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Abstract Accurate retrieval of cloud particle size from Cloud Particle Imager (CPI) observa-
tions is complicated by image oversizing caused by diffraction effects and particle displacement
from the object plane. Although CPI calibration has been performed for individual instruments
and different CPI versions, differences in optical configuration and image-detection characteris-
tics can introduce version-dependent retrieval biases. In this study, a retrieval framework for esti-
mating the true particle maximum dimension and object-plane distance was developed and
evaluated for three generations of CPI (versions 1.0, 1.5, and 2.0). Laboratory calibration experi-
ments were conducted using National Institute of Standards and Technology certified glass beads
and non-spherical ice crystal analogues of known size and position. Analysis of the calibration
dataset showed that a revised effective-position parameter provides a more appropriate represen-
tation of particle oversizing than the formulation previously proposed for CPI calibration. Ver-
sion-specific calibration coefficients were determined and applied to retrieve particle size and
object-plane distance through iterative solution of the calibration equations. Application of the
framework reduced average sizing errors from 16.1%, 13.4%, and 13.5% to 5.1%, 5.2%, and
4.9% for CPI versions 1.0, 1.5, and 2.0, respectively. Retrieved object-plane distances agreed well
with measured values, with correlation coefficients exceeding 0.92 for all CPI versions. These
results demonstrate that the proposed framework provides a consistent methodology for particle-
size and object-plane-distance retrieval across multiple CPI generations.
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1. INTRODUCTION

Accurate determination of cloud particle size is
essential for understanding cloud microphysical processes
and for interpreting observations obtained from airborne
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cloud probes. Over the past several decades, optical
array probes (OAPs) have served as one of the
primary instruments for imaging and sizing cloud
particles in a wide variety of atmospheric environments.
The earliest OAPs estimated particle dimensions from
the number of shadowed photodiodes as particles
traversed a collimated laser beam (Knollenberg, 1970).
Subsequent developments introduced two-dimensional
imaging capability, enabling more detailed characterization
of particle geometry and morphology (Knollenberg,
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1976).

The accuracy of particle sizing by OAPs has been
investigated extensively. Knollenberg (1970) demonstrated
that particle dimensions could be measured with an
uncertainty of approximately 10% when particles
remained within a specified distance of the object
plane, where the optical system achieves its maximum
focus. Later studies showed that the apparent particle
size depends strongly on the distance between the
particle and the object plane. Joe and List (1987)
reported sizing errors of up to four channels for particles
observed by a 2D-OAP Grey probe, particularly for
particles smaller than 200 um and for particles located
farther from the object plane. Similar dependencies
were also reported by Reuter and Bakan (1998), who
documented increasing sizing errors with increasing
object-plane displacement.

To reduce these uncertainties, two general approaches
have been developed. The first approach applies
statistical corrections to measured particle size spectra
using empirically derived transformation matrices (Joe
and List, 1987; Korolev et al., 1998; Strapp et al.,
2001). The second approach attempts to reconstruct the
dimensions of individual particles directly from their
recorded diffraction images. Korolev et al. (1991)
demonstrated that diffraction patterns generated by
transparent spherical particles can be represented using
Fresnel-Kirchhoff (F-K) diffraction theory for a circular
disk. Building upon this framework, Korolev et al. (1998)
and Korolev (2007) developed image-reconstruction
methods capable of accounting for particle oversizing
associated with defocused images. These studies
established that particle sizing and object-plane position
retrieval problems are intrinsically coupled and must
be considered simultaneously.

The Cloud Particle Imager (CPI), developed by the
Stratton Park Engineering Company (SPEC Inc.), provides
substantially higher image resolution (2.3 pm) than
conventional OAPs by recording particle diffraction
images on a charge-coupled device (Lawson et al.,
2001). Unlike traditional OAPs that record binary
shadow information, the CPI measures grayscale 8-bit
diffraction patterns containing additional information
related to particle size, morphology, and image focus.
Consequently, CPI observations have become widely
used for investigations of ice crystal habits and cloud
microphysical structure in diverse atmospheric conditions
(Lawson et al., 2019).
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Despite these advantages, quantitative retrieval of
particle size from CPI imagery remains challenging
because the apparent particle dimension depends on
image focus, particle morphology, illumination conditions,
and the particle position relative to the object plane.
Connolly et al. (2007) developed a physically based
retrieval framework that accounts for these effects using
diffraction theory and an effective position parameter.
Their methodology demonstrated that the particle size and
object-plane distance could be estimated simultaneously
from image properties extracted from CPI observations.

