JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, D19207, doi:10.1029/2005JD007002, 2006

Click
Here

Full
Article

What determines altocumulus dissipation time?

Vincent E. Larson,' Adam J. Smith,! Michael J. Falk,! Kurt E. Ko‘[enberg,1
and Jean-Christophe Golaz>

Received 16 December 2005; revised 30 May 2006; accepted 26 June 2006; published 14 October 2006.

[1] This paper asks what factors influence the dissipation time of altocumulus clouds. The
question is addressed using three-dimensional, large-eddy simulations of a thin, midlevel
cloud that was observed by aircraft. The cloud might be aptly described as
“altostratocumulus” because it was overcast and contained radiatively driven turbulence.
The simulations are used to construct a budget equation of cloud water. This equation
allows one to directly compare the four processes that diminish liquid: diffusional growth
of ice crystals, large-scale subsidence, radiative heating, and turbulent mixing of dry

air into the cloud. Various sensitivity studies are used to find the “equivalent sensitivity”
of cloud decay time to changes in various parameters. A change from no sunlight to direct
overhead sunlight decreases the lifetime of our simulated cloud as much as increasing
subsidence by 1.2 cm s~ !, increasing ice number concentration by 780 m >, or decreasing
above-cloud total water mixing ratio by 0.60 g kg™ '. Finally, interactions among the
terms in the cloud water budget are summarized in a “budget term feedback matrix.” It is
able to diagnose, for instance, that in our particular simulations, the diffusional growth of

ice is a negative feedback.
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1. Introduction

[2] Altocumulus clouds are thin, turbulent cloud layers
that occur at the midlevels of the troposphere [Gedzelman,
1988]. Study of these clouds is motivated by both practical
and theoretical concerns. A practical motivation is that
altocumuli often contain supercooled water, posing an icing
hazard for small aircraft and unmanned aerial vehicles. A
theoretical motivation is that altocumuli provide a simple
laboratory with which to study the interaction of latent
heating, microphysics, radiation, and turbulence.

[3] However, thin midlevel clouds are poorly predicted
by current general circulation models (GCMs). Zhang et al.
[2005] found that all GCMs in their intercomparison grossly
underpredicted thin midlevel clouds, such as altocumuli,
and overpredicted thick midlevel clouds, such as nimbo-
stratus clouds. In related work, several authors have shown
that large-scale models misrepresent thicker (frontal) mid-
level clouds in various ways [e.g., Katzfey and Ryan, 2000;
Ryan et al., 2000; Weaver et al., 2005; Xu et al., 2005].

[4] Despite the desirability of greater understanding of
altocumuli, they are less studied than other cloud types. For
instance, a search on Science Citation Index yields over
1000 abstracts or titles containing the keyword “cirrus™,
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roughly 1000 containing “‘stratocumulus”, but less than 100
for “altocumulus” or ““altostratus” or “frontal cloud”. One
could aptly call thin midlevel clouds the “forgotten clouds”
[Vonder Haar et al., 1997; Fleishauer et al., 2002].

[5] In this article, we will investigate the time required by
altocumuli to decay or dissipate. This depends on four main
factors: precipitation, large-scale subsidence, radiative heat-
ing or cooling, and turbulent mixing with air outside the
cloud. To investigate these factors, we will perform large-
eddy simulations (LES) of an observed case. The case was
an overcast cloud layer that decayed as it was observed by
aircraft [Larson et al., 2001].

[6] To analyze the causes of the decay in the simulations,
we use several diagnostics that have received little or no
application to altocumuli. First, we construct a horizontally
averaged cloud water budget. This enables us to determine
which of the four main processes listed above contribute
most to depletion of liquid water. Second, we perform
sensitivity studies, varying subsidence velocity, ice number
concentration, solar zenith angle, and above-cloud moisture.
The relative effectiveness of perturbations in these processes
in changing cloud lifetime is encapsulated in “equivalent
sensitivities.” Third, we examine how terms in the cloud
water budget interact with one another. These feedbacks are
summarized in a matrix that provides a convenient overview
of how the four processes interact.

2. Case Background: 11 November Cloud

[7] The cloud we simulate was observed on 11 November
1999 during the fifth of the Complex Layered-Cloud
Experiments (CLEX-5) [Fleishauer et al., 2002]. It was a
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thin, mixed-phase layer cloud that was located between
5200 m and 5700 m MSL. The cloud top surface was fairly
flat but had mounded elements created by radiatively driven
turbulence. In the standard classification, a cloud with these
properties would be categorized as altocumulus (see Glos-
sary of Meteorology, http://amsglossary.allenpress.com),
although the cloud was perhaps a bit thicker (500 m) than
a typical altocumulus.

