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Abstract. Optical particle counters (OPCs) are used regu-manufacturer’s nominal values and can change by up to ap-
larly for atmospheric research, measuring particle scatterproximately 20% when routine maintenance is performed.
ing cross sections to generate particle size distribution hisThe CDP has been found to be less sensitive than the manu-
tograms. This manuscript presents two methods for cali-facturer’s specification with differences in sizing of between
brating OPCs with case studies based on a Passive Cavit{.6+ 0.8 um and 4.7 1.8 um for one flight. Over the course
Aerosol Spectrometer Probe (PCASP) and a Cloud Droplebf the Fennec project in the Sahara the variability of calibra-
Probe (CDP), both of which are operated on the Facility fortion was less than the calibration uncertainty in 6 out of 7
Airborne Atmospheric Measurements BAe-146 research aircalibrations performed.

craft. As would be expected from Mie-Lorenz theory, the im-

A probability density function based method is provided pact of the refractive index corrections has been found to be
for modification of the OPC bin boundaries when the scatter-largest for absorbing materials and the impact on Saharan
ing properties of measured particles are different to those oflust measurements made as part of the Fennec project has
the calibration particles due to differences in refractive indexbeen found to be up to a factor of 3 for the largest particles
or shape. This method provides mean diameters and widthsieasured by CDP with diameters of approximately 120 um.
for OPC bins based upon Mie-Lorenz theory or any other Inanexample case, using the calibration and refractive in-
particle scattering theory, without the need for smoothing,dex corrections presented in this work allowed Saharan dust
despite the highly nonlinear and non-monotonic relationshipmeasurement from the PCASP, CDP and a Cloud Imaging
between particle size and scattering cross section. By caliProbe to agree within the uncertainty of the calibration. The
brating an OPC in terms of its scattering cross section theagreement when using only the manufacturer’s specification
optical properties correction can be applied with minimal was poor.
information loss, and performing correction in this manner Software tools have been developed to perform these cali-
provides traceable and transparent uncertainty propagatiobrations and corrections and are now available as open source
throughout the whole process. resources for the community via the SourceForge repository.

Analysis of multiple calibrations has shown that for the
PCASP the bin centres differ by up to 30% from the
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1148 P. D. Rosenberg et al.: Particle sizing calibration with refractive index correction

1 Introduction with size allows a size distribution to be derived. Performing
an effective calibration and scattering properties correction
1.1 Optical particle counters is essential to generate the highest quality data from an OPC.

The latter of these is made more difficult because scattering
Light scattering optical particle counters (OPCs) are instru-cross section is often not a monotonic function of diameter
ments used to measure the concentration and size of aiever much of the size range where OPCs are utilised.
borne particles. They are used in many fields such as in This manuscript describes methods for calibrating OPCs
ground based, aircraft based or balloon based atmospherand performing scattering property corrections as well as
research or pollution or clean room monitoring. OPCs func-providing software for the community to use to perform
tion by passing an air sample through a beam of light andthese operations. To overcome the problems associated with
detecting the radiation scattered out of the beam by individ-utilising a highly nonlinear scattering function, a probabil-
ual suspended particles. OPCs have applications over a widiy distribution function (PDF), rather than a single value, is
range of particle sizes from aerosol particles with diametergransformed between diameter and scattering cross section or
of 0.06 um (Cai et al., 2008) to ice and liquid cloud parti- visa-versa. The following basic methodology is applied:
cles with diameters of the order 100 um (Cotton et al., 2010),
although an individual instrument will usually cover a size
range of approximately one to two orders of magnitude. A
related instrument type known as the optical array probe or
imaging probe (Knollenberg, 1970) images the shadow of a 2. Transform this PDF to scattering cross section
particle as it passes through a laser beam and scatters light  (diameter).
away. These instruments provide size distributions up to mm
sizes. Because of their ability to provide real-time data over 3. Generate a mean scattering cross section (diameter) and
many size ranges, OPCs are the de-facto standard for mea- Uncertainty based on the new PDF.

suring particle size distributions, particularly on research air- example of an application of this method is taken from

craft where their fast acquisition speeds are important. the instrumentation operated by the Facility for Airborne At-

Despite these advantages OPCs do not provide particlg,,qpheric Measurements during the Fennec campaign.
diameters explicitly. The amount of light scattered by a

particle is defined not only by a particle’s size but also 1.2 The Passive Cavity Aerosol Spectrometer Probe and
by its shape, refractive indexs, (which may be com- Cloud Droplet Probe
plex in the case of light absorbing materials) and whether
or not the particle is homogeneous. These additional vari-The Facility for Airborne Atmospheric Measurements
ables are particularly important in atmospheric measure{FAAM) operates a number of OPCs on the UK’s BAe-146-
ments where OPCs are often employed to measure mang01 Atmospheric Research Aircraft. Amongst these are a
different particle types from spherical homogeneous waterPassive Cavity Aerosol Spectrometer Probe 100-X (PCASP)
droplets ¢ =1.33) to angular volcanic ash particlesig the and a Cloud Droplet Probe (CDP) which are both mounted
range 1.5- 1.6 +0.001 — 0.02 Mufioz et al., 2004; Patter- externally on the aircraft below the wings.
son, 1981; Patterson et al., 1983). The PCASP was initially manufactured by Particle Mea-
Designs of OPCs vary enormously; however, there aresurement Systems but it has since been modified to include
some features which are common to almost all instrumentsthe SPP-200 electronics package manufactured by Droplet
Each collects the scattered light over an angular range deMeasurement Technologies (DMT). The manufacturer spec-
fined by the geometry of the instrument’s optics and focusedfication indicates the instrument measures particles over a
this light onto a photo-detecting element. Each particle passdiameter range of 0.1 to 3 um diameter. It is a closed cell
ing through the beam therefore generates an electrical puls@strument meaning that it draws an air sample containing
in a detector circuit. All OPCs measure the height of this aerosol particles into an optical chamber where it makes its
pulse and some measure other properties such as pulse widtheasurements.
or shape. Some OPCs collate particle events into discrete The PCASP employs a He-Ne laser with wavelength
time and/or pulse height bins (including the Grimm OPC; 0.6328 um as its radiation source and the sample is sheathed
Heim et al., 2008) while others provide the time and pulsein clean air as it enters the optical chamber. On the ground the
height for every particle at the finest resolution allowed by sample flow rate is set to be approximately 3¢m1 and
the electronics (for example the SID2; Cotton et al., 2010). the sheath at approximately 15chs 1, however these flow
Assuming an appropriate calibration is performed, therates vary with altitude. The sheath focuses and constrains
height of each pulse is a direct measurement of a particle’the particles to the centre of the laser beam and also accel-
scattering cross section over the collecting solid angle oferates the sample, spreading particles in the direction of the
the OPC optics. Combining these measurements of particledflow and reducing particle coincidence effects. The laser is
cross sections with knowledge of how cross section varieslirected through the optical chamber across the sample and

