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Executive Summary
A key factor in the government’s decision to build a third runway at Heathrow was
the level of additional emissions to the environment this would cause. Of greatest
significance is the level of ambient nitrogen dioxide (NO2), but particulate emissions
are of growing concern. Mandatory EU standards (from 2010) for NO2 are focusing
attention on improved understanding of source emissions and their dispersion. The
EC proposes to tighten air quality standards by introducing additional ambient-level
standards for particles with diameters below 2.5 μm. To meet the new goals action
will be required by source contributors at airports, especially as particulate matter
(PM) from road traffic reduces. Ahead of the new regulations airport operators will
need to know more about specific PM composition, number and size as this is of
relevance to the health debate that underpins standards.
What was the motivation for the project? What are the future knowledge needs in this area?

Identifying individual PM sources from “fingerprint” information on particle size and
composition, and mass, would be of significant benefit. If both aircraft and nonaircraft sources could be identified and quantified accurately it would enable
validation of emission inventories and emission models.
Measurements of tyre and brake particle size distributions would be of considerable
direct benefit. No directly measured airborne brake and tyre particulate information
exists for aircraft. If the fingerprint information can be obtained at a sufficiently high
temporal rate, individual aircraft emissions could be identified.
In the short term, smaller PM2.5 particles are set to be regulated by 2015. Clearly,
as the health research develops there are strong indications that composition will
become an important future regulatory parameter.
A reduction in PM has been shown to give positive health effects but no threshold
level has been identified. To assess the impact of future regulations on airport
activity, existing PM10 measurements will need to be combined with PM2.5. Looking
beyond 2015, size-resolved composition should also be measured for both local
ambient airport air and individual sources. Ideally, such measurements should
include the coarse, fine and ultra fine fractions.
To this end the ACRP report [21] identified that new methods of fingerprinting the
particulate matter would be of benefit in airport PM studies:

It would be a significant benefit to airports if characteristic markers or “fingerprints,”
based on for example, particle size, mass, composition, or a combination of these,
could be defined that were unique to individual sources.
The project has delivered a unique novel measurement capability that can measure
both composition and particle size, particle by particle, in the range required for
PM2.5 and PM10. No such commercial instrument exists. This capability will enable
particulate “fingerprint” measurement to address present and future knowledge
needs.
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What added value has the project delivered?

The SPARCLE instrument design has been optimized for use in airport monitoring to
obtain particulate fingerprints. SPARCLE was originally designed for stratospheric
aerosol monitoring; it allows the identification of aerosol fingerprints, i.e. particle
size and composition for individual particles, in a low cost autonomous instrument.
Direct application of the instrument to the airport environment was not possible, as
the stratospheric aerosol loading is small compared with that required for local air
quality monitoring. This activity represents excellent knowledge transfer from one
atmospheric measurement domain to another.
This design optimisation process has provided an optimal instrument design that can
theoretically enable a number of studies that could not be undertaken before this
design process took place. The knowledge transferred from the original instrument
to a theoretical design which is applicable to airport PM is as follows:
•
•
•
•
•
•
•

Provide information on PM2.5 particulates.
Provide information on PM10 particulates.
Provide PM compositional information over the PM10 range.
Provide PM compositional information measurements over the PM2.5
range.
Provide high frequency measurements required for transient aircraft tyre
and brake emissions.
Provide essential particle-by-particle composition and size data to enable
source fingerprint data to be identified.
Allow the use of the fingerprint source apportionment studies that were
not previously available.

The optimized SPARCLE design has been implemented as a practical mechanical
design suitable for use in an airport environment. An instrument of rugged
construction has been developed that will operate from storage batteries for field
work.
The instrument has been constructed from as many off-the-shelf parts as possible.
This facilitates the construction of multiple cheap SPARCLE instruments should this
be required for airport monitoring. This will also enable simple instrument servicing.
The project links up with other activities to enhance knowledge of wake and vortex
effects on dispersion of emissions. In turn, this will refine modelling capabilities used
for current and future predictive assessment of airport air quality. This is essential
information. If airports are to be able to control and reduce PM effectively from a
range of sources, they need to know the compositional as well as the mass
characteristics through apportionment studies. This capability will facilitate effective
mitigation action on PM emissions.
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Who are the customers for the knowledge transfer from the project and how will they use the
information?

Main customers are airport and airline stakeholders. Application of the new
instrument will allow these customers to undertake detailed PM source
apportionment — this is unavailable from conventional measurements. In addition,
aircraft brake and tyre manufacturers will be able to obtain unique information on
atmospheric particulate emissions.
SPARCLE has been successfully developed and tested and its compositional
measurement capability demonstrated in the laboratory. The instrument has been
shown to have the signal-to-noise ratio required to distinguish between brake and
tyre particulate emissions. The instrument will be included in airfield trials in the
near future.

Summary
Omega has supported the development of a unique state-of-the-art instrument
suitable for deployment in an airport environment that is capable of discriminating
different types of particulate matter pollution. This new development is essential to
increase our knowledge of particulate sources such as brake and tyre emissions from
aircraft. As air traffic is set to increase and tighter particulate matter regulations are
set by Europe, it is essential that we understand airports’ impact on particulate
matter. The instrument is able to provide this essential information.
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2.0

Introduction

The following chapter addresses the questions: What are the up-and-coming
pressures on local air quality and particulates? How are these pressures likely to
affect aviation sustainability in the next 50 years?
The second question cannot be completely answered simply because little
information exists on PM2.5 emissions from airport sources. Also, compositional
effects are not yet clear and little measured information exists as to airports’
compositional contribution to local air quality.
2.1

Health effects of particulates

Figure 1: Deposition of particulate matter in the lung.

Particle deposition in the lung is shown in Figure 1. Particles deposited in the
Trachea and Bronchia regions are efficiently cleared by the mucous membrane
escalator and hence have little long-term effect on human health. Smaller particles
in the 0.1 to 2.5 µm diameter range are deposited deep in the lung, where there is
no efficient removal mechanism. Particles smaller than 0.1 µm diameter are
deposited by diffusion processes, or breathed out. It should also be noted
that the hydroscopic or hydrophobic nature of the particles is important as
the lung provides an area of high humidity that can cause particles to grow, by
water vapour condensation, thus changing location of particles’ deposition.
The World Heath Organisation, WHO, periodically reviews the current research on
the heath effects of particulate matter. In the last assessment [22] they identified
several significant health effects including the main long and short term effects of
exposure to particulates.
Current levels of particulate pollution over Europe are thought to cause long term
effects [22]:
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•
•
•
•

A reduction in life expectancy perhaps of the order of one to two years,
primarily from an increase in cardiopulmonary and lung cancer mortality.
Increases in lower respiratory symptoms.
Increases in chronic obstructive pulmonary disease.
Reduced lung function in children and adults.

