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ABSTRACT

A Learjet research aircraft was used to collect microphysical data, including cloud particle imager (CPI)
measurements of ice particle size and shape, in 22 midlatitude cirrus clouds. The dataset was collected while
the aircraft flew 104 horizontal legs, totaling over 15 000 km in clouds. Cloud temperatures ranged from
�28° to �61°C.

The measurements show that cirrus particle size distributions are mostly bimodal, displaying a maximum
in number concentration, area, and mass near 30 �m and another smaller maximum near 200–300 �m. CPI
images show that particles with rosette shapes, which include mixed-habit rosettes and platelike polycrys-
tals, constitute over 50% of the surface area and mass of ice particles �50 �m in cirrus clouds. Approxi-
mately 40% of the remaining mass of ice particles �50 �m are found in irregular shapes, with a few percent
each in columns and spheroidal shapes. Plates account for �1% of the total mass. Particles �50 �m account
for 99% of the total number concentration, 69% of the shortwave extinction, and 40% of the mass in
midlatitude cirrus. Plots and average equations for area versus particle size are shown for various particle
habits, and can be used in studies involving radiative transfer.

The average particle concentration in midlatitude cirrus is on the order of 1 cm�3 with occasional 10-km
averages exceeding 5 cm�3. There is a strong similarity of microphysical properties of ice particles between
wave clouds and cirrus clouds, suggesting that, like wave clouds, cirrus ice particles first experience con-
version to liquid water and/or solution drops before freezing.

1. Introduction

The size, shape, and concentration of ice crystals in
cirrus clouds have a major impact on the earth’s radia-
tion budget. For example, Liou (1986) showed that cir-
rus particles play an important role in the energy bal-
ance of the earth–atmosphere system through their in-
teractions with solar and terrestrial radiation. Stephens
et al. (1990) concluded that the prediction of cirrus
cloud feedback on climate is limited by our lack of
understanding of the relationship between the size and
shape of ice crystals, and the gross radiative properties
of cirrus. Labonnote et al. (2000) determined that ac-
curate measurements of the size and shape of cirrus
particles were essential to obtain reliable inversion
products from remote observations. Kristjánsson et al.
(2000) used climate models to show that the treatment

of ice particle size and habit may have a significant
impact on climate change.

Before the development of the cloud particle imager
(CPI) in 1997 (Lawson et al. 2001), detailed shapes of
airborne measurements of ice particles were available
from “impactor” and “replicator” devices that collected
the ice crystals on slides, or made Formvar (plastic)
replicas (e.g., Heymsfield 1973; Miloshevich and
Heymsfield 1997; Arnott et al. 1994). While providing
fine detail of some small ice particles, overall, impactor
data are generally very challenging to interpret due to
the breakup of particles larger than approximately 200
�m, contamination, and overlapping particles on the
medium (Arnott et al. 1994). Breakup can be mini-
mized by flying the impactor on a balloon or incorpo-
rating the impactor device into a decelerator. Cooper
and Vali (1981) successfully exposed oil-coated slides in
a decelerator, but the resulting data collection rates are
very low.

Most of the previous digital data collected in cirrus
have been recorded using the Particle Measuring Sys-
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tems (PMS) 2D-C (cloud) optical array probe (Knol-
lenberg 1970, 1981). However, the detailed shapes of
particles ��300 �m are not discernable, and crystal
details, such as riming, side planes, etc., are ambiguous.

Heymsfield and Platt (1984) examined replicator
data collected in cirrus and determined that the pre-
dominant crystal types in the temperature range from
�20° to �40°C were “spatial” (or polycrystalline)
forms, with some columns, plates, and bullets. In the
temperature range from �40° to �50°C, they found
predominantly hollow columns. At temperatures below
�50°C, they observed predominantly hollow and solid
columns, with some hexagonal plates and thick plates.
They note that, although observed infrequently, bullet
rosettes were sometimes found. However, based on the
replicator images shown in Heymsfield and Platt
(1984), the “spatial” polycrystalline crystals shown in
the �40° to �50°C temperature range would likely be
classified in this work as rosette-shaped ice crystals.

Recent investigations in cirrus using a CPI (e.g., Law-
son et al. 2001; Sassen et al. 2001; Heymsfield et al.
2002) suggest that midlatitude and high-latitude cirrus
may contain more rosette-shaped crystals than previ-
ously reported. In this paper we present CPI image data
that show that the majority of the mass in the 22 cirrus
clouds investigated in this study comprises rosette-
shaped ice crystals.

Little is known about the physical processes associ-
ated with the formation of cirrus clouds. Laboratory
investigations have shown that polycrystalline ice crys-
tals form when a supercooled drop freezes rapidly
(Pruppacher and Klett 1997; Bacon et al. 2003). Bailey
and Hallett (2004) recently performed a detailed labo-
ratory study showing that platelike polycrystals form in
the temperature range from �20° to �40°C and mixed-
habit rosettes from �25° to �40°C. They also found
that “pristine rosettes” (i.e., rosette shapes that are not
mixed habit and are without platelike and side-plane
features) only form at temperatures below �40°C.
Since mixed-habit, platelike, and rosette polycrystals all
have a rosette shape (the dictionary definition of ro-
sette is a “small rose”), we refer to the general term
“rosette shape” to include mixed-habit rosettes and all
polycrystals with a rose shape. In addition, some of the
figures in this paper simply refer to “rosettes,” and this
should always be interpreted to mean rosette shapes.

The lowest temperature at which supercooled liquid
water is typically observed in clouds is approximately
�37°C (e.g., Heymsfield and Miloshevich 1993; Baker
and Lawson 2006a, hereafter Part I). Because polycrys-
talline ice crystals can form when a liquid drop freezes
quickly, it is possible that rosette-shaped ice crystals
found in cirrus at temperatures below �37°C result

from the freezing of tiny solution drops (i.e., a deli-
quesced aerosol). Recent cloud chamber investigations
(Field et al. 2004; Cotton et al. 2004) suggest that there
may be two separate nucleation events occurring. The
first nucleation event at �105% relative humidity with
respect to ice is thought to be deposition ice nucleation.
The second nucleation event could be explained by ho-
mogeneous freezing at hydrophilic sites on the deli-
quesced aerosol. However, the actual process of nucle-
ation in cirrus cloud remains uncertain at this time. A
significant reason for our lack of understanding of the
physical processes contributing to the formation of cir-
rus ice particles is the difficulty of observing cirrus for-
mation in situ. Unlike ice particles in cumulus and wave
clouds, cirrus do not have an obvious formation stage,
and therefore it is not possible to reliably position a
research aircraft in the development stage of cirrus
clouds.

