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Motivation Methodology Results Summary

Motivation and scope of the research

need for parametrizations of links between microphysical and
radiative properties of clouds

reff ∼ 3

√
LWC
N · f(d)

 assessment on the droplet spectral parameters for RICO cumuli:

effective radius reff droplet concentration N

mean radius r̄

standard deviation σr

relative dispersion d = σr/r̄
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Motivation Methodology Results Summary

Methodology and source of data

NSF/NCAR C-130Q flights during RICO

Fast-FSSP optical droplet spectrometer
(255-bin description of the 2 to 47 µm droplet size-range)

10 Hz averaged data (∼ 10 m resolution)

in-cloud data points (N > 10 cm−3)

non-drizzling (Ndrizzle < 10 l−3) samples

flight-long statistics (for research flights 06,07,09,12)
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Frequency by altitude diagrams

example: mean radius vs.
cloud height for rf09

rf06 (Dec 16th 2004) rf07 (Dec 17th 2004) rf09 (Dec 20th 2004) rf12 (Jan 11th 2005)
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height above cloud base

frequency distribution
at each level

100 m x 1 µm bins (rect. boxes)

color scale: 10, 20 . . . 100%
of most frequent cases

contours surround: 25, 50, 75%
of most frequent cases
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Droplet concentration N
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concentrations lower than 100 cm−3 (N < 50 cm−3 for rf07 & rf09)

fairly constant with height

variations in vertical extent of the cloud field
(700 to 1200m)
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Mean droplet radius r̄
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gradual increase of droplet size

increase less pronounced in upper parts

wide histograms (signature of entrainment and mixing)
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Droplet radius standard deviation σr
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growth with height as for r̄

h < 200 m as in ACE-2 atlantic Sc

large values in the upper parts  
signature of entrainment/mixing

dispersion d, and its large horizontal variability comes
mostly from the variability of the standard deviation s.

4. Discussion and Conclusions

[16] In this paper, the variability of cloud microphysical
parameters in marine Sc was investigated in order to
provide a guidance for cloud parameterizations and to
compare the results with theoretical predictions [e.g., Liu
et al., 2006] and previous observations [e.g., Martin et al.,
1994]. The emphasis was on the spectral width of cloud
droplet spectra, an important parameter affecting radiative
properties of clouds [e.g., Liu and Daum, 2002] and
development of drizzle and rain [e.g., Seifert and Beheng,
2001]. The results presented here paint a rather complex
picture as far as the width of cloud droplet spectra in Sc is
concerned. This comes from a combination of various

factors. For given CCN characteristics (i.e., for a given
flight), local droplet concentration varies considerably both
within adiabatic and diluted samples, and reflects both the
impact of spatially varying cloud base updraft (which
affects the spectrum of cloud droplets just after nucleation)
as well as the spectral changes due to entrainment and
mixing. It appears that the main factor affecting the relative
dispersion d = s/r is the mean size of cloud droplet radii r,
which is larger in maritime clouds at the same height within
a cloud (or, alternatively, at the same liquid water content).
For all flights, d either decreases with height or does not
change significantly. This comes mostly from the increase
of r with height, with s varying differently (and unpredict-
ably) with height in different flights.
[17] As far as the parameterization of the spectral width is

concerned, it seems that a reasonable approach is to assume
a constant standard deviation s (say, in the range of 1 to
2 mm), and parameterize the relative dispersion d using the
constant s and the local mean radius r. For droplets growing
by condensation, s decreases with height in adiabatic cloud
samples. Growth of collision-coalescence counteracts this
trend, especially when droplet sizes reach the 10–12 mm
radius when the collision-coalescence becomes efficient.
Another factor is the presence of cloud entrainment which
also results in the increase of s due to the combination of
partial evaporation of cloud droplets and activation of new

Figure 2. Results for the marine case of June 26. The 1st,
2nd, 3rd, and 4th row shows the mean droplet concentration
N, the mean radius r, the mean standard deviation s, and the
mean relative dispersion d, respectively, at different heights
above the cloud base. Left, middle, and right columns are
for near-adiabatic (AF > 0.9), diluted (0.5 < AF < 0.9) and
strongly diluted (0.1 < AF < 0.5) cloud samples,
respectively. Horizontal lines represent one standard devia-
tion around the mean value. The dashed line shows the
mean height of the cloud top.

