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ABSTRACT

Using airborne data from several recent field projects, the authors have taken another look at the
properties of exponential ice particle size distributions (PSDs) when the PSDs are broad. Two primary
questions are addressed: for what ranges of ice water content (IWC) and equivalent radar reflectivity (Ze)
do exponentials produce accurate estimates of these higher moments of the PSD, and why is there a lower
limit to the value to the slope of exponential fits to PSD, �, as has been found from airborne measurements?

Earlier studies at temperatures primarily above �10°C have found that � measured in snow during spiral
descents through deep ice cloud layers decreases to about 9 cm�1 and then remains there. Several physical
processes have been advanced to explain these observations. If reliable, the data could be used to improve
retrieval of ice cloud properties through remote sensing and for cloud model representations of ice cloud
microphysical properties.

For data acquired from 2D probes, recent evidence indicates shattering of large ice particles ahead of, but
attributable to, the probe’s sensing area, generating small crystals that the probe then senses. Shattered
artifacts have been objectively removed from the data. Comparisons of size distributions before and after
removal of suspected shattered particles suggest that the reported minimum may have been due to shat-
tering and/or other instrument errors.

The revised PSDs indicate that for � � 40 cm�1, 0.1 g m�1 � IWC, and 5 dB � Ze, moments two (IWC)
through four (Ze) of the PSD are dominated by particles larger than a few hundred microns. Analytical
representations with more variables than exponentials (e.g., gamma PSD) are not required to accurately
derive these moments from the PSD. In these situations, the intercept parameter of the exponential PSD,
N0 � 1 cm�4, is 5 to 30 times larger than assumed earlier.

1. Introduction

It has become increasingly well established that ice
particles may shatter on the inlets of those instruments
designed to measure them. Such shattering limits accu-
rate particle size distribution measurements and iden-
tification and interpretation of ice crystal nucleation
mechanisms and growth processes. Not only have data
from the Forward Scattering Spectrometer Probe
(FSSP) and related probes been compromised (Gar-
diner and Hallett 1985) but those from the Particle

Measuring Systems 2D-C and others as well (Korolev
and Isaac 2005; Field et al. 2006). Given this new infor-
mation, it is now important to review the earlier studies
and their interpretations to assess their reliability and
to reexamine the properties of size distributions for
snow. This article represents one such effort.

Cloud volume ice particle size distributions are usu-
ally found to be continuous and may be accurately rep-
resented by simple analytical functions (Sekhon and
Srivastava 1970). They are functions of temperature, ice
water content (IWC), cloud formations, and geographic
location (Houze et al. 1979; Heymsfield and Platt 1984;
McFarquhar and Heymsfield 1997; Heymsfield 2003;
Heymsfield et al. 2002, 2006; Ryan 2000; Brandes et al.
2007; Field et al. 2007; Woods et al. 2008). There is
considerable confidence in particle size distributions
(PSDs) measured above about 200 �m, although less so
in those from sizes smaller than 150 �m (e.g., Strapp et
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al. 2001; Field et al. 2003; Lawson et al. 2006). Despite
such continuity, particles at any location in an ice cloud
may have developed through many different processes
and trajectories. Initiation may have been through pri-
mary nucleation or secondary ice production processes.
Growth may be through vapor diffusion or accretion or
aggregation.

When IWC is about 10 mg or greater, especially in
temperatures warmer than about �10°C, the tails of the
PSDs (D � 500 �m) appear to be accurately repre-
sented by exponential curves of the form

N�D� 	 N0e��D, �1�

where D is the particle maximum dimension, N0 the
intercept, and � the slope. In using Lagrangian spiral
descents to quantify downward hydrometeor growth in
ice cloud layers, Lo and Passarelli (1982) found puz-
zling behavior: during the descent � decreased but lev-
eled off at about 9 cm�1. This has also been reported by
Gordon and Marwitz (1986), Braham (1990), and
Heymsfield et al. (2002, 2006) and is found in the ob-
servations of Houze et al. (1979), Bennetts and Ryder
(1984), Stewart et al. (1984), Marecal et al. (1993), and
Platt (1997); see Table 1. In the Cirrus Regional Study
of Tropical Anvils and Cirrus Layers–Florida-Area Cir-
rus Experiment (CRYSTAL-FACE, hereafter CF) and
the Tropical Rain Measuring Mission (TRMM) Kwa-
jalein Field Experiment (KWAJEX), Lagrangian spi-
rals also further support this observation (Fig. 1, after
Heymsfield et al. 2002, 2006). At temperatures above
�10°C the slope of PSD does not always diminish to 9
cm�1. This may occur when active, secondary ice pro-
duction processes supply small ice crystals, thus main-
taining relatively large � (Woods et al. 2008).