In this paper we show the results of analyzing CPI
and other cloud microphysical measurements collected
in 22 cirrus clouds. This is the largest cirrus dataset
analyzed to date that includes CPI measurements. We
show average particle size distributions (PSDs), particle
concentration, ice water content (IWC), extinction co-
efficient, effective radius, equivalent radar reflectivity,
histograms of particle habits, and plots of particle areas
versus particle lengths. A comparison of these results is
compared with data collected in wave clouds presented
in Part I. We show the similarities in PSDs and particle
types in wave and cirrus clouds and discuss possible
explanations for physical commonalities in ice crystal
formation and growth in these clouds. The results pre-
sented here can be used in radiation studies and also to
assist in the understanding of physical processes simu-
lated in cloud models.

2. Data collection

Microphysical measurements were collected in cirrus
clouds by the SPEC Learjet research aircraft on 22 days
over a period of five years. The Learjet flew 104 hori-
zontal legs in cirrus clouds totaling a distance of more
than 15 000 km. Here, we briefly summarize the rel-
evant cloud microphysical instrumentation and refer
the reader to Part I for a more detailed description.
Cloud particles were measured using a PMS forward
scattering spectrometer probe (FSSP) (Knollenberg
1981) with electronics upgraded by Droplet Measure-
ment Technologies (DMT), a 2D-C optical imaging
probe, and a SPEC CPI. Composite PSDs are gener-
ated by combining measurements from the FSSP, CPI,
and 2D-C probes using techniques described in Lawson
et al. (2001) and Part I. Various microphysical param-
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eters are computed from the particle data, including
total particle concentration, IWC, effective particle ra-
dius, extinction coefficient, and radar reflectivity.

IWC is computed using an improved algorithm de-
scribed by Baker and Lawson (2006b) that incorporates
image length, width, area, and perimeter into a com-
bined single parameter that has a power law relation-
ship to particle mass. Baker and Lawson (2006b) report
a 50% rms error reduction in particle mass estimation
using the new technique compared with the Mitchell et
al. (1990) techniques. However, because there is no air-
borne standard for measuring particle mass, it is not
possible to quantitatively estimate the error in IWC
from 2D particle imagery. Therefore, errors in IWC
determination from 2D particle imagery may (or may
not) be large, but there is no way to reliably estimate
the uncertainty. Also, the Baker and Lawson (2006b)
analysis was based on the Mitchell et al. (1990) dataset
that was collected at the surface in the Sierra Nevada,
and this dataset may not be representative of crystal
types found in cirrus clouds. Ice particle mass was also
measured using a Nevzorov total water content probe,
which measures IWC in glaciated clouds (Korolev et al.
1998b). Particle habits are determined by software that
automatically classifies CPI images. The automatic clas-
sification is qualified by visually classifying a represen-
tative subset of the CPI images. This process is dis-
cussed in more detail in section 3a.

For the past three decades, aircraft measurements of
the size and shape of ice crystals in cirrus clouds have
relied mostly on the PMS optical array probes devel-
oped in the 1970s. However, laboratory and wind tun-
nel investigations by Korolev et al. (1991, 1998a) and
Strapp et al. (2001), and recent comparisons with a new

imaging probe (Lawson et al. 2006b), show that the
large majority of particles with diameters less than
about 150 �m are poorly sized and often missed all
together by these optical array probes. Results from the
research reported in this paper show that particles with
maximum dimensions from about 10 to 75 �m contain
the majority of the surface area and mass in cirrus
clouds. As shown in Fig. 1, the relatively course (effec-
tive) pixel size of the older optical array probes renders
only scant details of crystal shape for particles with sizes
��300 �m. Development of the CPI has facilitated the
collection of high-resolution digital images of ice par-
ticles (Fig. 1) as they pass “on the fly” through the
instrument. Particles are imaged with 2.3-�m pixel
resolution and 256 gray levels, providing more detailed
and accurate information on the size and shape of ice
crystals (Lawson et al. 2001; Part I).

There has been some question regarding the signifi-
cance of ice particle clustering and crystal shattering on
the inlets of particle probes, and how this affects mea-
surements of small ice particle concentrations, espe-
cially measurements made by the FSSP. Field et al.
(2003) and Gayet et al. (2002) present the most recent
summary of possible effects of crystal shattering on
FSSP concentration measurements. Field et al. show
measurements that suggest that clustering of ice par-
ticles in cirrus may be the result of shattering of crystals
��350 �m. The data are inconclusive as to the contri-
bution of shattering to total particle concentration, but
even when suspected effects of shattering (i.e., cluster-
ing) are removed, ice concentrations from �0.2 to 1
cm�3 are still observed in cirrus, which is one to two
orders of magnitude higher than most previous mea-
surements (e.g., Heymsfield and Platt 1984; Dowling

FIG. 1. Examples of particle images observed by (left) the PMS 2D-C probe and (right) the
CPI in a cirrus cloud investigated on 20 October 2001. The two probes were both located on
the SPEC Learjet research aircraft and the image data were recorded simultaneously.
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and Radke 1990; Heymsfield and Miloshevich 1995,
hereafter HM95). Gayet et al. (2002) show measure-
ments in synoptically generated cirrus where up to 5
cm�3 of ice is measured when there are no particles
larger than 100 �m, a particle size that is unlikely to
contribute significantly to particle shattering. Lawson
et al. (2001) show an example of CPI images where
there is clustering of small ice particles and average
concentrations �1 cm�3 in an arctic cirrus cloud, but
the possibility of crystal shattering was not considered
in this case. Particle clustering is considered again in
section 3b, which also contains an example of FSSP,
CPI, and 2D-C and Nevzorov probe data where particle
concentrations are from 3 to 8 cm�3 in cirrus, and there
are no ice particles �100 �m.

Table 1 shows the date, cloud-base altitude and tem-
perature, cloud-top altitude and temperature, and the
duration in cloud for the 22 flights in cirrus clouds in-
vestigated by the SPEC Learjet over Utah, Colorado,
and Oklahoma. The cirrus were all synoptically gener-
ated, not remnants of convection. Since the locations—
Utah, Colorado, Wyoming, and Oklahoma—are down-
wind of major mountain ranges, some of the cirrus may
have been orographically enhanced, but this is difficult
to quantify. Most of the clouds investigated were cirrus

clouds with thin to moderate vertical depths (��2 km),
except for three cases (16 November 1998, 12 Novem-
ber 2003, 24 November 2003), where the cloud depth
exceeded 3 km (Table 1).