Short term PM effects [22]:
•
•

Increase in daily, 24hr average, PM10 is associated with increased hospital
admissions.
Research is showing the importance of high peak, hourly average,
particulate matter in myocardial infarctions and asthma attacks.

It appears that there is no safe PM threshold. Some risk exists even at low
concentrations of PM.
In recent years there has been considerable interest in the toxicity of airborne
particulates. Research into health effects indicates that sulphate, PM2.5 and
composition are strongly associated with cardiopulmonary and cardiovascular
mortality. Other compositional effects are also being researched; for example
roadside elemental carbon particles might be one of the more toxic components [9]
and/or organic carbon carcinogens such as polycyclic aromatic hydrocarbons, PAH
[8].
The compositional effects have not yet been fully characterised but clear indications
exist that composition is an important factor. The main reason for the lack of
knowledge is that the vast majority of particulate pollution data tend to be based on
mass measurements. This is the regulated quantity, and these methods do not
separate out the different particle compositions [23, 8].
To summarise, the important particle characteristics for human health are:
•
•
•
•
•
•
•
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2.2

Particulate lifetimes

Particulate lifetime is a strong function of particle size. For this reason particulates
tend to be grouped into three different size ranges:
•
•
•

Coarse (1µm-10µm):
Fine (0.1µm-1µm):
Ultra Fine (<0.1µm):

Minutes/hours
Days/weeks
Minutes/hours

This illustrates that particle evolution depends on particle size. This is due to the
different micro-physical effects present, and these depend strongly on particle size.
The smaller Ultra Fine mode tends to grow by condensation or shrink by evaporation
depending on the surrounding partial gas pressures, which themselves depend on
the gas temperature. This is especially true for hydroscopic particles that efficiently
uptake water; the size is thus determined by local meteorological conditions. The
larger coarse particles tend to be removed by gravitational settling.
2.3

Current regulatory pressures

The European Commission’s Clean Air for Europe programme, CAFÉ, frequently
reviews the scientific understanding of the health effects of different air pollutants.
The programme proposes new directives as required by the latest scientific
understanding. The most recent directive [1] has been adopted by the Council and
the European Parliament in 2008. The limit values in the directive are legally binding
on the member states.
In addition to the European directives the UK has adopted a set of challenging UK
Air Quality Strategy objectives [3, 4]. These are not legally binding but provide a
useful objective that reflects the benefit to public health and the environment. These
levels have been set by balancing, for example, social implications and economic
goals. The current particulate regulations are summarised in Table 1 and Table 2.
The biggest change in the 2008 European directive is the addition of PM2.5. This is
in recognition of the detrimental health effects of smaller particulate matter. The
directive acknowledges that there is no safe threshold for PM2.5:

The approach should aim at a general reduction of concentrations in the urban
background to ensure that large sections of the population benefit from improved air
quality. However, to ensure a minimum degree of health protection everywhere, that
approach should be combined with a limit value, which is to be preceded in a first
stage by a target value [1].
Unlike the United States, Europe will keep the PM10 regulation, as the coarse
fraction (PM10-PM2.5) is thought to also be a good health indicator [23].
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Table 1: PM10 Air Quality Strategy objectives and current EU limit values [1, 3, 4].
Legislation
EU Directive 2008/50/EC

Air Quality Strategy
objectives London only

Air Quality Strategy
objectives UK except
London

Concentration
40μm/m3 Limit Value

Measured as
Annual mean

Achieved by
1 January 2005

50μm/m3 Limit Value not
to be exceeded more than
35 times in a year.
23μm/m3

24 hr mean

1 January 2005

Annual mean

31 December
2010

50μm/m3 with up to 10
exceedences per year

24hr mean

31 December
2010

20μm/m3 For England
18μm/m3 For Scotland

Annual mean

31 December
2010

50μm/m3 with up to 7
exceedences per year

24 hr mean

31 December
2010

Table 2: New PM2.5 regulations [1].
Legislation/Objective
Concentration
Measured as
Achieved by
EU Directive 2008/50/EC
25μm/m3 Target Value
Annual mean
2010
EU Directive 2008/50/EC
25μm/m3 Limit Value
Annual mean
2015
Stage I
EU Directive 2008/50/EC
20μm/m3 Limit Value*
Annual mean
2020
Stage II
*The stage II limit value will be reviewed by the Commission in 2013, in the light of
further information on health and environmental effects, technical feasibility and
experience of the target value in Member States.

2.4

Future regulatory pressures

The WHO [22] identified the significance of fine aerosol fraction from the latest
health studies and that no threshold exists for PM. The latest 2008 EU directive on
PM2.5 demonstrates how this latest knowledge is incorporated into regulation once
sufficient evidence and measurement capability is available. Short term regulatory
pressures will see the PM2.5 become a legally binding limit in 2015, see Table 2, and
is set to be tightened in 2020 [1]. The principle adopted is to reduce the PM2.5 limit
to the lowest possible level as no threshold exists for PM2.5 [1].
In addition to the European legally binding thresholds the UK has chosen to set
much tighter PM10 objectives [3, 4]. This provides significant motivation to minimise
PM emissions. This conservative approach is likely to continue. No PM2.5 objectives
are currently in place. European regulations on PM2.5 will become a legally binding
limit value in 2015. It seems likely that tighter UK air quality strategy objectives will
be set in the same way that challenging PM10 objectives were.
Smaller size fractions may prove to be important for human health but it would seem
that due to the short lifetime of the ultra fine particle fraction human exposure to
these particles should be limited if distant from the PM source. Thus the trend to
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smaller size fractions might reach a limiting size, this limit might even have been
reached with PM2.5.
It seems likely that future regulations will take into account the particles that are
actually responsible for human health rather than purely on mass/size
measurements [13].
Looking beyond 2015, it seems that a number of particulate parameters will become
important in the same way as PM2.5 has. If the health effects of a particular
parameter are shown to have a significant health benefit and if a practical
measurement method is available these are likely to be regulated. The parameters
that have been identified for future regulations are:
•
•
•
•
2.5

General move to reduce PM concentrations as there is no discernable
threshold for PM.
Exposure time for peak PM concentrations is likely to reduce, or additional
averaging periods introduced.
PM composition monitoring to target the toxic components.
Smaller size fractions (than PM2.5) may prove to be important.
Main sources of PM in an airport environment

