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Foreword  

 

The analysis of cloud particle measurements requires a certain degree of understanding 

of the basic principles of operation of the sensor s and, perhaps more importantly, an 

appreciation of the limitations  and uncertainties  that are associated with the 

measurement techniques. This userõs guide is designed to introduce the reader to the 

fundamental concepts that Drop let Measurement Technologies (DMT) employs to measure 

cloud particles, the inherent uncertainties and limitations associated with these 

measurement techniques and suggestions on how the measurement results can be 

evaluated and analyzed within these con stra ints. 

 

This manual is not a substitute for the many publications that have been written on the 

subject of particle measurements and methodologies for data analysis.   Throughout this 

guide we will extract from many of such publications with  extensive, up-to-date 

reference list s at the end of each chapter . As newer publications become available this 

guide will be update d accordingly with addendums that describe new analysis techniques, 

correction algorithms or new technology that decreases the uncertainties or improves 

resolution or response.  

 

This guide is separated into three  general chapters related to the technology that is 

employed in the DMT instruments: 1) single particle light scattering, 2) single particle 

imaging and 3) thermal analysis of liquid water. Each chapter  contains a simplified 

description of the measurement theory, a discussion of the uncertainties and limitations 

inherent in the technique , derivation of  the most commonly used atmospheric 

parameters and some examples of typical applications. At the end of each chapter  is a 

list of references and suggested reading.  

 

Most of the graphs throughout the manual were generated by the DMT analysis program, 

òPAPIó, that runs on the Wavemetrics Inc. software package IGOR. PAPI is an open source 

set of routines for ingesting data files written by DMTõs Particle Acquisition and Display 

System (PADS). In various parts of the chapters, examples will be given to show how PAPI 

can help users analyze and display data. There is a separate Userõs Guide for PAPI, but 

the examples contained in this manual do not require an extensive knowledge of IGOR or 

PAPI to run on the userõs own data set.  
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1.0     Single Particle Light Scattering  

1.1    Theory  

1.1.1 Particle Size Determination 

 

The operating p rinciple of i nstruments that detect particle  by light scatter ing is based on 

the concept that the intensity  of scattered light is proportional to the particle size and 

can be predicted theoretically if the shape and refractive index of the particle is known 

as well as the wavelength of the incident light. As  illustrated in Fig. 1 .1, scattering is the 

result of the interaction of the electromagnetic wave of incident light with the molecular 

structure of a particle that subsequently produces electromagnet ic emissions with 

components of ref lection, refraction and diffraction.  

 

 
 

Figure 1.1 

 

The composite of these three components is a field of scattered light whose intensity 

varies as a function of angle around the particle. If the particle is spherical an d of 

homogeneous composition, the scattered intensity is symmetric around the axis parallel 

with the incident wave but varies in intensity from 0 to 180º, where 0º is the most 

forward scattering and 180 º is directly backward. Figure 1 .2 shows an example of the 

angular pattern of scattering. This angular dependency of the scattering around a 
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spherical particle can be calculated using the equations that were developed by Mie 

(1908) for a specific diameter, refractive index and incident wavelength.  

 

This theory is applied in optical particle counters (OPCs) by collecting scattered light 

from particles that pass through a light beam of controlled intensity and wavelength and 

converting the photons to an electrical signal whose amplitude can be subsequently 

related back to the size of the particle.  

 

 

Figure 1.2 

 

The property of a particle to interact with light is usually described by its scattering cross 

section, Ƭ. This is the product of the scattering efficiency, ƣ, and cross sectional area, 

(Ù/4) D2, where D is the particle diameter. Figure 1 .3 shows the scattering cross section  

as a function of angle  for particles with three different diameters  and an incident 

wavelength of 680 nm.  In order to determine the amount of light scattered in any 

direction, it is only necessary to multiply the scattering cross section by the intensity of 

the incident light. Alternatively, if we have an optical system that collects light over a 

range of angles and we measure the intensity of scattered light collected from a particle , 

we can determine the particle size from the information shown in Figure 1.3 by 

integrating the scattering function over the range of angles used in the instrument.  