The cloud-base and cloud-top temperatures were de-
termined by average aircraft temperature measure-
ments when the Learjet flew just above cloud base and
when it skimmed cloud top. The average duration of a
horizontal leg in a cirrus cloud, including course rever-
sal, was about 16 minutes. Generally, cloud-base alti-
tude was measured or estimated on climb out and cloud
top was measured on the first cloud pass. The remain-
ing cloud penetrations were then planned to be evenly
spaced between cloud bottom and cloud top. The num-
ber of horizontal legs per mission can be estimated in
Table 1 by dividing the duration in cloud, shown in
hours, by 0.27 h. Using this estimate, it can be seen that
most of the clouds were sampled throughout their
depth at 1000-ft (�300 m) increments, while a few
clouds benefited from repeated sampling at an altitude,
and a few of the clouds were sampled at 2000-ft (�600
m) increments. Thus, for the most part, clouds in the
entire dataset were sampled throughout the entire
cloud depth in 1000- or 2000-ft increments. Occasion-
ally, Air Traffic Control (ATC) restrictions limited ac-

TABLE 1. Cloud-base and cloud-top altitude, temperature, duration in cloud, and cloud location for cirrus clouds investigated by the
SPEC Learjet (FL � 100 � pressure altitude in ft).

Date Cloud base Cloud top Temperature (°C)
Duration in

cloud (h) Cloud location

16 Nov 1998 FL 250 FL 390 �28 to �50 3 Utah
1 Jun 1999 FL 300 FL 350 �39 to �51 1.25 Utah
1 Mar 2000 FL 245 FL 300 �31 to �39 1.5 Oklahoma

19 Oct 2000 FL 330 FL 350 �48 to �50 1 Utah
1 Dec 2000 FL 370 FL 390 �57 to �63 1.5 Utah
1 May 2001 FL 290 FL 350 �34 to �53 1 Utah
9 May 2001 FL 290 FL 330 �40 to �51 1 Colorado

25 May 2001 FL 330 FL 370 �51 to �59 1 Colorado
30 Oct 2001 FL 280 FL 350 �33 to �49 1 Colorado
31 Oct 2001 FL 290 FL 310 �37 to �40 1 Nebraska
7 Nov 2001 FL 290 FL 350 �37 to �50 1.5 Colorado

12 Nov 2001 FL 310 FL 370 �44 to �58 1.25 Utah
14 Nov 2001 FL 330 FL 350 �50 to �54 0.5 Texas
21 Nov 2001 FL 320 FL 350 �46 to �55 0.75 Colorado
13 Nov 2002 FL 330 FL 370 �48 to �54 0.75 Oklahoma
19 Nov 2002 FL 260 FL 290 �32 to �43 1 Oklahoma
22 Nov 2002 FL 330 FL 350 �48 to �51 1.25 Colorado
23 Nov 2002 FL 310 FL 340 �43 to �50 1.25 Oklahoma
29 Oct 2003 FL 380 FL 400 �56 to �61 0.75 Wyoming
12 Nov 2003 FL 290 FL 390 �37 to �59 1.5 Colorado
17 Nov 2003 FL 240 FL 290 �33 to �44 1 Colorado
24 Nov 2003 FL 240 FL 350 �32 to �57 1 Wyoming

Total missions Cloud-base range Cloud-top range Max temperature range
Total duration (h), Number of

legs, distance in cloud (km)
22 FL 240–FL 370 FL 290–FL 400 �28° to �61°C 28.25, 104, 15 000
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cess to certain altitudes, but this was generally resolved
during the course of the flight, or has been noted in the
discussion presented in this paper.

3. Microphysics

a. Average microphysical properties

The PSDs, averaged over each of the 104 legs flown
in 22 cirrus clouds, are shown in Fig. 2. The distribu-
tions are segregated according to temperature and are
shown based on particle number concentration, area,
and mass. The mean of each temperature-segregated
group is also shown. The PSDs were derived by com-
bining measurements from an FSSP, CPI, and 2D-C.
The technique used is similar to that described in Law-
son et al. (2001). The CPI PSD is scaled to the 2D-C
PSD in the 200–300-�m size range, where the 2D-C
PSD measurements are considered to be most reliable.
In cases where the particles are too small to be imaged
by the 2D-C, the CPI total particle concentration is
adjusted so that the FSSP and CPI PSDs overlap in the
20–40-�m size range. The CPI PSD was adjusted for the

reduced probability of detecting smaller particles. This
affects particles smaller than approximately 100 �m.
The probability of detection was assumed to be propor-
tional to the particle area as measured from the image.
The constant of proportionality was fixed by a compari-
son with FSSP data.

Table 2 shows averages, standard deviations, mini-
mum and maximum values of particle concentration,
effective radius, extinction coefficient, IWC, and
equivalent radar reflectivity for the three temperature
zones. Effective radius is computed using the technique
described for reff_B in Part I. The PSDs in the two
warmer temperature regions in Fig. 2 are strongly bi-
modal with a peak (particularly evident in the area and
mass PSDs) in the small particle region (near 30 �m),
and a lesser maximum near the 200–300-�m size re-
gime. PSDs in cirrus with bimodal shapes have been
reported by HM95, Ivanova et al. (2001), and by Part I
for wave clouds. The average PSD in the coldest (�50°
to �61°C) region shows only a hint of being bimodal.
One possible explanation for the bimodality is the shat-
tering of large crystals on the inlet of the FSSP (Field et

FIG. 2. Number, area, and mass particle size distributions for three temperature ranges
based on 22 Learjet flights in over 15 000 km of cirrus clouds. See text for explanation of how
PSDs are generated.
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al. 2003). However, the bimodal PSDs reported by
HM95 are based on measurements in cirrus from �24°
to �44°C using a balloonborne replicator, which does
not induce crystal shattering.

Another distinct trend in the PSDs is the increase in
particle size with decreasing altitude and higher tem-
peratures. Kajikawa and Heymsfield (1989) report that
aggregates dominate the large end of the PSD in deep
synoptically generated cirrus. Heymsfield et al. (2002)
show examples of CPI images of aggregates in the
lower regions of a deep cirrus cloud. We have also ob-
served cirrus cases where aggregation of rosette-shaped
ice particles was obvious and very significant lower in
cirrus clouds (see Sassen et al. 2001); however, aggre-
gation does not always occur and appears to be much
less frequent than in other clouds, such as the outflow
region of continental thunderstorms (Connolly et al.
2005). While we did not perform a quantitative analysis
of aggregation, we have found that it is sometimes dif-
ficult to distinguish aggregation from complex diffu-
sional growth patterns. These complex shapes appear
to develop as ice particles fall through different tem-
perature regimes in deep cirrus clouds, producing side
planes and appendages with various habit characteris-
tics. The diffusional growth of these complex crystals
may be augmented by aggregation. We show examples
of ice particles in deep cirrus later in this section.

Figure 3 shows bar plots of particle habits recognized
by software that automatically sorts particles �50 �m
into six habit categories. In this case, only the particles
imaged by the CPI are analyzed and the number of

particles in each category is not adjusted for detection
sensitivity. This has the effect of underweighting par-
ticles smaller than approximately 100 �m in addition to
ignoring particles smaller than 50 �m. Again, as men-
tioned in the introduction, “rosettes” in this figure refer
to rosette-shaped ice particles.

