Dream GCMs and Superparameterization

Wayne Schubert
Department of Atmospheric Science

Colorado State University

May 2003



GOALS

Global, nonhydrostatic model of the moist, precipitating atmosphere

“Exact” treatment of moist thermodynamics

Inclusion of ice

Inclusion of precipitation effects on budgets of mass, entropy, momentum

Clearly defined associated “conservation principles” such as the moist gen-
eralizations of the Ertel potential vorticity principle and the Lorenz available
potential energy principle



“GOLDILOCKS” MODEL

Just right for both climate research and cloud superparameterization research.

* Mass Types:

e dry air e dry air
e Wwater vapor e Water vapor
e airborne condensate

e dry air

e precipitation

e Water vapor
e airborne condensate

* Thermodynamics:

e approximate moist e exact, moist, equilibrium
thermodynamics thermodynamics with

precipitation effects
on entropy budget

e dry air
e Water vapor
e airborne condensate

e rain, snow, graupel,
hail, aggregates, ...

e exact, moist,
nonequilibrium
thermodynamics




“GOLDILOCKS” MODEL (continued)

Just right for both climate research and cloud superparameterization research.

* Dynamics:

e hydrostatic e nonhydrostatic e nonhydrostatic
e ONne vector e many vector
momentum equation momentum equations
e precipitation e precipitation
momentum diagnostic momentum prognostic

* Microphysics:

e bulk e bulk e Spectral
e NO ice e With ice e With curvature and solute effects




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)
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EQUATION OF MOTION

* Momentum equations for pam = pa + pm and py-:

a(Pawﬂl)
ot

+ V- (pamuu) 4+ pam282 x U+ pam VP 4 Vp

= pamFam — prFr — Qru (1)
+ V- (prurur) + pr2Q2 X up + pr VO

= prFr + Qruy (2)

o(prur)
ot

where

¢®: Potential for sum of Newtonian gravitational force and centrifugal force
F,: Vertical drag force acting on p,

* No pressure gradient force in (2) since the fractional volume of precipitation is
assumed to be negligibly small.

* Basic Problem: Serious contradiction in using both (1) and (2), since predic-

tion of both u and u, is equivalent to prediction of U, which we are assuming
IS a diagnostic variable.
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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:

o. Total entropy density
oq. Entropy density of dry air
o= 0q+ om+ or om. Entropy density of airborne moisture
. Entropy density of precipitation

* Since the flux of o is given by oqu + omu + o(u + U) + Fy,
the budget equation for o Is

%_I_v'(au_l_FO'_l_aTU):QO'

where

Fs: Turbulent flux of entropy
Qos. Source term due to radiation



SPECIFIC ENTROPY EQUATION

* Define the specific entropy of moist air as

= 19

* The prognostic equation for s is then

DS

Dt [Qo V- (Fo+qrpsrU) + sV - (Fm + ¢rpU)]

* Note that in the absence of precipitation (g- = 0), turbulent fluxes of entropy
and water vapor (F, = F,, = 0), and radiation (@), = 0):

Ds

Dt




__ 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, sry, U, Qr, F, Fm, Fo, Qo
* The diagnostic set of equations can be divided into 4 subsets:
e Thermodynamic diagnosis (p and s;)
e Precipitation microphysics diagnosis (U and Q)
e Turbulent boundary layer parameterization (F, F,, and F)
e Radiative parameterization (Qy)

* The thermodynamic diagnosis plays an important part in the derivation of moist
available potential energy (the other 3 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)
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Prognostic Equations
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MOIST POTENTIAL VORTICITY

* Consider the equation of motion:

?I—I—V(Qu u)—uxC——VCD——Vp—i—F
p

* Taking the curl gives

o¢
ot

1
Vx(uxC)——Vprp—l—VxF
p?

* Scalar multiplication by V+ for some scalar field + yields

Vi 8—C+v [Wx(uxo]—p—w (Vp x Vp) + (V x F) - Vb

which can be rewritten as

;(C-Vzp)—l—(C-V¢)V-u=(-V¢+(VXF)-V¢+p12V¢°(VP><VP)




MOIST POTENTIAL VORTICITY (continued)

* Using the continuity equation

Dp

o TPV-ut Ve (Fm+prU) =0

to eliminate V - u gives

D

* By choosing v properly, this equation for the moist PV can be simplified further.
In particular, the solenoidal term

1
p_sz - (Vp x Vp)

can be eliminated.