 

The collection angles used in the DMT single particle scattering instrument, i.e. the clo ud 

and aerosol spectrometer (CAS), the cloud droplet probe (CDP) and the fog monitor, are 

from 3.5º to 12º, as shown on Fig. 1.3 (the backscattering angles used in the CAS are also 

shown). The near forward angles are used because, as can be seen in Fig. 1.3, the largest 

percentage of light scattered from a particle is in the forward direction. This is generally 

true when the size of the particle is large with respect to the incident wavelength.  
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Figure 1.3 

The DMT light scattering spectrometers use an optical configuration similar to the block 

diagram shown in Fig. 1.4 that is the conceptual design for the CAS with polarization 

option (discussed in section 1.3). A diode laser is used as the source for coherent, 

monochromatic light that is focused and transmitted across the airstream that carries the 

particles. The beam falls on a light absorbing circular  ôdumpõ spot that blocks the beam 

from the d etectors. The forward scattered light is collected by the optics and focused 

onto two detectors via a beam splitter (the purpose of this arrangement is discussed 

below in Section 1.1.2). The acceptance angles are determined by the diameter of dump 

spot and the aperture of the primary collection lens.  
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Figure 1.4 

 

The detectors convert the collected photons into an electrical current that is 

subsequently conditioned and digitized into a signal whose peak amplitude is proportional 

to the scattered light of the particle as it passes through the beam. To derive the size of 

the partic le, two steps are needed: 1) the amplitude of the digitized signal must be 

converted into a light scattering cross section and 2) the light scattering cross section 

must be link ed to the diameter of the particle that produced it.  

 

The first step is execute d through the calibration of the system using particles of known 

scattering cross section. Polystyrene Latex Spheres (PSL) with a refractive index of 1.58 

and crown glass beads with refractive index of 1.51 (at the wavelength of 680 nm used in 

DMT instruments) are used for this purpose. These particles are commercially available 

and come in a range of sizes. Each set of beads is also relatively monodispersed with 

standard deviations about the mean size of only a few percent.  

 

In order to obtain the scale fa ctor between digitized volts and scattering cross section, 

the calibration particles are passed through the system and an average, peak voltage, V 0, 

is measured. The scale factor is  S = I0/V 0, where I 0 is the scattering cross section for a 

calibration part icle with diameter, D, and refractive index, m, for an optical detection 

system with an incident wavelength of Ʀ, and collection angles of ƣ0-ƣ1. This scattering 

cross section is calculated using Mie theory and can be computed with programs such as 

described by Bohren and Huffman (1983). 

 

Figure 1.5 shows the scattering cross section as a function of diameter and the optical 

configuration of the CAS and CDP. The dashed line is the scattering cross section for 

crown glass beads and the solid line is the equi valent was water droplets.  
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Figure 1.5 

 

With this scale factor, the signal measured from each particle is converted to a  diameter  

by multiplying the peak voltage by the scale factor to obtain the scattering cross section 

and then going to a chart like Figure 1.5, or a lookup table stored in the data acquisition 

system, to find  the diameter of the particle that has the calculated  scattering cross 

section.  

 

A pause here is needed to emphasize a very important point:  single particle optical 

scattering spectrometers do not measure particle size; they measure optical 

scattering cross section.  Hence, in order to determine particle size, th e refractive 

index of the particle that scattered the light must be known or assumed and it must 

also be assumed that the particle was spherical .  

 

From Figure 1.5 it is seen that particles with the same size but different refractive 

indices may have substantially different scattering cross sections. Put a different way, 
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depending on the assumed refractive index, the scattering cross section derived from the 

measurement will lead to different particle d iameters. For example, in Fig. 1 .5, a 25 Õm 

water drople t and 30 Õm glass calibration particle have the same scattering cross section.  

