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Introduction

An approximate but pragmatic approach is presented to define Convective Available Potential
Energy (CAPE) in mixed phase cloud conditions. The underlying process calls for mixed (i.e.
liquid and ice) phase parcels and assumes the liquid fraction to be a unique function of
temperature. The approach is meant to represent average conditions. Differences between this
and more traditional approaches are quantified and discussed for mean tropical conditions.
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‘t " O(iO 2.
Isobaric freezing occurs at T¢. All
condensate is liquid at temperatu-
res T' warmer than T} and solid at
s X :
& T colder than Ty (Fig. 1B).
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Figure 1: Schematic of analyzed processes.

Thermodynamical Background

We derive the lapse rate for mixed phase cloud conditions using the following assumptions:
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o The condensate loading m*~ = m2 + m3 includes liquid water, m2, and ice,

3 .
m> with
m? = £mF and m® = 1-9 mf .
o We hypothesize a 'mixed phase saturation vapor pressure’ pFl, defined as a weigh-
ted mean of the saturation pressure with respect to water, p“~, and ice, p°,
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The mixed phase reversible lapse rate than reads
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A convinient way to quantify the density of a parcel is the density temperature T, given by
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(e.g. Emanuel 1994). The buoyancy B can be defined as the difference of the density tempe-
rature of the parcel and that of the environment, B = Topp — Tp,e-
In case of saturation the excess vapor condenses. In reversible conditions all condensate
remains in the parcel and it falls out instantaneously in pseudo-adiabatic conditions. In real
clouds only a certain fraction x leaves the parcel as precipitation. This precipitation efficiency
X can be considered by replacing rF by

F F
Y = 1—-—x)r" .

Symbols: Mixed phase saturation mixing ratio for vapor PPl = Ro pFl/Rl po and con-
densate 7% :mF/mO, gas constant R, partial pressure po, and specific mass mO of dry
air, gas constant of vapor R, mixed phase latent heat £y = €97 + (1 — £€)£37, mixed
phase specific heat Cp, =cpo+cp1 TF1+C2§ TF+C3(1 — {)TF, specific heat at constant
pressure for dry air c;,0 and vapor cp1, specific heat for liquid water co and ice c3, latent

heat of fusion £35 =€37 — o1, and LT =¢geo1p2' + (1 — £)£31p°L.
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Temperature Profiles

We apply our approach to the
standard tropical atmosphere
(Anderson et al., 1986), which
is used as environmental condi-
tions and as initial thermodyna-
mic state of the parcel.
In the pure water parcel pro-
cess the ascending parcel cools
at the wet adiabatic lapse rate.
in a
leads to an abrupt
T increase due to the release of
latent heat during freezing and
the decrease of saturation pres-
8 sure.
TCl Continuous freezing in a mixed
phase parcel reduces the adiab-
tic lapse rate.
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Figure 2: Temperature profiles.

—

—— rMP: T, = -5°C, T = -40°C
---- rMPw: T =-5°C, T = -6°C
-=-- iMPR50: y=50%

LFC_, = 3.5km

LFC_ = 1.4 km B
LCL =06km _<"
| L L L n

-5
B [°C]

Figure 3: Buoyancy profiles.
Up to the lifting condensation level (LC L) all processes reflect the temperature resulting
from the moist adiabatic lapse rate. Above the LC'L, B in the pseudo-adiabatic pure water
parcel i Wis higher than in the reversible pure water parcel r Wbecause of the higher T, in
the absence of condensate. This effect dominates up to about 14 km height. At higher levels
the heat capacity of the liquid water at r Wreduces parcel cooling during the ascent.
Isobaric freezing at Ty = -5° C in the leads to a temperature
and, thus, buoyancy increase of about 2° C at z1 =6 km height.
The reversible mixed phase parcel r MP including continuous freezing consists completely of wa-
ter droplets at 7" warmer than T, =-5° C and completely of ice at T" colder than T, =—40° C;
within the temperature range from T4 to T, both water and ice coexist with a liquid fracti-
on according to &. Since the phase changes continuously, B changes gradually with altitude.
r MPw bases on r MP but with the continuous phase transition restricted to the small tempera-
ture range between T, =—5° C and T, =—6° C. Apparently, there is a stronger local increase
of B between 6.0 and 6.6 km altitude compared to r MP.
i MPR50 bases on r VP but with x=50% applied. The reduction of rF essentially interpolates
between pseudo-adiabatic and reversible conditions. In case of high x the impact of freezing
is much smaller than for low x. A smaller amount of water has less potential for freezing and,
thus, less heat of fusion is added to the parcel.

CAPE in mixed phase cloud conditions

Impact on CAPE

Convective available potential energy (CAPE) is the
PLNB buoyant energy available between the level of free con-
vection (LFC) and the level of neutral buoyancy
Bdlnp (LNB),
PLFC The LFC is the lowest level where buoyancy turns to
positive values, while the L N B is the uppermost level
where buoyancy turns to negative values.

Figure 4:
CAPE
values for
different
processes,
temperatu-
res where
freezing
occurs, and
precipitation
efficiencies.
CAPE is very sensitive to . . .

e ... the existence of condensate: CAPE(r W < CAPE(i W

e ... the phase of condensate and the temperature where occurs:
CAPE( ) > CAPE( ) > CAPE( ) > ...
= The lower T¢ the lower CAPE.
... the temperature range where continuous freezing occurs:
CAPE(r MP, [-5,-6° C]) > CAPE(r MP, [-5,-40° C]) > CAPE(r MP, [-39,-40° (])
= The more liquid water freezes at warm T' the higher CAPE.
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... the precipitation efficiency:
CAPE(r MP, x=100%) > CAPE(r MP, x=50%) > ... > CAPE(r VP, x=0%)

Summary

Generally freezing increases parcel temperature and, hence, buoyancy. If freezing occurs isobari-
cally (as was often assumed in the past), all water changes phase at a single level resulting in
a discontinuity in buoyancy at that level. By contrast, the mixed phase parcel process implies
a continuous phase transition in a finite range of temperatures Tg, > T > T¥,, leading to a
gradual change of buoyancy with altitude and preventing any temperature inversion. The details
of this gradual change depend on the choice of the specified temperature range [T%s, Tt ]. High
in the troposphere, where all water is frozen irrespective of the details, the differences between
the buoyancy profiles are small (but finite).

CAPE is very sensitive to the treatment of the freezing process. Isobaric freezing at a relatively
high temperature (e.g. —=5° C) in a reversible process may increase CAPE by a factor of 2 to 3,
and this increase is similar in magnitude to the difference between the pseudo-adiabatic and the
reversible processes for pure water parcels. Either of these processes is considered less realistic
than the reversible mixed phase process with continuous freezing over a broad temperature
range [Ty, Tge] = [-5° C, —40° CJ; the corresponding CAPE lies about half way between the
reversible and irreversible pure water processes. For clouds with finite precipitation efficiency the
effect of freezing is less pronounced than for reversible conditions.
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