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[1] This paper seeks to gain understanding of what processes influence the cloud fraction
of altocumulus and altostratocumulus clouds. Our starting point is a midlevel cloud system
observed on 25 June 1996 during the first Complex Layered Cloud Experiment. The
two-layered system comprised a partly cloudy cumuliform layer located several hundred
meters below an overcast stratiform layer. The cloud system was documented with
aircraft data and was simulated in three dimensions with high resolution using large-eddy
simulation (LES). Given observed initial atmospheric profiles, the model successfully
simulates the qualitative structure of the layered system, although the modeled cumuliform
layer has less cloud fraction, liquid water, and turbulence than the observations. Sensitivity
studies were performed using an LES model. These give evidence that partial cloudiness
in our simulations is caused primarily by conditional instability and the consequent
vertical motions of air parcels within the layer. This mechanism is complicated by the
presence of radiative heating and cooling. When the lower cloud layer is radiatively heated
throughout its entire depth, it becomes conditionally unstable and partly cloudy. This
is true even if the layer is initially overcast and absolutely stable, and even if the radiative
heating rates are moderate. However, the entire lower layer heats only if there is a
cloud layer above it. If the upper layer is removed, then the lower layer cloud top cools
strongly to space in the longwave, and the lower layer remains overcast. Through this
radiative effect, the presence or absence of an upper layer influences the cloud fraction of a
lower layer, even though the two layers are spatially separated and have little
microphysical interaction or turbulent exchange of heat and moisture.
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1. Introduction

[2] Understanding partly cloudy midlevel clouds is of
interest for several reasons. One is that the subject of
midlevel clouds is fertile ground for basic scientific inquiry.
For instance, although altocumulus and altostratus have
been studied by numerous authors in the past [see, e.g.,
Starr and Cox, 1985; Gedzelman, 1988; Heymsfield et al.,
1991; Liu and Krueger, 1998; Tulich, 1998; Field, 1999;
Hobbs et al., 2001; Larson et al., 2001; Fleishauer et al.,
2002; Clark et al., 2005; Marsham et al., 2006], they have
been studied far less than stratocumulus or cirrus clouds
[Lilly, 1988; Larson et al., 2006]. Nevertheless, altocumulus
and altostratus are common cloud types, together covering
22% of the sky worldwide [Warren et al., 1988a, 1988b].
We also have practical motivations for studying midlevel
clouds; for instance, altocumuli hamper operations of un-
manned aerial vehicles (UAVs) in at least two ways
[Fleishauer et al., 2002]. First, supercooled midlevel clouds
can cause icing on aircraft wings, which particularly endan-

gers UAVs that are small. Second, when high-altitude UAVs
are used for reconnaissance, midlevel clouds can obstruct
the ground from view. The degree of obstruction depends on
cloud fraction.
[3] Thin midlevel clouds may have some influence on

climate because although they have only a modest net cloud
radiative forcing [Hartmann et al., 1992], they perturb the
individual components of shortwave and longwave radia-
tion. However, a recent intercomparison study [Zhang et al.,
2005] has shown that general circulation models of the
Earth’s climate greatly underpredict the occurrence of thin
midlevel clouds as compared with satellite estimates.
[4] This paper focuses on how midlevel clouds develop

partial cloudiness. First, we briefly detour into nomencla-
ture. In standard meteorological usage [e.g., Houze, 1993], a
thin midlevel cloud layer displaying rounded elements
(produced by radiatively generated turbulence, for instance)
is denoted ‘‘altocumulus,’’ regardless of its cloud cover. In
contrast, following Larson et al. [2006], we prefer to
denote overcast altocumulus ‘‘altostratocumulus’’ (ASc)
and reserve ‘‘altocumulus’’ (Ac) for partly cloudy layers.
We prefer this because it parallels common usage for
boundary layer clouds. Distinct from altostratocumulus
and altocumulus clouds are altostratus, which are thicker