1. Generate a PDF based on the mean diameter (scattering
cross section) and it's uncertainty. Often this will be a
Gaussian function representing a normal distribution.
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is incident upon a crystal oscillator where 0.1 % of the in- logging has taken place. In this way much more information
cident radiation passes through to a photodetector allowings available and the data is more flexible.
measurement of the laser intensity and the remaining 99.9% For both instruments it should be noted that identical par-
is reflected back along the reciprocal path. The use of an osticles passing through different parts of the sample volume
cillator rather than a mirror ensures the direct and reflectednay generate slightly different responses. This smearing of
beams are not coherent and ensures interference between ttiee measured size distribution is due to slight differences in
beams does not occur. The scattered light is collected by @radiation due to the Gaussian mode lasers used and dis-
parabolic mirror which collects light from the direct beam placement away from the focal point of the optics.
over the angular range 35-12fnd from the reflected beam
over the range 60-14%efore a lens focuses it onto a pho- 1.3 Further measurement uncertainties
todetector. The signal from the photodetector is processed by
three parallel systems: a high, mid and low gain stage. In theParticle sizing is only one aspect of the function of an OPC.
manufacturer specifications the three gain stages corresponithe other is particle concentration measurement. Although
to particle diameters of 0.1-0.14, 0.14-0.3 and 0.3-3.0 umthis work does not deal directly with this aspect of calibra-
Based on whether the particle registers or saturates on thon, it is useful to consider some of the problems which may
different gain stages one single value is chosen to represette encountered with the data presented here. For a closed
the pulse height in the range 1-12 288. Based on this pulspath instrument with an inlet such as the PCASP, the rep-
height the particle is assigned to one of 30 channels generatesentativeness of the concentration measurement is often
ing a histogram every 0.1, 1 or 10s. known as the sampling efficiency and is 1 for perfect sam-
When operated on an aircraft the PCASP is fitted with apling, less than 1 for undersampling and greater than 1 for
forward facing diffuser inlet and a subsampling inlet which oversampling. For an open path instrument such as the CDP
passes a small fraction of sample from the diffuser to thethe concentration measurement relies upon defining a sample
detection optics. The inlet system is discussed in more detaidrea, also known as the depth of field. The sample area de-
in Sect. 1.3. fines a cross sectional area of the laser beam through which
The CDP is manufactured by DMT and is specified to de-particles must pass to be counted. Multiplying the sample
tect and size cloud droplets with diameters from 2—50 um. Inarea by the speed of the airflow through the laser and the
contrast to the PCASP, which has an internal sampling sysmeasurement time interval provides a sample volume al-
tem, the CDP is an open path OPC. It consists of two arms|owing a concentration to be measured. Lance et al. (2010)
separated by 111.1 mm, which house the detecting compashowed that the CDP sample area can be measured using
nents of the system. A 0.658 um diode laser is directed out of droplet gun on a micro-positioning system. It should be
a sapphire window and between the two arms across an opemoted, however, that due to the method used to define the
sample area. In the sample area, particles suspended in @ample area, described in Sect. 1.2, the sample volume may
air sample pass through the beam and scatter laser radiatiobe a function of the scattering properties of the particles mea-
The unscattered radiation and a subset of scattered radiaticsured.
pass through a second sapphire window into the detector arm Despite the fact that PCASPs or other instruments with
and the intensity of the unscattered beam is measured by i@entical inlet systems have been flown on aircraft for
dump spot monitor. Light scattered within the range 4442  decades, there seems to be a dearth of measurements of the
passed onto an optical beam splitter where 33 % and 67 % dPCASP sampling efficiency at aircraft speeds. In the labora-
the light is directed to two detectors known as the Sizer andory an OPC can be compared with another standard instru-
Qualifier respectively (Lance et al., 2010). ment such as a condensation particle counter. This has been
To avoid the need for complex retrieval algorithms, the performed in the past with the FAAM PCASP and agreement
CDP attempts to screen out all particles which do not passs within 20 % for all sizes. Application of laboratory de-
through a small area 6£0.24 mn¥ located equidistant from  rived efficiencies to aircraft measurements is non-trivial due
the two arms and known as the instrument’s depth-of-field.to the high speed airflow from which the instrument is sam-
This is performed by placing a linear mask over the Quali- pling. The PCASP samples initially through a diffuser inlet
fier detector meaning that the ratio of the Sizer to Qualifierwhich is aspirated via ram pressure created by the aircraft
signal is a function of particle position. For accepted parti- motion. The inlet has a conical shape with a cross section
cles the analogue Sizer signal is amplified and digitised andnitially of 70 mn? (diameter 9.4 mm) increasing to 10 times
the pulse height is measured giving a value in the range 1-+this value. The mean sample velocity is reduced correspond-
4096. The CDP provides a histogram of pulse heights withingly and a small subsample is drawn through another in-
30 bins every second. In addition, it provides the incidencelet with cross section 0.05 nffdiameter 0.25 mm). The re-
time and pulse height at maximum instrument resolution formaining excess sample exits through a vent tube on the side
the first 256 particles detected per second. This is known asf the PCASP. Belyaev and Levin (1974) provided empirical
particle-by-particle data. Particle-by-particle data allows par-corrections for sampling efficiencies when sampling from a
ticle grouping to be examined and rebinning of particles aftermoving airstream in which the ratio of airstream velocity to
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inlet velocity is in the range 0.18-6.0. The PCASP subsam-correction factor, is the dynamic viscosity of the carrier gas
pling rate has been set to 3.0¢a1! on the ground in order and Dy, is the particle diameter. The transfer function (frac-
that the flow ratio remains within these limits where possibletion of particles transmitted through the DMA) has a narrow
(note the aircraft speed increases and the subsampling spe&@angular shape defined by

decreases with increasing altitude). The data presented here

assume an inlet efficiency of 1 for the diffuser and then as-7. max(O, 1 |Z* — Zl) ’ @
sumes sampling efficiencies based on the mean flow speed AZ

at the subsampling inlet and the Belyaev and Levin (1974)

relations. It should be noted, however, that flow inside theWhereZ* is the mid-point mobility of the distribution and
diffuser is expected to be turbulent as the Reyno|ds num.AZ |S the full width at half maximum of the transmission
ber at the tip may be as high as 60000 during flight. A 3-function. We also defin®* by Z* =Z (D). Under normal
dimensional incompressible fluid dynamics model with di- OP€rationAZ is proportional to the ratio of the output flow
rect numerical simulation of turbulence has confirmed thatt© the internal sheath flow aridt* is proportional to the ratio
flow separation occurs in the conical inlet leading to turbu- Of the potential difference to the internal sheath flow. For use
lent eddies at the subsampler. Further investigation in termith FAAM's PCASPs which draw at 3chs* values of

of compressible fluid modelling, inlet comparison and wind AZ/Z* of around 5% are achievable for particle diameters
tunnel testing will be required to assess the impact of this€ss than 0.5 um. o
turbulence on the sampled size distribution. Possible effects A humber of aerosol types have been used in this manner.

include turbulent losses in the diffuser and errors in inlet ef- The preferred aerosol is nebulised di(2-ethylhexyl)sebacate

fer function. This material has a well known refractive index
and forms stable spherical liquid aerosol particles, making it

2 Calibration techniques ideal for use with Mie-Lorenz theory calculations. One dis-
advantage is that DEHS is a plasticiser so can attack plastic
2.1 Sample generation and scattering cross components. Oleic acid and ammonium sulphate have been
section calculation tested, but the former reacts with oxygen and the latter does

, ) . not form perfectly spherical aerosol (Dick et al., 1998; Hud-
Because OPCs measure particle scattering cross section dig, ot 4. 2007).

re_ctly, calibrationg can be perfqrmed more easily in terms of Mie-Lorenz theory is used to derive the scattering prop-
this parameter. Itis therefore critically important that the cal- o tias of calibration particles as a function of their diameter

ibration particles have well defined scattering Cross Sections,  j refractive index. Mie-Lorenz theory exactly describes the
The two most common types of calibration particles usedsaitering of radiation by homogeneous spheres and here the
are polystyrene latex (PSL) spheres and glass beads, boly 5tering phase function is derived using the code of Wis-

of which are commercially available in samples with very ., he (1980). The scattering cross section measured by an
narrow distributions and may be suspended in air to provideypc g given by the integral of the phase function as
a calibration sample. Those used here were calibrated us-

ing photon correlation spectroscopy and optical microscopy, 2r ©
tracgable via NIST to the Standard Metre. Althpugh these, — 22// (|51 (G,kDp,n)}ZJr 152 (B,kDp,n)|2)
particles have the advantage of a traceable calibration cer- £ 50
tificate, they are only available in a finite number of dis- .
crete sizes. This is a particular problem for the PCASP high Sin(®) woptics (¢, ¢) A (3)
gain stage which does not span many available sizes of PSlynere
spheres.

