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Abstract. Holographic data from the prototype airborne dig- to measure ice particles, yet there is still considerable un-
ital holographic instrument HOLODEC (Holographic De- certainty in measuring smali{150um) ice particlesBaum
tector for Clouds), taken during test flights are digitally re- et al, 2005h McFarquhar et a)2007). Beyond the inherent
constructed to obtain the size (equivalent diameters in theaincertainty in counting statistics, the uncertainty in small-ice
range 23 to 100@m), three-dimensional position, and two- size distributions results primarily from poorly defined sam-
dimensional image of ice particles and then ice particle sizeple volumes, instrument resolution limits, and instrument-
distributions and number densities are calculated using ainduced ice particle breakup. Digital holography is one
automated algorithm with minimal user intervention. The of several approaches that allows for improvements in the
holographic method offers the advantages of a well-definedneasurement of ice size distributions. In this paper, we
sample volume size that is not dependent on particle sizeresent results from the Holographic Detector for Clouds
or airspeed, and offers a unique method of detecting shattHOLODEC), which is a prototype airborne digital holo-
tered particles. The holographic method also allows the vol-graphic instrument. In relation to the existing uncertainties,
ume sample rate to be increased beyond that of the protdaolography has the benefit of providing a well-defined sam-
type HOLODEC instrument, limited solely by camera tech- ple volume, a uniform and well-defined resolution, and three-
nology. dimensional spatial information that can assist in identify-
HOLODEC size distributions taken in mixed-phase re- ing shards of shattered crystals. The difficulty of using dig-
gions of cloud compare well to size distributions from a PMS ital holography is the added complexity in data processing,
FSSP probe also onboard the aircraft during the test flightswhich includes digital reconstruction and particle detection
A conservative algorithm for detecting shattered particles uti-and characterization. Details of the method and algorithms
lizing their depth-position along the optical axis eliminates we use to automate the processing of holograms taken dur-
the obvious ice particle shattering events from the data seting the test flights of HOLODEC are presentedringal et al.
In this particular case, the size distributions of hon-shattered2009 and are only summarized here.
particles are reduced by approximately a factor of two for The holographic method is not new to atmospheric sci-
particles 15 to 7@m in equivalent diameter, compared t0 ence and, in fact, some of the earliest applications of
size distributions of all particles. optical holography were to measure atmospheric particles
(e.g. Thompson1974 Trolinger, 1975. Subsequently, ana-
log holography (i.e. recording with photographic emulsions)
was applied by various groups, including in an airborne set-

Accurate ice particle size distributions and number densi-ing (Kozikowska et al. 1984 Brown, 1989. More re-
ties are necessary for understanding and modeling cloud prd;ent holographic instruments for atmospheric particle studies
cesses such as precipitation formation and radiative transfe\f?d“qe the large-sample-volume HODABdrrmann and
and for validation of remote sensing and satellite measureJ2enicke 1993 which uses photographic plates, a proto-

ments. Many methods and instruments have been devisetyP€ digital holographic instrumentgwson and Cormack
1995, and a new ground-based instrument utilizing two dig-

ital cameras in a cross-beam configurati®agpach et al.

Correspondence tal. P. Fugal 2006). A challenge that remains, however, is to take holog-
m (fugal@ucar.edu) raphy to the point where large numbers of ice crystals can

