
in the atmosphere versus no organic lm (i.e. core only).

The atmospheric radiative-transfer model uses the DISORT
code (e.g.93) in TUV.95 The model uses values of the scattering,
absorption, and asymmetry parameter of aerosols to calculate
the change in solar radiation through the atmosphere. To
calculate the scattering and absorption parameters for coated
spheres, Mie calculations were performed for the core–shell
particles using BHCOAT, a code developed and described by
Bohren and Huffman.78 Scattering, absorption, and asymmetry
parameter for the particle are calculated from the refractive
index of the core and shell. For all aerosol particles, the
refractive index of the core is a wavelength-dependent value for
silica,96,97 and the refractive index of the surroundingmedium is
a wavelength-independent value for air of 1.00–0.0i. The shell of
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1013
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Fig. 2 A representative experimental Mie spectrum for each sampling
location in this study, with the associated best-fit calculated spectrum
obtained through the automatic Python fitting process.
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the aerosol has a wavelength-dependent refractive index of the
urban, or remote aerosol extracts, from the work presented here
and Shepherd et al.23 The absorption properties of the wood-
smoke aerosol extract were included in the calculation and
based on a wavelength dependent complex refractive index
calculated from previous studies (Kirchstetter et al.;98 Shepherd
et al.;23 Virkkula et al.99).

The core–shell Mie calculation was used to obtain scattering
and absorption cross sections and asymmetry parameters for
particles averaged over a trimodal aerosol core size distribu-
tion94 over wavelengths covering 0.320–0.785 m m. The remote
and urban size distributions were used accordingly from Jae-
nicke94 from a radius of 0.01–1 mm. The ground albedo was set
to 0.1. Aerosol was placed in three consecutive 1 km thick layers
at the surface, forming a 3 km thick aerosol layer. The aerosol
optical depth for each of these layers was set to 0.235, and an
Elterman aerosol prole was present in the rest of the atmo-
sphere with no cloud was placed in any subsequent layers. The
solar zenith angle was set at 60°. The albedo of the top of the
atmosphere was calculated as the ratio of incoming to outgoing
irradiance at 80 km altitude. Calculations were also performed
for the same aerosol with no lm. The difference in top of
atmosphere albedo (DAlbedo) was then calculated by subtract-
ing the albedo without an organic lm from the albedo with
organic lm.

3 Results and discussion

Fig. 2 shows representative experimental and best-t calculated
Mie spectra from the urban, forestry and remote marine
sampling locations in this study. The variability in the intensity
and number of MDRs in each spectrum in Fig. 2 is a conse-
quence of the varying sizes and refractive index dispersions, and
the details for the individual spectra in Fig. 2 are included in
Table 1. The uncertainties in A and nl=0.35mm (1 signicant
gure) in Table 1 are included for samples where more than one
repeat was undertaken, representing the average value and the
uncertainty from two standard deviations over the repeat
measurements. The Cauchy coefficients B and C are partially
correlated, and the uncertainty in these coefficients is not re-
ported. The given uncertainties in the radius (1 signicant
gure) are from the automated (r ± 0.001) and manual (r ±

0.005) tting processes. Aer the droplet scattering was
measured, each droplet was deposited onto the lower surface of
the sample chamber. In all cases, the droplets spread onto the
surface, indicating that the extracted real organic material from
the aerosol samples formed spherical liquid droplets which
remained liquid throughout the experiments. Other studies
have demonstrated signicant photodegradation of optically
trapped aerosol particles containing fatty acids in spectroscopic
experiments.19,100 In this study, no photochemical effects were
observed that resulted in a shiing of the refractive index. Table
2 contains the determined values of the refractive index
dispersion, the range in particle radii studied for each sample,
and the values of the refractive index at 0.35 mm, for all samples
investigated in this work. The given uncertainties in A and
nl=0.35mm (1 signicant gure) are calculated in the same
1014 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
process as for Table 1, and the uncertainty in the radii ranges
from the automated (r ± 0.001) and manual (r ± 0.005) tting
processes are not included.

