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Mixing Time Scale

⌧ =

 
d2

✏

!1/3

,

d is entrained blob size, ✏ is dissipation rate of
turbulence kinetic energy.

For a cumulus cloud, U ⇠ 2 m/s, L ⇠ 1000 m, so
✏ ⇠ U3/L = 10�2 m2/s3. For d = 100 m, ⌧ ⇠ 100 s.

Classic (instant mixing) parcel model is recovered
when

• Entrained blob size, d! 0

• Turbulence intensity, ✏!1
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instruments that can reveal the fine structures of
clouds (Figs. 6.10 and 6.11), indicate that adiabatic
cores, if they exist at all, must be quite rare.

Air entrained at the top of a cloud is distributed to
lower levels as follows. When cloud water is evapo-
rated to saturate an entrained parcel of air, the parcel
is cooled. If sufficient evaporation occurs before the
parcel loses its identity by mixing, the parcel will sink,
mixing with more cloudy air as it does so. The sinking
parcel will descend until it runs out of negative buoy-
ancy or loses its identity. Such parcels can descend
several kilometers in a cloud, even in the presence of
substantial updrafts, in which case they are referred to
as penetrative downdrafts. This process is responsible
in part for the “Swiss cheese” distribution of LWC in
cumulus clouds (see Fig. 6.6). Patchiness in the distri-
bution of LWC in a cloud will tend to broaden the
droplet size distribution, since droplets will evaporate
partially or completely in downdrafts and grow again
when they enter updrafts.

Over large areas of the oceans stratocumulus
clouds often form just below a strong temperature
inversion at a height of !0.5–1.5 km, which marks
the top of the marine boundary layer. The tops of the
stratocumulus clouds are cooled by longwave radia-
tion to space, and their bases are warmed by long-
wave radiation from the surface. This differential
heating drives shallow convection in which cold
cloudy air sinks and droplets within it tend to evapo-
rate, while the warm cloudy air rises and the droplets
within it tend to grow. These motions are responsible
in part for the cellular appearance of stratocumulus
clouds (Fig. 6.13).
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Fig. 6.10 High-resolution liquid water content (LWC) meas-
urements (black line) derived from a horizontal pass through
a small cumulus cloud. Note that a small portion of the
cumulus cloud had nearly an adiabatic LWC. This feature dis-
appears when the data are smoothed (blue line) to mimic the
much lower sampling rates that were prevalent in older meas-
urements. [Adapted from Proc. 13th Intern. Conf. on Clouds and
Precipitation, Reno, NV, 2000, p. 105.]
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Fig. 6.11 Blue dots are average liquid water contents (LWC)
measured in traverses of 802 cumulus clouds. Squares are the
largest measured LWC. Note that no adiabatic LWC was
measured beyond !900 m above the cloud base. Cloud base
temperatures varied little for all flights, which permitted this
summary to be constructed with a cloud base normalized to a
height of 0 m. [Adapted from Proc. 13th Intern. Conf. on Clouds
and Precipitation, Reno, NV, 2000, p. 106.]

Entrainment

Rising thermal

Fig. 6.12 Schematic of entrainment of ambient air into a
small cumulus cloud. The thermal (shaded violet region) has
ascended from cloud base. [Adapted from J. Atmos. Sci. 45,
3957 (1988).]
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LES with a 5-m isotropic grid 
(Yamaguchi and Randall 2008)

• Newly entrained thermals tend to follow the dry paths of earlier 
thermals.

• The dry paths become wider.

Yamaguchi, T., and D. A. Randall, 2008: Large-eddy simulation of evaporatively driven entrainment in cloud-topped mixed layers. J. Atmos. Sci., 65, 1481–1504.
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