[8] However, we feel that the standard nomenclature is
misleading for this cloud because it was overcast (i.e., had
100% cloud fraction). In common usage, when referring to
the boundary layer, stratocumulus cloud layers denote
nearly or entirely overcast layers, whereas cumulus cloud
layers denote partly cloudy layers. By analogy, it would be
more straightforward to denote overcast altocumulus layers
“altostratocumulus”™ (which we abbreviate as ASc) and
reserve the term ““altocumulus™ for partly cloudy altocu-
mulus layers. Kogan et al. [2001] have used the term
“altostratocumulus™ previously, but the cloud so denoted
was 5.5 km thick and had significant radar reflectivity at
cloud base. For these reasons, we think their cloud would be
better classified as “altostratus” or “nimbostratus.”

3. Aircraft Data

[v] The observations we use were obtained by aircraft-
borne instruments that are described by Fleishauer et al.
[2002] and Poellot et al. [1999]. To analyze liquid water, we
use King Probe data, suitably corrected for offset errors. To
measure ice concentration and mixing ratio, we use a 2D-C
probe, which measures particles from 33 to 1056 microns in
diameter [Fleishauer et al., 2002]. One shortcoming of the
experiment was that it lacked a 2D-P probe to measure
larger ice crystals. A Cloud Particle Imager (CPI) was used
to obtain detailed pictures of individual ice crystals, but the
data were not suitable for obtaining accurate number con-
centrations. However, the CPI did photograph some ice
crystals larger than 1000 microns.

4. Numerical Model

[10] The numerical model we use is the Coupled Ocean/
Atmosphere Mesoscale Prediction System (COAMPS")
Large-Eddy Simulation (COAMPS-LES) model [Golaz et
al., 2005]. COAMPS-LES model output has compared well
with results from several intercomparisons of boundary
layer cumulus and stratocumulus layers organized by Glob-
al Energy and Water Experiment (GEWEX) Cloud System
Study (GCSS) [e.g., Brown et al., 2002; Stevens et al., 2001,
2005; Golaz et al., 2005].

[11] Our simulations are 3D, high-resolution LES. We are
not aware of previous altostratocumulus simulations of this
type. However, several 2D LES of ASc have been per-
formed [Starr and Cox, 1985; Liu, 1998; Liu and Krueger,
1998; Clark et al., 2005] and several coarser-resolution 3D
cloud resolving simulations of frontal clouds have been
performed [Ryan et al., 2000; Katzfey and Ryan, 2000; Xu et
al., 2005; Weaver et al., 2005].

[12] In COAMPS-LES, the prognostic variables are the
Cartesian wind components, dry potential temperature (),
and water vapor (r,) and cloud water (r.) mixing ratios. The
perturbation pressure is computed using a recently intro-
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duced anelastic option. The momentum variables are
advected by a second-order advection scheme, and the
scalars are advected by a positive definite advection scheme
with second-order polynomial interpolation [Botf, 1989].
We use a TKE subgrid scale option [Deardorff, 1980].

[13] The simulations we present were run with a grid
spacing of 50 m x 50 m in the horizontal and 15 m in the
vertical. To save computational expense, the bottom of the
domain was placed in the midtroposphere, with zero mo-
mentum and thermodynamic fluxes applied at the lower
boundary. The domain size was chosen to be 2400 m in the
vertical and 4050 m x 4050 m in the horizontal. The time
step was set to 1 s. We performed a simulation in which the
grid spacing was halved in all directions, but the results
were nearly the same, with an increase in cloud lifetime of
only 12 min.

[14] The 11 November case had little vertical wind shear.
We chose the initial horizontal wind profile to be zero, and
in doing so lost no generality, because the cloud system was
Galilean invariant. Furthermore, the flight pattern was
Lagrangian; that is, the aircraft remained within the same
column of air as the column drifted horizontally with the
wind [Fleishauer et al., 2002]. Therefore we need not
impose a forcing due to horizontal advection of thermody-
namic scalars and momentum. Also, the Coriolis parameter
was set to zero because the simulations are brief. We
imposed large-scale subsidence by choosing a constant
subsidence velocity and using it to vertically advect the
prognostic scalars (liquid, vapor, and potential temperature)
and the horizontal components of wind.