 

To further complicate the issue of sizing, for the same refractive index, two particles 

with different sizes can sometimes have nearly identical cross sections.  For example, as 

seen in Fig. 1.6, 5 and 7 Õm water droplets have almost the same cross section. This 

measurement limitation is elaborated further in section 1 .2.1.  

 

 

 

Figure 1.6 

 

The conversion from signal voltage to particle size is further complicated in the CAS , the  

OPC that covers the size range from 0.5 to 50 Õm. The scattering cross sections of water 

droplets in this size range cover almost six orders of magnitude. The linear amplifiers 

used in the CAS, and their associated A/D converters , can only measure over tw o orders 

of magnitude. Hence, the CAS uses three sets of electronics, each with different 

amplification, to measures this range of diameter s. This requires that the calibration is 

done with particles whose sizes will fall in each of the gain stages and thr ee scale factors 

are derived to relate the digitized volts to scattering cross section.  

 

The DMT spectrometers can transmit two types of information: digitized  counts from 

individual particles, also known as particle -by-particle (PBP) and frequency distrib utions 

of particle sizes. In the PBP case, the counts range from 0 to 3072 for the CAS and 0-4095 

for the CDP. These can be subsequently scaled to scattering cross sections and converted 
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to a size as discussed previously. Section 1.3 describes in greater detail the utility of PBP 

and how additional information about particle properties can be obtained from these 

data.  

 

The frequency distribution information comes in the form of a table of values that is 

generated by the spectrometer and transmitted at fixe d intervals (usually once per 

second) to the data acquisition system. The table consists of a preselected number of 

channels (bins),  usually 30, where each bi n represents a voltage range given as A/D 

counts. The scattering intensity of each particle that i s measured within the sample 

period is digitized and represents a single event that is added to the bin whose A/D 

counts (scattering intensity interval)  encompasses that of the measured particle.  

 

The method for selecting the channel intensity thresholds i s described in Section 1.3. 

Suffice to say at this point that these are typically set to represent evenly spaced size 

intervals of particles with predetermined refractive index, such as water droplets. Since 

these thresholds are scattering cross sections, not particle diameters, they can be 

derived for whatever refractive index is assumed , i.e. if aerosols like ammonium 

sulfate are being measured , the size thresholds will be different than if measuring 

water but the scattering cross sections remain the same . 

 

1.1.2 Sample Volume Determination 

 

In addition to deriving the size from the scattered light, the particles counted and sized 

in a selected time period must be converted t o a number concentration , i.e. number of 

particles per unit volume or mass of air . This requires a definition of the sample volume. 

The sample volume is the amount of air that passes through  the sensitive area of the 

laser beam during the sample period. This is defined as:  

 

Sample Volume = (Sample Area)(airspeed)(sample time)      (1.1) 

 

In the open-flow CAS, CDP and Fog monitor, particles pass randomly through various 

sections of the beam. Given that the laser beam does not have uniform intensity across 

its cross section, and because it is focused so that it is  most intense in the center of t he 

sample tube or between the arms of these instruments, a technique is implemented to 

only accept and convert to a size  those particles that pass through the most intense 

section of the laser.  

 

The sensitive area of the laser beam is defined with a combi nation of  optical and 

electronic technique s that selects  a depth-of field (DOF) that is a certain length along the 

beam, and an effective beam diameter (EBD) that is a portion of the beam width.  This is 

accomplished using two detec tors as is shown above in Fig. 1.4. The scattered signal is 

divided with a beam splitter into two components that  are measured independently by  
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sizing and qualifier detector s. The qualifier detector has an optical mask that is in the 

shape of a rectangle. As shown in Figure 1.7, t his mask allows a full image of a particle 

that is in the beam to appear at the detector only when the particle passes within a 

certain distance of the center chord through the beam. When the particle passes through 

the center of focus, the image is distin ct and represents the true size of the particle. As 

the particle moves away from the center of focus, the image seen at the detector 

becomes larger and fuzzier and the complete image will no longer be within the edges of 

the optical mask.  