Aerosol particles with a broad distribution can also be used — & is the wavenumber of the light used by the OPC,
for calibration if a well defined subsample can be taken. Here
this has been performed by passing the aerosol through a Dif- — Dp is the particle diameter,
ferential Mobility Analyser (DMA) (Knutson and Whitehby,
1975). A DMA uses a potential difference to separate par-
ticles based on their electrical mobility, which is defined by
the stokes equation as

— n is the particle’s refractive index,

- <|Sl (0,kDp,n) [+ Sz (G,kDp,n)|2) is the scattering
intensity derived from Mie-Lorenz theory (split into
neeC 1) light polarised parallel§;, and perpendiculas,, to the

T 3 nDp’ scattering plane),
wheree is the charge on an electram, is the number of ad- — 0 is the angle between the incident laser beam and the
ditional electrons on the particl€; is the Cunningham slip scattering direction,

Atmos. Meas. Tech., 5, 1147-1163, 2012 www.atmos-meas-tech.net/5/1147/2012/
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— ¢ is the direction of the scattered radiation around theTable 1.Collecting angles of the PCASP and CDP optics and asso-

incident beam, ciated values ofvgptics ().
— woptics (£, @) is a weighting function defined by the op- Instrument PCASP cDP
tical geometry of the OPC. Direct beam collecting anglé) 35-120 4-1%
Reflected beam collecting ang® ( 60-145* N/A

The value ofwgptics(@, ¢) varies from 0 at angles where Overall weighting functionvoptics (6) 1 for 35<6 <145,  1for4<6 <12,
H H H . 2 for 60<6 < 120, 0 otherwise

no light is collected to 1 yvhere all light is collected. In the. 1 for 120<6 < 145,

PCASP where the beam is incoherently reflected back on it- 0 otherwise

self Woptics (9' ¢) may be greater than 1 and in the case of. Nominal values based on manufacturer specifications. Instrument-to-instrument

rotational symmetry around the laser bearis a function of  variation is discussed in Sect. 4.3.

6 only. The optical geometry andqpiics (f) are defined for

the PCASP and CDP in Table 1. For non-calibration particles_ il not in general be equal to- (D.). Converting the

which do not meet the criteria for Mie-Lorenz theory other °P will not in g equ p( .p)' -onverting .

more complex scattering theories may be used to define thgwode diameter of our calibration particles into cross section

scattering intensity for Eqg. (3). The impact upon misalign- in this way ensures that the OPC is calibrated In terms of

ment of the optics of the CDP and PCASP is discussed fur_the property it directly measures. These calculations can be
erformed for any particles where scattering cross section is

ther in Sect. 4.3. It should be noted that for OPCs where th nown as a function of diameter and are not dependent uoon
particles are measured within the laser cavity of an external- P P

cavity laser (so-called active cavity OPCs) Eq. (3) should betS'"9 Mie-Lorenz theory.

re_placed with one of the sensitiyity functions give_n by Pin- 5 5 Calibration methods
nick et al. (2000). Also OPCs which do not collect light sym-

metrically around the laser may need to take account of the 2.1  calibration introduction
laser polarisation.

Figure 1 shows scattering cross sections as a function ofwo different methods have been developed when calibrat-
diameter for PSL spheres, DEHS and glass beads for thing the probes. A discrete method was used with the finite
PCASP and CDP, as well as other real world materials (asnumber of PSL spheres and glass beads available as well
suming Mie-Lorenz theory). It is clear that in general the as using a DMA. A scanning method was also used with a
curve is highly nonlinear and that above diameters of arounddMA which allowed many closely spaced distributions to be
1 um it is not monotonically increasing. Given the complex- generated sequentially. These two methods are applicable to
ity of the Mie-Lorenz curve, it is non-trivial to convert from different calibration scenarios described in detail below.
particle diameter to scattering cross section where an uncer-
tainty must be propagated. The usual method of propagating-2.2 PCASP and CDP calibration setup
uncertainty by multiplying by a function’s gradient cannot in o )
general be used, because the curve cannot be assumed liné¥pen calibrating the FAAM OPCs the instruments and sam-
over the range of the uncertainty. Instead we convert from di-P/® generation equipment were set up as shown in Fig. 2.
ameter to cross section by integrating over a PDF. Here we/Vhen calibrating the CDP a flow of air is forced through a
choose a normal distribution with standard deviation equal toVia! of glass beads. These are suspended in the sample and

the uncertainty in particle diameter. In this case the equiva-directed through a guide to the sample area of the laser. Be-

lent particle scattering cross section and its uncertainty for £ause the calibration particles are larger than a few microme-
particle diameteﬁp:t ADpis tres, contamination from ambient air does not usually pose

a problem. The flow rate from the compressed gas supply
J5Z o (Dp) G (DpDp, ADp)dDp is manually regulated in to provide a few hundred particles

Op= ) = 4) per second as measured by the CDP. This concentration is
Jo~ G (DpDp, ADp) dDyp used to avoid coincidence which can cause problems above
and ~500s 1 (Lance et al., 2010) and yet provide a useful parti-
cle distribution in a short time period. The concentration of
00 —\2 = smaller bead sizes in the sample tends to be more difficult to
Aop = Jo~ (o0 (Dp) = 7p)” G (DpDyp. ADp) dDp (5)  control which can result in high concentrations and coinci-

Jo. G(DpDp, ADp)dDyp dence of particles in the laser beam. Clumping of small par-
. ticles, especially in moist conditions or when the air supply is
where A represents uncertainty ar@(Dp, Dp, ADp) isa  cold, can also be a problem. Because of these problems, only
Gaussian function oD, with mean/modeD,, and standard  particles with diameters larger than 15 um were used here.
deviation ADp. As described in Sect. 1 a Gaussian func- For the PCASP either nebulised PSL spheres or DEHS are
tion is chosen to represent normally distributed uncertain-used. When using DEHS a TSI model 3080 DMA with a
ties. Again, because, (Dp) is a highly nonlinear function, 0.44 m column is used to provide a narrow size distribution.

www.atmos-meas-tech.net/5/1147/2012/ Atmos. Meas. Tech., 5, 1147-1163, 2012
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Fig. 1. Mie-Lorenz curves showing scattering cross sections for a variety of materials as measured by g&@A&B CDRb). Refractive

indices are taken from Bond and Bergstrom (2006), Dinar et al. (2006, 2008), Highwood et al. (20fay, édal. (2004), Patterson (1981),
Patterson et al. (1983), Toon et al. (1976), Wagner et al. (2012), Volten et al. (2001), Cook et al. (2007) and Weast (1966). The two curves for
Saharan dust and volcanic ash approximately bound a range of refractive indices found in the literature. For borosilicate glass the two curves
represent the two different refractive indices given by the manufacturer for different samples of calibration beads.

The sample is drawn through the DMA using the PCASP’s 2. The pulse heights measured by the OPC are known or,
pump. This requires the nosecone to be removed and the in cases where particles are binned into a histogram by
DMA output to be connected to the PCASP subsamplerusing  the OPC, the bin boundaries must be known in terms of
push on flexible tubing. When using nebulised PSL spheres  pulse height.
the sample line may be connected to the subsampler as when
using a DMA or the sample may be directed into the PCASPSimply knowing the manufacturer’s estimate of bin boundary
conical inletin which case the positive pressure from the nebin terms of diameter is not sufficient unless the equivalent
uliser pump floods the subsampler with the PSL loaded airpulse height can be derived from these values.
All tubing used is electrically conductive and as short as pos- For the PSL spheres and glass beads used in PCASP and
sible to minimise losses. Again a counting rate of a few hun-CDP calibrations, the scattering cross section along with an
dred particles per second is used. uncertainty were derived from Eqgs. (3)—(5). This satisfies
The nebuliser cup used in this work was an Allied Health- condition (1) above. The PCASP and CDP are both provided
care Aeromist model SA-BF61403. These cups can be operwith a list of bin boundaries in terms of pulse height known
ated using a pump or a compressed air supply using a needkes a threshold table. This table is modifiable to allow re-

valve to regulate flow. programming of the instruments and satisfies condition (2)
above making these OPCs suitable for use with this method.
223 Discrete method To perform the calibration using PSL spheres and glass

beads the PCASP and CDP are set up as shown in Fig. 2
ﬁmd as described in Sect. 2.2.2. For calibrating the high gain
s¥age of the PCASP only two useful sizes of PSL sphere

it is possible to define a simple function which relates parti- . ,
. . . . . . were available to the authors’ knowledge. Therefore, another
cle scattering cross section to pulse height. This function will oo ) .
source of calibration particles was needed. In this case we

be defined by the OPC detector and electronic systems. The . : .
PCASP and CDP use only linear amplifiers therefore we ex_made use of the DMA with nebulised DEHS aerosol. Using

ect that pulse height will be a linear function of scatterin the DMA as set up in Fig. 2, values & in the range 0.1
Fc)ross sec{)ion 9 905 pum were set in steps of 0.003-0.01 um. Using the DMA