4.1. Radiative Transfer Scheme

[15] Turbulence in layer clouds is driven partly by
radiative cooling near cloud top and radiative heating near
cloud base. Direct numerical radiative computations are
expensive, particularly for midlevel clouds, which exchange
radiation with the ground, which is far below cloud base.
Instead we use idealized approximations. Our radiative
transfer calculations include the effects of liquid but not
ice, because the observed mixing ratio of ice is much
smaller than that of liquid [Fleishauer et al., 2002]. We
assume a droplet effective radius of 10 microns. On the
basis of observations, we use a ground surface temperature
and albedo of 287 K and 0.1 respectively. We compute
shortwave radiation using the two-stream, single-band
model of Shettle and Weinman [1970] (see also Duynkerke
et al. [2004]). We approximate the net vertical longwave
radiative flux at altitude z, F(z), following Stevens et al.
[2005]

F(z) = Fyexp[—kLWP(z)] + F exp{—k[LWP(0) — LWP(z)]},
(1)

where the liquid water path, LWP(z), from the top of the
atmosphere to the altitude z is given by

LWP(z) = /Oc predz. (2)

Here p is air density and 7, is cloud water mixing ratio. We
choose Fo=104Wm % F;=62Wm % and k=942m?kg '
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Rad. heating rate, Nov.11 control, avgd. from t=61 to 120 min
6000 T T .

5900

5800
E 5700} b
| 3
n L
2 5600 5 <
[0} 7
2 5500} .
Q
©
o 5400
e
2
= 53007 Total radiative

heating rate
5200 SW heating rate
— % — LW heating rate
5100F{  10x Cloud water
lgkg™] :
5000 : . -
-6 -4 -2 0 2 4
Radiative heating rate [K hr'1]

Figure 1. Profile of total (line with dots), shortwave

(pluses), and longwave (asterisks) radiative heating rate
averaged over the first simulated hour after spin-up. For
reference, we also plot the cloud water profile (dashed line)
averaged over the same time period. There is net radiative
cooling near cloud top and net radiative heating near cloud
base. Compared with stratocumulus, the cloud base heating
is stronger because the temperature differential between
ground and cloud base is larger.

on the basis of extensive comparison [Larson et al., 2006]
with a sophisticated two-stream numerical radiative transfer
code, BUGSrad [Stephens et al., 2001, 2004]. These values
lead to significant cloud top cooling, due to radiant energy
lost to space, and also significant cloud base warming, due to
radiant energy received from the ground (see Figure 1).
Compared to stratocumulus, the cloud base warming in
altostratocumulus is much more prominent, because there is
a greater temperature difference between cloud base and the
ground far below. In fact, the vertically integrated cloud base
warming is only moderately less than the vertically
integrated cloud top cooling.

4.2. Ice Microphysics Scheme

[16] In a mixed-phase cloud, liquid water is depleted
as ice crystals grow by vapor diffusion (the Bergeron-
Findeisen process) and by accretion of supercooled drop-
lets. CPI images [Fleishauer et al., 2002] indicate that
although some accretion did occur in the 11 November
cloud, diffusional growth was more important. For this
reason, we neglected accretion and implemented a model
of ice diffusional growth based on the work of Mitchell
[1996]. In general, ice crystals are thought to nucleate
preferentially at cold temperatures [Rogers and Yau, 1989].
For simplicity, we assume that ice crystals nucleate only at
cloud top, and that each newly nucleated crystal has a
mass of m = 107" kg. The number concentration of ice
crystals in the control case (N; = 2000 m™>) is specified as
the average concentration observed in legs near cloud base
while the cloud was robust (legs 2 and 7) [Fleishauer et
al., 2002].
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[17] Each crystal then grows according to the ice diffu-
sional (depositional) growth equation [e.g., Rogers and Yau,
1989]:

o (T p)axC(s; 1), 3)
where G(7, p) is a slowly varying function of temperature 7
and pressure p, C is the ice capacitance, S; is the saturation
ratio with respect to ice, and ¢ denotes time. The saturation
ratio is approximated as S; = ey/e;, where e and e; are the
saturation vapor pressures over liquid water and ice
respectively. The crystal habit is specified as broad-
branched plates, type Plc [Pruppacher and Klett, 1997],
on the basis of CPI images. The capacitance C of ice
crystals is approximated as that appropriate for plates, C =
D/m where D is the diameter of an ice crystal. The mass m
and diameter of ice crystals are related by Mitchell [1996]:

weol 2 "

where a = 2.05 x 10> kg and b = 1.8.
[18] As each crystal grows, it falls downward. The
terminal velocity vz air density p, and diameter are related

by
(. \NDY
VT*k"(l kgm*3> (1 m)’ ®)

where k, =55 ms ™", q =0.17, and n = 0.70. The simulated
ice crystals are not advected by air motions. At each
altitude, there is negligible horizontal variation in simulated
ice particle size and ice water content. We neglect ice
deposition and sublimation below cloud because these
processes are unlikely to have an overriding effect on cloud
lifetime. Since the CPI images showed very few drizzle
drops, our simulations neglect drizzle processes. The ice
processes cannot be well constrained by our observations,
because the instrumentation did not include a 2D-P probe
for larger ice crystals, and because the aircraft sampling was
necessarily sparse. Sensitivity to changes in the micro-
physics scheme can be partly inferred by changing ice
number concentration (see results below).

[19] Clearly, such an ice microphysics scheme is highly
idealized. In particular, it omits three processes that may be
of importance. First, the lack of ice advection prevents ice
from being recycled from below cloud back into the cloud
itself [Kohler, 1999]. Recycling is possible because the
turbulence velocity scale is of the same order of magnitude
as the terminal velocity. Second, the quasi-monodisperse
distribution of ice precludes the possibility of a small
number of ice crystals growing fortuitously to large sizes
[Gu and Liou, 2000]. Third, the lack of sublimation below
cloud base omits a source of cooling there [Gu and Liou,
2000].

[20] In order to partially address these omissions, we have
rerun the control simulation using COAMPS’ default mi-
crophysics scheme [Hodur, 1997], which is an updated
version of that of Rutledge and Hobbs [1983]. This micro-
physics scheme is a bulk single-moment scheme with
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Observed and simulated profiles at initial time

6000
5900 o : : . ]
5800 3 - : : N 7
E 57001 e——mee——
- P,
5] i XX , 1
2 5600 : ‘ A=
< % A 3
3 5500( - _,f” TR
Qo
© LA . .
< 5400f : B ,/f ' REREE
S )
£ sa00f et |
< XA
52007 g —e—— Nov.11 control, t = 61 i
§ Spiral sounding
5100 H /\  Avgs of indiv. legs A
g —>—— Std. dev. of indiv. legs
5000 ! !

-0.1 0 0.1 0.2 0.3 0.4 0.5

Cloud water mixing ratio, r_ [g kg™ ']
Figure 2. Profiles of observed cloud water mixing ratio 7,
from an aircraft spiral sounding (solid line) and the
simulation at the initial time after spin-up (line with dots)
and from later aircraft legs (triangles). The distance between
a cross and a triangle is one standard deviation. The
simulated profile agrees well with the aircraft sounding; the
aircraft legs were measured later, when the cloud had
already dissipated somewhat.
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Figure 3. Same as Figure 2 except for total (vapor plus
cloud) water mixing ratio r,.
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Observed and simulated profiles at initial time
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Figure 4. Same as Figure 2 except for potential
temperature 6.

pristine ice and snow ice hydrometeor types. With this
microphysics scheme, COAMPS advects ice in the hori-
zontal and vertical, has a Marshall-Palmer size distribution
of ice, and sublimates ice in subsaturated air. This micro-
physics scheme produces negligible sublimation cooling
below cloud, and very similar cloud evolution and cloud
lifetime to the idealized scheme (see section 5). This lends
confidence in the idealized scheme.

[21] For this initial study, we choose to use the idealized
microphysics scheme because its behavior is easy to inter-
pret, and it is easy to implement in other models. The ease
of implementation is useful for intercomparing model
dynamics.

5. Comparison of the Control Simulation With
Aircraft Data

[22] We now ask whether or not our control simulation
resembles available aircraft data. The setup of our control
simulation has an imposed large-scale subsidence rate of
3 ecm s !, based on a short-term forecast from a high-
resolution numerical weather model, MM5 [Larson et al.,
2001]. We set the cosine of the solar zenith angle to a
constant value of 0.4329, as appropriate for the location
and time of day of the observations. We choose the
number concentration of ice crystals to be 2000 m >,
as observed on the aircraft legs 2 and 7.