The airport environment consists of a wide range of particulate sources. In addition
to the aircraft emissions we should also consider emission from other non-aircraft
sources such as space heating, airside vehicles, etc [17]. shows a summary of the
emission inventory for Heathrow airport for the base year 2002 [17] as used in the
PSDH report [6]. From this table it is clear that many different sources need to be
considered.
Very few data exist on aircraft engine particulate mass emission. The
ICAO engine exhaust emission data bank contains a large volume of
information on engine smoke number. The data are used to infer the
particulate mass from empirical relationships that have been developed
between PM10 and smoke number. This method is known as the first
order approximation (FOA). In addition, not all engines have smoke
number data and so a method of estimating the smoke number is used
for these cases based on engines of similar design. These methods are
considered an interim step until an approved method is developed for
engine PM measurements[18].
Meteorological dependence of engine PM emissions is poorly characterised
and the PSDH report considered there to be insufficient information
available to characterise the variation of aircraft exhaust PM10 emissions
with ambient conditions [18].
The most important non-aircraft engine PM emissions are thought to be
tyre and brake wear [2]. Very few data exist on aircraft tyre wear, and no
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data exists on the proportion of worn aircraft tyre material that ends up
as atmospheric PM. Even less information exists on the proportion of worn
aircraft brake material. For this reason the PSDH study assumed the same
relations as that obtained in road vehicle work [18].
Table 3: Annual emissions of PM10 by category for Heathrow 2002[17].
Source

Aircraft1
Taxi-out
Hold
Take off Roll (exhaust)2
Taxi-in
Brake and tyre wear
APU
Engine testing

Annual Emissions
(Tonnes/yr)
5.7
3.1
2.5
3.2
12.9
8.7
0.4

Total ground level

36.9

Initial climb
Climb out
Approach

2.2
4.7
3.9

Total Elevated
Total aircraft

10.8
47.6

Other sources
Airside vehicles
18.5
Car-parks etc3
1.6
Stationary sources4
22.8
1
Including push back.
2
Exhaust emissions shown separately from
brake and tyre wear.
3
Inludes carparks, car rental pounds, Taxi
feeder Park and taxi queues on the forecourts.
4
Heating plant, fire training ground and (for
PM10) paint shop

Little published information exists on APU particulate emissions as these
are not included in the ICAO certification process. Most of the data are
also only available directly from the manufacturers and are only released
to the aircraft operators for the purpose of emissions calculations [18].
Other ground based emissions sources such as airside vehicles are
calculated using traditional local air quality methods.
To model actual atmospheric particulate levels, models such as ADSM
airport [11] and CMB source receptor model [10] are used. These can
provide the time-varying pollutant quantities required and can be crosscompared to observed PM levels at individual air quality monitoring sites.
The PSDH studies [6] used the ADMS airport model to estimate Heathrow airport’s
contribution to PM10. A value of around 1 to 2 µg/m3 PM10 on top of a local
background of 24-25 µg/m3 was reported. This is clearly within the current European
regulations for annual average PM10, but exceeds the UK air quality objective of 23
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µm/m3 annual average, Table 2. As PM10 includes the PM2.5 mass, the new
European regulations on PM2.5 of 25µg/m3 by 2015 should be met.
2.6

Limitations in knowledge of aircraft brake and tyre emissions

A method to estimate brake and tyre emissions is described in detail by Curran [2].
Tyre and brake emissions occur due to the frictional forces involved. These forces
are high during deceleration on landing. This leads to deposition of material on the
runway and dispersion of material into the atmosphere. The emissions are thought
to be dependent on a number of factors, including aircraft weight, number of
wheels, brake material (carbon or steel), weather conditions, engine type, pilot
actions and airline procedure. With no detailed information on these factors Curran
has derived a simple relation to model tyre and brake emissions.
Tyre and brake wear information from road vehicles is of interest to local air quality.
The information on road vehicles’ brake and tyre wear is reviewed by UNECE [19]
and is summarised as follows:
Substantial information exists on road vehicle tyre wear (weight removal rate), and a
wide range of values are reported: 40 to 300 mg/km. It is thought to be dependent
on a wide range of parameters such as vehicle load, driving conditions, surface
characteristics etc. Reported particulate size distributions are in conflict; some
studies find only coarse particulates while others report particle sizes from 0.01 µm
to 30 µm. Particle composition contains black carbon, organic carbon, Polycyclic
Aromatic Hydrocarbons (PAH) and some metals. It has also been suggested that
particle size decreases with increasing speed. The amount of tyre wear material that
ends up dispersed as atmospheric PM is between 1 and 10%.
Brake wear information has also been reported in a similar manner to tyre wear
measurements and dispersed particulate matter measurements. A wide range of
particle sizes are present with around 33% of the material smaller than 0.1 µm. The
particulates are mainly metal and some PAH. Around 30 to 70% of the wear material
becomes airborne.
Curran used new tyre and brake wear data from a number of BAA aircraft to add to
the sparse data set of tyre wear in existence. Figure 2 and Figure 3 show the
existing data. A conservative estimate of 100% brake wear material dispersed as
PM10 was proposed, since no data are available for aircraft brakes. In addition it
was assumed that 10% of the tyre wear material was dispersed as PM10 (the upper
estimate for road vehicles).
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Figure 2: Aircraft rubber tyre loss [12].

Figure 3: Aircraft brake material loss [12].
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Figure 4: Tyre smoke [12].

The assumption of 10% of tyre wear material dispersed as PM10 might be
questionable. As show in Figure 4, the tyre wear during touchdown is more
energetic than for road vehicles under normal use, but the ground run and taxi is
probably comparable to road vehicles.
2.7

Knowledge gaps

The recent ACRP report [21] produced a list of knowledge gaps in relation to airport
PM. These were as follows:

1. Expand the current database of aircraft engine emissions to capture data
on current advanced technology engines.
2. Develop a deeper understanding of the evolution of PM, especially the
volatile component, as it moves from the engine exit to the point of impact
on airport workers, passengers, and local communities.
3. Improve the characterization of PM emissions:
o APUs
o GSE
o Aircraft brakes
o Tyres
4. Develop measurement methods to improve the characterization and
understanding of PM from the various airport sources, especially the
volatile components.
5. Expand current understanding of the health impacts of PM emissions,
especially for the fine and ultrafine particles, which are believed to have
the most significant impacts on human health.
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To this end the ACRP report [21] identified that new methods to fingerprint the
particulate matter would be of benefit in airport PM studies:

It would be a significant benefit to airports if characteristic markers or “fingerprints,”
based on for example, particle size, mass, composition, or a combination of these,
could be defined that were unique to individual sources.
2.8

Summary

To help identify individual sources of PM, fingerprint information on particle size and
composition, and mass, would be of significant benefit. This would help validate
emission inventories and help with the validation of emission models. Both aircraft
and non-aircraft sources could be identified and quantified.
Measurements of tyre and brake particle emissions, and size distributions, would be
of considerable direct benefit. If the fingerprint information can be obtained at a
sufficiently high rate individual aircraft emissions could be identified.
In the short term, smaller size particles, PM2.5, are set to be regulated by 2015.
Cleary, as the health research develops it is likely that composition will become an
important future regulation parameter.
A reduction in PM has been shown to give positive health effects as no threshold
level has been identified. It is very likely that the pressure will continue to reduce
this level. To assess future regulations’ impacts on airport activity, existing PM10
measurements will need to be combined with PM2.5. Looking beyond 2015 sizeresolved composition should also be measured for both local ambient airport air and
individual sources. Ideally such measurements should include the coarse, fine and
ultra fine fractions.
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3.0

Background

Figure 5: Photo of the original SPARCLE instrument developed for use on stratospheric
research balloons.

In the mid 1990s scientific interest in stratospheric aerosols (small airborne
particulate matter) was heightened by the Pinatubo eruption in June 1991 [20]. The
eruption caused a significant number of atmospheric effects, perturbing chemical
and dynamic processes. Significant troposphere cooling and stratospheric warming
occurred. The climatic effects of the eruption lasted for several years.
Observations of stratospheric aerosol are made in-situ from high altitude balloons [5,
15], and remotely by satellite instruments. Optical particle counter instruments, OPC,
are used. These assume a known refractive index of the aerosol particles measured,
and this assumption leads to significant errors in the measured particle sizes. In
addition, current OPC’s can provide no information on the particle composition.
There was a need for an in-situ instrument to determine the particle size without the
assumption of particle refractive index and provide composition information to
enable insight into the atmospheric effects of these aerosols. To address this need
an instrument was developed by Thomas [16] in the Stratospheric Aerosol
Composition and Loading Experiment (SPARCLE). The SPARCLE instrument makes
use of a combination of sensors to provide angularly resolved measurements of
single particle scattering patterns and high sensitivity intensity measurements across
a broad solid angle. The instrument design is small and light enough to make it
suitable for remote in-situ use on board stratospheric balloons. The instrument is
shown in Figure 5.
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Figure 6: A schematic of the stratospheric SPARCLE instrument.

A numerical optimization scheme was also developed for use with the SPARCLE
instrument. This scheme uses Mie scattering theory and the assumption of
homogeneous spherical scatter to retrieve particle radius and complex refractive
index on a particle by particle basis.
The objectives of the instrument were to provide measurements of number
concentration and size distribution of a wide range of stratospheric aerosols, as well
as providing an indication of their composition. The instrument was designed for
autonomous operation and in-situ use, e.g. as part of a balloon payload. Optical
measurement methods lend themselves to use in small, lightweight instruments.
Such instruments have a proven track record in making in-situ aerosol
measurements [5, 15].
Sample air is delivered to the sample volume as a laminar jet, surrounded by a
sheath of clean air, perpendicular to a laser beam (see Figure 6). There it intersects
a laser beam, shown in red, before being extracted from the chamber. Two
detectors, mounted on either side of the sample volume, collect the scattered signal.
The first is a photomultiplier tube which collects light scattered across a 0.94
steradian solid angle centred on a scattering angle of 90°. The second sensor is a
512 element CMOS linear sensor, a linear detector array, or LDA, which is also
centred at a scattering angle of 90° and collects light over a 90° azimuth range at a
fixed polar angle.
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The inclusion of the LDA provides the measurements of the scattering pattern
needed for the retrieval process; however it is limited in sensitivity and temporal
resolution. The PMT is included to overcome these shortcomings, by providing a high
sensitivity scalar measurement of the scattered light with very high temporal
resolution. The combination of these two measurements allows for the measurement
of a broad range of particles.
The SPARCLE instrument was demonstrated and was able to provide useful
estimates of particle radius and the real part of the refractive index of aerosols. A
SPARCLE instrument has, as previously noted, the ability to provide the unique
fingerprint information as identified by ARCP [21]:

It would be a significant benefit to airports if characteristic markers or “fingerprints,”
based on for example, particle size, mass, composition, or a combination of these,
could be defined that were unique to individual sources.
SPARCLE measurement can provide this information, in a low cost instrument.
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4.0

Optimization for airport operation

The original SPARCLE instrument was optimised for use in the stratosphere on a
balloon platform. The instrument is now required to operate in the troposphere in an
airport environment. A large proportion of the project has been dedicated to
transferring the knowledge developed from the stratospheric instrument to a design
suitable for use in local air quality studies in an airport environment.
The following issues needed to be addressed:
•
•
•

The aerosol particle number density in the stratosphere ranges from 10 to
100 per cc. Tropospheric aerosols can range to 103 or higher.
Increase instrument sensitivity to small particles.
The instrument needs to be repackaged for use in LAQ field work.

To help address this issue software has been developed to model the instrument
performance in terms of the design parameters. To allow the inter-comparison of
different instrument designs the signal-to-noise ratio was used to find the optimum
configuration. In addition the software checks to see that certain limits are not
exceeded and the instrument can be built. This includes:
•
•
•
•
•

Ensure the inlet flow is laminar (to ensure particle loss is minimised).
Coincident errors are not exceeded (i.e. that only one particle is in the
laser beam).
The detectors are not saturated.
The detectors have sufficient signal-to-noise ratios over a range of particle
sizes.
The detector integration time is short enough not to measure two
consecutive particles.