However, the retrieval framework of Connolly et al.
(2007) was developed specifically for CPI version 1.0 and
cannot be transferred directly to other CPI generations
because of differences in optical alignment, illumination
geometry, and image-detection characteristics (McFarquhar
et al., 2013). Since multiple CPI versions have been
deployed in major field campaigns and long-term
observational studies (e.g., Huang et al., 2008; May et
al., 2008; Vaughan et al., 2008), version-dependent
retrieval biases can complicate quantitative comparison
and interpretation of historical CPI datasets. A retrieval
framework applicable across multiple CPI generations
is therefore required to ensure consistency among
observations obtained using different instrument
configurations.

In this study, the original retrieval framework of
Connolly et al. (2007) is revisited and extended for
three generations of CPI (versions 1.0, 1.5, and 2.0).
Particular emphasis is placed on retrieving the true
particle maximum dimension (L) and the object-plane
distance (Z) from measured image properties. A revised
effective-position parameter is introduced and evaluated
using laboratory observations of National Institute of
Standards and Technology (NIST) calibration beads and
non-spherical ice crystal analogues. Retrieval performance
is assessed through comparisons between known and
retrieved particle properties for each CPI version.

2. CALIBRATION METHOD

2.1 Theoretical background

When the wavelength A of incident coherent light is
significantly less than the size of an object, the F-K
approximation can be used to describe the near-field
diffraction patterns (Korolev et al., 1991). A schematic
of F-K diffraction by a circular opaque disc is
depicted in Fig. 1 with all notations summarized in
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Fig. 1. A diagram of diffraction by a circular opaque disc. All notations are summarized in Table 1. Numerical expressions of
the F-K diffraction for the intensity of illumination at the P on the screen /(P) are shown in Egs. (1)-(3).

Table 1. Notations used to describe the diffraction by a circular opaque disc and CPI calibration.

Notation Description
A Wavelength of illumination of coherent light
k Wave vector of the light
k Wavenumber, 27/1
R Radius of a circular opaque disc
P, A point on the boundary of a circular opaque disc
dl Line vector element on the boundary
r A boundary integral around a circular opaque disc
1(P) The intensity of illumination at the point P on the screen
U(P) The disturbance as predicted by geometrical optics
U“YP) The disturbance contributed by the effect of diffraction
V4 Vector from the object plane to the image plane
VA Displacement between the disc and its image normal to the direction of propagation of coherent light
P A point on the screen
S Vector from a point P on the screen to a point P, on the boundary
S \/ZZ+R2+r2—2chos(a)
o Angle between P and projection of P, on the screen
r Distance between the center of diffraction image and P
L True particle maximum dimension
Lepp Apparent maximum dimension measured from CPI image
A, Projected-area roundness
Zefr old Original effective-position parameter
Zefr new Revised effective-position parameter
neds Measured Z
Lpred Predicted Z
BG,,/BG Relative background illumination
foc Gradient-based image-focus metric

Atmosphere, Vol. 36, No. 3. (2026)
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Table 1.
The fundamental equations describing the diffraction
by a circular opaque disc are given by

1(P)=|U<g)(P)—U(") ). (1)
-
e R e VRl

| 2rexp(ikS)[ R* - Rrcos(a) | P

T a4z S(S-2)
where » is a unit vector normal to the direction of
propagation of the incident wave, and d/ is a differential
line element along the boundary I. Equation (1)
expresses the screen intensity /(P) as the squared
magnitude of the difference between the geometrical-
optics field, U®(P), and the boundary-diffraction field,
UP). In Eq. (2), U9(P) = 0 inside the geometrical
shadow (r < R), whereas U9(P) = exp(ikZ) outside the
shadow (» > R). Equation (3) represents the diffraction
contribution as a boundary integral over I' (Born and
Wolf, 1999). According to Babinet’s principle, the
diffraction fields produced by a circular opaque disc
and a circular aperture differ only in sign. Equations
(1)-(3) constitute the Rubinowicz representations of the
Kirchhoff diffraction integral and provide a mathematical
formulation of Young’s boundary-diffraction theory.
Further details are provided by Korolev et al. (1991),
Korolev et al. (1998), and Connolly et al. (2007).
The apparent particle size measured by OAPs
increases with the absolute distance of the particle
from the object plane, resulting in distance-dependent
particle oversizing (Korolev et al., 1991; Baumgardner
and Korolev, 1997; Korolev et al., 1998; Strapp et al.,
2001). The reduction in image quality with distance
from the object plane defines the depth of field (DOF).
For example, it was shown that a threshold of 40% of
the laser intensity in OAPs defines the distance along
the laser beam within which all recognizable images
originate and the sizes of all particle images differ
from the true particle sizes by less than about 10%,
and this distance was called the “DOF” (Knollenberg,
1970). The F-K diffraction reveals that the diffraction
images can be represented in terms of their normalized
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position Z, = AZ/R’, and are not dependent on the
sign of Z (Korolev et al., 1998). Based on these
findings and the F-K diffraction theory, an OAPs
correction algorithm for reconstructing true size of
particles was developed by Korolev et al. (1998).