 

As a result, as compared with the detector that has no optical mask, the measured signal 

will be smaller. This is illustrated in Figure 1.8 by the dashed line that represents the 

voltage signal from the qualifying detector and the solid curve is the signal from the 

sizer. The qualifier signal is larger than the sizing signal when a particle is in focus 

because the beam splitter divides the scattered light in such a way that the qualifier 

receives more light than the sizer, typically 67% for the qualifier, 33 % for the sizer (the 

CDP uses a 50:50 split in signal), when a particle is in focus. This is done in order to keep 

the gains of the two detection systems the same while providing a good discrimination 

between the qualifier and signal when particles are in and out of focu s. 

 

 

 
 

Figure 1.7 
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Figure 1.8 

 

As shown in Fig. 1.7, the shape of the sample area is not actually rectangular but is more 

like an oblate spheroid  due to the inherent nature of the optical definition of the depth 

of field. The sample area is mapped at DMT using a droplet stream moved with a micro -

positioner.  

 

1.2 Uncertainties and Limitations 

 
The uncertainties and limitations of the light scattering pr obes are associated with the 

derivation of size from light scattering, with the determination of the sample volume , 

with issues of counting statistics and coincidence  and with contamination from particles 

produced from shattering of water drops and ice cry stals on the inlet  (CAS) or arms (CDP) 

of the sensors.   

 

The errors in counting and sizing propagate into parameters that are derived from these 

measurements, i.e. nu mber, area and mass concentrations and size parameters like the 

median volume diameter an d effective radius.  The limitations and the associated 

uncertainties are described in the following sections  and the estimated uncertainties in 

derived parameters are elucidated in section 1.3 . 
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1.2.1 Sizing Errors 

The sizing accuracy is affected by several factors.  The lasers used in the probes have a 

Gaussian intensity distribution, i.e. the center of the beam is the most intense with 

exponentially decreasing intensity towards the edge of the beam. The optical mask on 

the qualifying detector has a dimens ion such that only particles that pass through the 

beam where the intensity is within 1 5% of the maximum  intensity will be accepted. This 

means that for a given particle size, the measured scattering intensity has an uncertainty 

of approximately ±5%, assuming that on average, particles pass through the portion of the 

beam with approximately 90% of the maximu m intensity and  that  the system is calibrated 

under that assumption. The uncertainty in the sizing , however, may be more or less than 

±5% depending on where on the scattering cross section curve the size is being derived. In 

general, the uncertainty is lar ger at larger sizes where the slope of the scattering cross 

section as a function of size is less steep than at smaller sizes. Mis-sizing will also occur 

as a result of particles coincident in the beam which will be detected as a single particle 

but sized somewhat larger.  This type of sizing error will usually be negligible and, at 

present, no attempt is made to correct the data for this event.  

 

The multi -valued nature of the scattering function, and its sensitivity to refractive index 

and shape, discussed in section 1.1.1, presents the largest uncertainty in deriving particle 

size. As shown in Fig. 1.9, the actual, atmospheric size distribution may have a smooth, 

Gaussian-like  shape (solid, blue curve) but because of the multi -valued scattering 

function, the measured size distribution will have anomalous dips as shown by the solid 

black curve.  

 

By having multiple bins  in the regions of ambiguity , the spectra can be sensibly smoothed 

by combining the counts in channels that adjoin the delinquent se ctions, i.e. where 

fluctuations in the spectra are counter to  our understanding of physical processes. For 

example, in clouds, although bi -modal size distributions are frequently found and we 

understand this process as a result of entrainment and mixing, we do not expect to have  

abrupt,  anomalous dips in the size spectrum as seen in Fig. 1.9. In this figure,  channels 

have been combined to produce an adjusted si ze spectrum with smoother shape, albeit 

with less resolution.  
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Figure 1.9 

  

  