1 Introduction
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be reconstructed and ice size distributions determined in affField et al, 20030. Furthermore, new instruments are be-
automated fashion suitable for operational field use. ing developed to measure small ice particles without some of
The HOLODEC instrument measures the shape (two-these problems, such as the Small Ice Detector (SR
dimensional shadowgraph), size, and three-dimensional (3et al, 20033 and the SPEC 2D-S (Stereo) proheafson
D) position of every cloud particle coincident in its sample et al, 2006. The SID probe measures light scattered by ice
volume via digital in-line holography. It has the advantage particles at many angles, and can yield particle phase and
of a sample volume that is not particle-size dependent (giversize in the diameter range of approximately 1 tq&0. The
an appropriate reconstruction methdeugal et al. 2009), SPEC 2D-S (Stereo) optical array probe can measure cloud
nor air-speed dependent. It also has a unique ability to deteqgtarticle sizes and two-dimensional profiles in the size range
probable crystal-shattering events utilizing 3-D positions of of about 10 to 100@m.
cloud particles and the fact that shattered particles tend to ap- In this paper we analyze holograms of ice particles to show
pear as highly localized clusters in certain parts of the samplehat digital inline holography and hologram processing al-
volume. The HOLODEC instrument flew aboard the NCAR gorithms can measure ice particle size distributions after re-
C-130 aircraft in the IDEAS 3 project. The instrument it- jecting shattered ice particles, and that the results are com-
self, the basic reconstruction method, and examples of reparable to standard aircraft probes under certain conditions.
constructed particles were describedHmgal et al(2004. It This data processing is accomplished with minimal user in-
was shown that an airborne digital in-line holographic instru- tervention, and therefore is suitable for field measurements.
ment could successfully measure cloud particles, both liquidn Sect. 2 we briefly summarize the automated hologram re-
water and ice, in the size range of approximately®%to construction, particle-finding and particle-sizing algorithms,
1 mm, but only for a small number of particles for purposesand discuss the sampling characteristics of the HOLODEC
of demonstration. Since then we have developed automategrobe relevant to measuring ice. In Sect. 3 we discuss the
routines that can determine particle size and location in econditions under which we took the ice holograms and we
broad range of sized-(igal et al. 2009, and in this paper present the results in Sect. 4. In Sect. 5, we discuss implica-
we apply those routines to large sections of our data set to iltions of our results and in Sect. 6, we summarize.
lustrate and evaluate the ability to measure size distributions,
perform particle shattering corrections, etc.
To provide a context for the measurements we briefly de-2 Holographic reconstruction method and instrument
scribe some of the limitations of commonly used optical par-  parameters
ticle detectors for measuring ice crystal size distributions.
First, there is a particle-size-dependent depth of focus andin this section, we briefly describe how we reconstruct
sensitivity for small particles in optical array probes such asholograms, detect particles, and determine their three-
the PMS 2D-C $trapp et al.2001 Korolev et al, 19983 dimensional location, two-dimensional profile and size. We
Baumgardner and Korolel997). Second, light-scattering also explain the particle-size detection limits of HOLODEC
instruments, e.g. the Forward Scattering Spectrometer Proband their causes, as well as limits on its ability to measure ice
(FSSP), are calibrated only for spherical particles (not iceparticle size distributions and number densities.
particles). Third, some instruments, such as the Cloud Par-
ticle Imager (CPI), yield uncertain ice patrticle size distribu- 2.1 Hologram reconstruction and particle finding
tions Baum et al. 20053 because air stream distortion and method
triggering mechanisms make it difficult to estimate the effec-
tive sample volume. Fourth, nearly all probes suffer in someHolograms from the data sets presented in this paper are re-
degree from ice particles shattering on the leading parts ofonstructed using the method describedrhgal et al(2009
the instrument housing. When the shards are swept into thand so we only summarize it here. As a preliminary, we re-
sample volume, the result is an over counting of small par-view the instrument parameters described in more detail by
ticles and an under counting of large particl€se(d et al, Fugal et al(2004. The holograms are taken with a 527 nm
2006 2003k Korolev and Isaac2005 Gayet et al. 1996 wavelength, pulsed laser, and a 162268, 4.65.m pixel, 8-
Gardiner and Halleft1985 McFarquhar et al2007). Other  bit grayscale camera with particles confined by the windows
errors resulting from air stream distortion caused by the air-in the probe arms to approximately 30 to 80 mm from the
craft, and imperfect calibration have also been discussed immaging chip of the camera. The laser pulse width of 20 ns
the literature lagel et al. 2007 Korolev, 2007 Twohy and  and flight speed of about 100 mslimits the particle motion
Rogers1993. in the hologram to about2m or less than half a pixel width.
Remedies for some of these problems exist: for example, In preprocessing, each hologram is divided by a back-
given certain assumptions FSSP size measurements can geound image made by taking the median of seven of its
approximately corrected for ice, effective instrument reso-neighboring holograms in time with no other filtering or
lution can be improved via post-processit@(olev, 2007), noise removal processing. We do, however, take the contrast
and instrument housings can be maodified to reduce shatteringegative of the image so the ice particles appear as bright
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shapes on a darker background. Each hologram is then re
constructed using the Huygens-Fresnel filtering method in
combination with a low-pass filter that enforces a uniform 1k
resolution limit throughout the sample voluntfeugal et al.
2009. The position of each particle along the optical axis 0.5
is then found using the edge sharpness algorithm detailed b=~ '
Fugal et al (2009, and at that axial position, the centroid in £ Of ! -