In the work presented here the Cauchy dispersion equation
has been shown to t the experimental data for a weakly
absorbing material in the near UV region. The Cauchy equation
is normally replaced with the Sellmeier equation for tting the
refractive index over wavelengths where the either the real or
imaginary part of the refractive index may be changing quickly
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The Cauchy coefficients, radii and real refractive indices (l = 0.35 mm) for each sample in Fig. 2

Sample Season A B (mm2) C (mm4) Radii (mm) nl=0.35mm

Polluted urban Autumn 1.451 � 0.005 1.18 × 10−3 2.27 × 10−4 1.091 � 0.001 1.476 � 0.001
Forestry above canopy Autumn 1.457 � 0.02 9.05 × 10−4 2.76 × 10−4 0.930 � 0.001 1.482 � 0.003
Forestry below canopy Autumn 1.437 3.77 × 10−3 6.11 × 10−4 0.645 � 0.005 1.508
Remote marine Winter 1.429 � 0.03 1.00 × 10−3 1.00 × 10−4 0.475 � 0.005 1.444 � 0.007
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(i.e. absorption) at specic wavelength or wavelengths. Previ-
ously Shepherd et al.23 have demonstrated that the Cauchy
equation is suitable for organic materials in the visible, using
woodsmoke and humic acid samples. Shepherd et al.23 also
show that the absorption in these samples was signicant and
affected the intensity of the Mie spectra measured in the
experiment, but not the wavelength of the peaks used to
determine the real component of the refractive index disper-
sion. The applicability of the Cauchy dispersion equation to
represent the absorbing samples of Shepherd et al.23 and those
presented here may stem from these samples being mixtures of
many similar molecules and the values of A, B, and C deter-
mined actually representing an average of the Cauchy coeffi-
cient of many different molecules. The imaginary component of
refractive index used to match the calculated Mie spectral
intensities to the measured intensities shown in Fig. 2 are
presented in ESI.‡
3.1 Error analysis

Multiple droplets were analysed for each sample, however low
amounts of organic material in several of the samples meant
that only small particles (r < 0.4 mm) could be trapped. Mie
spectra of small particles contain weak, broad MDRs which
cannot be accurately compared to calculated Mie spectra, and
so several samples contain only one repeat. For samples with
two or more repeats, the determined values of the Cauchy
coefficient, A, and the refractive index at 0.35 mm are reported as
the average ± two standard deviations between the repeats
(Table 2). It should be noted that the polluted urban autumn
and winter aerosol samples and the rural forestry summer and
autumn above-canopy aerosol samples each had between 12
Table 2 The number of repeats and determined values of the Cauchy coe

Sample Repeats A

Remote marine autumn 1 1.416
Remote marine winter 2 1.419 � 0.03

Forestry below canopy autumn 1 1.437

Forestry above canopy spring 1 1.455
Forestry above canopy summer 3 1.443 � 0.01
Forestry above canopy autumn 3 1.448 � 0.02

Polluted urban spring 2 1.403 � 0.03
Polluted urban summer 2 1.458 � 0.007
Polluted urban autumn 3 1.452 � 0.005
Polluted urban winter 2 1.457 � 0.00004

© 2023 The Author(s). Published by the Royal Society of Chemistry
and 23 MDRs in each spectrum, and multiple repeats for each
sample, resulting in lower uncertainties in the refractive index
of #0.01. The low errors for these samples demonstrate the
accuracy of this technique when studying concentrated aerosol
samples with many MDRs across the Mie spectrum, and vali-
dates the move to UV wavelengths to increase the number of
MDRs.

