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Preface '
'Figufe 1 i1llustrates the general concept of the so-called "physics" in
@ general circulation model (GCM). The solar radiation is the who]o solrce
“of enerqy given to the atmosphere. It first penetrates into the earth’ 8
surface. The energy is then released to the atmosphere in the form of eva-
poration for a 1argé portion and in the form of sensible heat transfer for.

the rest of the portion. The moisture thus produced condenses, rcleasing a -

great deal of latent heat, This subject, however, will be discussed Qxa‘ 1

s

separately as the F-physics.

ﬂear the earth's surface, there is a boundary layer, which is the tran-
sitiona] zone from solid or liguid surfaces to gaseous media. The thick-
ness of the layer is 0% 1.5 km over land and 200 ™ 700 w over oceapn. This
layer is referred to as the planetary boundary Tayer (PBL), which is formed
and controlled mostly by surface heating., In fact, the depth over land
varies considerably with the local time (figure 2). Wind speed in the PEL

decreases with approach1ng the edrth s surface, simply because of the [ m—

'geometr1c constraint, If one emphasizes the aspect of vertical profilc of | "¢
wind speed, considering the effect of the earth's rotation, the 1ayér can
be considered as the Fkman tayer, but the thermal effept dominates the PDL
process in‘realjty.
The PBL is full of turbulent energy, because the turbulence is produced
due to the buoyancy associated with the surface heating and partialiy due
to the mechanical energy associated with the vertical wind shear. fs a
result of turbulent mixing, the heat and moisture are well mixed in the
entire PBL, Observations reveal that potential temperature and thé Specy-
fic humidity distribute in almest constant with height. For this rcason

the PBL is also referred to as the mixed layer,
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Fid. 1 Schemalic picture of a general circulation model (6CM) and its
physics. The physics is indicated in- the upper box and the cumu-

lus ¢louds at the equatorizl zeone in the lower globe.
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0'Heill data and plotted with standard errors in mean solar time

- (after Carson, 1973),



Inside the PEL (figure 3) the diurnal variability is pronounced; a
nocturnal Jet is generated; the moisture and sensible heat are.vigorously
advected in the horizontal; the snow is deposited; and the hydrological
process inc1udin§ the vegetatipn takes place, An understanding of these
events and phencmena is important for determining the so-called external
{abnormal) forcings that influence substantially the atmospheric state.

The turbulence exists not only in the PBL but also in the free atios~
pﬁerg° ‘At high altitude, say at 100 mb, a considerable intensity of tur
bulence is often found, which is known as the clear air turbulence. It
is likely that dissipation of kinetic energy takes place at the jet streem
1¢ve1 in addition to the major dissipation in the PBL.

The E-physics of the GFDL GCM treats the turbulent processes in %ha'PBL
as well as in the free atmosphere, if the grid resotution is sufficiently
fihe. The E-physics includes the turbulence closure scheme, the treatment
of surface boundary layer, the heat balance at the earth's surface, andjthe
s0il heat conduction. This model is, therefore, capable of reproducing the
nocturnal jet, the overall diurnal variability of the PBL, the clear-air
turbulence, mimicing snow deposits, and also a certain degrée of land sur-
face hydrology, through which the content of soil moisture 1s determinad,

- It is our view that the treatment of the subgrid-scale processes
included in the E-physics is essantial in calculating proper featurcs of
the meteorological and hydrological conditions at or next to the gartl's
surface and the diffusive character of mementum, heat and moisture in the
PBL as well as in the free atmosphere, These conditions in turn exert a
substantial impaét on determining the intensity of westerly jet, its meon-
dering, and accordingly the teleconnaction characteristics of general ¢ire

culation {see figure 1).
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1, Introduﬁtion.

| There are three major items in the E-physics, i.e., the turbulence clo-
sure scheme, the Monin-Qbukhov similarity scheme, and the land/sea surface
processes,

The historical de&e]opment of the turbulence closure theory is rot oﬁr
concern here. The particular mode] described in this manual is the sccond-
order closure scheme of Mellor-Yamada's (1974) at the hierarchy level 2.5,
in whicﬁ the equation of turbulent kinetic energy is time-dependent, hut
the equation of the second-moment of thermal fluctuation is statiﬁnary.
There are $ix or seven parameters which should be specified based on
empirical evidences. Actually they have been determined based on neutrel
stratification in laboratory experiments. It is one of the major unique
features that these parameters are comnonly used for any media, such as the
ocean or the Jupiter atmosphere without any consideration. Then our stra-
tegy is that, once these parameters are decided, they should not be changed
arbitrarily, and other ad hoc treatments are not applied. The PBL pro-
cesses are adequafeiy represeﬁted by this scheme. The sharp transition of
the thermal profile at the top of the PBL could be reproduced, though Lhe
simulated jump is not so conspicuous as in the model of hierarchy level 2.
One of the merits in the level 2.5 model is that the turbulence is Sha-
t{a]}y diffused both in the vertical and the horizontal from the turbulenca
generating area to the stable area. As a result, the moisture in the Pal,
for example, is adequately distributed above the PBL (say up to 3 km),
whereas in the 1eveT 2 model, the diffusion is confined in the unstable
region (Richardson number is JTess than 0.21) and therefore, Timited to the

PBL except for eviction through clouds.



The Yevel 2.5 model would be capable of simulating the nocturnal jet
I(see section 8), the clear-air turbulence, if the grid re%ﬁution is ade~
quate, and the turbulent transport process in the surface Tayer.,

Howeyer, in order to simulate the fluxes close to the earth's surface,
a Tine vertical resoTution is required for a numerical model. For reasons
of economy, a bulk method is employed, i.e., processes based on the
Monin-Obukhov similarity theory. They are (almost) consistent in physics
to the éurbu1ence closure level 2.5 scheme.

The third aspect of E-physics is the surface processes, which consist
of the retention of moisture i sofl, the runoff, the snow melt and Snaw
deposit, the evapotranspiration, the soil heat conduction, the heat halance

at the surface, the surface alhedo, and sea ice heat conduction,

-



2. Grid-box Mean

It is inevitable that a 6CU uses a finite grid Tength instead of a cone
tinuous coordinate in specifying the fluid dynamical equations. Associated
with this space descritization, variables and equations_are divided into
the grid sﬁa]e averages and their deviatibns. The effects arising from.
.honélineat coupling of these deviations are the subugr?d scale (SGS) pro-
cesses..

In practice, however, the mathematical trealment of the grid-hox
average is too complicated and awkward to handle. So, the ensemble mean
and its deviation are normally taken, and the resulting formulas are then
switched to the spatial mean and its déviations, ignoring additional terms

(Leonérd's term, fof example; see Leonard, 1973; Clarke et al, 1879).
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The bar is the ensemble mean, and the prime is its departure. In this
manual, the second-moment u'v' is hereaftop written as uv for simplicity,
by dropping the prime notations. The bar notation for the first moment
is often dropped too. As is readily conceived, the character of the SGS
processes is.ve}y similar to that of turbulence, thus enabling us to uti-
lize the wealth of knowledge on turbulence accumulated in the past,
2.1 Basic eqﬁations

The dependent variables of grid-resolvable scale in the C-physics ver-
sfon of &M are: u, v, ¢, q and bzﬁ where g is the mixing ratio of wabter

vapor and 1/2b% is the turbulen® kinetic energy, 1/2 bC=172(ul4y%iwe). The

equations are normally written on the pressure coordinate (or the

Cad



¢ -coordinate). However, the SGS terms will be expressed on z-coordinate
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Leg

: 0 . . .
Where Y ¥ &% | 0 45 the horizontal mean of 0, Too is the reference tem-
00

p

perature, L is the latent heat, ¢ and e are the rates of condensation and

evaporation, £ and % are the turbulent scale length, g is the accelerg-

~tion of gravity, and [b s the virtual potential temperature,

Tyxs Txy.u...Tyz are the Reynolds stress terms, i.e.,
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and the covariances of ¢ or ¢ and momentum are:
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2.2 Lateral diffusion
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The formuletion of eddy viscosity is made using an assuwption on the

rate of strain of fluid analogous to an elastic media (Smagorinsky, 1063).