— L

the other two dimensions is calculated as well as an equiv:

alent area diameter. Using simulated holograms, we hawi -057
found that the edge sharpness algorithm is robust in finding b
the particle’s axial position over a range of particle sizes ex-
tending from 25um to 1 mm Eugal et al. 2009. Because 15} \
of the noise of edge effects inherent in hologram reconstruc: : ; : :
tion, we eliminate from the total data set any particle in the -2 -1 0 1 2
outer 5% of each edge of the hologram. As a result the sam (mm)
ple volume of each hologram is reduced t6%8=81% of the
possible sample volume.
, 15
2.2 Detection of particle shattering %
& 10}
We detect ice particle shattering by taking advantage of .=
HOLODEC's ability to measure the depth-position or po- ; sl
sition along the optical axis of each particle in the sample 2
volume. This is useful as shards of shattered particlestendt =
2 ol [FTET

stream along an aerodynamic surface into the sample volum
and appear as highly localized clusters along the optical axis
Figurel shows a hologram reconstructed at a plane (perpen-

dicular to the optical axis; airflow is top to bottom) where a

. . . . . ig. 1. The top panel shows a hologram from Research Flight 2003-
disproportionate number of ice particles appear in or nearl)}ggg_ﬂ recons?rEcted to 66.5 mm. Tghe reconstructed imageghas many

In fo_cus as can be seen In thg histogram of_the location Of_lc%articles in focus at one depth and many others nearly in focus. The
partlclgs along the optical axis. _Notg the h'Qh Concemrat_'onbottom panel is a histogram of the z-positions of all particles in the
of particles around 66.5 mm which is the distance at whichsample volume. This is suggestive of shards of a single impacted

the hologram is reconstructed. To detect holograms containcrystal tracing an aerodynamic surface about the instrument hous-
ing shattered ice crystals, we search for high concentrationgg.
of particles along the optical axis. Specifically, for the data
presented here we use a threshold of 10 particles detected
within 5 mm depth, which is equivalent to a local concentra- scheme. The top panel shows a histogram of the position of
tion of ~100 ice particles cfh This is a conservative thresh- all particles along the optical axis and the lower panel ex-
old considering that the average density is about 3 particlegludes particles in holograms flagged as containing shattered
per hologram £10 particles cr) in the size range consid- particles. Note that most of the excluded shattered ice par-
ered and recognizing there is little likelihood of such large ticles appear nearer the windows or the edges of the sample
natural concentration fluctuations. There are possibly moraolume. The non-uniform distribution of these shattered par-
optimal (and necessarily more complex) methods to detecticles appearing near the windows is consistent with particles
shattering, but in this paper we have chosen a simple methoghattered on or near the tips of the instrument arms, and that
with a conservative threshold to detect and remove only theare then swept into the near-arm part of the sample volume.
most obvious shattering events. In fact, only 3% of the holo-Further, the bottom panel shows a nearly uniform detection
grams (or sample volumes) in the entire data set are markethte for particles of all sizes across the optical axis after re-
as shattered, but they contain 37% all of the particles in thgecting shattered ice particles, as we expect to see for a nearly
data set. uniform random distribution of particles in cloud. The attain-
Figure 2 shows an example of an ice particle in the pro- ment of a uniform distribution when shattering artifacts are
cess of breaking up, likely due to impact with the instrumentremoved suggests that the observed concentration nonuni-
housing or to shear in the airflow around the window hous-formities are not a result of other effects such as flow dis-
ing. Again, the localized cluster of particles allows them to tortion. It also provides support for the assumption that the
be identified as resulting from a shattering event. Figire observed breakup events are instrument induced, rather than
shows the effectiveness of this simple shattering detectiomaturally occurring (presumably, naturally occurring breakup
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Fig. 2. An ice particle in the process of shattering about 10 mm
from one of HOLODEC's windows. 40 45 50 55 60 65 70
Optical axis (mm)

processes would be observed uniformly over the measure

ment volume). 40
2.3 Instrument parameter
3 strument parameters 2 30}
S
We now explain what determines HOLODEC's sampling §
characteristics, including sample volume, volume sampleg'

rate, and detectable particle size range. The sample volum
is determined by the camera CCD area that is not affectec 2
by noise from edge effects or particle images overlapping 2
the edge of the hologram, and the space between the wir
dows of the probe housing that is not severely affected by
airstream distortion or the boundary layer around the instru-
ment housing. For HOLODEC this valid sample volume is
about 4.3¢3.6x25 mn? or about 0.4 cri In estimating the

sample volume, we have applied no correction for the distor-

Fig. 3. In the top and bottom panels are histograms of optical-axis

tion of the airstream from the upstream probe parts. Simu'positions of particles from Research Flight 2003-09-17. The top

lations of the flow (using Fluent software) based on a sim-pane| shows all particles and the bottom panel excludes particles in
plified probe body indicate that the sample volume is com-polograms containing shattered particles. Note that rejecting shat-
pressed along the optical axis, and stretched in the other tweered particles yields a more uniform distribution of particles along
dimensions. The compression and stretching do not comthe optical axis.

pletely cancel each other out, but the effect is on the order of

10% of the sample volume size.

