9. Convective adjustment and condensation*

Latent heat is released within the
model atmosphere in three different ways.
They are (1) precipitation due to large-
scale

condensation, (2) ~cumulus

precipitation and (3) middle level
convective precipitation. Description about
the second process is given in Chapter 7.
The remaining two are described in this
chapter.

In the model, adjustment processes are
taken into consideration in the following
order. First, dry convective adjustment;

second, moist convective adjustment

(except for penetrative cumulus
convection); third, large-scale
condensation; and finally, penetrative

cumulus convection. The flow diagram is
shown in Fig. 9.1. In their definitions,
“penetrative cumulus convection” means a
convection which has its origin in the
planetary boundary layer (PBL); “middle
level convection”, a convection which has
its origin in the free atmosphere. “Large-
scale condensation” means the
condensation associated with é
supersaturation at the grid point. “Dry
convective adjustment” occurs when the

air becomes unstable dry statically. This

<D
L ITER=0 ‘l

———

ITER=ITER+1

DRY CONVECTIVE
ADJUSTMENT

YES

MIDDLE LEVEL
CONVECTION

!

LARGE SCALE
PRECIPITATION

YES

MIDDLEor LARGE

4

PENETRATIVE
CUMULUS
CONVECTION

y
‘ RETURN ,

Fig. 9.1 Flow diagram of convective
adjustment.
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process does not accompany any condensation.

9.1 Some definitions of variables

The definition of vertical layers in this

k-1 even level
K mmm e e odd ,eve,} layer k chapter is found in Fig. 9.2. T, q and z are

k+l temperature, the water vapor mixing ratio,
and the geopotential height. We define the
following environmental variables at level

KN—| m———— -
KN PN
........................... PE } E layer Dry static energy
KB —————— e layer KB

Moist static energy

PB sc=cp Ty +82:; 9.1

PBL
h,=s,+Lqs; 9.2)

Staturation moist static energy
Fig. 9.2 Vertical indices. r=sc+Lai; (9.3)
Cloud dry static energy at the

vanishing buoyancy level

LEké\

SES T a0

(af—au); 9.4)

Cloud moist static energy at the vanishing buoyancy level

he=h —1EBI288 (g, ©.5)
¢, is the specific heat at constant pressure, g is the accerelation of gravity, L is the latent heat
of condensation, * is the saturated value, * is the even level value, yzc—I; %91—?) , € :CiTand
d=0.609.
The saturation mixing ratio is given by
q*(T) :%:—“ . p—i% 9.6)

where M,, and My are the mean molecular weight of water vapor and dry air, respectively
(M¥/Mg=0.622), and p is the pressure. The saturation vapor pressure e, is given by Teter’

s equation

at
es(T) =e 1057, 9.7
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where t=T—273.1 is the temperature in Celsius, a=7.5, b=237.3, and e, (=6.11mb) is the

vapor pressure at T=273.1K. The saturation mixing ratio gradient is given by

29" _p a*(Ty)
(aT)T:TV_Be TV2 ’

using the another approximate relation

es(T) =eexp(A.—B./T),

where e;= 1 mb, A.=21.656, and B. =5417.98K.

We define E-layer as the layer located
between the top of the PBL and the upber
boundary of the layer KB. We define s and
h in the E-layer as sz and h; in the same

manner.

9.2 Dry convective adjustment

If the model atmosphere is found to be
dry-adiabatically unstable after the
advective process, i.e.,

6. < 6, for any odd k, (9.10)
subgrid scale dry convection is assumed to
occur, bringing the layer back to a dry
adiabatic lapse rate. This adjustment is
done between adjacent two layers in the
order of increasing k. If the condition (9.10)
is satisfied in more than two layers in
contact, we adjust those layers collectively.
See Fig. 9.3.

In adjusting layers from k=KBEGIN
to k=KEND, the new temperatures T} are
determined in the following way:

KEND
3 TillkAox=
k=KBEGIN

KEND
3 TylkAg, (9.11)
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Fig. 9.3 Flow diagram of dry convective
adjustment.
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4 7 ’
OxBeGIN = OxBEGIN+ 2 = "** = OKEND

(9.12)

where 3’ is the summation over odd k’s only. Primed variables indicate those after

adjustment. Using the definition of 4,
Gc=Ty (p) ~* 9.13)
, (9.11) and (9.12), adjusted potential

temperature 6h.w is given by

KEND

kzx%EGIN (p) Tl A i 9.14)

Then,

Ti= bhew(p)* for KBEGIN<k<
KEND. : (9.15)

9.3 Middle level convection

In this section moist convective
adjustment which has a root in the free
atmosphere is treated. The flow chart is
shown in Fig. 9.4. The moist convective

adjustment occurs whenever either

hiss > b, (9.16)
for any odd k (<K—2) or
he > hinos. (9.17)

The moist static energy of a saturated

non-buoyant air parcel is given by

- L
fz=h; L 1117;2&3“6(@—(1.‘).

9.18)

If hy,.>h#, an air parcel rising from the
lower level will have positive buoyancy at

the upper level k. At present we
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Fig. 94 Flow diagram of middle level
convection.
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approximate h# by h#, so when hf<h,,, for any odd k (<K— 2), we assume that moist
convection occurs in such a way as to reduce hy,»—h} to zero.
The mixing ratio of cloud air which detrains at the upper level is given by
Yk 1
(Qede=qi+ iT’yk . r(hmz—hﬁ) (9.19)
If (ge)k > Qi 2, we adjust (Qelx tO Qrsz-

The moisture budget for the two layers are

A a
PxOdyx _ 7 [(QC) q 1] , (920)
Apk+ aqk+ 9 2
2 at z :; [qk+1 qk+2]! ( . )

where 7 is the mass flux at level k+ 1.