The shear stress is assumed to be Tineariy proportional teo the rate of

deformation. tet tensor Tij represent tyy, Txy«se+reesthen

QTQj == P<p1‘i)€j

(2.8)

where Ky is a parameter, and Dij is the rate of deformation. So For the

2-dimensional cose

¥
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non-1inear viscosity
Smegorinsky (1963) derived the formula of Ky to be consistent to the .
. M
Ko]moéoroff theory on the turbulence scale, i.e., E (wave energy)
ol Lﬁé s L being the length scale. The formula is,
2.
!<f54 = rmed. A l l) ( (2.11)

where A is the grid size of a GCM, and

ey )
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As will be discdssed later
K = - P | (2.11")

The vgiue'for the constant in (2.11) will be explained in setion 3.4,

If a function of |D| is a variable in space, Ky and Ky are noa-lincar,
This situation is similar to that in the PBL; the vertical eddy viscesity
coefficient is proportional to %%“1 - In other words, if the latter is
Arue (dependent on the local va]ue of ]'““* ), Ky and Ky should be noiw-
linear., -

Smagorinsky used the form

,, 2
Iz
g o ‘ D !
b I ' . - (2.12)

where ¢ = 0.14 (see later),

Then the oquaL1on, are:

dw e -
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{2.13}
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Note thal, as will be discussed in seCL1on 3.4, these non-linear viscosity
can be derived from the turbulence closure theory (Lilly, 1967),
On the other hand, if IDI is constant in space, Kp=K is constani The

equations are written simply as
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<[D [> being the ensemble mean of || in the grid of 4,
Recently the del-four diffusion, ¥4 has been used; this is linear ang

“yet the tendency of the non-linear viscosity is presumably included. So

' . oz (2.19)
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where 04, (2.20)
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and a et <] > (2.21)

Z A
The Kolmogoroff theory concerns the three-dimensional turblenca. In
the case of GCM, however, the range in which the grid discritization falls
is the two-dimensional turbulence inertia domain, in which enstrophy
cascade is constant with wavenumber. This implies that E (wave eNevgy)
o |, iﬁstead of L5/3, In this comection, Leith (1969) postuleted

that

0
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where T is the relative vorticity.
Howevery there are only few papers that report successful tests with

this formulation (Yamagishi, 1980, const=1.75).
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'3. Turbulence Ciosure VModel
3.1 Philosophy of second-order closure mode]

- There are several principles for the afchitecture of an adequate GCM,
particularly for the paremeterization of SGS processes. The parameteriza~
tion should meet certain standards for the accuracy, the simplicity, the
versatility, the rebustness, the computer adaptability, the historical con-
sistency, and perhaps the elegance. A mechanistic mode] is not always
suited fof this principle, because this type of model is developed for an
explanation of mechanism. The mechanistic model tends to lack in the
generality; the mixed layer model is one of the examples,

The turbulence closure model hag a long historical background, has
mathematical preciseness, the simplicity, and hag the versatility, Mellor
and Yamada (1974) have c¢larificd the hierarchial levels of the second-order
closure model by making a scale analysis. The particular scheme employed
in this manual is clesed by Rotta's energy redistribution hypothesis.and
the Kolmogoreff's isotropic turbulence dissipation hypothesis.

The level 2 model is sufficiently simple, because the scheme consists
0% the exact same forms of eddy viscosity, which are functions of
Richardson number, As was mentioned earlier, however, the diffusion Cpera-
tes only iﬂ the unstable vegion, and outside of it no diffusion is allowed
to exist., As a result, the diffusivity varies abruptly in space; this is
unrealistic and unfavorable. It is often the case in the GCM output that a
model  atmosphere is too dry above the PBi..  The level 3 mode] consists
of a number of non-steady equations of turbulent variances and covariances,
‘which can correct the above deficiency. But this mode} requires a con-

siderable computational burden, treating more equations of the i

i1



resolvable variéb]es.'

A compromise is to fntroduce a level 2.5 model, which includes the non-
steady equation, Only for ab2/8t, but a11 other equations exclude time-
derivatives and diffugion terms. Consequently the scheme is considerab]y'
simplified; the turbulence transfers are all expressed by algebraic
equations. The equation of 502/3t is steady. As a result, a Jump
of 0, @b the top of PBL is not sharp, and the downward heat flux i at
the top of PBL s not strong. These drawbacks are the penally one has to
pay due to the simplification,

3.2 The equations of level 2.5 model

The equations of Mellor (1973) and Deardorff (19733,b) are very similar
except that, the characteristic parameters for the closure assumptions are
different. Namely the turbulence scale length,n , is used in Vellor
- {subsequently referred to 1), whereas the grid size, A, is used in
Deardorff (subseguontly referred to D).

For example, the term of the pressure-velocity gradient correlations
which are called "energy redistribution terms" are parametorized by Rotta's
h?ﬁothesis but in different ways.

In the f0]1ow1ng, using the tensor notation Wi, U3, Ug, two versions
are shown, 1 e. f:rst by M and second by D.

s ( DU + ':%ff#) .
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where p is the bressure, &

The

» is a scale length, ¢ and Cy are constants,
viscous dissipation is expressed, based on Kolmogoroff!

s hypothesis,
i.e.,

QUi Ay
0% OXy

Y

[ 43

. S )
{ R
2% A

where vis the molecylar viscosity,

(g

Ay s a scale Tength, and Cp is a
constnt., The triple corretation is written as

L(.{: !'[:J‘ [’{k pe——g

e
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oxx ey FETy

D -4 Ay, 27 A
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where, A] s a scale length

and C3p 1S a constant, Thus the equation of

turbulent kinetic encrgy s written by M and D, respectively, as

% 3 gz (3.4)
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(- e
P— \{/ 1 A [, m\g.w_m .:...,w ’},u C; o f—— [ ——
o2 30 y




| «E%m 5ZFEF“ O —
g A.}»’\i’.‘ Djﬁ,& - G & e, o A
L. .
where . . . —
SR | S
A &G - e o, - “‘é“ 51:," (f'
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The terms on the right hand side of eqs. (4) represent the diffusion,
the mechanical work due to wind shear, the work done by buoyancy, and the
dissipation,

The vertical boundary condition for eq. (3.4) or {3.4") is
2, Z4 2 \
{“ s B; } V‘iz‘f. o F= £,

70 and Vs being ' the roughness length and the friction velocity defined
Tater in eq. (4.8), Bj=15, which will be explained in eg. (3.14).
Other equations of the second-moment of turbulence are assumed to be

stationary and they are written by M and D, respectively, below.