Ground-based and in situ � measurements, the first
by Rogers (1973) and Brandes et al. (2007) and the
latter by Lawson et al. (1998), have reported � values as
low as 2 cm�1. The lower limit of the size range in these
studies was 400–1000 microns instead of the 100–200-

micron range in which asymptotic behavior was re-
ported (Table 1). The size range of the particles con-
sidered may affect � since below several hundred mi-
crons PSDs often change from exponential to gamma,
increasing �.

To explain a lower limit to the value of �, Lo and
Passarelli (1982) have suggested that large particles
produced by aggregation are broken up by natural col-
lisions between ice crystals. This reduces large particle
sizes and maintains small particle concentrations de-
spite constant reduction by aggregation. They likened
the process to drop coalescence and breakup. Mitchell
and Heymsfield (2005) attributed the limiting value to
particle growth and reduced dispersion of fall speeds,
which eventually limits the aggregation process.

The finding that � is about 9 cm�1 under certain
conditions has useful applications. The IWC may be
easily determined from the equivalent radar reflectivity
factor, Ze. Particle mass m is given by

m�D� 	 aDb, �2�

where a and b are dependent upon particle habit (e.g.,
Mitchell 1996) or temperature (Heymsfield et al. 2007).
By integrating exponential PSD from 0 to 
, the IWC is
found from

IWC �g m�3� 	 a106N0

��b  1�

��b1�
. �3�

Similarly, for Rayleigh scatterers (as is the case with
X-band radars),

Ze �mm6�m�3� 	 �6a ���0�2 �1.09�Ki �Kw�2�

� 1012N0

��2b  1�

��2b1�
. �4�

In Eq. (4), the factor 1.09 accounts for the ratio of the
density of liquid water �0 to solid ice, and Ki/Kw con-
verts the radar reflectivity with respect to solid ice to
Ze. Combining (3) and (4),

TABLE 1. Instruments used in cited ice cloud studies.

Study Small mode probe Range (�m) Large mode probe Range (�m)

1: Rogers (1973) Ground-based collections �1000
2: Houze et al. (1979) 1D-C PMS probe 30–380 1D-C PMS 200–3000
3: Lo and Passarelli (1982) 1D-C PMS 200–4500
4: Gordon and Marwitz (1986) 2D-C 100–800 2D-P 200–6400
5: 5: 2D-C 100–800 2DP 200–6400
6: Lawson et al. (1998) HVPS 400–20 000
7: Stewart et al. (1984) 2D-C PMS (HVPS) 100–800 2D-P PMS 200–6400
8: Heymsfield et al. (2002, 2006) 2D-C 100–1000 HVPS 400–20 000
9: Brandes et al. (2007) Ground-based 2D video distrometer �400

10: Woods et al. (2008) 2D-C 100–1000 HVPS �400–20 000
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IWC 	 Ze� �2�b�0
2

36 � 106a�1.09Ki �Kw�2�� ��b  1�

��2b  1��.

�5�

Using appropriate values for a and b and setting � 	 9
cm�1 yields a simple, analytic relationship for deriving
IWC from Ze. Other applications of this finding are
deriving different moments for PSD and for micro-
physical parameterizations, including the collection
kernel for aggregation.

As Table 1 shows, most observations of the limiting
value of � have been obtained from 1D-C or 2D-C
imaging probes measuring reliable PSDs above about
125 �m and with a 2D-P or high-volume precipitation
spectrometer (HVPS) probe sizing to 3 mm or above.
All of the investigations, with the exception of studies 8
and 9, fit their binned size distributions using a least
squares method. This method minimizes the error fitted
across the PSD. Study 8 used principal component
analysis, which further reduces the error, and study 9
used the third and sixth moments to improve the rep-
resentation of these higher moments.

