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ABSTRACT

Aircraft measurements of liquid water content (LWC) made at sampling frequencies of 1 and 2 kHz with a
particle volume monitor (PVM) probe from horizontal traverses in stratocumulus clouds during the Southern
Ocean Cloud Experiment and cumulus clouds during the Small Cumulus Microphysics Study are described. The
spectral density of the LWC measurements is calculated and compared to the 25/3 scaling law. The effect of
PVM sampling noise is found to be small in most cases. Most measurements follow approximately the 25/3
law until cloud scales decrease below about 5 m in length. Below this length LWC variance can exceed that
predicted by the 25/3 law. It is suggested that the enhanced LWC variance at small scales is related to entrainment
of environmental air into the clouds, which changes primarily the droplet concentration.

1. Introduction

A recent paper by Davis et al. (1999) describes the
behavior of the power spectrum (or spectral density) of
liquid water content, LWC, as a function of the hori-
zontal scale (or frequency) in stratocumulus-type clouds
(Sc). These measurements, made with a particle volume
monitor (PVM-100A; Gerber et al. 1994) on the CSIRO
Fokker F27 aircraft during the phase 1 Southern Ocean
Cloud Experiment (SOCEX) experiment off the western
coast of Tasmania (Boers et al. 1996) were unique in
that the PVM produced 2-kHz LWC data corresponding
to a minimum spatial resolution of 4 cm for an aircraft
speed of 80 m s21. This rate is about two orders of
magnitude faster than LWC data usually collected with
other typical LWC probes such as the King hot-wire
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probe (King et al. 1978). The PVM measures LWC for
droplets found in the size range from about 3- to 50-
mm diameter.

Davis et al. (1999) found that the LWC spectral den-
sity of these high-frequency data scales approximately
according to the 25/3 law over a scaling range from
about about 10 m to 10 km, in basic agreement with
earlier spectral analyses of LWC measurements made
with a hot-wire probe (King et al. 1981). However, at
scales of about 2–5 m, Davis et al. (1999) found a ‘‘scale
break’’ where the spectral density of the LWC data tran-
sitioned from the 25/3 scaling regime to one with larger
than expected LWC variance. The simulation by Davis
et al. (1999) of the performance of the PVM resulted
in the conclusion that the scale break was indeed a phys-
ical effect, and larger than the expected sampling noise.
This simulation was done for a typical Sc droplet spec-
trum, and it included the geometry and response char-
acteristics of the PVM. Davis et al. (1999) focus pri-
marily on the statistical similarities and differences they
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FIG. 1. Predicted statistical sampling noise (dashed curves) in the
spectral density of LWC for N number of monodisperse droplets in
the sampling volume of the PVM. The variability of LWC follows
the 25/3 scaling law (straight solid line), and the droplets are spatially
distributed according to the Poisson law. The effect of the low-pass
filter in the PVM is also shown (see text).

uncover when comparing the large-scale behavior with
its counterparts from the Atlantic Stratocumulus Tran-
sition Experiment (Davis et al. 1994) and the First
ISCCP (International Satellite Cloud Climatology Pro-
ject) Regional Experiment (Marshak et al. 1997, 1998).
They do not attempt to explain the excess LWC variance
at small scales in terms of cloud microphysics, as we
do here.

This paper has several purposes: 1) We discuss further
the PVM statistical sampling noise, which has the po-
tential of causing a similar ‘‘scale-break’’ effect; 2) we
extend the spectral analysis of LWC to examples of
1-kHz LWC measurements made in cumulus clouds
(Cu) during the Small Cumulus Microphysics Study
(SCMS) in Florida in 1995 (e.g., see Knight and Miller
1998; Gerber 1999); and 3) we speculate on the physical
nature and implications of the scale break, taking into
account primarily work done with the Particle Spacing
Monitor (PSM; Baumgardner 1986; Baker 1992) and
the fast Forward Scattering Spectrometer Probe (FSSP)
(Rodi et al. 1992; Brenguier 1993; Brenguier et al.
1998), as well as the theoretical work of Mazin (1999).