2.2 Distinct features of CPI

There are several distinct optical characteristics
of a CPI that must be taken into account during its
calibration. Connolly et al. (2007) showed that the
diffraction patterns of a circular opaque disc illuminated
by the imaging laser of the CPI can also be
approximated by the F-K approximation with some
modifications due to the characteristics of the optical
system of the CPI. Rather than describing particle
oversize using Z, the dependence of particle oversize
on the sign and magnitude of absolute position Z was
used in the CPI calibration. Another change is that
whereas the correction algorithm for OAPs corrects
errors in sizing spherical particles only, Connolly et al.
(2007) used an extra parameter, the particle roundness
A, (the ratio of the particle projected area to the area
of a circle with a diameter of L), to predict the size
of both spherical and non-spherical particles and their
distance from the object. They showed that the particle
oversize measured by a CPI decreased with an increase
in A4,

A particle image recorded by a CPI is superimposed
on a 1024 x 1024 pixel background image. The
CPlview software provided by SPEC (Lawson et al.,
2001) detects particle edges and extracts the particle
image from the background by selecting pixels that
exceed a prescribed darkness threshold. In this process,
CPlview determines the absolute difference in brightness
between the particle image and the background image.
Because the CPI background is spatially inhomogeneous,
applying a fixed darkness threshold independent of
particle position introduces uncertainty in particle
detection and sizing. For example, using this technique
particles lying on bright regions of a background
image are more oversized than those on dark regions.
To account for this effect, Connolly et al. (2007)
defined the local illumination intensity 7, (i.e., the
illumination intensity at the edges of the particle) as
L. = BG,(,C(}/E), where BGj,. is the intensity of the
local background along the edge of the particle, I is
the whole cropped image mean, and BG is the whole
cropped background image mean determined from time
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periods where no particles were detected. Thus, a
darkness threshold dependent on the position of a
particle on the inhomogeneous background was applied
(Connolly et al., 2007).

3. LABORATORY CALIBRATION
PROCEDURE AND CALIBRATION
EQUATIONS

A fundamental problem associated with both OAPs
and CPIs is that the apparent maximum dimension L,
of a particle extracted from an image differs from its
actual maximum dimension L. Past studies have shown
that the particle oversize L,,/L can be quantified as a
function of certain variables, such as Z;. Thus, the CPI
calibration procedure involves finding the principal
variables and optimal calibration equations that govern
oversize Lg,,/L.

3.1 Laboratory calibration procedure
The purpose of the laboratory calibration procedure
is to generate images of particles that resemble realistic

221

cloud particles. Unlike data obtained during aircraft
flights through cloud, laboratory images of cloud
particles can be used to determine the calibration
because both the size (L) and position (Z) of the
particles are known and can be controlled. Repeated
measurements for the same particles at varying Z are
also possible in the laboratory. Thus, the dependence
of oversize L,,/L on independent variables and the
corresponding calibration equations can be determined.

The National Institute of Standards and Technology
certified spherical glass calibration beads and novel
non-spherical ice crystal analogues (Ulanowski et al.,
2003; Ulanowski et al., 2006) were used in the
calibration procedure. The ice-crystal analogues are
sodium fluorosilicate (Na,SiF¢) crystals grown from
solution on glass substrates and exhibit morphologies
and optical properties similar to those of idealized
atmospheric ice-crystal habits. In this study, 6 different
sizes of spherical glass beads and 9 different shapes and
sizes of ice analogues were used (Table 2). Example
images of the ice analogues are shown in Fig. 7 of
Connolly et al. (2007).