Figure 3 also shows examples of typical CPI images
placed into each category, including images that may be
misclassified by the software. The software used to au-
tomatically classify the particle habits was checked
manually to obtain an estimate of its accuracy. Sections
of each flight leg were selected at random and an av-
erage of approximately 25% of all particles �50 �m in
each section were classified manually. The results are
shown in the caption of Fig. 3. Totaling all particle hab-
its together, approximately 12% of the particles were
misclassified according to human eye. The largest per-
centage (27%) misclassified was in the plate category
but, as shown in Fig. 3, plates only account for approxi-
mately 1% of the total number of ice particles. More
importantly, rosette-shaped images are classified cor-
rectly almost 90% of the time. We separate budding
rosettes as having short, stubby branches and interpret
these to be small rosette-shaped particles. We distin-
guish growing crystals from sublimating crystals based
on the work of Korolev and Isaac (2004), who show that
sublimating CPI images typically have very rounded
edges. Some regions of the cirrus clouds investigated (7
of the 104 legs) had distinct regions with virtually no
small particles and only irregular, rounded shapes with
sizes that ranged from 100 to 200 �m in size. Some

TABLE 2. Means, standard deviations, and extreme values of microphysical properties derived from Learjet data collected in the 22
cirrus clouds shown in Table 1. The measurements are separated into three temperature zones and N is the number of legs flown in
each temperature zone.

Mean Std dev Max Min

�50° to �63°C (N � 36)
IWC (g m�3) 0.005 0.007 0.035 0.001
Concentration (L�1) 846 853 3679 36
Extinction (km�1) 0.464 0.585 3.00 0.023
Reff (�m) 15.4 4.7 26.0 8.1
Radar reflectivity (dBZ ) �27.5 �21.6 �13.8 �51.6

�40° to �49°C (N � 49)
IWC (g m�3) 0.013 0.017 0.077 0.001
Concentration (L�1) 968 951 3817 30
Extinction (km�1) 0.920 1.060 4.779 .017
Reff (�m) 21.53 7.10 41.46 9.99
Radar reflectivity (dBZ ) �21.13 �18.59 �11 �53.5

�30° to �39°C (N � 30)
IWC (g m�3) 0.037 0.038 0.125 0.002
Concentration (L�1) 2170 2159 8267 81
Extinction (km�1) 2.404 2.663 11.094 0.140
Reff (�m) 26.5 7.5 43.1 13.0
Radar reflectivity (dBZ ) �15.5 �14.8 �8.8 �39.1
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examples are shown in the small irregular category in
Fig. 4. We interpret these regions as being composed
almost entirely of sublimating ice particles. Except for
plates, which were almost nonexistent, the most signifi-
cant discrepancy (20%) between the automatic and
manual classifications shown in the caption of Fig. 3
occurs for budding rosettes. Budding rosettes were
sometimes classified as small irregulars and vice versa.
This is because the distinction of particle types in these
two categories is often unclear and subjective, as shown
in the examples of images in Fig. 4.

The results shown in Fig. 3 indicate that rosette
shapes are the predominately recognizable particle
shape in cirrus clouds. However, there is also consis-
tency in our cirrus CPI particle image observations and
observations found in the literature that report rosette
shapes in the temperature range from �20° to about
�55°C. That is, rosette-shaped ice particles observed
from about �20° to �40°C in wave clouds (Part I), ice
crystals precipitating at the South Pole (Ohtake and
Inoue 1980; Lawson et al. 2006a), and CPI images of ice
particles in cirrus (reported here) are consistent in the
finding that the rosette shapes are composed of pre-
dominantly platelike polycrystals, mixed-habit rosettes,
and rosettes with side plane. Field observations of ro-
sette-shaped ice particles in the temperature range
from �40° to �55°C are mostly pristine bullet rosettes.
These observations are in agreement with the labora-
tory findings of Bailey and Hallett (2004).

The particles in cirrus clouds tend to fall into crystal
habit categories that are a function of particle size. This
is demonstrated in Fig. 5, where the average mass PSD
is delineated to show particle habits classified from all
of the nine legs flown in the 24 November 2003 deep
cirrus cloud. Here we have included small particles to
show how spheroids dominate the PSD for sizes �30
�m. From approximately 30 to 150 �m, small irregulars
contribute most of the mass. Columns account for only
a few percent of the mass and occur mainly in the size
range from 25 to 200 �m. Budding rosettes account for
approximately 25%–40% of the mass in the size range
from 75 to 300 �m and rosette shapes dominate the
PSD at sizes of 300 �m and larger. Budding rosettes
and rosette shapes account for more than 80% of the
mass of cirrus crystals larger than 200 �m in size.

As shown in Fig. 3, the automatic particle habit clas-
sification scheme indicates that rosette shapes consti-
tute more than half of the surface area and mass of
cirrus particles �50 �m. The data also show that the
percentage contribution of rosette shapes increases
with increasing temperature. Increasing temperature
corresponds with increasing particle size, as shown in
Fig. 2. The mass percentages of rosette shapes increase

FIG. 3. Histogram showing the results of automatic particle
habit classification as a function of number, area, and mass for
three temperature ranges. Data were collected during 104 Learjet
legs in cirrus. Standard deviation is not an error estimate, but
instead shows the leg-to-leg variability in particle habit distribu-
tions. When compared to a manual classification, the following
discrepancies in the automatic method were found, spheroids:
5%; columns: 8%; plates: 27%; budding rosettes: 20%; rosette
shapes: 11%; small irregulars: 11%; and large irregulars: 13%.
Total for all categories: 12%
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from approximately 40% at �50°C, to 55% at �40°C,
to 80% at �30°C. The trend in the surface area per-
centages is similar, except that the values are approxi-
mately 3% less than the mass values. Irregulars consti-
tute the next largest fraction of particle habits, account-
ing for approximately 40% of the mass of crystals larger
than 50 �m. Small and large irregulars display a habit
trend with height that is the opposite of rosette-shaped
particles. Small irregulars decrease from approximately
50% at �50°C, to 40% at �40°C, to 15% at �30°C.
Thus, the trend for irregulars to decrease with increas-
ing temperature may be due, in part anyway, to the
realization that the larger the image, the easier it is to
classify (both manually and automatically). It should be
noted that columns and spheroidal shapes account for
only a few percent each of cirrus particles �50 �m in
size; plates are even rarer.

