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ABSTRACT

A simpliﬂed' scheme is presented, for the heating of clear and cloud-y
air by solar and infrared radiation transfer, .designed for use in tropospheric
general circulation models _with coarse vertical resolution .

A bulk transmission function is defined for the infrared transfer. The
interpolation factors, required for computing the bulk transmission function,
are par&mererized as functions of such physical parameters as the thickness
of T-he layer, the pressure, and the mixing ratio at a reference level. |

The computation ;srocedure for solar radiation is significantly simpli-
fied by the introduction of two basic concepts. The first is that the solar
‘rudic‘rion spectrum can be divided into a scattered part, for which Rayleigh
scattering is significant but absorption by water vapor is negligible, and an
absorbed part for which absorption by water vapor is significant but Rayleiéh
scaftering is negligible., The second concepf is that of an equivolen\!‘ cloud

water vapor amount which absorbs the same amount of radiation as the cloud.
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. Insert 1, p. 11-2 7 )
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where ¢ is the mixing ratio of water vapor. A similar expression for the effective
carbon 27 dioxide amount is given by equation (IV.17).

Insert 2, p. 11-2

. Following Yamamoto (1952}, the total fransmission funciion of a mixture of
water vapor and carbon dioxide is assumed to be represented by the product of their
- respective transmission functions, that is :

% * : %
u, T) = THzO(UH?_O’ T) TCOz(UCOZ’ T)

and ©

. ~ W —~ *
) T (U ¥ T) = %ZO(UH

2 2

%

o' "co,Pco,
+ ’ * . .

, As discussed in section 3(il), TCo (UCO : T) 1s assumed to be constunt
between any two isobaric levels. 2 2 Thus T and T vary only
with ™H O and '?H , respectively, Consequently, unless required for clarity,
the 27 2~ subscript HzO will henceforth be dropped from H O

' 2

and T, .
H2O

Insert 3, p. 11-9

Experiments have been conducted with the GCM to determine, once and for
all, the functional dependence expressed by equation (I1.22). In these experiments,
" the integrals appearing in (11.16) and (11.17) were evaluated numerically by dividing
the GCM layer under consideration into thin sublayers of 10 mb thickness. In this way,...

o



Insert 4, p. 11-15 ' Y

; - i
Following Yamamoto {1952}, the total transmission function of @ mixiure
of water vapor and carbon dioxide is assumed to be represented by the product of
their respective transmission functions, that is

-

* ® *

(0 s Unes T = Ty (0 e T) T (umn o T)
HZO COZ’ HZO HZO C02 C02
| and
K * - %* _ %
T{u s U ,T)Y =7 (u ;T T (u , T)
H2O C02 H20 HZO C02 ACQZ | .

Yamamoto presents values of TH20' TH?-O and TCO2 (deaned in Tables 11-2 to
-5 by Obs.) that are based upon experimental laboratery measurements of
generalized absorption coefficient in certain discrete spectral ranges. Using this
experimental data, we deduce the following empirical equations for the transmission

functions of water vapor and carbon dioxide.

Insert 5, p. V-1

_ The effective water vapor amount in an air column of height jf ; U*(;/),
can be obtained from equation (11.3) if the continuous vertical distribution of water
vapor mixing rafio ¢ is known. Since the UCLA 3~layer GCM predicts q from the
© moisture conservation equation only af discrete levels, some approximation technique
must be employed for equation (11.3). Smith (1966) has shown that the seasonal and
latitudinal northern hemisphere mean value of the mixing ratio in the lower troposphere
‘can be expressed by

a=q, (&), av.1)

where q_ is a known value of the mixing ratio at some pressure p_. Utilizing
different forms of this relation, in conjunction with the values of © q predicted
by the GCM, two methods for the evaluation of v~ will be developed subsequently.

A
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f.- INTRODUCTION -:.-0 =0 o0 L
To accurately compute the ﬂuxes of long wave radiation and solar !
\’nf{mi‘fm
asoletion in the c’rmosphere, it is necessary to discretize the spectrum and upply

 the equation of radiative fransfer to each narrow wavelength interval. Further- e
e —— A alcuTe
more , the atmosphere must be divided into a large number of thin !cyers for -ﬂ-n*

aelta &
?é&nﬁp&nhoryeven when the general circulation model (GCM} has only a Few

> >

layers. The amounf of computer time required to calculate the radiative fluxes

o . fhroughouf the e;ﬁ-rf*e gIoba! atmo anhere by this method is enormous and would
A :, exceed fhg;;tﬂméhrcquu:eud for alll other computations of the GCM. e@mafﬁea\w- |
. L Consequenﬂy, it is desirable to have a simplified radiation computation scheme
/T- A * for wse=with q GCM hwmﬁf;cocrse vertical resolution.
R : C/OA&S s oTILTTTy e e STl e -

, Thef\@l‘e@é@@a@#em of the at mosphere st'rongly :nﬂuence,j the radiational
- heahng field. When the sky is covered by a dense cloud layer, the net flux of
A - Aicng wave radiation in the cloud layer is zeroAA;&igap and bottom of the cloud
- layer are tresdedsas black body rdiators at their respective temperatures. The
,"'coollng due to long wave radiation is thercfore significantly medified throughout
: f\ | -  the atmospheric column containing the cloud layer. Furthermore ,ieqq::-:suesubw
" stantial fraction of the inczdenf%r radiation is reflected or absorbed by a cloud
Cemsiadcra ki)

AN layer, the vertical distribution of heahng doeo solar radiation :s/\imgel.y affected
by the cloud layer. ' '

Tl r%/,mﬁ AWEU_ e,

W GA«/ Ay wx VRuy c'—a-su/o//mzée«/ sl
o 7:-*4:%% e o aesS AM e -~
5’/;“‘9/'-(’. e ﬁccwvm‘fe c_a/¢u/m3(/th saﬁ% '

@C/‘f 7:1/:5 %afm/wa:%auncmﬁ/ e
7‘%4 SG/'QM .[3-,» caleu /42(»..5 rwﬁfqﬁmzeqz'?;_ﬁm
P20 UVCLA s [Fimlimea Fr7 ¢ n Pyes%/w,h
717%4 §7C»et/)/ A Lyse 1C Press Pwt‘/a./xam 74» e
U‘f—’[—/ﬁ fwv“/a‘yﬁmm @C/Lf Aczf zgeeﬁq ﬁ;u*‘?——-m
eavﬂev ‘57 Arm,{a,wﬂ/ /{u/m.ﬂma Pmiits
/7’}17&;71 (/?59), . . R S o



H. LONG WAVE RADIATION B

1. Basic equations

-

The atmospheric long wave (thermal) radiation with wavelengths

between 2.5 p and 40 p Is mainly affected by the chsorption by water vapor,

dz//ﬂha U g s il

carbon dioxide and ozone. ‘§1*%E G’cott’ermg by air mol ecuﬁ es is ncgilgsblej} bt

F{m:fe{é}e scattering by large aerosol_porticles in the air and waler droplets

¥ :
in a cloud ]ayer may be s:gntficarﬂrggi’rhe present UCLA GCM =il cove@

ke e e A e i Y

A/&,wwz/ﬁw s«.mphuf\y} t‘A,a for1g wra et s‘caz‘ﬁ‘evmg w-u’/ éa 's;eglecfeoq’

-/

o

By solving the equation of rcdac{:ve transfer sub;ecf to the boundary

_ /
conditions thi’?’ 7 the downward long wave radiation flux isszemn, at the top

" oF the afmosphere {%?cw’p%mfe?,';i:{ow the upward long wave radiation flux at )
the earth's surface is i.tm:'gﬁ:ammym%icck body radiation at the surface femper~ | -
" ature, the downward and upward radiation nuxes RY and né)mr a reference level
- zycan be expressed by:
. @ w - . : - -
R«!Z: =6[‘117 Bqu) dv - arn' Bv(Tm) 'r‘f {Ev(um_-ul'z)}dv ' -

. re——

S ey, dam - o
N +H g i f-u)ldtde, o ay

Z.
ODTS dB(T) N /

' R’I“ -—I'n'B (T Ydv “*’II T s f.,,é (u nu)}dev o (“.2)7

24 !—-...-.—..4...__,,.,_...,1'-.-1 B
"-.

—y .
where U("?) is the weisscngyor qmoum‘,‘\n the vertical air column from the earth’s
surface te the level 3 , T(g } .is the temperature , w Bv (T) is f_he flux

. of black body radiation of frequency v at temperature T, ,ﬁ is the generalized

[7.

absomption coeff:meni‘ dLF!ﬂEd by E[scsser ('1942) and T {,ﬂuu} is the fmnsrms,:g'rl_._____

_,.pr--—--—-. —

%ééﬁﬁ)‘ 74 /WC&/-"—Y(% (,(/ﬂ{/(.’ (/.;/Zg w%//&// ’?(////
/ ' %ﬂ\m,.

#,_,,,-"' 2 e

" s

‘“M-M.._w—



'2’/&?7 /%_/A/O ) ,ﬁ//‘g,)— dB(T)I“ aT {2, u)d\;) | (!1;4)

-2

»
function of a slab at frequency v. The subscripts g, z and » denote the earth's

surface, the reférence level and the top of the atmosphere, respectively.

*

Since the width of an absorption line increases by collision damping,
the ohsorption coefficient ,E, is a function of pressure p. This effect can be

approximately expressed by (p/f:) ) where Poo is a standard pressure and a is

" a pressure scaling factor. Since fhe absorption coefficient is always multiplied

by the amount of the absorbing medium v, we can conveniently use the absorption

- e

~ coefficient at the standard pressure and opply the pressure correction to u. The/ -Z/m(zr‘é j
. ot = T

St
water vapor amount modified in this manner, the effective water vapor cmoum/(

mwﬁw‘

(3 Y, s gsven by E _M."‘“‘M

‘19;( )da,g/”“ \ (u 3) {

where g is the mixing ratio of water vapor: ;{ [n {‘he fo”owmg discussion, u is

used in flevof us - - - - § AL f‘/

We defmc, fwo types of wetghfed mean transmission function as fo”ows

mdB(T)

?f///ﬂ 2)(/0 m,T) @W”}H WfﬁB(T)T(zu)dv ) (HS) .A

o

%
* mission function (v, T) for water vapor and found that: 1} the dependence of 7

whexe SR : S L
- - — = 4 ‘ .
| | * | -nB(l')r cj;ns?(r)dg UT . - , i (zx.§) | %
,‘Relcxﬁ‘on (ILé‘) is the Stefan~Boltzmann law and a; the Stefan-8oltzmann coﬁstcnt, s
150.817x 10770 1y min 1Ok (1,17 107 1y day”t oK. rand T are ‘
functions of temperature because the spectrum distribution of black body radiation e
gradmlfh fempermure/)/‘(c:mamofo (1952} caleulated the mean trans~ :A-M

5
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on temperature is weak in the range 210°K to 320° K and 2} below 210°K,

"+ decreases very rapidly with decreasing temperature. Therefore, following |
Manabe ond Motler (1961), if we select some critical temperature T near
220 K ‘T(U ; ) may be approximated for T >T either by 'r(u . T) wdh ) 5eY,)

T 260 K, sap or by a mean fransmission funci'mn averaged over the range

210°K fo 320 K. /s Tl T}m?/ le c/%rsr;fuwcz 4 C((z.’ 7’)

" The calculation procedure for long wave radiation s consxdemb‘y
.:sirhpliﬁea b'y use of the mean fransmission functions. The second term of the

‘rfghf hand s'ic-le-of (H .'l) is rewriﬁen'os follows: T RS-

j"n'B (T )Tf{b {u_~v )}dv
0

~—j"n‘B (T)'r {L (u -y )}dv

o To dn

ARt R AL SOl A ST _': ToroTIe

il

B “Btrc) ?(U:_U:I Tc) +; T(U U 1'!;?) ‘JT""—dT

= UCT(U -, ,T)+(o]‘4 O'T:*)T(U*-u:,f).

) Subshfuhng this relation mto (ll 1) we ob’ram

* % e
R¢ =j Bz -'n:Bc T_(um-uz, Tc) ~ (B - ,TFBC) (v ~u, s 1 )
- ’ T{Bc; : S o ' e ) -0 : ’ . ’ ' B
- R L R S L
':;._E ES.-::—._. Yela '.:- -"._: TL -'H' %.. A"' ;'. ' ;- . | : . . o -I: FroTr, L ': o
omg e A . . 3

(i}

.W.htire e e e g e . W Bi OT? o

s .,,;.,“::-C‘ RN ‘I‘J‘\ - Ef" {{,f, (U -y )}de\) ) | o . / .
LA _"7,_7 - 0 Tc L. - i Y :'

S
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Similarly, the upward flux at level z is
=B

R s e e 8 g * = I ’
[ S S T B (P
Fa e A. - -.‘ ) - TTBZ . - .
S The net U?V{drd quxui' Iével_z becomes

et ~ RZER;-R‘;Z’=A+B+C“O . (ILS’)/:

- ' enorTozo Do — ~ *_- * o TR _ ) i
.wherlei_ ) o A-—-‘nf_ic'r(um UZ;TC) ) T = A
RN _ —.. . w BT ' | |
- "“" drn ot B " (o BW '“'Bc) T(Um‘ b T )) . . A
EEPEIRT B : , B
Lt C= RN d +
ERE J v vy T)d) + |
. . e '--Ter : ) : 'HBZ
LR " . L B ' C uB

- 9 % ok o= _ o o
L e = J' 'T( |u -vuz]_,T)d(TrB) ; (“.10)_'/ TA

9 s a0 .
'r(uz- u, 1) d(-.frB)) A

- . . o P .
S -

The relations above are schematically illustrated by Yemamoto's Radiation Chart -

_ shown in Figure@—_———%-* =6 e

" The heqi;ing rate due to long wave radiation is given by
Cile T R o oR ..
L L ot

- -

< fo
|

R (R

' q, .:.:." ',__;-_'. '::;, oL

* where g is the acceleration of gravity and Cp is the specific heat of air at
constant pressures LT ’ -
\',:‘_w - -
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- the conmbuhon so reference level i from its adjacent layers, Ci-1 i'ohd C,
’ '

 pRECIDING

o . T
However, Texponenhqﬂy decreases as [u - v, | increases and the change

- of ]u U | with: T[B\IS also roughly exPonenhal As shown in Figure li-1,

~— " < in the nelghborhood of level i usually decreases more rapidly with 7B than