Table 2. Sizes of glass beads and ice analogues used in the calibration procedure.

Bead size (um) NIST quoted size (m) Ice analogue Size (um)

10 10.1+£1.0 Cross 20

14 141+£1.0 Rosette 41

32 31.9+22 Bullet 45

40 399+22 Column 50

60 60.0 +2.3 Short column 65

100 99.4 £ 1.8 Plate 102
Aggregates of plate 102

Column 108

Column 166

icrometer
gauges

Fig. 2. Photographs of the laboratory calibration setup. (Left) The calibration rig equipped with a glass slide and micrometer

gauges. (Right) The rig mounted on the CPI during calibration.

Atmosphere, Vol. 36, No. 3. (2026)
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CPI 2.0

Glass slide

-

CPI sample tube

Imaging laser

CPI1.0and 1.5
Direction of

airflow

E—

Fig. 3. Difference in the position of imaging laser in CPI 2.0 (left) and CPI 1.0 and 1.5 (right). During the calibration procedure,
either glass calibration beads or ice analogues were placed on the glass slide shown in the middle of each imaging laser. The
calibration rig housing the glass slide is not shown. The direction of airflow is indicated by the thick arrow. The coordinate
system used to calculate the position of the glass slide is embedded.

For the procedure, the glass calibration beads or the
ice analogues were first placed on a glass slide
mounted on a calibration rig (left panel of Fig. 2). The
rig was then inserted into the outer inlet of the CPI
(right panel of Fig. 2). The glass slide was positioned
at 45° to the axis of the CPI sample tube so that all
particles on the glass slide were equidistant from the
object plane of the CPI. This 45° position placed the
glass slide perpendicular to the imaging laser because
the imaging laser is positioned at 45° to the axis of
the CPI sample tube as shown in Fig. 3. The glass
slide was moved from one side of the DOF, through
the position of the object plane, to the other side of
DOF (i.e., out of focus to good focus and then out of
focus) in regular increments as measured by three
micrometer gauges attached to the calibration rig (Fig.
2). The glass slide was assumed to be at the position of
the object plane when the maximum focus value was
measured by the CPI controlling software. The absolute
distance Z between a particle and the object plane was
then calculated from the position by a coordinate
transformation of 45° in the x-z plane (See Fig. 3).

Since the optical system and external shape of the
CPI version 2.0 differ from those of the earlier versions
1.0 and 1.5, some modifications to the original
calibration rig used by Connolly et al. (2007) were
necessary. The object plane of CPI version 2.0 is rotated
by 90° relative to those of the earlier versions. (See
Fig. 3). Accordingly, the part of the calibration rig that
houses the glass slide was rotated 180° to ensure that all
particles were an equal distance from the object plane.
In addition, the coordinate transformation needed to
calculate the distance between the particle and object
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plane for CPI version 2.0 was adjusted.

The procedure of moving the glass slide from one
side of the DOF to the other was repeated for the
glass calibration beads and ice analogues of varying
sizes. The distance (Z) between each particle and the
object plane was calculated by the coordinate
transformation, and the relative illumination (i.e., BGj,./
R?) was obtained from custom-written software. The
CPlview software then extracted particle information
(i.e., Lay, A, and focus) from each image.

3.2 Calibration equations

Korolev et al. (1998) showed that spherical particle
oversizing observed by OAPs can be represented in
terms of the normalized position Z, By ignoring the
term for the constant A and replacing R with L, Z; is
written as Z, = Z/L*. Figure 4 shows the particle
oversize L,,/L as a function of Z, The L,,/L changes
faster on the negative side of the object plane (i.e. for
Z < 0), which corresponds to the side closer to the
CPI imaging laser. Furthermore, the Korolev et al.
(1998) Z, formulation was found to systematically
underestimate particle oversizing in CPI observations,
particularly for particles with low A, values (e.g., non-
spherical particles; Connolly et al., 2007). These results
indicate that Z, which is independent of the sign of
particle displacement, does not adequately represent
particle oversizing observed by the CPIL.

Connolly et al. (2007) introduced a new empirical
quantity, an effective position Z; = ZILA,Y, to better
quantify the oversizing L,,/L induced by a CPI 1.0.
By examining the calibration data collected for the
three CPIs here, it was seen that a slightly different
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Fig. 4. Particle oversize (L,/L) by CPI 1.0 (left), 1.5 (middle), and 2.0 (right) as a function of Z/L*. The best-fit curve, Lop/L =
ap X (|Z/L2| + Z/Lz)"z, where a, and @, are constant, is shown in each panel.