Lo and Passarelli (1982) suggested that the asymp-
totic feature of the exponential PSD might be attribut-
able to an instrumental artifact but were unable to ex-
plain it. Two recent studies of shattering on the inlets of

2D imaging probes may possibly account for the � limit.
Field et al. (2006) found for the Particle Measuring
Systems (PMS) 2D-C probes, and to a lesser extent for
the 2D-P probes, that the interarrival times of the mea-
sured particles can be bimodal. The longer interarrival
time is thought to represent real cloud particles and the
shorter one to be from fragments of shattered ice par-
ticles. The authors concluded that, when large particles
are present, the measured total concentration may be
affected by up to a factor of 4, and they developed
objective means to remove most of the artifacts. The
study did not consider how the time response of the
2D-C electronics could have affected the interarrival
times. Korolev and Isaac (2005) reported a correlation
between the number of 2D images containing multiple
fragments and the maximum particle sizes from the
PMS 2D-P and the Stratton Park Engineering Com-
pany HVPS probe. They interpreted their results as
evidence of particle breakup either on the probe or in
airflow distortion as the particle enters the probe’s
sensing area.

The present study reports a reevaluation of ice PSD
slopes as to whether shattering, primarily in broad par-
ticle spectra, could be responsible for low � values. We
used data corrected to account for shattering on the
2D-C inlet to examine whether there is a lower limit to

FIG. 1. Slope of the exponential curves fitted to the PSD during Lagrangian spiral descents from (a), (b)
CRYSTAL FACE and (c) KWAJEX.
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� and if the moments two and above of PSD may be
accurately accounted for with an exponential PSD.
Methods and data are given in section 2 and the results
in section 3. A summary and conclusions are in sec-
tion 4.

2. Methods and data

The data used here are from Lagrangian spiral de-
scents by the University of North Dakota Citation air-
craft during KWAJEX and CF. Also examined were
data collected with the NCAR C130 during the Alli-
ance Icing Research Study II (AIRS-II) in 2003 (Isaac
et al. 2005). KWAJEX and CF involved summertime
clouds, primarily convectively generated, with almost
no supercooled water in the ice cloud regions. The
AIRS-II clouds were from later fall and wintertime lay-
ers, with some embedded weak convection and mixed-
phase and liquid water regions. We filtered out such
regions in our analysis. Both aircraft sampled the
clouds studied here at an airspeed of about 120 m s�1.
From a 2D-C and an HVPS the PSDs could be mea-
sured from about 100 �m to greater than 1 cm. For
2D-C particles with maximum diameters D below
about 160 �m, the sample volume of the probe is di-
rectly proportional to the its depth of field (DOF).
Above this size the DOF is mechanically limited. The
DOF should only be proportional to D2: however, labo-
ratory experiments have shown that the 2D-C’s true
DOF also decreases significantly with true airspeed
(TAS) for D � 100 �m because of the nonzero re-
sponse time of the photodiodes (Strapp et al. 2001).
The TAS considered here ranged from 10 to 100 m s�1,
the upper limit chosen for safety reasons. The DOF–
TAS relationship was studied from theoretical consid-
erations by Baumgardner and Korolev (1997) and Ko-
rolev et al. (1998). Extrapolation of the laboratory
simulation from 100 to 120 m s�1 suggests that 100-�m
particle concentrations could be overestimated by 30%
and 80-�m ones by a factor of 2.5. The sizes may be
underestimated by a factor of 2. The appendix and sec-
tion 3 suggest that these errors will have minimal effect
on our interpretations. Note that these are only ap-
proximate guidelines because the corrections are probe
dependent. Lawson et al. (2006) compared 2D-C data
to that from a new probe, the 2D-S, in situ in ice and
water clouds. They concluded that 2D-C particle im-
ages and PSD between 25 and 150 �m collected at air-
speeds �100 m s�1 are probably (erroneously) gener-
ated from out-of-focus particles. Forward scattering
spectrometer probes collected data from 2 to 50 �m.
Except where noted, FSSP data are not used in this
study because they are highly likely to be influenced by
shattering (Field et al. 2003).