V ‘a linear reiahonshlp, Therefore a careful formulation is required to compute

i+1,i’
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To parameterize this contribution, a bulk transmission function T is defined as 1

followss m_' e e mma e
e, L= “ru "’U T d‘nB) nB.~xB. )T . ‘ (11.16)
.. ._“Bi-}-g *_‘ _ -_A-_ \, _' .
Ci_‘“l,i —qI . 'r(!.li -u, )d(TrB) (':TEHB—T: Bi )'r;_*_-alri . (11.17) i
o ¥ i . . . . - ER P T R A . R
) ' . e R I — v T -
Since v =1for |u -vu, |=0, =.__ ; (or 7.\, )musf have some value between
r
tand v, . “for. T, 2 ) Thus we define a lmez}r interpolation factor m by the
I . - - e e e waae- ceases -t .
following relations: o -
* .;~Tif3;if-‘.‘-(Lf-m'l”3;i Ti_" )/(I+ml =z, i s | (HJS) A
o # "':Ti*'a'_','i'%‘ i+ Mita,i T_i"”a,i)/(Hmi"‘z,i_) e - (11.19) A

,Thelifcxlues of m must be determined by the physical parameters of the -

 adjaceni layer under considérqﬁoﬁa We assume that the vertical distributions
. T bl

of the water vopor m:xmg raho q and the fcmpemfure 'l}l\ccm be represented by
| q=q (p/p) ) .20 -,
| i L T= TGy e o . o man

Thus, m may be a funciion of pressure, mixing ratio and temperature at the
reference level i, the lapse rate parameters ki and I; and the pressure thickness

- Ap of fhe lcyer (see Figure - 3) Thus,

o - U '- h — — se My F}-(P A T-r k I' Ap) _ - (11.22) ,
N + N - -' V e - - | . -

~where m. B m +3_',i' uﬁd m., mi“g'i R R

¢ il It e z “ze izl -



)

(11.16) @ (. 17) af compu’red anerlcaHy by dwldmg the GCM layer under

a wider range- fﬁan fha’r observed in ’rhe rcc:l ct’rmospheze, ihe integrals.in |

considerc:hon mfo thin sublayers of 10 mb thickness. ) In this way, the values

| PLaL T, Ki Ti-

T
1
\
|

' N
) ]
]
r

A

0%

&P muz%‘—“mfg

S HZ \[.7
.-,,._-:_H_H_.,_.,_-,_;_.___‘.. F‘:.’—; f/_ §"¢,{W¢7L’C (:/\aYZL \Ca‘w /% /Paw’am? 7""*"’3‘1%!“ Z‘f

A e e ,m/a A fackon, R
. ﬁr k‘/ra esflmdfed from (11.16) and (11.17). Then, from (11.18) and (If. 19),

: HE
fhe vclues of mli smﬁg. ‘obtained s @ funchon of p q; s T k I‘ and &p.

) The func.{ ional formbof m. .gi;: then 42 found b)r a curve Fiﬂ'ing fechmques

-%2 <e ;J:’ .:./

Pralirinery coiculc‘nons have shown that the dependence of mii on
Tl u'Is negligibly small; it is therefore ignored.- Figure l1~4 shows that mii can
 be expressed approximately as a linear function of Ap when the values of the

. remaining parameters are fixed. Thus,

i—a +b Ap/loo | . {11.23) A

o " where cx. and b may be functions ofp AN k and I Since the dependence
- of ai oh k cmd I‘ is weak, it is neglecfed cmd the fol!owmg empmca. relations

are obimned.

10
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a; = L+(P.)+ F @), - o (11.24)
b+=}_ (P)+F(Z)+ Ak, + ob ATy | R (11.25)
5 s @ o
q(P) = -1.,66+1 76 Iog.w
4+
Lb = ~0.197 + 0.0002 P,
'_FG(ZE) = 0.30Z, +ozsz"§+oo42% . @
F (Z)) = 0.0812Z, - 0.045 ze>+ 0.02334 Z§ | | o
(%‘21:-.*" = Min (-0.041 + 0,021 zi, 0.06)<0, T LT e
ar **:NA.Max (0.01225 + 0.007 Z;, 0.0093) >0 . o
: o _ ) .‘ - ”@26‘)
o = ~0.09 L" P+ F'(z- - 0.105 L" ). B o (11-26) @
T : f
~ e 0.091" (P 1 | ; =“ar 4 (8b\= Lo,
_bi. OO9L (P)+F (z 0. IOSL (p))+ (__) Ak, (é‘i") AT, . (11.27)
- .Lq' (Pi}=Mux (6],8{) - 22.92 IOQIDP“ ?6.63 - 28,39 foglo Pi) ;
Lb (Pl) =Mi‘n. (-42°59.+ ']5.,7?8 _!OQIOPI' 60,81 + 22.53 loglo Pi) ,
_F;'(X) = 2.57+ 0.233 X + 0.18 X0+ 0.027 %3, | e
. ,A"j. . g A A ] , l:', :
SRR = LerodEX s 0dexEr 00N XS, T g
(9-*2)" =;o' oé+ (0,371 - 0 102 log. P.) (Z. + 2'1)> 0
gk/ . Tem T e T e S0 Y 4 ’
S | | B
(—-—) = Mm( 0. 0325 o 005Z,, -0.0275) <0 , - ap

ar

12
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where; z.i = [0910 s Z,= IZE +2.5|,' Aki “—=ki-3, | ) o
AT, = T-10 CK/100 mb) and X is a dummy vqricbiee

, Figure {I-4 shows fhe relation between mi and Ap for the cases of
‘q -10 1,01 ¢/Kg, p.—-600mb k.=3and T}, =6 °K/100 mb. The
‘ pfoﬂ'ed points give the values of m. ob’ramed From equations (1 Ié]é) (!10\19))
while the shmghi* lines represent mf determined from {l1. 23) (11.27). The
c:greemen; a@pefzm»sé“sa%za sahsfcxcforye .

_ The values of a:.!: and b:t for various values of P; and g, are pre=
senfed in Tab!e -1 for ihe case oF k =3, 17 6 K/]OO mb. a " and
increase while I:aI decreases as p, increases. Thelr dependence on q; is nof

_monofomc. a::: gradually decrec: e with decréasing mixing ratio and reach
minimum values near q; = =0.1 g/Kg. b exhxb:f a similar behavior with

‘minimum values near q; = = 0,01 g/Kg. Smce b is considerably smaller than

- + - -
1
l.:lE 7 wml!. ihe unrerume befween ui and uI is Ubuauy 1&..,:. inCm Iy m. is

+ o, . | f‘ e
larger than m,  in most cases. ' o fﬂﬂ 20
- i i . : ,.i e M

As discussed in Appendlx C, if the permissabie error 1@

SZ /{ -5!5 0.2 °C/day, the accumcy requtremen{* for miir is not foo severe and
usmily more than 20% error in m> -oeu«ié/\be tolerated.

If the vertical coordinate of a GCM is pressure or geopotential height,

, p? and Ap are exdcﬂy or nearly constant in space and fime. For such a GCM,
only qs ki and L are variable parameters in the expression for m:iE . Considering
the range of these parameters in the actual atmosphere, appropriate mean values

 for k and I". . such as their globally averaged cllmafologlcal valuves, may be

used in the empmcal expressmns for mia For example, k= 3and T~ 6 K/]OO mb

‘may be adopted.

13
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As a rough c;:;proximaﬂon, the effect of the variation of q, may
also be ignored. In that case, the hemispheric mean climatological value
given by (IV.18} is recommended as an appropriate constant value of g.
However, the mixing ratio af a reference level in the lower froposphere varies
by more than two orders of magnitude over the global domain. Therefore, it
is desirable fo refain the spatial and temporal variation of q for the estimation
of m>. '

i

When the g-coordinate system is employedjas in the UCIA GCM,
p; on @ g-level und Ap between o-levels may vary in space and time. Tor
example, over high mountain areas such as the Himalayas and the Antarctic

continent, P; and Ap are significantly reduced which leads to a decrease in

/

S - . . =k . :
m and an increase in T If p; Is assumed constant on a reference o-level, the

contribution to the flux of long wave radiation at the reference level from its -

. adjacent layers is underestimated over high mountain areas.

 CMange Adecton 3 7‘6 ﬂd?//ﬁ'i éi @;d ﬂw@ Lol //’l

/3 The effect of clouds

PR Y E-N

When fhe sky is covered by a fhlck cloud, the tep and botfom of the
c!oudq:w% treated as perfect black body radiators at their respective temperatures
(the net flux in the cloud is assumed to be zero). This assumption can safely be
& for a dense clou )bui* rgusi' be checked for cirriform clouds whlch confain

smatl amoun'fs of water vapor and solid water (ice crystal conceni’mnon less than

0. ]@3) —— -

Fritz and Winston (1962) anaiyzed the radiation measurements of TIROS I

cmd found that the cirrostratus layer did not strongly c:bsormhe window region of
42 long wave radiation, 8 p~12 p. A defailed discussion oF the greyness of

cirriform clouds has been presented by Katayama (1966). -hicismsiikelymthal: Focau sor,

i —,



=15

e

ﬂ/c? '1»107" | ' : W@g_}’?ﬂ "7""‘1/ ez ;

l ' tirrrform c!ouds}\compiefely cbsorb !ong wave rqd:/ohonj /’f/ simplicify,ws
1€

asspmesihatpnder e ARSI m,,_.amﬁ‘fﬁmi:cf«mmﬂbehove as grey body

radiators with greyness of 0.5. In the computation of the radiation flux, the

‘clouds by the weighting factor of 0.5. s .

it has been confirmed by laboratory experimenfs iﬁa;r there is a critical
femperature, about -40°C , at which homogeneous nucleation transforms all
liquid water to ice crystals. Clodman (1957) found from aircraft observations
that the base of cirrus clouds is situated at the level where the air temperature
is ;:;bou? ~40°C. We therefore assume that any non=convective cloud formed in
a layer with temperature less than -40°C is cirriform and that the greyness of

o -the cloud is .0,5

above assumpfion m%e.y-vbe- introduced roughly by modifying the amount of cirriform

Chrge setrim ¥ o Seitiin & ard Meve el

4 Empmcal transmission function equations

s et
A,Gt;a;&ng-’m(\éqmumoto (1952), the total trcnsm:ss:on function of a

mixture of water vapor and carbon dioxide is assumed to be represented by the

- 'produc'i‘ of their respective transmission functions, that is

! * * . . ‘ * D
4 ‘ 'T(UH O" UCO , T = TH O(UH O: T) TcO (UCO ' T) &
S SR 4—* 2 :

-~ ekl - ot S g i SR A v -

Uélr{g the toble presenfed by Yomamoto (1952}, w= daduce fhe

,—«-—*-_ emm et e

SEp—— cmd carbon le,(lde. L Y R

T I --‘.’_—*‘-,1/,_{( FALOE AL

, 5 X — : . g

| ‘-\ < '“‘“f“"—”:"“‘_";j,:‘:?:-—\;?“z/(f-_*-rw-««: s e e

i / (') Wator vapor e T e e o
\"""""} ~ Two empirical equations for the transmission function of water vapor at

\ ‘a fempemfure of 260°K are presented below; the first has a form similer to

\ Callendar's express:on (1941) for carbon dioxide while the second is expressed

W&? L

| ,J' ;, .’. o k ; .l‘

_ g \ s I R /K e
Y ya ‘/"}/, .."z e .-f!" o w7, i)

(11.28)

following empirical eq'-chons for the fransmission functions of water vcpor A

L MR g ri— 0 3
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|
4 a ;fE' ‘
AN

;(2/’/;; { by a quadr:oi‘.fc polynomial ' : : o _ ' ' ' ) \
Xf”l” b (A) (0% 260°K) L. ) | - (1.29) |
e T u, = ) . ;
o 1 HpO 1+1.750 <041 | - A
é‘;{/ ] o :'-7"" if " o B B ) . '1\ N ) 7
i&:* : i {B) Ly O(u . 260°K) = 0.384 ~ 0. 27852 + 0.0345 z@ (u 21) , : 8 A
s by o
ol ; .
Q“'J;»;‘.;r Vo LTSI = 0384 02592 0. OQBZJ, (10 S <1) (1.30) .~ ¢ 4
k) ' |
A5 - T
\K,f“.f.“". _ '!/(1‘1'288 U ), _(u <10 ); - A
ULy ] . . ok * % - : )
!:{;g_ ! | whe.ré Z =logyqu .qnd v = UHZO.
~ U5 " Table 1-2 shows the accuracy of the two expressions above .ﬂ In the real
‘_f"@” o H q{"mosphere, s usually less than &6 g cmbz- Therefore the maximum error
‘Ji[\\ of expressxon Als about 0 025 while expresszron B has a neghglbly small error | B i
{1“? v for u” between 10 gcm cmd 0. OOOI gem 7 _ -
O o
. TABLE'H;Z‘ Accuracy of emplrlcal equahons For fhe h‘ansmassmn function \} - A J
; ' . of water vapor at a femperafure of 260°K. The errors are A i
o shown in Unii;?\of 1077, | |
#\ ( [e} '
u o » 2607K)
. Hin \ H O H29__m__mm | A
| {g cm_2) Obs. 5 . A :¥ )_(;)-A “EMB:LA\O-B\ - :
_ 10 - 0.140 . 0.180 -40 0.140 0
S N 6 - 0.188 0.212 - =24 0.188 0
R 3 0.259 N 0.266 -7 - 0.259 0
Lo I S 0.384 0.364 20 - 0.384. 0 |
F 0.3 0.510 - 0.485 25 0,512 -2 L
. Co e 0.612 0,598 4. 05 -3 |
S 1 003 0.713 = 0.711 . 2 0.714 -1 o
‘ 0.01 . 0.790 0.795 -5 0.790 0
B 0.001 0.9210 0.910 0 0.909 1
I- , 0.0001 0.972 0.963 ¢ 0.972 0 o
L .
o i ’ T
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/\ . TABLE f:i-o”%" ~ Accuracy of the empmcal equationyfor the transmission funchon ' / /\
: | ' of Wc:fer vapor averaged over the ’rempemfure range between .
. : PR 220\},3-::{«:} 300°K. TA2 LYYVOYS & sharm ""“". “‘“’%‘ _ /\
f_& T %lb“? | o _—
S U-* 7 s ( - )
U
. H,0 | H,0"H,0
Gen ™ | Obs. . C OC D _OD E _ OF
10 -, .. | 0134 :.0.172 28 0.134 0 0.1347 0
! 6 " | 0.181 0.204 - -23 0.185 -4 0.181 0
3 - 0.250 .. . 0.268 -8  0.248 2 0.250 O
e 1 0.373 0.364 -9 0373 O 0.373 0O
- 0.3 1 0.499 0.489 ~° 10 0.498 1 0.501 -2
0.1 0,603 0,597 . 6 0.601 2 0.6057 -2
g 0.03 0.704 0,715 =11 0.704° 0 . 0.705 -l /
. 0,01 - | 0.783 . 0.800  -17 _ 0.784 -1 0.782 1 f
0.001 0.905 0.914 -2 0.905 0 . 0.904 i
0:0001 | 0.971 - 0.966 . 5 - 0.99 2 - 0.9717 0
: / R e As pf’g;fobsiy ;rr;é};t;ioned, the transmission function of a slab of wc‘rér vapor

is r:leﬂrly constant with respect to temperature; it varies by about 0.02 from 22001‘(
"to 300° K. 1t may therefore be more suitable to use an averaged value of the

transmission function over this temperature range ru’rher than the value at 260° K°

We defme‘ Tﬁgo Fjs. ) --:;.'. :::.. L
B R C.u el R B
LN o+ ; ,-‘j._
T‘gzO(U')z %[TH o(u . 300 K)+ TH O(u ¢ 260 l\) + TH O(U, 220 K)] . 3

27 o ? S (L -1

4 : The alues of ‘T‘Q o @ ShOWn in the second coiumn of Table -3,
.From the observed values, = three d:fferenf empmcal expressmns are deduced

' :GS'fOHO.WS‘: o - Lot

s L
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. A Tl T 1 e v IT : o ’ - R T S
cy + {u ) = - e e (11,32) ¢
HoO 141746 070428 e A
) {l‘ o™ = F(1.681, 0.535), (v = 0.724) ST
-y g . N | o
e “= F(1.600, 0.3815), (0-00186=y" < 0.724) ~© 77 (L33 4
T EEes, o), @T<000) ]

| A

Cwhere Flab) = Ve, o i T
A
A

0.373-0.274Z + 0,03525, (v'=21), . T o

o
e ]
c
N
I

. i\ 4
0373—025952—002752@ (104s'u*<1)/

1/ﬁ+29a 74%), (u<10 Yo . T s

(11.34) »

>b

Express:ons ) cmd (E) are s:m1fcr to (A) cnd (B), respectlvely, expression (D}
' is an extension of (C). The accuracy of these three expressions is shown in

Table H~3, Expresston () exhibits the .argeef error but d‘s ‘maximum error is
=" - .. .

