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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
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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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20� and level if their altitude above sea level varied by no
more than 10 m. We were able to isolate seven level flight
legs (Figure 2), some with two or three components
(straight and located at the same height but separated by
an aircraft turn). We also filled in an altitude data gap by
using one level flight leg which was not straight. Addition-
ally, some data from above the highest flight leg was
obtained from a slow, descending aircraft spiral through
the cloud system. From these data, we reconstructed a
sounding representing the cloud system.
[12] An important forcing mechanism for midlevel clouds

is large-scale ascent or subsidence [Larson et al., 2001].
However, accurately measuring vertical velocity averaged
over the cloud system with our aircraft data was not feasible.
Therefore, to estimate large-scale vertical motion, we used
reanalysis data (Figure 3). To provide some measure of
uncertainty, we used data from three reanalyses: the National
Centers for Environmental Prediction/ National Center
for Atmospheric Research (NCEP/NCAR) Reanalysis, the
National Centers for Environmental Prediction/Department
of Energy (NCEP/DOE) Reanalysis II, and European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA-40
Reanalysis. These data were obtained from National Center
for Atmospheric Research. In order to interpolate these
gridded analyses to the location of the cloud system, we

used the Barnes scheme [Barnes, 1964]. The reanalyses
show that the cloud system was located in a region of ascent
during its formation early in the day on 25 June 1996, but by
the time the aircraft began sampling the system, there was
descent. These data were used to force large-scale vertical
motion in our simulations.
[13] Because our clouds were colder than freezing, one

might ask whether ice processes were important. The total
amount of ice present was much smaller than the amount of
liquid water; on most legs, the ice water mixing ratio was
about 100 times smaller than the liquid water mixing ratio.
We have plotted the liquid and ice water mixing ratios over
the aircraft flight in Figure 4. Figure 4 illustrates that at most
points within cloud, the ice water mixing ratio was much
smaller than the liquid water mixing ratio. To further assess
the importance of ice in the cloud, we performed a large
eddy simulation in which the default ice microphysics was
turned on. In this simulation, the liquid water content is
diminished and the cloud lifetime is somewhat shortened,
but the two-layer cloud structure is qualitatively unchanged.
Accordingly, in this initial study, we deliberately omit ice
processes in order to isolate the effects of instability and
radiative transfer on the more substantial liquid parts of the
cloud.

3. Simulation of the Observed Case

3.1. COAMPS-LES Model

[14] Large-eddy simulation (LES) has been widely and
successfully used to simulate both boundary layer and cirrus
clouds [see, e.g., Cotton et al., 2003]. We may reasonablyFigure 2. Path taken by the aircraft within the 25 June

1996 alto cloud system. Each ‘‘leg’’ shown was level to
within 10 m and was at a constant heading to within 20�.
Crosses mark the locations where liquid water was sampled
by the instruments aboard the aircraft.

Figure 3. Large-scale vertical motion calculated at the
location of the alto cloud system on 25 June 1996 as
interpolated from the NCEP/NCAR Reanalysis (asterisks),
NCEP/DOE Reanalysis II (pluses), and ECMWF ERA-40
models (circles). The vertical motion used by COAMPS-
LES (solid line) was an idealization of the mean of the
reanalyses (thin dashed line).
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expect LES to successfully simulate alto clouds without
modification because LES uses fundamental physical equa-
tions with relatively few approximations.
[15] Numerical simulations of the 25 June 1996 system

were conducted using the Coupled Ocean/Atmosphere
Mesoscale Prediction System (COAMPS

1

) Large-Eddy
Simulation (COAMPS-LES) model. COAMPS-LES is a
modification of the COAMPS mesoscale model that ena-
bles the model to accurately simulate fields on fine grid
scales [Golaz et al., 2005]. It has performed comparably to
other LES models in simulations of boundary layer clouds
observed during field experiments such as the Atlantic
Trade Wind Experiment (ATEX) [Stevens et al., 2001],
Barbados Oceanographic and Meteorological Experiment
(BOMEX) [Siebesma et al., 2003], Atmospheric Radiation
Measurement Project (ARM) [Brown et al., 2002], First
International Satellite Cloud Climatology Project (ISCCP)
Regional Experiment (FIRE) [Moeng et al., 1996], and
Dynamics and Chemistry of Marine Stratocumulus Phase II
(DYCOMS-II) [Stevens et al., 2003].
[16] A second-order advection scheme was used for

momentum variables while a positive definite scheme was
used for scalar variables. We used the anelastic approxima-
tion (a generalization of the Boussinesq approximation to
vertically stratified atmospheres) to remove sound waves.
Our simulations were run on an 81 � 81 horizontal grid,
with grid points separated by 50 m. There were 201 vertical
grid points, separated by 12.5 m. We used a 1-s time step.