The automated tting process, which determined the
optimal radius through minimising the value of the tting
coefficient, d, (see ESI‡). The tting routine involved a multi-
stage process with a wide search of 10 201 calculated Mie
spectra over a 500 nm radius range, and then a more detailed
search of 25 410 calculations across a narrower 12 nm radius
range. An example of a typical plot of r vs. d is included in the
ESI,‡ and is characterized by linear trends approaching the
optimal radius from higher and lower radii. The linear trends of
six typical experimental data sets of r vs. d were analysed using
the least squares method, and the two standard deviation errors
in each trend were used to estimate the two standard deviation
uncertainty in the optimal radius from the automated tting
process. The uncertainty in the radius and corresponding
uncertainty in the refractive index from the automated tting
process were therefore estimated to be ±0.001 mm and ±0.002
respectively.

For samples t using the manual tting process, which
includes all remote marine samples and the above canopy
spring rural forestry sample, the uncertainty in determined
radius and refractive index is signicantly larger, and was esti-
mated by adjusting r from the best t by 0.001 mm, and
adjusting A to realign the t between the experimental and
calculated data. The largest and smallest radii at which the
fficients, radii and real refractive indices at l= 0.35 mm for each sample

B (mm2) C (mm4) Radii (mm) nl=0.35mm

2.00 × 10−3 1.50 × 10−4 0.463 1.442
2.00 × 10−3 1.00 × 10−4 0.475, 0.485 1.442 � 0.007

3.77 × 10−3 6.11 × 10−4 0.645 1.508

5.00 × 10−4 5.00 × 10−5 0.542 1.462
5.46 × 10−4 2.68 × 10−4 0.749–0.889 1.465 � 0.01
2.78 × 10−3 1.63 × 10−4 0.795–0.978 1.481 � 0.003

4.91 × 10−3 6.11 × 10−6 0.772, 0.775 1.444 � 0.03
1.79 × 10−3 1.66 × 10−4 0.671, 0.780 1.483 � 0.02
7.70 × 10−4 2.49 × 10−4 0.829–1.144 1.475 � 0.001
1.84 × 10−3 1.88 × 10−4 0.789, 0.895 1.485 � 0.003

Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1015
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spectrum could no longer be reliably reproduced through an
adjustment of A was used to determine the uncertainty in the
manual tting process. The uncertainty in radius and refractive
index for the manually t samples was determined to be 0.005
mm and 0.02 respectively.
3.2 Remote marine aerosol

The monthly remote marine samples were combined into three
month seasons owing to low amounts of extracted organic
material, of which only autumn and winter produced particles
of a sufficient size to result in Mie spectra with enough dened
MDRs for accurate determination of the particle's optical
properties. Literature studies of the refractive index dispersion
with wavelength of remote marine aerosol are rare, and so our
results have been compared to remote aerosol measurements
from different environments. Our results, shown in Fig. 3, are
consistent with literature measurements of Antarctic aero-
sol,23,26 and signicantly higher than measurements of
Hawaiian aerosol.25 No seasonality can be observed in the
refractive index dispersions with wavelength, with similar
results observed for autumn and winter months.
Fig. 3 Comparison of the remote marine aerosol refractive index dispe
including refractive index dispersions of remote Antarctic aerosol23,26 an

1016 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
3.3 Forestry aerosol

The determined refractive index values for rural forestry aerosol
from Alice Holt Forest are shown in Fig. 4. For the above-canopy
aerosol samples, the dispersion of refractive index with wave-
length are similar for spring and summer, with a notable
increase across all wavelengths in autumn. The relative refrac-
tive indices of aerosol either above or inside the forestry canopy
can be made by comparing the aerosol samples taken in
autumn at observation tower heights of 25 and 2 m. The in-
canopy forestry aerosol sample was observed to have a much
higher refractive index at the lowest studied wavelengths, and
an increased dependence of the refractive index on wavelength
compared to the above canopy forestry aerosol sample. A
summary of the current literature for the refractive indices of
biogenic organic atmospheric aerosol species is included in
Fig. 4. It should be noted that the majority of the literature
measurements in Fig. 4 are for studies of distributions of
aerosol particles inside a chamber, rather than investigations of
single aerosol particles as in this study. There are two excep-
tions to this, where either thin lms of monoterpene derived
compound were investigated,11 or the study104 computationally
rsions determined in this study to a series of literature measurements,
d remote marine Hawaiian aerosol.25