_iess than’ 0 025 for 0" Ségcm .

- J

i Is czlso necessary ’ro evaqui’e 'r(u ; T), ihe mean frc:nsmtssmn funchon

.def'ned by (” 5) As suggesfed in sechon il. 'f 220 Kis adopfed as the crn‘ical

| i'emperai‘ure T he emp rical expressmns for T czre s:mllc:r fo ’rhose for T namely
@y Ty, O(u ‘ 220°K) = lo MU iz 0/ (11.35) e
27 - 1+3.0vu , - o A
 nd ~ . F -ol.: j\ \) :

7‘_(8__:)\. -erO(u., 229 K} = 0. 254 = 0. 19852 + 0. 02057_.; (\xSU 410; N

R = o 216 - 0, 28272 . 0,0258 ze) 10~ u*<0. 1, o A

o - 'xrf.’:::,:—‘xz ECTREE _ S omrE LY N s o (11.38)

L Fromognm iiaTULlowvnoli, o= 1i/('l+2 56 u *0 39) .(u*< 170— Yo Tt _ '
’,.'..‘_.""‘..’J ‘, ’ _ o - e\ "}{,{%Z" f\
e F olu™s 220°K) = 0,254 - 0.2224Z + 0.0444 75, (Tm} * .

2 . 7 A '
L o = 0,254 - 0.226 Z ~ 0.00?Z’E{} (0.03 < u*<]}} (11.37) '@
= 0.194 - 0.297Z - 0.028 73, {0 x(u"<0.03), A
| g | / o

19
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y
The cccumcyﬁf these empiric;:! exp.ressions is shown in Toble 1i-4. |
. Expresszons (A) and (A ) were used for TH o ond TH o’ respectively, .

in the 2- Iayer moisk cnc}qecrly-sfuge 3- layer UCLA general cnrculuhon models.
Vel
In the current 3- lcyer GCM, express:ons (E) and (B ) have been adopted for

H o and TH o7 respectwely Coe Tl _ "j:"’,
-2 27 ) . | , .
T |7 | -
TABLE thed=  Accuracy of the emptrlcql equaflons for TH o o the temperature
RO of—_220 K. The errors are shown in unit of 1073, . o

A O

* . Ty Al ; 2207K)

“o o= o o OO

fgem ™) |. Obs. -7 :-A' " O-A' . .Ch i O<' B O
10 . { 0.076. 0115 . -39 007 . 0. 0.07% 0

3 7 1T 0.158 0.176  -18 0.158 . 0  0.164 -6
oo oo 20,254 0 10,250 4 0.254 0 0.254 0

0.3 0.368 0.353 15 0.370 -2 0.366 2

0.1 o} .0.473 . 0.460 13 0.473 .. 0. 0.473. 0O

0.03 0.584  0.582 2 0.582 2 0.585. ~1

0.01 | 0.676 --_. 0,685 -9 0.676 0 0.678 -2
.0.001 0.833 .  0.848 '~ =15 =~ 0.833 0  0.832 !
0.0001 = | - 0.934 0.935 1 0.93 0 0.9 0
0.00001 0.972 . 0.973 - 1 - 0.979 -7 0.985 -13

N H .- .

' : (Il) qubon dlox:de o= :-:_-:" S DLl L T _
| The transmission funchon of carbon dioxide at nom"cf femperu?ure and

pressure (NTP) Is shown in Tuble l1-5. These obcer‘mhons_ can be expressed by

-~ .

COz(UCO ) = 0.930 - G 066 IOQIO COZ' R
R T - lgrier s 20.3em-NTP, T (L38)

20



/\ TABLE H5., The ’rransmtssmn Funchon of curbon dioxide.

{1-20

where Uéo is the effective amount of carbon dioxide at NTP within a layer !
of fhtckness |p p | (see section V.2, equation (IV.19)). The agreement
between (1. '?8) cnd the observafions is gooc!)os shown in Table H-5. Intreducing /\ |
(IV.19) into (11.38) yields ' ' '
| ) - ‘ | p?-p?| | Y
'rcoz(i:i) 0.791-0.066 10910[—?] _— (nq39)_/ 7

The temperature dependence of the fransmission function of carbon dioxide is

neglected in the present formulation.

— }}"‘S‘: ' b et e

Calf‘f&shows the / | //)l

obleine

- valuef{axwmduby IR N Fonle

co (cm/NTP) 13 10 30 100 150
Obs. | 0.930 0.900 0.855 0.834 0.79 0.784 | _~
T ' ‘ ' :
921 cate. 0.930 0,899 0.864 0.833 0.798 0.786 L

If pressure is the vemcal coordinate of a GCM, TCO (i, 1) does not
change in space or time.. In the g~coordinate sysfem)howe‘er, smee»f-he-a A

becauss F7but ~level varies with the surface pressure,pos Te (i'i) : /

A pressure af a constant ¢

also varies with p_» Thus, with the exception of the layer above fhe =0

level TCO (i,i) = ,h%i{d be. calculated at each grid point and g;“f:cch time step. -
From an exarination of fhe dependence of T co, (l ;1) on Pyr the following simplified
empmccﬂ relchon is adopted:

CO (‘rl P ) ) 13 TC_OZ(i’i; Poo) ) (i]o40)

'-whei;e' ' _' B = 1-§o,o9(t-ps/poo)/ - . (li.&i) A

h ;. L - '-' N L '
21 R
‘ A : R -
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and TCO (:,1, %) is TCO (1,1) when the surface pressure is B and P 1000 mb.

Flgure - 5 shows the valués of TCO Jfor various layers of The 3- layer GCM.

2 5o

qui!y, the total fransmission function for the layer bei'Ween levels i and

i is given by
?ii = _T(UHzo(lf])l Ucoz(lfl)! T) )

S ﬁ(ps)l .;Coz(i,i;poo) THZO(‘I','{)) (i1.42)

o S %, =
where 1y o) = Ty ollo vl T) .

[ L

5. Fm[fe d:fference schemes

© 7T 7l this section, the finite dlfference scheme for fhe Ionq wave rudm‘rlon
calculqhon 'e summarized. The indexing scheme is shown in Fig. H~2. The '

Followmg assumpi'lons are made regarding cloud layers:

@ a cloud layer is located about a level with an odd index

(n) the cloud thickness is equal to the thickness of the layer in

i
i

" which it is sitvated.

s .(iii) the distribution of cloud elements is horizontally

T i e
~ - - T

' quosx-*homogeneous 7
(w) there are no clouds in the layer above Ievel 0
. (v) the cloudiness and greyness of a cloud in layer | (be‘rween
U levels i-1 and {+1) are CLI and al, respechvely, the

moedified cloudiness CLi is defined by C i ai CLiu

; Combining (11.9) and (11.13), the net flux of long wave radiaiion at

reference level { in o clear sky is

22
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o~

_ :~ Rizﬁgc m|+(1TBw-WB)Tm|S : o | "(ﬁ.
| “(—!-;;C —I-(*n'Bg"*n'BI) i - ﬂ , B <:H.43) | 4}
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Ina cfouﬂy sky, (11.43) is modified as ;i

I—O

. ey et . |
= —~ - P ] &’
,.Ri (w8, Tt .'F_'(Ter “Bc)Tmi_+c-1,i +C1,i} i;T;. (1~CLi) +Ca’| . (I—Cl Dt ',_' | o

T ’ | I v ' 5
* CE_S'E(LCLi_a)(IwCLi_,S }j&ﬁk%iﬁ Ciny,i €L - s
Gy G ) (L )A-CLE )
bk C L {n (ecL!
. I3, ‘ii’m( |)

+ [cI_.g’i+(1ng-—1r'Bi)—r 1—' 1(1-C[_ } ) ' _, .‘-\/11.44) @/\

where TC; denotes multiplication over | odd. i is expressed by (11.42).

 Substituting (11.14) and (I1.16) = (I1.19) into the above relation ylelds

- : I T +r -
R, =‘(0'T"‘:r' .+FAR 1 _TAB = ot
i c @i Cc,® i w,0 - _ 2
T Ty D -
+ AB o ) a (I-CLY)- . VY
o2 2 Jg=y
:- - T ’+;Yl i“l ‘ .
sop . gy ..
2,4 2 i:::a H
' 'ri_' -_-!-'ri;g . - o . :
+AB, 22! gl L )
L irs,iea ' 2 i~3 i-1

R B Hm, T, o | |
-+ AB, .--—-—-——-f-—‘ r°"(1CL'-)/-
. l= 23,1 1H+m>

k i , A
L . m. - . e
Ny i it2d .
BB tea TTiEmT a-cL, )7
C . ita,i ita,i 1 ' /
B T 7 (I'CLH-’%“"’CLH% |

+ oL - . ‘, A,.AA ,- ﬂo
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' . A e - .. ' | -
T=e ¢ I=3,i I~a 1 / L
+ A P L4 Cd ]"CL. '
T Nt e
, T v, i I"'1- ' ‘ PV
I~2,i I,% :
s (Ap Iai Iid g oap ] < (1-CL! .45 &
| ( 1-a 1 3 LQTI:*) i:i“l'l( I) I3 { ) A
= I';-- 4
- where ABL, _UTm UT,E"

" Asan example, the finite difference scheme for the current UCLA

S

- 3=layer GCM is shown in Appendix A.
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"~ mean cloud state and:i is of the same order as ’rhe abswphon by water vapor. in-

-1

. SOLARRAD?AT!ONV e

There are 'fhree principal factors i‘hdi‘ contribute to the deplehon of

solar radiation in the cloudless freposphere:

(i) absorption by water vapor
(i1} Rayleigh scattering by air molecules

(m) absorption and Mie scattering by aerosol pcsrhcles

According to Katayama's preliminary result {1966), absorpfion by ‘

aerosol particles is compqrable to absorption by u cloud layer in the normal e

}‘Igh latitudes at !qrge sun zenith cmg!es. Thus the depletion by aerosol

absorption shou!d be included in the atmospheric radiation process. At present,
wre Ao mmf VU AL EYY el
however, very=titila-is-krown about the optical properties of aerosol pcxrhcles
oY a H“ _7‘—:/-{‘{?;‘{@“’\,-@} w‘
<, aksut the spatial cmd fem oral variation of the aerosol distribution Gt -
&:/‘Li 1 /f’cf‘l‘wq TP 77 Al /‘71€ 5 an ev;n:;

- -secueni “—nar.r:scln.tg,m of \‘0 ar rnrlmi-mp l-w aarocn! Pnr-f-..nlmc 1—e—1“|‘ﬂ"”"ﬁf‘+‘b¢‘-‘s de

AN e T

thewsequets

1. Basic quantities -
The effective absorption hands of water vapor for the solar spectrum

are in the wavelength range X>0.9 . There are two absomption bands in the -

“region A <0.94, hcmel}f A= 0.75p and 0,85 p, however their contribution

to the total water vapor absorption is negligibly small.

On the other hand, since the amount of Rayleigh scattering is inversely

proportional to the fourth power of the wavelength X, the scattering by air

~ molecules rapidly decreases with increasing wavelength. With an error of a few

per ¢ cent, scuftermg in the wcwelcng{'h range A > 0.9 p can be neglected. _- 6

(19¢¢,1970) |

Bczsed upon fhese com[demftons, Joseph (:E*Ei";ﬁ divided the so!ar . /1
compayenhs? C

: rudmhon info ’rwc}lpﬁ}‘ﬁ- the scuﬁered and the qbsoroed parts. This :deq

26



was also presented by Feigel®son (1%4), using a critical wavelength of 0.75 p

~ Instead of 0.9 . Thus}For 2<0.9 1, solar rediation is c:sslumed to be Rayleigh
scattered but not absorbed by water vapogwhi!e for x> 0.9 ¢, the converse Is
assumed. The solar radiation incident at the top of the atmosphere is then
sepqued as follows: - S o
The scattered part: S5 = 0,651 S, cos2 - (ULY)
The absorbed part: 5 =0.349 S cos{ (11.2)

‘wh_ére So 15 the solar constant and ¢ is the zenith angle of the sun.

(i} Absorptivity of water vapor | ] o ,
Mugge and Maller (1932) found the following empirical relation for

~ the absorption by water vapor of the mean solai constant:

6 =0.172 (J* secC)O°303 ly min” ! 3

L .
where v’ is the effective water vapor amount.

Yamamoto and Onishi (1948) and MacDonald (1960} also constructed
cBém%?on curves, Thelr values are smaller than those of MUgge and Moller
by about 15 per_gent, Manabe and Mél[er_ (1961) recalculated the absorption
and obtained a 10 per cent larger value than MUgge and Méller.