While the habit classification has been restricted to
particles with sizes �50 �m, it can be seen from Fig. 2
that particles with sizes �50 �m still contribute signifi-

cantly to number concentration, area, and mass. Based
on data collected in 22 midlatitude cirrus clouds, 99%
of the total number of particles, 69% of the extinction,
and 40% of the mass comprised particles �50 �m. In

FIG. 5. Mass PSD showing particle habits as a function of
particle size for the entire cirrus flight on 24 November 2003.

FIG. 4. Examples of CPI particle images from the six categories used in the automatic
particle habit classification. Also shown, at right, are examples in each category of particles
that have been misclassified.
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comparison, Part I found that 99% of the total number
of particles, 68% of the extinction, and 38% of the mass
comprised particles �50 �m in wave clouds. A visual
inspection of the CPI images with sizes �50 �m in both
wave and cirrus clouds suggests that these are almost
always spheroidal particles with no definitive crystal
shape, with the caveat that sometimes a faceted crys-
talline shape (e.g., a small plate) may not be discern-
able. However, we expect that the actual occurrence of
small plates is infrequent since observations of larger
plates are rare.

HM95 show balloon replicator measurements of one
ascent in a long-lived, large-scale cirrus layer. They also
show general results from replicator ascents in five ad-
ditional cirrus cases and some measurements from hori-
zontal legs flown by the NCAR King Air. The vertical
profiles of particle images and aircraft measurements in
a few deep cirrus cases, although very limited in scope,
offer an opportunity to compare with the more com-
prehensive measurements presented in this paper.
Some results from HM95 are similar to those observed
in our work, while others contrast with the results that
we present. As mentioned above, HM95 show bimodal
PSDs throughout the cirrus layer, and the images show
a mixture of rosette shapes, irregular shapes, and small
quasi-spheroidal particles, which is in general agree-
ment with our results. However, HM95 report ice par-
ticle concentrations that are one to two orders of mag-
nitude less than reported here. This can possibly be
explained because HM95 make no correction for col-
lection efficiency in the balloon measurements and they
do not include the FSSP measurements from the King
Air. HM95 also report that the deep cirrus clouds have
a definite structure with a generation region near cloud
top with the highest concentration of small particles, an
ice-saturated region below that supports particle
growth, and a lower region where ice particles subli-
mate. Their results are largely based on humidity mea-
surements and a numerical model.

The measurements presented in this paper occasion-
ally support the conceptual model presented by HM95
but, for the most part, our measurements show that
cirrus clouds are much more complex than suggested by
the HM95 model. For example, while our measure-
ments sometimes show the existence of small quasi-
spherical particles and budding rosettes near cloud top,
in other clouds, the measurements show large, growing
rosette shapes near cloud top. Although relative hu-
midity is an obvious factor influencing particle devel-
opment (HM95), of the parameters measured in our
research (relative humidity was not measured), cloud
temperature and cloud thickness are most influential in
distinguishing ice particle characteristics. Figure 6

shows examples of CPI images of ice particles in re-
gions at the top, middle, and base of clouds. The images
have been chosen to emphasize the lack of consistency
in particle habits as a function of position in cloud.
However, we need to point out that these are not iso-
lated images, or isolated examples, but instead repre-
sent the diversity in particle types that can be found in
large regions of some clouds. For example, a thin (1
km) cirrus with cloud top at �43°C contains 200–300-
�m rosette shapes and another thin cirrus cloud top
contains 100–200-�m sublimated ice at �39°C, while a
2-km-thick cirrus shows small ice and budding rosettes
at cloud top (�53°C), similar to the HM95 measure-
ments. The examples of particles in Fig. 6 show that
particles ranging from small ice to faceted, and growing
particles to sublimated ice can be found in midcloud
regions. Similarly, large regions with most any particle
shape can be found near cloud top and cloud base.

The particle images in Fig. 6 suggest that distance
from cirrus cloud top and/or base is not always a good
indicator of particle size and shape. Based on relative
humidity measurements at temperatures below �30°C,
HM95 observed regions of clear air with peak ice su-
persaturations of up to 20%, suggesting that higher
relative humidities may be associated with ice initia-
tion. Figure 6 shows that small particles and crystals
with sharp edges can be found throughout the depth of
cirrus clouds, suggesting that new ice particles nucleate
and can grow at all levels. Similarly, sublimated ice par-
ticles can also be found at any location within cloud.
The observation that new and growing particles, as well
sublimating particles, can be found at all cloud loca-
tions is likely reflective of the layer variability in rela-
tive humidity often seen in radiosonde observations.
When averaged over all clouds (Fig. 3), there are more
spheroids and small irregulars at �50°C and more ro-
sette shapes and big irregulars near �30°C. Thus, the
HM95 model may be more applicable in a general sense
for an average of cirrus clouds where cloud top and
cloud base roughly correspond with these tempera-
tures.

While Fig. 6 shows that both growing and sublimat-
ing particles can be found at all locations in cirrus
clouds, dependent on cloud temperature and cloud
depth as well as relative humidity (HM95), an exami-
nation of cirrus clouds with thickness �5000 ft (1.5 km)
shows that PSDs in the upper and lower portions of
clouds are mostly similar. Figure 7 shows PSDs as a
function of number and mass for the cirrus clouds in
Table 1 that have a cloud thickness �5000 ft (1.5 km),
divided into upper cloud regions and lower cloud re-
gions. If the cloud is thicker than 8000 ft (2.4 km), then
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the upper region is confined to the upper 4000 ft (1.2
km) and the lower region to the lower 4000 ft; other-
wise the upper and lower regions are determined by
dividing the cloud halfway between cloud top and cloud
base. The upper cloud region included measurements
from �39° to �57°C and the lower cloud region in-
cluded measurements from �33° to �46°C. Figure 7
shows that there are only small differences in the aver-
age PSDs in the upper portions of cirrus clouds com-
pared with the lower portions. There is slightly more
mass in the lower portion, found mostly in the slightly
larger tail of the lower-region average PSD. A slightly
larger concentration of small ice particles is found in
the lower portions of cloud compared with the upper
portions of cirrus cloud.

Thus, for relatively thick cirrus clouds, there are only
slight differences in the average PSDs from the upper
and lower 4000 ft (1.2 km) of cloud. However, as shown
in Fig. 6, regions of growing and sublimating particles

can be found at all levels in cirrus clouds. Interestingly,
examination of Fig. 13 in HM95 is supportive of Fig. 6,
as there is very little difference in the ice particle im-
ages at cloud top (panel a) and cloud base (panel g)
seen in HM95’s Fig. 13. By and large, our observations
show that the microphysical structure of cirrus clouds is
much more diverse and complex than in the HM95
model, which suggests a generalized picture with a gen-
eration region near cloud top, growth in midcloud, and
sublimation near cloud base.