2. PVM sampling noise

The PVM sums up optically the contribution of light
scattered by droplets passing through its active volume.
The summation is proportional to LWC, because the
instrument weights the scattered light from each droplet
by the droplet’s radius (r) cubed. The variation in the
measured values of LWC has two sources other than
instrumentation error. The first is the natural variability
of LWC in clouds, and the second is the variability due
to the sampling error that results from measuring drop-
lets randomly distributed in space with the PVM that
has a finite sampling volume. The proper measurement
of the natural variability requires that the sampling noise
is taken into account.

The sampling noise depends on the geometry of the
sampling volume and on the electronics of the PVM,
both of which are known. A laser beam 11.4-cm long
and 0.37-cm wide oriented perpendicular to the flight
direction gives a projected area of about 4.2 cm2 that
sweeps out a slablike volume. The length of the slab
depends on aircraft speed and on the characteristics of
a low-pass electronic filter located at the analog output
of the instrument. A filter cutoff frequency (50% re-
sponse) of 2 kHz and an aircraft speed of 80 m s21 used
in the SOCEX experiment give a slab length of about
4.0 cm and sampling volume of 16.8 cm3; and a cutoff
frequency of 4 kHz and an aircraft speed of 100 m s21

used in the SCMS experiment give a slab length of about
2.5 cm and a sampling volume of 10.6 cm3.

The sampling noise also depends on the concentra-
tion, size distribution, and spatial distribution of the
droplets. The effect of this noise on the 25/3 scaling
law for LWC can be readily calculated for the simplest
scenario, which assumes that the droplets are all of the

same size, their concentration is known, and their spatial
distribution is governed by the Poisson law. Figure 1
shows this effect as a function of the droplet number N
found in the sampling volume of the PVM, where N is
given by the ambient droplet concentration (cm23) times
the PVM sample volume (cm3) (here the sample volume
corresponds to the SOCEX measurements). The curves
in Fig. 1 were generated by using MATHCAD 6 soft-
ware to perform an inverse Fourier transform of the
25/3 relationship into the time domain, where noise
generated by a Gaussian random number generator for
the given values of N was added. For N greater than
10, Gaussian and Poisson random number generators
produce nearly equal results. The time domain data were
then transformed back to the frequency domain to pro-
duce the curves in Fig. 1, with each curve showing the
average trend of 10 000 data points. The curves show
increasingly larger deviations from the 25/3 scaling as
N decreases and they tend toward horizontal at small
scales, which is the expected behavior of ‘‘white noise’’
caused by the sampling error governed by Poisson sta-
tistics. The low-pass filter has an additional effect on
the 25/3 relationship as Fig. 1 shows for the 2-kHz
filter.

The predictions of the sampling noise shown in Fig.
1 may be applicable only for the parts of clouds that
have not mixed with any environmental air, resulting in
an adiabatic LWC and a narrow droplet size spectrum
with small size variability. The PVM sampling error for
this type of cloud should obey the simple scenario de-
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FIG. 2. The relative concentrations of cloud droplets estimated by
LWC/ , and relative values of as a function of LWC measured3 3r re e

simultaneously at 250 Hz (40-cm resolution) by the PVM in Cu cloud-
pass SCMS #2 on 22 Jul 1995. No attempt has been made to identify
and exclude 250-Hz samples that are part cloudy, part clear air.

scribed above, an example of which is shown in Fig. 1
of Gerber (1999). The remainder of the clouds have
entrained and mixed with cloud-free air causing fine-
scale microphysical gradients at mixing interfaces, larg-
er-scale microphysical variations, and broadened droplet
spectra. These effects need to be considered at scales
similar to the dimensions of the PVM, because they have
the potential of increasing the PVM sampling error from
values shown in Fig. 1.

