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1. INTRODUCTION

A numerical model for simulation of the global circulation of the
stratosphere and mesosphere is current%y under development at the University
of Washington. The complete model is a semi-spectral model in which the
longitudinal dependence is represented by expansion in zonal harmonics
while the latitude and height dependencies are represented by a finite
difference grid. Since many of the dynamical processes which occur in the
stratosphere and mesosphere are the result of interactions between the
zonal mean flow and planetary waves, it is useful to formulate a model in
which the zonal mean and wave portions are explicitly separated, as is
done here.

The model is based on the primitive equations in the log pressure
coordinate system as given by Holton (1975). In ordex tg avoid the problems.
inherent in simulating tropospheric meteorological processes, the lower
boundary of the model domain is set at the 100 mb level (i.e., near the
tropopause) and the effects of tropospheric forcing are included in the
low;r boundary condition. The upper boundary is at approximately 96 km,
and the latitudinal extent is either global or hemispheric.

In this report we first outline the basic differential equations
and boundary conditions. We next describe the finite difference equations.
We then discuss the initial conditions and present a sample‘calculation.

Finally, the Fortran code is given in the appendix.



2. BASIC EQUATIONS
In setting down the basic equations we will make use of the following
symbols:
A longitude
8 latitude
z a measure of "height" [= -H &n (p/ps)]

4 scale height [= RTS/g]

R gas constant for dry air

TS a constant étratosPheric mean temperature

g gravitational acceleration

P pressure

p, @& constant reference pressure

u eastward velocity

v northward velocity

Ww a measure of "vertical velocity" [= dz/dt]
'1‘0 a basic state temperature [= To(z)]

¢, a basic state geopotential [= @O(z)]

T departure of local temperature from To(z)

i) departure of local geopotential from @O(z)
Q angular velocity of earth

a radius of earth

J diabatic heating rate per unit mass

cp specific heat at comstant pressure

K ratio of gas constant to specific heat at

constant pressure [= R/cp]
dx  eastward distance increment [= a cos & di]

dy northward distance increment [Z ad6].
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The horizontal momentum equations can then be written in fiux form as

du , 9’ 13 2
ot + 9% cos? 8 Jy (av cos® 6)

i 3 . _ o9
+ po 5;—(powu) - 20v sin 8§ = - 5= + Dl(u) (2.1)
ov 3 1 2
ot *+ d (uv) cos 6 By (v" cos 6)
13 u® tan 6 . _ 9%
+ E;“g; (povw) +__,_;____,+ 20 sin 6 = ~ §§-+ Dz(v) (2.2)

Here, p, = Pq exp(-z/H), where Pe is the mean density at z = 0. Dl(u) and
D2(v) represent subgrid scale momentum diffusion, Explicit forms for these
terms will be given in Section 4.

Using the above notation the hydrostatic approximation and continuity

equation become

ad, RT, 3% T .9

dz B ° 9z H ? )
and

su, 1 3 1 3 _

N + cos 8 3y (v cos 6) + o g (pow) =0 (2.4)

The wvariables To and @0 define a hydrostatically balanced basic state
which is specified to be the U.S. standard atmosphere. Using (2.3) we can

write the thermodynamic energy egquation for the departure from the basic



state as,followsl

8@2 2 1 d
7;;-+ 5;-(u®z) + == A 5;-(v@2 cos 8)
+'4k'ii'(p ® w) + wN% = gJ/H + D, (d) (2.5)
Po o9z o'z LA
where
N2 :.E. _C.IEQ_.E.EQ
“H {d=z H

is the buoyancy frequency squared, and we have let D2(®Z) denote the subgrid
scale diffusion.

The basic state temperature profile is assumed to be in radiative
equilibrium (see Section 9), so that the horizontal average of the diabatic
heating will wvanish provided that the horizontally averaged temperature
equals the basiec state temperature To(z). Because of the nonlinearity of
(2.5) the horizontally averaged temperature need not remain equal to To(z)
as the flow evolves in time. However, in practice we find that departures
of the horizontally averaged total temperature from To(z) are at most a few
degrees so that for practical purposes the horizontally averaged diabatic
heating remains very small, and J can be regarded as the differential

heating.

1Following Holton (1975) we here neglect the small term wxT/H compared to
WKTO/H. This approximation is necessary if we wish to define available

potential energy in terms of the temperature variance.



3. ZONAL HARMONIC EXPANSION
The basic equations of the model were given as (2.1), (2.2), (2,4),
and (2.5). In order to develop the semi-spectral model we expand the

basic edquations in zonal harmonic series by letting

n =--w
Ehyazt) = e ) (y,2,00e™ (3.1)

= 00

where £{)\,y,z,t) stands for any field wvariable and Fn is the Fourier transform

of £ defined by

—zjom T
a

_ -ini
Fn = J f(A,y,z,t)e dA (3.2)

-7
so that F_n = Fg, where the asterisk denoctes the complex conjugate.

To transform the nonlinear terms in the basic equations we need the

convolution theorem:

+ 7 +eo
EJ [E g Je 1™ 4y = 2/ G

¥
m n-m
1 m=—o

from which we find

-+
1 of —-in) _ z/H Z .
o j [ax g} e dA = e im Gn_m Fm

- T = -C0
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To Fourier transform (2.1), (2.2), (2.4), and (2.5) we define the

following transform pairs:

£{A}: u v W o] «J/H

The transformed equations are as follows:

U

_n _ -~ in_
ot fVﬁ a cos 6 W * Dy (U )

z/ZH }: [ 2im U U
acos 0 mn~m

m=-—<

12 wy 2 8) + 2 (W (3.3)

cos? B §§- m n-m m n—m)}

where £ = 1 for n = 0, £ = 2 for n # O.

BVn BWn

E R A

4+ co
-2/ Z [—-—-——-—-—m UV _+7VU )
- a cos § " mn-m m n-m

=00

1 — (V.V cos 8)
cos 6 3y " m n-m

0 tanf
_E-(Vmwﬁ-m) + a (Umpn—mi} (3.4)



3, 1 _ 228 z:
8z ZH]WB] {a cos 6 Eﬁn

m=—

3 4 1] 18 2,1
* [Bz N ZHJWmUn-uJ T os 8 ay |°°° 8 Vn—m[az * ZH] q&J

d (3 , 1
* Bz [wn—m LE * Z_H] 1Pm]} (3.5)
inl
n 1 0 1
a cos § cos O By (cos 8§ V ) + {52 - EEJ Wn =0 (3.6)

We now severely truncate the wave spectrum by assuming that the flow
consists of a single wave of wavenumber n = s, and the zonal mean n = 0.

To exclude all other wave modes we must replace the summations in (3.3) -~ (3.5)

by a summation over the two values m = 0 and m = s.