The similarity in PSDs between deep cirrus clouds
and wave clouds is particularly interesting. In wave
clouds, Part I separated the average PSDs into two tem-
perature regions, �20° to �37°C and �38 to �60°C.
The shapes of the average PSDs in the colder region of
wave clouds (Part I) and the average PSD in the region
from �50° to �63°C in cirrus (Fig. 2) are very similar.
Also, both the average PSDs in the wave cloud region
warmer than �37°C and the cirrus cloud region from

FIG. 6. Examples of CPI images showing the diversity of particle shapes observed near cloud
top, midcloud, and near cloud base. Example images were not observed in isolated pockets,
but instead in larger regions, sometimes extending the entire length of the cloud pass. Date,
observation temperature, and cloud depth are shown for each set of example images.
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�30° to �39°C are strongly bimodal, and the overall
shapes of the average PSDs are very similar.

The observations presented here—that is, the strong
similarity between wave and cirrus cloud average PSDs,
the similarity in percentages of crystal habits (including
small spheroidal particles �50 �m), and similar wave
cloud and cirrus percentages of concentration, area,
and mass of particles �50 �m—lend credence to the
(HM95) hypothesis that wave and cirrus clouds expe-
rience similar microphysical processes. That is to say,
the ice formation process in cirrus may proceed in a
way similar to that observed in wave clouds, via freez-
ing of supercooled water and/or solution drops, albeit,
at different spatial and temporal scales. The finding
that the large majority of the number concentration and
area of cirrus particles are spheroidal with sizes �50
�m is also important for modeling and studies of radia-
tive transfer (Ivanova et al. 2001).

b. High concentrations of small particles in cirrus

Field et al. (2003) analyzed the interarrival times of
particles in cirrus measured by a fast FSSP (Brenguier
et al. 1998). From these data they derived a statistic that
expressed the degree of departure from the expected
Poisson spatial distribution of particles in cloud. Field
et al. found that clustering of small particles resulted in
a non-Poisson particle distribution. The small particle
clustering was associated with relatively high concen-

trations of 2D-C imaged particles with maximum di-
mensions �350 �m. They conducted an analysis of the
arrival times of the small particles that suggested that
the clustering was, at least in part, due to shattering of
the large ice particles on the inlet of the FSSP. The
measurements reported by Field et al. suggest that the
maximum natural ice particle concentration in the cir-
rus clouds they investigated is on the order of 1 cm�3.
Here we examine particle concentrations and related
measurements in two cirrus clouds where the maximum
particle size did not exceed 100 �m, so that shattering
was highly unlikely, while the FSSP ice particle concen-
tration ranged from 2 to 8 cm�3.

On 22 and 23 November 2002 the SPEC Learjet flew
coordinated flights with a Proteus research aircraft op-
erated by the Sandia National Laboratories under con-
tract to the U.S. Department of Energy. Both flights
were flown in thin cirrus in the vicinity of eastern Col-
orado, western Kansas, and northwestern Okalahoma.
In each case, the cirrus deck extended from approxi-
mately 33 000 to 35 000 ft, with occasional higher tops
(wisps) to approximately 37 000. Both cloud decks had
an average cloud-base temperature of �45°C and a
cloud-top temperature of �54°C (at 35 000 ft MSL).

From 2335:30 to 2338:30 UTC the Learjet made a
gentle climb from 33 600 ft MSL (T � �50°C) to 34 700
ft MSL (T � �52°C), which was just below cloud top.
There was no image activity on the 2D-C probe during

FIG. 7. Number and mass PSDs for upper and lower portions of cirrus clouds with depths
�5000 ft (1.5 km). If the cloud depth is �8000 ft (2.4 km) the upper and lower portions
represent the upper and lower 4000 ft (1.2 km), respectively. If the cloud depth is �4000 ft (1.2
km), the upper and lower regions represent the upper and lower halves of the cloud.
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this time period. The CPI imaged over 1000 particles in
the 2-min period. All of the particles were smaller than
100 �m. The lack of activity on the 2D-C probe is not
unexpected because at the airspeed of the Learjet, 165
m s�1, the time response of the 2D-C will limit it from
imaging particles ��150 �m (Strapp et al. 2001; Law-
son et al. 2006b). There was some very slight activity
(�0.1 L�1) on the 2D-C shadow-or signal, which counts
whenever any of its photodiodes is occulted, but this
signal cannot be distinguished from noise. Generally,
light shadow-or activity in the absence of images occurs
when there are particles, but they are too small to pro-
duce images. Therefore, it is unlikely that particles
�100 �m existed in the flight path of the Learjet, so
based on the statistics presented by Field et al. (2003)
this is a case where crystal shattering should not en-
hance ice particle concentration.

Figure 8 shows time series plots of FSSP concentra-
tion; a composite FSSP, CPI, and 2D-C PSD; sample
CPI images; and derived parameters from one of the
two cirrus missions. The time period shown in Fig. 8 is
from 2335:30 to 2338:30 UTC 22 November 2002; mea-
surements from the second cirrus mission flown on 23
November 2002 were similar but are not shown here for
brevity. The FSSP concentration peaks at approxi-
mately 8 cm�3 in the middle of the time series plot in
Fig. 8. The average ice particle concentration from
2336:00 to 2338:00, a distance of approximately 20 km,
is 4.5 cm�3. This is a region with the highest ice particle

concentrations observed in this cirrus cloud, although
there were other similar periods where concentrations
occasionally exceeded 5 cm�3. The high concentrations
of small particles cannot be explained by crystal shat-
tering. The CPI images show that most of the particles
were small spheroidal shapes, irregulars, and small bud-
ding rosettes. The cirrus cloud mission on 23 November
2002 resulted in measurements where concentrations of
small particles exceeded 1 cm�3 for over 20 km and
there were no particles �100 �m.

c. Comparisons to microphysics of wave clouds

Next, in situ Learjet measurements in deep wave
clouds and deep cirrus clouds are compared. These re-
sults are presented to show the striking similarity in
some of the microphysical properties of deep wave
clouds and deep cirrus clouds. The main point that will
be put forth is that, even though the ice formation pro-
cess is observable in wave clouds and it is not in cirrus,
once ice forms, grows, and then sublimates, the shapes
and sizes of the ice crystals are very similar in both
types of clouds. This may imply that the predominant
nucleation process in wave clouds, immersion freezing
of droplets and solution droplets, is also occurring in
cirrus clouds, even though it is more difficult to ob-
serve.