The Sample Volume Size iS not a function of particle Sizeof the camera. (The Iatter iS true for camera frame rates
because we use a |ow_pass fllter as describeﬂlml et al. low enough that Sample volumes do not Ovel’lap, a limit that
(2009, which enforces a uniform minimum detectable parti_ is technologica”y feasible now with Commel‘Cially available
cle size throughout the sample volume. Effectively it makeshigh speed cameras and typical airspeeds.) For a 106ms
particles of the same size and shape appear the same in recdfght speed, HOLODEC records one sample volume every
structed images independent of the reconstructed distancd.M and its sample rate is about 5%snt. For comparison,
This is done at the expense of overlooking some smaller parthe FSSP sample rate is around 3Gsnt.
ticles that would be visible nearer the camera, but not at the The minimum particle detection size is approximately
far end Of the Samp'e V0|ume_ Wh||e |t iS theoretica”y possi_ 23/.Lm or about 5 piXeIS W|de In genel‘al thIS resolution I|m|t
ble that we could define a variable sample volume as a funcls determined by the greater of two criteria: Eithe® pixels
tion of particle size, given the noise in the holograms and thawide to resolve a particle or diffraction limited resolution as
variety of particle sizes, shapes and orientations encounteredound by,
this would be exceedingly difficult and not likely very accu- 248,210
rate. This is discussed in more detail bygal et al (2009, D), = D
who also discuss the detectability of particle of various sizes ap
appearing in front of and/or near each other. whereD,, is the limiting resolution diameter of the particle,

HOLODEC's volume sample rate is not dependent on airis the wavelength,,,, is the furthest distance in the sample
speed, but on the sample volume size and the frame rateolume from the camera, ard,, is the scale diameter of the

40 45 50 55 60 65 70
Optical axis (mm)
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aperture or camerd(gal et al.2009. For our system pa- on windows), we select times during which there is a likeli-
rameters and a maximum reconstruction depth of 75 mm wehood of finding ice particles as indicated from data taken with
obtainD,=234 pm. The maximum detection size is around the FSSP and 2D-C instruments. We analyzgd@00 holo-
1.0mm (or some fraction of the detector size) as determinedyrams or~8 flight-minutes 48 km flight path) taken on
by our automated hologram processing code’s ability to reli-the 2003-09-17 Research Flight10 300 holograms or11
ably bring such a large particle in focusugal et al.2009. min(~66 km flight path) taken on the 2003-09-05 Research

The particle sizes from HOLODEC are calculated by Flight, and~5500 holograms o6 min (~36 km flight path)
counting the number of pixels contained in each focused partaken on the 2003-09-19 Research Flight. Together the data
ticle and calculating an equivalent diameter for a circle of consist of~23 200 holograms reconstructed to find around
equal area. For spherical particles this pixel counting method0,300 particles in the size range 261 to 980um equiva-
gives a precision approximately equal to the square root ofent area diameter. The holograms for the 2003-09-19 Re-
the pixel size, or~2.2um (Lu et al, 2008. Fugal et al.  search Flight were of clear air and are used to measure the
(2004 andPu et al.(2005 discuss more on determining the noise floor of the HOLODEC instrument.
accuracy of sizing particles using digital in-line holography. N )

For the purposes of determining how accurately3-1 Cloud conditions in data sample
HOLODEC can measure particle size distributions, we . L .

Our purpose in selecting time segments from these flight data

made thousands of simulated holograms with the same : _ .
9 sets is to examine HOLODEC's ability to measure cloud

hologram size, pixel size, wavelength, and same particle’ ™. : N ’ :
sizes and depth positions as real HOLODEC hologramspart'de.s'ze distributions under a yarlety of.cloud condi-
The simulated holograms had only round particles and ha ions. Figure4 shows number densities of particles sampled

a number density an order of magnitude higher than the y the ZD._C £200.m) and FSSP.KZSMm) fgr the data
real holograms taken with HOLODEC. The holograms sets mentioned above as well as times at which HOLODEC

were made using an analytical expression for the far-fieldre?%rdEd Cle‘:}: hlologramg. 'I;jhese_t_nme penodsdatl)retgf |r21tDer-C
diffraction pattern for a unit amplitude plane wave diffracted est because the low number densilies measured by the 2D—

about a circular apertur&spodman 1996. We confirmed instrument indicate that there are few large ice particles to
with these simulations that HOLC')DEC holograms and theShat'[er on the leading probe parts, and the high number den-

particular reconstruction algorithm we usBug@al et al s;tlﬁ?)rfggs;(r:eq kzjythtez FSSZab%VﬁL%(th'e dbeltecnonbllmlé
2009 recovers the original particle size distribution for O't' fol d)m t'_c?e}lveagtJODé‘éetS'za enumF_erﬁ en-
particle diameters ranging from 23n to 100um (see sties of cloud particies for ¢ 0 Measure. Tignre
SectA). shows total water and liquid water content as measured by