When calibrating an OPC in this manner there are two re-in thi; way engured the ggnerat.ion of sufficient data points to
quirements. effectively calibrate the high gain stage of the PQASP. '

Both the PSL and DMA generated particle distributions
have an uncertainty in their mean/mode diameter of just a few
1. The scattering cross sections of the calibration particlesianometres. Under normal use the PCASP has a resolution

must be known. much wider than this which would dominate the uncertainty

Because an OPC measures scattering cross section direc

Atmos. Meas. Tech., 5, 1147-1163, 2012 www.atmos-meas-tech.net/5/1147/2012/
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significant contamination which can affect the distribution
a e T Excess
- U mean but not the mode.
/ Dryer ‘/‘xjf—fj" m— Figure 4 shows example calibration data for the CDP and
[ ~ \ PCASP along with 1-sigma uncertainties. Each data point
— - represents a particular size of calibration particle. The un-
- PCASP certainties in scattering cross sections in Fig. 4 are derived
T from Eq. (5) and the uncertainties in pulse height are half
cup B the width of the modal bin in the measured patrticle distribu-
o tion. The straight line fits to the data take into account uncer-
tainties on both axes (Cameron Reed, 1989, 1992) to give a
sensitivity,s, and offsetV o along with uncertainties. We can
then simply derive a particle’s scattering cross section with

PCASP uncertainty for any pulse heighit,, as
1] _
e O'p = VO =+ EVp, (6)
Air in
Nebuliser X858 _
. cup out \\ Aot = AVE + As?VZ + 2Vpcou(Vo, 5), @)
‘CDP

where covf/ g, 5) is the covariance of the two variables.
w\___// The PCASP provides a single size distribution spanning
all three gain stages. At the boundaries the gain stages over-
x et lap and in the overlap region particles are counted by only
) \ _ one gain stage. This causes a narrowing of one channel in
Bead vial _J Guide each gain stage which should be trivial to account for from
the calibration. Despite applying this information to the bin
Fig. 2. Calibration setup for the PCASP and CDP OPCs. The boundaries, artefacts in the size distribution always exist at
PCASP is either calibrated using nebulised PSL sph@gsr a these overlap points. These are discussed in more detail in
DMA with nebulised DEHS oil aerosdb) and the CDP is cali- Sect. 3.
brated with dry dispersed glass beécls When used with the DMA
the PCASP conical inlet is removed and the sample line is con-2.2 4 Scanning method
nected directly to the subsampler. During calibration of the CDP a
guide attaches to the instrument arms to direct the sample into th¢or some OPCs it is not possible to easily record the pulse
sample area. heights associated with each particle or with the bin bound-
aries. This may be because the pulse height measurements
and binning are performed using analogue electronics which
in the calibration. To reduce this uncertainty the PCASP isare not easy to characterise or it may be because the manu-
reprogrammed to zoom in on a particular size range of in-facturer does not make the information available to the user.
terest. In this way the uncertainties in particle diameter areln this case the OPC can be calibrated using a tuneable par-
comparable to the uncertainties in pulse height measured biicle source where the particle size distribution may be ad-
the PCASP. It was not necessary to reprogram the CDP as itsisted in an almost continuous manner. This technique has
30 bins over its single gain stage contribute an uncertainty obeen used to calibrate the FAAM PCASP using a DMA al-
similar magnitude to the calibration beads. Examples of thehough the processing is more complex compared to the dis-
measured particle distributions as a function of pulse heightrete method. Although this description is based upon using
are shown in Fig. 3 for PCASP and CDP. a DMA with a PCASP, any other OPC and tunable particle
To generate a calibration equation for the OPCs, the modeource could be used, such as an impactor or a droplet gen-
particle scattering cross section and associated uncertaintgrator in the super-micrometre range.
for each of the calibration particle samples is derived from To calibrate the PCASP in this manner the equipment was
Egs. (3)—(5). These are then plotted against the equivalerget up as in Fig. 2b and patrticles in the range 0.1-0.5um in
mode pulse heights measured by the instruments as seen @teps of 0.003—-0.01 um were passed through the DMA. As
the particle distributions in Fig. 3. The mode of the pulse shown in Fig. 1, the scattering cross section monotonically
heights is preferred to the mean because it is affected lesscreases with diameter in this range, hence, as the diameter
by particle coincidence and contamination of the sampleof particles is increased the particle distribution moves to the
and can be used even when a part of the size distributiomigher bins on the PCASP. As the distribution crosses the
is outside the range of the OPC. In particular when usingbin boundary between binsandn + 1 we can examine the
PSL spheres from solution, dried surfactant can generatéraction of particlesF, in the bins above this boundary and

Airin
—
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Fig. 3. Particle response distributions generated during calibration of the CDP (left) and PCASP (right). The horizontal axis shows the
instrument response to the particles and the vertical axis shows the number of particles measured in each response bin. The labels indicate tt
mode diameter of the particles used to generate each distribution. For the PCASP only a subset of the used PSL sphere particle distribution
are shown and the high resolution is achieved by reprogramming the instrument to zoom in on the area of interest. The broad distribution
for the 2.504 um spheres may be caused by the close proximity to a spike in the Mie-Lorenze curve. The CDP particle distributions were
generated using glass beads.

use this parameter to determine its diameter equivalent. Foand that these peaks are discarded from the analysis. Alter-
an OPC withN bins measuringn; particles in theith bin natively these particles can be physically removed from the

andM particles in total we can defing as sample, for example by using an impactor or another size se-
N lective removal method.
S m; _ When deali.ng with only a single peak i'F is possible to
Fo =l (®) rigorously defineP (Dp) for Eq. (9) by applying the DMA

transfer function from Egs. (1) and (2) to the DEHS size dis-

M
For an OPC which does not bin particles into a histogram Wetrlbutlon generated by the nebuliser (which can be assumed

. . . . to be linear over a narrow size range). However, for the distri-
can consider one bin to be the diameter/pulse height resolu-" o . :
. : . . e utions used in this work it was found th&tcan be approxi-

tion of the instrument. The particle size distribution of the

. . mated by an integrated Gaussian (sigmoid) to within 1 % and
calibration aerosolp, (Dp) can be related & by doing so impacts the result by ony0.1 %. Specifically

ey Po(Dp)dDp 1 D* — Dpn,
— Jo" Po(Dp)dDy ® r~ 2 <1+erf< V2w2 )) ’ (10)

where Dy, is the diameter of the boundary between bins where the function erf is the error function aidis a mea-
andn + 1. It should be noted that Eq. (9) is based on the as-sure of the distribution width. This function is much simpler
sumption that all of the particle size distribution falls within than a more rigorous definition éf and also is likely to bet-
the range of the OPC and it is critical that this is verified dur- ter represent random deviations from other uncertainties in
ing the calibration. As already discussed the particle scatterthe system. It is useful to note that due to the symmetry of
ing cross section for DEHS is monotonically increasing overEq. (10) F =0.5 whenD* = Dy, i.e. when the mode of the
the range where this technique is used, allowing us to use dibMA output is at a bin boundary, 50 % of particles fall either
ameter in Eq. (9). For larger diametdbsshould be replaced side of the boundary.
byo. To perform the calibration itselD* is adjusted on the
Because the DMA transfer function contains multiple DMA scanning through the range of sizes over which the cal-
peaks for multiply charged particles, as representedidy ibration is to be performed. For each valugufused a value
in Eq. (1), it is required that an OPC calibrated in this way of F is calculated using Eq. (8). Then for each bin, Eq. (10)
has the resolution to identify the peaks representigg 1 is fitted to the data wittDp, and W as free parameters. The
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Fig. 4. Particle scattering cross section as a function of pulse height for an example calibration of the PCASP and CDP. The points represent
the modes of size distributions generated from calibration particles with scattering cross sections defined by Eg. (4). The uncertainties in the
horizontal direction are defined as half the OPC resolution and those in the vertical direction are defined by Eq. (5). The solid line shows the
best fit straight line when uncertainties on both axes are utilised dashed line shows the standard error of the best fit.