The effect of the width of the droplet spectrum on
the sampling noise can be estimated as in Davis et al.
(1999) where the number concentration in each size bin
of the spectrum is effectively treated as a random var-
iable with its own Poisson variability and where the
sampling noise of the measured LWC is found by com-
bining the variabilities in all bins. Davis et al. (1999)
use in their simulation one value of the standard devi-
ation and mean droplet size of a droplet spectrum
thought to be typical for Sc, and they state that their
results remain unchanged within the observed range of
Sc spectra. Here, we follow a similar approach for es-
timating numerical values of the sampling noise as a
function of the droplet spectral dispersion a 5 s(r)/r ,
where s(r) is the standard deviation of the normally
distributed droplet size distribution and r is the mean
droplet radius. The same procedure used in Fig. 1 for
deriving the sampling noise is applied to a wide range
of different normal distributions with size bins that have
Poisson variability in droplet concentration. As expect-
ed, at a given value of N and r , the LWC sampling noise
for the normal distribution is larger than for the mono-
disperse distribution. To judge the difference between
the results shown in Fig. 1 and the calculations with the
normal size distributions, we define Ne as the hypo-
thetical number of droplets in a normal distribution with
the same Poisson sampling error as in a monodisperse
distribution with N in the sampling volume of the PVM.
We find to a good approximation that Ne/N ø exp(0.150
2 2.06a). This equation means that the sampling noise
for normal distributions must be calculated using Ne

given values of N and a. A typical value of a for Sc
is 0.13 (Gerber 1996) giving Ne/N 5 0.89; and a typical
value of a in nonadiabatic SCMS Cu about 1 km above
cloud base is 0.20 giving Ne/N 5 0.77. These values of
Ne/N suggest that the assumption of using a monodis-
perse distribution to calculate the PVM sampling noise
requires only a second-order correction for LWC mea-
surements. The correction only becomes large when N
is very small or when very large droplets are found in
the size distribution. The latter is unlikely given the
upper-size cutoff in the response of the PVM.

The preceding assumes that the statistical variability
of the measured LWC is found only in the number con-
centration of the droplets. Another possibility is that the
statistical variability is also significant for the size of
the droplets. Measurements in clouds made at relatively
large scales show this to be possible, but it appears to
be a second-order effect compared with variability in

the droplet concentration. For example, Nicholls and
Leighton (1986) show entrainment in Sc causes only a
dilution while essentially preserving the relative shape
of the spectrum; and Blyth and Latham (1991), Bower
et el. (1992), and Gerber (1996) find strong variability
in LWC while the droplets’ effective radius (re) remains
nearly constant. We used the PVM data from SCMS to
look at the relationship between LWC and re at 40-cm
resolution (250 Hz) at constant flight levels; and we also
find nearly unchanging values of re for widely ranging
values of LWC. If we assume that LWC } [re and3Nre

the mean volume radius ry are related as shown by Mar-
tin et al. (1994) and Gerber (1996)], it is possible to
estimate which of the two factors that make up this
expression for LWC has the larger effect on its vari-
ability. The measurements in SCMS Cu of the relative
changes in and N } LWC show that the variability3 23r re e

of LWC depends primarily on changes in N, which
varies more than by as much as a factor estimated at3re

15. Figure 2 shows an example of this behavior; the
data are from cloud-pass SCMS #2 described in the next
section. It is not known whether this behavior holds for
the smallest scales depicted in Fig. 1; however, the 40-
cm resolution falls within the 2- to 5-m scale size of
the scale break suggesting that the variation in droplet
number affects the LWC variation much more than the
variation in droplet size for scales at least 40 cm in
length.

These arguments also assume that the spatial distri-
bution of the cloud droplets is governed by the Poisson
law. This may not be the case, which leads to additional
uncertainty in the calculation of the sampling noise at
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FIG. 3. Relative values of the spectral density of LWC measured
during horizontal passes through two clouds in the SOCEX and in
the SCMS experiments are compared to the 25/3 scaling law. Shifted
scales shown on the SCALE axis apply to the SCMS aircraft speed
of 100 m s21 (upper scale) and to the SOCEX aircraft speed of 80
m s21 (lower scale).