. . . . the Nevzorov probe. We use the Nevzorov probe as an indi-

Finally, as with every instrument that counts particles,
L . : o cator of the phase of cloud water contels@c et al.2006
HOLODEC's ability to measure ice particle size distributions i
Jo T L Cober et al.20012;, Korolev et al, 1998H).
and number densities is limited by the uncertainty inherent™ _. : o . .
. . . . Figures4 and5 have bars identifying the times for which
in counting statistics. As larger particles tend to have much ST : RS .
panels in Figs8 and9 show size distributions. These times

smaller number densities, this means that while HOLODEC ;
. ) : -(a) to (g) encompass most of the available data from the test
can detect and measure the size of larger ice particles, it§. Lo .

S o . ights for HOLODEC, meaning times when the instrument
sample rate limits its ability to reliably measure the number

. ) : . was recording clean holograms and the aircraft was in cloud.
density of very large ice particles. Again, a faster or larger

camera in HOLODEC would yield a much higher volume Thgy represe_nt a variety of .CIOUd condltlo_ns, ranging fr_om
all ice to all liquid, and varying concentrations of large ice

sample rate and more accurate counting statistics. The num-

ber density error bars shown in subsequent plots are one staﬁgrt'des' Quahtqnvely sp.eak_mg,. segments (a) and (b) are
e . . : - nearly pure ice, with some indication of the presence of large
dard deviation assuming Poisson counting statistics.

ice crystals from the 2DC; segments (c) and (d) are mixed
phase, with liquid water contents well below 50% of the to-
tal water content, but also with very little or no indication of
large ice crystals (duly noting that a residual liquid signal is

HOLODEC flew onboard the NSF/NCAR C-130 Q Hercules PossiPle even in an all-ice cloud; ¢orolev et al, 19980,
research aircraft over Colorado on nine flights in AugustS€9ment (€) is the only cloud segment with no indication of

and September 2003. This was an instrument-testing cam@Y ic€, as well as no large particles from the 2DC; and seg-
paign, IDEAS 3 (Instrument Development and Education ments (f) and (g) are mixed phase with modest densities of

in the Atmospheric Sciences, phase 3) and therefore muclr9€ ice crystals.
of the flight time was devoted to debugging and evaluation.
From the subset of times when HOLODEC was recording
clear holograms (some holograms were not clear, primarily
as a result of the formation of condensation or ice deposition

3 Data sample
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Fig. 4. Particle number densities from the FSSP and the 2D-C instruments for the 2003-09-17 and 2003-09-05 Research Flights. Also
shown are the times where HOLODEC recorded clear holograms. The brackets [@)&bgd) denote regions with varying microphysical
properties for which HOLODEC size distributions have been calculated (cf. &Faysd9).

3.2 Corrections to FSSP sizing of ice particles randomly oriented small droxtals provided by P. YaNgr{g
et al, 2003 Zhang et al. 2004, we calculated an approx-

HOLODEC size distributions can be compared to the FSSRmate correction of forward scattering from spherical water
size distributions quantitatively when there is evidence thatdrops to droxtals of the same size. As a heuristic, we note
the size range being compared consists primarily of liquidthat, on average, randomly-oriented non-spherical particles
water. When ice is present in significant quantities, how-scatter less light in the forward direction than spherical par-
ever, a qualitative comparison is possible by assuming an icgicles of equal volume. Thus the FSSP detects less light for
crystal shape and correcting the FSSP data accordingly. O4 non-spherical particle, all else being equal, and underesti-
course different particle shapes and orientations yield differ-mates its size. A correction for this effect will shift the FSSP
ent corrections, so the point is to give an estimate of plau-ize bins calibrated for spherical particles to larger effective
sible variability in the FSSP size distribution. The FSSP sizes for non-spherical particles. While this correction is ap-
provides an estimate of particle size by measuring the in-proximate and assumes a particular shape of small ice crys-
tensity of forward scattered laser light collected between 5 tals, it provides at least one qualitative comparison for the

and 14. The size of a particle is inferred by calculating, sjze distributions measured with HOLODEC.
for a given particle size, the intensity of the integrated for-

ward scattered light assuming a spherical shape and an index

of refraction for liquid water. Ice particles, however, have 4 Results

a different index of refraction and usually are not spherical.