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the rural forestry aerosol refractive index dispersions with wavelength determined in this study to a series of literature
measurements of monoterpene derived SOA refractive index values, including a-pinene SOA,11,15 b-pinene SOA (upper line from 12.4 days
collection and lower line from 0.5 days collection),22 Limonene SOA,11 and an a-pinene/limonene SOA mixture.16 The thick black lines
demonstrate a summary of literature refractive indexmeasurements of monoterpene-derived SOA at single wavelengths.27,28,30,101–109 The change
in y-axis compared to Fig. 3 should be noted.
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calculated the refractive index of a-pinene derived SOA. There is
a signicant variation in the literature values of the refractive
index for biogenic organic atmospheric aerosol, with most
values over near-UV to visible wavelengths of 0.35–0.70 mm
falling between 1.4–1.6. The measurements in this study are all
within this literature range, and the results agree especially well
with the values of ref. 15, 16 and 22. The upper and lower
refractive index dispersions with wavelength from ref. 22 in
Fig. 4 are for b-pinene derived SOA, aer exposure to OH radi-
cals for 0.5 and 12.4 days respectively. The dispersions in this
study, and in particular the autumn above-canopy sample, are
close to the value in ref. 22 for OH radical exposure over 12.4
days, which may indicate signicant atmospheric ageing of our
samples. In addition, our results are noticeably lower than that
reported11 in the study of thin lms of monoterpene derived
compounds, rather than aerosol particles.
3.4 Polluted urban aerosol

Fig. 5 displays the determined refractive index dispersions with
wavelength for polluted urban aerosol from RHUL in this study.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The values are similar for summer and winter, with a small
decrease in refractive index in autumn and a much larger
decrease in refractive index in spring. A summary of the current
literature for the refractive indices of AVOC derived SOA over
near-UV to visible wavelengths is included in Fig. 5, where the
majority of the literature refractive indices are for chamber-
based measurements. Literature values for the refractive index
for AVOC derived SOA vary between 1.43–1.66 over near-UV to
visible wavelengths of 0.35–0.70 mm, and apart from the spring
aerosol sample, our results lie at the lower region of the litera-
ture range. The refractive index dispersions with wavelength
from ref. 23 use a similar single-particle optical trapping tech-
nique as in this study but with a spectroscopic system optimized
for visible wavelengths. Shepherd et al.23 studied aerosol
samples collected in 2015–2016 from the same urban sampling
location at RHUL. The samples in this work were collected in
2017–2019. The urban environmental conditions are uncon-
trolled and may present year-to-year variability. The possibility
of a bias in systematic uncertainties has been assessed using
polystyrene beads as a reference. Mie scattering spectra from
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1017
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Fig. 5 Comparison of the polluted urban aerosol refractive index dispersions determined in this study to a series of literature measurements of
refractive index dispersions of SOA derived from anthropogenic sources, including refractive index dispersions for catechol SOA,11 biogenic/
anthropogenic mixtures of a-pinene + limonene + p-xylene-d10 SOA throughout ageing with OH16 and p-xylene SOA throughout ageing with
OH.22 The seasonal values in green are from a previous study over visible wavelengths at the same sampling location at RHUL.23 The capped lines
demonstrate a summary of literature refractive index measurements of naphthalene (black) and tricyclo[5.2.1.02,6]decane, referred to as JP-10
(blue) SOA at single wavelengths.30 The change in y-axis compared to Fig. 4 should be noted.
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the same bead was captured in a dual set-up optical congu-
ration that combines the collection technique described here
and from previous work.23 The different techniques show no
systematic variation (see ESI‡). In addition, parameters such
a spectrometer calibration, polarisation, collection cone angle,
spectrometer slit width and baselining were also assessed for
bias. As was true for the rural forestry samples, our results are in
good agreement with refractive index values from previous
studies.16,22,30 Flores16 studied SOA produced from a mixture of
biogenic and anthropogenic precursors throughout ageing with
OH, and our results agree well with those associated with
minimal ageing. The upper and lower refractive index disper-
sions with wavelength from ref. 22 in Fig. 5 are for p-xylene
derived SOA, aer exposure to OH radicals for 0.5 and 12.4 days
respectively. In contrast to the comparison of our results to
Flores,16 our results agree well with the data from ref. 22 for
signicantly aged aerosol. As was true for the rural forestry
samples, the polluted urban refractive index dispersions with
1018 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
wavelength are noticeably lower than that reported in the
study,11 of thin lms of catechol.
3.5 Overview