Figure 3. As in Figure 2, but for the polluted case July 18.
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dispersion d, and its large horizontal variability comes
mostly from the variability of the standard deviation s.

4. Discussion and Conclusions

[16] In this paper, the variability of cloud microphysical
parameters in marine Sc was investigated in order to
provide a guidance for cloud parameterizations and to
compare the results with theoretical predictions [e.g., Liu
et al., 2006] and previous observations [e.g., Martin et al.,
1994]. The emphasis was on the spectral width of cloud
droplet spectra, an important parameter affecting radiative
properties of clouds [e.g., Liu and Daum, 2002] and
development of drizzle and rain [e.g., Seifert and Beheng,
2001]. The results presented here paint a rather complex
picture as far as the width of cloud droplet spectra in Sc is
concerned. This comes from a combination of various

factors. For given CCN characteristics (i.e., for a given
flight), local droplet concentration varies considerably both
within adiabatic and diluted samples, and reflects both the
impact of spatially varying cloud base updraft (which
affects the spectrum of cloud droplets just after nucleation)
as well as the spectral changes due to entrainment and
mixing. It appears that the main factor affecting the relative
dispersion d = s/r is the mean size of cloud droplet radii r,
which is larger in maritime clouds at the same height within
a cloud (or, alternatively, at the same liquid water content).
For all flights, d either decreases with height or does not
change significantly. This comes mostly from the increase
of r with height, with s varying differently (and unpredict-
ably) with height in different flights.
[17] As far as the parameterization of the spectral width is

concerned, it seems that a reasonable approach is to assume
a constant standard deviation s (say, in the range of 1 to
2 mm), and parameterize the relative dispersion d using the
constant s and the local mean radius r. For droplets growing
by condensation, s decreases with height in adiabatic cloud
samples. Growth of collision-coalescence counteracts this
trend, especially when droplet sizes reach the 10–12 mm
radius when the collision-coalescence becomes efficient.
Another factor is the presence of cloud entrainment which
also results in the increase of s due to the combination of
partial evaporation of cloud droplets and activation of new

Figure 2. Results for the marine case of June 26. The 1st,
2nd, 3rd, and 4th row shows the mean droplet concentration
N, the mean radius r, the mean standard deviation s, and the
mean relative dispersion d, respectively, at different heights
above the cloud base. Left, middle, and right columns are
for near-adiabatic (AF > 0.9), diluted (0.5 < AF < 0.9) and
strongly diluted (0.1 < AF < 0.5) cloud samples,
respectively. Horizontal lines represent one standard devia-
tion around the mean value. The dashed line shows the
mean height of the cloud top.

Figure 3. As in Figure 2, but for the polluted case July 18.
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Fig. 2 in Pawlowska et al. (2006)
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Droplet radius relative dispersion d = σr/r̄
rf06 (Dec 16th 2004) rf07 (Dec 17th 2004) rf09 (Dec 20th 2004) rf12 (Jan 11th 2005)
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relatively constant with height
with values of d ∼ 0.3

h < 200 m  as in ACE-2 Sc case
(higher spread of values in RICO)

useful for parametrizing
reff ∼ 3

√
LWC/N · f (d)

dispersion d, and its large horizontal variability comes
mostly from the variability of the standard deviation s.