A reasonable approximation for the shape of small ice par\We evaluate the HOLODEC instrument by performing au-
ticles is a droxtal resembling a faceted sphétielfl et al, tomated calculation of cloud particle size distributions, total
20033. Using a library of light scattering calculations for particle number density, and total water content, in different
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Flight 2003-09-17

ook — — Total (g m_:)
e Liquid (g m )
‘?E ®  Clear holograms
o 0.15
5
5 oif 2
o
ol
S 005}
, NG
RN / .
‘v ./ \ T,
0 [l c—— - .
20:26 20:28 20:30 20:32 20:34 20:36 20:38 20:40 20:42

Time (UTC)

Flight 2003-09-05

Water Content (g m'3)
o o o
£ [«2) o)

o
[N

0 N
20:00 20:02 20:04 20:06 20:08 20:10 20:12 20:14 20:16

Time (UTC)

Fig. 5. Total (ice plus liquid) and liquid water content for the 2003-09-17 and 2003-09-05 Research Flights as measured by the Nevzorov

probe. The brackets labeléd) to (g) denote regions with varying microphysical properties for which HOLODEC size distributions have
been calculated (cf. Fig8.and9).

cloud conditions. To begin with, we verified the null mea- shape and by using the density of ice. The density of ice
surement of HOLODEC by reconstructing holograms of versus liquid water alone suggests that the HOLODEC water
clear air from Research Flight 2003-09-19. The results werecontents will be overestimated by at least 10% when ice is
125 detections out of 3913 holograms in the particle sizethe predominant phase. It is also important to note that the
range>23um with a maximum particle size of 5¢m. This Nevzorov probe is known to underestimate water contents
represents an average number density of 0.08 particle$ cm when large ice crystals are preseist@c et al.2006).

which is deep in the noise for typical number densities of Figures8 and9 show HOLODEC and FSSP size distri-

particles in this size range. FiguBecompares the number . . no. “no.
density measured by HOLODEC with that measured by thebutlons; from Research Flights 2003-09-17 and 2003-09-05.

. Iso shown are a HOLODEC size distribution corrected by
FSSP for Research Flights 2003-09-17 (top panel) and 2003@ . . :
09-05 (bottom panel). Also shown is the number densityexcludmg holograms with detected shards of shattered par

S . “ticles (cf. Sect.2.2, and FSSP size distributions corrected
measured by HOLODEC after rejecting holograms contaln-for ice particle sizes as discussed in S&2 We have

N9 s_hattered pa_rtlcles (HOLODEC Cor), and the numberomitted the 2D—C instrument size distributions because of
density from the ice-corrected FSSP (FSSP Ice Cor.). : ; o o X ;
their large size distribution uncertainties for particle diam-

Figure 7 compares total water content calculated from eters <100um. The error bars for the HOLODEC size
HOLODEC to that measured by the Nevzorov probe and, fordistributions correspond to one standard deviation assuming
reference, to the liquid water content measured by the KingPoisson sampling statistics (error bars are not shown for the
Probe. HOLODEC water contents are to be interpreted ashattering-corrected size distribution for clarity). For the pur-
estimates because they are based on the assumption that ptise of intercomparison, the total number of sampled parti-
particles are liquid water spheres. With an appropriate shapeles is also indicated by the number in the upper right corner
condition this certainly could be improved, both by using the of each panel.
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Fig. 6. Number densities for 10s intervals from the FSSP and HOLODEC for the research flights indicated. HOLODEC All shows the
number density for all detected particles while HOLODEC Cor. shows the same but excluding holograms with detected shards of shattered
particles. The number in the upper right of the panels is the number of cloud particles used to calculate the HOLODEC number density of
all particles for the whole time period of each panel.

While HOLODEC can detect from 23m up to 1.0mm  pixels is approximately twice the diffraction limit. While we
size particles, we do not show size distribution estimateshave not attempted to use a phase discrimination algorithm
above 10Q:m in Figs.8 and9 because the error in count- in our analysis, we expect that such algorithms would have
ing statistics is extremely large. However, larger particlessuccess in classifying particles larger than about 10 pixels or
are observed and sized correctly, so future holography-baseda few times the diffraction limited resolution.
instruments with larger sample volumes will enable size dis-
tributions to be extended. This ability to detect ice crystals
with size >100um is illustrated in Fig.10, which shows a
collection of such particles from Research Flight 2003-09-