]
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3.3 Eddy viscosity formulas
The manipulation of eq. (3.7), (3.8) and (3.9) for various i, J, }

The results are summarized by the two

L»
Ay

leads to algebraic equations.

equations as follows.
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K, = L {f’:-fé« b0 K }2%! ’j .

f@--ﬂ}_B @z(gif wé/m ),,,\L_ms‘ﬁ_ (3.13)

,5::1

The numerical values of the constants are given basd on laboratory

experiments (Deardorff, 1973; Mellor, 1973) as follows

(M
_.’\012/‘}&“-'@ ; ﬂ"}w-— A /()
A”E;&'ﬂ ’ hxﬁrBsz
A== A=Ay =023 4
(A'x, Ao, By Bz, C) = (0.q8 ;018 , 15, &, 0.05¢ )
v N (3.14)

. , g7
(CM CS; CE.’, C \)_m.ﬁf{_z'&) if,fd)a.?(.’) 0.58 )

( Cam Cse ) == (fl z, 02 ) (3.15)
Lo voesey (3.16)
6o s

Mellor and Yamada (1802) reviewed the more recent data and gave:

( /\ Az, 3;, B?, C\) = (0‘“2 074, 16.6 , lo.| , 60§ )

(3.17}
(See also Yamada and Mallor, 1979).
3.4 Turbulent length scale
The master length scale, 2, has to be specified. Two versions are in
current use,

Yersion T
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This version is based on Blackadar's (1962) method. The formula com-
bines two properties, Teeq, 2 vkyZ in the lowest Teve) (kos Karman

constant) and % - approaching to 2o at z+e ., Thus

2 - (3.22)

where

{'3*@2#@’3

g = 010 X - | (3.23)

f “fs. () d 7

This version has been used in this manual (see Miyakodo and Sirutis, 1077).
Yersion I

Metlor and Herving (1973) and Mellor and Yamada (1977) proposed an

equation which is a variant of Rotta's (1951) equation, i.e.,

o (6% J 7 )
S = (e sgeo )

| o [ U e S : S
o ,€ = ~ L us ar vw % % g W
¢ &
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S, is a stability function related to AL in the equation of b2, and k1

and Ep are empirical constants. Z is the distance from the earth's syr-
face. Mellor and Yamada (1977) uses: (E7, Ep, Sz )={1.8, 1.33, 0.2).

Within he whole framework of the turbulence closure model, the deter-
mination ¢ .pis turbulent length scale is a WOuLO¢t area. However, it fig
true that the final results are rathex 1nacn01t1ve to the choice of &.
Readers refer to Mellor and Yamada (1982),

Yokoyama et al. (1979) collected various observational values of the
turbulence scale (Table 1), Figufe 3.1 shows these values (dashed lines
and solid lines). At z:103m the length scate Jo falls in 100~ 400 . 7

Yokoyama et al. compared these data with the values of a formula

t= 3 (rep 27 o

where h is the depth of pBL, The formula's values of B=0, 2 and 4 gre

p?otted by the s o1id lines. It appears, %2~ 4 fit the observations,
I]quros q.z v 3.5 are the results of a GCM based on E-physics. A1

variables are for 00GMT, 15 March, 1865, which is the 10th day in the pre-

dictions, r”“f"“”"
Figure 3.2 is the latitude-height distribution of the zonally averaged
2
turbulent kinetic energy. It is pronounced that two or three maximg are ?
+ . . . . . . AL
included in the vertical. One 1s the Jowest layer, and the second is Delogw .3 !
the jet stream Jevel in the middle latitudes and is at the tropopause Tevel ERY

in the equatorial region. 1t would be worthy to note that turbulent ENEPrYY e

19



Key to the seales of turbulence given i Fig. 1 and additional information,

No, ‘ Authors il Additional informzzlion

3 Lettau (1950; ‘ Nantral coudition .

4, Clarke (1970; ’ - Clarke's class I (near neutral)

5 Yokoyama {1971 | iz;’L]_,f“I (near ncutraly

6 Gamo and Yoloyama {1971) ! Stiong wind, by tethered balloon

7 Gamo ¢t al, Foreed conveetion (l'\’AW‘MAR-IQFZ)
. . 8. Busch and Panofsky (1958) I Unsinble -

9- Kukbarets ang Tsvang {1969) : Summer, developed conveetion

10 Clarke (1970; i Clarke’s class | “daep convection)

1 Clarke {1970) i Ciarke's cluss 1 shallow coavection;

12 Yokoyama (1971) l YL< -] {unstable)

13 Warner {1972) . Convective situations {above the sea)

‘M Gamo et al. l Fiee convection (KAW-MAR-1972)

—--—..:._—»—r___.‘_._.ﬁ_-__._._h“.,_u__‘__‘__m
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R

e e e R

}s
|z
L
10’
’ o _ { ()
Y% 10’ 10* 0
Fig. 3.1 . The turbulence scale {.  Numbers indicate the papers cited in
Teble 1. Solid Tines are for neutral condition, and dashed 1ines

for unstabie conditions,

based on the formula (3.32) {

and the so1id lines of B= 0, 2 and 4 are

after Yokoyama et al. 1979y,
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is found even above PBL. Figure 3.3. is the horizontal distribution at
various levels.- Level 16 corrvesponds to the upper portion of PBL.
Turbulent energies are 1arger‘over continents, westérn boundary of the
oceans, i.e., over Kgggshio or Gulf Stream, ITCZ and the regions of ‘ | . '
stratocumulus-topped PBL. Turbulence at level 13 isldomiﬁantly large over
continents, particularly the Sahara desert, Himalaya, and continents of the
Southern Hemisphere (summer). AL level 4, turbulence is large over the
cumulous convection grea. The Indonesian Archipelago and Amazon basin are
outstanding.

Figure 3.4 is the eddy viscosities, Ku and Kit, which are based on cqs.

(3.12) and (3.13). It is interesting to note that Kif is Targer than Ky in

the troposphere (coinciding with eq. (2.11'}). In order to sce which fac-

tors contribute most to the large values of Ky and Ky, the comparative
display is made with the thermmal stratification in terms of 20/8z and the
vertical shear |aw¢az] in ffgure 3.5, In general, when 26/2z-0, Kis and
(g become large except at the top panel. However, the association of tupr-
bulent linetic encrgy with 36/52 and [aw/az] s not simple, indicating
that the effect of the ieve? 2.5 model over that of level 2 model is appri-
ciable.
3.5 Comment on the lateral viscosity

The formulation of non-Tinecar lazeral viscosity (2.12) is derived from

the turbulence closure model of hierarchy level 1 or even simpler (Lilly,

Ed
1967; Deardorff, 1971, 1973a.h).
N Z_ b
o Tj: 7 T ) .
s ene  (3,%47) )
i L
/ (l ". g
& - o g
0 = “";: Ao Do, ~ -LAvg o E S (3.26)



g (fom G )

. ._ '2 . Z c:m | "g—- - ]
O.A = ! 5 () lJ o mw:‘%ﬂ;}i “:%;m %a ) (3.27)
S UH .
eermanrs . [3.8’/) )5
e A h
ot ( { | |
' o - ' f/ )
290 SR A5 A 0H3.28)
0 = — f w5 T s g WO A /z/ Ay

The problem of the 1atera1 viscosity is not related to the buoyancy, so the

term with slash is not used. Combination of the terms of mechanicy] con-

version and dissipation in (3.26), end (3.27) leads to

o AT e
T & Q?‘ Cn: (3.29)
R ) . ‘
Next 1ns§§10n of (3.29) nto (3.27) gives
A ( Z /ﬁ
A e 15 15 Ag . D D‘,,J
3 t\) - ,f/? C % .
Ce™" Con (3.30)
Likewise, insertion of (3.29) into (3.28) gives
Vi ( oz > 7a. ﬁ -
e 3 i/ ASD 20
Ue G o ! | OF, ¢ )
- {:E’i’- Cm/“}' ) (3.31)

Ei



C in (2.12) is, therefore, written by

'C :'::. ( )3/{{{ Cy f; )

(3.32)

and Cg = Cp.