Since absorption by aerosol particles is neglected in the present treat-
- ment, Manabe and Moller's Iqrger value of the absorption by water vapor,

0.303 -1 i

a'= 0,189 (u sec?;’) fy min'
s employed Since this absorphon refers to the mean solar constant §. N fhe
* absorptivity for the absorbed part is _
R al 0.303

=0, 271 (u secz) (111.4)

0.3493 7

where go =21y min .
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- of Kepler 5 second fawe oo T Swremi e L e
' : _ c\r}id]@@ AT R N T ) ERAet
o (u} Tﬁe albedo of thefbfmz 3:})'“ waaﬂow) ' . ‘

- form

, !n fhe foilowmg, the emplrtcal expression

-3

Wty

m

Defining theh?unchon A(x) by | - .' | m

Alx} = 0.271 (x)

the absorption by water vapor of the direct solar radiation is

q_' = 52 A(u*sec C) )

= 0.3495_ cosz;A(u‘ksgc;;))' (e
where' (5 Y, MP_K@,,W;;{@», Ly

and r; is the sun's distance from the earth and r¢ is the mean value of 1y,

that is one astronomical unif. The zenith angle ¢ is given by

- cos¥ =sing sind tcosgp cos b cosh/ ' | _ (i11.8)
‘where ¢ is the latitude, & is the solar declination and h is the hour angle

of the sun., =~

In a numerical simu!afion of the seasorxl variation of the general
PO T 8

circulation, the seasonal var:q’non of 6 and r; must be prediet ted-ortabutated-

“As shown in Appendix D, 6 and re can-be-estimated by a perturbation solution

~ x

- 'Li '.--'—.--e,.s. PR TR ,-') o i:

~The albedo of i“heAGl@ep—sky due to Rayleigh scuﬁer:ng was estimated

by Cou!son (1959) and is presented in Table 1-3 of the paper by Joseph (1966).

. Joseph ‘fﬂed-@e»expf'ess the a!bedo by a qusi——squqres polynomial in cos tJOF the

- ]

a(g) };.'.‘.C cost ,.
. i :

L P
« (2:, P, )= 0,085 - 0.245 Iog]0 (;—
oo

" Table -1 gives a comparison of (l!l.?) for P, =P, }wn'h the va!ues of

‘Coulson. The error of (I, 9} is less ’rhcm 10 per ceot.

28
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will be employcd?where Peo is 1000 mb and p. is the surfuce pressure.



S o o I @55 | '
: TABLE [li-1.  The albedo éf the pl'%fr cfmosphb\
e 3 o i
g °  36.9° 56.4° 78.5°  84.3° 88.8°

Coulson | .085 097 . 158 234 ~ .333  .319
°! @9 |.085  .108  .148  .257 .31 470

i ..
- - . o

(ii)} The albedo-and cbsdrpﬁvity of clouds
_ | The albedo and absorptivity of a cloud are functions of the cloud
- thickness, cloud height, liquid and/or solid water content, water vapor content
and zenith angle of the sun. Since observations are sparse and theoretical |
 studies are fnsufficient, it is not possible to Introduce the above effects explicitly

into the model. T}ieref'orel, following Rr}{gers (1967), the albedo and absorptivity a .

- ey H .

i of clovds ore nrescribed as shown in Table 111-2 (here subscript i denotes cloud

t

type). The definitions of U:T' and U:i; will be given later.

o " TABLE i1-2.  The albedo and absorptivity of clouds. The unifof u ! and o /\ |
. - Scattered A
- Absorbed part
- Cloud : part ' )
. T};pe - | Albedo  {Albedo Absorptivity % x
L Ry | ®) A v Uei
High cloud 0.21 | 0.19 0.04  0.01  0.040.01 | ;g
. B N C 0.0002  eb—r-(0°Y
Middle cloud | 0.54 | 0.46" 0.20  0.1.0.01 3.2~2.4 | 7
R - S & L 7 (3.0) "
Low cloud 0.66 10,50 0.30 ©  1.0.1 1411
- L - _ (12)
Ch | 0.76 0.60 0.30 0,1~0.01 22..20
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s

2. ln’remc{:on befween clouc!f lqyers and solar radiation -
: _)C 71{7...— gor’a,r‘ nrd/d?;‘/w) ) : ' .' - : =
For the scattered pqrt éxbﬂa—legmdmm'a ), molecular scattering in S

clouds is negligible compared to scattering by water droplets. Absorption by -

 water droplets and water vapor in clouds can be neglected. - : -
| ' Jf yhe solar MZM/W/” : ;o
For ihe cbsorbed par’r {naanﬂnﬁmdﬂ,_m fott)y scaﬁermg by water

g droplei's and absorphon by wmer vapor and dropletfs in clouds must both be

" considered. Thus the behavior of the absorbed part ina cloud layer is very y
complicated. As yet, an analytical solution suitable for i'he present purpose
has not been ob’rmned. Therefore, the absorption and scattering of the absorbed
part in a cloud layer are freafed separately under the qssumphons presented
in subsection (‘iii)a ' o '

e He MW /W“””/”‘_

(;) The albec!o of a cIoudy cfmospheref Zcattered party

et = R

) Consider a single ciouc layer wiith albedo R' for the scaliered paits
Since absorption by the cloud is assumed negligible for the scattered part, the
tmnsmssswﬁy of the cloud is (1-R*). The transmissivity of a cloudless
atmospheric column due to Rayleigh scattering is (?-—a ). Thus the fmnsmlsswity

S e
@_ﬁ:w@ of the atmosphere with a single cloud layer i:qn be roughly
estimated by (1-R"}(1~a }. Then the albedo|for the scariered pa@of the

o csfmosphere with a single cloud layey\is

“--'»a'~1-(x—a)(1-a)) N
o g 0 A
= R'+a =R'a_ e : o s e
. : ) o - A
| For a pcrﬂy c!oudy sky with cloudlnees CL, a, is modified as follows:

a, -(1-—CL)<:: + CL R® ta ~R! a)
A

=a +RU) , EERUIRD IS

 where CR! =CL-R% (111,11} is identical to (111, 10) with R" replaced by CR'.
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L(_ he qlbedc: cf muih'*[ayer clouds fadat
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e
(@) 2 cloud layers
" Let the albedos of the two cloud layers be Rl and R; . Multiple
« reflection between the two cloud layers must be considered. As shown
schematically in Fig. HI-1, the total transmissivity T_, is the sum of.

Sl i1 .IIT - :
, T:La! T.2s Tlg 7 « » » s 5 Where

-Tfa- -‘(I-R;)(I-R;) , e T = A
ST = ORDORIRE, | o

-_TlfgII = (1-R;)(1-R3)R‘§R‘g _ - “

i

f

- e e

e : Lo ‘b ) ,
-v'v——-ﬂ"'—". e e
i . . - -, -

= - ) e © e st i .

o ) “ : e b A b e A ST R
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o

. - III L 1
.Thefanm—T f"T +T cee S o :
= (1R, )(1-R; ){ 1 +R1R3 +RRZEF L] y o
S = RDAR/ORR) L L (LIR)
o, R
‘ g S e A [ R ifﬁ?
A -‘*’Mfﬂ“_Rw_ ! _'Tm =1 TRE, R j (,

n : (b) SCIoud ia/ers

.~ Let the albedos of the three cloud !ayers be R R, and Ry . The.
total albedo of the 3 cloud layers can be found by censidering two cloud
layers with albedos R and R, . Then from (.13, -

s F— ' .
. nga“" ules i R

LR NIR,)
T T IR LR,
LD T (1R (1-R)(1R,)
T T - -],“ 1 (R +R4R +R3R)+ 2RR,R;

. - :-;( Wt

‘\f",m. L (c) Mufhpie cloud layers

Fa
Lei' the q[bec{os of the n cloud Iayers be ’1 Rar == oy R .
Reped’rmg the procedure by which (I11.14) was obtained, the Fo”owmg

) geneml expression for the total albedo of the n cloud layers is obtained:

R,
| /

" where _E(Rl,.,;,Rn) = (1-—R)
' ' L o I=

L—»—-——D(R;-HJR)“}“ERR +2E R(R;R!:
L ,. i< [ 1<|<k||

23 x RERR .+
 i<j<k<y '_kﬁ_ . ‘-'/,

=l o ;o
(“'F)_ (n-I)RIRa...Rn o

32
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s : :

5o s
cznd for example, & RIR medns the surnmqfion of alf R, R for which i<i
R [z N . l <j i i o ) '
' and GfsdTiten ot 1 -ghe number of terms is equc! T@-—‘y C’ : . Z’t"

(m)

@ The equivalent cloud water vapor amount and qssumphons for the }'ﬁ[&w/{ fp ©

absorbed part (5 124 solav Yaﬁf14+’m ' _ifc/

41
The followmg assumphons are made for the absorbed pari‘{Suté’cr“/ ¢ 5‘ f/"’“é?jf

,m/ﬁ( ?,//7 c

(o) The albedo R and absorp’rlvxfy A, are prescribed as shown in
N Table f1-2. - : : -
(b) The albedo aF a cloud for fhe c:bsorbed p{l"‘l‘ resulis from bcck -

seattering by cloud water drOpIe’rs This reflected insolation '-f

‘ \ ‘:may, before it exits the cloud fop, be subject to considercble

~_absorption; however this absorption is neglected.
. ;-"'_:j;/’ {c} The absorption of the reflected radiation after if leaves the '
o . ¢loud-is negiected,
iz“/ (d) Solar radiation in a cloud and radlahon transmitt ecl by a
- cloud are diffuse radiation. The effective optical thickness
" for diffuse radiation is assumed to be 1.66 times the length
. of a vertical oolumn, that is sec 2= 1.66 {£= 539).
' 7, Jy(e:) The cloud layer is regarded as a fictitious water vapor layer
. whxch absorbs the same amount of insolation as that absorbed

- by the cloud. The water vapor amount of such a fictitious

layer is denoted by u v the equivalent cloud water vapor

. amount.

" Let the effective water vapor amount between the fop of the atmosphere and

. . * _
~ the cloud top be u ; Since i'he absorbed part of the solar radiation incident

. onthe cloud top is ['I - A(u ' sect)'l, the total absorption by the cioud is

Aiso [IwA(U sec C) ] By ussumphons (b ﬂrdF(E), this total absorption is

-

33
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equal to the obsorphon;.ﬁ a fictitious layer of water vapor hcwng an equivalent A
cloud water vapor amount U*‘i . By assumption (u) the foi[owmg reufhon:{:gm 2
-‘—‘E_’@‘éh&ﬁaiﬁ} is obtained: , -
. a- i _ . *‘ ’ -
.‘ Ai. S ];1 A (v o1 sec )]
(]—R}S [A(u secc +1 6éu ,) |
| ﬂA(u ‘sec£)l . SUBD ;/t
By (Hl 5), the above re!ahon ytelds the solution for U:i _ '
| ALI-AG)) +(1-R) AG) 32 S
[( O IR ) - ]/_]*"5‘" g Wan o,

*l
vihere x=ucr s_ecce

) Fig. 1.2 shows the relation between u;' cnd x for the four com-
binations ofR and A in Table Hl-2. The values of u i shown in Table [1-2
* *
' V'Acorrespond to ’me posstb[e range of u ; with sec? = 1. The values of U

Tadle 1=, R
_‘:."wﬁhmﬂpcsrenthesea represent the mean values adopted in the current model. i
o , N .

et o i kA 3 PRI

'''''''

.- . * -
\ The above procedure for the esflmcﬂ'lon of u : is somewhat ‘SOphISfICGfed.

\
he vdlues o} *. in Table Hic2 show onfy fhe normal cond hons for fhe four

e w:ll ct cmge w th v, ', dR_incredse or v, corresp\?nds fo a

Y \ he VQ}\JE of u\ is F:xe for ec h clou ‘type, he cbaorphwi'y
fa %}d t

decréase © A

In the current model, a cloud with a tehpemfdre {ess than “40°C is |
assumed fo be a cirrus type cloud. The normal value of U:i for cirrus is very
small, say 0.03 g c.m-z. Thus, when a middle or low cloud is assumed to be

©oelrrus, U:i may b¢ smaller than the water vaper amount of the environmental

layers To avoid such an unlikely condition, the fixed value of U:i for cirrus

o
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is modified by adding to it the water vapor amount of the clear area in the

corresponding layer. -

3. The finite difference scheme for a clear sky 7

The indexing scheme is shown in Filg. I!TZ.' In the following, super-

script o denotes conditions for a clear sky.

" The downward flux af leve! i of the absorbed part of the solar
" radiation is S - . |
' a0 _ ad * %

R S 1:1—}5\((9T -u; ) sec C)] R

where index T denotes the fop of the atmosphere. The cbsorpfionr of soler
- radiation in the layer between j~1 and j+1, AS?, is therefore

0_ .0 o
S

) i Cajm Cajf
o The solar radiation ;éc:ch'ing the earth's surface is:

O _ 8. ,q % '
The Gbséd?ed part: S{”:-*-SQEI-A(UT sec{)]j

= The scattered pari: Ssl’ So('i-cto)/('l Héogs) )

- where a is the surface albedo and the denominator for the scattered pcr:r

represents the correction factor due to multiple reflection between the
atmosphere and the earth’s surface. The fotal solar radiation absorbed
" by the earth's surface is then ' S o
S ; - o o o
: : = +
o S'I (_]-GS)ESQI SSI] ‘

(111.78) "

-

) /\

(.20 -

e

(m2n

(11.22) 7,
A
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. v .
4. The finite difference scheme for Q_ cloudy sky
(i) One cloud fayer

When the sky Is covered by only a éinglie cloud layer, the complex

~ behavior of the solar radiation can be calculated by use of the concept of the

equivalent cloud water vapor amount. In the following, superscript ¢ denotes

corditions for a cloudy sky.

From the assumptions discussed in sections 2(i} and (iii}, the down-

* wand flux of the absorbed part of the solar radiation is (see Fig. 111-3):

- {a) at a level above the cloud

8 =57 QoA UU)secm S, ey

- (b) ata [evel within the cloud

| ' | R
—s (1R )[‘i-—A(XH 66-———-u )] C (11.24) y

SN //////,W/////W////////i//////x////f3 6 o
hﬂ /” 3 9& wmw‘”far el -A'/wa /\

-
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(c) at a level beneath the c[oud | '

| sg = SAIR[1-AKHT. 66(u o -u[j"))]) L n2s A
(d) at the cloud top ' PR
) | Se o -—S [1 A(X)] 3 .CT.\. i _ | _(112.26) S
‘where X = (Uf* - u* )secz . Subscripts U, M/cnd L denote the levels R
at ths _h’P ‘f T
above,AWIfhm and benecn‘h the cloud, respecﬂvely. Ap is the T pressure S e )
t lckﬁeﬁﬂayer between CT and M. R and u: are used in lieu of Ty
R cnd u i’ respechveiy '
The cxbsorpﬁdn of solar radiation in the layer between j-1 and i+, .
' AT is‘thens IR | S B L
(a lf both levels - -1 and 1+1 are qbove or beneafh the c!oud top,
s AsEestouse 5 T oqma
T T %y e 2 X " o

T (b) if level i-’] is above, and level {+1 beneath, the cloud top,

- -
=

.. k.'i-r" ‘ ) c . C N _.- ‘.—“ B
sai_ (Sai+ Rcsac,) . A Y -28)_ )
}~: A .- . N 'A-V LT ] ) ~~ “b-".‘ '} o j_"’ v

: :’-{‘“-The iasf ferm on fne right hand side represents the radtahon ~

e e ki

L A: ';.amﬂm of the Gosorch pcri' reﬂecfed al i'he ciouc: top.
y - ,

" The solar radiafion reaching the earth's surface is divided into the

" absorbed part Sc and the scattered part SC . The absorbed part is given by

(111,25} with uf 0. The scaﬂ’ered part is glven by (111.21) with a rep!qced
by a . where by (11l 10), : '
- o = ()
| o= HOS(0)

' " - . The total solar radiation absorbed by the earth’s surface is then

= ()05, 551 (1.29)

38
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where . - S o 1 N
‘ C _ G * % | .
_suI = So('!-Rc)[I-AO(H,éé v, +UCB))]/(1-RcaS)) (;|;,;_3_0) A
«C . ~S - ; ' ) .
. ‘s.sI *—ASO(T—QC)/(T-acus) S | : (111.31) A

The denominator of (111.30) is the correction factor due to the multiple -

reflection between the cloud and the earth’s surface. -

" For a partly cloudy condition with cloudiness CL, the absorption

in a reference layer ASi and at the earth's surface SI are opproximated by

- V4O act (111,32)
AS. ('i-'CL)AS. * CL ASi 3 - A
= (‘I—CL)S +CLesS L S ey
The csbove smg[e cIoud ]ayer model hes beewem;sie?% in the UCLA - A
' moist 2-layer general circulation model. Ko uera;!ed descrlphon of the A

| i progrummmggf;presenfed by Ga’res, et al (1971} | - A

‘ (u) Mulhp!e cloud layers _ _

| " The assumptions presented in section il 5 regardmg the dtsh‘xbuhon

of cloud layers are again mude. Whereas the procedure developed in the
‘preceding subsection (i) applied to quasi-vertical clouds such as cumulonimbus,

' the following treatment applies to multiple layers of quasi~horizontal clouds.