The 2D-C and HVPS processing software was built
upon code developed at NCAR beginning in the mid-
1970s (Heymsfield and Parrish 1978). The current soft-
ware was developed for the Interactive Data Language
(IDL) package. The diameter was derived as the “true”
maximum diameter—not the maximum diameter along
the array or flight direction axes, as in most earlier
investigations. Particles are binned into 33 size ranges,
with bin widths ranging from 30 �m for the smallest
2D-C particles to 2–4 mm for the HVPS particles. The
Field et al. (2006) acceptance criterion uses a threshold
particle interarrival time of around 2 � 10�4 s and has
been used to remove shattered particles from the 2D-C
sample. The exact value is dynamically determined for
each averaging period. The effects of shattering on the
HVPS are small because this probe is only sensitive to
relatively large particles (D � 800 �m) and its temporal
resolution acts as a filter for the particles associated
with short interarrival times. We did not correct the
HVPS data. The particle probe data are averaged over
5-s intervals or about 0.6 km horizontal path. The PSD
are fitted using the least squares method for consistency
with the earlier investigations. Other fitting methods
are considered where noted.

During CF the IWC was measured by a counterflow
virtual impactor (CVI) (Twohy et al. 1997). Although
CVI measurements were made during the AIRS field
campaign, liquid water precludes direct interpretation
of the IWCs. For all three experiments the IWC was
estimated from the binned PSD using the mass–
dimensional relationship given by Eq. (3). From Brown
and Francis (1995, hereafter BF95), the exponent b is
taken to be 1.9, which is nearly the same as the 1.84
estimated for convectively generated clouds by Heyms-
field et al. (2007). In BF95 the value of a is taken as
0.002 94 g cm�3. We do not use the value of a in this
study. Where particle mass is above 0.91 g cm�3, or
below 90 �m as in BF95, the ice particles are taken as
solid ice spheres. Sub-50-�m size particles are known to
be significantly overestimated because of large particle
shattering on the FSSP inlet. The addition of particles
of such sizes adds about 10% to the IWC from the PSD
but are not added here because they are likely domi-
nated by shattering (Heymsfield 2007).

3. Results

Vertical profiles of � from Lagrangian spiral descents
are given in Fig. 1, corrected profiles in two size ranges
in Figs. 2a–c, and examples of uncorrected and cor-
rected PSD in Figs. 3a–d. The shattered particles iden-
tified by the analysis are 2D-C particles, almost all be-
low 500 �m (Fig. 3), the largest being near the bottom
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of the spirals at the lowest � (see Figs. 2a–c, plots for
the 130–200-�m size range). Because the concentration
of small particles decreases and the largest ones
(sampled by the HVPS) were correctly measured, the
spectra flatten and � decreases (Fig. 3, top of each
panel, compare “old” and “new”). The differences in
the uncorrected and corrected � and �� are 2 or 3 cm�1

(Figs. 2d–f), thereby falling below the 9 cm�1 value.
Note that the fitted exponential PSD do not accurately
represent the concentrations below about 500 �m (Fig.
3), in part because the PSD turn upward or downward
from the exponential forms. These portions of the
PSD are termed “superexponential” and “subexponen-
tial,” respectively, and their effects on the second mo-
ment and above of the PSD are taken up later in this
section.

As is shown in Table 1, for some earlier observations
of � � 9 cm�1 sizing begins at a minimum diameter
Dmin of 400 �m or above. Changing the Dmin for the
exponential fits affects � (Fig. 4). As Dmin increases,
corrected and uncorrected � decrease and are in closer
agreement. Lower values of � result because the fit
begins at sizes larger than where the superexponential
part of the PSD is found.

We further examine the influence of Dmin and the

upper size of the PSD measurements Dmax (Table 1) on
�. In Fig. 5, the corrected PSD from the CF case on 26
July constituting very broad spectra have been used to
derive � for different Dmin and Dmax combinations. The
baseline size range plotted in each panel is taken to be
from 120 �m to 2.5 cm. Differences from the baseline
values are given by an average value ��, shown at the
top of the various panels of the figure. At temperatures
above �2°C, near the bottom of a spiral, many cor-
rected PSDs fall below 9 cm�1. Reducing Dmin below
the baseline value produces a small increase in � (Fig.
5a). An increasing Dmin decreases �� (Figs. 5c,d); a
decreasing Dmax produces large �� increases (Figs.
5g,h).