Thus

2
C‘ﬁ) : (3.33)
Ay = — [&20p L

= Yox
. e :
— 5 (¢a) D 08
_Lkgé - Ty 7z O (3

Assuming, as in (3.15), that Cp=d.13, £3=0.70, Ce=0.58, C is given by
C == 0,"')“;' ; (3.
where 5/2 in (3.34) was derjved by Schemm and Lipps (1875), though this

point is controversial,
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4. Surface Layer

Near ihe earth's surtface, the molecular viscosity plays a major role in
vertical transfer of heat, moisture and momentum. The turbulence develops
only above -a certain Tevel, which is defined as the roughness height, Z,.
Once the turbulence starts, it is efficient in transferring heat, etc.

Yet, because of the pfoximity of heat source, the temperature dif-
ference can remain quite Targé. (For example, over sand désert, 25° SO“C
temperature difference is often found within 1~ 2 meters), and the thermal
instability can continue to exist in a shallow layer (Figure 4.1).

The overéll situation 1n this layer is that the vertical turbulent
transfer is very strong and that there is no other balancing effect. For
this reason, the vertical fluxes can be approximated to be constant with
height.

This layer is technically called as "the constant-flux Tayer," which
normally exiends from the level of Ly to about 20 meter height. Because of
the assumption of constant-flux, simpie formulas for eddy transfers can he
obtained. | |
4.1 Monin-Obukhov theory

As mentioned earlier, because of computational economy, the model's
layer hetween the surface and the Towest level is treated Jointly as the
surface layer, in which the molecular as well as the turbulent fluxes are
combined, and the bulk transfer scheme based on the similarity theery is
used instead of the turbulent closure scheme., The shortcoming of this
arrangement s that conly the vertical transfer i considered and other
effects such as lateral advection, paroclinicity and the effect of pressure

gradient in space are all ignovred.

23



First let us re-denote

Lxz —% Ty
L céz — Tg
Toy >

(Cﬁ_g o E

Thus the equations (2.1) - (2.4) are written

- A A e

L

vhere H, and €30 if transfers are directed

gownward, T,

zero, i.e., T

oxy Toys Mo oand Ty,

o 2Tt

L e e T .
vesamium

e

L

[T vttt b

f? o &

P

) HA,
Y

- I ok

ket s i ok

F ¢

P

upward, and v, and Ty

(4.1)

{4.2)

(4.4)

0 if
xs Ty, Ihand E ab the surface layer are denoted by the suffiy
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-On the dimensional base, one can define a parameter, Ve, 1,e., the

friction velocity, which ig constant in 7.

A 9
(y/{: =\ « |
, {4,5)

where



{(4.6) .
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) 2 P :2- f/ 2
TO ——— ( ’Cg X --'":m C i

: !
| — 2 2 )4_
Vi = (uE + v (4.7)
Uéing this friction velocity, other fluxes are expressed as
T e .V ! L,
Lo == [ | A (4.8)

/t}; =X '\/;\['1Jg

| ‘ i (4.9)
| e oV By
lh%a /CP s P \/7& C’i

EQ T F1 \’/(‘ ‘65_}5

(4.10)
where us, ve, Ox and Gx are ti

18 new paremelers with the respective dimen-
sion,

Monin and Obukhov (1854) developed theorie

*5 on the vertical gradients
of wind, temperature and moisture as

! 'Zc% ;}tx{, . /) C[)
TP O

-ﬁzf) £ oV

(4.12)
o L (E
Vi 0% 60
ﬁgﬁﬁ o& w2 () (4,12)
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2 5%

fu 0%

(4.14)

P
T3

. C{i‘ (2D

where kg is- Karman constant (50.4]}, oms ¢h and ¢¢ are the Monin-Obukhov
similarity function, which are known to be unity in the neutral case. They
introduced a length scale (Fonin-Obukhov length) Lpos which consists of
heat flux Ho/Pep (and exactly «;2aking, the heat flux based on the virtual
teiperature (Ho/cp+0-61°Too'Er ', the acceleration of gravity, g, the

reference temperature, Tog, @ uo friction velocity, Ve.

T Tr:w ‘ \4%:.3

Ls, o o R e R
e ‘”'!23{:-3 ( H 0/[’ Cy 060 Lo’ L@/é ) (4

35)

where  Lpg>0 if the stratification is stable and L mol0 1T 1t 1s unstable,

A dimensionless quantity is

AN

3 f“? .
§ = £/ g (4.16)

which is shown to be related to the stability index or the thermal strati-
fication (Richardson number).
Using ©, eq. (4.12) - (4.14) are first non-dimensionalized and then

integrated with respect o ¢ as

i ()
'g",; () == y; L de (4.17)
Thus ) R %




" (& — M'%{;} -::: U [ }‘?u (g) — jcm (?;f}) j (4.18)
V-G = [ £, ) — S (5]

——

4.18%)
O —~0G) = 0. [ £, — £ ()7 o

FO— 7 () = g%[ﬂ(;)mjr%(%) 1

where Ly = [0/1 mos Th{E) = fq(f,'}, and u({Zy) = v(Zy) = 0.

Let us denote

Fu = ;-m () — Jm‘fs;) . (4.21)

Fu = dats) — 202 (.22)

}

Using (4.21) - (4.22), the eq. (4.18) - {4.20) are re-written as

L&
Uy = et .
Fo {4.73)
(% .
_ ’:"‘M
| G e @ L20)
Oy = - (4.24)
. }—«H
7 " { E:" v (~ z{::b
,z - ?’; J (e) {4.25)
i

iy

20



The friction velocity (4.7) becomes
2 2 1%
W) . Vi) }
'F'M . .
i V{?:)I (4.26)
i

Theréfm*é, insertion of (4,21) - {4.25) in (4.8) - (4.11) 1teads to

A

My

Az 2amm

Hofeg = — Polyl 00 — 61w

=z, = — F‘Cﬁ[jgtf%) o ‘g__éza)] (4.28)

Ly == P v Cp o W lE : (4.30)
,Z:»m — e C: W) ‘ . {4.30")
0y P Ly
C,o= I,..Y.;(_ELM (4,31)
! i 2

. CH. I e (4.31%)

The stability, 2/ L o =t in (4.16), is written as

g O ?

e
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4.2 Form of s1m11arlty functions

The °tab111fy dependence form of the Monin-Obukhoy similarity function
There are numerous studies such as Dyer and
Webb (1970),

(1970a}, WMiyeke and McBean (1970), Businger et al. (1971, Plate (1971),

is determined empirically,

Webb {1967), Paulson (1870), Dyer and Hicks (1870), Clarke

HMonin and ¥ agTom (1966), Dyer (1974), Hicks (1976), Carson and Richards

(1978), etc. The particular form employed in this manual is the one pro-

posed by Businger et al. (1971) and Hicks (1976), i.e.,

] _— . ol o
T = (1 154y ¢ <o
(1+ 5.%) 0 5§ <os
425 / ) R
(8~12 4+ %) a5 ¥ <6 wm
S TR 6<%
_— w1 )4, -
(ﬁﬁ, = (=] :’4‘ H <¢
G 0 <
s (4.34)
| Y | LR
See the comments of Carson and Fichards (1978} ahcut the case _, Dyor

(1874) about ko, The simitar formuias are used by Yargishi (1980) in his

prediction mode?,




Figures 4.2 and 4.3 show the overall feature of the function against §.
In the unstable region (y<0.21), there is no ﬁroblem, whereas in the stable
region of the pfofi!e of the curve posed a controversy, So far as we know

(Carson and Richards, 1978), the Mick's formula is satisfactory,
Concerning the matching between the Monin-Obulkhoy theory in the surface
Mellor (1973)

Tayer and the turbulence closure model in the rest of PBL,

der1ved the functional form of ¢, und 4h as

o o (1=RYA
4 oc  (i—roh

f — Ry
. iy * Du 3 -
for the constant-flux condition in the case of Re<O, where R is the flux
Richardson number, and is related to ¢ as ¢ = ¢n Re. This dmplies that
turbulence closure scheme is almost consisient to the Hick's empirical for-
mulas, (4.33) and (4.34), so far as the unstable case i1s concerned.