" The indexing scheme Is shown in Fig. lij. Let T and | be even and
odf

integers, respectively. Layer | means the layer between levels {~1 and

i+1.

Define a cloud state index, .ei, vhich can have on!y. the valves O and 1.
If 4. =1 (or 0), the incident solar radiation passes through a cloudy areq {or a clear

crea) in layer j. In an n-layer model, thejtate m*mx\fs an n~dimensional vector,

J.j P
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w’“/f ;o

. o (Lyr oenr bor oo d ,\IF the cloud !oyers are scch‘ered there are ? different '
o ; ) 5

~ possible cloud states. /:2;{ ﬂ—%j/mﬁ Z/E//m/ﬁwﬁ/e ctowd \52422/&? L‘f/
;_/%g Laenet, Layer e ot %y&'ﬂw |
Lef the opf{cql path length of the layer between the top of the
\. | atmosphere,u‘lmt:tiﬂ'l:f'“?nd o-reffz_r_ence level i be denofed by DT . Since
U‘; " /fhere are /2 layers between levels T and |f\ there are 2 2 different possible
‘/)\4‘“" L cloud states for the solar radiation fransferred from the top of the atmosphere
| " to level i. Each cloud state corresponds to a different value of D;j. Let

D”(,gi,, 33, cvor b } denote Dﬂ for the cloud state (4, Lar ~oos ,ﬂi_l).

The optical pqih length in the iayer between !evels 1-2 and i,
ADiﬂa,i’ may have three different expressions corresponding to the different
- cloud 'states above level 1 as followss '
. | L . o (q.) when solar radiation pﬁsses through a cloud area in the i-1
. . - | layer (_f-i_'l'-“—‘ 1), | i _ o | |
: , | ::.‘_;:- o ADi-s, =1.66 Uc)i"1 s . B (l1134)
(b) when solar radiation does nof pass through any cloud area
in i‘he !ayers above level 1(,9.l =0, 1<j Szw]),
D, =0 FomeMsecs 5 (1L39) |
i~2,i Vi-2 P, . s\
(c) when solc:r radiation passes fhrOUQh a cloud area in cmy '
Iayer above level i-2 and passes through a clear area in
layer i-1 (one or more of the LI for 1 < {<i-3hasa

mlue of 1 and Li__l =0),

rl

‘ . . .‘: ,*7— * T i
Cep sl ) _.(111,36) e

T
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. e )
Defining ) o - '
" 1 , for i <4 - .
M, = o R (11 <7 B
i=3 . . :
i (i-2 ) for =4
= ’ A
the cloud state for the three cases above can be classified as
' @ _>=1
(b)_‘ﬁ,l_,1 =0, M, =1 .
’ ’ &
(C} k. = O,_ M, =0 P /\
e LI &
'The general expression for AD.i —i is then -
R S T
I e ' . - '_AD_iﬂa, 1.66 Uc;vq ﬂiﬁl +(Ui'-z , Y ) [Mi sect |
o 1L,66(1-M)I s ) inLag) o,
, : o I : i =1 _ : VA
| e D;; for a cloud state {£;, « « ,ei'_l) is ‘
T T D‘riu)y‘“'“r az- r zi“l) zDT i-—z(‘e‘ll"‘"i ’E'ea)m’-g-‘i . (“!“39) B/'\

VForexumple, ; ai’ [evels C, 2 and 4 are %ﬂ 7 “%/ﬁ/wﬂf&ie/ﬂé e QZ)

e,
1'2(0) DTO’I’{U -y )seczj) SRR
| (M40 A

- (1) DTO+‘E 66131' E A
074(0:0)3912(0)'{' {ug = u.)sect 5. L L A
Dy, (0,1) =Dy, (0) + 1.66u%, A
, , « % ' (41
. : . , DT&(I:O):DTQ(T)+ 1.66 (Ua"uft)) 7 ' : A
: R ' ' * - N o ' -
| e gD =DM ¥T660 o )
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cnd W{O 0)+ W(O 1)+W(1 )+W(1,1).-—-1.'

-1z

e

| Let the fractional area occupied by a cloud state (4, ;+.0, 2. '
be denoted by W(2,,+-., ,z Assummg that all cloud Iayers are horizontally

quasr'homogeneous, . . o
/“1_,__’@ W w(.ﬂ,) , g (42 A0
L,D ~ '
where w{b)_' (‘1—~.e X CL)w, CL y (m 43) A

and CLi is the cloudiness of Icyer i« W has the proper?y that EW(,E reeor Q |
N

where the summation is taken over all possible cloud states. For example,
/di a -4 /f/z. ol |

W(0,0) = (1-CLY(1-CL) A
SWE,) = (ciye, A
W(1,0) = CL,(1CL,) A
W0, = CLCl ‘

A

H-' the inso!qﬁon incident at the top of layer | meets a cloud area, o

tj o A -l . .
""" fraction R, is reﬂecfed back. It is therefore useful to define another weighting

PR

3

- l‘
s

funﬁtion \' (£ reees 4 such that reflection Is taken into account, namely

o S W L, e, 2.) = _ ' . @
e (N ﬁiﬁ_h____’@ﬁ jl‘lw(z,) 7 _(mv44) A
where . S S
| “wie.) = wle)[(1-8.) + 2. (IR, LA

w'({»l) w(zl)[( £+ 4,091 | GRS

i' = - LY+ - . ‘ . °
| =1 ,z.)(i-c ) EICL(I R) _ (m,45_) A

The last express:on was cblained via fhe relcmon ,6? = .tl, (1 Ll)a = (1 Ll) P ‘
Cand £ (]-,e) = 0. W/i Ly ) At frrasiits SHe z‘/wﬂamxcwu/z;z/ /%é;;fﬁ'é( /\

fmm@a/ aiez Vi cf{g e ched s%ve (€ Z,).
. Let the total albedo for both the scattered part of the radiation and

ihe Fruchon of the absorbed part that is ref[ected by cIouds be, for.a cloud



e

 can now be formulated on the basis of the above results.

Absorption in an atmospheric layer

AbSOrphonlay the eoﬁh  surface

state (£ ;400 %ﬁ, R(,ﬂl, """%ﬁ}' By (I11-15}, with Ri reFIaced by ,BiR;, ' |
R(tysees 4 =1 - [E(Llﬁl;...,.@@?/D(zlfil,..., 4RI1. ()
” Thus, for example, R(] 'l) R

13t

R(0,1,0) =Ry, R(1,1,1) =R, . and R(0,0,0)=0.

i The radiation budgefs For an atmospheric layer and at the earth's surface

The downward flux of the absorbed part of the solar radiation at levels

i and i+2 can be expressed as

S =80 5 w (1,1,..., 2 )[I»A(D.“(zl,.“, N1, O (I.47)
50&2:50‘ z w (,41,...,, z Y ,e+ )[T.-A'(DTi_FQ(Ll, coer iy b ))])
' : - . ' S N . (‘i! 8)

where ihe summqhon is tcken over all the m.= 2/E different poss:b!e cloud states.

v ' Since the net downward flux through level i of the absorbed part of the radiation
s U"E{H_I qi' fhe absorphon n fqymah
L Rl L ' o+ _ .
R i+1_ (lmsaﬁ-z . L 7(“1.49}

. f/(

AS

The absorbed part of the solar radiation that reaches the earth's surface

, Als eshma%ed by (iil 47) as .

T moo L 'lA(DTI(ﬁ,l,.“,,e,
. sql s T Tw (z,...,z )[m e 7y ]j (111.50)

‘M":ere the denommafor is ’fhe correchon Facfor due to multiple reﬂechon between

- the clouds and the earth's surface. However, in addition to S _, some fraction

‘ _ al )
of the absorbed part of the solar radiation that is reflected atf the tops of clouds
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s
can reach the earth’s surface after multiple reflections between cloud layers..
" Let the contribution to the downward insolation af the surface from
radiation reflected at leve!l i (and subsequently multiply-reflected between

cloud layers) be Slqi . Let Ry and R, be the total albedos of the cloud groups

obove and below level i and let the total albedo of all the cloud groups in

—— e,

the entire afmosphere be Ryt + The absorbed part of the solar radiation C,L' E A
reflected af level i is Sqfﬁi+1° After multiple reflections between the upper \r
qnd lower cloud groups, the fraction R o /{1Ry R} has been scattered back fo

Ieve! i as @ downward flux,OF this, the fraction (T-R ) is transmitted fhrough
 the ltower cloud group to reach the earth's surface. Mulhp!e reflections between

. the earth's surface and all fhe cloud groups can be introduced via the factor
: I/(]-Ru_,_,_u) ' o

lf the i+1] la)fex is devoid of clouds, reﬂecfion at level i does not oceur.

3 Cons!demmg this fact, SaI for a cloud state (.ﬂl,.”, 4 ) is glven by

I~

S;I(%:-w s ,@@ﬁ R (I-RL}/[(I-—R Ry ri2)] _(iu.sl)

there w_ . ®/ = R(,E. ey ﬁo 1)9

w R (zﬁ ALY 2 P
E | e .'.Ru+l._ = R(—Euo-«lu LI"l:L.) 3 .
and Y mI * B o I ‘
5; = 5 _W(g peves by ')s’ (z rever b ) (m 52)
_ ~1 ¢ .

ch:”y, The absorbed par’r of the solqr radiation that recches the ecrth s surface is

} —SGI-F.,E;. S;I -g, B —_" 77 ', (![1'53) 4

e

| >>> >

A
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-~
: Since different values are adopted for the albedos of the scaftered i
- 7T and absorbed parts of the solar radiation, le{*_R; and R* {4, v ces Ln) denote
| the former and R. and R(,E.l, v e £ ) dencte the latter. '

In ana!ogy to (i1l j@} and {I11.21}, the scattered pqrf of the so!or

' mdlqhon that reaches the earth's surface is
) . dfimc’ . ]-ﬂ ("elF‘“‘f ..6 ) A_ ' ' = S .
_7 S —s E '2'1""" jI")[ ) ] 3 (]”.54)

l'ﬂsac(ﬂlf L) 21:[_1

" where'

)—1-(1~a)EH< T I )

I-n

uc(j,l, coos By

. 7. Finally, the total absorpﬁcr}\g? the earth’s surface of both the
. scatrered and absorbed par"? of the solar radigtion is

> %

(l-u}(/ + z: S +ssI) o . ' "(III.SS)./ i

_ The symbolic expressions developed in this section for multiple cloud
" layers appear to be relatively simple. However, the complexity and computer

time require}nenf of the computation increase ver}r rapidly with increasing

vertical resolution. Therefore, it may be advantageous to introduce the

following simplifications ih’ro the modef.

(c) No overlcppmg cloud layers.
'Overlapping of cloud layers is prohibifed; at mosi', only one

. of the £.'s is equa! to one. Thus, for an n=layer model, there

 are only nt1 different possible cloud states (4,,+4¢, -2 This
simplification reduces the computation to a superposition o N

~ single cloud layers.

45
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; , ~
\ (b) No partly cloudy cordition.
o The cloudiness is restricted to either O or 1; i,i in any layer
~ can have only a single valve. Thus, at any time and position,

- '}heré is only a single cloud state (.61,-»5.- L@)z""N

. The radiation scheme for the current UCLA 3-layer GCM has been

A Sl

formulated w:fhvme-emov&usmﬁcm ioiss As shown in Appendix B, the
r:>che‘rr_le is reic’mvel)./ Shum\ﬂ'@éég}éﬂzﬂa}: (é),

5; Surface albedo

The earth's s surface is divided info three categories:  sea surface, -

" snow—ﬁ'ee land. and snow and ice surface 8,

7 A
i) Sea surface - o
The albedo of the seo surface Is a function of the overlying cloud

. .condiﬁon, the solar zenith ang!e)and the wave state of the sea surche,

Under a clear sky, a ma 1oni-y of the solar insolation reaches the

earth s surface as direct radiation. The aibedo oFc smooth sea surface for

direct radiation increases irom a few pey gent to about 100 per_cent as the

solar zenith angle increases. Since the mean solar zenith angle increases

rwrith latitude, the albedo of the sea surface is usually soméwhqt larger in high

~ latitudes than in [ow _laﬁfudes.,

Under an overcast sLy, almost all of i'he solar insolation reaches
' he surface as diffuse radiation. The albedo of rhe sed surface for dszuse

. radiation is neariy a constant value of 0.07.

!n fhe present 3~layer GCM, a constant value of 0.07 is adopted

s

“as the sed =un°c1ce albedo.

45
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~(i1) Snow-free land

The albedo of snow~free Iund depends upon the soil condition (especm”y
color) and the extent and color of natural vegetation. Coniferous forests with

dark leaves have an albedo of about 0.14 while deserts covered by light colored

_ sand have an albedo larger than 0.3. Seasonal variations in albedo caused

by leaves withering or turning yellow are not uncommon.

It appears that the spatial and seasonal changes in albedo are not

essential to the simultation of the general circulation. Therefore, following

| Po:;ey and Clqpp (1964), a constant albedo of 0.14 is adopted for snow-free fand.

LA

“(m} Snow cmd ice

. The albedo of snow and ice varies conssdr.rczbly with their cyrstalline

structure. The laHer is a funchon_offemperu’rure and, in the case of snow, age.