ANNIHILATION OF THE SOLENOIDAL TERM

* Virtual temperature T,: Temperature that dry air would have if its pressure
and density were equal to those of the given sample of moist air

_ P _ Pa + Pu
pRq (Pa + pm + PT)Ra

Ly

* Virtual potential temperature 0p:

K K
0 — (m) _ P (m) ( _Ra>
p—Lp|\ | — k= —
p pRa \ P Cpa
* Now choose 3 = 6,,.
Since 6, can be written as a function of p and p only,

00 00
VO, (Vpx Vp) = {({) Vp + (a—p> Vp] - (VpxVp)=20
P/p P/p
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INVERTIBILITY PRINCIPLE FOR P

* Does there exist an invertibility principle for P? Yes!
The importance of the existence of an invertibility principle is hard to overem-
phasize. It is the existence of such a principle that makes P such a dynamically
Interesting quantity.

* With an invertibility principle, the balanced wind and mass fields can be
determined diagnostically from the potential vorticity field P.

* The choice of vertical coordinate has a significant effect on the form and com-
plexity of the invertibility principle.



INVERTIBILITY PRINCIPLE IN THE Z-COORDINATE

* Consider an f-plane case in which a large-scale axisymmetric flow has a
slowly evolving P field. Since the evolution is slow, we can consider the tan-
gential wind and mass fields as continuously changing from one hydrostatic
and gradient balanced state to another.

* The invertibility problem is to diagnostically determine, at each time, the tan-
gential wind v(r, z,t), the total density p(r, z,t), the total pressure p(r, z, 1),
and the virtual potential temperature 6,(r, z,t) from

or * For a given P(r, z,t),
Op this constitutes a
9P =3, system of four
K equations for the four
0, = b <p0> unknowns v(r, z,t),
pRa \ p

o(r, z,t), p(r, z,t), and
l [_@% (f + (9(7“1))) 89:0] _p Hp(?“, z,t).




“SPICE”

* The solution of the invertibility problem provides the total pressure p(r, z, t),
the total density p(r, z,t), and the virtual potential temperature 6,(r, z,t).

* The partitioning of p between p, and p, and of p between pq, pm and pr,
however, cannot be determined from knowledge of P only.

The solution of the invertibility problem only gives the parts of the mass
field which are of direct dynamical significance.

* |If the PV anomaly is localized, the resulting anomalies in the v, p, p, Ty, 0, fields
decay smoothly over a Rossby length in the horizontal and over a Rossby depth
in the vertical.

* However, T' can have smaller scale fluctuations which are compensated for by
moisture fluctuations so that 7}, remains smooth.

A dynamically adjusted moist atmosphere can have a certain amount of
“spice” in its temperature and moisture fields.
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INVERTIBILITY PRINCIPLE IN THE Z-COORDINATE
(continued)

* This invertibility principle is a single nonlinear, second order PDE with the indi-
cated boundary conditions.

* Given a potential vorticity field P(r, 2, t), the invertibility principle yields ¢(r, 2, t),
from which v(r, z,t) and 6,(r, z,t) can then be calculated using

v 09
[+ =%
9 _ 09
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at lower and upper boundaries




INVERTIBILITY PRINCIPLE IN THE 6,-COORDINATE
(continued)

* This invertibility principle is a single nonlinear, second order PDE with the indi-
cated boundary conditions.

* Given a potential vorticity field P(r, z, t), the invertibility principle yields M (r, z, t),
from which M(r, z,¢) and 6,(r, Z,t) can then be calculated using

v oM
(1+7)v="5,
= oM

86,




INTERNAL ENERGY EQUATION

* To derive the moist available potential energy, the entropy equation must be
converted into the internal energy or enthalpy form of the first law:

DE DQm Daqy
8 E
Dt th+ *Dt + dm Te T Dt

where

5(97 S, dm, CIT) — (Qana + QmCUU)T + grcvdn — (qc + QT) [L(TQ) — RUTQ]

* This formula involves qa, gm, ge, gr, To, T', all of which are determined by the
thermodynamic diagnosis.

* The internal energy £(p, s, gm, gr) is considered to be a function of the four
prognostic variables p, s, gm, gr, Since these are the inputs to the thermody-
namic diagnosis.

* Special cases:
E(p,s,0,0)
g(pa Sy, dm, O)

cyal’ (for dry air)
(gacva + gmevw)T  (for dry air plus water vapor)
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D 1
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REFERENCE STATE FOR MOIST APE

* Useful definitions of “virtual” quantities:

K
D P00 0o
T, = 0, =T, — Sp = Cpg IN | ——
» = Ra p p(p) p pa (T)

* The moist available potential energy is defined with respect to a specified ref-
erence state, denoted by a “0” subscript. For example, the reference state
density, pressure, entropy, airborne moisture mass fraction, temperature, and
virtual entropy are denoted by

po(2), po(2), 50(2), gmo(2), To(z), and s,o(2)

respectively, with pg(z) and pg(z) related by

| Vpo = —poVe

* The reference state is assumed to be a horizontally uniform, resting atmo-
sphere in hydrostatic equilibrium and to be free of precipitation, although it
may be cloudy.



