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1. INTRODUCTION

Altocumulus clouds reside in the mid troposphere,
contain rounded and often convective elements, and are
thin (on the order of 100 meters) (Heymsfield 1993).

The physics of altocumulus clouds is distinctive in sev-
eral ways. First, unlike many boundary layer clouds,
altocumuli cannot be maintained by surface moisture
fluxes. This fact naturally shifts attention from the steady
state problem to the decay problem. Second, large-scale
vertical velocity is a stronger forcing on mid-level clouds
than on boundary layer clouds, because vertical velocities
become small near the ground. Third, unlike midlatitude
or tropical boundary layer clouds, mid-level clouds are of-
ten mixed phase (Fleishauer et al., Observed Microstruc-
ture of Mid-Level, Mixed-Phase Clouds, submitted to J.
Atmos. Sci., 2001).

Altocumulus clouds are of practical interest for sev-
eral reasons. First, altocumuli impede pilots’ visibility
and thereby hamper military operations (Fleishauer et al.,
2001). Second, changes in anthropogenic aerosols may
change the albedo (Twomey 1974) and emissivity (Garret
et al., Aerosol Effects on Cloud Emissivity and Surface
Longwave Heating in the Arctic, submitted to J. Atmos.
Sci., 2001) of altocumulus clouds, thereby influencing the
climatic radiation balance. Third, altocumuli are ubiqui-
tous. Despite the importance of these clouds, there have
been relatively few reports of in-situ altocumulus mea-
surements (exceptions include Hobbs and Rangno 1985;
Heymsfield et al. 1991; Heymsfield 1993; and Hobbs and
Rangno 1998).

In this paper we analyze aircraft measurements of
an altocumulus cloud over Montana on 11 November
1999. The aircraft arrived during the decay phase and
continued sampling until the cloud disappeared (see Fig-
ure 1). When the measurements commenced, the cloud
extended vertically from 5180 m (-13 C) to 5705 m (-17
C), had a cloud fraction of unity, and covered an area of
about 6000 km?. The cloud was mixed phase but was
predominantly liquid (see Figure 2). See Fleishauer et
al. (2001) for more details of this cloud and a description
of the aircraft instrumentation.

What caused the decay of this mid-level cloud? There
are four possible culprits: large-scale subsidence, radia-
tive heating, entrainment drying, and precipitation fall-
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out. This paper estimates which of these processes con-
tributed most. To do so, we construct a budget of the
vertically averaged specific liquid water content, (g;). The
budget helps elucidate whether the lifetime of the Novem-
ber 11 altocumulus cloud was limited by microphysics or
dynamics.

2. BUDGET OF LIQUID WATER

Because ice water content was small (Figure 2) and
had little effect on radiative cooling, our budget neglects
ice except insofar as it removes liquid via precipitation.
The time rate of change of (¢,) is affected by four terms:
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We assume that the cloud was saturated with respect to
liquid water. Then subsidence drying is given by
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where w is the cloud-averaged vertical velocity of air, p is
pressure, 6, is liquid water potential temperature, and g+
is total specific water content, which includes vapor and
liquid but not ice. Entrainment drying is given by
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where w. > 0 is the entrainment velocity, A is cloud depth,
Ag: is g+ just above cloud top] minus [¢: just below cloud
top], and A9, is the analogous difference for ;. The ra-
diative cooling term is
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where () is the radiative cooling rate, po is a reference
pressure, R, is the gas constant for dry air, and c,q is
the specific heat at constant pressure of dry air. Loss of
water via precipitation of ice crystals is given by
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where N; is number concentration of ice crystals in the
ith bin, m; and v, ; are the mass and terminal velocity of
a crystal in the ith bin, and p, is the density of air.
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Figure 1: A series of GOES-8 visible satellite images of
the 11 November 1999 cloud.

3. METHODS USED TO EVALUATE TERMS IN
LIQUID WATER BUDGET

The above terms in the budget are evaluated using
aircraft data and numerical models as follows.

3.1 Horizontal advection

The flight pattern consisted of a spiral sounding fol-
lowed by a series of racetrack-shaped patterns at differ-
ent altitudes. While executing this pattern, the aircraft
drifted with the horizontal wind (Fleishauer et al., 2001).
Since the racetracks followed a column of air in a La-
grangian sense, we can assume that measured changes
in liquid water reflect temporal changes following a col-
umn of air, not spatial inhomogeneity. Therefore our bud-
get omits the horizontal advection term.
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Figure 2: Profiles of liquid and ice water content as mea-
sured by the King probe and 2D-C probe, respectively.

