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[1] This paper presents results from ground-based remote
sensing of optical properties of shallow convective clouds
over the Nauru ARM site using the technique developed by
McFarlane et al. (2002). Herein, the results of a pilot study
are presented with analysis of about six months of cloud
data. The effective radius re shows large spatial variability,
with the frequency of occurrence relatively narrow near the
cloud base, and gradually widening aloft. Available column
data for LWC and re allow derivation of the pdf of the
optical thickness t. The pdf shows that clouds with t in the
range 5 to 10 are most frequent, but there is a long tail with
clouds up to t = 100. These results are discussed in the
context of traditional observations of cloud microstructure
using an instrumented aircraft. Citation: McFarlane, S. A.,

and W. W. Grabowski (2007), Optical properties of shallow

tropical cumuli derived from ARM ground-based remote sensing,

Geophys. Res. Lett., 34, L06808, doi:10.1029/2006GL028767.

1. Introduction

[2] The local liquid water content (LWC) and the shape
of the cloud droplet spectrum (the latter represented by the
effective radius re, the ratio between the third and the
second moment of the droplet spectrum) [Stephens, 1978]
determine local optical properties of ice-free clouds, such as
subtropical stratocumulus and trade-wind cumulus. The
optical thickness, the single-scattering albedo, and the
asymmetry factor can all be parameterized as a function
of the cloud depth, LWC and re [e.g., Stephens, 1978;
Slingo and Schrecker, 1982; Hu and Stamnes, 1993].
Spatial distribution of these properties controls the area-
averaged albedo of a cloud field. Stratocumulus and
cumulus clouds are significantly diluted by entrainment of
dry environmental air [e.g., Stommel, 1947; Warner, 1955;
Blyth, 1993; Chosson et al., 2007], which has significant
impact on cloud optical properties. For LWC, its dilution is
determined by the conservation of the total water and the
moist static energy. Predicting changes of the cloud droplet
spectrum, on the other hand, requires additional constraints.
This is because conservation of water and energy does not
allow distinguishing between situations where cloud water
after homogenization is distributed over either the same
number of smaller droplets (i.e., the homogeneous mixing
scenario) or a smaller number of droplets all with the initial
size (i.e., the extremely inhomogeneous mixing scenario
[Baker et al., 1980]; see discussion by Andrejczuk et al.
[2006] and Burnet and Brenguier [2007]). This is an

important issue because the assumptions about the impact
of entrainment and mixing on cloud droplet spectra have
been shown to significantly affect mean radiative properties
of a field of stratocumulus and cumulus clouds [Chosson et
al., 2004, 2007; Grabowski, 2006].
[3] Microphysical properties of various clouds and cloud

systems are typically investigated using aircraft instru-
mented with optical probes capable of providing spectra
of cloud droplets and rain/drizzle drops averaged over a
distance of tens of meters or shorter along the flight track
[see Burnet and Brenguier, 2007, and references therein].
Using this information, LWC and re can be derived from the
observed spectra [e.g., Stephens and Platt, 1987; Martin et
al., 1994; Pawlowska and Brenguier, 2000]. Blyth and
Latham [1991] showed that in Montana cumuli observed
during the 1981 CCOPE (Cooperative Convective Precip-
itation Experiment) re only weakly depended on the adia-
batic fraction (AF), the ratio between the LWC and its
adiabatic value. This seems consistent with the extremely
inhomogeneous mixing scenario. Such a scenario is also
consistent with droplet spectral changes observed in many
traverses across small continental cumuli during the SCMS
(Small Cumulus Microphysics) experiment [Gerber, 2000]
and in traverses in actively growing trade-wind cumulus
turrets during RICO (Rain in Cumulus over the Ocean)
[Gerber, 2006]. In some RICO cases, however, spectral
changes were argued to result from the nucleation of fresh
cloud droplets due to entrainment. Similar results were
reported earlier by Pontikis and Hicks [1993]. Heymsfield
and McFarquhar [2001, Figure 6] reported wide frequency
distributions of the effective radius from cloud penetrations
during long-distance cross-equatorial flights in INDOEX
(Indian Ocean Experiment).
[4] This paper reports results from ground-based obser-