The results shown in Figs. 4 and 5 may partially ac-
count for the asymptotic � and deviations from it found
in earlier investigations.

• The lower limit of � 	 9 cm�1 disappears when sus-
pected shatterers, sampled after presumably having
been produced by large particles impacting the lead-
ing edges of 2D-C probes, are removed from the
measured PSD.

• If shattering had not been a factor, the studies 2–5
and 7 reported in Table 1with Dmin � 150 �m would

FIG. 2. For the same times as in Fig. 1, (left) number concentrations measured by 2D-C imaging probes in two size
ranges before and after correction for artifacts and (right) changes in � following removal of artifacts.
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minimally have contributed to the asymptotic behav-
ior.

• Whether shattering occurred or not, � would have
been lower in (6), (9), and (10) than in other inves-
tigations because of their relatively high values for
Dmin.

• For studies 2–5 and 7, assuming the actual presence
of large particles, a relatively low upper size detection
threshold, Dmax, could have led to overestimates of �.

For all KWAJEX, CF, and AIRS-II flights at �10°C
and warmer, Fig. 6 gives the distribution of uncorrected
and corrected � profiles. The Dmin are taken to be 120
�m because this is the smallest size at which the 2D-C
DOF uncertainties are relatively minor. With shatter-
ing removed, for almost all CF points � falls below 15
cm�1. Almost all of the CF values are from the spirals
on 26 July. Each descent, spanning the temperature
range from �10° to 0°C, produces some of the highest

FIG. 3. (a)–(d) Examples of four uncorrected and corrected particle size distributions from the Lagrangian spiral
descent on 26 July 2002 from CRYSTAL FACE. Curve fits to each distribution are plotted and � are shown. The
cumulative distribution of the IWC, normalized by the total value, is plotted for the corrected PSD, with the scale
shown on the right ordinate of (a) and (c).
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IWCs that the authors had previously encountered (see
Field et al. 2008). These conditions and the sublimation
in the lower half of the layer, which would further re-
duce small crystal concentrations, indicate that few
clouds would have lower � values.

There are two factors in the AIRS-II data that tend
to increase �. The first is the many mixed-phase regions
of large cloud drops or drizzle, probably into the 2D-C
size range. The second is the potential for secondary ice
production, suggested by the abundance of needle crys-
tal habits (see Woods et al. 2008).

The discrepancy between the fitted and measured
concentrations below about 500-�m diameter (see Fig.
3) brings into question whether exponential fits are ad-
equate for predicting PSD second moments and above
when distributions are broad. Accurate PSD derived
from one or more gamma functions are clearly needed
for studies involving sub-200-�m crystals (e.g., model-
ing the aggregation process, deriving the zeroth mo-
ment and the total number concentration) and diffu-
sional growth processes.

An exponential PSD may be adequate for deriving

FIG. 4. Corrected vs uncorrected � values for all flights during CF for (a)–(d) increasing
minimum size used for the curve fits.
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the IWC and Ze when there is little contribution from
particles smaller than several hundred microns. In Fig.
3 the dashed curves show the fractional cumulative dis-
tribution of the IWC with size for four PSDs with low �.
Normalizing the cumulative distribution of the IWC by
the IWC removes the uncertainty in the value of a. The

IWC distributions and totals are derived from cor-
rected, measured (binned) PSDs with particles smaller
then 500 �m making up less than 1% of the total.
Strapp et al. (2001) showed that particles smaller than
125 �m were undersized because of the time response
of the 2D-C and then inadvertently assigned incorrect

FIG. 5. For the corrected PSD on 26 Jul 2002 during CF, � derived over the size range shown (yellow curves), with the
(b) default value shown for reference in each panel. The changes in �, �� relative to the default values are shown.
Horizontal lines show � 	 9 cm�1.
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DOF for concentration calculations. The concentra-
tions of 2D-C particles 100 �m and below would have
to be increased by a mean of 70 times the concentra-
tions derived from the measurements for them to equal
10% of the total IWC. The IWC contained in particles
sampled by the FSSP is not included in these estimates.
If the PSD are broad, the IWC contribution by real,
sub-50-�m size is probably negligible in most cases (see
the appendix).

