
• Diabatic processes are non-adiabatic 
processes such as

•  precipitation fall-out

• entrainment and mixing

• radiative heating or cooling

Diabatic Processes



Parcel Model

dθ

dt
=

L

cpπ̄
(C − Er) + Dθ

dw

dt
= −(C − Er) + Dw

dl

dt
= C −Ar + Dl

dr

dt
= Pr + Ar − Er + Dr

π̄ = (p̄/p0)R/cp , C is the net condensation rate, Er is the
rain evaporation rate, Ar is the cloud-to-rain water
conversion rate, Pr is the convergence of rain water flux,
and Di represents the effects of entrainment and mixing.



Microphysics

water 
vapor

cloud 
droplets

rain 
drops

condensation
evaporation

co
nd

en
sa

tio
n

co
lle

ct
io

n
evaporation

fall out 
(precipitation)

(C)

(Ar)(Er)

(Pr)



Diabatic Processes

Process rates per unit time interval:

4 Diabatic Processes

Both adiabatic and diabatic processes affect the thermodynamic properties of a par-
cel. These properties are governed by (1)-(3). Condensation of water vapor to form
cloud droplets and evaporation of cloud droplets to form water vapor are (saturated)
adiabatic processes. The net condensation rate is positive when more water is con-
densing than is evaporating, and negative when more water is evaporating than is
condensing. In (1)-(3), the net condensation rate is denoted by C. It is implicitly
determined by the saturation adjustment algorithm. The remaining processes, con-
version of cloud water to rain (Ar) and entrainment (Dθ, Dw, Dl), are diabatic. They
are usually represented explicitly.

In (1)-(3), the process rates are per unit time interval. For example,

Ar ≡
�

dl

dt

�

conversion to rain

=

�
dr

dt

�

conversion from cloud water

.

We are often more interested in how the thermodynamic properties of a parcel change
with pressure than with how they change with time. The equations that govern the
rates of change with pressure of a parcel’s thermodynamic properties are obtained
from (1)-(3) by dividing by −dp/dt:

−dθ

dp
= γĈ + D̂θ (18)

−dw

dp
= −Ĉ + D̂w (19)

− dl

dp
= Ĉ − Âr + D̂l (20)

In (18)-(20), the process rates are per unit decrease in pressure.
As before, the net condensation rate, Ĉ, in (18)-(20), is implicitly determined

by the saturation adjustment algorithm. The diabatic processes, conversion of cloud
water to rain (Âr) and turbulent mixing (D̂θ, D̂w, D̂l), remain to be specified.

A very simple formulation of the conversion rate of cloud water to rain is

−Âr ≡
�

− dl

dp

�

conversion to rain

= −Cl,

for dp/dt < 0 only, with C = 2× 10−2 mb−1.
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= Ĉ − Âr + D̂l (20)

In (18)-(20), the process rates are per unit decrease in pressure.
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= −Ĉ + D̂w (19)

− dl

dp
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As before, the net condensation rate, Ĉ, in (18)-(20), is implicitly determined

by the saturation adjustment algorithm. The diabatic processes, conversion of cloud
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Entrainment is the 
incorporation of 
environmental air into 
a parcel or cloud.

Entrainment



Evidence for Entrainment in Cu

6.3 Cloud Liquid Water Content and Entrainment 219

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).

Distance (km)

Li
qu

id
 w

at
er

 c
on

te
nt

 (
g 

m
–3

)

Adiabatic LWC

2.5

1.5

2.0

1.0

0.5

0.0

0.50.3 0.40.20.10.0 0.9 1.00.80.70.6

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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Entrainment in Stratocumulus

220 Cloud Microphysics

Entrainment of warm, dry air from the free tropo-
sphere into the cool, moist boundary layer air below
plays an important role in the marine stratocumulus-
topped boundary layer. The rate at which this

entrainment occurs increases with the vigor of the
boundary layer turbulence, but it is hindered by the
stability associated with the temperature inversion.
Figure 6.14, based on model simulations, indicates
how a parcel of air from the free troposphere might
become engulfed into the stratocumulus-topped
boundary layer. As in the case of cumulus clouds,
following such engulfment, cooling of entrained air
parcels by the evaporation of cloud water will tend to
drive the parcel downward.