3.1 The zonal mean equations

If we set n =0 in (3.3) - (3.6) and replace ( )o by (ﬂ_) for all field
variables we obtain the zonal mean equations:

W = z/2BE[ 1 3 2 3 ==
ET - IV=-e¢ |:cosz 5 By (U YV cos 8) + = (U W)]

+ FI'I + Dl(U) (3.7)



%‘{-l- £ = %- z/2H g2 tan B+D ) (3.8)
v
1 3 = 8 _ilg.
cos O dv (V cos 6) + [Bz ZH] Ww=0 (3.9)

8 (8% , ¥ 2 z/26 [ 1 3 [% 3 . 1) w
[ + ] + N*W = + FT - e { 5 By [Y cos 8[3 + ] T]

at |dz H
3 [={a , 1} < o, V) L=
+ '5'; [W[-a-;‘l' ﬁ] ly]}-*-DZ[E -+ ﬁ] + Q (3.10)

where f = 20 sin O is the Coriolis parameter. Here FM denotes the convergence
of the momentum flux due to zonally asymmetric motions (e.g., planetary
waves) while Fp denotes the convergence of the eddy heat flux.

We have neglected the advection by the mean meridional circulation and
the eddy momentum flux terms in (3.8) since the mean zonal wind is nearly
in gradient wind balance. The terms v/ ot and]Dz(V) are also very small
but must be retained for our method of numerical solution.

With the aid of (3.9) we can define a mean meridional streamfunction,

i, by letting
ﬁcose=g—§ . vCose=—[-—a———l‘—}}_{_ (3.11)

The X field proves useful in specifying boundary conditions and solving the

zonal mean component equations.

The eddy flux convergence terms in (3.7) and (3.10) have the following forms:

_ z/2H 1 % x
FM__e {-——-——-coszeay[(UV +UV)cos B1

3
— % S -
+ oy (USWS + USWS)} (3.12a)



and
TS 3 B S v [ 1] 2, Lly |
Fp=-e¢ {cos 8 8y[ cos eLvs[Bz * 2H| IP* * V*[a * Zﬂ]w ]:l
9 3 1 (3 . 1)y
+ oy IjWS [3 + 'ﬁ]‘i’ + W \32 + Z—H]‘i"s-} (3.12b)

3.2 The eddy equations

When we set n = s in (3.3) - (3.6) and again designate zonal means by

an overbar rather than the m = 0 subscript, we obtain the eddy egquations,

Uy -is z/2H iSUs—IE Vs
ot _fvs=acosﬁ‘ys_e {acose coseay (U cos )
+W |42 T+, W) (3.13)
s |dz 2H 2% s '
av_ - U U, tan 8  isV U
8_t+£U T T %y T { a + 2 cos 8}+D2(Vs) (3.14)

ER R oy _ o~ _ 228 [ dsB (& , 1
3t [{Bz + ZHJWS:I + N Ws - Qs ¢ {a cos B [Bz + ZHJ?S

g 1
+ D, [[8 + ZH] ?S] (3.15)
isU
- L Do)y -
a cos § cos O B (cos © Vs )+ [Bz - 21.1] WS =0 (3.16)

Here all terms involving advection by the mean meridional circulation, V, W

have been neglected.



4. BOUNDARY CONDITIONS
Conditions for the zonal mean:
The model can be integrated on either a hemispheriec or global domain.

For global dintegrations the horizontal boundary conditions are as follows:
X=U=V=23%0y =0at 8 =27/2 (4.1)

For hemispheric integrations the same boundary conditions are used at
B = 0, W/2 except that a value of U not equal to zero may be specified
at 6 = 0.

Vertical boundary conditions are specified as follows:

It

U ﬁé(y,t) at z = 0 (4.2a)

where z = 0 designates the lower boundary (i.e., the tropopause level) and
ﬁg is an externally specified mean zonal wind. The boundary mean =zonal .

flow is assumed to be in gradient wind balance. Thus from (2.10) we see

that at z = 0

v

1
o

(4.2b)

and

oY —  —2 tan O eZ/2H
y

e fU + U 2 (4.2c)

Using the conditions (4.2a) we can integrate (4.2c) to obtain ny,t) at
z = 0, provided that we let the horizontal average of ﬁfy,@,t) vanish.
At the upper boundary (z = zT) we assume that the vertical shear of

the mean zonal wind, the mean meridional wind, and the mean geopotential
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all vanish. Thus,

9 |=.=z/2H) {3 1] =
e [Ue J = [§E-+ Eﬁ] U=20 (4.3a)
3 1) =
[Bz * ZH] v=20 (4-35)
and
I U
[82 + 2H] ¥Y=20 (4.3¢)

Condition (4.3c¢) of course implies that the zonal mean temperature must
- equal the basic state TO(ZT) at z = Zg.
In addition to these conditions it is clear from (3.7) and (3.10) that
boundary conditions are also required for the vertical momentum and heat
fluxes associated with the mean meridional circulation. We wish to avoid

specifying W or the fluxes themselves at z = 0. Instead we assume that

the flux divergences vanish at the lower boundary:

Il N - == IR A B S
3. @M =5 [W[az+2ﬁ] ‘P} =0 (4.4)

However, for simplicity we assume that the fluxes themselves vanish at the

upper boundary. If in addition we let Q = F_, = 0 at the upper boundary,

T
then from (3.10) we have

ﬁ=0&tz=zT (4.5)
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Boundary conditions for the eddy equations:
The boundary conditions for the eddy motions are analogous to the
conditions for the zonal mean. However, the case s = 1 must be treated
separately because VS éoes not vanish at the poles for s = 1. Thus, for

integrations on the global domain we have at 8 =  7/2:

[}
il

VS =0 fors >1 {(4,6)
U f90 = 3V /38 =0 for s =1
s s

For a hemispheric domain the conditions at ©§ = 0 depend on the symmetry

conditions assumed. 1If geopotential is symmetric we have

8?5/39 = BUS/BB = VS =0at0g=20 (4.7)
If geopotential is antisymmetric we have
WS = Us = 3Vs/36 =0 at 0 =0 (4.8)

Conditions at the horigontal boundaries are specified as follows:
At the lower boundary a geopotential height perturbation is specified so

that

l:t‘s(y,t) = ghs(y,t) at z = 0 (4.9)

while at the upper boundary the wave perturbations are assumed to vanish

Y =0 at z =z (4.10)



L3
The latter condition requires that we impose strong damping in the layers

near 2z, to prevent spurious reflection of wave energy from the upper

T

boundary. Finally, in order to compute Fy and F_ at the upper and lower

T

boundaries we assume that the vertical momentum and heat flux divergences

vanish at the boundaries.



5. ENERGETICS
Tt can be shown that the eddy equations (3.13) - (3.16) are energetically
consistent with the mean flow equations (3.7) - (3.10). In fact the system
is governed by a Lorenz type energy cycle which (neglecting the diffusion

terms) may be writtem as follows:

%= (k_+K)+(R-T)+BE® (5.1)
Lo (EK)-(R-A)+T+3B@® (5.2)
dK_ _
<o =~ (X, K>+(AS K7 + B(K) (5.3)
— 5 (A (A -
m (a As> (a_-K) + 6 (5.4)
where
2 2 4 T2
EEJJ [i—.;:—v—]cosededz
o 0 .
o /2 — ’
T = 1 (3, ¥
A:JJ Eﬁ?[az-*_ZH] cos 0 d6 dz
(e o)
/2
._ — = Z/2H 1 i 2
K K)= - JJ Ue {cos 6 3y [(USV;“ + Ugvs) cos® €]
0O 0

+ cos e—a-(UW*+U*W)}d9dz
oz s s s 8
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o /2
(K-E)EJJ ﬁ-éa—-!-%]?cosededz
o 0
/2
B(K) = f {[w(y + v2/2) + G(u_Ws + 050 )] cos 6 as},
0
TVZ
z/28 s —
. = o L, ¥ | j o - N
Eoads | [ S e g {5 {eoe o [l e 2
0 0