4. Discussion and Conclusions

[16] In this paper, the variability of cloud microphysical
parameters in marine Sc was investigated in order to
provide a guidance for cloud parameterizations and to
compare the results with theoretical predictions [e.g., Liu
et al., 2006] and previous observations [e.g., Martin et al.,
1994]. The emphasis was on the spectral width of cloud
droplet spectra, an important parameter affecting radiative
properties of clouds [e.g., Liu and Daum, 2002] and
development of drizzle and rain [e.g., Seifert and Beheng,
2001]. The results presented here paint a rather complex
picture as far as the width of cloud droplet spectra in Sc is
concerned. This comes from a combination of various

factors. For given CCN characteristics (i.e., for a given
flight), local droplet concentration varies considerably both
within adiabatic and diluted samples, and reflects both the
impact of spatially varying cloud base updraft (which
affects the spectrum of cloud droplets just after nucleation)
as well as the spectral changes due to entrainment and
mixing. It appears that the main factor affecting the relative
dispersion d = s/r is the mean size of cloud droplet radii r,
which is larger in maritime clouds at the same height within
a cloud (or, alternatively, at the same liquid water content).
For all flights, d either decreases with height or does not
change significantly. This comes mostly from the increase
of r with height, with s varying differently (and unpredict-
ably) with height in different flights.
[17] As far as the parameterization of the spectral width is

concerned, it seems that a reasonable approach is to assume
a constant standard deviation s (say, in the range of 1 to
2 mm), and parameterize the relative dispersion d using the
constant s and the local mean radius r. For droplets growing
by condensation, s decreases with height in adiabatic cloud
samples. Growth of collision-coalescence counteracts this
trend, especially when droplet sizes reach the 10–12 mm
radius when the collision-coalescence becomes efficient.
Another factor is the presence of cloud entrainment which
also results in the increase of s due to the combination of
partial evaporation of cloud droplets and activation of new

Figure 2. Results for the marine case of June 26. The 1st,
2nd, 3rd, and 4th row shows the mean droplet concentration
N, the mean radius r, the mean standard deviation s, and the
mean relative dispersion d, respectively, at different heights
above the cloud base. Left, middle, and right columns are
for near-adiabatic (AF > 0.9), diluted (0.5 < AF < 0.9) and
strongly diluted (0.1 < AF < 0.5) cloud samples,
respectively. Horizontal lines represent one standard devia-
tion around the mean value. The dashed line shows the
mean height of the cloud top.

Figure 3. As in Figure 2, but for the polluted case July 18.
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dispersion d, and its large horizontal variability comes
mostly from the variability of the standard deviation s.

4. Discussion and Conclusions

[16] In this paper, the variability of cloud microphysical
parameters in marine Sc was investigated in order to
provide a guidance for cloud parameterizations and to
compare the results with theoretical predictions [e.g., Liu
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concerned, it seems that a reasonable approach is to assume
a constant standard deviation s (say, in the range of 1 to
2 mm), and parameterize the relative dispersion d using the
constant s and the local mean radius r. For droplets growing
by condensation, s decreases with height in adiabatic cloud
samples. Growth of collision-coalescence counteracts this
trend, especially when droplet sizes reach the 10–12 mm
radius when the collision-coalescence becomes efficient.
Another factor is the presence of cloud entrainment which
also results in the increase of s due to the combination of
partial evaporation of cloud droplets and activation of new

Figure 2. Results for the marine case of June 26. The 1st,
2nd, 3rd, and 4th row shows the mean droplet concentration
N, the mean radius r, the mean standard deviation s, and the
mean relative dispersion d, respectively, at different heights
above the cloud base. Left, middle, and right columns are
for near-adiabatic (AF > 0.9), diluted (0.5 < AF < 0.9) and
strongly diluted (0.1 < AF < 0.5) cloud samples,
respectively. Horizontal lines represent one standard devia-
tion around the mean value. The dashed line shows the
mean height of the cloud top.

Figure 3. As in Figure 2, but for the polluted case July 18.
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Effective radius reff
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lines represent adiabatic values for
constant f (d) and
constant N of 50 and 100 cm−3

reffad
∼ 3

√
LWCad/N · f (d)

comparable with the pacific
remote sensing observations
(save for the bi-modality in deeper parts)

in all subsets, from the highest value near the cloud base to
values around 0.1 near the cloud top. In general, the rapid
decrease of AF with height is reminiscent of the profiles
obtained from similar-spatial-resolution aircraft observa-
tions of shallow convective clouds reported in Warner
[1955].
[10] Figure 2 shows the CFAD of re. For reference,

adiabatic re corresponding to droplet concentrations of 50
and 100 cm!3 are also shown, assuming that re and the
mean volume radius rv are related as rv