Part I show PSDs and histograms of particle types for
wave clouds in a similar format to Figs. 2 and 3 shown
here for cirrus clouds. The shapes of the PSDs in wave

FIG. 8. Learjet data from flight in a thin cirrus cloud on 22 November 2002 showing example
of high concentrations of ice where there were no particles detected that were �100 �m.
Particle concentration, IWC, effective radius (Reff), and equivalent radar reflectivity (Zeff) are
derived from combined FSSP and CPI PSDs and are averaged over the time period from 2336
to 2338 UTC. “Nev IWC” is derived from a Nevzorov total water content sensor.
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and cirrus clouds show similar tendencies with tempera-
ture. That is, the bimodal shape of the average wave
cloud mass PSD in the region from �20° to �37°C is
very similar to the shape of the average cirrus mass
PSD in the region from �30° to �39°C. The average
PSD in the region from �38° to �60°C in wave clouds
is monomodal, although one of the individual PSDs is
bimodal. The average cirrus PSD in the region from
�51° to �61°C is nearly monomodal, with only a hint
of bimodality, and is thus very similar to the cold tem-
perature region in wave clouds.

The particle sizes in each temperature zone are gen-
erally of the same order as those found in the corre-
sponding temperature zone in wave clouds. In both cir-
rus and wave clouds, the particle size increases with
decreasing altitude. As in the wave clouds, small par-
ticles ��50 �m dominant the number concentration in
cirrus clouds. The predominant recognizable particle

type �50 �m in both wave clouds and cirrus is the
bullet rosette shape with only a few percent columns
and ��1% plates, when the measurements are
weighted by mass. Irregular particle shapes are com-
mon in both cloud types, accounting for approximately
50% of the mass of the particles at lower (���40°C)
temperatures, and ��25% of the mass at higher
(���40°C) temperatures.

Figure 9 shows a comparison of vertical profiles of
typical CPI images in a deep cirrus cloud and the gla-
ciated region of a deep wave cloud downwind of the
supercooled liquid water region where ice forms. The
similarity in the particle types in the deep wave and
cirrus clouds is readily apparent. A table showing av-
erage measurements in wave clouds at the location just
downwind of where the supercooled liquid water ends
is shown in Part I. The main difference in average mea-
surements in this region of wave clouds and cirrus

FIG. 9. Comparison of vertical profiles of representative CPI particle images in (left) a wave cloud in the glaciated
region just downwind of the location where supercooled liquid water ends and (right) a deep cirrus cloud.
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clouds (Table 2) is that the values of particle concen-
tration, IWC, and extinction are roughly an order of
magnitude greater in wave clouds than in cirrus clouds.
However, in the far-downwind region of wave clouds at
approximately �30°C, data presented in Part I show
that particle concentration, IWC, and extinction are
about the same as in cirrus clouds for this same tem-
perature region. In addition to the visual similarity in
particle types, observations of side-plane growth in
both wave clouds and deep cirrus clouds suggest that
the ice crystal formation processes in both cloud types
is similar. CPI images of side planes have also been
observed in cirrus clouds by other investigators (e.g.,
Heymsfield et al. 2002), so this is not a unique occur-
rence. Part I found, from a careful examination of CPI
images in wave clouds, that side planes were rarely ob-
served on crystals that had not exceeded their riming
threshold size. This suggests that side-plane growth oc-
curs from subsequent vapor deposition at a riming site.

Part I show measurements in wave clouds indicating
that rosette shapes and other polycrystals form in the
temperature range from approximately �28° to �55°C.
Since polycrystalline structures can result from rapid
freezing of supercooled drops at low temperature
(Pruppacher and Klett 1997; Bacon et al. 2003), and
�37°C is the observed homogeneous freezing point of
pure water in the atmosphere, the formation of rosette
shapes at temperatures ��37°C suggests that they
could be forming on small solution drops or that depo-
sition nucleation on aerosols can also lead to polycrys-
talline particles. The existence of crystals with side
planes in cirrus, which Part I suggest grow at a riming
site, also supports the premise that the rosette-shaped
particles in cirrus clouds are formed on very small, su-
percooled liquid and/or solution drops. If the rosette-
shaped particles are forming on frozen solution drops,
the drops must be very small because detection of su-
percooled liquid water and aircraft icing are rarely, if
ever, observed in cirrus. That is, very small droplets
would tend to flow around an airframe and, if droplet
impact on the airframe did occur, the potential mass
that could be accreted is very small and may not be
noticeable. Therefore, the presence of cloud-sized su-
percooled drops in cirrus is unlikely, or the drops exist
only briefly. The similarity in shapes of the PSDs in
wave and cirrus clouds suggests that there is a transition
from vapor to liquid to ice in both wave and cirrus
clouds. The bump in the PSDs at small sizes in wave
clouds is attributed to small quasi-spheroidal ice that
occurs from freezing of supercooled water and/or solu-
tion drops (Part I). A similar bump in the PSDs of
cirrus clouds suggests that the ice may also have formed
on small water and/or solution drops. The possibility

also exists that the nucleation process is the result of
deposition; however, we have no evidence to support or
refute this possibility.

As discussed above, similarities in the microphysical
characteristics of particle formation suggest that the ice
in cirrus and wave clouds may be undergoing similar
microphysical processes. However, the microphysics of
particle nucleation and growth can be observed more
readily in wave clouds because the process occurs more
quickly as air flows through the nearly stationary cloud.
Also, the updraft velocities in wave clouds are sus-
tained and much larger (cf. Heymsfield and Milo-
shevich 1993 with Ström 2004), so cloud drops in wave
clouds are generated in a more predictable and prolific
manner. In cirrus clouds the conversion of cloud con-
densation nuclei to cloud drops is difficult to observe.
This is because it is logistically difficult to place re-
search aircraft in the formation stage of cirrus clouds
and the extents of the updrafts are small. Thus, gener-
ally any solution or cloud drops that are generated in
cirrus will be very tiny, and only the end products (i.e.,
ice crystals) are typically observed. The data presented
here suggest that the ice particles in cirrus clouds first
go through a conversion from water vapor to liquid and
solution droplets, which freeze at low (���30°C) tem-
peratures, thereby developing polycrystalline ice par-
ticles through a microphysical process that may be simi-
lar to wave clouds.

d. Dimensional properties of ice particles

Cirrus clouds are a critical component in the earth’s
radiation budget (Liou 1986) and the radiative proper-
ties of cirrus are strongly dependent on particle size and
shape (Stephens et al. 1990; Mishchenko et al. 1996). In
this section, we examine a geometric relationship, plots
of particle area to length, and compare this relationship
to area-to-length plots of particles in wave clouds. Fig-
ure 10 shows area-to-length relationships for rosette
shapes and budding rosettes, columns, irregulars, and
all particles �50 �m based on 104 legs in the 22 cirrus
clouds. As expected, the columns have the smallest
area-to-length ratio, followed by rosette shapes and
then irregulars. The best-fit least squares equations for
the area-to-length relationship in cirrus are shown in
Fig. 10 and can be used for radiation studies. Figure 11
shows area-to-length relationships as a function of tem-
perature for all particles �50 �m in the 22 cirrus clouds
on a log–log plot, shows a trend whereby the area-to-
length ratios of ice particles increase with increasing tem-
perature. This trend results from the increase in side-
plane, complex shapes and irregulars found lower in
thick cirrus clouds at higher temperatures (see Fig. 9).