30T 30 .
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Fig. 5. Particle oversize (L,,/L) by CPI 1.0 (left), 1.5 (middle), and 2.0 (right) as a function of Z .., = ZIIL*4,). A best-fit
curve, Ly, /L = a; % (1ZI(L*4,)| + ZI(L*A,))*, where a; and a are constant, is shown in each panel.

expression for Z,; namely Z,; = Z/(LZA,), gave smaller
residual errors than the original expression when
representing the oversize L,,/L measured by a CPI. To
distinguish between the two formulations, the original
and revised effective-position parameters are hereafter
denoted as Zy 0 = ZNLAY and Zyy o = ZIL’A,),
respectively. Figure 5 shows L,,/L as a function of
Zof new The change in L,,/L is asymmetrical with
Zepnew in that it changes at a faster rate on the
negative side of the object plane (i.e., Z < 0). Since
A, is defined as the ratio of the particle-projected area

to the area of a circle with a diameter of L, Z;, Z.y o1,
and Z .., are identical for spherical particles (i.e.,
A,= 1) except for the sign difference when Z < 0.
However, Z,; ., is largest and Z; smallest for a non-
spherical particle (4, < 1) for a given Z and L. This
causes an underestimation of particle oversize expressed
with Z, for particles with low A, as reported in
Connolly et al. (2007). These results demonstrate that
Z, does not adequately characterize particle oversizing
in CPI observations, particularly for particles with low
A,. Consequently, incorporation of particle morphology

Atmosphere, Vol. 36, No. 3. (2026)
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through the revised effective-position parameter provides
a more appropriate basis for CPI calibration.

In addition to depending on Zy ew Lgy/L also
decreases with increasing particle size L. This indicates
that errors in the sizing of particles by CPls are larger
for smaller particles because of the larger uncertainty
associated with the number of shadowed pixels. Equation
(4) parameterizes the particle-oversizing L,,/L, as a
function of object-plane displacement, particle morphology,
background illumination, and particle size.

dy
L VA 4 BG, d
Zw g x| | d, -2 | x| e |+ d, (L), (4
JA [LZA,‘ ZLZA,J (BG) (L) @
where d, (n = 1, ..., 5) are calibration parameters that

are determined by the nonlinear least-squares minimization
method described in the next section.

Loy A and BG;OC/R? in Eq. (4) are extracted from
an in-situ particle image as previously discussed. Two
unknowns (L and Z) remain and, therefore, one more
equation is necessary to calculate L,,,/L. Connolly et al.
(2007) showed that the focus value (foc, the gradient
of the image intensity at the particle edge) depends on
Z. The measured foc can thus be used to calculate Z,
which can then be used in Eq. (4) to determine the
particle oversizing.

Figures 6 and 7 show CPI images of 60 pum beads
and plate ice analogues with L = 102 pm, respectively,
at varying distances (Z) from the object plane. As the
absolute value of Z increases, the quality of the images

-0.6--0.4 -04--0.2 -0.2-0.0

0.0-0.2 02-04 0.4-0.6

Fig. 6. Example CPI images of 60 um beads taken by CPI 1.0 (top row), 1.5 (middle row), and 2.0 (bottom row) as a function
of distance (Z) from the object plane. The numbers at the bottom of each column indicate Z relative to the object plane (mm).

LEL

-0.6--0.4 -0.4--0.2 -0.2-0.0

0.0-0.2 02-04

Fig. 7. Same as Fig. 6, but for a plate analogue with maximum dimension (Z) of 102 pm.
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CPI_1.0 CPI_1.5 CPI_2.0
200 [T preree revre prrerTe 140 [ prererT prerrr revrerT 140 [ prerer prererr rerrrrT
1201 120f
150
100

foc

501

foc

0
Z [mm]
Fig. 8. The focus value (foc) of three CPIs (left: CPI 1.0, middle: CPI 1.5, and right: CPI 2.0) as a function of Z. A best-fit
curve, foc = a; x EXP(-a, % |Z + as|Z||**), where ay, a», a3, and a4 are constant, is embedded in each panel.

decreases, the foc value decreases, and the particle
oversize L,,/L increases. A relationship between foc
and Z with a corresponding best-fit curve determined
by minimizing residual errors is shown in Fig. 8. The
large spread of foc for a given Z occurs because the
detected edge of a particle depends on the relative
illumination (BG,,/BG).