]

B(A)

s|dz 2H) s] 3z 3z 2H
+u [+ Aus]) ap ez
s LBz 28} "s|
o /2 _ .
E+JJ —Qz—[—+—2—ﬁ] cos § d8 dz

n/2

I

0 "
+ W [3 + 21—1]11’ ]] cos G d8}2=0

o /2

K, = J J (Jo_l? + [V ]?) cos & d8 dz
oo

1 fo¥, ¥)%o . 1 fo¥ Y] 3
{{ZNZ [az+2H] ¥ e [Bz+2ﬂ][w§ [a *

=0
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1 8‘{’5 ‘Ps 2
AS:JJ F[ﬁi—ﬁ] cos O do d=
O 0
— ‘ ) 1 3 e
A K ) = J J [Ws[az +3_ﬁ]\y§ + WX [5-—+ 21{]‘{’] cos 6 dO dz
o0

B (Ks)

m
—~
-
=
5
+
o
=
S
0
Q
73
o
(=N
@D
Led

1 oY% 34 B‘i’s ¥
GS=JJ -7[ [Bz + 31_1']+Q[_§_z_+ﬁ]:l cos O df d=z
o

Thus, in the above eguations the terms enclosed by angle brackets
represent transfers of energy among the components _IE, K, KS, and As while
the terms G and GS represent diabatic heat sources and the terms B(E),
B(A), and B(KS) represent energy fluxes across the lower boundary.
Summing (5.1) - (5.4) we see that the total energy K+ A+ KS + As is

conserved in the absence of diabatic heating and boundary fluxes.



6. FINITE DIFFERENCE EQUATIONS

6.1 The grid mesh

A1l field wariables are represented on a staggered grid in the
meridional plane with grid points identified by the indices (j,k). Here,
j increases southwards and k increases upwards. To minimize truncation errors
the grid points are staggered as shown in Fig. 1. The grid staggering is
arranged in the horizontal so that U, V, F., X, ¥' and W' are defined at

the meridional points given by vy = (ma/2) - (j - LiAy, j = 1,2,.. "Jm where
1Ta/(Jm -~ 1), global domain

Ta

ETE;tTIY » hemispheric domain

The variables ¥, U', V', W and Fp are defined at the meridional points
Ta . .
y =5 - (G- 1/2¥y, §=1,2,....7 -1

Thus, ﬁ; v, i} Y'" and W' are defined at the horizontal boundary points while
¥, U', V', and W are defined a distance Ay/2 inside the boundaries. This
form of staggering is natural for use with the horizontal boundary
conditions {4.1).

The vertical staggering is arranged so that U, V, ¥, U', V', ¥' and FM

are defined at the levels

z=(k - 1Az, k= 1,2,....KN

where Az is the vertical grid increment; while the variables W, X, W' and

FT are defined at the leve%s

2= (k- 1/2)8z, k=1,2,....0& -1 .
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6.2 The difference equations for the zonal mean

For time differencing we choose a semi-implicit method in which the
inertia-gravity terms {(i.e., the Coriolis, pressure gradient, and adiabatic
heating terms) are treated implicitly while the nonlinear advection terms and
forcing terms are represented by centered differences. However, in order
to prevent a weak time splitting of the solutions, which occurs due to Fhe
"}eapfrog" scheme for the advection terms, a forward time step is used once
every 48 steps.

The time differencing scheme can be expressed efficiently if we define

a time average as follows

T = Ban+1 + Ban + B4F

n-1 (6.1)

Here F stands for any dependent variable, n is the time index given by
t =nht, n=0,1,2....

where At is the time step, and Bl, 62, 83 are defined as follows:

|
it

(a) leapfrog step, Bl = 1/4, 62 = 1/2, By 1/4

I

It
o

(b) forwaxd step, Bl = 1/2, 82 1/2 63

For leapfrog steps the time difference can then be written as

QE_D . Fn—l—-l B Fn-—l _F - 1/2(Fn + Fn-l) 6.22)

ot 2At - (At/2) ’
While for forward steps we have

oF n . Fn%-l _ & _F- o 6.2b)

ot At (At/2) '
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In writing out the space differences it is comvenient to use the

following differencing and averaging operators:

8511720 ) = (O = () 1/0y (6.32)

(Yyp1y2 =[O+ Oy 41172 (6.3)

Furthermore, to write the required vertical differences we let

9F , F| _ _-z/2H 9 o z/2H, | + -
[Bz + 21’1} - e oz (Fe ) - (Fk_l. 16 - er )/AZ (6.48.)
where e+ = e"'\'zﬂd-I and e = e-AZIAH. Similarly, we have

F _F| - o

(Bz ?_H] * (Fpi1® - Re)be (6.4b)

where in each case the difference is centered at the k + 1/2 level.
Using the operators defined in (6.1) — (6.4) we can write finire

difference approximations to (3.7) - (3.10) as follows:

V- (EAL/2)V = 2 (6.5)
T+ (FAL/2T + (be/2)8; _ a® =F (6.6)
W™ =W _1eh) 26, (T, cos 09) = 0 6.7
¥, e - B + M2 G _p (6.8)

Here the terms involving the unknown variables have been collected on the

left hand sides, and the source terms involving known quantities at time
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levels n and n — 1 appear on the right hand sides. In writing ocut these
equations the subseripts j,k have been omitted wherever no ambiguity would
result. 1In the céntinuity equation cos § is required at both the V and

W grid points. Thus, we define

ej =7f2 - (j - 1/2)Ay/a (6.9a)
GJ? =7{2 - {(j - L)Ay/a {6.9b)

The source terms A and B are defined as follows:

4= ulﬁn + uzﬁn_ L. %E eleH { L S, (<ﬁn cos e*)J_(V“ cos 8*>j)

cosZ BF

l —In —_ —n :-’- —n
2Az cos 0% [(Uj’ke + Uj,k-l- 18 )(W fale}s 9)3 ~1/2,k
- (ﬁ'n e+ + 3l em)(ﬁn cos 8> 1 1
j.k j,k-1 5=,k -1
At —n -1
+5 [y + D, )] (6.10a)
gl cos 0% cos 0%
= _=n go-1 At z/2H (7 ||==n i-1 _ 3
B = l-llv + UZV + 5 e ‘[M\.y] [UJ -1 cos 6“«%‘ cos 63}‘_ 1]
cos 0% cos 0%
ok i _ j+1 At o =n-1
e g 200

Here the coefficients By and uz are defined as follows:
(a) leapfrog step, i.ll = 1.!2 = 1/2

(b) forward step, ul =1, My = 0
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In formulating B we have used a special form for the so-called "metric"
term, U° tan 6/a, which is required to keep the difference equations energy

conserving in adiabatic, frictiomless flow. To derive this form we note that

U? tan B - [N d 2
- a T 2 cos? 8 dy (cos™ 8)
This may be approximated as
U, [_ cos? 8:'*';_.1 - cos? 9%‘ _ cos? 9“%‘* - cos® 6;;‘_[_1
B s T s, (T ey
Gy 17j-1 cos 0% cos Gj -1 j+1 cosej cos Bj+1

which easily reduces to the form given in (6.10b).