vations over the ARM (Atmospheric Radiation Measure-
ment, see www.arm.gov) Tropical Western Pacific Nauru
site (0.5S, 166.9E) using the technique developed by
McFarlane et al. [2002]. The island of Nauru is located
in the equatorial central Pacific and typical low-level
cloudiness consists of fields of shallow trade-wind cumuli.
Although one can argue that ground-based remote sensing
of cloud optical properties has significant uncertainties (see
a brief discussion below), its main advantage is an unprec-
edented length of the record (i.e., sampling of many clouds
that pass overhead). Moreover, ground-based remote sens-
ing provides instantaneous vertical profiles of cloud optical
properties, which, unlike aircraft observations, can be
directly applied as input to two-stream independent-
column-approximation radiative transfer models, typically
used in the clouds-in-climate problem [e.g., Grabowski,
2006, and references therein]. However, the low spatial
resolution of ground-based remote sensing compared to
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aircraft observations has to be kept in mind. The next section
briefly discusses the technique used in this study. Results are
presented in section 3 and their brief discussion in section 4
concludes the paper.

2. Measurements, Data Set, and Numerical
Procedures

[5] Vertical profiles of re and LWC for boundary layer
clouds at Nauru are retrieved from microwave radiometer
(MWR) brightness temperatures and millimeter cloud radar
(MMCR) reflectivity using the Bayesian retrieval algorithm
developed by McFarlane et al. [2002], which combines
prior information on cloud microphysics with remote sens-
ing observations. Prior probability density functions for
liquid water clouds were derived from the second, third,
and sixth moments of the droplet size distributions mea-
sured by in situ aircraft probes in shallow cumuli during the
JHWRP (Joint Hawaiian Warm Rain Project) and SCMS
field experiments (see McFarlane et al. [2002] for further
discussion). These were combined with forward models for
radar reflectivity and microwave brightness temperatures to
retrieve the posterior pdf within the Bayesian framework.
We integrate over the posterior pdf to calculate the mean
vertical profile and the variance around the mean, which is
an estimate of the uncertainty in the retrieval. Unlike other
radar-radiometer retrievals [e.g., Frisch et al., 1995], no
assumptions about the form of the droplet size distribution
are made, uncertainties on the input measurements are
included, and uncertainty estimates on the retrieved prop-
erties are returned. Analysis of the retrieval using large eddy
simulations of maritime trade cumulus cloud fields found
root-mean-square (RMS) errors of 2.0–3.3 mm in re and
0.14–0.19 gm�3 in LWC [McFarlane et al., 2002]. The
RMS errors in re were significantly smaller than those
retrieved from the Frisch et al. [1995] algorithm, while
the LWC errors were comparable. It needs to be empha-
sized, however, that no aircraft observations are available to
validate the retrievals presented in this paper.
[6] The MMCR is a vertically pointing Doppler radar

operating at 34.86 GHz [Clothiaux et al., 1999]. In this
analysis, we use data only from the boundary layer mode,
which has a minimum signal of �60 dBZ at 1 km and 45 m

vertical resolution. In the current configuration, sampling
occurs approximately every 40 seconds, over a 9 second
interval. Given typical wind speeds of 8.4 m/s at Nauru
[McFarlane and Evans, 2004], the horizontal resolution of
each radar measurement due to the sampling time is about
77 m. Kollias et al. [2005] compared the MMCR Doppler
moment estimates for Florida cumulus to those from a radar
with 2-s sampling and determined that the Doppler
moments from the two radars were highly correlated, except
in cases of high turbulence. The MWR is a dual-channel
radiometer operating at wavelengths of 23.8 GHz and
31.4 GHz. Brightness temperatures are reported at 20 s
resolution and are interpolated to match the radar times. In
summary, the retrievals provide information on spatial
variability of LWC and re on scales �100 m, which is
relatively low when compared to modern aircraft observa-
tions [cf. Gerber, 2000, 2006; Burnet and Brenguier, 2007],
but similar to the photon mean free path inside a cloud.
[7] We perform retrievals on approximately 6 months of