The diameters contributing from 1 to 90% of the
IWC—or equivalently from within 10 and 0.5 dB of the
total Ze (assuming Rayleigh scatterers)—have been de-
rived for all CF flights (Fig. 7). As with the normalized
IWC in Fig. 3, in the mass dimensional relationship the
a coefficient [Eq. (2)] does not influence these re-
sults. As Fig. 7a illustrates, where � � 30 cm�1 or 0.3 g
m�3 � IWC, the contribution by �200 �m particles is
less than 1%. It is not surprising that an increasing �
corresponds to an increasing contribution of small par-
ticles to the total IWC.

Figure 7 suggests that when � � 100 cm�1 or 5 dB �
Ze, the contribution to Ze is dominated by particles 1
mm or larger. When � � 20 cm�1 or 15 dB � Ze,
particles 5 mm and above dominate Ze.

We examined the effect of the counting statistics and
number of particles sampled on our estimates of Ze.

The Poisson counting error is given by �N/N, where N
is the particle count. For a typical case, 0822 from the
KWAJEX field campaign, adding or subtracting this
error to each size bin resulted in an uncertainty in Ze

that was proportional to Ze. At most, it was a mean of
about 2 dB at 20 dBZe. This would suggest that the
sample volume of the probes was adequate to sample
the low concentrations of the large particles that domi-
nate Ze.

The analytic forms of the IWC and Ze given by Eqs.
(3) and (4) have potential utility for models and remote
sensing applications. It is therefore useful to compare
the IWC and Ze derived from the binned PSD to those
given by the analytic forms. Different Dmin yield differ-
ent N0 and � and thus different values derived from the
analytic functions. As Fig. 8 shows, the least squares fits
with Dmin ranging from 60 to 225 microns yield IWC
and Ze that are within about �30% of the values
produced by the binned PSD across the range of �.
The estimations worsen with larger Dmin and are
especially poor for Dmin of 1000 �m. Note that the
standard deviations are not shown to reduce clutter in
the figure.

Values of the IWC and Ze derived from the analytic
representations that more closely match the values de-
rived from the binned PSD require the use of the

FIG. 6. Distributions of uncorrected and corrected � at temperatures of �10°C and warmer flights during (a)
KWAJEX, (b) CF, and (c) AIRS-II: MM refers to the moment method for fitting (discussed near the end of sec-
tion 3).
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moment method (MM) of fitting. Using b 	 1.9 and the
corrected (binned) PSD, we have calculated moments
1.9 (� IWC) and 3.8 (� Ze). Given these two moments,
we can solve for N0 and � in the exponential fits that
closely match the values from the measured PSD (Figs.
8a,b, line labeled MM). In Fig. 6, the � values using the
MM method for the three field programs are shown: It
is noted that PSD second moments and above require
lower values of � to fit the observations than for the
least squares fitting method.

Single moment schemes for parameterizing PSD in
cloud through climate models have often used expo-
nentials and fixed N0 values to estimate � from the IWC
[Eq. (3), see Lin et al. 1983; Rutledge and Hobbs 1984].
Alternatively, radar measurements of Ze have been
used to deduce � [Eq. (4), see Heymsfield et al. 2006].

With a combination of PSD measurements, their rep-
resentation with exponential fits, and direct measure-
ments of the IWC from the CF dataset, we have suffi-
cient information to improve on the coefficients used to
represent snow PSD in single moment modeling schemes.

Figure 9 shows the ratio of the IWC measured by the
CVI to the IWC derived from the corrected binned
PSD for the CF dataset. The BF95 coefficients produce
IWCs that are accurate for � above about 30 cm�1 but
underestimate the IWCs for lower values of �. A poly-
nomial curve fit shown in the figure represents the de-
viation of the coefficient a from the BF95 value. This
yields

a 	 0.00294�c0  c1�  c2�2  c3�3  c4�4�, �6�

FIG. 7. Diameters at given fractions of the cumulative fraction of the total (a) IWC and (b)
Ze, as calculated from the corrected (binned) PSD for CF. The diameters are found by
interpolating the cumulative distributions. Standard deviations are shown along the 99% and
89% curves in the top and bottom panels. Mean values of the IWC measured by the CVI and
calculated from Ze, assuming Rayleigh scatterers, are shown for intervals of �5 cm�1 about
� 	 10, 20, 30, 40, 60, and 80 cm�1.