05. These particles are presented as they are reconstructqthe agreement between HOLODEC and the ice-corrected
by the automated reconstruction and particle finding algo-FSSP is remarkably good during time segments (a) and (b),
rithm (Fugal et al, 2009. (A similar collection of images for  \here the Nevzorov probe indicates all ice conditions. This
Research Flight 2003-09-17 is shownRngal et al(2009  agreement can be seen in both the number density time se-
Fig. 6).) The wavy non-uniform background about these par-ies (Fig.6) and in the size distributions (Fi§). After cor-
ticles is the virtual image of each ice particleu@al et al.  rection for shattering, however, the HOLODEC number den-
2004. As discussed bffugal et al(2009, the shape of par-  sities are reduced by up to a factor of two. The total water
ticles in reconstructed images smaller than about 10 pixelgontent calculated from the shattering-corrected HOLODEC
across appear more like circles with few discernible featuresneasurements is consistently above, but following the same
such as facets. Because the diffraction limited resolution Oftrends as the Nevzorov total water content. This is not sur-

HOLODEC is~23um (about 5 pixels across) this limit of 10 prising given the known problems with Nevzorov ice crystal

5 Discussion
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Fig. 7. Total water content for 10 s intervals from the Nevzorov probe, liquid water content (LWC) from the King Probe, and LWC calculated
from HOLODEC data for the Research Flights indicated (assuming all particles are liquid water spheres). There was no valid King Probe
data from Research Flight 2003-09-17.

sampling (saac et al.200§ and the assumption of liquid is consistent with the HOLODEC size distributions (uncor-
water spheres in the HOLODEC calculation. rected and shatter-corrected) showing no difference ing-ig.
Segments (c) and (d) from mixed phase clouds with min-The HOLODEC and FSSP size distributions have similar
imal large particles from the 2DC do not show agreementslopes but particle number densities are progressively under-
with the ice-corrected FSSP. For example, in Bithe uncor- ~ estimated by HOLODEC with decreasing droplet diameter.
rected HOLODEC data lie between the two FSSP limits for This explains the disparity in total number density observed
segment (c) and just below the uncorrected FSSP for segmeiiit segment (e) of Fig6 as well as the reasonable (factor of 2)
(d). The same effect is observed in the size distributions foragreement in liquid water content in Fig. the latter being
segments (c) and (d) in Fig. In spite of the fact that there s more heavily influenced by the large droplets. We interpret
no indication of particle larger than 1¢0n, the HOLODEC  the HOLODEC size distribution as being a roll-off in the par-
shattering correction is significant for both segments. Theticle detection ability. The theory used to estimate the detec-
shattering-corrected HOLODEC water contents are in readion limit of 23 um is not exact and one would expect that the
sonable agreement with the Nevzorov water contents, so iimitis, in fact, not a threshold but a transition. Nevertheless,
is likely that the ambiguity in the FSSP comparisons resultswe find the general agreement of the measurements to be a
from a lack of knowledge of how liquid water and ice are strong indication that the simple theory does indeed capture
partitioned in size, as well as the acknowledged uncertaintythe essential physical processes involved.
in how the FSSP signal should be corrected (e.g. shape un- The last two segments, (f) and (g), correspond to mixed
certainties). phase conditions with somewhat greater liquid-to-total wa-
Segment (e) is quite important because it is all liquid wa- ter ratios and also with significant numbers of large parti-
ter and therefore provides a direct comparison with the FSSReles (likely ice) as detected by the 2DC. It is perhaps surpris-
There was no indication of large particles or ice, which ing, therefore, that the shattering-corrected HOLODEC size
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Fig. 8. Cloud particle size distributions for Research Flight 2003-09-17 during the time periods shown above each panel, corresponding to
segmentsga) through(d). HOLODEC distributions are shown for all detected particles and corrected by excluding holograms with shattered
particles. FSSP distributions are shown for both standard and corrected for ice particle sizing as described®.id Jdwt. error bars
correspond to a one standard deviation error assuming Poisson counting statistics. The number in the upper right of each panel is the tota
number of cloud particles used to calculate the HOLODEC size distribution (uncorrected).

distributions shown in Fig9 are not greatly different from distinguishing between liquid water and ice. The size dis-
the uncorrected HOLODEC distributions. The more promi- tributions shown in Figs8 and9 illustrate the performance
nent presence of liquid water does, however, appear to bef HOLODEC under a variety of microphysical conditions.
consistent with the reasonable agreement between the uncoFime segments (a) and (b) (nearly all ice) show reasonable
rected FSSP and the uncorrected HOLODEC distributions. agreement between the HOLODEC size distribution and ice
corrected FSSP size distribution. For the mixed phase seg-
To sum up the data discussion, in spite of the fact that therenents the HOLODEC size distributions generally lie be-
are great uncertainties in interpreting FSSP size distributween the FSSP and ice-corrected FSSP size distributions. In
tions when ice is present, in all time periods the HOLODEC mixed-phase clouds, one ideally should partition ice and lig-
number density trends with the FSSP number density quitaiid water as a function of particle size and ice particle habit.
well. HOLODEC water contents also follow the trends of But without some assumption to justify a particular parti-

the Nevzorov total water content, which we find promising tion, there is no rationale for determining what weighting
given the uncertainties in calculating water contents without
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In summary, we have shown that HOLODEC, an instrument
using digital inline holography, and the reconstruction algo-
rithm described byrugal et al (2009 can detect cloud par-
ticles, find their 3-D positions, calculate their sizes, and give
2-D images in an automated fashion suitable for large field-
of uncorrected and corrected FSSP sizes to use. The utilkampaign data sets. From these results, size distributions and
ity of this method of correcting for ice particles may be in number densities can be calculated.