Another sizing uncertainty implied in the principles of operation is that these probes 

cannot discriminate between water and ice particles.  Ice particles pass through the 

sample volume of these probes in random orientation and the measured sizes will depend 

upon the ori entation and the shape of the crystals.  Ice particles outside the nominal 

sample area of these probes will sometimes be sized and counted if they fall partially 

within the sample volume. In general, aspherical particles will be undersized; however, if 

assumptions are made about the shape, corrections can be applied (Borrmann et al., 

2000). 
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The uncertainty in deriving particle diameter depends, in part, on the diameter of the 

particle, its shape (if aspherical) and its refractive index (if different than w hat is 

assumed when relating its scattering cross section to a size). On average, the estimated 

error in diameter is ±20%. This error can be much larger in certain size ranges and if the 

particle shape differs greatly from spherical.  

 

1.2.2 Counting and Concentration Errors 

 

Counting errors will  occur when there are  high concentrations and two or more particles 

are coincident in the beam volume. Within the nominal depth of field of 1.5 mm, 

qualifier width of 0.10 mm and beam diameter of 2.0 mm, the volume  within which two 

or more particles could be coincident and counted as only one is approximately 0.3 mm 3. 

Assuming that particles in the atmosphere are uniformly, randomly distributed, with their 

spacing described by Poisson statistics, the probability of more than one particle in the 

beam volume is less than 1% until particle concentrations exceed 10 00 cm-3.  

 

The determination of number, surface (extinction), or mass (water content) 

concentrations is sensitive not only to the counting accuracy but to the uncertainty in 

defining the volume of air within which particles are counted. As p reviously described in 

section 1.1.2, the sample volume is the product of the effective beam diameter, depth of 

field, air speed and sample period. The spectrometers have bee n designed to allow air to 

pass isokinetically through the laser beam so that the air is neither accelerated nor  

decelerated with respect to environmental air. This does not account for mounting 

location, however, where the aircraft fuselage or wings may c ause airflow distortion ( for 

additional information see further reading, Appendix I).  

  

The cross-sectional area of the beam that sweeps out the sample volume is the product 

of the effective beam diameter and depth of field, both determined by the optical 

magnification of the collection optics and the geometry of the optical mask that is placed 

in front of  the qualifying detector (Fig. 1 .7). The form of this cross -sectional area is not a 

precise rectangle but has its maximum dimension in th e center of focus , then tapers  

slightly towards the edges of the DOF, each side of the center of focus. This produces a 

shape that is like a prolate spheroid and presents a challenge for a precise measurement. 

As previously stated, the sample area has been mapped using a droplet stream moved 

with a micro -positioner. The area measured this way has been validated by producing 

monodispersed particles, e.g. PSL or glass beads, in very clean air, free of any 

background particles, and measuring the concentration of these particle s with a 

condensation nucleus (CN) counter sampling air after it has pass ed through the CAS and 

CDP. The CN counter is a high precision particle counter with a well -defined sample 

volume. The sample area of the DMT spectrometers  was estimated by comparing with the 

CN measurements and the uncertainty is approximately  ±20%. 
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1.2.3 Contamination from Drop and Crystal Shattering  

 

It has been recognized since 1985 (Gardiner and Hallett , 1985) that the inlets and arms 

on particle probes were a potential obstruction to the airflow and provided surfaces 

where water droplet and ice crystals can impact and produce secondary fragments , some 

of which  arrive  in the measurement sample volume.  

  

More recent studies (McFarquhar et al. 2007; Heymsfield, 2007) have shown correlations 

between anomalously high concentrations of small particles (< 20 Õm), measured with 

light scattering probes , and the ice water content in ice crystals larger than 100 Õm. This 

is indirect evidence that large  ice crystals are shattering and producing fragments in the 

measurement volume of the instrument. Figure 1 .10 is another way to look at the 

problem whereby comparisons are made of  the measurements with the CAS and CIP 

(cloud imaging probe). The CIP is also susceptible to crystal shattering on its arms but the 

measurements shown in this figure have been corrected for this probl em (see section 

2.2.3). The CIP in this example is the gray -scale imaging probe with 15 Õm resolution so 

that it has an overlap in sizes with the CAS from 1 5-45 Õm. What is shown in Fig. 1.10 is 

that when the ice crystals are small  and in low concentrations, there is a good agreement 

between the CAS and CIP measurements in the overlapping size range. As the ice crystals 

become larger and in higher concentration, the discrepancy increases, indicating that the 

CAS measures what are presumably false particles, i.e. those being produced through 

fragmentation.   