uncertainty in this estimate can be derived by combining theit is registered as oversized. Where the first gain stage over-
standard error output from the data fitting routine with the laps the second gain stage it reduces the width of the first bin
uncertainty in the DMA using the usual uncertainty combi- of the second gain stage. This is because some particles that
nation functions. would be measured by the second gain stage do not saturate
A series of particle distributions from a DMA calibration the first gain stage so are instead counted in the top bin of the
are shown in Fig. 5. The resolution is much poorer than infirst gain stage. A similar process occurs where the second
Fig. 3 because the bin boundaries for normal use are mainand third gain stage overlaps. After performing the calibra-
tained for this calibration rather than zooming in on a regiontion detailed in Sect. 2.2.3 independently for each gain stage,
of interest. The secondary charged peak forftfe=0.2um  the limiting boundaries of the gain stages must be compared.
spectrum is just visible, however it has been smeared out duévhere an overlap occurs the bottom of one gain stage must
to the resolution of the PCASP in this region of the distribu- be set to the top of the previous gain stage.
tion. The number of particles counted by the PCASP in the Unfortunately, despite this correction, size distributions
doubly charged peak was more than 50 % of the number irfrom the PCASP tend to show concentrations which are too
the singly charged peak, so it is clear this peak would have digh in the top bin of each gain stage and too low in the first
large impact upon calculations &fif not discarded. bin of the second and third gain stage. It is suggested here
The values of derived from all the size distributions col- that particles are not correctly registering as saturated so are
lected as part of this calibration are shown in Fig. 6. Thegetting stuck in the top bin of a gain stage. To investigate this
best fit curves are derived from Eg. (10). Each of the curvegproblem the PCASP was reprogrammed to zoom in on the
provides the upper boundary of one bin and in all cases th@verlap region between the mid and low gain stages (medium
standard error in this boundary estimate is less than 0.3 %&nd large particles). The particle distributions as a function of
giving an uncertainty in bin width of between 1 and 10 %. In scattering cross section for the two gain stages are shown in
addition the uncertainty for the DMA is’1%. Thisis of a  Fig. 7. A number of unexpected features are evident here:

similar order to the discrete method. o ) )
1. The concentration in the low gain stage remains zero for

some distance beyond the overlap point.

3 PCASP gain stage boundaries 2. The last bin in the mid gain stage has enhanced

. . ) concentrations.
As described earlier the PCASP uses three separate gain

stages to maximise its range. If a pulse saturates the first gain 3. The enhancement in the last bin of the mid gain stage is
stage it is passed to the second. If it saturates this gain stage of a similar order of magnitude (approximately 50 %) to
it is passed to the third and if it saturates the third gain stage  the depletion in the low gain stage.
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Fig. 5. Particle size distributions measured during a scanning cali- . .

bration of a PCASP using a DMA. Each bin is normalised by divid- a PCASP. Each curve represents one bin boundary and is an un-
using ) Y weighted fit to the data points. They show how the fraction of parti-

ing by its Wldth._The resolution here is not as good as in Fig. 3, aS;|0g bigger than a boundarg, increase as the DMA mode diame-
the bin boundaries used here are those for normal use so no zoom- .~ " : :
ter, D*, increases. The value 6f* at which a best fit curves crosses

inginis applied. Only data collected by the mid gain stage is shown.0_5 defines the boundary’s equivalent diameter. Multiply charged

The labels indicate the mode diametbr, set on the DMA when . . .
) L . . particles from the DMA were screened out during the data analysis.

generating each distribution. Peaks can be seen from particles wit o

he uncertainty inD* is ~1 %.

double charges which pass through the DMA fof <0.26 um at
pulse heights above approximately 5800. The doubly charged peak

. L .
at a pulse height of 6300 with™ =0.20 contains more than one 4 ries must be first converted to scattering cross section
third of the total particles in this distribution. These extra peaks .
: A -~ using Egs. (3)-(5).
must be removed from the analysis to avoid biasing the calibration . . .
results. For a spherical particle Mie-Lorenz theory can be used to
perform the conversion from scattering cross section to diam-
eter. Although Fig. 1 shows that this is relatively straightfor-
4. The concentration in the last bin of the low gain stage isward for sub-micrometre particles, it is clear that for super-
significantly enhanced. micrometre particles where the Mie-Lorenz curves are not
monotonic there are a number of challenges to overcome.

In addition, the concentration of oversized particles is only For example:
0.028 cnt3 which is much lower than expected given the
concentration in the top bin of 2.47 cify and the bin be-
fore this of 0.30 cm?3. This plot seems consistent with our
hypothesis that particles are getting stuck at the top of a gain — The gradient at each solution will differ making uncer-
stage and are not effectively moving to the next gain stage  tainties more difficult to interpret.
or being classified as oversized. At the very least, some un-
documented process is affecting the distribution at the gain
stage boundaries. Unfortunately, the mechanism causing this . . .
problem is not known, however, an effective workaround is of thg cross section O.f interest. This means that the un-
to merge the bins either side of each gain stage boundary and gert;’;unty c_annot be simply transformed using the func-
discard the final bin of the PCASP. tion’s gradient.

The first point above is highlighted particularly if we wish

to derive the edges of an OPC bin in terms of diameter, and

— Multiple diameters may correspond to a single scatter-
ing cross section.

— The uncertainty may be large enough that the function
significantly deviates from linear within a few error bars

4 Refractive index correction then subtract one from the other to derive a bin width. It is
very likely that the multiple solutions derived from the two
4.1 The perfect, zero uncertainty case boundaries will overlap in diameter space and the overlap

may span most of the range of the solutions. Such a case
As has already been stated the scattering cross section @ shown in Fig. 8 where the boundaries of a PCASP bin
a patrticle is a function of its refractive index diameter calibrated before the Fennec campaign are shown along with
Dp, shape and structure. For OPCs calibrated using the disthe Mie-Lorenz curve for PSL spheres.
crete method above, applying this refractive index depen- Previously these problems have been worked around in a
dence is implicit in the conversion from scattering cross sechumber of ways. Hand and Kreidenweis (2002) calibrated
tion to diameter. For an OPC calibrated in terms of diameterwith aerosol of three different real refractive indices and used
such as when using a DMA to calibrate the sub-micrometrea polynomial interpolation for intermediate values. Covert et
range of a PCASP as described in Sect. 2.2.4, then the bial. (1990) and Lance et al. (2010) calibrated using particles
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o 107 ' ' L : There are, however, other properties of a bin which provide
£ o8 ! Mid gain stage b enc.)ugh.mformanon_to derive a S|ze_d|st.r|but!on, can be de-
9 | (medium particles) scribed in terms of diameter, are easily visualised and may be
_5 0.6 F rigorously defined. For normalisation purposes it is essential
*@' that we define the bin’s widthy},, which can be performed
= o r by summing the widths of all the sub-ranges highlighted by
© 02 ﬁ s L grey vertical bars in Fig. 8. By averaging the centres of the
8 1 sub-ranges weighted by their widths we can also define a bin

00 — 009 o010 B mean, Dy, in terms of diameter. If there is a requirement to
Scattering cross sectio (pmz) define the bins in terms of_another quantity suz_:h as parp-
~ 1.0 1 . . cle area, volume or log of diameter, then the horizontal axis

c?E 1 ) of Fig. 8 may be transformed appropriately. The bin mean
o 08 1 IIOW galnrtstzlz\ge r and bin width defined in this way provide equivalent infor-
S 061 (large particies) L mation to bin boundaries and so can be used as a direct re-
= placement when calculating size distributions, mass/volume
£ 044 P loadings and other derived quantities. The bin centre and bin
§ 0.2 1 L width as described above are defined as
o] ' 4
O 0.0 4 T f "'— T Y fOooP(DvO-bUs Ub|) DdD

0.1 02 03 Dy, perfect(abuv obl) = 0 (11)
‘ . 2 Jo_ P (D, 0py, op))dD
Scattering cross section (um*©)
Fig. 7. The two plots show details at a PCASP gain stage boundary o
created by reprogramming a PCASP to zoom in on this area ofinter-Wb tect@bu 0bl) = | P (D, opy, o) dD (12)
est. The red vertical bar shows the maximum extent of the overlap = Pe"e¢%" 2 R
between the two gain stages, below which we expect to see no par- 0

ticles. The horizontal red bar shows the concentration which would . - .
be measured if the excess in the top channel of the mid gain stag\éVhere P (D, obu, ovi) is the probability that a particle

were redistributed above the overlap point of the low gain stage.W'th diameter D falls within a bin with upper and lower