estimating a plausible upper bound on ice, correspondingVe have shown that we get similar size distributions from
to glaciated conditions (e.g. as indicated by the NevzorovHOLODEC and an FSSP in mixed phase cloud particle
probe). In all segments (except for (e) with all liquid wa- conditions. We get similar agreement in pure ice con-
ter) there is an observable correction in the HOLODEC dataditions given the uncertainty in correcting FSSP data for

Fig. 9. As in Fig. 8, but for Research Flight 2003-09-05, segments
(e)through(g).
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non-spherical ice particles. We also note the ability to detecBrown, P. R. A.: Use of Holography for Airborne Cloud Physics
holograms with shattered ice particles even with our simple Measurements, J. Atmos. Ocean. Tech., 6, 293-306, 1989.
model of searching for highly localized clusters along the op-Cober, S. G., Isaac, G. A., and Korolev, A. V.: Assessing the
tical axis and thus obtain more accurate size distributions. ~ Rosemount Icing Detector with in situ measurements, J. Atmos.

The digital holographic method, as implemented here, aI-F_ (l)dcesnéT%ch., 18A5351<528’ 10?41' Hirst . and G .
lows a volume sample rate that is independent of particle™ €' ™ R., Baran, A.J., Kaye, P. H., Hirst, E., and Greenaway, R.:
A test of cirrus ice crystal scattering phase functions, Geophys.

size and air Spged' ,AI”d f_""gh Its lass,oﬁ'ated h°'°gr?;|“ '€ Res. Lett., 30, 1752, doi:10.1029/2003GL017482, 2003a.
construction and particle finding algorithm, we are able 10y p R, Wood, R., Brown, P. R. A., Kaye, P. H., Hirst, E.,
find particles in a large size range limited only by a few pix-  Greenway, R., and Smith, J. A.: Ice particle interarrival times

els wide for small particles, and some fraction of the size of measured with a fast FSSP, J. Atmos. Ocean. Tech., 20, 249-261,
the camera for large particles. While holograms require a 2003b.
much longer processing time than instruments that offer reaField, P. R., Heymsfield, A. J., and Bansemer, A.: Shattering and
time results, holograms provide more information than cur- particle interarrival times measured by optical array probes in ice
rent optical cloud particle instrumentation. Furthermore, as clouds, J. Atmos. Ocean. Tech., 23, 1357-1371, 2006.
with any computational problem, obstacles related to holo-Fugal, J. P., Shaw, R. A., Saw, E. W., and Sergeyev, A. V.: Air-
gram construction time will erode and eventually vanish as Porme digital holographic system for cloud particle measure-
computation speeds and algorithm development progress. ments, Appl. Optics, 43, 5987-5995, 2004 _
HOLODEC is a prototype instrument designed to validate ugal, J. P, Schulz, T. J., and Shaw, R. A.: Practical methods
. . - . for automated reconstruction and characterization of particles
the ability and utility of digital holography for cloud patrticle

g e in digital in-line holograms, Meas. Sci. Technol., 20, 075501,
measurements. Future versions of this instrument would be i:10.1088/0957-0233/20/7/075501, 2009.

improved by including a camera with a faster frame rate orGardiner, B. A. and Hallett, J.: Degradation of in-cloud forward
larger image size, thereby increasing the instantaneous sam- scattering spectrometer probe measurements in the presence of
ple size and continuous sample rate. This combined with ice particles, J. Atmos. Ocean. Tech., 2, 171-180, 1985.

more refined algorithms will improve the ability to obtain Gayet, J.-F., Febvre, G., and Larsen, H.: The reliability of the PMS
accurate cloud particle size distributions with better exclu- FSSP in the presence of small ice crystals, J. Atmos. Ocean.
sion of shattered particle contamination, and to provide other  Tech., 13, 1300-1310, 1996. _ _

cloud particle measurements of interest (e.g. cloud particIeGOOdman' J.: Introduction to Fourier Optics, McGraw Hill, Boston,

. . 2 edn., 1996.
spatial distribution). Isaac, G. A., Korolev, A. V., Strapp, J. W., Cober, S. G., Boudala,
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