Thus, the albedo of snow depends upon whether the snow is wet or dry, fresh or
old;cmd whether or not it :s m the meiting stage. The albedo of ice depends upon

whethen;\-%:bi_;gﬁe is sea pack or permanent land ice and whether or not it is in the

o ,

In "Chmates of the Polar Regions (z.dlfed by Orv:g ?/970), Pu’rmss,

of Greenland, fhe North Polar Basin,and Antarcticd, respectively. Their key resulis are:

/
(q) the albedo of snow varies from 55% to 100” %,
(k) The albeds of sea ice varies from 20% to 60’”

{c) the albedo of permanent snow and ice f:elds over the mi’error
of land has a lower hmlf of about 80%.

~In qddmon, the c?bedo of snow-covered fcnd may vary considerably with the

{‘ype of underlying surface. For example, the albedo of a snow-covered forest

" area depends upon the type of forest, the density of trees and the depth of the

L]

SNOW COVer.

47

L A
- Yowinckel and Orvig, and Schwerd!‘feger discuss,‘ &% the clbedo of the snow and ice surfaces A

A

A

A .
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In midsummer, the ice and snow surfaces of fh; polar region receive

| more than 700 ly dqy_1 of solar radiation. If the surface albedo changes by
0.1, the solar radiation absorbed by a surface changes by more than 70 Iy day-l;
this amount is of the same order as the net outgoing long wave radiation from
li‘he'earﬂi's surface. Therefore, in midsummer, the radiation budget at the polar

| regions is very sensitive to ’rh-e surface albedo. Since the albedos of snow and
ice surfaces may vary from 0.2 to 1.0, special attention must be paid to the -'

prescription of the surface albedo for the summer polar region.

In the current 3-layer model, albedos of 0.4 for sea ice and 0.7 for

~snow have been adopted. For permanent ice and snow fields over land Interiors,

© Min{0.85,0.7+0.00015 h) hcts been employed where h is the land surface

" elevation in meters.

m www veLh 3—/@” &Mf

l"ﬁ T
In summcry,ﬁhe ussumed va!ues of surface alkedo a are:

e e e e

Surface - - _ L Albedo, a
_‘ . snow—free land | 7 0.4 _ R o
" ea L o g 0.07 | .- E ,/",; L
" seaice . ) : _ 0.4 '
temporary snov-{ o : vOAe?'

. permanent land ice

- © Min(0.85, 0.7 +0.00015h)
and snow _ _



“'\’/\‘Mere, will be developed subsequently.
B LA S

___;;‘s "+ Although the present UCLA 3- layer GCM does not predict the water

IV. VERTICAL DISTRIBUTION OF WATER VAPOR AND CARBOM DIOXI = T
] . Water VGPCI‘ B . - r:g U--(% z ,_ _ :
— ‘ e 2 SN

- e vl et G

*  The effective water vapor amount in an air column of hesgh{- z, Uz Ve .‘_‘,’ibf',‘;'

can be obtained from equation (I1.3) if the vertical distribution of waier 1 vcpor ::\\_;

. mixing ratio q is known. In prmc:pfe since the UCLA 3- layer GCM pred:ci‘s

M

e

q for each layer from the moisture conservation equation, gf for each level

[

R .
ik
(N R

'}
KR

in the troposphere could be estimated straightforwardly froi;f (H.3). However, *

[
4
1
il

for simplicity, an assumed vertical distribution of g will be employed rather
thean that predicted by the GCM. %mf@(l@éé)*?ﬁ‘sﬁﬁwﬁm%c“d w
@ mng—rafm‘”nf?hé“fdweﬁreposphem nwbe*exprésse"d“by @

/—"“'“
zyz;g;;-,,

|

//T '_1“‘! .. N - “ L" ’i ) )

. ;A s :::P ; ‘ k mr }-(f ‘4 ‘. i',(r\

"4_,_______....__«; ¥ — P a o ; eV AT o
‘ & veis o 99 /‘vf"' ?»r «-'\/ / S A\ZE S

Two methods, based upondifferent-forms™of this relation for the entire tropo-

’3‘1@(-{1 qu Y)’ -
sfra‘rosphere this qucni':fy is pequ.lsate. for the radiation

_ vapor content in the
calcu?cfion. Aircraft observations by the British group {for example, Murgatroyd
. et o'l_('l 955)) have shown that the frost-point temperature decreases rapidly near
- the tropopause and tends to asymptotically approach a constant value of about
*"190°K in the lower siratosphere. Manabe and M&iler (1961) summarized the
. results obtained by the British group and showed that the frost-point temperature
in the lower stratosphere could be assumed to be 1 90°K, irrespective of latitude

- and season, This assumption was employed in the UCLA 2-layer moist model.,

Mofé receﬁi:ly, Williamson and Houghton {1965) e;fimm‘ed from radio-

meter measurements that the stratospheric mixing ratio is in the neighborhood of

- 3x 1076 a/g ;:1{* least to 25 km. Mastenbrook (1948), employing balloon-borne
frost—point hygrometess, measured the water vapor in the stratosphere over

Trinidad, Washington, D.C.}ahd Thule, Greenland during 1964 and 1965, He

found that the median vertical distribution of water vapor in the sfrczfosphere)fo

49
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s

a helghf of 28 km (W@ﬂ“ﬁ&'km') approxrmcfes a constant mixing ratio within 1 /\

the range MMW&&;};&Q‘W&T@%&%« Z%fﬁ-é Yo 3 x/0 "¢ 5/57 4 A

McKmnon and Morewood (1970) also meqsured the water vapor distri-
bution in the upper troposphere and lower stratosphere from 70°N to 40°S over

North and South America by an automatic tracking solar spectrometer mounted

in a jet aircraft. They found that the seasonal variations w{ere within a few g
oV &
per cent in the lower sfrctosphele and that median values about 17.7 km,durmg
"6 at 65°N to

Northern Hemisphere wm?e; gradually decrease from 1.75 x 10
1.25x 10 0 at 3095, These values arg, roughl)f half those obrqmcd by Masfenbrock |
and Williamson and Houghton. 4 _.The "*ner,flﬁ the current UCLA 3- iayer GCM, P/

- h

: Crltsmnr mixing ratio of 2.5 x 10”0 g/g is c:ssumed for the sh'cﬂosphere above
- R 100 mb o -—m-—‘"” o P
i P raph)

Although relation (IV.1) is adopfed as the vertical distribution of the

-mixi.ng ratio in the troposphere, there are many possible methods by which g
‘can be estimated from (IV.1). In the fo!lowmg, two methods suitable for the
3- layer GCM WH—L@ presented.
{.) Method A - . ,

7 ‘ Throughoui the troposphere the vemcal disi‘rlbuhon of g is assumed
io be expressed by (IV. 'f) with a single value of k. Thus ‘

q (p/p ) for p>p_ = 100 mb

o < q = N . =
q =25x100 frp<p, o va
By (H 3), the effecfwe water vapor amount of payzp __ is S

’



__ 4/1///{\/—3' B
/a?‘ .

V = « i = a -4 ) Lo
. where B P qsf\ljg Pog = 2.550x (0.1)" x 10 "lem P 0 A
C yskel r S
 and forp Sp , : /_-? - : /
Y = [ (#7“] A (1V.4)
S / / . q+] _ A
* -k o -
where u_ means u . for PL=P, . ' ‘ .
i’ ST L‘J 11 . D .
It is now ‘necessary fo estimate a va!ue of k at each grid point.
From {IV.2), ‘ : : ,
S log(q/q ) k log(p/p ) s ' (iv.5) 7‘1

The snnplest way to obtain a single value of k for an N~layer tropospheric

T et

o
k= :‘):.: !og(qal/q Y. fog(Pc}/PsT)

0[ =1

model may be .

| | = log{ #lq,/a, Wiog( me /o M av.e
wch /M = QN l, & &"1 ' A
For a 3-layer model (IV.6) becomes | _ . o
| = logly 079,/ y L(p;;;) . v
.' However, ifq leasf squqres method is used, 5 : N o
(2; os(q-/q‘ ) -log(p./p, )/@/logg(p./p , o (iv.a)
t} al' ' ' ’G/\

This expression may be superior to (IV. 6) but it ciso requires much more compufer

time.

If p, is larger than 400 mb, the range of change of log {p /p is less T

than that of Tog(q. q ) If log(p /p ) is repiaced in (IV.8) by some mean value,

(!V 8) reduces to ({V -5) as a hmthng case e
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(ii) Method B ' B : ' '\‘
Two values of k are used to express the vertical distribution of mixing

ratio in the troposphere. That is

. .

E Q“qc(P/?c) IP , prr p—n.z P 5 : (!V.-9) o y
. | QZQST(P/PST) 2 for psv,s?<pc , | (iv._m)r A
. - :7 -6 = _ .
L q=q, 7255-;{10- forpSpST IOOmb/ o _ A

where Pe is a critical level in the middle troposphere around 400 mb.

. In this case, the effective water vapor amount can be expressed as

follows: | - o | - | :
AU . ] -
}’}})!f {_{‘g b é: U: ﬁe ( 5 (Z\) :] for Per <. p,>s P 5 (IV.12) /

Yz

M 5?
e ) i} _
i et -G J /»a F xvr) wa
. where - BRI IR "
'¥g=k""ﬂ“ o |
o _at
N *q, /g Poo ) A
YB = L + C!'*'I . » ‘
: - . S _ A
To obtain k, ard e the least squares methed is applied to the relation
| .ly'. =atk x. L 7_ o _" ' :
e ) S A
where x, = Iog(p./pc), y. = log q., a = log 9. . - L A



(1v.13) /

(V. 14)

is obtained from

: Usmg i"he above vqlue of q  k

2

SR o k, =logla /q )/Iog(p ISP e Lvas)
- : LA
". 7 The resulis of the three methods for estimating k, (IV.6) and {IV.8) :

of method ﬁ.\)and (IV.13) of methed B, will now be compared to observations.

Rodgers {(1967) ﬁresented the zonal mean values of the mixing ratio in the lower

Fa som ussom ~ N
. froposphere for the northern hemisphere which Rasswsom calculated on the basis A
_of the five year data sample of the MIT Geneml Circulation Library. The values

of the mixing ratio were gn;ein,c\‘ 400 JOO 700, 850 and 1000 mb. The seasonal

e "tl{g’

V" and IQi‘li‘Udlr‘ﬂLl m"écm va!uei of k dna 1‘}:6 m:xmq ratio at 1000 mb estimated by

: CO pAa ‘Yef‘[ i
the three met ods, and the 1000 mb observations, ureAeeﬁﬁ*cﬁed- in Table V-1, A
For method B, k; and k; are shown by numbers without and with parentheses,

_ corresponding fo values for the lower troposphere from 1000 mb to 400 mb and

for the upper froposphere from 400 mb to 100 mb, respectively (pc = 400 mb).

With the exception of the lowost layer in the winter high latitudes

. where an inversion layer predominates, the form of relation (IV.1) is in fairly

" good agreement with the climatological data in the lower troposphere below '
400 mb. It can be considered that k, deduced by method B faitfhfuily yfelds

the actual condition for the lower troposphere. Throughout the year, k. is

1
farger in midlatifudes than in the tropics and high latitudes and, with the

" . exception ofh:gh latitudes, is larger in winter than in summer.
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The value of k obtmned by method A shows a stmpfc}r seasonal crd f‘ ,mj fre§¥

lahtudlml variation. Since k is directly propor“homl to fheAmlxmg l’Cﬁ'IOI\m

the lower fropospher%gs-shmm.bsf“rheﬂwhdahnemfuﬁtg Fed¥dy k decreases o g

7 . _.'5'/ A ‘(

_with mcreastng latitude and from summer to winter. This behavior does not YIRS

- agree with the observations. ' Lo : S :,J--’:f"-
} 2 ]

In low latitudes throughout the year, and in midlatitudes in summer, S

method A overestimates k by about 1.0. As a result, the mixing rotio af

© 1000 mb is more than 30 pef gent larger than the observations. As an extreme
case, the solid and dashed curves on the right side of Fig. V=1 demonstrafe |
the difference between the vertical profiles of the mixing ratio obtdined by
method A and B, resoechvely, for the normal condition at the equator in July.
The mixing ratio in the lowest 350 mb layer is overestimated, and that in the
upper troposphere is underestimated, by method A. This may lead to an over-
estimation of the cooling rate rate of the tropospheric column by long wave
radiation by yielding a too small net upward flux at the earth's surfuce and

a too large net outgoing flux at the top of the troposphere.

Table 1V-1 also shows the difference between k deduced by (IV.6) |

o ) and (IV.8) of method A. The numbers labeled by A' and A refer to (1V.4)

and (IV.8), respectively. Jﬁ:fh;ség_ég,?.r}oo mb is the highest level for which

s SO

" there are observed valuves of q,f.}_;;,?{}ﬁ’q’g;ﬁmre“; s previously discussed, the

difference between the A' and A values is negligibly small and (IV.6) can
be employed in lteu of (IV. 8) ' ,

. _@k»ky-ﬂr‘“‘mu e

————

. . }LO IO - has lze-;- |
Ny Fﬂﬁr—*?@%epi‘cmberﬂ-*}-@;?l (l\f 6) of rre’rhod AJ\ m‘”—fnempieyed in 'rhe E/CL

v-f-

-lcye.ﬁCM "Method B is currently undergomg j'eshng pnor toigg * T o

e
(. 55;//:7 :
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mrnr

‘..-r@"'

utiffzation. /7T T m—e //
/ 277@‘%@5 s z,fmw%/ /e:sef S5 %4@-&%@«2-—4/ < x/ f?
| 3—(5?/&',/ gem. - S

A

/



F’ﬂ ﬁl)'f

-(iii) Hemispheric'mea'n normal vgiues of mixing rafio

In order to save computer time, it may be desirable fo approximate |
fhe mferpolcahon fc:c’ror )dlscussed in section ll. )by constant values over the
global’ domain or throughout the year. Appropriate constant values of m can be

obtained by subsfni’ufmg mean values of the mixing ratio into (11.24) - (11.27).

* For this purpose, Table V-2 presents the mean normal mixing ratio averaged

over the northern hemisphere (0°-70°N) based on Rcsmug{?n s data. Since the /\

_ semi-empirical expressions for m are functions of log q, the hem:spherlc mean

values shown as q represent the mean taken with respect fo log q. The constants

that are deduced via methods A and B are also shown.