In order to write the thermodynamic source term, K, in a compact form

we define a density weighted "thickness' by letting

<o  _ |ynB + g -~
Sj,k" Tj,k+le —‘Pj,ke] (6.11)

We then have:

-1 —n—l)}

R = ul§n + u2§“ + %—t- [Az(F; + Q) + D, (8

n

_A_t z/2H 1 & (T —=n f—n
e { [cos 6% (V') ) + ¥ OB >j-1/2,k]

2 2 cos 6 6j-l—l/2

1 —n =n ,/an + , zn
P ahe PV ka1 TV 0By e e TS

J.k e)]

=10 =1 = n +  =—n -
- (Wj,k + Wj,k—l)(sj,k e + Sj,k—l e )]} (6.12)
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6.3 The difference equations for the eddies

Using the above notation the equations may be written as follows:

~ ~ —1m At

U - (£AL/2)V_ = (*ys)ﬁl/ + 4 (6.13)
v+ (fAt/2)T = At g V) +B (6.14)
s s 2- i+¥% Vs s :

: + o NAthAz &

(Ts,k-iﬂl T 's,k e )+ 2 ws - Rs ) (6.15)

+ AZ . Fa) ~ _
CWé’ke -_Wé,k—le )y + EE§—§;'[1<msUs°°S 6>j—5§ 4 Gj-ﬁ&(vs cos B)}=0 (6.16)

Where here m = s/(a cos B)

n
= Il 1 At 2/2H < n g *
A = WD+ 0t 5 {i({msU )J.+1/ U+ soeg Sia, (U cos 6%)
[— + — —
ZAZ [<W k(Uj ,k"l"l e - Uj ,k e )>j+1/2
Gl T _T n-1
0 @ e =T e )y +& (@] (6.17)
Jsk-'_'l
n n—1 Z/2H 2 n
B, =WV, +u, > { {m*U )j+1/ .
U cos 6% cos 0
T by [J [cos ¢ cos 6*]
cos B cos 0%
T i _ ! At a1,
Ui [cos 6% cos 0. H} 5 D, (v, (6.18)
j+1 j
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(Note that if U is symmetric about the equator then AS and BS have the same
symmetxy a.s_ US and VS, respectively.)
In formulating BS we have used a special form for the metric term,
—ZEUS tanf/a, which is required to keep the difference equations energy

conserving in adiabatic frictionless flow. To derive this form note that

Tu
=3

~ 270 US tanB/a = “osZ B dv &y

(cos?® 8)

This may be approximated as

U cos? 0% - cos? 0, cos® 6, - cos? 6%
.8 [U [ ] 1 ] ]]

] + ﬁ { '+1
cos B% cos 0O, i+1 os B, cos 8%
i i J %% 3+

which easily reduces to the form given in (6.18).
The term R in (6.15) can be written in a fairly compact form if we

first define a density weighted "thickness"

+ -

Seik = Fa g ® ~ Y5000
We then can write
R_ Q 4+ At 1) (Sn 1y
1.11 S,J, UZSSSJ,
At =z/2H img —1 =1 n
-5 e [T O ke 795K 5,9,k
n
gn Az/ZH —=n -Az /2H
v [< > ~Y k1 -8 >'—1/2,1c—l ¢ ]
i} 1l
(V > 1 + (V ). 1
s 'q-"h,ktl s ‘i~ /2,k] —n]
4 S, 6.1
[ 2 i-Y% " (6.19)



7. SOLUTION METHOD

7.1 The zonal mean equations

The system (6.5) - (6.8) is a set of simultaneocus equations for the
unknowns ﬁ; V} ?, and W. To solve this set we first eliminate U between

(6.5) and {6.6) to obtain

<[>

At & = fAt —
= — — + - ————— .
Yj [ 5 Sj—ﬁg Y+ B 5 A} (7.1)

where Yj = (1 + £2AL2/48)70,
We next substitute from (7.1) and (6.8) into (6.7) to eliminate W

”~

and V. The result is an elliptic difference equation in ¥

= Az/2H -Az[2H, =
Tty ~ Tg T he ) ¥k
PO Y P A B Y be Y =D (7.2)

Here we have let N2(z) = Né/l" (z) where Ni = constant, and then expressed
I'{z) (the vertical variation of static stability) at z = (k - 1/2)Az as Pk'

The coefficients, Aj, Bj’ Cj’ Dj are then defined by

NéAZZAtZ
= %
Aj = WJ (YJ cos 63)
Néﬂzzﬂtz
% ® T eos 5, (yn °0° %)
B, =-4, -C
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T - - +
Do ® Ty ® 7 Ten By i ©
N2AtAz?

Q

+ m sj"i‘l/z [‘{ cos 6% (B - fAt/24)1

using the NCAR

The elliptie system (7.2) may be solved for @E Kk

subroutine BLKIRI {(Swarztrauber and Sweet, 1975). In this case the soclution

is carried out for the grid points in the range

1£5<J .1 , 2<2k¢£ KN £1

m
The lateral boundary condition (4.1) is incorporated by setting
Al = 0 and CJ 1 - 0
m

The lower boundary condition is incorporated by setting @5 equal to the
]

1

value obtained from integrating (4.2c¢). The upper boundary condition

(2.16c) in finite difference form requires

= + ol -

v, =¥, e
3Ky © 3, Kyl

-

(7.3)

Once ﬁ'has been obtained by inversion of (7.2) it is a simple matter
to compute the remaining fields. If, however, one attempts to compute %
from (7.1) the results are rather unsatisfactory due to large truncation
errors., This problem arises due to the fact that the first and third terms
on the right side are generally two orders of magnitude greater than-ﬁ'so

that V is obtained as a small residual of two large but opposite terms. To

avoid this problem it is useful to utilize the meridional streamfunction
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defined by (3.11). In finite difference form we have

el _ 1 -~

Wik " o 8 O, X (7.4a)
Ko _ 1 ~ - ~ +

vm,k " Az cos 6% (Xj,k € Xj,k_l e) (7.4b)

which identically satisfies the finite difference form of the continuity

equation (6.7).

Substituting from (7.4a) into (6.8) and noting that ii , = 0 we can
3
lve for X, ,:
s50lve 8] J,k
b3 _E 2y cos O 5 &+ & -
Xir1,6 = 9,0 " wehohe BT (yq e m ¥ el (7.5)

We next use (7.4b) to solve for V and finally use (6.5) to obtain U. The
final step of the solution is then to use the definition (6.1) to obtain

all fields at time n + 1. For example,

ﬁn-l-l _ (ﬁ_ Bzﬁn _ g Ty

3 (7.8)

1

and similarly fox {,-n-h . gotl , and ﬁn'H .