The dry static energy budget for the two layers are

Apy o
;k astk:ﬂ[ 1 }"}’k (hi+2 —hi) +Sk_sk+1]y 9.22)
%: 7 [Sk+1 _Sk+2]~ 9.23)

The first term on the right hand side of eq. (9.22) represents the detrainment of cloud air into
the layer; the second term represents adiabatic warming due to the subsidence in the
environment. At present we assume that the temperature change does not exceed 1.5 K per
step.

From (9.21) and (9.23), we obtain

__Al:g+2 agktm =7 (hierr —hicsa), ©.24)
and from (9.22)

———Agp‘)"aahtk:ﬂ[hk”‘ (1 4 %) (Sk—Ske1) )y (9.25)
with the aid of

ohi _ 98¢

From (9.24) and (9.25),

1
ADy+2

2w —h) = 78 (10— (s ~hue) =g (B =hi) + (1 47 (5= 5we)) ).
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9.27)
If we assume an adjustment time 7, mass flux becomes
,,:%g - : hyep —h . (9.28)
ADers (hgs1—hiy2) +A—pk{ (hesz—hE) + (1 + %) (Sk—Sk+1) }

Currently we use 7=Aty=60 minutes. Finally from (9.20) and (9.21), precipitation due to

middle level convection is given by

Py =7 (qusz —(QC)k]Atq-

9.4 Large-scale condensation
Large-§cale condensation occurs if the

grid cell is supersaturated, i.e., qi is greater

than qi where qy is the water vapor mixing

ratio and qf is the saturation mixing ratio

at the temperature T, and the pressure py

(Fig. 9.5).

This condensation removes moisture
from the atmosphere and warms the
atmosphere by releasing latent heat, with
the warming in turn modifying the
saturation mixing ratio. The condensation
proceeds until q,=q¥(T,) at the new
temperature. When condensation occurs in
a layer which is not the lowermost layer of
the model, the condensed water is brought
into the next lower layer, and is forced to
evaporate. This process is repeated until
the lowest layer is reached. When the
lowest layer is saturated, the condensed
water precipitates onto the ground either
as rain or snow according to the surface air

temperature.

(9.29)
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Fig. 95 Flow diagram of large-scale
condensation.
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Let CAt denote the amount of condensation at level k per unit mass of dry air, when q, >

ay. Then
ar=q,—CAt

Ti=T,+LCAt,
Cp

a=q* (T=T,, p=p«).

(9.30)

9.31)

(9.32)

where the primes denote the modified values due to condensation. (9.32) describes' the

saturation condition for the modified moisture and temperature. From these three equations,

we may obtain an equation for the modified temperatures;

@~ (Ti— T =q* (T=T}, p=pJ).

(9.33)

With q,, Ty, p« and the functional form of q*(T,p) given, the transcendental equation (9.33)

can be solved iteratively for T by Newton’s method. After T} is obtained, we can calculate

CAt and g from (9.30) and (9.31).

Fig. 9.6 schematically shows that the
saturation mixing ratio q* as a function of
temperature denoted by

q=q*(T) (9.34)

and also a segment of the line,
q=0q —%(T—To) (9.35)

which passes the point Ay(Ty,qo) in the (T,
p) plane. The intersection of the saturation
curve, q=q*(T), and the line given by (9.35)
gives the solution of (9.33). This point is
denoted by A(T4,qr) in the figure.

We may obtain the intersection point

approximately by the iterative method. Let

To T

Fig. 96 Schematical explanation of
adjustment in large-scale
condensation.

A,, A,,-be a sequence of points whose coordinates in the (T,q) plane are, respectively, (T,

a1), (T2,@2),--. Such a sequence can be generated by the use of tangential lines to the

saturation curve at T,, for v=0,1,2,---,

a=q* (T + (3L),_, (T-T.).

(9.36)
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Choosing
To=T and go=1au, (v=0), 9.37)

we determine (T,+ 1, qu+1) recursively by

@er=a" (T + (35) 1y (Tori =T, 9.38)

Qv+1 :qv_% (Tv+ 1—T.), ] (939)

forv> 0. From the slope of the saturation curve, we see that the point A, uniformly
approaches A as v increases, and that for ever v> 1,

@ <q*(Tw). ” (9.40)
Thus, even the first iteration leads to an unsaturated condition and higher accuracy is
obtained with increasing v. At present, we take

vmex= 1 for the upper layers,

vmax= 3 for the lowest layer and for the E- and the P- layer
where vpay is the maximum number of iteration in the layer.

From (9.38) and (9.39),

Cu+1At:§£(Tu+1 _Tu) — Clv—q* (;rv) s (9.41)
L 1 +£ (a_q)
Cp aT T=T,
Tyer=Tot=Cor 1 At, (9.42)
P
qv+ 1 ZQV_Cv+ 1At (9.43)
Inlsummary,
, Lumax
Ti=T«+-= = C.At, (9.44)
Cp v=1
Q= Qe VITEa:CuAt ) (9.45)
T:u =Tz —CLPV_EI C.At A6/ (is2 AGics2), (9.46)
a,, =Qk+2+v§1 C, At A/ (Isz AGis2), 9.47)

where C, is determined by (9.41), (9.42), (9.43). At the lowest layer the condensation reaches

the earth’s surface and the large-scale precipitation per unit area becomes
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vmax

PLszg S C.At « Ady (9.48)
v=1

where Adx is the depth of the lowest layer in ¢ —coordinate, II =ps—pi, ps is the pressure at

the earth’s surface and p;=100mb.
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