3 = kre
3, where k "

0.80 for maritime conditions (Martin et al., 1994). Such a
range of droplet concentrations can be thought of as typical
for the pristine marine environment of the equatorial central
Pacific (e.g., see concentrations observed in trade wind
cumuli off Australia reported by Stephens and Platt
[1987]). The effective radius sharply increases in the first
couple hundred meters above the cloud base, reflecting
rapid growth of cloud droplets nucleated at the base by
diffusion of water vapor. After a few hundred meters,
however, the CFAD shows a transition into a wide bimodal
shape, arguably reflecting a wide range of mixing scenarios
and possibly fresh nucleation of cloud droplets due to
entrainment of environmental dry air into a cloud. The peak
at large values, reaching about 15 mm near the cloud top,
represents droplets with radii several microns smaller than
the adiabatic values. Since the air near the cloud top is on
average strongly diluted (see Figure 1), this peak represents
droplet spectral transformations which resemble intermedi-
ate mixing (i.e., between homogeneous and extremely
inhomogeneous, with reduction of both the droplet radius
and droplet concentration). The peak at small sizes, on the
other hand, corresponds to droplet sizes not much different
than those observed near the cloud base. Arguably, some of
these droplets come from fresh nucleation above the cloud
base. There are many cases where re falls between the two
peaks.
[11] Figure 3 shows examples of the relationship between

re and AF for clouds with two different ranges of liquid
water paths (LWPs; 10–50 and 100–500 g m!2, i.e., with
different cloud top heights) at two different heights above
the cloud base, corresponding roughly to one-third and two-
thirds of their typical depths. As in Figure 2, re
corresponding to the LWC for a given adiabatic fraction

and assuming droplet concentrations of 50 and 100 cm!3

are also shown. The ranges of re in various panels roughly
agree with the ranges shown in Figure 2 (e.g., from 5 to
10mmat 100mabove the cloud base; 5 to 15mmat 600m).At
very low AF, re follows the droplet size for the concentration
of about 50 cm!3. Data points with AFs larger than 0.4 are
present only at lower levels for both types of clouds
(left panels in Figure 3). These diagrams do not seem to show
the tendency of re to be independent of AF as observed by
Blyth and Latham [1991] and Gerber [2000].
[12] Finally, Figure 4 shows the pdf of the optical

thickness calculated from profiles of the LWC and re
assuming no absorption of solar radiation for all cloud
profiles included in the present study. The optical thickness

of each column is calculated as t =
3

2

1

rw

Z H

0

LWC

re
dz, where

rw is the water density [cf. Stephens, 1978; Grabowski,
2006]. The plot shows that the optical thickness between 5
and 10 is the most frequent which attests to the highly
diluted nature of shallow clouds above the Nauru site. A
long tail up to t = 100 is also apparent.

4. Discussion and Conclusions

[13] Optical properties of shallow warm clouds, such as
stratocumulus and shallow cumulus, play an important role
in the Earth’s radiative balance. Such clouds are more

Figure 2. CFAD of the effective radius using 2 mm wide
bins for the same clouds as in Figure 1. Effective radius for
adiabatic clouds with droplet concentrations of 50 and
100 cm!3 are shown by solid and dashed lines, respectively.

Figure 3. Effective radius versus AF for (top) shallow
clouds (LWP between 10 and 50 g m!2) and (bottom)
deeper clouds (LWP between 100 and 500 g m!2). Data for
(top left) 0.1 km, (top right and bottom left) 0.3 km, and
(bottom right) 0.6 km above the cloud base. Effective radius
for LWC corresponding to a given AF and for droplet
concentration of 50 and 100 cm!3 are shown by solid and
dashed lines, respectively.

L06808 MCFARLANE AND GRABOWSKI: REMOTE SENSING OF EFFECTIVE RADIUS L06808

3 of 5

Nauru ARM remote sensing retrievals
(McFarlane and Grabowski, 2007)
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Summary

statistical assessment of selected microphysical parameters
of pristine-air trade-wind cumuli

in context of usage in parametrizations
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