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Introduction

Atmospheric aerosols consist of a suspension of solid
or liquid particles in air. These particles range from
molecular clusters less than one nanometer in diam-
eter to pollens, wind-blown soil dust and sea salt of
10mm or larger. Figure 1 shows an idealized atmos-
pheric aerosol size distribution with the characteristic
modes in which particles tend to be found. Homoge-
neous nucleation leads to the clustering of molecules
that grow to particles several nanometers in diameter
at the small endof the spectrum.Aitken or nucleimode
particles in the 10 to 100 nm diameter range often
contain ‘primary’ particles that are directly emitted
into the atmosphere by combustion processes. Accu-
mulation mode particles contain most of the submi-
cronmass.Most of thismass is typically ‘secondary’ in
origin (i.e., formed in the atmosphere by chemical
transformations). Sulfates, nitrates, and organics typ-
ically comprise most of the accumulation mode mass,
and this mass can accumulate in different submodes,
depending on the chemical mechanisms by which they
are formed. Coarse-mode particles tend to be pro-
duced by mechanical processes.

Figures 2A–C show photographs of atmospheric
particles obtained by electron microscopy. The chain-
agglomerate soot particle in Figure 2A is typical of
particles emitted by diesel engines or other combus-
tion sources. Figures 2B and C illustrate particles of
mixed composition. The salt in Figure 2B was prob-

ably emitted directly into the atmosphere as sea spray,
while the sulfate crystals attached to it may have been
produced in the atmosphere by chemical transforma-
tions. The rutile in Figure 2C probably originated as
wind-blown dust and may have accumulated the
sulfate coating as a result of atmospheric processing.
The variabilities in shape and composition illustrated
by the photographs in Figure 2A–C introduce ambig-
uities in aerosol measurements since the responses of
particle measuring instruments depend on such prop-
erties. In addition, particles often contain volatile or
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Figure 1 Idealized atmospheric aerosol size distribution. Parti-

cles tend to be found in modes that reflect the different processes

by which they are formed in the atmosphere by chemical transfor-

mations or are emitted directly into the atmosphere from sources.
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semivolatile species such as water, nitric acid, ammo-
nia, and various organic compounds that are also
present in the gas phase. This adds another challenge
to obtaining accurate measurements, since such spe-
cies undergo continuous exchange between the con-

densed and gas phases, and the gas/particle
distribution can be perturbed during sampling.

This article summarizes the most important meth-
ods for measuring atmospheric aerosols. It first
discusses aerosol sampling and chemical analysis of

Figure 2 Photographs of atmospheric particles obtained by transmission electron microscopy. (A) Chain agglomerate soot particle.

(B)Sulfate attached to a sodiumchlorideparticle. (C)Mineral dust particle coatedwith sulfate. (Reproducedwith permission.AandC from

Buseck PR, Jacob DJ, Posfai M, Li J, and Anderson JR (2000) Minerals in the air: an environmental perspective. International Geology

Review 42, 577–593,rV.H.Winston & Son, Inc. 360 South Ocean Boulevard, Palm Beach, FL 33480, USA. All rights reserved.; B from

Buseck PR and Posfai M (1999) Airborne minerals and related aerosol particles: effects on climate and the environment. Proceedings of

the National Academy of Sciences of the United States of America 96: 3372–3379.r 1999, National Academy of Sciences, USA.)
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aerosol, then concludes withmethods used tomeasure
physical properties of particles such as particle size and
number concentration. Throughout, discussion focus-
es on in situ particle measurements; a great deal of
valuable information on global distributions of aero-
sols has been obtained with satellites, but such
measurements are not discussed here (see Satellite
Remote Sensing: Aerosol Measurements).

Sampling

Accurate aerosol measurements require the collection
of a representative sample. Obtaining representative
samples of particles smaller than 1 mm is usually not
too difficult. Under typical sampling conditions par-
ticles in this size range travel with the gas. Difficulties
may be encountered with particles smaller than about
10 nm in diameter since, because of their high
diffusivities, they can be lost on the walls of sampling
tubes during transport to the detector. It is usually
possible to design sampling systems that minimize this
effect.