The software produces a single figure of merit for the different instrument
configurations to allow the best design to be chosen for airport operation. The actual
optimization is iterative as some design aspects affect others. Thus the following
sections concentrate on the actual optimized design and its performance rather than
the complete optimization process.
4.1

Scattering volume design

We need to ensure that the number of times more than one particle is present in the
sample volume is minimised. The scattering volume is defined by the intersection of
the laser and sample flow. For the original SPARCLE instrument the inlet flow tube
was 0.5 mm radius and the laser beam was 1 mm radius. Thus the scattering
volume was approximately 0.020 ml. For the stratospheric application the maximum
number concentration was 10 particles cm-3, so the average volume per particle was
0.1 ml particle-1. Thus on average 1 in every 5 sample volumes will contain a
particle.
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We now require the instrument to measure aerosols with number densities near
1000 particles cm-3 thus the average air volume per particle is 0.001 ml particle-1.
The existing sample volume would contain on average 20 particles. Thus a new
sample volume had to be defined.
The new design has a capillary tube input radius of 0.18 mm, and a rectangular laser
beam of width of approximately 0.1mm. Thus the scattering volume is represented
by a cylinder of height 0.1mm, and radius 0.18 mm giving a sample volume of
10x10-6 ml, or 10 pl. With 1000 particles cm-3 on average 1 in every 100 sample
volumes will contain a particle. With software coincident detection (goodness of fit)
the maximum number density could be as high as 1x104 particles cm-3.
4.2

Laser selection

To enable the instrument to provide information on composition to the smallest sizes
a short wavelength is required. In addition, to provide detailed angular scattering
information a very narrow wavelength range is required. A high intensity light source
is an advantage as it allows sensitivity to small particles that do not scatter light
efficiently. To this end the ideal source for the instrument is a laser, and for
portability a solid state laser diode would be ideal.
The original instrument used a 514.5 nm argon gas laser for testing. This was due to
the expense of high power laser diodes at the time. Since the original instrument
was developed high blue-violet laser diodes have become available at a modest cost.
The chosen laser diode is a Sanyo DL7146-101S. This laser operates at 405 nm, with
a power of 80 mW. To enable a collimated beam an aspheric lens with a focal length
of 4.5 mm and a numerical aperture of 0.55 is used. This results in an elliptical beam
of 1.5 mm x 0.74 mm (1/e2 widths). The longest length is aligned perpendicular to
the aerosol flow resulting in an even illumination of the scatting volume to within
3.5% (1 sigma). This results in an effective 28 mW laser beam illuminating the
scattering volume.
To achieve the requirement of minimising the scattering volume a cylindrical lens is
used to focus the beam’s shortest side to <0.1 mm, resulting in a laser ribbon beam
of 1.5 mm x <0.1 mm. To reduce reflections and increase throughput all optical
components are coated.
4.3

PMT selection

Different photo multiplier tubes, PMTs, have different characteristics leading to
different instrument signal-to-noise ratios. The PMT voltage changes the gain, which
affects the signal-to-noise ratio. Also the closer the PMT is to the scattering volume
the larger the solid angle created, increasing the signal, but this must not be so
close as to saturate the PMT.
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A number of different PMTs have been simulated to find the best compromise for the
instrument, at different distances and voltages. The results are shown in Figure 7.
Most of the PMTs had a very limited range over which they can be usefully used. In
addition some PMTs have lower signal-to-noise ratios. For these reasons the 9124
PMT from electron tubes has been chosen as this gives the best performance and
highest instrument flexibility.
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I
Figure 7: Choosing the PMT based on instrument performance. The plot shows the effect of
detector distance, S, from the scattering volume and PMT voltage. The colour represents the
signal-to-noise ratio of the fine and ultra fine fraction. Where no colour is shown the PMT tube
cannot be used.
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4.4

Linear detector array selection

Compared with the original instrument, we now need to deal with a small particle
scattering volume. This leads to short integration times even at low flow rates. The
chosen flow rate into the scattering volume for the instrument is around 25 ml min-1
leading to short scattering event times of around 25 µs. On average the events are
spaced at 240 µs at aerosol densities of 10000 particles cm-3.
The original SPARCLE instrument used a linear detector array, LDA, based on CMOS
technology, consisting of a linear array of diode detectors. This detector had a
minimum integration time of 2.5 ms. Clearly this detector is unsuitable for the
current design; more than one particle scattering pattern will be recorded.
To this end a CCD linear array was chosen as this had several advantages compared
to the original sensor. This array has an electronic shutter, allowing integration times
to be set from 1 µs to 100 ms. A good matching of the integration time to the event
length to maximise the signal-to-noise ratio is now possible. In addition an external
trigger can operate the shutter affording the possibility of simple fast event capture
using the PMT signal as a trigger source.
The CCD is capable of detecting more than 100 particles per second allowing the
instrument to obtain particulate distributions within a few seconds as required for
transient aircraft monitoring.
4.5

Instrument flow configuration

Figure 8: Instrument flow configuration.

The instrument contains two flow paths. A particle-free sheath flow surrounds the
sample flow. This ensures the aerosol flow is well defined, and that particles that
enter the scattering chamber are not deposited within the chamber. The original
instrument had an open sheath flow design; clean air was supplied from ambient
surrounding air via a particulate filter at a set flow rate. In addition the instrument
outlet was pumped at a set flow rate, thus the inlet sample flow is defined by the
difference in flow between the two pumps.
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For the new SPARCLE instrument the flow has reduced as the scattering volume is
smaller. Controlling the inlet flow from the difference in the two pump rates would
lead to large uncertainties in inlet flow; this would result in large uncertainties in
particulate number density and hence mass measurements. For this reason a
recirculation sheath flow is used, facilitating direct control of the inlet flow, to
provide the highest number density and mass measurement accuracy. The resulting
configuration is show in Figure 8.
4.6

Instrument pumps

The original SPARCLE positive displacement pumps were custom designed and built.
Due to the high number density these are unsuitable for the slow flow rates now
required. Commercially available off-the-shelf miniature pumps were sourced. The
sheath flow has been accomplished using a miniature rotary vane pump. The low
flow rate required for the sample flow is accomplished with the use of a miniature
peristaltic pump. Each pump’s flow rate is measured by two mass flow meters. The
pump flow rate is controlled using PWM.
4.7

The instrument’s expected signal-to-noise ratio

Using modelling software it is possible to obtain size resolved instrument
performance plots—these are shown in Figure 9. The PMT detector allows the
possibility of detecting the smallest particles, whilst the LDA affords the opportunity
to resolve the scattering pattern of the particles.
Figure 9 shows the LDA is predicted to have sensitivities from particles 0.2 µm in
diameter and above. Thus the instrument is predicted to be sensitive to the coarse
and fine particle fraction. The LDA covers the coarse and fine fraction with the PMT
providing sensitivity from 0.16 µm and above 1 . The limiting factor for the LDA
performance is the dark noise, for the PMT it is Rayleigh scattering from the
surrounding air molecules.
Both detectors are not photon limited. The photon limit for the detectors is 0.1 µm
for the LDA and 0.07 µm of the PMT (the diameter where the blue and black lines
cross in Figure 9)1. This indicates that some performance enhancements may be
possible with further development of the instrument optics.