Utilizing the literature measurements in Fig. 3–5, the range of
measured literature values of the real refractive index for
atmospheric organic aerosol over near-UV to visible wave-
lengths of 0.35–0.70 mm tends to increase from remote marine
(z1.36–1.47), to rural forestry (z1.40–1.60), to polluted urban
(z1.43–1.66) environments.23 Redmond and Thompson,104

outline the parameters, such as chemical properties, that
could account for the observed changes in refractive index. A
summary of the refractive index dispersions with wavelength
observed in this study are given in Fig. 6. Our results are in
agreement with this trend for the remote marine samples from
Sable Island, which were determined to have the lowest
refractive index dispersions with wavelength of any studied
environment (Table 2 and Fig. 6). In addition, the spring
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of all real components of the refractive index measured in this study: forestry atmospheric aerosol extracts from Alice Holt
Forest above (red) and below (green) the canopy, remote marine atmospheric aerosol extracts from Sable Island (blue) and urban atmospheric
aerosol extracts from RHUL (black).
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polluted urban sample was observed to have an unusually low
refractive index, close to that of the remote marine aerosol,
indicating that the spring polluted urban sample may have
been relatively clean in comparison to the other seasonal
polluted urban samples. In contrast to the observed literature
trend in Fig. 4 and 5, our results demonstrate similar ranges of
refractive index for above-canopy rural forestry and polluted
urban aerosol samples, indicating that biogenic and anthro-
pogenic aerosol have similar light scattering properties.
Further studies will be needed to understand these differences
in more detail. There was insufficient sample to run a series of
analytical tests, however the refractive index can be linked to
chemical properties of atmospheric aerosol such as degree of
unsaturation, polarizability, mass density and molecular
weight.104

Throughout this study, the Cauchy equation was assumed to
be sufficiently accurate in approximating the real refractive
index dispersion of each aerosol sample. This was found to be
accurate throughout the study, with the tting process able to
determine a Cauchy-based refractive index dispersion for all
© 2023 The Author(s). Published by the Royal Society of Chemistry
studied samples. This therefore demonstrates that for tropo-
spheric aerosol, the Cauchy dispersion formula is applicable to
describe the refractive index for the full range of visible and
near-UV wavelengths. Several studies have previously measured
the refractive index dispersion at wavelengths below 0.350 mm,
for atmospheric aerosol species from commercial sources,
using spectroscopic ellipsometry to study thin lms of mono-
terpene derived secondary organic aerosol,11 and, optical trap-
ping and BLS to study single polystyrene latex spheres, and
droplets of glycerol, aqueous potassium carbonate, and oleic
acid.19 The experiment detailed here represents the rst single-
particle measurements of the refractive index dispersion of real
aerosol organic material extracted from the atmosphere below
0.350 mm, extending the literature towards the UV tropospheric
wavelength limit at the Earth's surface. In addition, Fig. 6 shows
that comparing the real refractive index dispersion of atmo-
spheric aerosol particles over near-ultraviolet wavelengths
(where the refractive index increases rapidly with decreasing
wavelength) gives additional insights into locational and
seasonal changes in the refractive index dispersion.
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1019
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Fig. 7 The change in the top-of-atmosphere albedo from a 1D radiative-transfer model for a layer of spherical silica aerosol with and without an
organic film as a function of film thickness. The distribution of particle size and the optical properties of the films are described in the text. (a) The
change in albedo for an atmospheric layer of aerosol with remote size distribution and optical properties consistent with remote aerosol. (b) The
change in albedo for an atmospheric layer of aerosol with urban size distribution and optical properties consistent with urban aerosol.
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4 Atmospheric implications