Supermicron particles are difficult to sample. Such
particles have so much inertia that they tend not to
follow the gas flow as it enters the sampler. Figure 3
shows trajectories of large particles as they are drawn
into an aerosol sampler. When the wind speed exceeds
the velocity of the air flow into the sampling tube
(subisokinetic sampling), the sampled concentration

exceeds the true ambient concentration (Figure 3A),
while the reverse is true when the wind speed is less
than the sampling speed (superisokinetic sampling;
Figure 3B). An ideal isokinetic sampler is aligned with
the wind and draws in air at a speed equal to the wind
speed. In practice, wind speeds and directions vary, so
achieving this ideal with samplers at a fixed location is
impractical.

It might appear that an aircraft would provide an
ideal platform for sampling coarse particles. Isokinetic
sampling would be achieved automatically if the
sampler pointed straight ahead and sampled at a
velocity equal to the aircraft velocity. Unfortunately,
this is not the case. Even if the probe sampling velocity
equals the aircraft speed, variations in the aircraft
orientation lead to misalignment between the probe
and the sampled airstream, and the high sampling
velocities required lead to turbulent deposition of
particles within the sampling probe. Thus, it can be
difficult to transport particles through the probe to the
measuring instrumentation. The design of aircraft
sampling inlets that deliver a known fraction of larger
particles is a current area of research.

Omnidirectional sampling inlets are typically used
for fixed-point sampling. Such inlets draw aerosol
from all directions through a horizontal annular
opening. Sampling efficiencies for omnidirectional
inlets are independent ofwind speed, and canbenearly
100% for particles up to 10 mm.

In summary, obtaining representative aerosol sam-
ples for particles smaller than a few micrometers in
diameter is usually straightforward. Obtaining repre-
sentative samples for particles larger than this is
difficult since, owing to their inertia, large particles
tend not to follow air as it flows into a sampler.

Sample Collection and Analysis:
Filters and Impactors

Filters are the device most commonly used for
collecting particles for analysis. Samples are collected
by removing particles fromaknown volumeof air, and
are analyzed for particulate mass or species concen-
trations. Electronmicrographs of several types of filter
media commonly used to sample atmospheric parti-
cles are shown in Figure 4A–C. All of these media
contain passages through which the gas flows and
solid substrates on which particles are collected.

Filters collect particles by three different mecha-
nisms, as illustrated in Figure 5. Very small
particles (diameter less than about 0.1 mm) are col-
lected by diffusion, and because diffusivities increase
with decreasing size, particle collection efficien-
cies increase with decreasing size. Large particles

Superisokinetic sampling

Subisokinetic sampling

(A)

(B)

Figure 3 Trajectories of large particles as they are drawn into an

aerosol sampling probe. (A) Subisokinetic sampling occurs when

the velocity of the sampled aerosol at the probe entrance is less

than the velocity of the wind relative to the probe. In this case the

concentration of ‘large’ particles in the sampled aerosol is higher

than the ambient concentration. (B) For superisokinetic sampling,

the sampled concentration is less than the true concentration.
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(diameter >�1mm) are collected when, due to their
inertia, they are unable to follow the gas as it flows
around a solid surface (e.g., a fiber) and impact on the
fiber. Because inertia increases with increasing particle
size, filter collection efficiencies increase with size in
this range. Intermediate-sized particles are collected
by interception when the gas flow carries them to
within one particle radius of the filter medium. Note
that ‘sieving’ is not a significant particle collection
mechanism for air particle filters; as can be seen in
Figure 4, the dimensions of the air passages through

the filter are typically much larger than the sizes of the
collected particles. All filters have a ‘most penetrating
size’ that falls typically in the 0.05 to 0.3 mm diameter
range, where particle collection by diffusion, inter-
ception, and impaction reaches a minimum. For filters
typically used for air filtration, however, collection
efficiencies even at this size usually exceed 99%.
Therefore, it is generally reasonable to assume that all
particles delivered to the filter are collected. Filters are
typically operated downstream of an inlet that re-
moves all particles larger than a specified size.