3.2. Radiative Heating Scheme

[17] The longwave radiative transfer scheme that we have
implemented in COAMPS-LES is an analytic formula
[Larson et al., 2007] that is a modification of Stevens et
al. [2005]. Our shortwave radiative flux scheme is that used
in the EUROCS stratocumulus intercomparison [Duynkerke
et al., 2004], originally based on work by Shettle and
Weinman [1970].
[18] To verify that our analytical radiation scheme is

realistic, we compared it to BUGSrad, a sophisticated,

two-stream, numerical radiative transfer code [Stephens et
al., 2001, 2004]. We fed each scheme the profile of clouds
and thermodynamics averaged over the first hour after spin-
up and then compared both schemes’ total (longwave plus
shortwave) heating rate profiles (Figure 5).
[19] Qualitatively, BUGSrad and the analytical radiation

scheme agree well. In the upper cloud layer, both schemes
produce cooling of about 3 K hr�1 near the top and weaker
warming of 1 to 2 K hr�1 near the base. The cloud top
cooling arises because cloud top parcels emit significant
amounts of longwave radiation to space, for which they
receive no radiation in return. The loss of energy results in
cooling. In the lower cloud layer, both schemes predict
weak warming throughout the entire cloud depth. The fact
that there is no cooling in the lower layer is important for
basic features of its structure, as we will see in section 4
below. The weak warming results because the lower layer
receives substantial longwave radiation from the ground
below, which is much warmer than the cloud. There is no
cooling near the cloud top of the lower layer, because
longwave radiation emitted upward is nearly counterbal-
anced by downwelling longwave radiation from the upper
altostratocumulus layer.

3.3. Initial Conditions and Spin-Up

[20] We used the aircraft data to construct the sounding
used for model initialization. The temperature, height,
moisture, and wind were averaged over each straight, level
flight leg, and then the averages were arranged vertically to
construct a profile. Although the aircraft measurements
were not exactly spatially and temporally collocated, they
all occurred within about 50 km and 1 hour of one another
(see Figure 2). Therefore we treated them as if they were
collocated horizontally and temporally. The model was
initialized in an idealized fashion in which all fields were
horizontally uniform, except for temperature, which was
randomly perturbed to initiate the turbulence. Therefore, at

Figure 5. Radiative heating rates calculated by the
COAMPS-LES analytic code and by BUGSrad, an
independent radiative transfer code. The qualitative agree-
ment between the two codes is good.

Figure 4. The 60-s averages of the liquid and ice water
mixing ratios from the aircraft data. At almost all points
during the flight, liquid is much more prevalent than ice. On
the basis of these data, we have neglected ice in our
simulations.
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the initial time, each grid layer was either overcast or clear.
The model was allowed to spin up for an hour, during which
there was an initial burst of turbulence and subsequent
equilibration.

[21] We encountered a difficulty in initializing the cloud
simulation: large-scale ascent is necessary to spin up cloud
in the simulation, but the first aircraft observations at about
1630 UTC did not occur until large-scale descent was
already present. Given the lack of early aircraft data, we
chose to force the simulations using large-scale vertical
velocity and radiation from 1000 UTC onward, but we
initialized the simulations using aircraft observations taken
from 1630 to 1800 UTC. Clearly this procedure cannot be
expected to reproduce the observations exactly, but it is still
qualitatively useful, and it is the best that can be done with
the available data.
[22] Figure 6 shows comparisons between the observed

(diamonds) and the simulated (dashed line) total water
mixing ratio (rt), potential temperature (q), and liquid water
potential temperature (ql). Additionally, for observations
which were computed from averages of flight legs, the
crosses on the chart mark the range within which 68% of the
observed data points lie, and the circles mark the range
within which 95% of the observed data points lie. These
annotations show how much variance was present in the
observed data.
[23] As expected, the simulation matches the observed

data well at many altitudes because observed rt, q, and
ql were used to initialize the model, and they evolve slowly
except near cloud top. However, there are some minor
discrepancies. Wherever the observed data had sharp gra-
dients (for instance, where a very dry layer of air was
located between two moister layers), the simulation
‘‘smooths’’ the profile by bringing the high and low values
closer together. Also, the jumps in rt, q, and ql above the
upper cloud are located somewhat too high in altitude.

