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2.0 Single Particle Imaging

2.1 Theory

2.1.1 Size Determination

The optical array probe (OAP) was one of the first instruments used to measure
precipitation -sized cloud particles (Knollenberg, 1972). Since its earliest implementation ,
it has been refined so that it is now being used to measure cloud particles smalle r than
25 Om. As s h.b the OAP nsesFaicgllimatedl laser beam to illumi nate a linear
array of photodiodes. As a particle passes through this beam, a shadow image is cast on
the diodes. This image is captured by recording the intensity level of light dur ing the
passage of the particle and a count of the total number of occulted diodes represents the
particle size. The diodes at each end of the array act as a mechanism for flagging those
particles which do not pass entirely within the bounds of the linear array and would
otherwise be undersized.

The actual implementation of image capture in the DMT cloud imaging probe (CIP) is
accomplished by measuring the intensity levels of the 64 diodes in the linear array at a
frequency rate, f,

f = VIRes (2.2)
where
V = velocity of particles passing through the beam
Res = size resadution of the CIP, typically 1 5, 25, 50, or 100 Om

Clocking at this rate assures that images are captured at full resolution, i.e. that under -
sampling does not lose information and produce t runcated images or that they are not

oversampled, producing elongated images. This is discussed in greater detail in section

2.2, uncertainties and errors. The sample that is taken at each time step represents a

data slice and the sample rate is oftenrefe r r e d t o slieesatetbhe 0

The correct clocking is maintained by measuring the airspeed and calculat ing the correct
frequency with (2 .1). The CIP, whether operated by itself or as part of the CAPS, has a
pitot static tube for measuring the airspeed at t he point of measurement and calculating
the true air speed (TAS). The TAS can also be measured independently and transmitted
by the data system to the CIP where it is converted to a clock rate. The user chooses
which of the two methods to use.

The intensity of light on the diode array is converted to an electrical current and
conditioned with the electronics before being digitized with an analog to digital (A/D)
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converter. As shown in Fig. 22 (from Korolev et al, 1998), the darkness of a particle &
shadow image depends on how close to the center of focus it is imaged. In Fig. 2 .2, the
left column shows the relative, intensity cross section of a shadow image. A level of unity
is for no obscuration (or shadowing) and a level of zero is maximum shadowing. Moving
from the top to the bottom of the figure, the particle is imaged at increasingly greater
distances from the center of focus. We see that two changes occur in the intensity cross
section of the shadow: 1) the shadow becomes less intense, i.e. less dark and 2) the
width of the image increases, i.e. the image is no longer an accurate representation of
the object being imaged.

The other three columns show simulations of how the object would look imaged on the

diodes but using different intensity thresholds
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how the image becomes lighter and less distinct as the particle is imaged further away
from the center of focus. Similar changes are seen using thresholds of 50% and 75% but
now we see that instead of becoming lighter in shading, the image is completely blank in
some regions, particularly in the middle .
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In the earliest implementation of the OAP, images were recorded in black and white, i.e.
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is was found that the diameter of the image of a water drop would be within 10%
actual drop diameter when the darkness of the image was at least 50% of total
obscuration (Knollenberg, 1972). In terms of how the image recording is actually
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implemented in practice, when the intensity of laser light on the diode array decreases
by more than 50% due to occultation by a particle, the resulting image size w ill be
accurate to within 10%.
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The light intensity on e ach of the photodiodes of the CIP -monoscale is monitored as a

voltage level and at each clock pulse, described above, this voltage is compared to a

running average that, with no particles in the beam, may change slightly as a result of
alignment. When at | east one of the photodiode:
the average, the ON/OFF state is recorded from all 64 diodes since the 50% decrease

indicate the presence of a particle in the beam and within an acceptable distance from

the center of focus.

The ON/OFF state of the diodes is continuously recorded at the rate determined by (2.1)
until the light inten sity returns to its ambient level on all 64 diodes. The recorded images
are subsequently recreated by display the matrix of ON/OFF pixels as shown in Fig. 2.3.

Figure 2.3

The implementation of image capture in the CIP -Gray is identical to that in the CIPMono

with respect to how the sample rate is determined and the light intensity monitored. The

difference is that the CIP -Gray can be programmed to record more that just the ON/OFF

state of each diode. The user decides what minimum percentage decrease i n light

intensity will denote the presence of a particle. Once detected, the light level of each

photodiode is recorded as a percentage decrease from the ambient. This means that
rather than just ©6black and whited,dgrheyd .mages

Figure 2.4 shows an example of ice crystal images that were recorded with a CIP -
grayscale probe with 15 Om resolution and with
50% and 70% decreases in light intensity on the photodiodes.