7.2 The eddy equations

The system (6.13) ~ (6.16) is a set of simultaneous equations for the

~ Fal Fal

unknowns US, v, TS, WS which is exactly analogous to the mean flow set

~ ~ ~

discussed above. To solwve this set we first solve for US and VS in terms of ?S
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using (6.13) and (6.14):

A -im At
_ s - _fiae fAt
U, = Y, [ 5 (ys%+%_ A %+%!w + A +—-B— (7.7)
o " fAE
v =Y ]:1m £ (ws)ﬁl/z —-—2 oy, Yt By - S A | (7.8)

where Y, = (1 + £2Ac%/8)7 0

Combining (6.15), (6.16), (7.7), and (7.8) we get a single equation for ‘1’8:

! Az/2H ~hz/oH, O -
T ¥ = (T a + T e Vo, + T ¥y,
ks, 141 SO} K ) s,j.k | k-1 's,j,k-1
+ D v

.Y +E . . + F ¥y, =T
s, "s,j-1l.,k s,j "s,i,k Sj s,j+1l,k s,3,k

where I‘k is as defined below (7.2), and the coefficients DS, Es’ F are

s
24 2,2 m? Y. . cos B
) _ NOAz At “Yj—l cos ej_l _ Sj—l j-1 i~1
8,J 4 cos G:I# i Ay 2 4
NZAz2At2 Y. cos 8, o> Y, cos B,
7 =2 i i_ s ] i
s,j ~ 4 cos 9;:‘ L Ay2 4
2 A2 a2 ,
. _ NO Az= At Yj—l cos ej—l Y., + cos B
s,d 4 cos 8:‘1-.'* Ay?
m cos 6 -1 Y]—l + m° cos 6. Y
PR h|
4
iAt ~
+ _—L\.y Yj-l m cos ej—l fj-l ijs, cos Bj fj)}

j-1

(7.9)
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and the source term is

- +
Tsoix TxBogx® ~Teafsgue)
N? At Az®
2 cos o [Cry_p c0s 854 a5 5.9 — ¥4 cos 85 a, I/by
i
+ > (ms,j—l Yj—l cos ej_l Ps,j—l + ms,j Yj cos Bj Ps,j)]
where
_ At - fAt
Pg 4 ° 4, + =5 By » 9,5 By - =3 AS,J
The elliptic system (7.9) may be solved for WS i,k using the NCAR subroutine
> >

CBLKTRI.

For global or hemispheric antisymmetric modes the solution is carried

out for grid points

However, for symmetric hemispheric calculations the solution includes the

point 3 = Jm.

In the global or antisymmetric hemispheric case we thus require

ws,l,k = Ws,Jm,k = 0 (7.10)

Fal

while for the symmetric hemispheric- case we must have WS 1.x " 0 and
3 ]
Yo, 0 v %5,k (7.11)

m-12 m+l’
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Condition (7.10) is incorporated by letting D =0 and F = 0 while
8,2 s,Jdp-1
the condition (7.11) requires replacing D as defined above by D + F
s,Jm s,Jn s,Jn.
In all cases the upper boundary condition is ?é 1i,E = 0 and the
3. s BN
lower boundary condition is a specified foreing
Wé,j.l = gh(y,t) (7.12)
Once ¥ . is obtained from (7.9) we compute W _ | from (6.15)
s,j.k (7.9) P $,3,k
Ys,5.k ~ Be w2 Az g 5,0~ U, e - ¥5,q.k 2] (7.13)
o g,k+1

~

We then use (7.7) and (7.8) to solve for U, and V_. Finally, these results

+1 n+1 n+1

are used to obtain U;l » Voo s Y by a formula analogous to (7.6).

A similar treatment of Wé proved unstable. Therefore in computing fluxes and

. . o . n+1
vertical advection terms WS is used in place of WS .

7.3 The eddy flux terms

The eddy momentum flux convergence (3.11) and the eddy heat flux
convergence (3.12) must be written in finite differences so that the energy
integrals of the flow remain satisfied. It turns out that energetically

consistent forms are:
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6. -y, [(U V* + U*V ) cos? 8]

- +
*
*am Wl ® % sem © 5y, g

U . e + U . e ), WE |
8,3,k s5,3,k-1 J-ﬁ& s,j,k-1
+ {U* e + U* +

. . e ), LU
S,J,k S,J,k+l J_1/2 S:J,k

us e+ + U#*

$,3.k 5,7 ,k~1 e j-—llz WS,j,k—l]} (7.14)

and,

e(z+Az/2)/H

e —— & *
T T T s s i {‘”“" 0 Ty, wn * adioy 10 S5k

+

Sy
(\V§>j_1/2’k+l <Vs>j 1/2 Sssj:k]}

z/2H
ZAZ <WSSS >J+1/2 skl B <WS*SS )j+1/2 2k~1

w53 >j+1/,_,k+1 - <wssg>j+1/2,k—1} (7.15)



8. INTEGRAL CONSTRAINTS AND SUBGRID SCALE DIFFUSION

8.1 Integral constraints for the zonal mean equations

The basic equations of the model (3.7) ~ (3.10) satisfy certain integral
constraints which alsc must be satisfied by the finite difference equations
if satisfactory long term integrations are to be obtained. It is easily
verified that when the forecing terms FM’ FT, and a'are omitted, and subgrid
scale diffusjion is neglected, the rate of change of zonal mean kinetic
plus available potential energy is equal to the energy flux through the

lower boundary:

N R -~ W+ (Q¥/sz + ¥/2m2 /W | =
at P+ K = J {[ 5 +¥ W dA (8.1)
A
where
T | 1[3¥, ¥ 2
g "J 2 [Bz * 2H] /N%dr (8.2a)
T
X = J % U2 + V2)dt (8.2b)
T
and
dA = a2 cos 6 df di
dt =

a? cos 0 d0 d) dz

Another important constraint is the conservation of relative angular
momentum. If we multiply (3.7) by exp(-z/2H)cos © and integrate the result
over the entire domain we find that relative angular momentum is conserved

except for the flux of angular momentum through the lower boundary:

~
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Ji-[ e_z/ZH U cos 8 dT = J [ﬁ”ﬁ cos 8]z=0 da + J £§(2=0)dA (8.3)
A

A
In deriving (8.3) we have neglected eddy momentum fluxes through the lower
boundary. It is important to note in connection with (8.3) that horizontal

diffusion can not change relative angular momentum so that we require

[ Dl(ﬁ) cos B dA = 0 (8.4)
A

which constrains the possible forms for the operatore Dl( 3.
Also, horizontal diffusion can not change the horizontally averaged

temperature (thickness) on a horizontal surface. Thus from (3.10):

oY , ¥ _
J D, (Bz + 2H] da =0 (8.5)
A

The constraints (8.1), (8.3), and (8.5) must also be satisfied by our

. R 2 . .
system of finite differemnce equations™ if satisfactory results are to be
obtained. 1In finite difference form the integrals are replaced by sums

over the grid points:

J ()dr =« EE: ( )2ma cos 8 Ay Az (8.6a)
>k

J ( )dA = E: { )27a cos 6 Ay (8.6b)

A |

2Exc:ept for the effects of time truncation errors.
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The value of Gj used in (8.6a) or (8.6b) is given by either (6.9a) or
(6.9b) depending on the location of the dependent variable; e.g., in (8.5)
we use (6.92) and in (8.3) we used (6.9b).