3.4. Model Simulation of Cloud Layers

[24] We now test the model’s ability to simulate liquid
water mixing ratio (rl), in-cloud liquid water mixing ratio
(rl/C), cloud fraction (C), and standard deviation of vertical

velocity w,
ffiffiffiffiffiffiffi
w02

p
. (Large

ffiffiffiffiffiffiffi
w02

p
indicates either strong

turbulence or gravity waves.) To do so, we compare
observations at the initial time with simulated profiles in
the hour after spin-up (Figure 7). The fact that we are
comparing a simulated profile that has evolved 1–2 hours
beyond the observed profile is a drawback. However, the
comparison is still useful qualitatively.
[25] Within the upper cloud layer, rl, C, and

ffiffiffiffiffiffiffi
w02

p
are

simulated with qualitative accuracy except that, as expected,
the simulated cloud is located higher because it rises via
large-scale ascent and entrainment during the first hours of
the simulation. The lower cloud layer also rises during the
spin-up hour but rises only slowly thereafter because the
large-scale ascent causes continuous saturation of air just
below cloud base (see Figures 10–14 in section 4). In the

Figure 6. (a) Total water mixing ratio rt, (b) potential
temperature q, and (c) liquid water potential temperature ql
measured by the aircraft and computed by COAMPS-LES.
The COAMPS-LES profiles are 1-hour averages obtained
immediately following model spin-up, at which time the
turbulence had equilibrated. Overall, the model fields match
the observations well, although the simulated profiles are
‘‘smoothed’’ by the turbulent mixing.
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gap between the upper and lower cloud, the turbulence dies
off rapidly because the atmosphere there is stably stratified.
[26] Within the altocumulus (lower) cloud layer, rl, C,

and
ffiffiffiffiffiffiffi
w02

p
are underpredicted. The underprediction of rl

and C is related to the fact that the simulated atmosphere
is too homogeneous in the lower layer. The model
correctly predicts the total water mixing ratio (rt), but
does not properly predict the wide range of values about
the mean (not shown). Since the altocumulus is subsat-
urated in the mean, liquid forms only where moisture is
anomalously large. The simulation’s underprediction of
moisture variability implies an underprediction of high-
moisture parcels, and consequently an underprediction of
rl and C.

[27] The simulated in-cloud liquid water mixing ratio
(rl/C) for the altocumulus layer matches the observations
better than does rl or C alone. This shows that the
simulation predicts a plausible amount of liquid water
within cloud, but does not predict enough liquid water
and cloud fraction overall.
[28] Why does the simulation have less rl, C, and

ffiffiffiffiffiffiffi
w02

p

than the observations? One possible explanation is that the
model is unable to produce enough horizontal variability,
perhaps because the horizontally homogeneous initializa-
tion is unrealistic, or perhaps because the model’s hori-
zontal domain is too small. However, it is also possible

that the observed estimates of rl, C, and
ffiffiffiffiffiffiffi
w02

p
are too

high, for two reasons. First, the flight tracks may not have

Figure 7. (a) Liquid water mixing ratio rl, (b) cloud fraction C, (c) in-cloud liquid water mixing ratio rl/C,
and (d) standard deviation of vertical velocity. The COAMPS-LES profiles are 1-hour averages obtained
immediately following spin-up, as in Figure 6. The observed data come from time averages of the level
flight legs except for the top three points in the mixing ratio profile, which were obtained from the spiral
sounding. There is little turbulence in the model at low levels, which leads to a nearly homogeneous
atmosphere. Since there are fewer pockets of very moist or very dry air, rl is much lower in the lower layer
than in the observations. A better match in the cumuliform layer is given by the in-cloud liquid water mixing
ratio.
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randomly sampled the atmosphere, but rather preferentially
sampled cloud. Simple averaging of flight legs, as we
have done, would then lead to an overestimate of rl, C,

and
ffiffiffiffiffiffiffi
w02

p
. Second, the large-scale ascent that we use to

force the simulation may be too small. The reanalyses we
use were all calculated on a coarse grid with a grid
spacing of 200 to 275 km. Averaging over a large grid

box homogenizes the vertical velocity field and diminishes
the maxima and minima. This is significant because while
turbulence appears to be less sensitive, the large-scale
ascent rate strongly increases cloud fraction and liquid
water (Figure 8). Finally, vertical motion in the reanalysis
data is not explicitly measured; it must be inferred from
quasi-geostrophic theory, and thus the vertical motion

Figure 8. Dependence of (a) cloud fraction, (b) liquid water mixing ratio, and (c) wp2 (i.e., w02),
averaged over the first hour following spin-up, on ascent. Stronger ascent leads to higher cloud fractions
and liquid water amounts in the lower layer. It also leads to a higher cloud base and cloud top in the upper
layer.