1

Assuming a SNR of around 10 as the detection limit.
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Figure 9: Predicted LDA and PMT detector performance for the chosen design. The instrument
shows particle sensitivity in the coarse and fine fraction. The smallest size detectable is
predicted to be limited by light scattering of the laser light from the air molecules present in
the instrument. The following labels are used in the plots: Mie noise represents the photon
noise. Ray noise represents Rayleigh scattering noise from surrounding gas molecules. Dark
noise represents the noise from residual detector currents.
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4.8

Detector position optimization

An optimization is required to find out where the most sensible place to put the two
detectors is. In order to simplify the problem, the detectors were both placed in the
same scattering plane 2 .
4.8.1 The forward model
The forward model is our best representation of how the light scattered by a known
particle will be measured by the system we define. The forward model is based on
Mie scattering routines. Since this code calculates the scattered light at a point, the
detectors’ measured intensity is calculated by summing the signal from a series of
points.
Additional code converts the light intensity which would arrive at a detector into the
electrical signal that is measured. Flags alert the forward model to cases when the
measurement will fail (for example, due to high signal-to-noise, or saturation of the
detector).
Two different types of detector are used: the PMT and LDA. The PMT has a large
surface area and is very sensitive to small changes in the amplitude of light. In
comparison, the LDA is a large number of individual small detectors spaced close
together.
4.8.2 Detector geometry
4.8.2.1

Position

The incoming light travels along the x-axis. We assume that the detection areas of
our PMT and LDA are in a 2D plane. The detector is defined as a series of points,
with associated areas . Initially, we define the detector elements in the y-z plane
as shown in Figure 10. The whole detector can be defined by
and
.

2

The scattering plane is the plane that includes the incident and
scattering light vectors.
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Figure 10: Defining the detector in the y-z plane. Each element of detector, , is given a
position, , and an area,

.

Figure 11: Placement of the detector. Once orientated, the detector is moved a distance
from the light scattering particle. It is then rotated an angle

in the x-y plane, then

out of the

x-y plane.

Now that we have a detector defined, we need to move it to a useful position. For
this we employ matrix transformations. Initially it is at the origin, facing the
incoming light. We can place it in any position we want using a translation and two
rotations. If the detector is not to be orientated perpendicular to light scattering
from the origin (defined as the location of the measured particle) then there must be
a further three rotations.
Since matrix rotations map about the origin, any rotations carried out while the
detector is placed there change its orientation relative to the path of the scattered
beam. If the detector is not at the origin, the rotations move it to a new scattering
angle, but maintain its orientation relative to the scattered beam.
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The operations performed, for a detector starting at the origin, are thus:
1.
2.
3.
4.
5.
6.

Rotate an angle
about the x-axis.
Rotate an angle
about the y-axis.
Rotate an angle
about the z-axis.
Translate a distance along the z-axis.
Rotate an angle about the y-axis.
Rotate an angle about the x-axis.

Positioning relative to the origin is shown in Figure 11. The final position of a
detector element can be written as:
(1)
where
are rotation matrices and
, can be recovered by:
of an element,

is a translation. The angular position

(2)
4.8.2.2

Surface area

For any flat detector surface with area
to an element is

, the solid angle subtended from the origin

(3)
where
is the direction from the origin to that element, and
is the element
surface area in the direction normal to the plane. is the distance from the origin to
the element. Figure 12 shows such a detector plane, , with the transformed origin
(
) and an arbitrary transformed detector point, .

Figure 12: The plane of the detector,
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, after being rotated and moved from the origin, .
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Using (1.1.2) we can see that in this case, with
solid angle is given by:

and

the transformed

(4)
which will be the normal to the surface,
All that remains to be found now is
multiplied by the predefined area of the element, .
We can define vectors,

,

and

,

, as

Taking the cross product of any two non-parallel vectors on the plane
the surface normal, so we can say

will give us

and we find
(5)
4.8.3 The phase function and its derivatives
For a particle with state vector
and with incident light of wavelength
polarised at an angle to the perpendicular, the point like forward model defines
irradiance, , and rate of change,
, at an angle in the plane of scattering as

The intensities of the two orthogonal polarisations are
and , and is the size
parameter. Additional terms appear because the Mie scattering routines [7] calculate
the rate of change of intensity with respect to size parameter, not radius. For an
entire detector, the total light measured, and its weighting function are defined:
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(7)
The effective polarisation angle,
and is defined

, allows for pixels which lie outside the plane of

(8)
with

being defined as the angle of polarisation in the x-z plane from the z-axis.

4.8.3.1
Converting signal from arbitrary units to current across a
detector
The incident photon flux ( ) of the laser beam is obtained and the scattered photon
radiance (photons s str ) measured is defined as:
(9)
This is passed into further code which calculates the electrical signal this would
generate through the detector and the signal-to-noise ratio (which is important: see
page 32) as well as flags for events in which reliable data would not be obtained due
to measurement errors (e.g. PMT saturation or measurements outside the dynamic
range of the detection electronics).
4.8.4 Optimisation method
In order to find the best position for the LDA and the PMT a measure of
effectiveness of a measurement should be defined. Two different values, the
degrees of freedom and the information content can be used. Both of these values
are calculated from the averaging kernel, defined in [14] as
(1)
where
is the covariance of the a priori state and is known. The a priori values are
an initial guess of how the system is expected to look. Covariance of the
measurement vector, , is obtained from knowledge of the system. The averaging
kernel, , gives the sensitivity of a retrieval to the true state.
4.8.4.1

Degrees of freedom

The number of degrees of freedom,
, gives a measure of the number of
independent quantities that can be measured by a certain setup [14]. Since
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SPARCLE is designed to retrieve particle radius, and the real and imaginary parts of
refractive index, the range of values in this case is
.
(2)
4.8.4.2

Information content

The Shannon information content, , is a measure of the factor by which knowledge
of a quantity would be improved by making a measurement. The logarithm of this
factor is generally taken [14].
(3)
where

is the identity matrix. The larger the number

4.8.4.3

the better.