Aerosols inuence planetary albedo by altering the ratio of light
scattered and absorbed as it passes through the atmosphere.10

Changes to these aerosol, such as the introduction of an organic
lm, can cause changes to the optical and physical properties of
these aerosol23,44,101 consequently inuencing their effect on
planetary albedo. The development and oxidation of organic
lms on tropospheric aerosol represent a dynamic environment
of changing structural and optical properties of aerosol that
1020 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
may play a signicant role in aerosol forcing effects. These
properties vary signicantly between environments and as such
any consideration of interactions and changes to aerosol-
climate effects should be environment-dependent. This study
takes the observed real refractive indexes of polar and urban
organics and combines these with existing literature to produce
an example of the inuence of organic coated mineral aerosols
on planetary albedo in these environments for the organic
species studied in the work presented here. Fig. 7 demonstrates
the impact of an organic lm of a given environment (remote or
© 2023 The Author(s). Published by the Royal Society of Chemistry
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urban), and thickness of that lm, on the top-of-the-atmosphere
albedo (henceforth albedo) as calculated by a 1-dimension
radiative-transfer model. The presence of an organic lm typi-
cally causes a decrease in albedo except for the very thinnest
urban lms considered (<10−3 mm) at shorter wavelengths
(<0.500 mm). The albedo decreases with increasing lm thick-
ness with the largest change for increasing thinner lms as
opposed to increasing thicker lms. The albedo of the lms
associated with remote and urban environments have different
responses with increasing thickness owing to the interplay
between light absorption and light scattering convoluted by
increasing particle size. The change in albedo owing to a thin
urban lm decreases quickly with lm thickness relative to
a remote lm. Note the two size distributions are different. The
urban lm is a more light absorbing lm than the remote lm.
Comparison of the albedo for the remote lm at a wavelength of
0.320 mm (light absorbing) relative to a wavelength of 0.500 mm
(light scattering dominated) with lm thickness demonstrates
different behaviours.

Throughout an aerosol particle's lifetime organic lms may
form, thicken, and be removed by oxidation in the atmosphere,
and thus the structure and optical properties of these aerosol
will vary with both time, source and environment. The results
shown in this work demonstrate that even a thin organic lm,
such as those studied inn the work presented here of ∼10−4 mm
can have atmospherically relevant impacts.

5 Conclusions

Optical trapping was combined with a bespoke UV-optimised
BLS system to investigate the refractive index dispersions of
atmospheric aerosol samples from a range of tropospheric
environments. Tropospheric aerosol samples were collected on
quartz lters at remote marine (Sable Island), deciduous
forestry (Alice Holt Forest) and polluted urban (London) loca-
tions, and the organic fraction of the collected aerosol was
extracted and nebulized for optical trapping of single aerosol
particles for further spectroscopic analysis. All particles were
observed to form spherical liquid particles, and the back-
scattered light from the optically trapped aerosol particles was
collected over scattering angles of 150–180° to produce Mie
scattering spectra of intensity as a function of wavelength. The
experimental spectra were compared to spectra calculated using
Mie theory to characterize the radius and refractive index
dispersion with wavelength of the aerosol to precisions of 0.001
mm and 0.002 respectively. Refractive index values of tropo-
spheric aerosol samples from marine, forestry and urban envi-
ronments are consistent with those calculated when using
a Cauchy dispersion equation over a large UV-visible wavelength
range of 0.320–0.480 mm, demonstrating an extension of the
applicability of the Cauchy equation to wavelengths below 0.350
mm. In addition, single-particle measurements of the real
refractive index dispersions with wavelength of aerosol particles
from real organic tropospheric extracts are demonstrated for
the rst time below 0.350 mm. The refractive index values
increased from remote marine aerosol (n = 1.442 (l = 0.350
mm)) to forestry above canopy aerosol (n = 1.462–1.481 (l =
© 2023 The Author(s). Published by the Royal Society of Chemistry
0.350 mm)) and polluted urban aerosol (n = 1.444–1.485 (l =