Integration of the eguations

l P l | 6(9}11 (SJ | ¢
ig?n(.t; ) == o z " 7 (4.35)

[N,

w-_,mm{;ﬂg (4.36)

W

i'f &

can be performed analytically for the formulas of dm» (4.33), and (1),

(4.34}, (Paulson, 1570: Nickerson and Smiley, 1975; Benoit, 1977,
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) .';:m( "5) - "“{i“" [Z ' /'%c:’m > -+ «Q/n, (“l““:")“"“ j (4.37)
o . -

where X = (1 - ﬁs.g)}/4

Yo

e ]

N (4.3

:&L’L({; = 'j}%: .,Qn,

there Y = (1-16)1/2,

for 0<z< 0.5.

fan () = () = L (ly 4 55 )

o (4.3

for 0.5<t <10.0

Falty = ]

' , . L2585 { DRV
:s“f.,[{,) oo u.‘{.g ( 8' ..éﬂ 5 e {.2.5 . - 0857 }(4. )
for 10.0«¢; <o S 2%

fuly= f4 8> = (0765 + 7093 ) (4.41)

The constants 0.852 in (4.40) and ?.093 in (4.41) are determined so that
Tm(z) be continuous at ¢ = 0.5 and 0.0,

Therefore, Fyy and Fy are given according to (4.21) and {4.22) ac

A £ s

[ u<{
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+ 2 {m”;'x

- where x = (1 - [5.)1/4

s (0%

n;mum seim

'1{0

(1 Ko (i +XdD

mzﬁm(

] (4.42)

(H4-X )21+ X7

tar! Xo ) }

Y 1 }
Yot 1 )

(4.43)
vhere Y = (1-161r)1/2
0<< 0.5
- - i Lo T -
Fus Fuo= o [ Do E +5G—5)]
0.5<¢<10 v
o e i ( , !
N TR SV Ly S
! it }‘H ’&6 u_é gﬂ ‘ | >
)] e
TSy T (4.45)
10 <z 2Ly 56 7.
- - | . /
= g o6 (5500 e
(See Fig. 4.4 and Fig., 4.5.)

4.3 Land surface rodghness
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The exchange coefficients, Cp and Cy in (4.31) are determined_by the
roughness length Zb and the height level 7 and also by the thermal strati-

fication 2/ Lo, In the neutral case, Cp and Cy are reduced to
rs : ‘.IZ e 2.
Cp== Cy = ‘[ﬂ ?ggs //’/.1?rn { }’4%3\),] (4.47)

The most pronounced fact is that the roughness léﬁgth varies considerably
if the mbuntain range is involved (see the review of Garratt, 1977).
&. Flat terrain

The local roughness Zo is determined by the physical and vegetational
structure: of the surface. Kung and Lettau (1961) and Kung (1963) deter-
mined the vegetation distribution from a number of sources, and estimated
- Zy over continénta] land masses. The table of Kung's Cp indicates that Ly
becomes larger in summer than in winter, because of trees which have more

Teaves and grasses in summer,
Table 1.

Kung's Cp at anemometer laye]

l

winter [ 3.30x10-3

sunmer [ 5.2ax10~3

See Footnote.
In the C-physics, however, the annual mean Ly is used, i.e.,
Zo = 16.82 cm (4.48)

Figure 4.6 shows the normalized drag coefficient Uy, i,e., Cp/Cpy as a



Fig. 4.6 Variation of Cp/Cpy (reference height of 10 m) for two values of
Zy ‘on empirical stability functions of Dyer and Hicks (1670} and

- Webb (1870).



funétion of stabiiity t= 2/ Lo, where Cpy is the neutra) drag coeffic
ient,
.~ b. Mountainous region

The in#?uence of.uneven topography increases considerably the aerodyna-
mic roughness and hence, the total stress. The addition of form drag is
accounted for by increasing Cp and Zg.

Fied1er and Panofsky (1972) used turbulence observations made from an
aircraft to show that Zo over mountainous areas was some 2~ 3 times larger
than for therp1ain§. Cressman (1960) used a simple formula to calcutate
form drag which was derived from Sawyer's (1959) treatment of gravity vave
momentum transfer arising from flow perturbation over mountain ridges
(Figure 4.7). This gave a Cp of 8.5x10-3 for the Rockieé or Himalayas and e
1.5x10-3  for the Appalachians, whieh is compared with 1.2x10-3 for the [m
frictional (vegetation) drag of land surfaces. o

The exact treatment of mountain form drag is very difficult, _. Bleck

(1977)" used a heuristically designed formula as

Z‘R [ 000

Cp == 00l . 004 x (4.48)

where Z4 is in units of meter. This formula vields a value of 0.001 at seca
level, 0.002 at 333 m, 0.003 at 1 km, and 0.004 at 3 km.

In this manual, we follow Gordon's formula

2y . Ly
= Coo 003 | o2 |

&y oo 4,50)
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where Zp is the spatial variance of topography within a grid box, and Cpp
is the drag of non-mountainous component.

4.4 Ocean surfacé roughness a L
| Charnock (1955} and Kitaigorcdsky (1973) proposed the relation of the

roughness length with the wind stress, based on the dimensional analysis,

=g

4
L™
I .. L (451

¢

where g is the acceleration of gravity and o is non-dimensional constant.

.

Note that this formula does not contain the coefficient of molecular
viscosity. .
| Charnock relation, shown as a solid line in Fig; 4.8, is a good repre-
sentation of the overall trend of the data for U3g>5 m s=1.  The Tine in
the figure can be expressed as zy = au*2/g, ¢ = 0.0185. It has been
shown (Wu, 1969) that Charnock censtant depends on the value adopted for mm—
“the von Kérméan constant. The most recent review by Garratt f1977) provided ;ﬂy,%?S
o= 0,0144 for ky= 0.41. T

E-physics uses

S ‘ Vi"
5“?_ — - l':} . w:wm .
2, = 0031 ) {4.52)

. -
= 0,032 | \/{VF:M !
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5. Surface Heat Baianée

In the problem of long-term ¢limate variabi]ity, a major interest is
the ultimate ba]ancé of various types of energy at t*=, On the other hand,
in the problems of weather forecasis, the finite time response of the
atmosphere fo various causes is a serious and important.issue.

A targe portion of the incoming solar energy is absorbed by the earth's
surface and is held at least for a short while. Figure 5.1 shews various
camponents of energy that are relevant to the heat budget at the air-carth

interface. Ry is the net radiation which is defined by

J.