[23] First we display profiles of cloud water mixing ratio
r. (Figure 2), total water mixing ratio (vapor + liquid) 7,
(Figure 3), potential temperature 6 (Figure 4), and liquid
water potential temperature 6, (Figure 5). The solid lines
correspond to an aircraft sounding taken at the beginning of
the measurement period. The dotted lines correspond to
horizontally averaged simulated “initial” profiles after a
I-hour spin-up period that enabled turbulence to equili-
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Observed and simulated profiles at initial time
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Figure 5. Same as Figure 2 except for liquid water
potential temperature 6,.

brate. The simulations have been set up so that these two
sets of lines match as closely as possible. The simulated
profiles are smoother because of horizontal averaging
over the model domain. The noise in the observed
soundings is partly an indication of horizontal variability.
The triangles denote averages from horizontal aircraft legs
that occurred later in the observation period; the distance
between two crosses corresponds to two standard devia-
tions. The triangles are displaced slightly from the aircraft
soundings because of time evolution of the cloud.

[24] Cloud water 7, turns out to have a nearly adiabatic
profile. Because 7, and 6, are conserved variables in the
absence of precipitation and radiative heating, they have
profiles that are constant with altitude (“well-mixed pro-
files™) in the presence of strong turbulence. In our simu-
lations, total water , is well mixed in the vertical. However,
0, is not completely well mixed, with slightly warmer values
at cloud base than cloud top. Such a 6, profile also occurs in
simulations of boundary layer stratocumulus without cloud
base heating. It occurs because the simulated turbulence has
not completely mixed out the unstable profile that radiation
attempts to produce.

[25] Given the available data, we may test the fidelity of
the simulations in two ways. First, we compare the standard
deviation of vertical velocity during the first hour after spin-
up with observations (Figure 6). The simulated values are
lower than observed, but still reasonable. Second, we
compare the cloud lifetime from the beginning of aircraft
observations until its final disappearance (top plot of
Figure 7). The observed lifetime was 1 hour 14 min, whereas
the simulated lifetime is 2 hours after spin-up, a difference of
46 min. However, in its last 25 min, the simulated cloud
contained little cloud water (. < 0.05 g kg™ "). This is
acceptable agreement, considering the idealizations in the
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simulations and uncertainties in the observations. Although
the lifetime was measured accurately, the initial sounding
may have been unrepresentative because of variability in the
horizontal. One can estimate the effect of starting with a drier
profile by regarding the beginning point in Figure 7 as being
later than 61 min. Other uncertainties are the subsidence
velocity and the above-cloud vapor mixing ratio.

[26] For comparison, a simulation that uses COAMPS’
default ice microphysics scheme but is otherwise identical
to the control case (Figure 7, top), is presented in the bottom
plot of Figure 7. The difference in cloud lifetime is less than
10 min. This suggests that our idealized ice microphysics
scheme produces plausible results.

6. Budgets for the Control Simulation

[27] What physical processes contribute most to changes
in moisture and temperature? This question is addressed by
budget equations [e.g., Stull, 1988].

6.1. Budget of Total Water Mixing Ratio

[28] The budget for total water mixing ratio 7, is listed in
equation (A6) and shown in Figure 8. The plotted budget
has been integrated in time in order to show how much
various terms change 7, during the first hour after spin-up.
Plotted for reference is the profile of cloud water r. at the
initial time, = 61 min (dashed line). The heavy solid line is
the total simulated change in r, that is, the r, tendency
integrated over the first hour. The tendency is nonpositive
everywhere, which shows that r», decreases or remains
constant over time at all altitudes.

[29] What contributes to this decrease? At all altitudes
within cloud, 7, is significantly depleted by diffusional