Figure 9. (a) Mean layer potential temperature, (b) turbulent flux of total water, wprtp (i.e., w0r0t), and

(c) turbulent flux of ql, wpthlp (i.e., w0q0l), averaged over the first 5 hours following spin-up. The
vertical dotted lines in Figure 9a show lines of potential temperature for unsaturated parcels, and the
diagonal dashed lines show lines of potential temperature for saturated parcels. The turbulent flux
wprtp and to a lesser degree wpthlp both reach a local minimum in magnitude between the two cloud
layers (delineated by horizontal dotted lines in Figure 9b), indicating a relative lack of turbulent
transport of moisture or heat between the layers.
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calculations are subject to the assumptions and approx-
imations of quasi-geostrophic theory. In particular, quasi-
geostrophic theory does not consider the vertical motions
associated with gravity waves.
[29] On a different topic, Figure 9 shows a relative lack

of turbulent transport occurring between the two cloud

layers. Though w02 is nonnegligible in the region between
5750 and 6050 m, the magnitudes of both the turbulent
flux of total water (w0r0t) and liquid water potential
temperature (w0q0l) reach a local minimum in that area.
This shows that there are vertical motions, but that there is
little net transport of moisture or heat. Furthermore, the
profile of qv shows that the atmosphere is stably stratified
between the layers. These observations are consistent with
the presence of nonbreaking gravity waves. Although the
layers may interact via gravity waves, little moisture or
heat is transported between the layers, and thus the
dynamical effects of turbulent transport between the two
layers are minimal.

4. Causes of Partial Cloudiness in Our
Simulations: Sensitivity Experiments

[30] In this section we investigate how cloud fraction is
influenced by atmospheric stability, radiative transfer, and
the presence of multiple cloud layers. We suspect that
conditional instability plays a role because it promotes
vertical motion of air parcels, which in turn enhances the
cloudiness of ascending parcels and the dryness of descend-
ing parcels. We also suspect that the radiative heating of the
lower layer is important because radiative heating may lead
to conditional instability.

4.1. Base Case

[31] The simulation of the 25 June 1996 alto cloud system
that we have discussed thus far is denoted the ‘‘base case’’
(Figure 10). The initial temperature profile in this case has a
stable cap in the upper layer, which is (overcast) altostrato-
cumulus, but is conditionally unstable in the lower layer,
which is (partly cloudy) altocumulus. The upper layer
remains overcast in all our sensitivity simulations, but the
cloud fraction of the lower layer varies widely between
simulations.
[32] We treat the base case as a qualitatively reasonable

approximation of the actual atmospheric state on 25 June
1996. All of the following experiments are modifications of
the base case. The main results from our sensitivity experi-
ments are summarized in Table 1.

4.2. Is Partial Cloudiness in Our Simulation Caused by
Conditional Instability?

[33] In the base case, the lower layer was partly cloudy
after the spin-up period. Was its partial cloudiness due to
conditional instability in the initial profile, a radiative effect,
or a combination of both? To isolate the effects of instability,
we performed the two following simulations in which all
radiative transfer is turned off.
4.2.1. Base Case, No Radiation
[34] This sensitivity experiment (Figure 11) omits radia-

tive transfer but is otherwise identical to the base case. In
particular, there is still conditional instability in the lower
cloud layer at the initial time.
[35] The lower cloud is initialized as an overcast, hori-

zontally uniform layer, but it becomes partly cloudy during
the spin-up period and maintains low cloud fraction until it
dissipates. The fact that partial cloudiness forms while