FIG. 4. LWC measured with the PVM at a data rate of 2 kHz for the cloud pass identified as SOCEX #1
in Fig. 3.

the smallest scales measured by the PVM. Sharp drop-
let-concentration gradients attributed to the entrainment
and mixing process have been found in Cu (Baker 1992;
Brenguier 1993), and similar gradients as well as droplet
voids have been theorized (Pinsky and Khain 1997;
Shaw et al. 1998) to result from droplet inertial effects.
These processes would tend to enhance the sampling
error, because the spatial variability of the droplets
would exceed that predicted by the Poisson law. Not
enough is known about the spatial frequency of these

processes to be able to include their effect in calculating
the sampling error. We suggest, however, that their effect
is small, because the dimensions of the PVM sampling
volume are large enough to average out the variability
from these processes for which scales on the order of
1 cm and smaller predominate.

In summary, the calculation of the statistical sampling
noise for PVM measurements of LWC is not entirely
straightforward, because the details of droplet spectra
and spatial distribution at scales similar to the dimen-
sions of the PVM sampling volume are not fully known.
In the following application of the sampling noise cal-
culations, we assume that the Poisson distribution of the
ambient droplet concentration and the width of the size
spectrum affect the noise the most, and that the other
potential contributions mentioned in the preceding are
of secondary importance.

3. Measurements

Figure 3 shows four examples of LWC spectral den-
sity versus frequency and scale from the SOCEX and
SCMS experiments. All are compared to the 25/3 scal-
ing law. The largest frequency shown is equivalent to
the Nyquist frequency of 1 kHz for the former and 0.5
kHz for the latter. The two SOCEX cases are from the
flight on 26 July 1993 when the cloud field contained
microcells (Kropfli and Orr 1993), where isolated cu-
mulus clouds in a decoupled boundary layer were feed-
ing moisture to a broken Sc layer formed by outflow
from the Cu near the boundary-layer inversion. In a
cloud labeled SOCEX #1 [11:51:34–11:51:54 (hr:min:
s) local time] the aircraft flew horizontally through the
top of an embedded Cu that was protruding above the
associated Sc layer. Figure 4 shows the 2-kHz record
of LWC for this cloud pass, which produced 19 300
values of LWC that were averaged over equal geometric
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intervals of frequency. The mean ambient droplet con-
centration in this Cu was 91 cm23, which is equivalent
to about N 5 1500 in the sampling volume of the PVM.
Figure 1 suggests that the sampling error for this value
of N should be small enough that no correction is need-
ed.

In a cloud labeled SOCEX #2 (11:15:13–11:15:38)
the aircraft flew through Sc associated with the micro-
cells, and 25 000 LWC data points were collected. The
ambient mean droplet concentration was about 10 cm23,
leading to N ø 170. Figure 1 suggests that this value
of N results in some Poissonian sampling error as the
frequency approaches 1 kHz. This error was calculated
as a function of frequency for Ne 5 150 and was sub-
tracted from the measured LWC power spectrum to re-
sult in the spectrum shown in Fig. 3. A small adjustment
was made to both SOCEX #1 and #2 spectra to com-
pensate for the loss of spectral density at high frequen-
cies due to the action of the low-pass filter.

The two SCMS cases were taken from the NCAR C-
130 flight number four on 22 July 1995. Both were
horizontal passes about 1.3 km above cloud base
through relatively small, isolated, and nonprecipitating
Cu, where LWC approached the adiabatic value in por-
tions of each cloud, and where the mean droplet con-
centration was about 400 cm23. The cloud labeled as
SCMS #1 (15:11:14–15:11:19) had 4000 LWC data
points, and the cloud labeled as SCMS #2 (15:19:59–
15:20:08) had 9000 LWC data points. This droplet con-
centration leads to large values of N so that no correc-
tions to the measured power spectra are necessary for
the sampling error. Also, no adjustments were made for
the low-pass filter, given the smaller effect of the 4-kHz
50% attenuation frequency. The out-of-cloud variance
of the noise in the output signal from the LWC channel
of the PVM was much smaller than the LWC variance
measured in all of the clouds.