" J D e et
Ry = Rgb (1—a )+ R;f ~— & 0 Ty 5.1

where Rgt is the downward short-wave radiation, a is the albedo at the suw-

face, R+ s the downward long-wave radition, T¢ is the surface tem-

perature, R P = ecTS4 is the upward long-wave radiation, and ¢ is the [T
Stefan-Boltzman constant, and e is the emissivity. g

At the ground surface, the net energy is written as
mek’ energy ==
R’M - ’W{C} st LJ . I:g L L 'E ) fﬁ:x

where Ly Ey is the heat used for melting snow or ice, and L¢ is the latent

(5.2)

heat of fusion. Over land, the soil heat conduction Hggiy is included in
the total balace, which is normaly equal to the influx to the around, G,

'ioe‘,, “se’i‘! = . (:T'

Uver land, the rate of evaporation £y includes that of Transpiration,
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lwhich is associated with plants and grasses. This subject will bhe
discussed;in thg next section. Hy and L-Ey are mutualiy related, and
therefore, they are treated together. In this connection, hydrologists
often refer to the Bdwen ratio, i.e., By = Hy/L E,.

v.1 Balance over land without snow/ice |

The equation of surface heat budget 1s written as

R = Ho— L Eo — Llﬁ‘ Ex — G =o (5.3)

Ts 1s obtained by solving this equation, where acT54,-HO, Ep, and Hggi1 (or
G} are fynctions of Tg. In-order to solve this equation, Newton-Raphson's
method is used, and the solution is reached iteratively,

This method is successful (Delsol et al. 1971} in producing reasonable
results and has boen used in the mode] until recently, However, it is very
complicated and very inefficiamt computationally. For this reasen it has
been replaced by the prognostic method descrilbed below,

The time»dependent prognostic equation is sot up {Arakawa, 1972; GCorby

et al, 1972) as

+

3 Ce Pd T | "
o Cs forde T : v =P ¢
{5 o f?;n"““ Ho Y }:o o {'f' Ly (‘T

ot | (5,4)

where Cs is the heat cepacity of soil, % 1s the density, and de s Lhe
thickness of soil Jayer,
These factors, Cey po and dg tegethar with the thorma) conductivity in

#

G determine the thorma) inertia, and atcordingiy, the cscillation of tha

1
IS

selution for Tg. The ampiitude of diurna) varietion of Ty and the diurpai
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phase relation between T;, Rg and G are controlled by these factors, The
Eonstant dg and.the thickness of next soil layer (see figure 5.3) are cho-
: Sen to yield the exact solution for a sinusoidally varying soil surface
heat flux é. In_our case, dg=b cm (Bhumralkar, 1975, used 1 cm) (seé
Deardor{f, 1978). |

At any rate, the fina].prognostic results of surface temperature and
pressuré appears to be acceptable despite the artificiality mentioned
above, and in fTact, the prediction is better in terms of the 500 mb geopo-
tentiq1 height skill score than in the preﬁious version which used the
_balance solution, |

P e bt ek a1

From (4.27), Hy is (figure 5.2)

!:41,/559 == P C}f,[ 6 () — @ (2] (5.5)

Over land, £y depends critically on the availability of moisture, so

instead of eg. (4.28), the relation

-

Fo o= (3 B (5.6)

is used. Where Epot is the rate of polential evaporation (Thornthwaite,
1948), and g is the availability of soil moisture, Epot is tentatively

Cwritten as

where Ugat{Te) is the saturated moisture at the surfacn temperature Tg.
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The so0i1 heat conduction, Hgyiy, is (figure 5.3).

G = Ks' G~ fs
- ,.

;f/////////////7 .

ti
soil

88 L o

Fig. 5.3 Subsurface three-layer moded, Ts is the surface temperature:

Tq,15 Tg,2 and Tg,3 are the i Lemperatures gt levels of 7

9,13
/Q;E? and Zgjjq ' ,

10 -



Eq. (5.4) is solved by marching calculation (implicit-scheme) under the
condition that o(z), q(z), ¥{z}, Rg¥, Ry + for the atmosphere and
-,'Tgal’ B for the soil are given.
.5.2 Heat ba?anée ovér Tand with snow/ice

Whether it snows or not or how much snow is deposited on the ground are
treated &s separate issues. We are only concerned here with the snow melt
and the prediction of surface temperature,

For this reason, if snow is not on the ground, the case does not belong
to this subsection but to the Tast subsection.

If there is snow on the ground, we first compute a provisional surface

temperature, Tg, from (5.4) with Ex=0. Then one of two cases can occur,

) Tg< 273.16°K (below or at the freezing point). There is no SNOwW -
meit, and Tg is the final surface temperature, | |

b} Tg>273.16°K (above freezing). The snow is melted to either the
degree that Tg-273.16°K or the snow is melted entirely. |

First, recalculate Heoi7 as

Lg J\' E;: X, T R n . IWI"G T L' I‘EQ "”{""" ’Wf 5 m‘_,é_ {5, ]0}
with Tg=273.16°. Then
(5.11)

ig?um%‘ - EE)ﬁ ' 4&{:

represents the maximum depth of snow (in weter equivalent per unit erea
that can be melted by lowering the ground lesperature Tg to freezing point.
Compare Sgax with the existing saow depih {(per unit area), S. If SPSiaxs

“then




S (aftn) = S (befrre ) - N {5.12)

Tslaftsn) = 273,16°K o (5.13)

cand if S<Spax, then

Ex (pord) ot = G (fefore) S (5.4)

Slefler) = 0 | | (5.15)

Predict new Tg, based on .
o I . . . o
Co i ds [ s Cafhpn) — 293,06 K J
| At

- :"‘_;‘( ?zn - HQ o }-—.u\ E‘c’ >2’!3€K

A Msmt (213 e LJ}‘ ‘5/;2{: (5.16)

J

S is the water-equivalent depth of snow (when 1t is melted to water,)
The apparent snow depth in the state of solid s multiplied by 10.
5.3 Balance over sea | |

A water body has large heat capacity, so fhat it serves to moderste the
extreme atmospheric temperature, to retain the absorbed solar energy, and
afterwards to.reiease @ large amount of water vapor,

the heat balance equation is similar to eg. (5.4), except that G should
be the flux into water. The ocean treated in this manual is, however, the
so-called fixed ocean. So the heat balance equation is not used. Two
cases can be considered, i.e., sef without ice and sza-iea,

a)  Sea without ice

The heat budget equation 1s not treated, The surface temporature s
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specified by prepared data, i.e.,

TS = T.MA. At ._ (5.17)

[

Tség—surf is the climatological values (Alexander and Mobley, 1976), which
vary with space and time.

The sensib]e and latent heats are given by

I%? o — | {) CH‘ [ 8 (&) - 0 ] .{5.18)'

E, = — f Cy E?’/y (2 = Ty (53] (5.19)

b) Sea ice

The ice Tlimits are specified by climatological normals, which vary in
time and space.(Alexander and Hobley, 1676), . In the polar
regions inside of the ice limit the sea surface temperature is fixed
equally to ~2°C, B

The temperature at the interface between sea-ice and air is determined

by the heat budget ecquation as

J Q‘a‘e:.a'. f)u{‘ dﬁa’.‘wi-'gff? -

= Ry — Ho— L E

ot
:;) MTL‘t‘ﬁ, ' .
R » T:-r e _:\ S ——— s
Lf A (e, 3 7
e b et ki -.t""’l
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where Cimy'ﬁicea dice and Mcp are the quantities associated with ice.
' dice is specified uniformly as 2 meters. In reality, it is thicker

than 2 meters (see Foofnote ).

% jee = 2.03 Wm.deg is used. This value is for pure ice (see Footnote

11),
fpotnotelli

The mos t jmportant in the energy balance over arctic sea ice is the
correct specification of the sea ice thickness. Presently the modé} uses 2
meters everywhere there is sea ice. But the ice near the Canadian archipe-
lago is always as thick as 6 meters; and average thickness is 3 ~ 4 meters
(figure 5.4). The heat flux would be cut in half over half the area extent
of the arctic ice cap if climatological or observed sea ice thicknesses are
used,

Footnote 11:

-Present]yg the flux of heat through sea ice is computed using the con-
ductivity Xea, for pure ice. Nee 15, however, a function of salinity and
snow depth.

Unterstéiner-gives the following relationship for the conductivity of

sea ice as a function of salinity S:

Mee © Nice tHS/(Ty - 273)
where |
W 117 mz/Kg
Cs o= osalinity in Kg/md

%ice = conductivity of pure jce 2,03 W/m®Y

h A

~5 in g
Tad D, f]ﬂ
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Fig. 5.4 Observed ice thickness values obtained from submarine sonar data.

Units are meters (after Hibler, 1979).