data (16 June 1999 – 19 December 1999) at Nauru. Over
34,000 profiles occurring within 3 hours of a radiosonde
launch were found to contain clouds with radar cloud
base (lowest radar range gate with reflectivity greater than
�60 dBZ) less than 2000 m. To reduce cloud edge effects,
we restrict the analysis to profiles with at least 5 consecutive
range gates (i.e., 225 m thick) having reflectivity greater
than �60 dBZ. To reduce the potential for sampling clouds
containing precipitation or drizzle, we require the maximum
radar reflectivity in the cloud to be less than �10 dBZ, and
the radar cloud base to be within 100 m of cloud base
determined from a laser ceilometer at the site. Approxi-
mately 30% of the radar profiles containing cloud were
removed due to the cloud thickness limitation and about
60% of the profiles were removed due to potential drizzle
contamination. Overall, the above restrictions resulted in
retrievals of re and LWC profiles only for clouds with
depths between approximately 200 m and 1 km.
[8] Local values of the adiabatic fraction AF are estimated

using the retrieved LWC and profiles of the adiabatic LWC,
the latter estimated from the analysis of the adiabatic parcel
raising from the observed cloud base. Parcel analysis
assumes that cloud base represents raising boundary layer
air that is exactly at water saturation and that cloud-base
temperature can be approximated by the environmental
temperature at this level from the nearest in-time air
sounding.

3. Results

[9] Figure 1 presents the contoured frequency by altitude
diagram (CFAD) of the adiabatic fraction AF in all clouds
for the period selected. When observed with an instrument
capable of only resolving spatial scales of �100 m, small
Cu above the Nauru site appear strongly diluted, with AF
reaching only about half near the cloud base and decreasing
to about 0.1 near the typical maximum cloud depth of 1 km.
(See Gerber [2000, Figure 2], who illustrates the impact of
the spatial resolution of cloud measurements on the estimate
of cloud dilution.) When the entire data set is divided into
subsets of clouds with different cloud top heights (not
shown), it is apparent that deeper clouds have higher
cloud-base AF and that AF rapidly decreases with height

Figure 1. CFAD of the adiabatic fraction (AF) for the
entire data set analyzed in this study. CFAD is calculated
using 0.1 as AF bin width.
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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.
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important than deep clouds because the reflection of solar
radiation by shallow clouds far outweighs their effect on the
thermal radiation. The LWC and re are the key parameters
for representing the optical properties of these clouds.
Because these clouds are significantly diluted by entrain-
ment, understanding the microphysical transformations
resulting from cloud dilution is the key issue [Chosson et
al., 2004, 2007; Grabowski, 2006]. The data shown in this
paper provide insights into bulk optical properties of these
clouds, thus complementing aircraft observations that have
been used previously to investigate the impact of entrain-
ment and mixing on the cloud droplet spectra (see discus-
sion by Burnet and Brenguier [2007, and references
therein]). Remote sensing of shallow clouds over the Nauru
site provides an unprecedented volume of data, only a small
fraction of which was analyzed in this study.
[14] Some of the results presented here merely confirm

well-known facts. For instance, the fact that shallow Cu are
significantly diluted is well known since the pioneering
aircraft observations by Stommel [1947] and Warner [1955],
and it has been confirmed in many subsequent observational
studies, especially when only low-spatial-resolution obser-
vations are available [cf. Gerber, 2000, Figure 2]. The shape
of the CFAD of re presented in Figure 2 also seems
consistent with previous theoretical and observational stud-
ies [e.g., Warner, 1969; Paluch and Knight, 1984; Pontikis
and Hicks, 1993; Brenguier and Grabowski, 1993; Su et al.,
1998; Heymsfield and McFarquhar, 2001]. The results
support the view that shallow cumuli are very inhomoge-
neous as far as their microphysical properties are concerned.
CFADs of re are wide, with the width increasing with
height, and show peaks at limits corresponding to the size
significantly smaller than the adiabatic value and the size
corresponding to droplets after recent nucleation. Such wide
distributions, combined with the distributions of LWC, lead
to a wide pdf of the observed optical thickness t (Figure 4),
with maximum frequency for t in the 5 to 10 range and a
long tail extending beyond t = 100. Whether the latter is
true for various environmental conditions remains to be
seen. Although the conditions over the Nauru site are quite
steady during this study period, there exist periods with
significantly different conditions, e.g., due to differences
between El-Niño and La-Niña years. Analysis of the data
from these different periods and/or from other ARM sites
might turn out to be very useful in the development of

robust parameterizations of optical properties of shallow
ice-free clouds. Observations reported here should also be
used in validating large-eddy simulation models, which are
typically used in studies concerning these shallow clouds.
We hope to present results of such investigations in the
future.
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