-z/2H

Next, multiplyving (6.5) by e cos? 9*(2malyAz) we find after summing

over all grid points (2 £ j = Jﬁ -1, 22k = KN ~ 1), and using 6.2a):

LY RBG ge2 g = L < .
o e U cos® 6% = A ZE: [f Xj,l cos 8%]

i,k 3

R — -

1 - .
-+ E Z [(Uj’?_ e + Uj,l e ) W cos 6>j"1/2,1 cos e*] (8.7)
d

which is consistent with the differential form for angular momentum conservation,
(8.3). (We have here assumed that (8.4) holds for the finite difference
form of subgrid scale diffusion.)
The finite difference analogy to the energy.integral (8.1) may be
obtained by multiplying (6.5) by U cos 8%, (6.6) by V cos 0%, and (6,8) by
(cos 0)/N?Az?) (F‘i’"k_i_l el - ﬁk e ) then adding the three resulting equations

together and summing over all gridpoints. Using (6.2) to express the time

derivatives in differential form we can then write

T2 T2 % o} T _w T2
a (Ujk + ij)cos Sj . (wk+l e ‘i‘k e ) cos Bj
dt 2 28z 2N2

§=2,3,-1 i=1,Jp
k=2,Ky-1 k=1,N
_ 1 = v 1.2 .1t +
" Bz Z [Wa,l Yj,08 cos & (Weos ) v 1@
J=lSJm
.{..

— —— — —_ — — _|_ —_— —_
W, , T+ W, v, - ¥, ¥, .
+ (3,2 3,1)(3,38 1.2 * ¢ i

4N% Az?
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where FM = FT = Q =0 and friction terms have all been neglected. Clearly,

(8.9) is a reasonable analogue to the differemtial relationship (8.1).

8.2 Subgrid scale diffusion for the mean flow equations

In order to suppress nonlinear ipstability it is necessarxy te smooth
all fields in the meridional direction. In order to prevent this smoothing
from damping the large scale motions we have chosen to use a fourth order
linear diffusion operator. In applying the diffusion in the =zonal momentum
and thermodynamic energy equations we must recall that both relative angular
momentum and horizontal average temperature must be conserved [see (8.4) and
(8.5)). In addition the diffusion terms should make negative definite
contributions to the energy equation.

In order to satisfy both these requirements it turms out that in the

zonal momentum equation relative angular velocity should be diffused. ‘Thus,

— X N i
D1 = - osT B 9y2 [cos 8] (8.9)

This automatically satisfies (8.4) provided that (3°%/8y%) (U/cos 8) = 0 at
the meridional boundaries. If we multiply (8.9) by U cos 6 and integrate

the result in y we obtain

— —_ 82 'ﬁ 2
J U cos O Dl(U)dA = - K J I:.a—y'z— [m]] dy dA
A

which is negative definite. Thus, the diffusion term (8.9) acts as an
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energy sink. In finite difference form we write

B e—"K [T R (T
D1 () = Sos? o+ hy™ [Lcos 8*]j—2 & [cos 6*}j—1

U ). i] T

In order that this finite difference form satigfy the difference analogue
of (8.4) i.e., Zcos2 o= Dl(ﬁ5 = 0 the formula must be modified at the

points adjacent to the boundaries. Thus

= - K 2U 30 ). [i]
{Dl(U)]j=2 "~ cos? B% Ayt [[cos 8*]j=2 - [cos 8*]j=3 ¥ [cos 9*]j=4} (8.112)

_ kK [.[® _U_
[Dl(U)]j=3 T cosZ B% AYL} [3 [COS er:z + 6 [COS B*JJ=3

[ij i
-4 [COS 8?’?}3:[} + [cos e:‘:]jz_r) ] (8.11b)

with analogous expressions for j = Jm - 1and j = Jm — 2. Again using the

notation of (6.11) we can write the finite difference diffusion term in the

thermodynamic energy equation as follows:

— _K — —_— —_— — —
D,(5) = cogp ¥ [S5up = 48,4 + 65, - 45, ) + 5.1 (8.12)

+

Again the points adjacent to the boundaries require special treatment:

K _— —_ -
7 (28, - 38, 5+ 8

cos 6 Ay [2%5=1 7 Pgm2 * 553 (8.13)

D,y =
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K

[DZ(S)]j=2 = "&m"y—u [_38j=l + 6Sj=2 - 4Sj=3 + Sj=4] (8.14)
[D., ()] =Kk 13 - 35 + 28 ] (8.15)
2 j=Jy-1  cos 8 Ay* "Ti=I-3 3=J~2 F=Jm~1 :
Finally we write
D) = — [V, . - 4V, . +6V. - 4V, + V., ] (8.16)
i cos 0% Ay® - j-2 i-1 i 1 j+2
with the special cases
D, (), , = — e [3V. . - 3V, . + V. ,] (8.17)
2%V 4=2 cos B% Ay* j=2 j=3 i=4 *

and an analogous form for j = jm - 1.

8.3 Bubgrid scale diffusion for the eddy equations

To filter out small scale noise so as to suppress nonlinear instability
the eddy equations include fourth order linear diffusion terms similar to
those discussed in Section 8.2 for the zonal mean flow. DZ(US) and DZ(VS)
have the same form as D2(§) given in (8.12), while D,(S.) has the form of
DZ(V) given in (8.16). These forms must, however, be modified next to the
boundaries to insure that diffusion does not change the meridional average
of any field. For a global domain the modification to DZQSS) is didentical
to that given in (8.17) for Dz(ﬁ).

For the US and VS field the situation is more complicated since the

boundary conditions are different in the s = 1 and s > 1 cases,
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For the case s = 1, DZ(US) and DZ(VS) are computed using formulas
analogous to (8.12), (8.13), and (8.14). For global integrations formulas
similar to (8.13) and (8.14) are applied at j = ijl and j = Jm - 2.

For the case s > 1 the polar boundary condition requires that

- K ___ -

Dy Wedi=1 = mos 6 My? [40s,5=1 = Vs, 3=2 ¥ Us, =31 (8.18)
= —X - +

D2(Us)j=2 =~ o5 6 Ay® [ 50g,5-1 F 6Us,j=2 4Us5j=3 US’jzz}] (8.19)

with similar expressions for VS.
In the case of hemispheric integrations the diffusion operators at
j= Jm - 1and j= Jm ~ 2 are modified as follows:

~

For antisymmetry conditions on ¥ the form of Dz(Sé) is the same as in

the global case; however, since Us,J = -0 Jmfl’ and‘VS’Jm = + vs,Jm—l
m
we use a diffusion form analogous to (8.18) and (8.19) for DZ(US)J -1 and
. ™
D, (U )J _p While for Dz(VS)JmTl and D, (V )J _, we use forms analogous to

(8.14) and (8.15).

For symmetric conditions on ¥ the form of DZQSS) must be modified as

follows:
- - K _ -
DZGSS)J ~1 ~ cos 08 Ay* [ 4Ss,J + 7Ss,J -1 43J =2 + S& —3] (8.20)
mn m > m m m
D (S ). = o [35. - 45. . +85_ .1 (8.21)
2¥s"J cos & Ay* J J -1 J -2 _
m m m

and since Us,Jm_= Us,Jmfl and Vs,Jm = -VS T-1 we use forms similar to
(8.14) and (8.15) for D (u )J -1 and D (u }J _9 and forms analogous to (8.18)
and (8.19) for D (v )J -1 and D (47 )J Y



9. DIABATIC HEATING COMPUTATION

9.1 Infrared heating

This study has utilized Dickinson's (1973) parameterization of infrared
cooling consisting of the sum of the cooling for a reference temperature
T0 and a Newtonian cooling approximation for the departures from that profile.