Observed and simulated profiles, t=61 to 120 min
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Figure 6. Standard deviation of vertical velocity as
measured during horizontal aircraft legs (triangles) and as
simulated over the first hour after spin-up (line with dots). The
simulation generates a plausible magnitude of turbulence.
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Cloud water mixing ratio, Nov.11 LES [g kg'1]
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Figure 7. (top) Time-height slice of cloud water mixing
ratio r. beginning after the spin-up period ends at 60 min.
The simulation uses our idealized microphysics for diffu-
sional growth of ice. The simulated cloud disappears
somewhat later (at # = 180 min) than the observed cloud
(at £ = 134 min, marked by vertical line). However, the
simulated cloud water mixing ratio is very low in the last
25 min of the simulated cloud’s life. (bottom) Same as the
top plot but using COAMPS’ bulk single-moment ice
microphysics scheme. The results are similar, lending
confidence in the idealized scheme.
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growth of ice and its subsequent fallout (Figure 8, crosses).
Subsidence (diamonds), —wd7;/Jz, has a strong drying
effect (i.e., negative sign) near cloud top, where r, falls
off sharply with increasing height. The main effect of
turbulent mixing (circles) is to remove 7, from within cloud
and deposit it near the cloud top region. Turbulent mixing
cannot be a net source or sink of r,; that is, the mass-
weighted vertical integral of turbulent mixing of 7, (circles)
must be zero. The condensation/evaporation (triangles) of
total water vanishes, as expected, since a gain of liquid
accompanies an equal loss of vapor, and vice versa. This
line is included as a test of the numerics, which in principle
can have nonconservative transfers between vapor and
liquid prognostic variables. Subgrid turbulent mixing
(squares) is small, indicating that the cloud layer is well
resolved. Other minor terms, related to numerical artifacts,
are not displayed. The main message from the r, budget is
that ice diffusional growth and subsidence strongly dry the
layer, but that turbulent mixing has a weaker net effect on
the cloud, since it mainly redistributes 7, within cloud.

6.2. Budget of Liquid Water Potential Temperature

[30] Next we examine the budget of liquid water potential
temperature, ¢; = 0 — r. (L/c,) (po/p) /% (Figure 9 and
equation (AS5)). Here L is the latent heat of vaporization, c,
is the specific heat of dry air at constant pressure, R, is the
gas constant for dry air, p is pressure, and p, is a reference
pressure (1000 hPa). Our approximation of 6; neglects ice
because ice mixing ratio is small. Recall that 6, is a
conserved variable in the absence of precipitation and
radiation. The variable 6; reduces to 6 in the absence of
liquid. The total tendency of 6, is nonnegative everywhere
during the first simulated hour. Subsidence (diamonds),
—w0#,/0z, tends to heat the cloud top region, because of
the temperature inversion there (see Figure 4). Ice diffu-
sional growth (crosses) increases 6; because it removes 7.
Radiation (stars) strongly heats cloud base and cools near
cloud top, as expected from Figure 1. Turbulent mixing
(circles) counteracts the net effect of the other terms,
removing #; near cloud base and cloud top, and depositing
it just below cloud top. Hence turbulent mixing renders the
total #, tendency more uniform with height. The main
message is similar to that for the r, budget: subsidence
and ice diffusional growth strongly heat the layer, and
radiation and turbulent mixing do not have the same sign
at all altitudes.

6.3. “Raw” Cloud Water Budget

[31] Budgets of r, and 6, are instructive because these
variables are approximately conserved for the 11 November
cloud (even though they neglect ice). To address the
question of cloud lifetime, however, it is useful to examine
a budget of cloud water. (We prefer cloud water as an
indicator of cloud because it does not sediment rapidly, as
does ice.) A budget of cloud water is shown in Figure 10.
We call this a “raw” budget because each of its terms
corresponds directly to a piece of code in the COAMPS-
LES model. The raw budget contains terms similar to those
in the r, and 6, budgets.

[32] The raw budget has several advantages. First, the raw
budget terms correspond directly to terms computed by
COAMPS-LES. Second, although COAMPS-LES contains
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Total water budget, Nov.11 control, integrated from t=61 to 120 min
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Figure 8. Budget of total water mixing ratio r,, integrated over the first simulated hour after spin-up.
For reference, we plot the cloud water mixing ratio (#.) profile at the beginning of the hour (dashed line).
The total tendency (solid line) is negative, implying net drying, with negative (drying) contributions from
diffusional growth of ice (crosses) and large-scale subsidence (diamonds). Turbulent mixing (circles)
removes 7, from low levels and deposits it near cloud top. Subgrid turbulent mixing (squares) is small
except near cloud top. The condensation/evaporation term (triangles) is small, as appropriate for a

conserved variable.

approximations, as do all LES models, the raw budget
records COAMPS-LES output without introducing further
approximations. In particular, unlike the budget based on
conserved variables that we recommend below, the raw
budget can account for supersaturated parcels, subsaturated
parcels containing liquid, and horizontal layers that are
partly cloudy. Therefore the raw budget provides a bench-
mark for other possible budgets, in particular, the budget
that we recommend below.