Choosing the best measuring angles

In order to select the optimum detector positions, a range of radii and refractive
indices are chosen which represent the full range of species to be seen. The selected
parameters are shown in Table 4. The wavelength used (500nm) is for the original
instrument as the laser was yet to be chosen before the angle optimisation could
commence.
Table 4: Parameters used in optimisation runs.
Parameter
Radius ( m)
refractive index)
refractive index)
( m)
Detection angle, (for both PMT and LDA)
Polarisation angle (from perpendicular)
Distance from source to detector (mm)

Values
0.05, 0.1, 0.2, 0.5, 1, 2, 5
1.3
2.4 in steps of 0.1
0.0
0.5 in steps of 0.1
0.5
0
180 in steps of 2
0,
,
30, 60

The value of
and
is calculated for every single permutation of parameters.
Then, for set distance and polarisation, averages of
and
are taken over all radii
and refractive indices with all conditions given equal weight. This can be plotted as a
contour with detection angle of the PMT and LDA as the two axes. The optimum
angles,
are easily obtained by finding the maximum values of and .
4.8.5 Results: The detectors optimum position
The results suggest that the best positioning of the detectors is with the PMT looking
at the backscattered light, close to
. Unfortunately, this is impossible
since the laser is, by definition of backscatter, placed at 180 . It is also unfeasible to
place a detector in the forward scatter direction, as the laser would saturate
measurements at all times, and the sensors could become damaged. Because of
this, optimum angles were recalculated with limits placed on the detector angles of
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. These still show that the PMT should be placed as far
towards backscatter as possible. This is probably because the PMT is very sensitive
to intensity, but has very poor spatial resolution (at 30 mm, it has an angular range
of almost 45 ). Since the light in the forward direction is very intense, the PMT is
likely to saturate in many cases, whereas the changes in the backscatter intensity
are more smooth, and of lesser intensity.
By contrast, the LDA prefers angles close to 30 , where the phase function structure
can be measured accurately over a 30 range.
One could argue that it makes sense that the maximum degrees of freedom are
found when the detectors are placed further apart and thus able to sample more of
the phase function.
The closer the detector is to the source, the better. One could explain this by
considering the signal-to-noise ratio, which is bound to be smaller when more light
enters the detector.
Of the two plane polarisation modes, light polarised parallel to the plane of
scattering (
) has slightly more information, but this difference is not
significant. Overall the orientation of the beam’s polarisation is unimportant.
Plots of the optimisation calculations are shown in Figure 10, Figure 14 and Figure
15. The plot of looks like a better measure of instrument reliability as the contours
of constant
are far smoother than those of information content. That the
information content ( ) was a less suitable method can been seen by comparing the
upper and lower parts of Figure 13 and Figure 14.
With the increasing size of the particle, more information becomes available: see
Figure 15. It would appear that it is theoretically possible to always be able to obtain
all the required values,
. This occurs for
m, although for particles
with larger refractive indices (
), the size of the particle need not be so big
(
m). For particle compositional identification, we only need to resolve the
real part of the refractive index, and this will allow compositional determination to
around
m, and smaller for large refractive index particles. Physically, the
phase function becomes more rapidly changing with larger size and refractive index,
giving more complicated shapes.
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4.9

Summary

The SPARCLE instrument design has been optimized for use in airport monitoring.
The theoretical performance calculations indicate that the main instrument
performance characteristics are as follows:
•
•
•

The instrument can routinely cope with number densities as high as 1x104
particles cm-3 when combined with software coincident detection.
Particle information can be obtained for particles as small as 0.2 µm in
diameter.
Provides information on 100’s of particles per second.

This design optimisation process has provided an instrument that can theoretically
enable a number of studies that could not be undertaken before this design process
took place. The knowledge transferred from the original instrument to a theoretical
design that is applicable to airport PM is as follows:
•
•
•
•
•
•
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Provide information on PM2.5 particulates.
Provide information on PM10 particulates.
Provide PM compositional information over the PM10 range.
Provide PM compositional information measurements over the PM2.5
range.
Provide second time scale measurements required for transient aircraft
tyre and brake emissions.
Provide essential particle by particle composition and size data to enable
source fingerprint data to be obtained. Thus the instrument should enable
source apportionment studies for many different sources that were not
previously available.
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Figure 13: Optimisation calculations. The average degrees of freedom,
content,

, and information

, for the range of r and m given in Table 4 are calculated and plotted as a function of

detector angles. The dotted line shows the area in which the detectors are allowed to be
placed. The cross shows the point with maximum average value of

and

, detector

distance of 30mm.
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Figure 14: Average

and

for the range of r and m given in Table 1 parameters plotted as a

function of detector angles. For
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, detector distance 30 mm.
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Figure 15: For the optimum angles of

and

, the degrees of freedom for all

calculated radii and refractive indices are shown. This plot is for

, distance

in Figure 14.
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mm, as

5.0

Design

The basic instrument design philosophy is based on the idea of using standard offthe-shelf component parts wherever possible. This has benefits in both cost, as less
design and workshop time is required, and in speed of construction. A cage optical
system from ThorLabs was chosen to allow modular construction and modification of
the instrument should the need arise. In addition this approach allows new
instruments to be built in good time and at low cost should they be required.
The detectors have been bought off-the-shelf complete with supporting electronics,
negating the need to design and debug the electronics. The low noise PMT
amplification electronics design from the original SPARCLE instrument has been reused.
An outline of the final instrument design is given in the following section.
5.1

Mechanical design

Several areas require non-standard mechanical parts to obtain the required
instrument performance:
•
•
•
•
•
•

The scattering volume.
Aerosol inlet.
Aerosol outlet.
Laser beam stop bracket.
Scattering volume mounting feet.
Scattering volume windows.

The whole instrument has been designed using CAD to enable a fast effective design
cycle. A cross section of the scattering volume is shown in Figure 16: this shows the
inlet and outlet.
To ensure that the aerosol is drawn into the instrument without abrupt changes in
flow direction, the flow accelerator is used to increase the flow velocity gradually in
order to prevent particle impaction to the walls of the inlet. This inlet changes from
the sample delivery tube of 1.6mm radius to the small 0.18mm radius capillary tube
that defines the scattering volume.
The completed mechanical design is show in Figure 17. The whole assembly is
contained within a substantial box to allow field deployment. A power supply system
within the box allows the instrument to be run from 12V storage batteries for field
operations.
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5.2

Summary

The optimized SPARCLE design has been implemented as a practical mechanical
design suitable for use in an airport environment. An instrument of rugged
construction has been developed and will operate form 12V storage batteries for
field work.
In addition the instrument has been constructed from as many off-the-shelf parts as
possible. This facilitates the construction of new cheap SPARCLE instruments should
this be required. Also the use of standard off-the-shelf parts will enable simple
instrument servicing.
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Figure 16: Instrument cross section.