'56- - :
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TABLE IV.2, The northern)’nemispher%‘ mean normal values of mixing ratio ?gl
Mﬁd :ﬁ‘sf\vurious constants obfained by;:!ﬁ?e methods A and B » //'é\
" The mixing ratio is shown in units of g4, 9 //?9 , ' '

" JAN APR JUL oCT ANN
1000 mb 6.0 7.6  18.0- 9.3 8.6
. 850 3.9 49 84 6.1 5.6
q 700 2.0 2.6 4.8 3.3 - 3.0
. 500 0.69 . 0.8 1.8 1.2 1.1
40 1 o0.31 . 0.38 | 0.85 0.58 .  0.49
: | N
Ky S 324 328, 2.98 3.06 3.14
|k 3,51 3.86 423 3.9 3.83
e 0.2 0.40 0.8 0.59 0.51
Qr 6.32 8.05  13.49 -  9.70 9.03
1UWJ o _
A |k 3.44 3.56 13.90 3.71 - 3.65
" . The annual mean vertical prbfilé of the mixing ratio of water vupor in
the troposphere as obtained from method B is |
3o BA oo =3, p (304 ' |
L 05110 (Gog) = 9-0% 10 (1o55)"~ forp 2400mb -
2.5x% mhé-( ]*0%‘)3'83 ~ for 400mb 2p 2100 mb . o {V.16) ,/\l

~ (iv) Pressure scaling factor
~ To evaluate the effective water vapor amount, the pressure scaling

factor a must be specified in (11.3).

57
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- g‘fudleﬁ s
Elczsser (1942), on the basis of fheorehcol and laboratory experimentsd >
_gudma,, udOpfed a vaiue of a = 0.5 for his radichon chart. Yamamoto (1952)
recommended @ = 1.0 on the basis of studies presented after ElZsser s paper.
Based on the I‘abomfory experimer.li' by Howard, et al .(1955), Manabe and
_' Mballer {1961) adopted a = 0.6. . '

Water vapor has n;zc:ny absorption bands in the infra-red spectral region.

Each band consists of many lines whose individual shapes can be important to the

radigtion transfer computation.

Consider a single absorption line. Fora weak line whose eenter is not

blacked ouf, the total absorption does not depend on pressure broadening, hence - -

.. a=0. For astrong line whose center region is completely blacked out, fheory

shows that the romi absorphon is proportional to the pressure, that is, a = I,

] In the actual atmosphere , absorption by water vapor occurs via an -
ensemble of weak, intermediate and strong lines?cnd the fractional percentage

of each line changes with the amount of the absorber. Therefore, the value of

@ may vary from 0 to I)depending vpon atmospheric conditions.

In the lower iroposphere, since p/p ¢ the particular choice of
grea

a does not $tre chfeci' the radiation budgei’. However, the radiation budget
- inthe sfratosphere mqy be very sensitive to the choice of a)since P/poo < 0.1.
Consequently, if the pressure scaling approximation embodied in (Il .3) is to be
utilized for a GCM which includes the stratosphere, a careful selection of a is:

qmred. ; T -

: ()C.LA ' ﬂ,u;(_:'
A vqlue of a = 1 was adopted for fhe 2-layer moist medols A value of

berng used isn VLA
a=0.61s cuwenf!yw fheﬁ ~layer- GCM Prehmmcry results indicate
that the difference -E:-,-e%wggﬂ}\.he cooling rate of a froposphenc layer, for i"hese two

J
va!ues of cn)ts about 0.1 C/dqy

">\7>7
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2. Effective umounf‘of carbon dioxide

_ be ussume{f that the CO

Iv-11
b

in the earth's c:fmocphere, he s{lr:)dhcl and sec:soncl variation of carbon
E‘.(‘Ncew Excep -{:0‘}’ .
leXId& content is less than 23 -ekhevgﬁe—-@@:?wcen{em-mﬂsrecsmgﬂmwd%rvwﬂ
ca
ebnnmtu:cmwi-y’&—&%eim stud:es of the influence of C02 on climate, S Pl
2 eamssat in the afmoa-phere is constant in space and time.
It is assumed in the fo!lowmg‘)tht the amount of CO is 0.032 per cent by volume

(320 ppm), fhai is 0.048¢9 per\_;ni‘ by weight.

L Following quqmoi‘o (1952), fhe pressure scaling factor a for CO,, s
~assumed to be 1.0. The effective amount of C02 from the earth's surface to a

!evel pj} which is usually expressed as a thickness at normal temperature (0°C)

qnd pressure (1 atmosphere or ]OOO mb), is given by dw:dmg (li 3} by pNTP as
L qCOZ Poo "o / .

—__-?Q/pzo ) ‘ o '. l_(‘V"mA/A

fol lows

ANTP

~ and Q‘CO is the percentage content of CO2 by weight (0.0489% ), pNTP

2

‘the density of CO,, at NTP(1.977 x 10 3g cm ).- P, IS the surfuce pressure and

2

._h is the fotal effective amount of C02 in en air column. The effceﬁve amount

- of C02 in the layer between p; and P is then

| . Ce T . ' g
. u {p..p.) = 126 p2-p2| em-NTP (V.19 /
- COLYH . o -
VYoo

=126cn-NTP ) (V.18)

A
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. / . . ..
If the pressure scaling factor for carbon dioxide is a, the following general form;
is obtained instead of (IV.19): '

L]
» -

{
er%

{Iv.20)
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| fase beean Pfrefenféé{-

_ﬁq/&u/ﬂt/"? 72 S'Aar‘?l' Lt n_“_,e’//mj Lo et
ya;{,qf,M,Aea‘Hng,rzf eleav el

;' elowd Yy which. cass Le usel <o rumevicat

Simplified schemes Feqm#‘aercomputchm-cf-fhe-m&u*mﬁ-budge%m -the y '
' L ottty St el e e p e ey
mmsphem-afui%e*eﬁﬁh“s-scrface%m beerrpresemed-whish Farorasetul=fon T

nranr £y Y .
f " general circulation models with ;?locrse vertical resolution. ' A f'f \

V. SUMMARY

(x) Long wave radiation

T . {a) A bulk transmission function was infroduced and its value was deter- .

;.:-:'_- mined by interpolation between 1.0 and the fransmission function of the layer.
The interpolation factars were pcmmei‘enzed as a function of the thickness of the
layer, the pressure, the water vapor mixing rafio at f—i:;’-reference level)and the A
lapse rates of the femperature and mixing ratio of the layer. The interpolation
factor is imec:rly propomonc:! to the thickness of the layer and varies slightly
7 with the pressure and mixing ratio af the reference level. The effect of the lapse

rates of temperature and mixing ratio is relatively small and is negligible in many

CCI58S5.

o {b) It was assumed that any cloud occurring in a layer with a _Temiaer-
" ature less than -40°C allows transmission of a froction of the incident long wave
radiation. This effect was roughly approximated by reducing the cloud amount

- - by the transmissivity of the cloud.

(c) Empirical expressions for the transmission functions of water vapor
. and carkbon dioxide were presented and the errors of the expressions were tab-

. ulated.

(d) For sim.piicii-—y,. a pressure scqling-upproximario.n was adopted for the
‘radiation computation. Scchng factors of either 0.6 or 1.0 for water vapor, and
1.0 for carbon dioxide, were employed. 'P-femgefvz::c!cufahons showed that
the radiation budget in the troposphere was nof sensitive to the choice of the value
,\%Fer the scaling factor. o

o1
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 mixing ratio in fhe:{ iroposphere rs@x

(ii) Solar radiation LA
{a} The solar spectrum was divided into; %‘ﬁﬁ?@%ﬁ& scaHered part
“and -#ke—absorbed part. The scattered part, with wuvelengrh less than O. 9;.!)

undergoes conservative Rayleigh scuﬁermg-é;h-#a ubsorphon by water vapor,de-

————— T It

ﬁﬂéag-kpg;o!‘e. The qbsorbed part, with wave{eng'{hs larger than 0.9 p, undergoes’

YO}UM" I

absorption with neghgﬁ';;ie Raylelgh scattering.. Thlsﬂcga&vepi' mgm’r‘:cantly

‘simplifies the solar radiation caleulation for a clear sky.

, (b) A cloud layer was regarded as a fictitious layer of water vapor
that absorbs the same amount of solar insolation as the cloud Iayer. This con=
cept considerably s:mpl:f:es the solar radiation caleulation for #%é"afmosphere

' ¥ A G A
with clouds. The: va!ues of the equivalent cloud water vapor umounf were

* estimated for four typtcczl,_cloud i'ypesatmd Fporme-estitinny:

{c) General schemes for e estimation of the absorption of solar

radiation in an atmospheric icye; and at the earth's surfacawere presented for

| WW) a clear sky, %% a quasi-vertical single cloud quesand

- 4% quasi-horizontal multiple cloud layers.

[g‘_“,) %Yﬁdﬂ(&f‘ﬂbuf?m "5? W‘?(-QY‘ MPH (,M c_qy/)mq’;d}qﬂfﬁ

}w%-@bfmmhe-eﬁfeeMew%ev—wmnd-carbon—dlox&de-crmouni's

: mqs‘rréﬁ"bgf:he radiation calculation, H-is-necessary-iokrow the ve;ghc/?
€ SRt

mus f
dlsfrlbuhons of the mixing ratios of water vapor and carbon dio:audenthroughoui'

- the entire atmospheric column. It was assumed that the mixing ratio of water

vapor in the stratosphere above 100 mb has the constant value of 2.5 x 107 o/a

irrespective of season or latifude. Fun‘hcrmore, it was assumed that the pere—"

«cetitzze amount of carbon dioxide by volume is 320 ppm throughout the a.l..ha:’l-

" atmosphere. It was shown that the normal vertical proﬂie of the water vapor

h = 14/
pressed by p K nd &vm 4"
Predicte ,/ 4

that the vertical profile of the water vapor mixing ratio W%i‘@d.‘:zy the GCM
be ad [Usfed O

or the radiation calculation.

I o2

A



e —

.

P e iy 19 - S wlaalmiLl ._._.i'._____ — s e [P S = SN i e =t e e = e

SRS _ .auﬂa{ wzsles o 24 prass 443 Fra 7£7Luf6a ?ZG
— R'oz&eSS‘a‘r.S K Pnte et A Bradoaa 74‘m ‘74'7‘«-9"-”’7____,-._ —
o __ volua A/e S'ajjesﬁ/m il c:wz(:mwau; 3«/:}::?7@4_,..______,_ __
| oz:’ s 'w-wﬁ et s n Mt iNe, M 52:4/4-*5‘/»:7@?*
‘ i ol onm//z[ Czn-oéfx W.(.o rﬁa.q’ fzi 27 3 et serr/‘J7L‘ ‘_';1_,m”
| A YQ»Y-@-a" 4@//)%%/ C—MMF'W‘?(F‘;  Ale also w*/:ﬁf(é’f .
ﬁMQw/é- 7L<_\ 5}4 T'.‘ oy Lot 527§ AZ*” 7‘“’24: .
Fd")’«ec?a 7L - Peseaved Lo Brrg Yo ¥, 07” S
S 7229 \]q & /%Q/F{e—rra/& veatf Reslave & e
. _ﬁ,g 7K7C"-*‘ PRy am%hua;c: ga—mggfagpwj.,.;,h’:u_
A et biect Fo 'R Bt T e
“;_',_M.,;{_‘ -57’:.9*? #va TQ’“ e Mashadyimg st __.-__A_.__________.m
— z% /s S, Zo u-e// 74*1 a9 ‘71)#/'»/}7‘7 e
"";_.”..'-.__'_._,___' ‘ 7Z::'/.z. "‘w/ L Sa}:f&“‘*ﬁi&a/ 5/ S
. .'._.A.W,,,, #742_& V§ /Vm ﬂ%\ﬂ 7¢¢@m /abu‘nﬂ’:?%fm e e
/4'5?0"»4:99’3‘4-9‘%{ fadwmm % (ﬂ}’aw—/yl‘"
- FA- N/o) by T US, Mbewal
e /‘49‘{0%&%:5’ g gﬂ/hﬁe—w Aﬁéﬂijy?’ﬂyr}w/ J-h_z'/uf &
_, ﬁ.ﬂy_‘?’&“ P s g Space ,L"/,;.M Gotery (Grant
_ﬁ__w_/vg 05~007-328 ); by R
(/S“Ji}’a% d‘:a/ﬁeﬁra?(me géc"%-«:i.a Pra?y-am i
Cran ) CF367 fus s
.m/rz \f sctEly Lok 7/ 7z Mmaz,z/m .

J-C'/thd&, -’J;",f{;;z{‘ %A’?&G/>ﬂ o ‘— sz

-~




'Josef-L TH, /9'70 Oq,, e Sy A
' {/uxes Ls TZe Froposphera. S',p/“» E‘”QVQ)') /3 2"/-26n

R-1

~

References i : .

Arakawa, A A. Katayama and Y Minfz, 1969:  Numerical simulation of
© the general circulation of the atmosphere. Prog. WMO/IUGG
Sympossum on Numerical Prediciion, Tokyo i%S,}pp. V-7 to 1V-8-12.

- Callendary; G. S., 1941:  Infrared c:bsorphon by CO,, with special reference

to atmospheric radiation. Q. J. Roy, Met. “Soc., 67, 263,

Clodman, J., 1957: Some statisiical aspects of cirrus cloud. Mon, Wea. Rev.,
85 37-41. ' :

Couison, K. L., 1%9 Radiative flux from the fop of a Rayleigh afmosphere.
PheD Thesis, Depi. Met., UCLA,; 176 pp.

Efsusser, W. M., 1942: Heat transfer by infrared radiation in the atmosphere .

Harvqrd Meteorological STUdIES}NO 6, 107 pp. r@

Feigel'son, E. M., 1964:  Light and Heat Fadioﬂon in 8tratus louds. Academy

‘ of Science of USSR, Inst: Phys. of Atmosphere, Moskva, 245 pp. O'mns—
- f"'. lated from Russ:cm 85T Jerusalem, 1966)

) ] ’ ] ) .
Fritz, cmd J. $. Winston, 1962: Synopﬂc use of mdlchon measuremenl'
om sai‘eihi'e TIROS Il. Mon. Wea. Rev., 90, 1-9. .

Gafas, W. L., E.S. Baffen, A. B. Kahle A B. Nelson, 1971: A document~
ation of the Mintz-Arakawa 2-level atmospheric general circulation

model .. The Rond Corporation, Santa Monica, Calif {‘HFT'EESS)" o3 pr)
" CRIBT7-ARPA ! ! 7 el

‘_Howard J.N., D. L. Burch, and D. Williams, 1955:  Near-infrared trans~

mission through syni'hehc atmosphere.. Geophysical Research Papers.
No. 40, Air Force Cambridge Research Center, 244 pp.

' Joscph Jo Ho, 1966 Calculation of radiative heating in numerical general

circulation medels. Tech. Rep. No. 1, Numerical Simulation of
Weather and Climate, Dept. Met., UCLA, 60 pp.

Katayama, A., 1966: On the radiation budget of the troposphere over the
northern hemisphere (H. J. Met, Soc, Japan, 511, 44, 381-401.

McDohcld J E., 1960: Direct absorption of solar radiation by ufmosphenc
water vapor. J. Mefeore , 17, 317-328.