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, D12206, doi:10.1029/2006JD007666, 2007
Click
Here

for

Full
Article

1Atmospheric Science Group, Department of Mathematical Sciences,
University of Wisconsin-Milwaukee, Milwaukee, Wisconsin, USA.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2006JD007666$09.00

D12206 1 of 13



and more uniform in appearance. Generically, we refer to
altostratocumulus, altocumulus, and altostratus clouds as
‘‘alto clouds’’, i.e. midlevel clouds. Therefore this paper’s
focus may be restated as the mechanism by which alto-
stratocumuli become altocumuli.
[5] For a partly cloudy layer to exist, there must exist

horizontal variability in either temperature or moisture, so
that some regions are saturated and some are not. One
possible formation mechanism is that a layer which contains
preexisting variability in relative humidity is cooled and
becomes saturated in the moister regions. Although this
mechanism may be important, we do not discuss it in the
present paper. Rather, we focus on internal mechanisms of
generating variability in moisture. In particular, we explore
how conditional instability affects partial cloudiness and
how radiative heating, in turn, affects conditional instability.
[6] Of particular interest to us are multilayered systems

[Curry, 1986;McInnes and Curry, 1995;Wang et al., 2001] in
which an upper cloud layer affects a lower cloud layer through
longwave radiation. Such a radiative effect can completely
transform the gross structure of the lower layer, even if the two
layers are not adjacent and interact little via hydrometeor
fallout or turbulent transport of heat and moisture.
[7] An outline of the rest of this paper is as follows.

Section 2 provides an overview of the case and the aircraft
observations. Section 3 discusses our simulations of the
observed cloud. Section 4 uses sensitivity experiments to
explore the effects of conditional instability and radiation on
cloud fraction. Section 5 lists conclusions and implications
for cloud parameterization in large-scale models.

2. Case Background and Aircraft Data

[8] The first Complex Layered Cloud Experiment
(CLEX-1) provided in situ observations of nonprecipitating

midlevel clouds. On 25 June 1996, CLEX-1 sampled a two-
layer alto cloud system over eastern Kansas that provides
the basis of the present paper.
[9] The size and structure of the cloud system were as

follows. At 1631 UTC, the horizontal extent of the system
was about 900 km2 (Figure 1). The two layers were distinct,
separated by several hundred meters. The lower cloud
layer was (partly cloudy) altocumulus, with cloud base
at approximately 5500 m above sea level (ASL) and cloud
thicknesses of 200 to 300 m. The upper cloud layer was
(overcast) altostratocumulus, with cloud base at approxi-
mately 6000 m ASL and cloud thicknesses of about 300 m.
We define overcast as the condition in which all lines of
sight from ground to sky are obscured by cloud. The upper
layer contained turbulence and elements with rounded tops.
The cloud system was first measured by the aircraft at about
1630 UTC, but it was already dissipating by this time. By
1800 UTC, the lower layer had dissipated entirely and the
upper layer had diminished in size [Tulich, 1998].
[10] In situ measurements of the cloud system and its

vicinity were obtained by the University of Wyoming King
Air (UWKA) aircraft. Measurements of temperature, mois-
ture, pressure, wind, and particle concentration were taken
every second from 1607 to 1812 UTC on 25 June 1996;
the aircraft was actually in the cloud system from appro-
ximately 1630 to 1800 UTC. In processing the aircraft
data, we used pressure data from an altimeter, temperature
data from a Minco reverse flow sensor, dew point data from a
Cambridge chilled-mirror hygrometer, cloud droplet data
from a forward scattering spectrometer probe (FSSP), and
ice crystal data from Particle Measuring Systems’ 2D-C and
2D-P optical array probes.
[11] We regarded the most reliable measurements to be

time averages over straight, level flight legs. We considered
legs to be straight if their heading varied by no more than

Figure 1. Geostationary Operational Environmental Satellite 10 (GOES 10) image from 1631 UTC on
25 June 1996. The dark lines show state borders. The alto cloud system, located in eastern Kansas, is
circled in white. The aircraft entered the cloud system at 1634 UTC.
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