Figure 17: 3D projection of the final instrument design.
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6.0

Calibration and test

To ensure correct instrument operation and to demonstrate that it is functioning as
expected, a calibration and instrument test is required. The instrument’s ability to
distinguish between different particle types is shown.
6.1

Flow calibration

To ensure the instrument is able to determine the number of particles per unit
volume of air, it is essential that the instrument inlet flow is calibrated. In addition to
the inlet flow the sheath flow must have a flow rate that achieves the same air
velocity where sheath and inlet flow meet. Thus the correct setting of the sheath
and inlet flow is required.
Both flows use mass flow meters, as shown in Figure 8, to determine the flows,
allowing adjustments to the pumps as needed to maintain the flows at the correct
settings. These devices are very stable but need individual calibration for best
possible performance.
Sheath flow calibration
4
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Figure 18: Sheath flow calibration using a flow standard.
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450

Sample flow calibration
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Figure 19: Sample flow calibration using a flow standard.

In the case of SPARCLE, calibration has been achieved by the use of a primary flow
calibrator, of Gilian Gilibrator 2 manufacture. Different pump flow settings were used
over the available flow range for both pumps, with mass flow meter outputs and
Gilibrator flow measurements made at each setting. The results are show in Figure
18 and Figure 19.
6.2

Aerosol test

To determine that the instrument is functioning as required a test aerosol was
presented to the instrument. An example of a scattering pattern obtained is shown
in Figure 20. This example shows that the instrument has sufficient signal-to-noise
to distinguish between a steel brake particle and a tyre particle.
For the test a 3mW 635nm laser was used. The optimised design uses an 80mW
405nm laser and will have an even better signal-to-noise than that shown in the
plot. The shorter wavelength was chosen for the tests to prove the constant power
drive electronics for the laser diode before fitting the 405nm laser diode.
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Figure 20: Example LDA signal over a wide range of scattering angles (in degrees) for test
aerosol of 0.34µm diameter. The lines represent theoretical curves for a steel and

a tyre

particle of the same size.

6.3

Summary

The instrument has been calibrated to allow the accurate sample flows required. The
instrument has successfully demonstrated the sensitivity required to distinguish
brake and tyre aircraft emissions.
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7.0

Conclusions

Short term knowledge gaps exist in source apportionment in an airport environment,
particularly in the validation of source apportionment of aircraft and non-aircraft
sources. In addition, public pressure will continue to drive a reduction in airborne
particulate matter as no identifiable threshold exists for their effect on human
health. Looking at the longer term, as knowledge of health effects of particulates
continues to increase it is very likely that compositional-based regulation will become
important. The ACRP report [21] identified that new methods to fingerprint the
particulate matter would be of benefit in airport PM studies.
The SPARCLE instrument design has been optimized for use in airport monitoring to
obtain particulate fingerprints to address these issues. SPARCLE was originally
designed for use in the scientific community for stratospheric aerosol monitoring; it
allows the identification of aerosol fingerprints, i.e. particle size and composition, for
individual particles in a low-cost autonomous instrument. Direct application of the
instrument to the airport environment was not possible, as the stratospheric aerosol
loading is small compared with that required for local air quality monitoring.
The optimized SPARCLE design has been implemented as a practical mechanical
design suitable for use in an airport environment. The instrument has been
constructed from as many off-the-shelf parts as possible. This facilitates the
construction of multiple cheap SPARCLE instruments should this be required for
airport monitoring. This will also enable simple instrument servicing.
This new instrument has been tested and shown to have the ability to distinguish
between steel brake particles and tyre particles. In summary, the instrument
provides a new capability to:
•
•
•
•
•
•
•

Provide information on PM2.5 particulates.
Provide information on PM10 particulates.
Provide PM compositional information over the PM10 range.
Provide PM compositional information measurements over the PM2.5
range.
Provide second time scale measurements required for transient aircraft
tyre and brake emissions.
Provide essential particle by particle composition and size data to enable
source fingerprint data to be obtained.
Allow the use of the fingerprint source apportionment studies that were
not previously available.

This is essential information. If airports are to be able to control and reduce PM from
a range of sources effectively, they need to know the compositional as well as the
mass characteristics through apportionment studies. This capability will facilitate
effective mitigation action on PM emissions.
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8.0

Glossary

ACRP: The US transportation research board funded, Airport Cooperative Research
Program.
ADSM airport: Tool for managing air quality at airports. It is an extension of the
ADMS-Urban model, designed to model the concentration of pollutants at airports in
rural or complex urban environments.
Aerosols: Small airborne particulate matter.
Air Quality Stategy: UK government air quality aims.
APU: Auxiliary power unit, small jet turbine engine used to generate auxiliary power
on an aircraft.
CMB source receptor model: A chemical mass balance model used to predict the
pollution levels at different locations.
Emission inventories: An estimated inventory of the emission of pollution based
on the best estimates available of the sources.
EU Directive 2008/50/EC: EU air quality control, includes both legally binding
limit values and target values.
Event length: The time a particle spends in the instrument scattering volume.
Forward model: A model containing the physics of the instrument, it translates the
wanted parameters (in this case size and refractive index) into the measurements (in
this case the particle light scattering pattern).
GSE: Ground support equipment.
Hydroscopic or hydrophobic growth: The ability of a particle to uptake water
from vapour in the atmosphere, and hence change size.
ICAO: International Civil Aviation Organization.
LAQ: Local Air Quality.
Limit value: EU legally binding value for air pollution.
Micro-physical: A branch of aerosol physics, describing the physics of small
particles, their creation and growth.
Mie scattering: The physical theory of light scattering from particles as derived by
Mie.
OPC: Optical particle counter, a device for measuring aerosol particle size
distributions.
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PM: Particulate matter.
PM10: Particulate mass per unit volume of air for particles smaller than 10µm in
aerodynamic diameter.
PM2.5: Particulate mass per unit volume of air for particles smaller than 2.5µm in
aerodynamic diameter.
PMT: Photomultiplier tube, a detector that is sensitive to low light levels.
PSDH: Project for Sustainable Development of Heathrow.
Refractive index: A quantity representing the speed of light though a material; in
addition, the complex refractive index contains information on how much light is
absorbed by a material. Each material has a characteristic complex refractive index.
Scattering volume: The volume of air in which particle light scattering is
measured.
SPARCLE: Stratospheric Aerosol Composition and Loading Experiment
Target value: First stage target for air pollution generally used before EU sets a
legally binding limit value.
UNECE: United Nations Economic Commission for Europe.
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