Figure 4 Electron micrographs of several types of filter media commonly used to sample atmospheric particles. The filter media

illustrated in these figures include (A) a 3.0 mm Teflon membrane filter, (B) a glass fiber filter, and (C) a 1.0mm polycarbonate membrane

nuclepore filter. (Courtesy of ProfessorBenjaminY.H. Liu, Department ofMechanical Engineering,University ofMinnesota,Minneapolis,

MN.)
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Substantial effort has been made to develop diffu-
sion denuder filter samplers for measuring the gas and
particle phase concentrations of semivolatile species.
The design of such samplers for inorganic species
including ammonium nitrate is well developed, and

work is underway to extend this methodology to
various organic compounds. Sampling such com-
pounds presents a challenge because they can volatil-
ize from the filter during sampling, thereby leading to
an underestimate of the particle-borne concentration.
A schematic of a diffusion denuder sampler is shown in
Figure 6. The aerosol is first drawn through an annular
denuder, the walls of which are coatedwith a chemical
that reacts readily with the gas to be removed. Basic
compounds such as sodium carbonate are often used
to remove acidic gases such as sulfur dioxide and nitric
acid, and acidic compounds such as citric acid are used
for ammonia. Owing to their high diffusivities, gases
diffuse to the coated walls and are removed with
nearly 100%efficiency. Particle diffusivities are orders
of magnitude lower than those for gases, so particles
pass through the denuders to a filter where they are
collected with nearly 100% efficiency. Volatilization
from the collected particles occurs during sampling,
and a suitable collector is located downstream of the
filter to collect these volatilized compounds. For
example, nylon filters are known to collect nitric
acid vapor with nearly 100% efficiency, and porous

Interception
Diffusion

Impaction

Figure 5 Filters collect particles by three different mechanisms.

Diffusion is primarily responsible for the collection of particles

smaller than about 0.1mm. Inertial impaction, which causes

particles to cross air streamlines and deposit on the filter substrate,

is responsible for the collection of particles larger than about 1 mm.

Interception, which occurs when the air streamline brings a particle

to within one particle radius of a filter substrate, is important for

particles in the intermediate size range.
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Figure 6 Schematic of a diffusion denuder sampler for collecting the gas and particle phases of semivolatile compounds.
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polyurethane foam is used to collect certain organic
vapors. The particle phase concentration of the
semivolatile compound is found by adding the load-
ings collected by the filter and the downstream
adsorber. Several different approaches are used to
measure the gas phase concentration. In some cases the
collected gas can be extracted from the diffusion
denuder and analyzed directly. Alternatively, two
samplers can be operated in parallel, one with a
diffusion denuder and one without. The sampler
without the diffusion denuder collects the total gas-
plus-particle concentration. The gas phase is then
determined by difference.

Cascade impactors are used to collect size-segregat-
ed samples for subsequent analysis. A schematic
diagram of a cascade impactor is shown in Figure 7.
The aerosol is first accelerated through a large nozzle
towards a collection substrate that deflects the air and
collects the largest particles by inertia. The aerosol is
then transported to a stage with a slightly smaller
nozzle that collects smaller particles due to the higher
speed of the gas through the nozzle. Impactors can
provide a very sharp size separation down to sizes as
small as 10 nm.Measurements of solid particles can be
adversely affected by bounce, which can be reduced by
greasing the collection substrates. A limitation of
impactors is that no strategy has been developed to
measure evaporative losses of semivolatile compounds
from the individual impactor stages.

Virtual impactors replace the collection substrate
with a receiving tube that draws a small fraction of the
flowand intowhich all particles larger than the cut size
are projected. Virtual impactors avoid bounce and use
conventional filter substrates, but have the disadvan-
tages that they cannot be designed with cut points that
are as sharp or as small as can be achieved with
conventional impactors. Cascade impactors segregate
particles according to aerodynamic diameter, which
depends on shape, physical size, and particle density.
Samples collected with filters or impactors are typi-
cally analyzed to determine particulatemass or species
concentrations.Table 1 provides a summary of typical
minimum detection limits that can be achieved by
commonly used analytical methods.