Note that the top bin of the low gain stage goes off the scale to aPoundaries abpy and opi, i.e. P (D, oby, ob) =1 when
concentration of 2.47 cIs. opl < o (D) < opy and 0 otherwise. The subscript perfect in-

dicates that this is the perfect case with no uncertainties. It
should be noted that values Bt pertecifor adjacent bins may

" _ _ be closer or more distant than may be indicated by the values
of the same composition as the particles measured in the regls Wh perfect This is an effect of the interleaving of bins seen

world. Others have smoothed theoretical curves or wideneqin Fig. 8 and a fundamental property of OPCs. Over a large

the b.ins of the OPC to generate a mon.oto'nically increasi.ngji‘,jmeter range any perceived overlaps or gaps will cancel.
function or reduce the effect of this ambiguity upon each bin

(Johnson and Osborne, 2011; Liu et al., 1974). These methy.2  Propagation of calibration uncertainties
ods either suffer from a lack of generality, being only ap-
plicable to particles of specified refractive indices or rangeslf, as will always be the case in the real world, there are un-
of refractive indices, or requires a subjective assessment ofertainties associated with the bin boundaries then these must
the amount of smoothing required. Baumgardner (2012) sugbe propagated into our estimatesa and Wy. Two factors
gested a method that defined an instrument kernel matrixhave a specific impact here. Because of the highly nonlinear
This kernel would transform the real world particle size dis- Mie-Lorenz curve, the expectation f@, and Wy may not
tribution into the measured distribution, based on the parti-be equal taDy, perfectaNd Wh perfect AlSO the uncertainties in
cle scattering properties and instrument calibration. The reaby, andoy, will not be independent if they are derived from
world size distribution could be recovered by finding the in- the same straight line fit, meaning that the usual uncertainty
verse of the kernel matrix. This method has been examinegropagation formulae may not be applicable.
and tested as part of this work, however, some limitations To accommodate these issues consideration is given to
were found regarding numerical stability and error propa-what happens if we vary a bins upper and lower boundaries,
gation so this method has been discounted in favour of thesp, and op. This causes different values @iy perfect and
method presented below. Wh perfectto be generated and this variation defines a sensi-
Here a rigorous method is presented which is general tdivity of these parameters to the bin boundaries. By assign-
any scattering function of arbitrary complexity without the ing a PDF to the variation in the bin boundaries a PDF of the
need for smoothing. By examining Fig. 8 it is clear that in resulting values oDy perfectaNd Wh perfectiS produced which
terms of diameter, each OPC bin has multiple boundariescan then be integrated to find a mean value and uncertainty.

www.atmos-meas-tech.net/5/1147/2012/ Atmos. Meas. Tech., 5, 1147-1163, 2012



1158 P. D. Rosenberg et al.: Particle sizing calibration with refractive index correction

10 1 . ; I

—— PCASP Mie-Lorenz curve for PSL spheres

- — — Calibrated upper and lower bin boundaries, gy and opy,
Diameter ranges where 0p<0<0p,,

=Dy perfect 2 . N

ffffff Manufacturer supplied nominal boundaries

with reference to the gradient and intercept of the straight
line fit, their uncertainties and their covariance. Hence, we
replacew (o, opy) With w (s, Vp) and integrate oversdand
dVp instead ofopy andoyp in Egs. (13)—(17). The function

w (s, Vo) is defined by

©
I
I

w (Ss VO) = Gbivariate(sy Ev AS, VOv VOa AVO? RS,VO)? (18)

whereGyivariateiS @ bivariate Gaussian distribution aRd v,
is the correlation coefficient betwegrand V.

The CDP is calibrated using the discrete method with
a straight line fit so utilises Eq. (18). The PCASP’s three
separate gain stages are again calibrated using the discrete
method so again Eg. (18) is used, however, at the point where
the gain stages meet one bin has its lower boundary defined
Fig. 8. Example showing the range of sizes of PSL spheres Whichpy ong St'_’a'ght line fit and its qpper boundary by anpther
would fall within a single bin of a PCASP. The grey shading covers fit: This bin therefore has two independent boundaries so
all diameter ranges where the Mie-Lorenz curve falls between theEd. (17) is used here.
horizontal dashed lines derived from calibration. The mean diame- This method allows the refractive index correction to be
ter of the shaded region#/p, perfect is shown as a vertical red line. ~determined directly from a Mie-Lorenz or another scattering
The vertical dotted lines show the manufacturer’s boundaries for thecurve, without the need for smoothing. In addition, software
same bin. tools have been developed and made freely available ensur-
ing that performing these corrections becomes trivial.

If our best estimate of the bin's upper and lower boundary, 3 ncertainties in scattering properties and curves
and their uncertainty a@yy, opl, Aopy andAoyp then we can
use these to define the PDF(o, oy). The integrals which  The uncertainty propagation presented thus far has assumed
gives us the result®,, Wy and their associated uncertainties that the scattering curve which is generated using Eq. (3) is a
are then perfect representation of the response of an OPC to a par-
ticle of a particular size. In reality the weighting function
woptics(€, ¢) will have an uncertainty associated with it as
will the refractive index of the particles being measured. For
particles which deviate from perfect spheres, the assumption
of Mie-Lorenz scattering or use of a different scattering func-
tion may also introduce uncertainty. As will be detailed in
Sect. 5, the impact of refractive index and particle shape has
not been studied here, however, the variation in probe geom-
etry and its input into the instrument uncertainty has been

Scattering cross section (pmz)

Diameter (um)

— o J5 Do perfectobus ob1) w (0by, obi)dobydop|
Dp = % 5
Jo_ Jo w (oby, obl)dopudor

., (13)

D, -2
—2 J5"Jo" (Db pertect(@bu, obl) — D) “w (by, obi) dopudon
Jo Jo  w (oby, ovi) dopydob

o0 o0
_Jo Jo Wb perfect(@bu, 0bl) w (0, 0b1)dobudopi

Wh Sindlhas , (15)  examined. For both the PCASP and the CDP the sampling
Jo Jo w (obu, ob)dopudop) is symmetric about the laser axis, hence, two possible devia-

tions from nominal are considered:
AWE = J5° J5™ (Wh pertect@bu, ov) — W) (ot om) oo ¢ 1. Asimple change in the limits presented in Table 1. Such

a change could represent a deviation of an aperture’s di-
mensions from nominal or a movement of the sample
volume along the axis of the laser from its expected po-
sition. For the PCASP only the 3&nd 145 limits are
varied as these are most sensitive to the position of the
laser/sample intersection point. For the CDP the total
angular range is maintained &t 8y altering both limits

by the same amount. This is referred to as an along axis
deviation.

Jo~ Jo w (obu, obl) dopydop

Some careful consideration should go into the definition of
w (opl, opy) as this function will not be the same in all cases.
Whereop andopy are independent we can defidoy, opy)

as the product of two normal distributions.

w (01, obw) = G (01, b1 Achl) G (Obu, T buATbu) (17)

This would be the case if the scanning calibration method
has been used and the random uncertainties from the curve2. A change in the centre point of the optics away from
fitting dominate over any offset in particle diameter that may 0°. This could represent a movement of the sensitive

exist. This is not the case whep, andop, are derived from
the same straight line fit. Instead(oy, opy) can be defined