4026 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 65



where c0 	 2.572, c1 	 �0.158, c2 	 0.004 96, c3 	
�6.046 � 10�05, and c4 	 2.53 � 10�07.

We can now estimate appropriate values of N0 that
fit the CF observations. The a coefficient as a function

of � [Eq. (6)] is used together with the binned PSD to
derive the IWC. This method for deriving the IWC is
preferable to using the point-by-point values from the
CVI because the CVI measurements are subject to er-

FIG. 8. (a) Ratio of the IWC derived from the binned PSD to the values derived from the
exponential fits [Eq. (3)] for different minimum diameters using for fitting: Dmin is shown along the
left side of each curve; values derived for the moment method (MM) are also shown. Data are for the
corrected PSD from CF. (b) Ze with the same threshold sizes.

FIG. 9. Ratio of the measured IWC to the values derived from the corrected PSD using the
BF95 coefficients, as a function of �; the data are from CF. Values of the median ratio as a
function of � and a curve fitted to them are shown.
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rors resulting from hysteresis in the probe’s plumbing.
From Eq. (3),

log10�IWC� 	 �log10�a�  6  log10�N0�

 log10���b  1��� � �b  1� log10���.

�7�

On a log–log plot of IWC versus �, and for constant a
and b and a constant value of N0, straight lines result
(Fig. 10). The lines of constant N0 from Eq. (7) are
somewhat curved because the a coefficient is taken to
vary with �. Figure 10 gives the mean, measured IWC in
� intervals for the CF dataset. For � � 40 cm�1 or 0.1
g m�3 � IWC, a mean of N0 � 1 cm�4 appears to fit the
data reasonably well. Here N0 is considerably larger
than the 0.03 cm�4 from Lin et al. (1983) or the 0.2
cm�4 from Rutledge and Hobbs (1984). Those schemes
use an ice density of 0.1 g m�3, which produces the
curves shown in the figure. We also show curves that
represent these N0, but for the coefficient a given by
Eq. (7). For IWC from 0.05 to about 0.2 g m�3, N0 � 6
cm�4. Obviously, a more extensive dataset comprising a
wide range of conditions is necessary to further quan-
tify N0.

4. Conclusions

Recent evidence indicates that shattering of particles
on the leading edges of 2D-C imaging probes produces
artifacts that these probes sample as real particles in
sizes below 500 �m. Such suspected shatterers have
been removed objectively from PSDs measured during
three recent field programs. Exponential fits to these
PSDs, before and after corrections, have been com-
pared and used to interpret properties of exponential
PSDs in snow.

A surprising result from many earlier investigations
using airborne measurements in ice clouds indicate that
the slope of exponential PSDs as derived from the
binned (measured) PSD using least squares fitting
methods reaches a lower limit of about 9 cm�1. Com-
parison of the initial PSDs to those corrected for sus-
pected shatterers suggests that, when � is below 15
cm�1, increasing numbers of shattered particles con-
tribute to the small end of the distribution. This effect
could have left � artificially high in the earlier studies.
Our analysis suggests that the approximate � limit of 9
cm�1 from earlier studies is not due to physical pro-
cesses but may have been an artifact produced by par-
ticle shattering.

However, while eliminating the influence of shat-

FIG. 10. Dark solid lines show curves of constant N0, shown as a function of IWC and � as
derived from Eq. (7). The lines are somewhat curved rather than linear (on a log–log plot)
because the a coefficient varies from its BF95 value according to the fit given by Eq. (6).
Squares show average values of � found in intervals of IWC from the CF dataset. Dark dashed
curves show mean values of N0 for IWC above and below 0.1 g m�3; N0 from earlier studies
[�0.03 from Lin et al. (1983) and 0.2 cm�3 from Rutledge and Hobbs (1984)], using their ice
density (dashed) and that given by Eq. (6) (dotted), are shown.
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tered particles has shown that lambda can be used to
explore lower values than previously supposed, we can-
not rule out the existence of another lower bound that
may be due to other processes, such as the natural
breakup hypothesis proposed to explain the original
observations. Additionally, there may be other instru-
ment artifacts associated with probe orientation and
location on the aircraft that we are unable to correct.