Figure 10. (a) Cloud fraction (time series), (b) radiative heating, and (c) potential temperature for the
base case. The vertical dotted lines in Figure 10a show the time interval over which the radiative heating
and potential temperature plots are averaged. The vertical dotted line in Figure 10b shows the zero line.
The vertical dotted lines in Figure 10c show lines of potential temperature for unsaturated parcels, and the
diagonal dashed lines show lines of potential temperature for saturated parcels. The first hour is an
(unphysical) spin-up period. The atmosphere is conditionally unstable in the lower layer, absolutely
stable in the gap between clouds, and moist neutral in the upper layer. The radiative heating profile shows
cooling at the upper cloud’s top and warming at the upper cloud’s base, as well as very slight heating in
the lower cloud. Cloud fraction contours are at 0.01, 0.2, 0.4, 0.6, 0.8, and 0.99.
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radiative transfer is shut off demonstrates that radiative
transfer is not necessary to generate partial cloudiness in
this case, and that conditional instability is sufficient.
[36] The lack of radiative transfer in the present case does

introduce some comparatively minor differences from the
base case. First, the present case has higher cloud fraction in
the altocumulus (lower) layer early in the simulation.
Presumably this is because the lack of radiative heating
allows the lower layer to remain cooler than it would
otherwise, causing more condensation for direct thermody-
namic reasons. Second, in the present simulation the height
of the altostratocumulus (upper) layer stays nearly constant
instead of rising. This is because without radiation, there is
little generation of turbulence in the upper layer and hence
little entrainment. Without entrainment, that is, without the
incorporation of clear air above the cloud into the cloud
itself, the cloud layer cannot grow upward.
4.2.2. Initially Stable Case, No Radiation
[37] In this sensitivity experiment, radiative transfer is

still shut off, but now we make the lower cloud layer
absolutely stable at the initial time, as described below.
Whereas the prior experiment showed that if instability is
present an overcast layer can become partly cloudy, here we
investigate a related question: If an overcast layer is
absolutely stable, then does the layer remain overcast?
[38] To remove the lower layer instability, we modified

the profile so that the temperature lapse rate between the
model base and the base of the upper cloud is 5 K km�1,
which is absolutely stable with regard to moist convection.
Since such a drastic cooling of the temperature profile also
changes the amount of liquid water, we modified the profile
of total water mixing ratio in order to keep the relative
humidity and liquid water virtually unchanged.
[39] This initially stable simulation (Figure 12) produces

an overcast lower layer, in contrast to what was produced by

the conditionally unstable base case with and without
radiation (sections 4.1 and 4.2.1). Therefore the present
simulation illustrates that stability can lead to an overcast
cloud layer, whereas the prior sensitivity simulation
(section 4.2.1) illustrated that instability can lead to a partly
cloudy layer. Taken collectively, these two simulations
indicate a strong relationship between conditional instability
and cloud fraction.
[40] In the present case, although the lower layer remains

overcast by our definition, that is, there is never a clear-sky
line of sight from above cloud to the ground, the topmost
region of the layer becomes partly cloudy. Initially, without
any conditional instability to promote mixing between the
clear air and the lower cloud, those two layers stay separated
and do not mix to create a partly cloudy region. After a few
hours, the air at the cloudy-clear interface at the top of the
lower layer undergoes evaporative cooling and becomes
slightly conditionally unstable, and so the small amount of
partial cloudiness between 5700 and 5800 m forms. How-
ever, the remainder of the cloud stays completely stable and
thus completely overcast.
[41] The location of the conditional instability within the

cloud layer affects the formation of (partly cloudy) altocu-
mulus clouds. When instability occurs at the bottom of a
cloudy layer but a stable layer forms just above cloud top,
the stability acts as a cap which prevents buoyant parcels
from rising out of the cloud and mixing with the clear
region above cloud top, thus inhibiting cumuliform devel-
opment. However, when instability occurs at the top of the
cloudy region, the cloudy and clear air mix and a cumuli-
form region develops. In this case, the presence of condi-
tional instability is correlated with the development of
altocumulus, and the presence of stability immediately
above cloud top is correlated with the maintenance of
altostratocumulus.

Figure 11. As in Figure 10 but for the base case with no radiation. With no radiative heating, much less
turbulence is created. The base case sounding is conditionally unstable, so partial cloudiness still occurs.
The cloud boundaries do not rise but instead stay mostly stationary. When large-scale ascent is present,
the cloud fraction reaches 0.6 near the bottom of the lower cloud, but when descent is present, the cloud
is killed quickly.
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4.3. How Does the Presence of an Upper Cloud Layer
Affect the Cloud Fraction of a Lower Layer?