REFERENCE STATE FOR MOIST APE (continued)

* For a reference state designed to resemble the mean tropical atmosphere,
so(z) will not be monotonic in z, but will typically have a minimum near
po(z) ~ 70 kPa. The reference state virtual entropy s,o(z), however, is as-
sumed to increase monotonically with z, so that the reference state variables
can be expressed as functions of s.

* Expressed as functions of sp, the reference state density, pressure, entropy,
potential, airborne moisture mass fraction, temperature, and virtual tempera-
ture are

p(sp), D(sp), 8(sp), P(sp), Gm(sp), T'(sp), and Tp(sp)

respectively, with p(s,) and p(s,) related by

di 4%
dSp dSp
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CHOICE OF CASIMIR FUNCTION

* Choose C(s, gm, g-) SO that the disturbance (or eddy) part of

p[%u -u _I_ b _I_ 8(107 S, dm, QT) + C(Sa dm, q?“) _I_pO/p}

can be written in a form which is explicitly second order in disturbance ampli-
tude:

{p[éu u+ ®+ E(p, s,qm, qr) + C(s, qm. ar) -I-po/p}}

=p[%u-u—|—<b—|—5(p,s,qm,q7~) +C(87qmaq7“)]
— po [P + E(po, 50, @m0, 0) + C(s0, gm0, 0)]

e

* Rearrange the right hand side by adding and subtracting terms to obtain . ..



CHOICE OF CASIMIR FUNCTION (continued)

{p[%u -u+ P+ E(p, s, qm, qr) + C(s,qm, qr) ‘|‘pO/P}}

— p[%u U + g(p, Sy dm, q?") o g(p07 S0, dm0; O)
— &Eo(p0, 50, 4m0,0) (p — po) — Es(po; 50, @m0, 0) (s — sp)
— &4 (PO, 505 4m0, 0) (@m — ¢mo) — €4, (Po, 50, 4m0, 0)qr

e

~+ C(s,9m, qr) — C(50,4m0,0) — Cs(50, gm0, 0) (s — s0)
T CQm(507 dmO> O)(qm - QmO) _ CQT(SO7 dmO> O)QT}

+ £(p0> 50, 4m0, 0) (p — po)?

+ [® + E(pos 50, 4m0, 0) + Pa&p(po, 505 Gmo, 0) + C(s0, gm0, 0)] (p — po)
+ p[Es(po, 50, 4m0> 0) + Cs(50, 4mo, 0)] (s — sp)

+ 0 [Egm (P05 505 3m05 0) + Cq1n (50, m0, 0)] (@m — gmo)

+ p [£4:(p0, 50, @m0, 0) + Cq. (50, @m0, 0)] ar




b
_C(807 dmO0> O) = o+ g(pOa S0, 9m0> O) + i

—Cs(50,9m0,0) = Es(po, 50, 4m0o, 0)
_CQm(307 dmO0> O) — ng(pO7 S0, 4dm0; O)

_CQT(807 dmO0> O) — g%“(ﬂ()? $059mO0> O)

ﬁ(San)

_C(S,Qm, Q’I“) — CTD(,B(S, qu,)) + g(ﬁ(s,q'rn), S, dm, O) _I_




A= — CTD(IE(S) qm)) + g(pa Sy, dm, qT) T 8(5(37 qm)7 S, dm, O)

po(2)  B((s, qm))

T T i am




PHYSICAL INTERPRETATION OF MOIST APE

* Consider a moist parcel of unit mass at position x and time .

* Let p(x,1), s(x,t), gm(x,t), T(x,t), p(x,t), and £(x, t) denote this parcel’s
density, entropy, specific humidity, temperature, pressure, and internal energy,
respectively.

* Along a reversible adiabat, s and g, are fixed, but p varies.

* How much work W is required to move a unit mass from the reference state to
its actual state along a path I that lies on a reversible adiabat?

W = /r (VCb + p_1Vpo)~dX—/r(p—po)dp_l = /rd <<D +&4 %) = A

Note that the internal energy equation in the form d§ = —pdp—1 has been
used.

Therefore, the moist available potential energy A equals the work done
on the unit mass in moving it from the reference state to the actual state.




SUMMARY

We have discussed a nonhydrostatic model of the moist precipitating atmosphere.
This model ...

* has an “exact” treatment of moist thermodynamics
* includes the effects of ice
* includes precipitation effects on budgets of mass, entropy, and momentum

* has associated moist generalizations of the Ertel potential vorticity principle
and the Lorenz available potential energy principle

* can be run as a GCM on a global domain and as a cloud ensemble model in a
limited-area domain

* is ideal for superparameterization studies