4. Discussion

The shape of the spectrum in Fig. 3 for the Sc is the
same as described by Davis et al. (1999) where the LWC
variance exceeds that predicted by the 25/3 law at
scales smaller than about 5 m. One of the Cu in Fig. 3
shows a similar trend, while for the other two the excess
variance begins at about 2 m. We also found that some
passes through Cu showed little enhancement of LWC
variance at small scales so that the 25/3 law is obeyed
reasonably well over the entire range of scales shown
in Fig. 3. This is a significant finding that differs from
the results in Sc (Davis et al. 1999). The obvious ques-
tion exists: what is the physical reason for the two LWC
scaling regimes observed in the Sc and Cu?

A potential reason might be related to the formation
of small-scale microphysical gradients in the clouds due
to entrainment and mixing of the clouds with environ-
mental air. Experimental studies of these gradients at
small scales include that of Baker (1992), who used the

PSM (Baumgardner 1986) and a statistical ‘‘fishing
test’’ of droplet arrival times at the probe to deduce that,
at scales on the order of a cm, the droplet spatial dis-
tribution was not always governed by the Poisson law,
but was consistent with the existence of sharp droplet-
concentration interfaces associated with the entrainment
and mixing processes. Similar conclusions were reached
by Brenguier (1993) who used the fast FSSP (Brenguier
et al. 1998) at 1 kHz to show that sharp sub-cm gradients
existed in the droplet concentration near cloud edge.
Other reasons for the presence of microphysical gra-
dients in clouds have also been described in the liter-
ature. These include nonuniform activation of droplets
near cloud base (Nicholls and Leighton 1986; Cooper
1989; Srivastava 1989), mixing between parcels in
cloud updrafts with vertical velocity variance (Cooper
1989), droplet inertial effects in turbulence fields (Pin-
sky and Khain 1997; Shaw et al. 1998), and effects due
to larger drops (Kostinski and Jameson 1997; Jameson
et al. 1998).

Most of these processes cannot be used to explain the
present LWC scaling results. Processes that contribute
to the LWC variance at cm and smaller scales do not
apply; because, as mentioned, the dimensions of the
PVM sampling volume are significantly greater than
those scales, so that the PVM averages out such finescale
fluctuations. Thus, the sharpest microphysical gradients
found by Baker (1992) and Brenguier (1993) at sub-cm
scales would not appear in PVM data. However, both
authors found in addition microphysical fluctuations in
mixing regions with scales on the order of meters, which
are consistent with the PVM measurements. The theo-
retical work of Pinsky and Khain (1997) and Shaw et
al. (1998), where cloud inhomogeneities are predicted
to exist at cm and mm scales, would not apply to the
PVM scaling results. Measurements of 1-kHz LWC
PVM data in the SCMS Cu (Gerber 1999) suggest that
LWC variability due to cloud-base droplet activation
(Nicholls and Leighton 1986; Cooper 1989; Srivastava
1989) and the in-cloud mixing in updrafts with velocity
variance (Cooper 1989) are also unlikely to apply to the
above question. This is because LWC variability found
in adiabatic cloud parcels is close to the expected
amount for droplets varying spatially according to the
Poisson law, and thus does not include an excess var-
iability that could be assigned to those two processes.
The application of the studies by Kostinski and Jameson
(1997) and Jameson et al. (1998) to our results is also
doubtful, because they deal primarily with the raindrop
spatial distribution in the former and the distribution of
50-mm diameter droplets in the latter. The 50-mm drops
contribute a minimal amount to LWC measured by the
PVM, and the raindrops are beyond the measurement
range of the PVM. Both sizes are large enough so that
their spatial variability may be influenced more by other
physical in-cloud processes (e.g., coalescence and drop-
let breakup) than those affecting the small-droplet mode
measured by the PVM.
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The present scaling results for LWC can be best com-
pared with the experimental work of Rodi et al. (1992).
They used the fast FSSP to make 1-kHz droplet con-
centration measurements in a Cu, and they showed (in
their Fig. 5) a power spectrum of droplet concentration
that bears a remarkable resemblance to the trends of the
LWC spectra shown in Fig. 3. They concluded that con-
centration changes at small scales due to entrainment
and mixing caused the enhanced variance that could not
be explained by ‘‘white noise.’’