[33] However, for our purposes, the raw budget has
several drawbacks. The major problem is that the conden-
sation/evaporation term (triangles) is large but is not attrib-
uted to specific physical processes, such as radiation,
subsidence, etc. This prevents us from assessing the relative
importance of all terms. Second, and relatedly, the budget
contains no explicit radiation term. Third, the subsidence
term (diamonds) does not incorporate all effects of subsi-
dence. By this we mean the following. Cloud water at most
altitudes in the 11 November case increases nearly adiabat-
ically with increasing altitude. Subsidence brings down
larger values of cloud water, thereby increasing r.. However,
subsidence also induces compressional heating and evapora-
tion, thereby decreasing 7... In an adiabatic cloud, these two

7 of

effects cancel, leaving zero net effect on .. However, in the
raw cloud water budget, the subsidence term is defined as
—wOr:/0z, which is positive in most regions of the cloud
(diamonds in Figure 10), and which does not include evap-
oration. Rather, evaporation induced by subsidence is includ-
ed in the condensation/evaporation term. This is not wrong,
but it seems inconvenient to us.

6.4. Budget of Cloud Water Based on Conserved
Variables

[34] To overcome these drawbacks, we have derived a
new cloud water budget. The starting point of the derivation
is the budgets of the conserved variables 7, and 6,. These
budgets are combined, along with the assumptions that there
exists no supersaturation, nor subsaturation in the presence
of liquid, in order to form a budget of cloud water (see
Appendix A, especially equation (A4)). This cloud water
budget is only valid when the cloud fraction is 0 or 1. This
is adequate for our cloud because it is overcast and its cloud
top is fairly flat. The cloud water budget based on conserved
variables is presented in Figure 11. We have verified that, as
desired, the integrated tendency of r. (solid line) is nearly
identical to both the simulated temporal change in r. (not
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Figure 9. Budget of liquid water potential temperature 6,, integrated over the first simulated hour after
spin-up. For reference, we plot the cloud water mixing ratio (r.) profile at the beginning of the hour
(dashed line). The total tendency (solid line) is positive, implying net heating/drying, with positive
contributions from diffusional growth of ice (crosses) and large-scale subsidence (diamonds). Radiation
(stars) heats near cloud base and cools near cloud top, as seen also in Figure 1. Turbulent mixing (circles)
removes 6; from midlevels and deposits it above and below. Subgrid turbulent mixing (squares) is small
except near cloud top. The condensation/evaporation term (triangles) is small, as appropriate for a

conserved variable.

shown), and the integrated raw cloud water tendency
(Figure 10).

[35] The “conserved” budget is easier to interpret than
the raw budget. The condensation/evaporation term now
vanishes (triangles) because it has been partitioned among
other terms. The budget now includes a radiation term
(stars), which depletes liquid near cloud base, where radi-
ative heating occurs, and augments liquid near cloud top,
where radiative cooling occurs, as expected. Depletion of
liquid by subsidence (diamonds) now vanishes in the
adiabatic parts of clouds, but is still strong near cloud top,
as expected. This subsidence term can now be interpreted as
the subsidence of the deviation from adiabaticity. The ice
diffusion term (crosses) is the same as in the raw cloud
water budget (Figure 10).

[36] Inspection of Figure 11 allows us to determine which
physical processes deplete cloud water most strongly.
Strong, single-signed, negative contributions are made by
both ice diffusional growth and subsidence. In contrast, the
radiation (stars) and turbulent mixing terms (circles) have
different signs at different altitudes. Turbulent mixing tends

to counterbalance the other terms and is a distorted mirror
image of the turbulent mixing term in the 6, budget.

[37] Our “conserved” cloud water budget differs from
that of Wang and Wang [1999]. The chief advantage of their
budget is that it applies to a partly cloudy layer, if its
probability density function (PDF) is Gaussian. A difference
is that their subsidence and turbulent mixing terms are the
same as in our “raw’’ cloud water budget. The budget of
Wang and Wang [1999] has not been applied to three-
dimensional LES output, to our knowledge.

[38] Our budget also differs from that of Wang et al.
[2003]. The advantage of this latter budget is that it permits
supersaturation and also permits liquid in the presence of
subsaturation. A disadvantage is that the condensation/
evaporation term is not partitioned into contributions due
to radiation, subsidence, etc.

6.5. How Our Budgets Include Entrainment

[39] It may appear at first that our budgets omit an
important process, namely, cloud top entrainment. The
cloud top entrainment velocity is the volume of fluid per
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