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APPENDIX C

C.1 XNon-adiabatic Heating

In the thermodynemic energy equation (4.3;3),21_
which represents the source of heat due to radiation

. and condensation, may be expressed as
[~

o o

Q=q,+9, (c1-1)
4 ¢

where q, 1is the heating due to radiation and q, is

the heating due to condensé,tion.

C.1.1 Heating due to radiation

) 0
The heating due  to radiation q’r may be separa-

ted into two components as
0 ) '

A :
q'rr' q-rs""q'rL (C'l.Q)
where Q?S is the heating due to the absorption of
solar radiation and ayb that due to 1long wave

radiation. v

Heating due to solar radiation : Heating due to
solar radiation consists of two ,componen'ts; one due to
@
the absorption of direct solar radiation ( 4.gq4 )
and the other due to the absorption of the reflected
]
(diffused) radiation (q-vSr ).

4

o 8 o .
5 = q—vﬁd + QS (C ny 3)
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The heating due +to direct solar radiation is
obtained by

o g day time - i
q{Y‘Sd E whele day o5& _Q? a (');,SQCQ) (i)

foond

where aG is the amount of absorption of solar radiation

as a function of optical depth (¥ ) and € is the

mean zenith angle of the sun, which is .defined as
day time

/ cos & dt

cos§ = ey Time (C=i~5)
dt

The heating due to reflected solar radiation is
given by

o _ IR 9 %rcs cl6
qgy = Y 33 GQC Ya) _ ( )

where Y, is the total optical depth from the surface to.
a given &-level. S is the solar constant 2 ly *m'wf’)

and Ry is the amount of reflected solar radiation.

Let (= 0-2), odp (z=0-5),2nd <3 (=07) be the
reflectives and My , My, and M; be the amounts of
high, medium, and 1low clouds reSpectively; The amount
of solar energy reflected‘ by these clouds. is

daytime

| e = m Cos ES["(;““‘I""(';(i*dmh)'ﬂm‘i-OQ (i‘dmi\') (i-"(z.“m')-ﬂ.(]

v (ch1:7)
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Since R_ does not contribute to heat up the earth's
surface, it is assumed that R, is reflected at the
earth's surface and not at the top pf each cioud. Hence,
the total reflection at +the earth's surface may be

written as

daytime -, 7 T EY 1.8)"
Re= g cosidy [S -a (YonsecE)] (c:1.8)

whe re o{*c is the effective albedo defined by

+ﬂ‘(—|7|i,+°(‘z(i‘°<l“h)'“m'i:r°(3(i“*t“)‘\’?(‘"ﬁ"nm)“! (Cs’ ). 9)
e (Ymsecg)/g

 Ape = o,

In the above, <« is the reflectivity of the earth's
surface, Yo,x 18 the optical depth from the top to
the bottom of the atmosphere and a.T is the sum
absorption due to water vapour‘, carbon dioxide,and ozone.
The net solar radiation absorbed at the surface is
S, = SR cosE (1-ue)| S ~ @ (Yo 5ecE)] € 1:i0)
Heating ‘due to long wave radiation: CT_YLin (C.1.2) may

be computed from

o 9 aF’
Lo = ng-'

where the superscript & stands for water vapour (W)

. Y
of carbon dioxide (C ), or ozone ( © ), The net flux K
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is the difference between the upward and downward fluxes,

G G G :

F=0U-D (c.i-i2)
For water wvapour, the upward and downward fluxes

of radiation at any 1level & are computed by (Godbole

et al, 1970)

By Bs
D;“’x ﬂso’é;(yoﬁz)- /Ei(yo,T)TTdB— / gymmds i i3)
BO B‘
and B,
w ‘ ' .
Uy = T8, "'/6;& (y,T)7idB C.1:14)
B,
whe re
RIPT -
B(T) = [Bs(Tdv = L £ (c.1.15)

By (T) is the black body radiation of frequency »> and
tempe rature T; B =B(T), B. = B(T.), B, =B(T),and B,= B(T:),
where To = 220° K, ‘|, is the temperature at ¢=0, T
is the temperature at any given level &, and T* is
the temperature of the earth's surface.

Yoz jUs-Uel , ¥= \u«"ui

where U, is the opfical depth measured from +the top of

the atmosphere to any level ¢ .
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The mean slab emissivity E%;(H;T) and +the mean
slab absorptivity 'ag,(ﬂfr) are defined as (Yamamoto,
1952)

e, (uT)= 5 BC N /B (-—-)[t—— T (ks ;U)]aln (c1:17)

~ d By ' /e 1.
QJCM,'T) :dBI/A'T/ aT [l— —C;Ci?wu)] d (C-l (8)

d8 48 ' ,
vhere aT ,/ P o, éﬁs the transmission function of
the slab, and bv is the'absorption coefficient corres-

ponding to frequency » .

) Carbon dioxide and ozone have relatively narrow
absorption bands at 15 4 and 9.6 A respectively,and
hence the dependence of dBﬁ/dﬂ" upon » may be
neglected. Under these conditions, the mean slab absorp-
tivity in respect of these two gases may be defined

as (Manabe et al, 1961) ,
E,}(H,T)'-“- o, /[l-—g(b»,u)]aln (C-M9
»3

where T is equal to 218° K.for carbon dioxide and 293° X

for ozone. The downward and upward fluxes in reapect'of

carbon dioxide and ozone tske the form

bo
= 7T by By (%T) _/E*Cy,ﬂ 7relb (C.1.20)

by
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by .
U =7rhy - [ () il | (c1.21)
ge |
where
Mo v . .
by = [ By (T) o . (c-1:22)
]

Optical depth : The optical depth for any absorbing
gas in a layer of thickness AG is obtained by

ko
ok
Au = %— ("E‘f) TAG ' {c.1.23)

where E = 1000 mb. The values of kK used for water
vapour, carbon dioxide, and ozone are 0.6, 0.86,and

0.3 respectively (Manabe et al, 1961).

C.1.2 Condensation and convection

Dry convective adjustment : The required temperature

change §7T is obtained by the following two conditions.

“%‘&9 (T+8T,0) =0 (c.1.24)
47 .

«C—E-‘P*/‘ST-A« = 0 | (c.1-25)

E RN . .

where  is the potential temperature, and &3 and 6g ‘
represent the values of & at the top and the bottom of

the unstable layer respectively.
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Wet. convective adjustment : The required change in
temperature §T and mixing ratio $r is obtained by

satisfying the conditions

S o (T+5T,*+6r,0)=0 " | (c.1.26)
ae ge( 7 ’ 2 )
r+867 = ¥ (T+6T,0) - 1.27)
Sg - ( )
Cp oy L g =0 c.t.28
Gy [(sTa ko) do =
o \

where 8, is +the equivalent potential temperature.

Non-convective adjustment : The required change in mixing

ratio §v may be obtained as

§r = ¥ (1- RH) +(-§—$ pST (c.1.29)
Vs

where R.H. is the relative ' humidity and Fid b

represents the rate of change of ¥, with respect to T
at constant pressure. The temperature change due to
release of condensation heat is expressed as

ST"'—'- - %;ST (C.l.ED)

The amount of precipitation due to both convective
"and non-convective condensation is computed from the

relationship
1 '
- C =—-%f-/8‘r.do’ (c.i.31)

o