Atmos. Meas. Tech., 5, 1147-1163, 2012

volume perpendicular to the laser axis, e.g. due to im-
perfect laser or inlet alignment. Again only the°3nd
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145 limits of the PCASP are considered. These esti-giving the bin midpoint and weights including uncertainty in
mates were made using a four point integration aroundcross section as
the laser axis. The four points were perpendicular to the

deviation (where change from nominal is approximated Zﬁbi Wi
as zero) and parallel to the deviation (where changeDpas = l— (29)
from nominal is maximised). We refer to this as a lat- lZw’
eral deviation.
> Whiw;
_ 1
Measurements of the position of the laser beam of the'Vbao = Swi (20)
PCASP during alignment have shown that a maximum lateral i
deviation of 1 mm can be expected. A similar uncertainty is_l_he uncertainty can be found by intearation divin
expected for the along axis deviation. Both these misalign- y y 9 gving
ments give changes in the3&nd 145 collecting angle lim- >y J2° (D — Doas)G (D. Dby, ADpi) dD
its of approximately 10 For the CDP Lance et al. (2010) N 21)
found that a lateral deviation of 1.4 mm gave the best fitto~  °27 — > w;
calibration data, this equates to a deviatiom@°. Consid- i
eration of an along axis deviation was not presented in that
work. Baumgardner (2012) reported that the manufacturers o0
; W — Whao )G (W, Wy, AWp;) dW
of the CDP have begun testing the responses of this instru- _, Xi:w Jo ¢ bao )G/ ( b bi) 22)

ment to small particles in order to estimate its collecting an-~ " P27 — S w;
gles. They have found maximum deviation of the lower col- f

lection angle limit of 0.7. A higher variation was found for Subscript represents the multiple solutions; is the weight

the upper collection angle limit, but this has less impact upong¢ g 50 solution and subscrifir indicates that uncertainties

the instrument sensitivity. As the majority of these numbers, gcattering cross section have been included. In this way
are maximum offsets of a relatively small population of mea- ¢, ytribytions from the scatter in the multiple solutions and

surements, they have been assumed here to be 2-sigma esfism, the uncertainties derived from Egs. (14) and (16) are
mate. Therefore the 1-sigma uncertainty in collecting anglesincluded in the final uncertainty estimate.

of a typical PCASP and CDP used in this work have been Although here the curves far (Dp) have been varied to

assumed to be*sand 0.4, respectively, for along axis devi- e egent uncertainty in instrument optical parameters this

ations and 5and T, respectively, for Iateral_d?V'a'_“O”S- method is equally valid for representing uncertainty in par-
For the PCASP we found almost no variation in respons€c|e refractive index or another scattering property. In ad-

to desert dust for lateral deviation of 1-sigma. 1-sigma alor_‘gdition, multiple properties could be varied and appropriate

axis deviation did, however, lead to a significant change inejghts assigned and the resulting solutions can all be passed
response. For the CDP, lateral deviation did induce some;, Egs. (19)=(22) together if required.

changes in response, but these were smaller than for along
axis deviations. Mie-Lorenz curves for these cases are pre-
sented in Fig. 9. Because in both cases the along axis unceg Results and impact upon the Fennec dataset
tainties dominate we shall consider only these here. It should
be noted, however, that these conclusions are valid only fotn June 2011 the FAAM aircraft was deployed to the Sahara
the refractive index in question. For the CDP the variation into make dynamics, radiation and dust measurements. The
signal due to misalignment was found to be smaller for glassPCASP and CDP were employed to make measurements of
bead calibration particles and water (not presented here) thaparticle concentrations and size distributions of desert dust
for dust. and cloud particles and a part of this dataset is presented
These uncertainties can be accounted for by calculatindgiere. Prior to this campaign the PCASP and CDP were both
o (Dp) for different scattering angle limits and assigning calibrated using the discrete method described in Sect. 2.2.3
each of these curves a weight. Here seven curves have beamd the CDP was calibrated using the same method before
used varying betweett3-sigma and the weights have been each flight. Unfortunately, a step change in the gain of the
assigned based on a normal distribution. Recalling that eachigh gain stage of the PCASP is thought to have occurred be-
estimate ofDyp and Wy, are derived from a PDF, each curve tween calibration and the beginning of the project and hence
can be considered to generate a PDF of possible solutionshe first 6 bins of the PCASP have not been included here.
These PDFs can be multiplied by the weights and summed tét should also be noted that the first bin of the PCASP is
give a final PDF which can be integrated to find its mean androutinely discarded because its lower bin is not defined by a
standard deviation. Finding the PDF’s mean reduces to simpulse height, but instead a pulse width, in order to reduce the
ply calculating the weighted mean of the multiple solutions impact of electrical noise.
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Fig. 9. Mie-Lorenz curves for the PCASP and CPD showing the impact of misalignment of the optics for desert dust. The thick black line
shows the scattering cross section measured by the instruments using the nominal manufacturer’s specification. The thin red and black line:
show the impact of moving the sample/laser intersect point or sample volume along the laser axis or laterally in a direction perpendicular
to the laser axis. The 1-sigma offsets are estimates of the variation from nominal for a typical instrument and are based observed offsets of
FAAM’s PCASP after realignments, measurements of a number of CDPs by the manufacturer (Baumgardner, 2012) and measurements by
Lance et al. (2010).

As Fig. 8 shows, the actual ranges from a PCASP binexpected value of 3.5 um. A minimum offset of #®.8 um
can vary significantly from the values provided by the man-was found.
ufacturer. In the calibration performed before Fennec the bin  Size distributions from one time period during the Fennec
centres were found to be systematically higher than thoseroject are shown here. This case consists of 150s of data
reported by the manufacturer by an average of 13% and &eginning at 10:10:30 UTC and collected at 800 m above the
maximum of 33 %. This was based on the use of a refractivedesert surface (1080 m GPS altitude). This was a measure-
index for PSL spheres as used in the manufacturer’s specifiment period with particularly high dust loadings. There is
cation. Monitoring the calibration results over approximately some uncertainty in the refractive index and shape of the dust
1yr has shown that after routine maintenance, such as cleameasured and here it has been assumed that the dust particles
ing and aligning the optics, the calibration may change by upare spheres with a refractive index of 1.53 + 0200&ich
to 20 %. This result is consistent with the’3nd 145 limits lies in the range measured by Wagner et al. (2012). Labo-
of the PCASP collection optics, varying by up to°1ds dis-  ratory measurements have shown that Mie-Lorenz calcula-
cussed in Sect. 4.3. The drift over time is typically much lesstions can have some success in modelling the scattering prop-
than this and calibrations performed before and after projecterties of non-spherical particles. In the forward scattering
which have lasted a month or more show less than 5 % drift.angles, as measured by the CDP, laboratory measurements

During Fennec the CDP was calibrated seven times anaf bulk desert dust samples, including Saharan dust, agreed
these have been examined to check the stability of the instruwith Mie-Lorenz calculations within 20 % when surface area
ment over this time period. One calibration resulted in a sig-equivalent diameters were used (Volten et al., 2001; Kahnert
nificantly larger sensitivity than the others, but it is thought et al., 2007). The scattering cross sections-0f2 um salt
that this calibration was affected by high winds so has beermarticles as measured by a PCASP were modelled by Mie-
discounted from the analysis. For the remaining six calibra-Lorenz theory to within experimental uncertainties when
tions all values of and Vp were found to agree within their mean crystal length equivalent diameter was used (Lui et al.,
uncertainties. Examining the first calibration performed dur-1992). It is beyond the scope of this paper to evaluate the
ing Fennec again revealed that bin centres were systematimany scattering theories which have been applied to non-
cally higher than those reported by the manufacturer. In thisspherical particles, and hence based on the successes above
case the refractive index of water was used, again in acMie-Lorenz theory has been used.
cordance with the manufacturer’s specification. The largest The number and volume distributions as a function of par-
difference was found near the lowest end of the size rangéicle diameter for the described time period are shown in
with the centre of bin 2 differing by 4 1.8 um from the  Fig. 10. Distributions are compared using the manufacturer’s

specifications and calibrated, refractive index corrected bin
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Fig. 10.Size distribution of desert dust aerosol measured by the PCASP, CDP and CIP during a run at 800 m above the desert surface. For the
PCASP and CDP, the distributions derived using the manufacturer’s specification are in grey and the calibrated and refractive index corrected
data are in black. The numbey,, and volumeV, are shown as a function of particle diamefgs. Error bars which extend to negative
numbers on the log scale have been omitted for clarity.