Figure 2.4
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The principal advantage of recording multiple levels rather than just a single 50%
decrease is that it allows a more precise determination of the particle depth of field, as
is discussed in the next section.

2.1.2 Sample Volume Determination

The particle measured by the CIP are usually characterized by the same properties as in
the CAS, CDP and Fog Monitor, i.e. the total concentration, mean and median diameters,
effective radius, the liquid water content and extinction. The definition of these
parameters is the same as given in Chapter one, section 1.3.2 The difference is in how
the sample volumes are determined .

2121 Effective Array Width

Unlike the light scattering probes , whose sample volumes do not vary with particle s ize,
the sample volume of an OAPis a strong function of the particle size. Instead of an
effective beam diameter (EBD), defined for the light scattering probes, the CIP has an
effective array width (EAW), that decreases or increases with the size of the p article
measured, depending on whether the user wishes to accept or reject particles that are
partially outside of the field of view.  As shown in Fig. 2.5 (from Heymsfield and Parrish,
1978), a particle can be totally within the diode array (top panel), pa rtially in with one of
the end elements shadowed (middle panel) or partially in with both end elements
obscured (bottom panel).

Figure 2.5
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When the image is completely within tihned.diFoodre &
particles that are symmetrical in cross section, their center can be located, even when

covering one or both end el ements. | n ¢tihnids, case
when the center is |l ocated withi-nn6éher didorod,pt ar r

the EAW is calculated differently (Heymsfield and Parrish, 1978).
The -babl definition for the EAW i s
EAW =RegN dXd1) (2.2)

Where the resolution, Res, is in units of centimeter, N is the number of photodiodes and
X is the number of diodes shadowed by a particle. An image that covers either or both of
the end elements will be rejected. Equation (2.2) takes into account the increasing
probability as a function of size that a particle will shadow an end diode and be rejected.

To understand this formulation, a simple example will demonstrate the reason behind
this. Let's say we have a diode array that is 6 elements wide, and number them diodes 1 -
6, with 1 and 6 being the end diodes. A particle that is one element wide can have its
center pass over the center diodes 2 -5 and it will be accepted. However, this same
particle will not be accepted within the full width of diodes 2 -5 because, if its center
passes along the edge of either of diodes 2 or 5, it will cover diodes 1 or 6 by 50%. Hence,
1/2 a diode must be subtracted from either end of the array, i.e. one diode in total, to
take this into account. This leads us to the conclusion that in this example, a particle of
single diode width has an effective array width of 4 diodes and fits the formu lation of
(2.2). Using this same reasoning, we see that a particle that is 2 diodes wide will shadow
end diodes if it is within 1.5 diodes of either end and this now decreases the effective
array width for this particle by 1. This also is described properly by equation 2.2.

The EAW for quasisymmetrical particles whose centers can be located within the diode
array, using the technique described by Heymsfield and Parrish (1978), is defined as

EAW = 64*Rs (2.3)

Itis clearly seenhere t hat t he EAW-iusé nigs dlcangeirnd halbmutf oirt
requires that particles are symmetrical so that the location of their center can be
accurately determined.

21.2.2 Depth of Field

The DOF of an OAP is alwaysincreasing function of size, limited o nly by the distance
between the arms of the instrument . By strict definition, what we call here the DOF is
not a depth-of-field as used in optical design. It is being used here strictly to define that
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length of the beam where a particle will shadow a photo diode by at least 50%. A particle

that is exactly at the focal plane of the OAPoptics will form a shadow on the diode array

that will occult the detector by 100% , as seen in Fig. 2.2 in the top most row of images .

As a particle passes through the beam a further distance from this point, ho wever,

diffraction effects cause the particle shadow to increase in size and decrease in intensity.

This is a function of the particle diameter and, as described previously and the probe

electronics have been designed to reject any particle whose shadow cannot cause a

decrease in light intensity on the detector array of greater than  a prescribed percentage.

Knol l enberg (1972) found that the relationshipg
particle diameter, when using 50% dec rease as the threshold for shadowing, was

o RZ
DOF = 3

(2.4)

where

R = radius of the particle in centimeters
| =the laser wavelength in centimeters

The DOF of the instruments is limited by the distance between probe arm tips. The
maximum depth of field for the CIPis 100 mm, which corresponds to a particle radius of
106 mm. Therefore, when calculating the DOF, the value must be truncated at 100 mm.

