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MODELING ASSUMPTIONS

* Four types of matter:

Type of Matter Density

dry air Pa

water vapor P

airborne condensate (water or ice) Pc

precipitating condensate (water or ice) | pr

airborne moisture Pm = pv + pe

all p = pa+ pv+ pc+ pr

* Predict pm, Not p, and p. separately.
* Determine p, and p later at the diagnostic stage.
e [f the air is not cloudy (p. = 0), all of the predicted p, IS p.

e If the air is cloudy, p, IS the saturation value and the remainder of py, IS pc.

e This involves equilibrium thermodynamics.



MODELING ASSUMPTIONS (continued)

* Dry air and water vapor satisfy the ideal gas law:

| Pa — PaRaT and Pv — ,OURUT

R, = 287.05Jkg—1K—1 (gas constant for dry air)
Ry = 461.51 Jkg—1Kk—1 (gas constant for water vapor)

* Dalton’s Law of Partial Pressures:

P = Pa + Pv

* Specific heats are constant:

cpa = 1004.675 Jkg—1K~! (dry air at constant pressure)

cpy = 1850.0 Jkg—1k—1 (water vapor at constant pressure)
Cva = Cpa — Ra (dry air at constant volume)

Cov = cpv — Ry (water vapor at constant volume)
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SPECIFIED FUNCTIONS OF T

* Given E;(T) and E.,(T) from the new Goff formulas, synthesize E(T) so that
it transitions from E;(T) to E.,(T") as T passes through Ty = 273.15 K.

* From E(T) compute:

L(T) = RUTQd' In B(T) (Clausius-Clapeyron equation)
o (T) = E(T) (density of saturated vapor)
RyT
dL(T : :
ce(T) = cpy — d(T ) (Kirchhoff equation)
* Entropy of a unit mass of condensate:
Tec (T .,
CT=/ dT Note : C(Tp) =0
( ) TO T/ ( O)




SPECIFIED FUNCTIONS OF T' (continued)

* Using the Kirchhoff equation for c.(T):

C(T) = cyp IN (%) Ry In (pi(T)) - L(T) n L(Tp)

0 ps(To) T To

* Gain of entropy density by evaporating sufficient water to saturate the volume
at 71"

dE(T)

D) = =17
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ENTROPY DENSITY EQUATION

* At this stage we don’t know how to write the internal energy or enthalpy forms
of the first law of thermodynamics for a complicated moist model. However, we
can write the budget equation for the total entropy density.

* Entropy density is an additive quantity:

0= 0q+ 0om—+ Or om.

Total entropy density

Entropy density of dry air

Entropy density of airborne moisture
Entropy density of precipitation

* Since the flux of o is given by oqu 4+ omu + o (u + U)

the budget equation for o is

Oo

E—FV'(UH—FO'TU):O

where we have neglected radiative effects.



SPECIFIC ENTROPY EQUATION

* Define the specific entropy of moist air as

* The prognostic equation for s is then

Ds
Dt

=[5V (prU) = V- (prs, V)

* Note that in the absence of precipitation (p, = 0):




__ PaSa + PmsSm + PrSr
P

= QaSa + QmSm + qrsr

T
Sa(Pa qa;T) = cpa IN (T_> — RgIn <%>

0 Pa0




SPECIFIC ENTROPY OF MOIST AIR (continued)

* Note that the relaxation time for a raindrop to adjust to the wetbulb temperature
IS 4 to 5 seconds. The rapidity of this adjustment is due to the fact that the
amount of heat required to adjust the temperature of the drop is much smaller

than that required to evaporate lit.

* Specific entropy of airborne moisture:

e State 1 (no airborne condensate):

gmp >_|_L(To)

(1) _ Iy
s’ (0, qm, T) = cyp IN <T0> Ry In <,01"3(To) To

e State 2 (saturated vapor):

D(T)
dmp

s$2)(p, qm, T) = C(T) +
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SUMMARY OF DIAGNOSTIC EQUATIONS

* Associated with the prognostic equations is a set of diagnostic equations that
IS required to determine

p; 87"1 U1 Q’r'1 F
* The diagnostic set of equations can be divided into 3 subsets:
e Thermodynamic diagnosis (p and s;)
e Precipitation microphysics diagnosis (U and Q)
e Turbulent boundary layer parameterization (F)

* The thermodynamic diagnosis plays an important part in the derivation of moist
available potential energy (the other diagnostic subsets are not involved).



Ga =1 —gm—qr, pa=qap, Pm = qmp, Pr = qrp,
2
da5a(p; qa, T2) + ams$P (o, am, To) + ¢rC (1) = s
1
Qa,Sa(P, qa7 Tl) + Qmsgn)(p, Qm, Tl) + qu(TQ) — S

T = max(Ty,T5), Pa = paRaT

Pv = Pm,; pc = 0, pv = poRYT, T =",
pv = pp(T),  pc=pm —pv, pv=ET), T ="1T5,

P = pa + po, sr = C (1)




Prognostic Equations
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EFFECT OF ENTROPY TRANSPORT
BY PRECIPITATION IN AN AXISYMMETRIC
TROPICAL CYCLONE MODEL

* Control experiment (CNTL) uses:

Ds

Dt B % [sV - (q¢rpU) — V - (grpsrU)]

* Pseudo-adiabatic experiment (PSAD) uses:

D
Ds _ |
Dt

Hausman, S. A., K. V. Ooyama, and W. H. Schubert, 2005: Potential vorticity
structure of simulated hurricanes. J. Atmos. Sci., in press.

* Reference:
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SUMMARY

The effect of vertical transport of entropy by precipitation is easily included in
the thermodynamic equation.

An axisymmetric tropical cyclone model has been run with and without the
vertical transport of entropy by precipitation.

With this vertical transport, convective downdrafts are more intense and the
boundary layer 6. is lower.

Without this vertical transport, model storms are stronger and have approxi-
mately 10 K higher values of boundary layer 6.

The inclusion of vertical transport of entropy by precipitation may be important
in future MMAP models.