boundaries. During Fennec the CDP had been set with bin In addition to the OPC data, Fig. 10 also shows data from
1 much wider than usual allowing the CDP to be sensi-the Cloud Imaging Probe (CIP), which was part of the Cloud,
tive to smaller particles. To subsequently improve the res-Aerosol and Precipitation Spectrometer (Baumgardner et al.,
olution in this region, the CDP’s particle-by-particle feature 2001) operated during Fennec. The CIP is an imaging probe
has been used to rebin the particles from bin 1 into 5 sepaas initially described by Knollenberg (1970). The instrument
rate bins. These are the first 5 CDP bins plotted in the cali-directs a laser at a linear array of photodetectors and when a
brated data in Fig. 10. No equivalent manufacturer’s specifiparticle travels through the laser, perpendicular to the array,
cations are available for these rebinned points so CDP point its shadow is imaged line-by-line. Utilisation of data from
of the manufacturer’s specification distribution is equiva- this instrument provides a comparison with a completely dif-
lent to point 6 of the calibrated, refractive index corrected ferent particle sizing technique. The CIP, CDP and PCASP
distribution. all agree within the uncertainties providing high confidence
The distributions using the manufacturer’s specificationthat the calibration and refractive index correction methods
are discontinuous at the boundary between the two instrupresented here work well and that the uncertainty propaga-
ments around 4 pum, and the PCASP data shows a zigzag ition is effective.
the distribution at 0.3 um (the boundary between the mid and Itis of note that despite data being available for particles as
low gain stages) and a peak in number concentration in théarge as 200 um, Fig. 10 shows that the measurements do not
last channel as described in Sect. 3. A similar zigzag is usueover the large diameters of the volume distribution as well
ally seen at the high to mid gain boundary at around 0.14 umas the small diameters. It is clear that the volume distribution
The gain stage boundary corrections described in Sect. 8f desert dust can have contributions from particles larger
have been applied to the calibrated data set. than have previously been measured on an airborne platform.
The calibrated data can be seen to extend to much larger
diameters than that processed using the manufacturer’s spec-
ification. This is mostly due to the impact of the different 6 Software tools
refractive index of the measured dust compared to the refrac- ] ) )
tive indices of PSL spheres and water droplets referenced b part of developing the methods for the calibration and
the manufacturer. The two instruments are in excellent agreel€fractive index correction three software tools, known as
ment where they meet and any discontinuity is much lesdMieConScat, PCASP Cahbrator and CStoDConverter_have
than the 1-sigma error bars plotted. Some bumps seen in theen created. These are available to the community as
PCASP distribution have been accentuated by the calibratio@P€N source projects free for academic use via the Source-
and refractive index correction presented here. It could be th&©rge repository (http://sourceforge.net). MieConScat gener-
case that these are real modes or there is the potential that €S particle scattering cross sections using Mie-Lorenz the-
is an artefact caused by imperfect knowledge of the particleP’y @s described in Eq. (3). Text files can be saved giving
scattering properties. The error bars are a significant fractioi@rticle cross section as a function of particle diameter, an-
of the mode height so the statistical significance of this peakdular range, particle refractive index and wavelength of the
is not clear. A strong advantage of the methods used here iicident light. This output can be used by the two subsequent

the derivation of error bars for this plot which are traceablePrograms.. _ _ _
and transparent which allow consideration of the statistical PCASP Calibrator is a tool for analysing PCASP calibra-
significance of such modes. tion data using the discrete method discussed in Sect. 2.2.3.

Particle diameters are converted to cross sections, size
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distributions are generated, manual review and quality conthe PCASP and less than the calibration uncertainty for the
trol can be performed and the modes of these distribution<CDP. The calibration has revealed inconsistencies with the
are used to generate a sensitivity curve for the three gaimexpected behaviour where different gain stages of the PCASP
stages. This tool can use the output from MieConScat for demeet. These can be overcome by discarding the upper bin of
riving cross sections or text files can be generated by anothehe PCASP and merging adjacent bins either side of a gain
method if Mie-Lorenz theory is not appropriate. stage boundary. Desert dust size distributions collected by the
CStoDConverter accepts bin boundaries defined in term#®CASP and CDP as part of the Fennec project show entirely
of scattering cross sections and generates bin centres ammbnsistent results with each other and with a Cloud Imag-
widths in terms of diameter using the method described ining Probe when calibration and refractive index corrections
Sect. 4. The conversion implicitly performs refractive index are performed as described in this work. Data processed us-
correction by using either the output from MieConScat or aing the manufacturer’s specification gives size distributions
similarly formatted text file generated any other way if Mie- which are not consistent. In addition, a general shift towards
Lorenz theory is not appropriate. larger particle diameters (up to a factor of 3 at diameters of
approximately 100 um) is observed when the calibration and
refractive index corrections described here are applied.
7 Conclusions In order that the community can implement similar cali-
bration procedures and refractive index corrections with min-
Two methods have been described here for calibrating optitmal effort, a series of software tools with source code have
cal particle counters (OPCs) which are based on the principldbeen made available for community use. These are applica-
that an OPC measures an electrical pulse height which is reble not only to the PCASP and CDP but to other OPC models
lated to a particle’s scattering cross section. The two methodas well.
are referred to as the discrete and scanning methods. The dis- Some further work is required to continue to improve the
crete method utilises particle samples available only at a fi-data quality from the PCASP and CDP. The sampling effi-
nite number of different diameters, and fits a sensitivity curveciency of the PCASP should be derived for aircraft speeds,
between the pulse height measured by the OPC and the scatich may require a combination of inlet comparisons, wind
tering cross section of the particles. This method requires théunnel tests and modelling. Methods for experimentally de-
user to have some access to the pulse heights measured tgrmining the optical geometry of both these instruments
the OPC, and has been used to calibrate a Passive Cavighould be developed to attempt to reduce any artefacts in the
Aerosol Spectrometer Probe (PCASP) and a Cloud Droplemeasured size distributions.
Probe (CDP). The scanning method can be used when OPC
pulse heights are not accessible but requires a sample size )
distribution which can be adjusted in a continuous mannerﬁzktz(r’;‘feggmie:]—theResF:;‘rr(‘:icchonlsﬁt(Nvéasc)f“Q?IiesdW?:k ;[/C:s
gir;feérFe)nCtglsl:‘nQsﬁitse:r?ali/zl:a?r?lgel\iAu),SIQaghlljsMnA]e:)r:g\?i;veI;h additionally supported by the DIAMET project also funded NERC.

. v ad bl le of DEHS oil | wi hAirborne data was obtained using the BAe-146-301 Atmospheric
a continuously adjustable sample o oll aerosol With pasearch Aircraft [ARA] flown by Directflight Ltd and managed

mode diameterD*”, up to 0.5pm. A sigmoid-type function  py the Facility for Airborne Atmospheric Measurements [FAAM],
was fitted giving the fraction of particles larger than a given which is a joint entity of NERC and the Met Office. We would like
bin boundaryF, as a function ofD*. The diameter equiva- to acknowledge all the staff at Droplet Measurement Technologies
lent of the bin boundary is given by the valuedf whereF who regularly work with the staff at FAAM to ensure that the
is equal to 0.5. instruments discussed here are in the best possible condition, as
A transparent and mathematica”y well defined method forwell as Jonathan Crosier and lan Crawford for their work with the
refractive index correction has been provided. This method!P data, and Claire Ryder and Steven Abel for testing the methods
allows OPC bin centres and widths to be defined using Mie-and software presented in this manuscript. Finally, we would like to
Lorenz theory or any other scattering theory. It can be ap_thank D_arrel Baumgardene_r and the two othe_r anonymous refe_rees
. : . f . whose input has doubtless improved the quality of the manuscript.
plied even when particle scattering cross section as a function
of d.ia'meter is highly nonlinear' and non monot.onic, there,byEdited by: M. Wendisch
avoiding the need for smoothing. It also provides effective
methods of uncertainty propagation.
Calibrating a PCASP and a CDP using these methods haFCéeferences
shown that particle sizing by the PCASP differs up to 30 %
and by the CDP by apprOXImf’;l'ter. HE0.8 10 4.7+ 1.8pm Baumgardner, D.: Interactive comment on “Particle sizing calibra-
from the manufacturer's specification and that a step change tion with refractive index correction for light scattering optical
in the PCASP calibration of up to 20 % can occur when rou-  particle counters and impacts upon PCASP and CDP data col-
tine maintenance is carried out. The drift in the calibration lected during the Fennec campaign” by P. D. Rosenberg et al.,
over a project with duration-1 month is better than 5 % for Atmos. Meas. Tech. Discuss., 5, C118-C118, 2012.
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