Exercise 6.2 Derive an expression for the fractional
change d!"!!" in the potential temperature !" of a
parcel of cloudy air produced by a fractional change
in the mass m of the parcel due to the entrainment of
mass dm of unsaturated ambient air.

Solution: Let the parcel of cloudy air have tempera-
ture T", pressure p", and volume V", and the ambient
air have temperature T and mixing ratio w. The heat
dQ1, needed to warm the entrained air of mass dm, is

(6.9)dQ1 # cp(T" $ T ) dm

Fig. 6.13 Looking down on stratocumulus clouds over the
Bristol Channel, England. [Photograph courtesy of R. Wood/
The Met Off ice.]
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Fig. 6.14 Model simulations showing the entrainment of air (darker orange) from the free troposphere (lighter orange) into the
boundary layer (blue) over a period of "6 min. Arrows show fluid motions. [Adapted from Sullivan et al., J. Atmos. Sci. 55, 3051
(1998).]
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Entrainment  in a
3D high-resolution 
simulation of Sc.





Entrainment: Kelvin-Helmholtz Instability
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Fractional Rate of Entrainment

100 kg

120 kg

entrainment

mixing

120 kg

10 g/kg

10 g/kg
0 

g/kg

10 g/kg

8.33 g/kg

8.33 g/kg

massmixing 
ratio

(10× 100 + 0× 20)/(100 + 20) = 8.33

20 kg



Entrainment

The fractional rate of entrainment of a parcel of
mass m that entrains a blob of mass dm while the
pressure changes by −dp (due to ascent) is

λ̂ ≡ − 1
m

dm

dp
.

The rate of change of a scalar φ due to entrainment
is

D̂φ ≡
�
−dφ

dp

�

entrainment

= −λ̂(φ− φe),

where φe is the value of φ in the entrained air.



Entrainment
We can derive this from
�
−dφ

dp

�

entrainment

= lim
∆p→0

φafter ent − φbefore ent

−∆p

using
φbefore ent = φ

and
φafter ent =

mφ + ∆m φe

m + ∆m
.

Substitution gives
�
−dφ

dp

�

entrainment

= lim
∆p→0

1
m + ∆m

∆m

∆p
(φ− φe)

=
1
m

dm

dp
(φ− φe) = −λ̂(φ− φe).



Entrainment

using
φbefore ent = φ (23)

and

φafter ent =
mφ + ∆m φe

m + ∆m
. (24)

Substitution of (23) and (24) into (22) gives

�

−dφ

dp

�

entrainment

= lim
∆p→0

1

m + ∆m

∆m

∆p
(φ− φe)

=
1

m

dm

dp
(φ− φe)

= −λ(φ− φe).

By applying (21) to θ, w, and l, we obtain

D̂θ = −λ(θ − θe), (25)

D̂w = −λ(w − we), (26)

D̂l = −λ(l − le) = −λl. (27)

In cumulus clouds, the fractional rate of entrainment, λ, ranges from about 0.1
km−1 to 2 km−1. Cloud-top height is largely determined by λ: deep clouds are
associated with small values, and shallow clouds with large values. It has been found
from field studies that λ ∼ 0.2/R, where R is the cloud radius.
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Entrainment

• In cumulus clouds, the fractional rate of en-
trainment, λ ≡ (1/m) dm/dz, ranges from
about 0.1 km−1 to 2 km−1.

• Cloud-top height is largely determined by λ:
deep clouds are associated with small values,
and shallow clouds with large values.

• Field studies suggest that λ ∼ 0.2/R, where
R is the cloud radius.
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