Real-Time, In -Situ Analysis of Aerosol
Chemical Properties

Filtrationwith subsequent analysis in the laboratory is
by far the most commonly used approach for deter-
mining the composition of atmospheric aerosols.
Considerable progress has been made in the last few
years, however, on techniques that provide real-time
information on aerosol composition. For example,

particles can be collected directly in liquid water and
analyzed by ion chromatography to determine concen-
trations of major aqueous ions, including sulfate,
nitrate, ammonium, chloride, etc. When employing
denuders these methods can also be used to measure
gas phase concentrations of semivolatile compounds.
Other approaches involve collecting particles by im-
paction on a substrate from which they can be volati-
lized by rapid heating and analyzed by a conventional
gas analyzer. These semicontinuous samplers provide
species concentrations with a time resolution down to
3min and show that aerosol concentrations often vary
significantly over time scales required forfilter samples.

A tremendously exciting new development in aero-
sol measurement involves the use of mass spectrome-
try to measure the composition of individual particles
in real time. Particles are drawn through an inlet into a

Figure 7 Schematic diagram of a cascade impactor. These

instruments separate particles into several different size fractions

for subsequent measurement of size-resolved mass or species

concentrations.

AEROSOLS / Observations and Measurements 25



low-pressure chamber where they are volatilized and
ionized by a high-intensity laser pulse. The ions are
analyzed by time-of-flight mass spectrometry to de-
termine particle composition. A schematic diagram of

one such instrument is shown in Figure 8. It is not yet
clear that instruments of this type will be able to
provide quantitative information on species mass
concentrations. They do, however, provide rich new

Table 1 Typical minimum detection limits (three times standard deviation of blank) for selected elements and species measured by

various techniques (ngm�3)

Species Electronic balance INAA XRF PIXE Flame AAS Graphite

furnace

AAS

ICP AC IC TOR

Mass 900

Cl� 50

NH4
1 50

NO3
� 50

SO4
2� 50

EC 100

OC 100

Al 24 5 12 30 0.01 20

Ca 94 2 4 1 0.05 0.04

Cd 4 6 1 0.003 0.4

Cl 5 5 8

Fe 4 0.7 2 4 0.02 0.5

Hg 1 500 21 26

K 24 3 5 2 0.02

Mg 300 20 0.3 0.004 0.02

Pb 1 3 10 0.05 10

S 6000 2 8 10

Abbreviations: INAA– instrumental neutronactivationanalysis; XRF–X-ray fluorescenceanalysis; PIXE–proton inducedX-rayanalysis;

AAS – atomic absorption spectrophotometry; ICP – inductively coupled plasma emission spectroscopy; AC – automated colorimetry;

IC – ion chromatography; TOR – thermal/optical reflectance analysis.

Reproducedwith permission fromChowJC (1995)Measurementmethods to determine compliancewith ambient air quality standards for

suspended particles. Journal of the Air and Waste Management Association 45: 320–382.

Figure 8 Schematic diagram of a mass spectrometer for determining the composition of individual aerosol particles. Particle size is

determined bymeasuring particle velocity in the particle sizing region of the instrument. Size depends on velocity because large particles,

owing to their inertia, are not accelerated as rapidly as small particles as they flow from theaerosol inlet into the low-pressure regionsof the

instrument. Particle composition is determined by using time-of-flight mass spectrometry to measure the mass spectra of ions produced

when the particles are volatilized by a high intensity pulsed laser. (Courtesy of TSI, Inc.)
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insights into the origins of various particle types and
also provide insights into chemical transformations
that occur on and within particles in the atmosphere.
For example, Figure 9 illustrates the type of informa-
tion that can be obtained from such measurements. In
this study nearly half of the elements in the periodic
table were detected in particles sampled from an
aircraft between 5 and 19 km altitude.

Measurement of Physical Properties

Instrumentation for measuring aerosol physical prop-
erties can be divided into two major categories: those
used tomeasure a single overall property of the aerosol
and those used to measure aerosol size distributions.