Thus the net heating terms take the following forms: For the eddies,

= - OT
QS 5]

while for the mean flow
Q=7 - @ +dD)

where aé is the diabatic heating due to the absorption of solar radiation by
ozone. Qr is the net infrared cooling at each level for the reference
temperature profile, and o is the Newtonian cooling coefficient. ﬁ; and T
are functions of altitude and latitude while 6;, a, and TO depend on
altitude alone.

The values of the Hewtonian cooling coefficients have been calculated
for levels between 30 and 80 km by Dickinson (1973). Below 30 km Trenberth's
(1973) values are adopted. Although the accuracy of the Newtoniam cooling
representation breaks dow; above about 70 km, it shall be retained at this
time for lack of a better representation. Following Schoeberl and Strobel
(1978j, the value of o between 80 and 96 km was taken to be the,CO2 cooling
rate in the fundamental band at 151 (see Fig. 2).

‘Dickinson's (1973) careful computations of o and a; were made for

atmospheric temperature profiles that differ little from the reference

temperature profile. Because the actual temperatures may vary considerably
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from this reference profile, especially in the winter polar region, alternative
values of Qr are here computed in the following manner.

~

At a given level the globally averaged diabatic heating'a is given by
Q=1Q =~ (Q - ob

where () designates a horizontal average on the sphere. Since the observed

globally averaged temperature profile To is fairly well known, we choose

5; so that glcobal radiative equilibrium (Q = 0) is achieved when the globally
averaged temperature profile'f is equal to TO. Therefore

~ ~

Q. =q_ .

r e

9.2 Solar Heating

Below 96 km ozone is the only significant absorber of solar radiation.
The parameterizations of Lacis and Hansen (1974) are used to compute the
solar heating term QS. The diurnally averaged solar heating is calculated by
fixing the sun angle at its average value between sunrise and sunset
(approximation 1 of Cogley and Borucki, 1976). The sun angle may remain
fixed for the duration of a given run, or may be varied according to the

seasonal cycle depending on the objectives of the particular run.



10. A TEST APPLICATION OF THE MODEL

In order to demonstrate the capabilities of the model we have computed
the zonal mean annual cycle for the stratosphere and mesosphere for conditions
of zonal mean forcing only. In this experiment the eddy forcing was set to
zero at the lower boundary. The mean zonal winds at the lower boundary
(16 km) were specified to vary over the annual cycle according to the
observations of Labitzke (1972) for the northern hemisphere and Taljaard et al.
(1969) for the southern hemisphere. The diabatic heating was also specified
to vary on the annual cycle by including seasonal variations in the solar

zenith angle and sun-earth distance.

10.1 Rayleigh friction parameterization

In order to produce a realistic mean wind profile it proved necessary
to specify strong damping in the mean momentum equations above 70 km. In
the atmosphere the mechanical damping of the mean wind near the mesopause
is probably due to the breaking of gravity waves and tides. For the present
model this effect is parameterized in the simplest possible form by using

a height dependent Rayleigh friction coefficient

_ z - 71
Kp = K, + Ky [1. + tanh [———10_ H

where K, = 1/80 days, k, = 1/4 days and z is in kilometers. This profile is

1
shown in Fig. 2.
The biharmonic horizontal diffusion coefficient is given the wvalue

K/Ay* = 107® s7! which is the minimum necessary to suppress nonlinear

computational instability when At = 1 hr.
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10.2 The zonal mean annual cycle

Figs. 3-8 show the zonal mean wind, mean meridional wind, and vertical
velocity profileé for .southern hemisphere winter solstice and spring equinox
conditions computed using the above described parameters and a grid resolution
of 10° latitude and 5 km height. During the solstice season there is a
thermally direct mean meridional circulation with rising motion in the summer
hemisphere and sinking in the winter hemisphere. At the equinox, on the
other hand there is a two cell meridional e¢ireculation with rising in the
equatorial zone and sinking near both poles. Zonal mean winds computed in
both seasons are quite realistic. Thigs example shows that a zonal mean
model is capable of simulating many important features of the general
circulation in the middle atmosphere. TFurther details of this annual

cycle simulation are reported in Holton and Wehrbein (1979).
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Figure 1: A portion of the grid mesh in the meridional plane showing

the arrangement of variables on the staggered grid.
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APPENDIX

" FORTRAN CODE FOR THE SEMI-SPECTRAL MODEL

The present version of the model computes the interacticn of a single
wave mode with the zonal mean flow. The program comnsists of the main
program, PROGRAM WAVEZ, in which the fields are initialized and the calling
sequence for the various subroutines is established. The main dynamical
computations are carried out in SUBROUTINE ASTREAM (mean flow equations)
and SUBROUTINE EDDY (wave equations). The radiative heating calculations
are carried out in SUBROUTINE HEAT, SUBROUTINE RADEQU, FUNCTION DELT, and
FUNCTION OZUV. The output fields are created in SUBROUTINE AOUT. All
of the above routines are given in the following program listing. Im
addition the program requires the NCAR library routines SUBROUTINE BLKTRI
and SUBROUTINE CBLKTRI.

In order to facilitate reading of the code a dictionary of the principal
FORTRAN sysmbols is provided below. In addition to defining the symbols,

we have indicated the location in the program where esach symbol first appears.



Dictionary of FORTRAN Symbols

FORTRAN Symbol Definition Location
A ¢, Newtonian cooling coefficient C 24
AIRDEN air demsity c 36
ALA () At/Ay (2¢ sin 8) A 71
ALB{(J) At (20 sin B)Yj4-ﬂ& A 72
AM{T) Aj coefficient in (7.2) A 103
AN(X~-1) Coefficient of @?ﬁl in (7.2) A 175
ANG(J) s U/(a cos @%) G 74
AR(K) Coefficient of lst term in (7.9) A 180
AS 4 (6.10a) F 106
AZEN Magnification factor C 38
BLKTRI Subroutine to solve (7.2) F 139
BM(T) Bj Coefficient in (7.2) A 106
BN(K-1) Coefficient of 2nd term in (7.2) A 177
BR(X) Coefficient of 2nd term in (7.9) A 182
BS B (6.10b) F 113
BVF N2 (buoyancy frequency) A 29
B1{D) Es,j coefficient in (7.9) Ah188
Cccoz2 Infrared heating C 25

. ChIM(J,K) Dummy Array G 42
CG(J,K) (unused) A 42
CHI(J,K) Ej,k (6.12) F 61
cI (-1) 1/2 A 52
CLOUD fractional cloudiness C 41



FORTRAN Symbol Definition Location
cM{T) Cj coefficient in (7.2) A 105
CN(K-1) Coefficient of fi}k+1 in (7.2) A 176
CNA(J) W2Az?At/ (2Ay cos B) A 77
CNB(J) At/ (2Ay cos 6) A 68
COR(J) 20 sin 8 A 65
CORIOL(J) 20 sin 8% A 66
COZONE {unused) c 8
CR(K) Coefficient of 3xd term in (7.9) A 180
Cs (D) cos B A 63
CSA(T) cos 0% A b4
CTS(J,X) (unused) A 42
CUB(J) Y cos 6% A 78
CURTLS(J,K) (unused) A 37
cl(D) Fs,j coefficient in (7.9) A 187
DCA(K) a, Ae/2 A 227
DCOS () 1./(a cos 6%) A 87
DELAY foreing switch-on time delay A 229
DEL(J) N2AtAz2/cos B% A 85
DELT At A 30
DELTA solar declination B 24
DENS(R) exp(z/2H) A 94
DKY K/Ay" A 228
DR(J) B - AfAc/? F 130
DT Atf2 A 31