We agree with the conclusion reached by Rodi et al.
(1992). However, this conclusion does not completely
answer the question posed above. The following hy-
pothesis may possibly explain the observations. The
LWC spectra for some SCMS cloud passes containing
subadiabatic LWC follow quite closely the 25/3 law,
and this suggests that the turbulence is fully developed
in those clouds over the scales observed. On the other
hand, in cloud passes with LWC variance at small scales
enhanced above the expected 25/3 behavior, the as-
sumption of a global turbulence system, usually applied
for spectral scaling, is not met. That is, we observe in
the spectra from these cloud passes the effects of mixing
of more than one turbulence system. One system might
be an older ascending cloud mixing with a fresh injec-
tion of entrained air. If the largest scales in the entrained
air are limited in size, and if their LWC variance is
greater than the LWC variance in the ascending air, the
shape of a LWC spectra of the mixture should be similar
to the ones we show in Fig. 3.

This hypothesis is related to some other concepts of
cloud structure. Entrainment events are thought by some
to occur sporadically and initially on fairly large scales
(Broadwell and Breidenthal 1982; Baker et al. 1984),
which subsequently break down to smaller eddies by
the dissipation of turbulence. If this mechanism operates
in Cu, then the 25/3 scaling behavior of LWC found
for some SCMS Cu might be possible, given the evo-
lution of turbulence between entrainment events. An-
other means may exist to introduce enhanced finescale
LWC variability into Cu. Radar measurements (Knight
and Miller 1998) of SCMS Cu show finescale variability
in a shallow layer near cloud top of some growing Cu,
and Brenguier (1993) finds small-scale variability near
the cloud edge. Given the conceptual models of Cu
growth described by Blyth et al. (1988) and Siebesma
(1998), it may be possible for some of this finescale
variability to advect into the cores of Cu. We know that
scales associated with entrainment events for Sc are
limited in size as shown by Nicholls (1989) and Gerber
(1996); however, the form of the spectral density dis-
tribution of LWC associated with those events is un-
known.

It is worthwhile mentioning that deviations in the
spectral density of LWC from the 25/3 scaling law were
predicted theoretically much earlier by Kabanov and
Mazin (1970) and reiterated by Mazin (1999). They
showed that the condensation and evaporation processes

in a turbulent cloud would cause power spectra to de-
viate from the 25/3 law at scales smaller than a ‘‘phase
scale’’ that depended on the turbulence dissipation rate
in the cloud and on the phase relaxation time (time for
saturation in a mixed parcel to relax to its steady state).
Mazin (1999) shows that such a scale-break in LWC
would occur for length scales of the order of 10 cm–5
m. Mazin’s arguments thus predict the scale where ex-
cess variance may be found, but not the magnitude of
this excess.

5. Conclusions

We conclude, as in Davis et al. (1999), that the en-
hanced LWC variance observed in the spectral density
of LWC in Sc at high frequencies, corresponding to
scales smaller than several meters, is a physical phe-
nomenon rather than the result of the statistical sampling
error associated with PVM measurements. We find a
similar phenomenon in Cu, although in some Cu the
25/3 law approximates the LWC spectra over the entire
measured range. The sampling error of the PVM, as-
sociated with the spatial distribution of the droplets, is
of secondary importance except for unusually small am-
bient concentrations of droplets.

We cannot explain with certainty our observations of
the ‘‘scale break’’ and of the two scaling ranges in the
spectral density of LWC. Instead we hypothesize that
the enhanced LWC variance at small scales, which ex-
ceeds the extrapolation of the 25/3 scaling behavior
found at larger scales, is a result of the mixing of ex-
isting cloud air with entrained air that is younger, more
energetic, and with scales limited in size to a fraction
of the existing cloud.

A suggested test for this hypothesis would consist of
conditionally sampling entrainment zones in Sc that can
be readily identified (Nicholls 1989; Gerber 1996; Vali
et al. 1998), and by comparing LWC spectra in those
zones to spectra measured in the rest of the cloud.