Due to the resolution (2.3 pum) of a CPI, the detection
of particle edge and hence the foc becomes worse for
smaller particles. The roundness (4,) of a particle also
affects the foc. For example, the foc decreases with a
decrease of A4, because the foc is calculated based on
the shortest dimension of the particle rather than the
longest dimension L (Connolly et al., 2007). Equation
(5) relates the image-focus metric foc to the object-
plane distance Z, while accounting for the effects of
particle size, roundness, and background illumination.

foc= |c,|x[&j 2 x(L)" x(4,)"

BG

xEXP(—|c5|><|Z+66 12|

) ®)

where ¢, (n = 1, .., 7) are calibration parameters to
be determined in next section. Because L and Z are
unknown, Egs. (4) and (5) are solved simultaneously
using nonlinear least-squares minimization to retrieve
both quantities from the measured image properties.
In the calibration equations [Eqs. (4) and (5)], the
foc, 4, and L,,, are known from the CPlview image

0
Z [mm]

0
Z [mm]

processing software and BGI(,C/ITG is calculated from
custom-written software (Connolly et al., 2007). Because
Egs. (4) and (5) represent two equations with two
unknowns (i.e., L and Z), they can be solved iteratively
using a non-linear least squares minimization method
(e.g., the Levenberg-Marquardt method). However, in
order to use these equations, the calibration parameters
(c; through ¢; and d; through ds) must first be
determined using a laboratory calibration procedure. The
calibration procedure involves imaging glass calibration
beads and ice analogues of known size (i.e., L) at
varying positions across the sample volume (i.e., from
which Z is determined). The unknown calibration
parameters are then determined by minimizing the sum
of the squares of the residuals of the equations using the
large calibration datasets. After deriving the calibration
parameters, Egs. (4) and (5) can be applied to calculate
Z and L from in-situ field observations.

4. RESULTS

The calibration parameters derived for CPI versions
1.0, 1.5, and 2.0 are summarized in Table 3. Differences
among the parameter sets reflect variations in optical
alignment and image-detection characteristics across
the three CPI generations. Using these version-specific
calibration coefficients, Eqgs. (4) and (5) can be
iteratively solved to retrieve the true particle maximum
dimension (L) and object-plane distance (Z) from the
measured image properties. The performance of the

Atmosphere, Vol. 36, No. 3. (2026)
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Table 3. Calculated coefficients for Eqgs. (4) and (5) derived
from the laboratory calibration procedure.

Parameter CPI 1.0 CPI1.5 CPI 2.0
¢ 56.014643 15.770737 45.098264
o 1.342701 1.201112 0.350115
c3 0.085566 0.228121 0.072494
Cy 0.276169  —0.508503 -0.074070
Cs 1.408928 1.776143 2.092286
Cs 0.117873  —0.106367 —0.068987
c7 0.702818 0.978969 0.982078
d, 13.822473 54.833890  252.603381
d> -0.268417  -0.097015 —-0.040739
d; 0.518194 0.707589 0.884708
d, 1.535760 1.342109 1.429666
ds -0.097638  —0.062550 -0.072431

retrieval framework is evaluated by comparing the
retrieved particle properties with the known sizes and

CPI_1.0, Uncorrected
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positions of the calibration beads and ice analogues in
this section.

Figure 9 shows the effect of applying the calibration
on particle oversize (L,,, — L)/L determined from the
different versions of CPI. The average errors in sizing
particles by the CPI 1.0 (1.5 and 2.0) before calibration
(left column) were 16.1% (13.4% and 13.5%),
respectively. CPI version 1.0 exhibited the largest spread
in particle oversizing before the calibration. However,
this spread and the larger particle-oversizing errors do
not imply the performance of the CPI 1.0 was worse
than the other two CPIs. Rather, it reflects the larger
number of CPI 1.0 calibration particles located farther
from the object plane, as shown in Fig. 10. After the
calibration is applied (right column of Fig. 9), the
average error in sizing particles was reduced to 5.1%
(52% and 4.9%) for the CPI 1.0 (1.5 and 2.0),
respectively. The standard deviations in the particle