0.350 mm)), to forestry below canopy aerosol (n = 1.508 (l =

0.350 mm)). Seasonal changes in the refractive index were
observed for the forestry and urban samples, overall demon-
strating that the refractive index of atmospheric aerosol parti-
cles is dependent on the sampling environment, and varies
seasonally. The regional variation in the optical properties of
organic lms and how these lms develop and decay over their
lifetimes may play a signicant role in determining the true
forcing effect of aerosols on our atmosphere. Even a very thin
lm of ∼10−4 mm can have atmospherically relevant impacts
from starkly different source environments.
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63 S. Rodŕıguez, R. Van Dingenen, J.-P. Putaud, A. Dell'Acqua,
J. Pey, X. Querol, A. Alastuey, S. Chenery, K.-F. Ho,
R. Harrison, R. Tardivo, B. Scarnato and V. Gemelli,
Atmos. Chem. Phys., 2007, 7, 2217–2232.

64 M. Hallquist, J. C. Wenger, U. Baltensperger, Y. Rudich,
D. Simpson, M. Claeys, J. Dommen, N. M. Donahue,
C. George, A. H. Goldstein, J. F. Hamilton, H. Herrmann,
T. Hoffmann, Y. Iinuma, M. Jang, M. E. Jenkin,
J. L. Jimenez, A. Kiendler-Scharr, W. Maenhaut,
G. McFiggans, T. F. Mentel, A. Monod, A. S. Prévôt,
Environ. Sci.: Atmos., 2023, 3, 1008–1024 | 1023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ea00005b


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

6:
46

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
J. H. Seinfeld, J. D. Surratt, R. Szmigielski and J. Wildt,
Atmos. Chem. Phys., 2009, 9, 5155–5236.

65 M. Kanakidou, K. Tsigaridis, F. J. Dentener and
P. J. Crutzen, J. Geophys. Res.: Atmos., 2000, 105, 9243–9354.

66 R. Volkamer, J. L. Jimenez, F. San Martini, K. Dzepina,
Q. Zhang, D. Salcedo, L. T. Molina, D. R. Worsnop and
M. J. Molina, Geophys. Res. Lett., 2006, 33, L17811.

67 A. Ashkin, Phys. Rev. Lett., 1970, 24, 156–159.
68 K. C. Neuman and S. M. Block, Rev. Sci. Instrum., 2004, 75,

2787–2809.
69 J. P. Reid, J. Quant. Spectrosc. Radiat. Transfer, 2009, 110,

1293–1306.
70 T. S. Fahlen and H. C. Bryant, J. Opt. Soc. Am., 1968, 58, 304–

310.
71 R. Chang and E. J. Davis, J. Colloid Interface Sci., 1976, 54,

352–363.
72 A. K. Ray, E. J. Davis and P. Ravindran, J. Chem. Phys., 1979,

71, 582–587.
73 A. Ashkin and J. M. Dziedzic, Appl. Opt., 1981, 20, 1803–

1814.
74 A. D. Ward, M. Zhang and O. Hunt, Opt. Express, 2008, 16,

16390–16403.
75 L. J. N. Lew, M. V. Ting and T. C. Preston, Appl. Opt., 2018,

57, 4601–4609.
76 A. Bain and T. C. Preston, J. Appl. Phys., 2019, 125, 093101.
77 M. R. McGrory, M. D. King and A. D. Ward, J. Phys. Chem. A,

2020, 124, 9617–9625.
78 C. F. Bohren and D. R. Huffman, Absorption and Scattering

of Light by Small Particles, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, 1st edn, 1983.