This work applied the high-speed capabilities of the
PVM to a study of cloud microphysics associated with
the entrainment process. The full potential of such mea-
surements is far from being fully realized, so that further
analysis of the SCMS PVM database and additional such
measurements could well improve our marginal under-
standing of this process.

Acknowledgments. The Aviation Research Facility
and Charlie Knight of NCAR are thanked for flying the
PVM during the SCMS experiment and making avail-
able the SCMS data. Appreciation is expressed to Rei-
nout Boers of CSIRO, who as part of the team that
organized the SOCEX experiments, made possible the
deployment of the PVM on the Fokker aircraft. Grati-
tude is expressed to Jean-Louis Brenguier for his careful
review of this paper and helpful comments and sug-
gestions. SOCEX was partly funded by the CSIRO Of-
fice for Space Science and Application, the Cooperative



1 MARCH 2001 503G E R B E R E T A L .

Research Centre for Southern Hemisphere Meteorology,
and CSIRO’s Multi-Divisional Climate Change Re-
search Program. One of us (H.G.) was supported by
NSF Grant ATM-9521073.

REFERENCES

Baker, B. A., 1992: Turbulent entrainment and mixing in clouds: A
new observational approach. J. Atmos. Sci., 49, 387–404.

Baker, M. B., R. E. Breidenthal, T. W. Choularton, and J. Latham,
1984: The effects of turbulent mixing in clouds. J. Atmos. Sci.,
41, 299–304.

Baumgardner, D., 1986: A new technique for the study of cloud
microstructure. J. Atmos. Oceanic Technol., 3, 340–343.

Blyth, A. M., and J. Latham, 1991: A climatological parameterization
for cumulus clouds. J. Atmos. Sci., 48, 2367–2371.
, W. A. Cooper, and J. B. Jensen, 1988: A study of the source
of entrained air in Montana cumuli. J. Atmos. Sci., 45, 3944–
3964.

Boers, R., J. B. Jensen, P. B. Krummel, and H. Gerber, 1996: Mi-
crophysical and shortwave radiative structure of wintertime stra-
tocumulus clouds over the Southern Ocean. Quart. J. Roy. Me-
teor. Soc., 122, 1307–1339.

Bower, K. N., T. W. Choularton, J. Latham, J. Nelson, M. Baker, J.
B. Jensen, and A. M. Blyth, 1992: Microphysical properties of
warm clouds. Proc. 11th Int. Conf. on Clouds and Precipitation,
Montreal, PQ, Canada, International Commission on Clouds and
Precipitation, 133–134.

Brenguier, J.-L., 1993: Observation of cloud microstructure at the
centimeter scale. J. Appl. Meteor., 32, 783–793.
, T. Bourrianne, A. Coelho, J. Isbert, R. Peytavi, D. Trevarin,
and P. Wechsler, 1998: Improvements of droplet size distribution
measurements with the Fast-FSSP. J. Atmos. Oceanic Technol.,
15, 1077–1090.

Broadwell, J. E., and R. E. Breidenthal, 1982: A simple model of
mixing and chemical reaction in a turbulent shear layer. J. Fluid
Mech., 125, 397–410.

Cooper, W. A., 1989: Effects of variable growth histories on droplet
size distributions. Part I: Theory. J. Atmos. Sci., 46, 1301–1311.

Davis, A. B., A. Marshak, W. Wiscombe, and R. Calahan, 1994:
Multifractal characterizations of non-stationarity and intermit-
tency in geophysical fields: Observed, retrieved, or simulated.
J. Geophys. Res., 99, 8055–8072.
, , H. Gerber, and W. J. Wiscombe, 1999: Horizontal struc-
ture of marine boundary-layer clouds from cm to km scales. J.
Geophys. Res., 104, 6123–6144.

Gerber, H., 1996: Microphysics of marine stratocumulus clouds with
two drizzle modes. J. Atmos. Sci., 53, 1649–1662.
, 1999: Comments on ‘‘A comparison of optical measurements
of liquid water content and drop size distribution in adiabatic
regions of Florida cumuli.’’ Atmos. Res., 50, 3–19.
, B. G. Arends, and A. K. Ackerman, 1994: New microphysics
sensor for aircraft use. Atmos. Res., 31, 235–252.