[42] The previous sensitivity experiments (sections 4.2.1
and 4.2.2) isolated the effects of conditional instability by
shutting off radiative transfer. However, radiative heating
and cooling are important in part because they modify the
temperature profile and thus the stability of the atmosphere.
In the following two sensitivity experiments we turn on
radiative heating and cooling and make the lower layer
initially stable. We find that the profile of radiative heating
strongly influences the lower cloud dynamics and cloud
fraction. This radiative profile, however, depends on the
presence or absence of a cloud layer above.

4.3.1. Initially Stable Case, With Radiation
[43] This sensitivity experiment is identical to the ini-

tially stable case (section 4.2.2), except that radiation is
turned on. In the initially stable case, the lower cloud layer
remained overcast. In contrast, when radiation is turned
on, as in the present case, the lower layer becomes partly
cloudy (Figure 13). In fact, the present case looks similar
to the (conditionally unstable) base case, with its (partly
cloudy) altocumulus lower layer (Figure 10). How does
radiative transfer cause partial cloudiness in an initially
stable profile?
[44] Radiative heating occurs throughout the depth of the

lower layer. This radiative heating, though small, modifies

Figure 12. As in Figure 10 but for the initially stable case with no radiation. Since the layer is stable, it
stays completely overcast for several hours. The top of the lower cloud layer becomes slightly unstable in
time because of ascent, mixing, and evaporative cooling at cloud top, so its cloud fraction decreases
slightly, but all of the portions of cloud that remain stable also remain at 100% cloud fraction.

Figure 13. As in Figure 10 but for the initially stable case. The atmosphere becomes conditionally
unstable in the lower layer but remains neutral in the upper layer. The radiative heating profile shows
warming within the lower cloud layer; this in-cloud heating causes instability to form, in turn creating
partial cloudiness, even though the profile is stable and the cloud layer is at 100% cloud fraction at the
initial time.
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the mean temperature profile over time, causing the initially
stable layer to become conditionally unstable. Then the
lower cloud layer breaks up into cumuliform cloud.
[45] The upper cloud layer cools at its top and warms at

its base, creating instability and turbulence within cloud, but
it does not develop a cumuliform region because of the
presence of the strong, stable cloud top inversion.
[46] In the lower cloud, longwave radiative heating is

stronger where liquid water path is greater. Because liquid
water path varies from column to column, so does radiative
heating and hence temperature. Given this, one might ask
whether the development of turbulence and partial cloudi-
ness depends only on the stability of the horizontal mean
profile, or whether individual parcels within the layer
become unstable significantly before the mean profile does
so. This question has relevance for cloud parameterizations,
which often neglect subgrid interactions between different
variables. To test this, we modified the code so that
horizontally averaged liquid water was fed into the radiative
transfer formula in all columns. However, the onset of
partial cloudiness was not significantly delayed nor the
results qualitatively different (not shown), suggesting that
in our simulation the instability of the mean profile is more
significant than horizontal variability.

4.3.2. Initially Stable Case, With Radiation and One
Layer
[47] This sensitivity experiment is identical to the previ-

ous one (section 4.3.1) except that the upper cloud layer is
entirely removed. This was accomplished by decreasing the
total water mixing ratio within the upper level cloud.
Previously, with the upper layer present, the lower layer
became partly cloudy. Here, with the upper layer removed,
the lower layer remains overcast (Figure 14). Why is this?
[48] When both an upper and a lower cloud layer are

present, the lower cloud layer undergoes radiative warming
throughout its entire depth, creating instability throughout
the layer. However, when the upper layer is absent, the
lower layer’s radiative heating profile changes. Instead of
warming everywhere, it warms at its base and cools at its
top, as does the upper layer in the base case and the
initially stable case. Instability is created within cloud but a
strong, stable inversion sets up at cloud top. Because of
this, the cloud stays overcast and stratiform. The inversion
strengthens not by subsidence into a stationary layer, but
by upward growth of a well-mixed layer into a stable layer
above.
[49] Simply removing the upper cloud layer changes the

cloud morphology of the lower layer drastically, despite

Table 1. Summary of the Five Experiments

Case Name Figure Initialization Radiation Lower Layer

Base case 10 conditionally unstable on partly cloudy
Base case, no radiation 11 conditionally unstable off partly cloudy
Initially stable, no radiation 12 stable off overcast
Initially stable, with radiation 13 stable on partly cloudy
Initially stable, one layer, with radiation 14 stable on overcast