Sa?inity is a function of ice thickness: some selected values are: 7.3 for
0.4 meters and 5.2 for 1.0 meters of ice. Clearly, for thickness of 2 to 6
meters, sa1inity'is of minor importance.

The comﬁined snow and sea ice effective conductivity, Aoff, can be

shown to be given by the following expression

Aeff (kicelsnow”ice)/()EnowHice + Acellsnow)
where.

- MeesAsnow = Sea ice and snow heat flux conductivities

respectively

4

HicesHgnow = sea ice and snow thickness respectively

The snow depth Hgpgy over the arctic ice cap is at best 20 cm which is much
smaller than the sea ice thickness Hice. Therefore, in regions where
Honow<<Hices the effective snow-ice conductivity Aeff reduces to that of
sea ice Ajep. This occurs wheh the sea ice thickness is greater than one

metey,



6. Land Surface Conditions
To those living on the surface, the conditions described.in this sac-
ltion are of a gféat concern, and the} affect quickly the atmospheric tem-
perature an& humidity.' To the Targe-scale atmospheric circulation also,
these, conditions provide substantial effects on the time scale of 20 days
and beyond.
6.1 Detefmination of 5011 moisture (SM)
Figure 6.1 i1lustrates the hydﬁﬁogic process over land surface and the '
immediate subsurface. The conservation relation of waler mass (SM) is

written by

, DW - 7
7, %i{._ =P —E —% ~F (6.1)

fon_ wal

where w is the volumetric soil moisture content (i.e., volume of

water/total volume) (in units of gr. cm~3) Zp is the root-zone depth, P is
the rate of rainfall (gr. cm“2.3“1), E, 1s the rate of evaporation
(gr.cm“ES"l), ﬂ; is the rate of runoff (surface runoff), and Pp is the rate

of percolation to water table (gravitational flux of moisture). This frrm—
3?,‘9 6

| S————L T

equation is‘app]ied to the layer of vegetation root-depth, L.

Hydro]ogists.cansider another Tlayer, to which the water goes through Pp..
In this manual, following the version of Manabe (1969), the second

layer is not considered; i.e., Pp=0. Accordingly Zr.wmkfis used in (6.1),

© The evapotranspiration, Ey(=E,) depends on SM, so

rr - @1& Ep(}t . (5.2)

—
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- where Epot is the potential evaporation, which is defined as the evapora-
tion that occurs from 3 freely transpiring surface or from a wet bare sur-
face. Epot s a key variable, which will be discussed later.

The ground wetness, B, is specified as

. AW 2> W,

(6.3)

W/W}{_ % W <l Wf{.
where

B ‘ ; . 6.4
o e . W:( _— 0‘ '75“ £ WF-C. . : A ( | )

and Wee is the “field capacity of soil moisture," i.e., the upper 1imit of
water that can be stored in soil WEe=1d em (or Wi=11.25 em) is in current
use (see figure 6.2a). Eagleson (1981) recommends that the soil moisture
storage capacity should be estimated on the bases of vool-zone depth Z. and
soil porosity n rather than "outmoded concept of field capacity." Figure
6.2b is the relation of ET/Epot and ¥/n(=6h in the figure) by Eagleson
(1882), which was modified from the original diagram of Lowry (1959), 1In
pract?ce, however, in order to follow the Eagleson's suggestion, it is
needed to Have maps of Z, and n over the global continents. Note that S}s
referred to ﬁs the "evaporation efficienty," "the ground wetness," "the
availability of soi] moisture,” or “the degree of shortage of water.®

Budyko recommends using field capacities ranging from 15 g/en? 4n
winter to 30 g/cm? in summer over deserts, 20 g/em? in forested regions i
early spring to lSlg/cmz it sumer, and 17 g/cm? in spring te 12 g/cm’ in
summer over forested steppe regions.

Based on the equations (6.1)-(6.3) the S and the rg (runoff) are

G U A PP

1482
J

et b a1
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determined. First calculate the rate of snow melt, Mo,

Mﬁ = EX/L-}'AE {6.5)
a) The case of no snow
If Ma<B, there is no snow melt
If W= W and P> E, ;
oW ' -
s e () CVA T‘ - -_ l::
ok oed M= P °, (6.6)
If w < Wie
W "'
mgv&m = P ch' and an =0 , (5’{)
b) The case of snow melt
If Mg>0, there is snow melt
If Wy,
I W '
tgﬁg"““ I F1¢l ~f- Fﬁ (6.8)
If W=k,
oW q "
__%%w =0 ad Vg o= Me 4 P (6.9)
snow amount s
) S¢ — E
A S, e " S ~ JR— f\r’!
ot ¥ 0 ¢ (6.10)

where Lo=ET, and Sp is the rate of snowfall.

Determination of evapotranspiration

The evapotranspiration consists of ¢hree major components.

Gne is the

evaporation from the bare soil. The second and the third are the trans-
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piration from the grass covered land and from ‘dense forest (tall tree)
land, respectively.

In this manual, two versions of the calculation will be described. The
first one h;s been conventionally used in GFDL (Manabe, et al. 1965); the
second one is the Priestley-Taylor (1972) method. Version I has not been
well tested against observation, as an individual formula, and yet it has
been emﬁ]oyed for many years. The total evaporation over the bpeang as
revealed in GCM experiment in Manabe et al. (1974), agrees remarkably wel)
with the Budyko's estimate on the climatology. Version II was derived by
Priestley and Taylor (1972), but somewhat different fbrm was proposed hy
Penman (1948) and McIlroy (Ecéording to Davies and Allen, 1973) (see
Footnote II). It is popular and was validated by observation. However,
this formula is only valid for the low grass cover, bare soil, and ocean.

in the following, Epot Will be discussed, and the final evapotranépira~
tion is given by Eo=BEppt. '

Version I

As descirbed in eq, (5.6)

LByt = =Lp G 960 — 4at®] @i

) et

The current E-physics uses Versin I.

Yersion 1}

. A - .
iﬂtfzrbf o ﬂ 2,6 e Liw A Cr } (6.12)
" //i ‘i ‘zﬁ/

F——-




~ where g'ﬂ'-w??r“ » ¥ = Cp/l, and 1.26 s an ‘empirical constant (Priestiey

and Taylor, 1972). ¢ is normally very small, so it can be neglected,

L A Y o m b

{Figure 6.3) See Footnote I for derivation of the formula,

' ' '?a‘g 63

Footnote I: o .
The ratio of L E, and Ho (reverse of B) is'written for the case of

saturated surface as

h L'Egy . 'L Z\ (t) — ZSM(TS')

(F.1)

L UL S Pt —

H, Co T — Ty

Then if T is ¢lose to Tss 4. (F.1) is treated by Taylor expansion as

) LJ E%: . Ly % ?isw? . A

R \ — P e (F.2)
He ° & 97 ¥
where ,
: ) 3
— a év‘ SA‘A' g (["3)
AE ST, Y E Gy |
Therefore : ‘
- A, -
bBo= === (E, 4 H,) (F.4)
1 . . A""’y
or - '
- A ( ,
B e enmimte fz — (Q L5
| =, T n r) | (F.5)

Ry is the net radiation, and G is the heat flux into the s0i1 (or ocean).
However, this is only valid for the saturated surface, and in general, it

is written as
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LE = o -2 (R ) s
6 44T (Rn T)

o is empirica]]} determined (=1.26). See also Figure 6.3.

B = HO/L.EB is written as (Priestley and Taylor, 1972)

A
|~ l.2¢ PR
Y A (F.7)
l‘ 4 A"{‘B’

which is a function of only temperature, Figure 6.4 shows that the ratio

indeed depends on temperature.