Examples of overall properties (also referred to as
integral properties) are the total number concentra-
tion of particles of all sizes or the total amount of light
scattered by particles of all sizes. Instruments that
measure integral properties are often easy to operate
and provide data that are straightforward to interpret.
A limitation of such measurements is that they cannot
be used in a simple way to determine other aerosol
properties. In principle, a detailed and accurate
measurement of the aerosol size distribution can be
used to determine any integral property of the aerosol.
Such data, however, are difficult to acquire and
analyze and are subject to uncertainties owing to the
dependence of instrument response on aerosol prop-
erties including shape, density, and refractive index,
which are often not known precisely.

Figure9 Elements detectedby individual particlemass spectrometry at altitudesbetween5 and19 km.Almost every particlewas found

to contain some H, C, O, N, and S. It was concluded that in this study about half of the particles measured in the stratosphere were of

meteoric origin. Theseparticles containedNa,Mg,Al, K,Ca,Cr, Fe, andNi. (Reproducedwith permission fromMurphyDM,ThomsonDS,

andMahoneyMJ (1998) In situmeasurements of organics, meteoritic, and other elements in aerosols at 5 to 19 kilometers.Science 282:

1664–1669. r 1998, American Association for the Advancement of Science.)
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Measurements of Integral Properties

Condensationparticle counters (CPCs) havebeenused
since John Aitken invented them in the late 1800s to
measure total concentrations of aerosol particles.
(CPCs are also referred to as condensation nuclei
counters (CNCs) and Aitken nuclei counters.) They
function by exposing particles to a supersaturated
vaporwhich causes them to growby condensation to a
size greater than 1mm,which can easily be detected by
light scattering. Concentrations are then determined
either by counting the pulses of light scattered by
individual droplets as they flow through the scattering
volume of an optical detector (Figure 10) or from the
light attenuation or scattering produced by the cloud
of droplets following condensation (Figure 11). An
advantage of the single particle counting instruments
is that concentrations are determined directly from the
counting rate and the aerosol flow rate through the
detector; no empirical calibration is required. The
optical attenuation or scattering methods require an
empirical calibration to determine the relationship
between attenuation and concentration. The largest
particle size that can be detected by a CPC is
determined by transport into the condenser: because
of their inertia, particles bigger than a few microme-
ters in diameter tend to be lost as they flow into the
instrument. CPCs have been designed that detect
particles as small as 3 nm, although a minimum
detectable size of 5 to 10 nm is more typical. Recent
work has shown that gaseous ions (i.e., molecules or

molecular clusters that carry an elementary charge)
smaller than 1 nm can be detected with a CPC.

Another aerosol integral property of considerable
interest is the total amount of light scattered by
particles. Light scattering is responsible for the hazy
appearance of air in polluted regions (Figure 12) and is
themost sensitive indicator of air pollution.Gases also
scatter light by a process referred to as Rayleigh
scattering. Rayleigh scattering is responsible for the
blue color of the sky, and in a particle-free atmosphere
would limit visibilities to about 300 kmat sea level.On
a per unit mass basis, however, particles are orders of
magnitude more effective than gases at scattering
light, and light scattering efficiency (the amount of
light scattered per unit mass) reaches a maximum for
particles between 0.1 and 1 mmwhere most secondary
pollutant particles accumulate (Figure 13). This jux-
taposition of light scattering efficiencies with the peak
in the accumulation mode mass distribution (see
Figure 1) causes light scattering to be themost sensitive
indicator of polluted air. Integrating nephelometers
are used tomeasure the total amount of light scattered
by aerosol particles. The response of integrating
nephelometers depends on the frequency distribution
of the illuminating radiation, on the frequency re-
sponse of the optical detector, and on the solid angle
over which light scattering is collected.