Jameson, A. R., A. B. Kostinski, and R. A. Black, 1998: The texture
of clouds. J. Geophys. Res., 103, 6211–6219.

Kabanov, A. S., and I. P. Mazin, 1970: The influence of phase tran-
sition processes on turbulence in clouds (in Russian). Trudy
CAO, 98, 113–121.

King, W. D., D. A. Parkin, and R. J. Handsworth, 1978: A hot-wire
water device having fully calculable response characteristics. J.
Appl. Meteor., 17, 1809–1813.
, C. T. Maher, and G. A. Hepburn, 1981: Further performance
tests on the CSIRO liquid water probe. J. Appl. Meteor., 20,
195–202.

Knight, C. A., and L. J. Miller, 1998: Early radar echoes from small,
warm cumulus: Bragg and hydrometeor scattering. J. Atmos. Sci.,
55, 2974–2992.

Kostinski, A. B., and A. R. Jameson, 1997: Fluctuation properties of
precipitation. Part I: On deviations of single size drop counts
from the Poisson distribution. J. Atmos. Sci., 54, 2174–2186.

Kropfli, R. A., and B. W. Orr, 1993: Observations of microcells in
the marine boundary layer with 8-mm wavelength Doppler radar.
Preprints, 26th Int. Conf. on Radar Meteorology, Norman, OK,
Amer. Meteor. Soc., 492–494.

Marshak, A., A. B. Davis, W. Wiscombe, and R. F. Calahan, 1997:
Scale invariance of liquid water distributions in marine strato-
cumulus. Part II: Multifractal properties and intermittency issues.
J. Atmos. Sci., 54, 1423–1444.
, , , and , 1998: Effects of observed sub1-mean-
free-path variability on cloud radiation. J. Geophys. Res., 103,
19 557–19 567.

Martin, G. M., D. W. Johnson, and A. Spice, 1994: The measurement
and parameterization of effective radius of droplets in warm
stratocumulus clouds. J. Atmos. Sci., 51, 1823–1842.

Mazin, I. P., 1999: The effect of condensation and evaporation on
turbulence in clouds. Atmos. Res., 51, 171–174.

Nicholls, S., 1989: The structure of radiatively driven convection in
stratocumulus. Quart. J. Roy. Meteor. Soc., 115, 487–511.
, and J. R. Leighton, 1986: An observational study of the struc-
ture of stratiform cloud sheets. Part I: Mean structure. Quart. J.
Roy. Meteor. Soc., 112, 431–460.

Pinsky, M. B., and A. P. Khain, 1997: Formation of inhomogeneity
in drop concentration induced by drop inertia and their contri-
bution to the drop spectrum broadening. Quart. J. Roy. Meteor.
Soc., 123, 165–186.

Rodi, A. R., J.-L. Brenguier, and J. P. Chalon, 1992: Case study of
cumulus microstructure with the new FFSSP. Preprints, 11th Int.
Conf. on Clouds and Precipitation, Montreal, PQ, Canada, In-
ternational Commission on Clouds and Precipitation, 169–172.

Shaw, R. A., W. C. Reade, L. R. Collins, and J. Verlinde, 1998:
Preferential concentration of cloud droplets by turbulence: Ef-
fects on the early evolution of cumulus cloud droplet spectra. J.
Atmos. Sci., 55, 1965–1976.

Siebesma, A. P., 1998: Shallow cumulus convection. Buoyant Con-
vection in Geophysical Flows, E. J. Plate, et al., Eds., Kluwer
Academic, 441–486.

Srivastava, R. C., 1989: Growth of clouds by condensation: A crit-
icism of currently accepted theory and a new approach. J. Atmos.
Sci., 46, 869–887.

Vali, G., R. D. Kelly, J. French, S. Haimov, D. Leon, R. E. McIntosh,
and A. Pazmany, 1998: Finescale structure and microphysics of
coastal stratus. J. Atmos. Sci., 55, 3540–3564.