Footnote 11:

Penman (1948} proposed a formula, which is reproduced here, using eqgs,

(6.11) and (6.12) as

A, : S |
L Epot = 2 & (6i) 4 .__,__L_m,{gtg (€.i1)
] i : .
= [ A 1,26 (Ry— §)
Aoty | .
= YL Cy ( LB = Fer C13)]
(F.8)
where Ap s ihe slope of the saturated vapour pressure-temperature curve,
e
i.e., ME%QQ s and v is psychrometric constant Y= € /06220, See

ALY,
Bruts%{fa(IQBZ) for the derivation. The original form of the second term
in (F.8) is, instead of eq. (6 11), Ep o(egat-e), e being the vapor

pressure.

Mintz (1982) shows the large difference of evaporation between. short

e et s s s
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Fig. 6.4b

“Indian Ocean {University of Washington), (2} Indian Ocean (CSIRO

Dy 1/62), (3) Indian Ccean (CSIROD G.. 4/62), (4) take Eucumbene,
(5) CSIRO lysimeter, (6) University of Wisconsin lysimeter, (7)
fluxation, (8) Wangara, and (9) Atlantic Ocean are plotted (after

Priestley and Taylor, 1972).
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and tall vegetation. Tall vegetation has good ventilation, because of the
elevated position of the trees' top and the large volume of leaves. As a
result, the rate of transpiration is much larger than the counterpart of
low vegetaﬁion. it is interesfing to note that the forest removes sensible
heat from the boundary layer, and consequently, Hy is negative, which means
that By is negative. |
6.3 Soil heat conduction

The diurnal variability of surface temperature could be very large,
particularly in summer sand desert. In this connection, the soi1lheat con-
duction serves to alleviate the extreme temperature appreciably
(Bhumralkar, 1975, mentioned that the diurnal range of 56°C is observed in
ﬁfrica, whereas a numerical model can give even 70°C without the effect of
soxd heat conduction.),

The heat conduction equation is written as

>T _ 52'}‘;
Cs‘P$ “"‘g)f“{“:_ = A - "-5”%%,:* (6.14)

where X is the thermal conductivity
A= g fs kg . o {6.15)
Kg? thgrma] diffusivity
Cgi specific heat
pgt bulk density of soil

PgeCet heat capacity

B o DT |
H e e ( Fir Cs o s "f"‘"“"“‘“"> (6.15)

a?;. L=

In this manual, the heat capacity is a function of the ground wetness, B8,

and the form is tentatively



psCs = (0,254 +B)
For g= o,
= 1.5 g cm-3
Ce= 0.32 cal.g"‘l,deg‘.1
Kgn 3.0x10-3 ¢, g-1,

E-physics model contains three soil levels (figure 6.5); Ist, 2nd, and
3rd are at the depths of 10, 50 and 500 Cm, respectively (Delsol et al.
1971).  The temperature at the Uth level (2.5 cm) corresponds to the syr-
face temperature, i.e., Tg_0=T5. Thé Towest boundary temperature Tg'3 i

fmposed by the annual mean atmosphere Lemperature, which changes in space

but not in time.

Fig. 6.6 shows the seasonal fluctuations of the ground and underground

temperature at Barrow, Alaska. The Lemporal shift of the temperature

maxima and minima with depth is noted. For common s0iT, the diurnal tem- s s

berature wave does not penetrate below 50 oy and the annual wave does not 3{?§,5|é
B 1/

go too much beyond 5 metors, N _ ST

6.4 Emissivity and albedo

The emissivity and albedo arc the Paramaters related io radiation.

£
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Fig. 6.6 Seasonal variations of temperature with depth measured in Barrow,

Alaska (after Cooke and Doornkamp, 1977).



They vary depending on the tyﬁe of land surface, snow/ice covér, and soi1
mofsture,

Concerning the soi) moisture, a discussion was given'in the previous
subsection; The snow/ice cover is another variable, which affects_the
monthly or seasonal variability of atmospheric circulation. The climatolo-
gical monthly mean distributionlof snow/ice is prescribed as an initial

condition in forecasts. Eventually it will be replaced by the observed

snow/ice cover, taking the satellite snow dta. Figure 6.7 is the climato-
fogica] mean of the snow boundary for January (Wiesnet and Matson, 1979).

- a) Emissivity

.}ﬁe emissivity changes in measureable amount with so0il moisture
(Edgéfton et al. 1968), For example, ev 0.85 ~ (0,95 for dry soil,
0.4 & 0.8 for moist soil. e decreases by 0.01 for an increase of soil
moisture by one percentage unit in the range of 10~ 20Y soil moisture.
depends on other factors too, Namely, smooth surfaces usually have

tower emissivity than rough surfaces (Edgerton, 1970)

Dense vegetation €= 0,85
Sandstone 0.88
| Granite 0.87
Basalt 0.863
Qlivine 0.82
Dolomite 0.80

However, in the current E~physics,

€ = 1,00 {6.20)

5 used.

L
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Fig. 6.7 Northern Hem1 phere January 1978 mean Snow line versus January

lﬂnyear'mean snow line. Due to lack of sufficient sotar i1lum-
nation for satellite visible data, the snow line is terminated at

52°N {after Wiesnet and Matson, 1979).



b} Albedo

The surface albedo, a, is used in eq. (5.1). The global average is

0.17 or 17% with + 25% uncertainty (Robock, 1980), The land albedo map
" publsihed by Posey and Clapp (1964} is now widely used, in which six dif-
ferent land surface characteristics are specified, Kung et al (1964) con-
ducted a.detailed study of land albedo distribution over the United Séates
using aircraft measurements..

The general approach of specifying land albedo in a &CM ts as follows.
First, the background albedo is defined for all lands of the vworld,
depending upon the land surface characteristics, such as forests, tundra or
.desert. This albedo is supposed to be for clear sky and to be free from
snow/ice cover and for the climatologically normal soil moisture,
Secondly, the effect of snow/ice cover as well as the anomaly component of
5011 moisture are superposed on the background albedo.

This is in current use in E-physics (Holloway and Manabe, 19?1). 1t s
heuristically assumed that the atbedo changes in proportion to /s, if the
snow depth, 5, is Jess than 1 e (waternequfva1ent depth) (10 em in
apparent snow depth).

When S exceeds 1 cm, the albedo becomes saturated. -

The background aibedo, g is taken from Posey and Clapp (see figure 6.8).

Therefore

N:g,{{'fw gig

[t v o s s mraerp AL

‘“g + JT(ay - aj.) S < 1 em

P ]
P

A

Uy

21)

where ag = 0.60.

!

o i e s



Fig. 6.8 Background albedo based on Posey and Clapp's atlas.



7. Sea Surface Condition

In ocean fixed models, the treatmentvof sea condition is simple.
7.1 Sea surface temperature (SST) v

As ment%oned in section 5.3, the SST is specified as'a function of
space and time. The value could be the climatoTogical normal, or the real
sea temperature, which consists of the climatology and anomaly.

In the current model, the climatology by Alexander and Mobf&y (1976) is
employed. The original data are given as the wmonthly normals with their
cénters at the middle of the month. therefore, the input data of SST are T
interpolated in time from the original monthly averages, using Fourier
series expansion method.

7.2 Emissivity and albedo

a} Emissivity

The surface emissivity £ in eq. (5.1) is given by

e = 0.4
(701)
over continuous liquid water surface.

by adbede

-,

Two cases occur.

b-1 sea water - The sea surface albedo is specified as a function of

the cosine of the zenith angle based on the measurement of Payne (1972).

b-2 sea ice/snow

I T¢<0°C and snow <0
a= 0.5 | (7.6)

and if <now ».0



#

0.75
0.60

Lo

for latitude 2> 10°
for latitude < 70°

(7.7)
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