Current air quality standards for particulate matter
are based mostly on the total mass concentration of
particles smaller than a specified size. For example,
since 1987 the ‘PM10’ National Ambient Air Quality

Figure 10 Continuous flow condensation particle counter (CPC). The aerosol is saturated with a vapor (butanol is commonly used)

before it flows through a cooled cylindrical tube where the vapor becomes supersaturated and condenses on particles, causing them to

grow to a size that is easily detected by light scattering. (Courtesy of TSI, Inc.)
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Standard for particulate matter in the United States
has stipulated that mass concentrations of particles
smaller than 10mm aerodynamic diameter cannot
exceed 75 mgm�3 on an annual basis or 260 mgm�3 for
24 hours. The usual approach for measuring such
mass concentrations is to determine the change in the

mass of a filter that has removed particles from a
known volume of air. Sampling times ranging from
hours to a day or more are typically required for such
gravimetric analyses, so such measurements provide
no information on variabilities inmass concentrations
that occur during the sampling period. Furthermore,

Figure 11 Schematic diagram of theModel 1957 Pollak expansion-type condensation nucleus counter, a classic instrument of its type.

An aerosol sample is drawn into the cylindrical chamber and brought with the pump to a pressure 1.21 times local atmospheric pressure.

After allowing about 45 s for the aerosol to become saturated with water vapor from the wetted walls, the release valve is opened,

permitting the aerosol to expand. The cooling caused by this adiabatic expansion leads to supersaturation of the water vapor and

condensational growthof particles. Theparticle concentration is determined from theattenuationof light through the instrument causedby

the aerosol cloud.
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in regions with significant concentrations of semi-
volatile compounds such as ammonium nitrate and
certain particulate organic compounds, filter
measurements can be compromised by volatilization
losses. For these reasons aerosol scientists have
attempted to develop alternative measurement
techniques. These approaches include the measure-
ment of the attenuation of 0.01 to 0.1 meV beta
particles through particulate deposits collected on
filters, the change in the natural frequency of a
piezoelectric crystal on which particles have been
collected, the change in pressure drop across a filter
on which particles are being collected, and the change
in the natural frequency of a harmonic oscillating
element on which a filter for collecting particles is
mounted (Figure 14). Each of these techniques has
limitations, but they all provide valuable real-time
information that cannot be obtained with traditional
gravimetric methods.

Measurements of Size Distributions

Instrumentation to measure aerosol size distributions
down to 3 nm diameter has advanced significantly in
the past two decades. The most common sizing
methods involve classification according to electrical
mobility, the measurement of the amount of light
scattered by individual particles, and themeasurement
of the terminal velocity to which particles are accel-
erated as they flow through a nozzle.

As a rule of thumb, a given instrument can measure
the size distribution of particles ranging over about a
factor of ten in particle diameter. One reason for this
limitation is that concentrations of particles vary so
significantly with size. This can best be illustrated by
considering, as an example, the typical urban Los
Angeles aerosol. Table 2 shows the rates at which
particles in several size ranges would have been drawn
into an instrument that samples air at 1 liter per
minute. Because small particles are so much more
abundant than large ones, they are sampled at a much
higher rate. Therefore, the time required to collect a
statistically significant sample increases sharply with
size. The measurement protocol might call for meas-
urements with a time resolution of, say, one minute.
This can be achieved best by measuring large particles
with high-flow instruments and small particles with
low-flow instruments so that statistically significant
samples can be achieved for all sizes in comparable
time periods. Furthermore, because detection sensi-
tivity depends on size, it is unlikely that a given
detection scheme can be used over the entire size range
of interest.

Electrical mobility analyzers are used to measure
size distributions of particles ranging from about 3 nm
to 0.5 mm. A schematic of a scanning mobility particle
spectrometer (SMPS) commonly used for such meas-
urements is shown in Figure 15. The aerosol is brought
to a Boltzmann equilibrium charge distribution by
exposing particles to a high concentration of mixed
positive and negative gaseous ions. At Boltzmann
equilibrium the most common charge state is neutral.
However, a statistically predictable fraction of par-
ticles contains 71, 72, 73, etc. charges, and this
distribution varies with particle size. Particles smaller
than roughly 50 nm contain very fewmultiply charged
particles, while particles of 0.5 mm contain more
multiply charged than singly charged particles.

After the aerosol charge distribution has been
adjusted the aerosol flows into the differential mobi-
lity analyzer (DMA), which is the heart of the SMPS.
The DMA classifies particles according to their elec-
trical mobility by flowing the aerosol through an
annular gap between two coaxial cylindrical elec-
trodes. The laminar flow between these electrodes

Figure 12 View to the north from Keck Laboratory at the

California Institute of Technology on a clear and a smoggy day.