Figure 14. As in Figure 10 but for the initially stable one-layer case. There is radiative heating near the
cloud base but radiative cooling near the cloud top, creating turbulence within the cloud. Above the
cloud, however, the stable inversion is strengthened by the cloud top cooling, preventing cloudy parcels
from penetrating into and mixing with the dry air above the cloud. Because of the stable inversion just
above the cloud top and the associated lack of mixing between moist and dry air, the cloud remains at
100% cloud fraction.
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the fact that there is little turbulent exchange between the
two layers. Their primary interaction is through radiative
processes.
[50] We note in passing that in this sensitivity experiment

the lower cloud layer rises and grows thinner. This is
because the cloud entrains dry overlying air at cloud top
and mixes it throughout cloud, causing the low amounts of
liquid near cloud base to evaporate entirely. The question of
whether entrained overlying air is warm and dry enough to
thin a cloud layer is discussed by Randall [1984].

5. Conclusions

[51] We have performed large-eddy simulations (LES)
of a two-layered alto cloud system that was observed on
25 June 1996. The simulations provide a qualitatively
useful representation of the observed cloud layers,
although the simulations do predict less horizontal vari-
ability, cloud fraction, and liquid water in the lower layer
than observed.
[52] Starting from this base case simulation, we performed

sensitivity experiments in which radiative transfer was
turned on or off, the initial stability of the lower layer was
modified, and the upper layer was removed. Our first finding
is that conditional instability near cloud top promotes (partly
cloudy) altocumulus and that absolute stability at cloud top
promotes (overcast) altostratocumulus.
[53] This finding, however, is complicated by radiative

transfer. Even small radiative heating or cooling rates can,
over a period of several hours, alter the stability of a layer.
The radiative heating or cooling profile, in turn, depends on
the presence or absence of other cloud layers. Specifically,
when a nearby upper layer is present, the lower layer
experiences radiative heating throughout its depth, causing
the development of conditional instability. In our simula-
tion, the resulting cloud is cumuliform with a cloud fraction
of less than about 40%. When no upper layer is present, the
lower layer experiences radiative cooling to space near
cloud top. This cooling favors the development of a cloud
top inversion, which in turn inhibits the upward rise of
parcels and keeps the layer overcast.
[54] In this way, a dramatic change in cloud fraction and

morphology is caused by a radiative interaction between
upper and lower cloud layers. The two layers are physically
separated and have little microphysical interaction or tur-
bulent exchange of heat and moisture. We do not argue that
this simple relationship between instability and cloud frac-
tion holds in all cases; we have investigated only one case
and limited variations of it. A layer’s moisture profile also
plays a role in determining cloud fraction.
[55] If it is true that (partly cloudy) altocumulus layers

can be generated by small-scale, internal processes, as
opposed to preexisting variability in relative humidity, then
this has implications for parameterization of midlevel layer
clouds in large-scale models, i.e., those models with hori-
zontal grid spacing greater than 10 km. Namely, it suggests
that parameterizations ought to contain a realistic coupling
between subgrid thermodynamics (i.e., moisture and tem-
perature fields) and subgrid dynamics (i.e., turbulence and
turbulent fluxes). The subgrid thermodynamics in the para-
meterization must properly drive the subgrid dynamics
because, given the unstable thermodynamic profile, the

parameterization must be capable of generating accurate
updrafts and downdrafts. That is, the parameterization’s
unstable profile must properly generate subgrid turbulence.
Conversely, the subgrid dynamics must accurately drive the
thermodynamics. Namely, the subgrid turbulent transport
must correctly alter the heat and moisture fields. While
boundary layer parameterizations contain such subgrid
interactions, it is unknown whether present-day midlevel
cloud layer parameterizations contain sufficiently accurate
coupling.
[56] Even if these problems can be overcome, parameter-

izations of alto clouds face two additional problems that we
have not addressed in this paper. First, the vertical grid
spacing of large-scale models is often too coarse to resolve
the vertical structure of thin alto clouds. Second, convective
turbulence in large-scale models is often assumed to initiate
at the ground, whereas turbulence in alto clouds is usually
disconnected from the ground.
[57] So, after all, what causes partial cloudiness to form in

multilayered alto clouds? In our simulations, the direct
answer is ‘‘conditional instability,’’ but the presence of
conditional instability is strongly dependent on radiative
heating or cooling profiles, and in particular the radiative
interaction between upper and lower cloud layers.
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