Figure 12 shows a comparison of particle area-to-
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length relationships for budding rosettes in wave clouds
and cirrus clouds at temperatures ��37°C. The low
temperature range was selected to isolate crystals that
did not contain side planes and riming. The comparison
does not reveal any detectable differences between
budding rosettes in cirrus and wave clouds at tempera-
tures below �37°C. On the other hand, Fig. 13 shows a

comparison of the geometries of rosette shapes and
budding rosettes, at all temperatures in wave and cirrus
clouds. For purposes of comparison, we also show in
Fig. 13 a typical curve for chainlike aggregates that are
often observed in the anvils of continental thunder-
storms (Connolly et al. 2005). The chainlike aggregates

FIG. 11. Log–log plot showing particle area vs particle length as
a function of temperature for all particles �50 �m in the 22 cirrus
clouds shown in Table 1.

FIG. 13. As in Fig. 12 except data are for rosette shapes and
budding rosettes at all temperatures in wave clouds and cirrus
clouds. Chainlike particles, which appear as chains of small ice
particles in anvils (Connolly et al. 2005), are shown to emphasize
the difference in the geometric relationship of this particle shape.

FIG. 10. Plot of CPI image projected area vs length for colum-
nar, rosette shapes, irregular, and all-ice particles �50 �m in 22
cirrus clouds listed in Table 1. Best-fit least squares equations and
correlation coefficients are shown for each curve.

FIG. 12. As in Fig. 10 except data show comparison of budding
rosettes in the regions of wave clouds and cirrus clouds with tem-
peratures ��37°C.

3200 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S VOLUME 63



generally have aspect ratios �2:1 and thus are expected
to have substantially smaller area-to-length ratios. The
comparison in Fig. 13 is shown to provide a comparison
of the magnitude of the difference in area-to-length
ratios that can be expected in cirrus and anvil clouds.

The data show that wave cloud particles tend to have
slightly larger area-to-length ratios than particles in cir-
rus clouds. Based on visual inspection of CPI images in
both wave and cirrus clouds, we attribute this to the
overall increased amount of riming and side-plane
growth in the wave cloud dataset. The increased riming
and side plane is attached to the side of the branches on
rosette-shaped particles; when viewed as a two-
dimensional projection, this effectively fills in the clear
space between the arms of rosette-shaped particles.
The increased riming and side-plane growth in wave
clouds is expected because supercooled liquid water is
frequently observed in the wave cloud dataset.

4. Summary and discussion

Microphysical measurements were collected during
22 Learjet missions flown in midlatitude cirrus. The
dataset was collected while the aircraft flew 104 hori-
zontal legs, totaling over 15 000 km in cloud. Tempera-
tures ranged from �28° to �61°C; however, the major-
ity of the data were collected between temperatures
from approximately �35° to �50°C. This is the most
comprehensive dataset yet collected of CPI measure-
ments of midlatitude cirrus particle sizes and shapes.

The measurements show that cirrus particle size dis-
tributions (PSDs) are bimodal, displaying a maximum
in number concentration, area, and mass near 30 �m
and another smaller maximum near 200–300 �m, simi-
lar in shape to those reported by Ivanova (2001). Par-
ticles with rosette shapes, which include budding ro-
settes with short arms, mixed-habit rosettes, rosettes
with side planes, and platelike polycrystals constitute
over 50% of the surface area and mass of ice particles
�50 �m in cirrus clouds. Approximately 40% of the
remaining mass of ice particles �50 �m is found in
irregular shapes, with a few percent each in columns
and spheroidal shapes. Plates account for �1% of the
total mass in these midlatitude cirrus. Particles �50 �m
account for 99% of the total number concentration,
69% of the extinction, and 40% of the mass in midlati-
tude cirrus. The relatively high percentage of rosette
shapes and low percentages of columns and plates dif-
fers somewhat from datasets collected using older mea-
surement technologies, which suggested that spatial
polycrystals, columns, and plates were predominant
(e.g., Heymsfield and Platt 1984; Dowling and Radke
1990). However, the spatial polycrystals observed on an

impactor by Heymsfield and Platt are similar in appear-
ance to the rosette shapes observed in our work.

The average particle concentration in cirrus is on the
order of 1 cm�3. The highest concentrations (�5 cm�3)
are typically found in the lower parts of deep (�3 km)
cirrus clouds, although there are some instances where
these high concentrations were observed in thin cirrus.
These values of particle concentration are considerably
higher than earlier estimates, which were on the order
of 0.01–0.1 cm�3 (Heymsfield and Platt 1984; Dowling
and Radke 1990). However, the higher concentrations
reported here are in general agreement with later esti-
mates (Lawson et al. 2001; Gayet et al. 2002; Field et al.
2003). There is some question of actual particle con-
centration due to the potential contribution of particle
shattering on probe inlets (Field et al. 2003). We show
examples of measurements in cirrus where there are no
particles �100 �m (well below the minimum size
thought to contribute to particle shattering), and con-
centrations in these cirrus range from 3 to 8 cm�3 av-
eraged over several kilometers. Thus, the data suggest
that, while crystal shattering may inflate the number of
small particles in some cirrus clouds, there are instances
where crystal shattering is highly unlikely and very high
concentrations of small particles are still observed.

The resemblance of microphysical properties of ice
particles in wave clouds (Part I) and cirrus clouds may
not be coincidental. There is definite similarity in the
shapes of the PSDs with a maximum near approxi-
mately 30 �m. Crystal habits are similar in both cirrus
and wave clouds, as are observations of side planes,
which Part I suggest is correlated with growth at a rim-
ing site. HM95 and Part I show that the formation of ice
particles in wave clouds follows the conversion of water
vapor to cloud and/or solution drops at temperatures
above �37°C, and possibly from vapor to tiny solution
drops at temperatures below �37°C. Under these con-
ditions, immersion freezing or possibly “inside–out con-
tact nucleation” (Shaw et al. 2005; Part I) occurs at
temperatures above �37°C, and homogeneous freezing
occurs at temperatures below �37°C. The possibility of
depositional freezing also exists at temperatures lower
than �37°C, but we have no evidence to support this
process. The result of immersion freezing and homoge-
neous freezing is the formation of polycrystalline ice,
which often grows into rosette shapes. Based on this
circumstantial comparison, the hypothesis can be
drawn that ice particles in cirrus clouds also undergo
conversion from water vapor to liquid and/or solution
drops before freezing to form polycrystalline ice. That
is, the cirrus clouds proceed through the same physical
processes as wave clouds but on larger spatial and tem-
poral scales.
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