(Photographs by the author.)
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includes the aerosol-containing flow, which enters
along the inner wall of the outer cylinder and typically
accounts for about 10%of the total flow, and particle-
free sheath flow, which occupies the inner portion of

the annulus. The outer electrode is maintained at
ground while a voltage is applied to the inner
electrode. If the center rod is positively charged then
negatively charged particles migrate radially towards
the inner electrode as the flow draws them axially
through the annulus. Particles with high electrical
mobility deposit on the inner electrode, while those
with low electrical mobility exit the DMA with the
excess air. Particles in a narrow range of electrical
mobilities exit the DMA through a narrow gap on the
inner electrode and travel downstream to a detector,
typically a condensation particle counter. Size distri-
butions are obtained by measuring the concentration
downstream of the DMA over a range of classifying
voltages so as to cover a range of electrical mobili-
ties. Electrical mobility depends on particle charge,

Figure 14 Tapered Element OscillatingMicrobalance (TEOM) for continuousmeasurements of particle mass concentrations. Aerosol

is drawn through the filter,which increases inmassas particlesare collected. As the filtermass increases, the natural oscillating frequency

of the tapered element changes. The mass of particles on the filter is inferred from measurements of this frequency. (Courtesy of

Rupprecht & Patashnick Co., Inc.)

Table 2 Nominal particle counting rates in different size ranges

for an instrument sampling at 1 liter per minute for a typical urban

Los Angeles aerosol

Size range Nominal sampling

rate (particles s� 1)

Sampling time required

for 1% accuracy (s)

0.05–0.1 mm 106 0.01

0.1–0.2mm 105 0.1

0.2–0.5mm 104 1.0

0.5–1.0mm 103 10

1.0–2.0mm 102 100

2.0–5.0mm 101 1000
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geometric size, and shape; the electrical mobility size
of a spherical particle equals its geometric size.
Uncertainties in measured size distributions occur
when a significant fraction of the measured particles
are nonspherical. ‘Inverting’ the raw data to obtain
size distributions requires taking into account the
multiplicity of sizes that are obtained at any given
classifying voltage, since particles of a given mobility
can contain one or more elementary charges.

Optical particle counters (OPCs) are used tomeasure
sizedistributionsofparticlesas small as50nm,although
a lower size limit of 0.1 to 0.3mm ismore typical. OPCs
function by passing particles through a small ‘scattering
volume’ into which an intense source of light has been
focused. As particles pass through the scattering volume
they scatter light, which is collected bymirrors and sent
to an optical detector which converts the scattered light
to a voltage pulse that varies in proportion to the
intensity of the scattered light. Size distributions are
obtained by first establishing the relationship between
pulse height and particle size for particles of known size
and composition.Using this calibration,measuredpulse
height distributions for unknown aerosols can be
‘inverted’ to obtain size distributions.

The amount of light scattered by a particle depends
on its refractive index and on its geometric size and
shape. For any given particle, the amount of light
scattered can depend on the solid angle over which
scattered light is collected in a complicated manner,

and particles of different sizes can produce the same
OPC response. The response of a laser OPC to
spherical carbon and sulfuric acid particles of known
geometric size is shown in Figure 16. The multivalued

Figure 15 Schematic of a scanningmobility particle spectrometer (SMPS) used tomeasure size distributions in the� 10nm to 500 nm

diameter range. The particle size in the sample flow at the bottomof the instrument is changed by varying the voltage applied to the center

cylindrical rod. Size distributions are found by measuring the concentration of classified particles over a range of classifying voltages.
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Figure 16 Numerically calculated responses of a laser optical

particle counter (OPC) to spherical carbon and sulfuric particles as

a functionof size.Notice that above0.7 mm, sulfuric acidparticlesof

three different sizes can produce the same instrument response.