3.2 Entrainment

To compute the entrainment velocity, w., we use the
flux-jump method: thatis, we set w. = —w’q;/Aq:, where
w'q} is the turbulent flux of ¢; just below cloud top. Since
there was no detectable jump in 6; or ¢; at the base of the
cloud, we can neglect entrainment into the base. To com-
pute w’q,, we use two legs of a racetrack that occurred
100 m below cloud top. We condition the data following
Bretherton et al. (1995) and Stull (1988, pp. 308-310).
Then we find that for the first leg (14.2 km), w. = 1.1 cm
s™', and for the second leg (15.26 km), w, = 0.75 cm
s~ 1. Uncertainty of up to a factor of two is introduced by
poor sampling due to the short leg lengths (see Lenschow
and Kristensen 1985). In the liquid water budget below,
we use the average of w. over both legs, namely, 0.9 cm
s71.

3.3 Precipitation

Sedimentation from cloud base occurred in the form
of ice crystals of several hundred microns diameter. The
Cloud Particle Imager (CPI) revealed that these particles
were typically unrimed broad-branched crystals (P1c), al-
though some crystals were needle-shaped and/or lightly
rimed. We compute precipitation rate using 2D-C data
obtained from four within-cloud aircraft legs near cloud
base (named 2a, 2b, 7a, 7b). Using the ice crystal mass
and terminal velocity formulation of Mitchell (1996), we
find that the maximum precipitation rate is from leg 7a
(4.4 x 1077 kg m~2 s71), the minimum is from leg 7b
(2.9 x 107% kg m~2 s7!), and the average over all four
legs is 1.3 x 1077 kg m~2 s~!. This gives a sense of
the uncertainty due to sampling error. Uncertainty in the
precipitation rate is also introduced by the mass and ter-
minal velocity formulations. If we follow Kajikawa (1989),
we find an average precipitation rate that is almost four
times larger (3.9 x 1077 kg m~2 s™'). In the liquid wa-



ter budget below, we use the average precipitation rate
as computed by Mitchell (1996). Finally, uncertainty is in-
troduced by the fact that the 2D-C probe cannot detect
precipitating particles larger than 1056 microns in diame-
ter, and a few particles larger than this were seen in the
CPI imagery. However, we estimate that missed particles
lead to a precipitation underestimate of at most a factor of
two. We perform this estimate by smoothly extrapolating
the ice spectrum to large sizes using the assumption of
an exponential ice number concentration.

3.4 Radiative cooling

To obtain the cloud-averaged heating due to solar and
infrared radiation, we use a new two-stream radiative
transfer model (Stephens et al., Parameterization of At-
mospheric Radiative Transfer: I. Validity of Simple Mod-
els, submitted to J. Atmos. Sci., 2000). As input, we use
the aircraft liquid and ice profiles merged with a routine
radiosonde sounding launched from Great Falls, Mon-
tana at 0 UTC 12 November 1999. The net total cloud-
averaged heating rate is —7.6 x 10~° K s!. This value
changes by about 15% if the liquid water is doubled or
halved everywhere.

3.5 Large-scale subsidence

Large-scale subsidence tends to warm a mid-level
cloud and hence deplete its liquid water. To estimate
large-scale vertical velocity, we use a numerical model,
as in Bretherton et al. (1995). Specifically, we use a Uni-
versity of Utah MM5 forecast that was initialized at 1200
UTC 11 November 1999 and run at 36-km horizontal grid
spacing.

When the cloud formed (~1500 UTC), the air motion
was upward at several cm s~!. From the middle (1800
UTC) to the end of the cloud’s lifetime, the vertical velocity
was downward at about -3 cm s~!. See Figure 3(a),(b),
and (c).

Why do we see gentle upward then gentle downward
motion? This pattern appears to have been associated
with an upper tropospheric patch of high potential vorticity
(PV) that formed near a trough and advected eastward
over Montana (see Figure 3(d),(e),(f)). Beneath a high PV
anomaly, isentropes bow upward. Therefore, as high PV
aloft approaches from the west, a mid-level parcel below
rises along an isentrope. Later, as the PV patch moves
off to the east, the parcel sinks back to nearly its original
altitude (Hoskins et al. 1985).