Figure 2.6 illustrates the sample areas asa function of diameter for probe resolutions of
15 Om-Gralp, 258voroys q COP® ( MPS) and 100 Om (Pl P).
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2.2 Uncertainties and Errors

2.2.1 Clocking Errors

The synchronization of imaging recording with air speed was discussed in section 2.1
where the importance of correctly sampling the photodiode voltages was introduced. As
shown in Fig. 2.7, with respect to the velocity of a water drop, if the sample rate is too
fast, the recorded image is elongated be cause it is oversampled (left image) and if the
sample rate is too slow, the image is truncated (right image). The center image in Fig.
2.7 shows a drop image that has the sample rate correctly synchronized with the particle
velocity.
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Oversampled Sampled Correctly Undersampled

Figure 2.7

An examination of image shape in all water clouds is a useful diagnostic tool to verify
that the instrument is correctly sampling the particles. There are two main reasons that
the OAP may under or oversample the cloud particles: 1) the airspeed is being inco rrectly
measured or computed or 2) the velocity of the particles is different than the ambient air
speed.

The CIRmono. CIP-grayscale and PIP have a pitot-static tube that measures the static
pressure, Ps, the dynamic pressure, Q., and a sensor for measuing the ambient
temperature , T,. With these three parameters the air velocity is derived near the sample
volume of these instruments. The equation to derive air speed is

TAS =M *20.06 * T°° (2.5)

M = Mach number = {2(G/R)[(Q /P +1)¥°P -1]}°°
Ta =Tn/[1+rM?*(G 1)/2]

Tm = Measured (recovered) Ambient Temperature + 273.16
Q. = Dynamic (Pitot) Pressure (house keeping value number 3)
Ps = Static Pressure (house keeping value number 4)

C, = specific heat at constant pressure: 0.24 cal g™ K*
C, = specific heat at constant volume: 0.171calg *K!
R = gas constant for dry air: 6.8557*10 % cal g* K*

G =G/C,=14

r Recovery coefficient of the temperature sensor.

Figure 2.7 shows a comparison between the airspeed derived from the CIP with the
airspeed derived from an aircraft pito -static and temperature sensors. T his example is for
a CAPS mounted on the G130 aircraft of the National Cener for Atmospheric Research
(NCAR) operated by the Research Aviation Facility (RAF).
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Figure 2.7

From this figure we see that the air velocity at the location of the pito  -static tube on the
CIP is about 15% slower than at the pito-static of the aircraft. The reason for this

discrepancy is due to the deceleration of air as it approaches the body of the CAPS. This
deceleration causes an increase in the static pressure and a decrease in the dynamic
pressure, as shown in the comparison of these parameters with those from the aircraft

system, seen in Figs. 2.8 and 2.9. From equation 2.5, we see that these differences are
the source of the differences in airpeed.

As explained previously, the user can either select the airspeed derived from the CIP
pitot -tube or the airspeed can be deriv ed from an external souce, such as from the
aircraft system. In the example shown in Figs. 2.7 82.9, if the aircraft airspeed had been
used to control the sample clock, the particle images would have been slightly elongated
since they would have been oversampled by approximately 15%.
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There have been a number of studies that evaluated the impact of airflow distortion on
particle trajectories and orientation (see Appendix | for further reading on airflow
distortion and the impact on particle measurements). In general, an airframe presents an
obstacle to the airflow that will change the speed and trajectory of particles. For this
reason, it is recommended that the velocity measured near to the CIP sample volume be
used in preference to a velocity measured in a location farther away, i.e. that from the
aircraft system.

2.2.2 Out-of-Focus Errors

In section 2.1.2 we discussed the relationship between particle image fidelity and the

distance of the particle from the center of focus.  Figure 2.10 (from Korolev, 2007) shows

a simulation of a cloud drop imaged a various distances, Z, from the center of focus.

Remembering that the relationship between DOF and radiusis +3R% R, for a fi xed s
and wavel elindgig.l2.10 isRhe digtance from the center of focus, normalized by

the optimum distance, 3.

We see that for Z4 = 0, the image is completely in focus and the diameter is that of the

drop. The three columns on the right side of the figure show how the image could look as
recorded by the CIP at 25 Om resolution and de
drop with respect to the photodiode spacing.

As the drop moves farther from the center of focus, a blank space appears in the center

of the image that is a result of dif fraction of light around the particle, usually referred to

as the Poisson spot. Figure 2.11 shows actual
CIPRmonoscale where these 6donutd i mages can been
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Figure 2.11

As described by Korolev (2007), even though these images with the Poisson spot have met
the 50% shadowing criterion, they are still larger than the actual particle and corrections
are necessary to reconstruct their shape. Details of this procedure can be found in the
Korolev (2007) paper, but the technique requires deriving the two parameters, shown in
Fig. 2.12, and then looking up the correction factor in a table that is also provided in this
same reference.
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