CPI_1.0, Corrected

s0xct M 0.0507
ean= 0.
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Fig. 9. Histograms of uncorrected (left column) and corrected (right column) oversize (L, — L)/L of beads and ice analogues
by CPI 1.0 (top row), 1.5 (middle row), and 2.0 (bottom row). The mean, standard deviation, and total number of particles are
embedded in each panel. For calculation of mean values, the absolute values of (L, — L)/L are averaged.
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Fig. 10. The measured Z (Z,.s) vs. predicted Z (Z,.4) from the object plane of CPI 1.0 (left), 1.5 (middle), and 2.0 (right). The
dashed line indicates the one-to-one relationship, whereas the solid line represents the linear regression fit shown at the top of
each panel. A correlation (Pearson’s ) is also embedded in each panel.

oversizing were also reduced when the calibration was
applied.

When errors in sizing particles are corrected through
application of the calibration, the Z is also corrected.
Figure 10 shows the relationship between the measured
Z (Zyeas) and the predicted Z (Z,.s) for the beads and
ice analogues used in the calibration procedure. The
Zomeas 18 measured during the calibration procedure,
while the Z,., is calculated from calibration equations
[Egs. (4) and (5)]. For each version of the CPI Z,.,
and Z,., are highly correlated.

In summary, application of the calibration reduced
both the average sizing errors and the standard
deviations for all three CPI versions. Further, Z,., has
a strong one-to-one relationship with Z,., with high
positive correlation. This indicates that the calibration
given by Egs. (4) and (5) accurately reproduces the
measured particle properties.

5. SUMMARY AND DISCUSSION

A retrieval framework for estimating the maximum
dimension (L) of a two-dimensional particle image and
object-plane distance (Z) from CPI observations was
developed and evaluated for three generations of CPI
(versions 1.0, 1.5, and 2.0). The framework extends
the calibration methodology originally proposed by

Connolly et al. (2007) and incorporates a revised
effective-position parameter, Z,y e, Z/(LZAr), to
improve representation of particle oversizing associated
with defocused particle images.

Laboratory calibration experiments were performed
using NIST-certified glass calibration beads and non-
spherical ice crystal analogues of known size and
position. The calibration datasets were used to determine
version-specific coefficients for the particle-sizing and
focus equations. These coefficients were subsequently
applied to retrieve L and Z through iterative solution
of Egs. (4) and (5).

Application of the retrieval framework substantially
reduced sizing uncertainties for all three CPI versions.
Average sizing errors were reduced from 16.1%, 13.4%,
and 13.5% before calibration to 5.1%, 5.2%, and 4.9%
after calibration for CPI 1.0, 1.5, and 2.0, respectively.
In addition, retrieved object-plane distances (Z) showed
strong agreement with independently measured values,
with correlation coefficients exceeding 0.92 for all CPI
versions. These results demonstrate that the retrieval
framework successfully accounts for differences in
optical alignment and image-detection characteristics
among the three CPI generations.

The results also indicate that the revised effective-
position parameter provides a more appropriate
representation of CPI image oversizing than the original
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formulation. Unlike OAP-based sizing corrections that
primarily depend on normalized distance, particle sizing
by a CPI is influenced by the combined effects of
particle size, particle morphology, image focus, and
background illumination. Incorporating these factors
within a unified retrieval framework improves the
consistency of particle sizing across different CPI
generations.

The scope of this study is intentionally limited to
the retrieval of particle size and object-plane distance
from CPI imagery. Derivation of depth of field, sample
volume, particle concentration, and particle size
distributions was not considered. These quantities
depend directly on the accuracy of retrieved particle size
and position and therefore require additional evaluation.
Future work should investigate how the retrieval
framework developed in this study influences depth-of-
field determination, sample-volume estimation, and
ultimately particle concentration and particle size
distribution measurements.

Overall, the retrieval framework developed here
provides a consistent methodology for reducing sizing
uncertainties and harmonizing observations obtained
from different generations of the CPI. The results provide
a foundation for future quantitative analyses of historical
CPI datasets and for improving the consistency of
cloud particle measurements obtained using multiple CPI
versions. The calibration framework presented here may
also be applicable to newer CPI generations, provided
that version-specific calibration coefficients are determined
through the laboratory procedure described in this study.
For example, the CPI version 2.5 currently operated in
the Korea Cloud Physics Experimental Chamber (K-
CPEC; Park et al., 2025) could be calibrated using the
same methodology. However, the calibration coefficients
reported in this study should not be directly applied
because of differences in instrument configuration.
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