Liquid decay rate

(Term decay rate)/

[kg kg™' s71] (Subsid. decay rate)
Subsidence  -3.3x1078 1.0
Entrainment  -1.5x1078 0.44
Radiation +1.0x1078 -0.30
Precipitation -3.6x10~*° 0.011

Table 1: Terms in Liquid Water Budget
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Figure 3: Output from an MM5 forecast initialized at 12
UTC 11 November 1999. Panels (a), (b), and (c) show a
cross section of vertical velocity. The dot indicates cloud
location during the middle of the measurement period,
about 20 UTC 11 November 1999. Panels (d), (e), and
(f) show a latitude-longitude plot of isentropic potential
vorticity, averaged over a layer from 200 mb to 400 mb.
The dot in the center of Montana indicates cloud loca-
tion at 20 UTC 11 November 1999. Contours are in PV
units. A large wind barb denotes 10 m s ~!. As the PV
patch passes over central Montana, the mid-level cloud
first rises and then subsides.

4. DISCUSSION OF MAGNITUDE OF TERMS IN
LIQUID WATER BUDGET

Our main results are shown in Table 1, which lists the
rate at which each of the four aforementioned processes
tends to deplete liquid water. If we account for all four pro-
cesses, assume that liquid water decreases at a constant
rate, and take the initial liquid water content to be the ver-
tical average of the aircraft sounding, then we calculate
a decay time of 88 minutes. This is consistent with the
observed decay time between the aircraft sounding and
the death of the cloud (74 minutes).

The largest term is subsidence drying. The magnitude
of the model-produced vertical velocity (-3 cm s 1) is cor-
roborated by the fact that this subsidence rate is consis-
tent with the observed decay time and the other terms in
the liquid water budget.



The next two largest terms are entrainment, which
tends to dry the cloud, and radiation, which tends to cool
the cloud and hence increase liquid water. To a large de-
gree, these two terms offset each other. This is interest-
ing because in this cloud it was radiation, not shear, that
generated turbulence and hence entrainment (Fleishauer
et al., 2001). Therefore, radiation increases liquid water
by direct cooling but decreases liquid water by radiatively
induced entrainment. This is further complicated by the
fact that entrainment causes cloud top to rise, cool, and
hence experience increased liquid water. Given the un-
certainty in our measurements, it is not obvious whether
the net effect of radiation was to prolong or curtail the life-
time of our cloud.

By far the smallest term is precipitation drying. This
is somewhat surprising, because virga were observed,
and the cloud top height decreased rapidly at the end of
the cloud lifetime, possibly due to precipitation. However,
even assuming imperfect measurements, it is unlikely that
the precipitation term exceeded 20% of the subsidence
term.

5. CONCLUSIONS

The picture that emerges is that the evolution of our
cloud was governed primarily by large-scale ascent and
then subsidence. Because radiation and entrainment in
our altocumulus partially offset each other, and because
precipitation was weak, we would have obtained a sim-
ilar cloud decay time if we had ignored all terms except
subsidence.

Subsidence limited the lifetime of our altocumulus
cloud because the subsidence rate at mid-levels was
large (~ 3 cm s~ 1). A smaller subsidence rate is usually
associated with boundary layer clouds. For instance, sub-
sidence rates during the Atlantic Stratocumulus Transition
Experiment Lagrangians were < 1 cm s~ ! (Bretherton et
al. 1995).

It would be rash to generalize on the basis of a single
case study. Nevertheless, our results provide preliminary
guidance for development of numerical models and fu-
ture field experiments. Namely, if altocumulus lifetime is
of interest, and if the lifetime is governed primarily by sub-
sidence, then special attention should be devoted to the
large-scale velocity and moisture fields. In contrast, past
observational studies of altocumuli have focused more on
microphysics.

There is also a possible implication for the second in-
direct effect or cloud lifetime effect, in which an increase
in aerosols leads to less precipitation and hence longer
cloud lifetime. If it turns out that altocumulus lifetime is

usually limited by subsidence rather than precipitative fall-
out, then the cloud lifetime effect for altocumuli may be
small.
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