Earlier investigations that did show � for snow as
below 9 cm�1 were primarily from ground-based obser-
vations not susceptible to shattering—or other artifacts
associated with attempts to measure ice particles at
high speed from an airborne platform. The lower size
detection threshold associated with these measure-
ments ranged from 400 to 1000 �m rather than 200 �m
or below from the in situ observations. The in situ ob-
servations that did show lower values for � below 9
cm�1 also had a Dmin of 400 �m and above. We have
simulated these observations by varying the Dmin used
for our least squares fitting method. These � are artifi-
cially low because the part of snow PSD that often
becomes superexponential below these Dmin is not con-
sidered.

Because they are weighted toward larger sizes where
the exponential fits correspond well with the measured
PSDs, exponentials have the potential to yield accurate
estimates of ice water contents and equivalent radar
reflectivity factors in snow. However, we show that the
least squares fitting method used in most earlier studies
yields IWCs and Ze that are only within �25%–50% of
those given by the analytic representations. Matching
values derived from the analytic forms to the values
from the binned PSD and measured values (e.g., IWC
from the CVI)—that is, the moment method—is the
only way to provide consistency between measure-
ments and the analytic functions for second moments
and above. Under these conditions the intercept pa-
rameter N0 is approximately 1 cm�4, a factor of 5 or
more higher than assumed in one-moment schemes for
snow. More data are clearly required to refine these
results. Exponential PSDs are inadequate for modeling
the effects of aggregation on the PSD.

We also find that at temperatures above �10°C, �
values are widely distributed. With a constant N0 this
would merely indicate a widely distributed IWC, but �
is also influenced by other factors. Aggregation contrib-
utes to lower � and, in decaying anvils, sublimation
could reduce the number of small particles relative to
larger ones. One such example is the ice cloud sampled
in CF on 26 July. In our datasets the lowest � are close
to 0°C, and in this case the minimum � was 6–7 cm�1.
With drizzle drops lofting from below the melting layer
and secondary ice production, � would tend to be

higher. The breadth of observed values therefore ap-
pears to be a function not only of the IWC but whether
the cloud ice formed in situ, cloud droplets are in-
volved, and the cloud was convectively generated.
Modeling studies using accurate fall speeds, aggregate
collision kernels, and including secondary ice produc-
tion processes are well suited for investigating the ex-
pected range of � near the melting layer in deep ice
clouds.

Acknowledgments. The authors wish to thank John
Hallett and Jeffrey Stith for access to the AIR-II mi-
crophysical data set acquired by the NCAR C130 air-
craft. We further thank Nancy Knight for editorial as-
sistance. Support from the NASA CRYSTAL-FACE
program through NASA–NSF agreement number
W-10, 024 (Hal Maring, program manager), and the
Center for Multiscale Modeling of Atmospheric Pro-
cesses (CMMAP) NSF Science and Technology Center
at Colorado State University are appreciated.

APPENDIX

Contributions from Small Ice

Passarelli (1978) numerically studied the change in
the slope and intercept of exponential size distributions
for snow with time, and Lo and Passarelli (1982) ob-
served it from Lagrangian spiral descents through deep
stratiform ice cloud layers. With time or distance from
cloud top in the cloud layers dominated by snow and
stratiform in nature, which is the focus of our paper,
most ice particles down to about 20 �m diameter, if
present, are likely to be collected aerodynamically or
electrically by aggregates. This will largely remove the
small ice particles with the consequence that from a
statistical point of view, few small ice/snow particles are
likely. Similar conclusions can be reached without as-
suming a functional form for the PSD (Fig. 1; Passarelli
1978). A secondary ice production process involving
droplets is unlikely in nonconvectively generated strati-
form ice clouds with appreciable IWC contained in ag-
gregates (because droplets are likely to be captured by
ice and removed from the process) and there is minimal
observational evidence for appreciable collisional
breakup of ice fragments during the aggregation pro-
cess. Although significant numbers of small ice particles
may be present near the tops of ice cloud layers or in
the immediate vicinity of convective outflow anvil cir-
rus, we suggest that the inability of the 2D-C to accu-
rately measure sub-150-�m particles has little effect on
our conclusions.
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