- ,,Z(’ 5-0/4y vadselion

A
N
N

A

N

.»-f"""‘/



.-

‘R-2

-

o Manabe, S. and F. Moller, 1961: On the radiative equilibrivm and heat -;
" balance of the atmosphere. _Mon. Wea. Rev., 89, 503-532. "

Mastenbrook, H. J., 1968: Water vapor distribution in the stratosphere and
" high troposphere. J. Afm. Sci., 25, 299-311. ' _

Mugge, R. E/{End F. Moller, 1932: Zun Berechnuﬁg von Strahlungsstromen

and Temperaturdnderungen in A'rmospﬁaren von Beliebigem Avfbau.
_Z. fur Geophys., 8, 53-64. v

McKinnon, D. and H. W. Morewood, 1970:  Water vapor distribution in the
lower stratosphere over Norfh and South Amerlca. J. Atm. Sci., 27,

483-493.

Murga‘l'royd R. Jio, P. Gofdsmlfh and W. E H. Hollings, 1955: Some recent
measurements of humidity from aircraft up fo height of about 50,000 ft.
over southern Englqnd Q. J. Roy, Met. Soc., 81, 533-537.

-Orvig, S. {ed.), 1970: Climates of the polar region. World Survey of
Cl:mm‘oiogy)\/ 14, 370 Pp. o :

' Q(/\im J.W.and P. F. Clapp, 1964:  Global distributions of normal surface

'? 6‘7’ T~ aibedo. Geophyslca ln%ernahoml} 4, 33~48.

Rodgers, C.D. 1967 The radiative heat budget of the troposphere and lower
stmTOSPhere Planetary erculahon Pro;ect, Dept. Met., MIT, Rep.
No. 2, ‘?9 pp.

. Smifh W. Lv, ]966: che on the relaﬁbnship between fotal precipitable water
- cmd surface dew point. J. App. Mef. ; 5, 726-727.

A Williomson, E. J., and J. T. Houghton, 19465: Rudlomefrlé measurements of

emission from stratospheric water vapor. Q. J. Roy. Met. Soc., 91,
- 330-338. :

. Ydrmmofo, G., 1952 " Ona mdmfton chcm‘. Sci. Rept. Tohoku Umv., S.5,
: Geophysics, 4, 9-23.

. qumfo, G [_,ic‘l-nd G. On:shl, 1948: Absorption coefficient of water vapor
in the far infrared region. Sci. Rept. Tohoku Univ., §.5, Geophysics,

&5

A

A

P2y

A

A
A



M_/"

~

Appendix A:  The finite difference scheme for long wave radiation for

the 3-layer model

- The general form of the finite dnfferenﬁe analog for the flux of fong wave
radiation is given by (Il. 45) In the curreni[\S tayer GCM, the cloud thickness @

is defined in a somewhat different manner from the general case. As shown in

Fig. A-1, the lowest cloud is situated between levels 4 and 5. Emmg thai'

T =T , we obiain ' :
< [}
LT 4 s/ I+mo .
- . — 4~ ) .
o R, =0T, Tug * T?OABCOJ;——-_--H - (I’-CL\) L
; &’1{ o T tTae I . - T
PR ey A, (1L
et e YL ly)
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‘.‘where o ' . :éﬁ..=cT?“cT? P

SCL = ol cL
T % 2

and CLI is the cloudiness and ai' is the greﬁmess of a cloud. If the femperature

in o non-convective cloud layer is less than ~40°C, a' =0.5 is assumed. The

- second term from the last,in the expression for R,s) is an additional term neces-

py
sitated by the assumption that the bottom of the lowest cloud is level 5; mg

denotes the interpolation fuctor m for the layer between levels 5 and 6.
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Appendix B: Tl.ie finite difference scheme for so!qr radigtion for the

. 3~layer model

In the Foiiowing, the general expressions developed in section 1I1.4 (i} -
for the solar radiation cc:fcu[clhon will be specxalized to the presenf UCLA

3-layer GCM.

The cloudiness CLl.IS résfrlcfed to either Oor 1. Tﬁﬁs, if ,Gi . 1,
_CL = ] cmd if El =0, CL = 0; therefore, A . A ; '
' N LI—CL . . ‘A (B]) ¢ p
iin the followmg, CL WI“ be subshfufed for ,zi everywhere. ' " '
Employang fhe re!ahons | 7

S {(1CL)?® = (1~CLi) P
CL(]-CL) =0 ) o E A

ancl the deﬂn:hon CR[ =CL, Rl we obfqm ﬁ'om (li! 45), {11.43), (ill 37),
(!51044) and (111.42): '




(i ) Absorption in the aimosphere -
Combining {111.38}, (lil. 39) and (B. 3), the ophcal path lengfh of the

~ layer between the top of the ufmosphere and level i, Dy, is:

I

- Dye. DT4+(1-CL5)u4 [(1-CL )(I{Ls)secg“f].ééﬂ (i—CL )(1 L)1)

+1 66CL5(U +u, )) ®.9) -

where the last term on the right hand side of (B.9) is an additional term due to

.. the assumption that the base of cloud 5 is level 5 as showm in Fig. A-1.

R Froﬁ (lil.47) and (B.4), the downward flux at level i of the absorbed

pm‘i‘ of the so!dr radluhon is

From (Hl 49), the cbsorphon in the Qfmospherlc layers | =1, 3 5is

AS (GRS S, @as),
HU»CR )S 2- ga / ) - _ o (8.16).
5:‘% (].-@Rs) Sae"Sqs ® o | (B_.T?)
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D.og= (U:“ U:)SB;Z:C ) - - . C R : (B.6) -~
D, = D,°‘+(1—<:L')(u uz)sec§ + 1. 66CLy v}, p e
D, = Dy (il Yo - )1, Jsec £+ 1.66 CL, ]+] 6 Clav’ , (6.8

3

s —5 [:11 (I.-CR)]U A(Dn}] o (B.10)
-"‘TI-.:qus,'f;r;l 0;2 dands, L
T UA(DmM T e
-'éaé fso(t-CRI)[l-A(D,g)j)' - o o : (8.12) -

L Sq, TSgUCRI(-CR) [1-ADL)T) 6

s, =S§(I_-C_R;)(I-CR3 )(l-jCRs)[l—A(DTE)]' | B

>

> >



e - . ,
(u) Absorphon by fhe earth’ ssurface o ' ' ' i
©oLet RI—R(CL) CL Ry - (6.18)
o | CR..HR(CL.,CL,) 9' | a9
CRyy =RCLL, CLL CLY i (8.20)

| )
Applymg ([ll 4-6) to (Il[ 13} ~(HJ TS) yields

(1R Da-Cr)

| A Tl = CRlCR L)
and | :
| . (H:R J(1-CR, )(I—CRS) N
CS:,@ =1- _ 1 (CR CZRS-rCRaCR5 +CK_,CR1)+2CR CR, CRS ) (5322)-:
21 : o o o
M- ~(CR,FCRy #CRs ) +CRCR,CRs © . 7

l where M (1 *CR J(1 “CR.;:)(I'CRs)
' (a) The absorbed part
- The absorbed part of the solar radmhon fhcﬂ- reaches the earth's surface

" can be obtained from (l![.50)-(|ll.53). From (111,50} and {B.20},
_ L _ . SC' B é&,&é—g

~ From (111.51), (H! 52) and (B. 18) (B. 20) the contribution to the downv?c:rd flux

" of solar radiation at the earth's surface from muliiple reflections due to the fop
i - ) . . N . .

of cbud it1, SaS’ is o :
R CR, (I—CRas)
% % CRs (R CR 1o CR ) ©.24
T (:Ria(]-CRr) _ |
-s§$=s R (H:R CRs )(Hx Rygs) 7 B2
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~

The total qbsor‘p\ed part of the solar radiation reaching the earth's surface is then |
by (I1.53), S L
. ' ' + 2 + 4 . . ’ - . .
?aa Sos Sas « | (8.26) . | .P/\
- (b) The scattered part
 The scattered part oF the solar radrahon fhai‘ reaches the earth s surface
can be obtained from (lIl 54) and ([Il.55),

- I, L -
ssé‘ So. I <% ? _ ‘ (6.27) A
- e Gy S (I—q )(1~(:Rl35 ) ) . - (B'..zga)_ /‘-
: where CR;SS" is the total albedo of the ciouds in the eni‘ire atmospheric column;
CR;,s is found by replacing CR. by CR' in (B,22) and using CRi' = CLiRi' where

R; is the albedo for the sc:csﬁered parf of cloud j.

chxlly, the total downward ﬂux at the euﬁh s surface is S' 5+Sz 'rS‘L IR
=)
‘ Therefore, by (it .56), the absorption at the earth's surface is '

/-

»
—(]-a)(S' S5 S5, TS0 5

: SR 2
P CRyCR (1-CRys ) |
s (I'“ ){ T~a CRws [5 ‘-L az 1-CR; CRs '
SRR CRs CRm(l-—CRS) - o |
; "."-:?-.sa"; T-CR,, CRe ]*50 T e, } L ®29) T .y

| In the actual programing, clouds are indexed somewhat dlfferenﬂy from

| the present descrlphon. Cloud types 1, 2 and 3 refer to cloud layers 1, 3and 5

of the present indexing scheme, respectively. The values of the eguivalent cloud
water vapor amount, U:i ¢ for cloud types 1, 2 and 3 are adopted for high, middle
and low clouds, respectively, as shown in Table Hi-2, The surface albedos

currently in use are presented in section 1.5,
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+ Appendix C: Required accuracy of m

' For.simplicity, consider the layer between levels i-2 and i shown in _

Fig. 11-3. From (I1.16} and {II. 17}, the contributions of this layer to fﬁe net

flux of long wave radiation ot levels i and i-2 are respectively
e e R S
. ) | ‘, ) : B _- . Ci—lti—g =(WBi -“BE_Q)Ti,i."a o - .

K From (11.11}, the fractional contribution of the above fluxes to the

“heating rate of the layer between i-2 and i, h, Ts

:—.-—_‘-:'_"-_': -‘ - - - E ) -" : h - . e . - s i o o .
i | p P R A.

E _ Assumirig a constant temperature lapse mfe, I" =3T/0p, h becomes

h-_;4gc VTP T ), s . A

where the following cpproximdﬁon has been used

e - - AT3MT - Y= A A a o " ’ |
3 Ti T‘l:"z '4Ti (Ti Tifz) 4Ap I‘Ti e . . P /\
If T hasa maximﬁm error of (AT )MAX’ the error of h, Ah, [ | |
| _ Ah<89c che'I‘(A'r) » | .- T / : ;/\
The maximum possnble value of Ah is fhen | | .
Gre Ll 1s72 ™ ' 4 .
. e (Ah)m}( ,Bgcp GT.I‘(AT)MAX o : A
_ * Considering somewhat large values ofT and l}such as Ti = 3DQ°K and
T 8 K/IOO mb, we find - T D .
| AThax = (Ah)MAX/? L «.n-
-1 ‘ -

: where fhe unit of Ah is °K dqy .
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- | CA’A“ /f:f )(/ﬁ‘?«\
- Now, we cons:der that a 10 peg cent error is perm;slbfe in the estimation—

of the heating rate. The maximum cooling rate of an atmospheric layer due to !ong
wave radiation is about 2° K day - in a clear sky. Then the maximum permissible .
error in the heating rat%\wbecbouf 0.2°K day ]. From (C.1), T is thus permitted A

to have a maximum error of about 0.03.

| From (I1.18) or (i1.19), the error.of the inferpolﬁi‘ion factor m is related
R e (s IR A T i) SR

to At as follows: : — A% (1+m)? h o

‘ * The maximum permissible error in m)for AT = 0.03)is shown in Table C~1
for several combinations of m and 1. The combinations shown in the Table above

the heavy solid line occur in the real aimosphere only in exireme cases when Ap

" is larger than 100 mb. From this viewpoint, it is evident that the maximum

B _ﬁﬂe hec[vy solid hne.

perrmsslb!e error in m is at least 20 peruceni' and increases with dismnce below

TABLE C.I.} Required acéumb)} in m for the accuracy of 0.03 in T. / |

™ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1 0.1 0.1 €2 0.2 0.2 031} 0.3 0.5 0.8
2 | 0.3 0.3 0.3 0.4°-[0.5 0.6 07 09 1.4
3105 0.5 06 (0.7 08 09 1.1 1.5 22
4 1 07 0.8[095. 1.0 1.2 1.4 1.7 2.1 3.0
-6 | 1.3 1.5 16 1.8 2.1 24 2.9 3.6 4.7 /
-8 2 [2.3 2.5 2.8 32 3.6 4.3 .52 6.6
10 | 30132 35 39 44 50 58 6.9 8.4
15 | 5.6 | 6.0 65 7.1 7.8 87 99 1.3 13.4
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Appendix D:  The seasonal variation of the sun's declination and distance from

the earth.

| Ina numeri;:cl simulation of the seasonal variation of the general circulation
qf the czfmésphere, the seasonal variation of the solar declination, &, and the earth-
sun distance, Fer must be i(ﬁown.

The apparent orbital motion of the sun about the earth is shown in Fig. D-I‘;
by the ellipse ABA'B'A with the earth located af focus F. The circle ACA'C'A
represents the orbit of a fictitious sun which moves with constant speed and a one
yécr period. Let the sun and fictitious sun be at perigee, A, at time t, and at
-posifions Sand $' af time t, respectively. - |

The mean and true anomalies of the sun are shown by i'hé angles M and w.

- The mean anomaly is given by
S 2y
M(t) = T (t fo)

where T is the one year period. The date of perigee va‘ries annually ffom Jan. 2
to Jan. 5. The mean date of perigee for the years 1950-1972 was Jan. 3.36 (UT).
Thus, letting t represent the time in days from the begin-ni_ng of a yécr, f, is.
2.36 days. Assuming T equal fé 365 days, M is given by |
" M{t) = 0.0172142 (+ -2.36), radians
" An asymptotic solution of Ke’pIer's second law in terms of the eccentricity

e of the elliptic orbit yields
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~

rE&)/FE = Aor' A, coshM -~ A, cos 2M ~ A cos SM - .. | '-,‘.

and w(f) =M + BysinM +B, sin 2M +B, sin3M+ ...

where A= 1 +e2 = 1.00027956

3 3 5 .

Ay =e-ze-mm o ~ 0.01671825

Ay = ged-g o*=... . ~0.00013975
_ 1 .. 5

Bl - 26 "Zes *"'9'%‘65“ L %000334388
5 1 .

B, —Zea—-ﬂeﬂ.... | ~ 0.0003494

= 1.:..3.. 3_%2 S5 ) -

By = yyel-gm et .. ~ 0.00000506

cnd_rE is o‘ne astronomical unit. The numet:icai values given above are for the
‘ea-r’r_h's orbit (e = 0.01672).
) Letting tand ¢ c!eﬁote the ecliptic longitude of the sun and the inclination
of the earth's orbit (23°27'), respectively, the solar declination & is given by
‘ 6(t) =sin"t (sth e sin 4)
- where ' z(r) = w(f) + % |
: and 4 the ecliptic longitude at perigee, is ~=1.3550737 radians ("77‘640)f &

is positive for O <4<m and negative for 1 < 4 < 2w,
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