 

This generation of false particles is a maj or source of error in the CAS measurements. 

This problem is under investigation and solutions are being assessed to resolve this 

problem. Flow simulations have been conducted to assess the magnitude of the problem 

and to develop algorithms that correct tho se measurements that have already been 

made. 

 

 As shown in Fig. 1.11, flow field analyse s with the commercial software, Fluent, are used 

to compute the three dimensional pressure, temperature and velocity fields around the 

DMT instruments, in this case the  CAS. These flow fields, dependent on ambient pressure 

and temperature, are then used as the boundary conditions for trajectory analysis of 

particles embedded in these fields. Figure 1.12 shows an example of particle trajectories 

computed from the flow fie lds. What is important to note is that there is a very small 

subset of particle trajectories that eventually result in a particle measured in the CAS 

sample volume. The analysis shows that only those particles whose trajectories result in a 

reverse course after breaking or bouncing will produce a path that eventually arrives in 

the probe sample volume.  
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Figure 1.10 

 

 

 

Figure 1.11 

 

T = 200 K

P = 100 mb

AOA = 0o

Elasticity = 0.2-1.0

Exit Angles = All possible

Fragment diameters = 5-50 ɛm

Fragment density = 0.2 to 0.9 g cm-3

Flow modeling with FLUENT

Unknowns
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Figure 1.12 

 

On average, this is less than 1% of the particles that strike any segment of the inlet. On 

the other hand, because of the surface area of the inlet, approximately 5 cm 2 for the 

original CAS (the new design uses a much thinner inlet), each second the CAS sweeps out 

a volume of 1000 cm2 at an airspeed of 200 m -1, the velocity of the NASA WB57F. If we 

assume that ice crystals break into even ly sized spheres of 15 Õm when they strike the 

inlet, we can calculate the potential number of fragments that would be measured by the 

CAS. Figure. 1.13 shows the relationship between concentration of particles produced 

from fra gmentation and ice crystal volume, using measurements from three projects 

when the CAS was flown on the WB57F. The individual points are the actual 

measurements from the CAS and CIP and the solid lines are predictions based upon the 

flow model predictions for the fraction of 15 Õm particles that would be produced and 

arrive in the sample volume . The inlet of the CAS also has a shroud whose purpose is to 

reduce sensitivity to changes in flow angle due to aircraft attitude. As seen in Figure 

1.13, (black curv es), this shroud introduces an additional surface where particles will 

shatter . What is clear from the figure is that the slope of the measurements is very 

Particle Diameter

10 m, =0.9

30 m, =0.9

45 m, =0.9

10 m, =0.5

30 m, =0.5

45 m, =0.5
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similar to the predicted slope and that the shroud is an  additional source of crystal 

fragments.  

 

The fragments are embedded in the field of real particles and represent a bias that needs 

to be removed. During the CRAVE experiment, the shroud was removed and the inlet 

made much thinner. This clearly decreased the number of fragments, as seen by the 

comparison with predicted concentrations  (top panel, Fig. 1.13), but at higher ice crystal 

concentrations there remains a clear fragmentation signature.  

 

 
 

Figure 1.13 

 

Corrections algorithms are under development  and will be implemented to remove 

some fraction of the erroneous particles in the CAS measurements  from previous 

projects . The technique uses the CIP measurements as a benchmark against which to 

compare those from the  CAS and estimate the number of fragments being produced as a 

function of size . 

 