79 J. L. Huckaby, A. K. Ray and B. Das, Appl. Opt., 1994, 33,
7112–7125.

80 T. C. Preston and J. P. Reid, J. Opt. Soc. Am. A, 2015, 32,
2210–2217.

81 R. J. Hopkins, L. Mitchem, A. D. Ward and J. P. Reid, Phys.
Chem. Chem. Phys., 2004, 6, 4924–4927.

82 J. N. Cape, E. House, E. Nemitz, R. Thomas, G. Phillips and
M. Heal, Volatile Organic Compounds in the Polluted
Atmosphere: The 3rd ACCENT Barnsdale Expert Meeting,
Urbino, 2007, pp. 206–209.

83 M. Wilkinson, E. L. Eaton, M. S. Broadmeadow and
J. I. Morison, Biogeosciences, 2012, 9, 5373–5389.

84 E. M. Pinnington, E. Casella, S. L. Dance, A. S. Lawless,
J. I. Morison, N. K. Nichols, M. Wilkinson and
T. L. Quaife, Agric. For. Meteorol., 2016, 228–229, 299–314.

85 M. Wilkinson, P. Crow, E. L. Eaton and J. I. Morison,
Biogeosciences, 2016, 13, 2367–2378.

86 E. M. Pinnington, E. Casella, S. L. Dance, A. S. Lawless,
J. I. Morison, N. K. Nichols, M. Wilkinson and
T. L. Quaife, J. Geophys. Res.: Biogeosci., 2017, 122, 886–902.
1024 | Environ. Sci.: Atmos., 2023, 3, 1008–1024
87 S. Yamulki and J. I. Morison, Forestry, 2017, 90, 541–552.
88 S. M. Cade, K. C. Clemitshaw, S. Molina-Herrera, R. Grote,

E. Haas, M. Wilkinson, J. I. Morison and S. Yamulki,
Forests, 2021, 12, 1–27.

89 L. McInnes, M. Bergin, J. Ogren and S. Schwartz, Geophys.
Res. Lett., 1998, 25, 513–516.

90 K. G. Knapp, B. B. Balsley, M. L. Jensen, H. P. Hanson and
J. W. Birks, J. Geophys. Res.: Atmos., 1998, 103, 13399–13411.

91 D. J. Delene and J. A. Ogren, J. Atmos. Sci., 2002, 59, 1135–
1150.

92 E. Fallman and O. Axner, Appl. Opt., 1997, 36, 2107–2113.
93 K. Stamnes, S.-C. Tsay, W. Wiscombe and K. Jayaweera,

Appl. Opt., 1988, 27, 2502–2509.
94 R. Jaenicke, in Tropospheric Aerosols, ed. P. V. Hobbs, 1993,

ch. 1, pp. 1–31.
95 S. Madronich and S. Flocke, in The Role of Solar Radiation in

Atmospheric Chemistry, ed. P. Boule, Springer Berlin
Heidelberg, Berlin, Heidelberg, 1999, pp. 1–26.

96 I. H. Malitson, J. Opt. Soc. Am., 1965, 55, 1205–1209.
97 R. Kitamura, L. Pilon and M. Jonasz, Appl. Opt., 2007, 46,

8118–8133.
98 T. W. Kirchstetter, T. Novakov and P. V. Hobbs, J. Geophys.

Res.: Atmos., 2004, 109, 1–12.
99 A. Virkkula, H. Grythe, J. Backman, T. Petäjä, M. Busetto,
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