The different responses to carbon and sulfuric acid are due to the

effect of refractive index on light scattering. (Courtesy of Professor

W. Szymanski, Department of Physics, University of Vienna,

Vienna, Austria.)
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relationship between response and particle size
seen for the sulfuric acid (e.g., the same response
occurs for particles of 0.9, 1.4, and 1.8 mm) is
less pronounced when particles scatter incandescent
light, since the optical resonances that lead to the
oscillations shown in Figure 16 are wavelength-
dependent and lead to a more nearly monotonic
response when averaged over a broad distribution of
wavelengths.

Aerodynamic particle sizers (APSs) (Figure 17) also
use light scattering to determine particle size. The size
measuring principle, however, is quite different from
that employed with an OPC. In an APS, particles are
accelerated through a nozzle and then pass through
two focused laser beams that intersect the particle
beam at right angles. A light-scattering pulse is
obtained as particles pass through each of the lasers,
and the particle velocity is determined from the known

distance between the lasers and the time required to
traverse this distance. Because of their inertia, large
particles tend to lag behind the carrier gas as it
accelerates through the nozzle, and they achieve a
terminal velocity less than the gas velocity. As particle
size decreases, particles accelerate more readily with
the gas. Therefore, the terminal particle speed ap-
proaches that of the gas. APSs infer particle size from
the measurement of the particle’s terminal speed. As
with impactors,which also classify particles according
to aerodynamic size, measurements depend on the
particle’s geometric size, shape, and density.

Summary

Recent interest in the effects of environmental aerosols
on radiative transfer through the atmosphere and on
human health have led to significant advances in

Figure 17 Schematic of an aerodynamic particle sizer (APS). Particles are accelerated through a nozzle to a velocity that decreases

with increasing particle size due to particle inertia. Size is inferred from velocity, which is determined from the time required for the particle

to travel between the two scattering regions formed from the split laser beam. (Courtesy of TSI, Inc.)
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instrumentation for measuring aerosol physical and
chemical properties. It is nowpossible, for example, to
measure physical size distributions down to 3 nm
diameterwith a time resolutionof severalminutes, and
instruments for measuring the composition of indi-
vidual particles in real time are being developed and
used for atmospheric studies. While most measure-
ments of aerosol composition to date have involved
the analysis of samples collected on filters, instruments
are currently being developed that provide real-time
informationon aerosol compositionwith amuchbetter
time resolution than can be obtainedwith filters. These
advances are leading to significant refinements in our
understanding of the origins of atmospheric particles
and of the role they play in atmospheric chemistry.

See also

Aerosols: Climatology of Tropospheric Aerosols; Physics
and Chemistry of Aerosols; Role in Cloud Physics; Role in
Radiative Transfer. Satellite Remote Sensing: Aerosol

Measurements. Tropospheric Chemistry and Compo-
sition: Aerosols/Particles.
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Introduction

The atmosphere is an aerosol, that is, a mixture of
carrier gases suspending liquid or solid particles. The
literature abounds with confusing usage of the term
aerosol (often used synonymously with the condensed
phase of thismultiphase system). In the present article,
the term aerosol is used exclusively for the complete
multiphase system. In the atmosphere, there are good
reasons to include aerosols and clouds in one defini-
tion. Both systems often exhibit comparable lifetimes.
The traditional separation into aerosol particles and
‘activated’ cloud elements appears untenable and
counterproductive because there ismounting evidence
for a humidity-dependent unbroken continuum in
particle sizes, related atmospheric processes, and
effects from dehydrated submicrometer particles to
decamicrometer cloud drops (Figure 1).

Monitoring and analytical demands in ultraclean,
nanotechnologies anddefence technologies have led to
the development of a rapidly growing number of high-
sensitivity particle sensors and methods. Additionally,
some ten years ago atmospheric aerosols were recog-

nized as major controllers of global climate. Taken
together, these two independent developments have
led to tremendous advances in atmospheric aerosol
research over the past 15 years. Consequently, numer-
ous details of the physical and chemical characteristics
of the atmospheric aerosol can be summarized after
introductory remarks on nomenclature in the first two
sections of this article. Through new aerosol instru-
mentation and theoretical considerations, the state of

Figure 1 Trade Wind clouds surrounded by thick haze near the

surface of the Indian ocean. (Courtesy of A. D. Clarke, University of

Hawaii.)
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