FORTRAN Symbol Definition Location
DTODY ‘ At/ (6Ay) A 57
DUM{T) dummy I 18
DY Ay A 51
DY2 (Ay)? A 54
DZ Az A 29
DZ2 Az? _ A 53
DZN N2Az2At? [ (4hy* cos 6) A 103
EC Orbital eccentricity of the earth B 21
EML exp(-Az/4H) A 59
EPL exp (+ z/4H) A 58
FDAY fraction of day that sun shines B 49
™M(J,XK) FM_ (7.14) H 38
FREQ Q A 55
FT(J,K) FT (7.15) H 22
GAM{.I) Yj T 1/2 A 67
GAMB (.J) Y A 76
GBV(X) T k A 95
GMEP () vertical advection of T F 76
GML{I) .51 s At/(a cos B) A 89
GTIME growth time for forcing A 231
ICLOUD altitude layer of clouds C 43
ICT Index for forward difference A 33
IEND Total time steps for rumn A 45
IFD Frequency of forward steps A 32
IFLG IFLG = 0 initializes BLKTRI A 29



FORTRAN Symbol Definition Location
IMAT Index for output A 111
INTIT Input Flag # 0 for TAPE 1 input on A 45

continuation runs
IPHAS{I) Dummy T 89
IPRINT Frequency of output A 45
IRAD Index for calls to HEAT A 99
IRCT Frequency of calls to HEAT A 100
ITIME Index for time step n A 110
JM J A 29
m
JML J -1 A 47
m
KAP(K) Qs Newtonian cooling A 97
KN KN A 29
RNL KN -1 A 48
Kz Diffusion Coefficient A 34
M J -2 A 49
m
N KN - 2 A 50
NGC(I) Yj+1/2 cos 9 A 81
NUL{I) 5% s(y cos B8)/(a cos &) A 83
QZUuv Solar energy absorbed by ozomne D 1
P(J . G 140

(5 P
PB(J,K) gre A 159
PBA(J,K) Dummy array A 138
PBO(J,K) vn A 160
PERH Date of herhelion after Vernal Equinox’ B 18
PHB1(J) Amplitude of boundary forcing for wave A 69




FORTRAN Symbol Definition Location
PHI Latitude B 30
PI u A 46
PL1(J) ¥_(ke1) A 23
PRS(J,K) Con?ains Fourier Coefficients of ﬁﬁ(y,t) A 39

on input
P1(J,K) llf‘s‘“ A 243
PIA(I.X) Dummy array A 239
P10(J,K) v A 243
QI 9, 5 G 141
QA(X) Globally averaged net radiative heating A 259
QB(J,K) Q, diabatic heating B 93
QDOT( ) Net radiative heating function B 89
Q0(3,K), QOG{JI) Ozone density/Lochsehmidt's number A 40
Q0zS8(J,K), QOSzG(J) Ozone column abundance A 41
Qr Radiative cooling of reference atmosphere c 23
QRS(K) Globally averaged solar heating A 115
Q5(J,K) Qs’ diabatic heating in wave A 195
R(J,K) 6, i,k {on input) G 143
RAB Effective albedo of lower atmosphere C 49
RAD a (radius of earth) A 29
RAYF(K) Ky Rayleigh friction A 225
RE1 Albedo of reflecting region C 51
RDR Spherical albedo of refleecting region C 50
RED (6,K) Newtonian cooling parameters A 43
RG Ground reflectivity c 42




FORTRAN Symbol Definition Location
RHO Distance to sun in A.T. B 22
RHZ H/287.1 A 56
RR{J,K) Dj,k {on input) F 135
8 Planetary Wavenumber A 26
SA g% A 62
SB 8 A 61
SH H A 29
503 Ozone UV heating C 63
STAB(J) N2At2Az? [cos B% A 86
STRDAY Starting day (Yernal equinox = 80) A 36
SU(J) 2Q sin 6 At?y/Ay A 80
sV(J) YAt /Ay A 79
SZT(I,K) Ozone UV heating field B 67
T(J,K), TG{I) Standard Atmosphere temperatures in each A 38

zZone
TAU Optical depth of clouds in visible ¢ 40
TB(J,K) T, deviation of zonally averaged B 76
tempetrature from global mean
TEMP Dummy A 147
TIME t = nht A 113
THETA Polar angle B 59
TN(J) (4Ay) " Y(cos e*j_l/cos 83? - cos B:*vj‘f/c:os 83‘:‘_1) A 91
TNA(J) (cos 83.*/(:05 Gj - cos Gj/cos 6%)//_\37 A 82
TNB(J) (cos Bj/cos 8=J';=+l - cos E}%f_'_l/cos Sj)/Ay A 90
TR Reference temperature profile c 22
TSTAR Local time of sumset B 40



FORTRAN Symbol Definition‘ Location
To1(J) iv s At/(2a cos 8) A T4
TVLi(J) iy s At?(2Q sin §)/2a cos 6) A 75
TZO(X) Global radiative equilibrium temperature B 61
T1 My F 25
T2 H, F 26
T3 B,/8; F 27
T4 83/81 F 28
T5 1/8, F 29
UB(J,K) got? A 127
UBO(J,K) i A 128
uT ozone path ¢ 57
U1(J,X) USI1+ ' A 243
U10(J,K) 0 A 244
VB (J,K) yot! A 250
VBO(J,K) vo A 250
V1(3,K) VST‘+ ! A 244
V10(J,K) vs“1 A 244
WB(J,K) wot! A 250
WBO(J,K) wh A 250
WRA(T) Work Array A 249
WRG(TI) Work Array in BLKTRI A 244
WL(J,K) Wit A 244
XBA(J,K) X A 250
EMAL(T) s/(a cos 6%) A 88




FORTRAN Symbol Definition Location
XM1(T) s/(a cos 9) A 73
Z(K) z A 93
ZEN Average value of cos(solar zenith angle) B 37
ZT z + Az/2 1 3




5335565582558 WAVE ZONAL FLOW IHTERACTION $5333535335s553538s¢s

PROGRAH WAVEZ (INPUT»OUTPUT»>TAPES=INPUTs TAPEG=OUTPUT»TAPEL»TAPEZ,
$TAPE3)

COMPLEX UL(19s1T)sULl0(19217)p V1C(19217)sV10{291 T sPL(19,17),P1I0(10
$31715 (1%, 16 > WI0(12:26),P A 19227 s BLlliTY>R{ILT»152,P{1T)s0(1T),
SHNULEI9Y»CIaGMLIXD)sTUL(LI9)s TVELI9),CROUN(IF216)»PL1{19),Q5(19516)

COMPLEX Y2sPHBK{19}

REAL UB(19,17)sUBD(L19s17)»VB(19»17)sVBO(29s17}sPB8{19517),PBO(19517
SIoWBIITF2LTI»PBACLI LT Yo WRO{&TID I ANCLS)»BRILSISCNILEYSCSUI9)sKAP(LY
$y2Z{iT)sCSA(LIG)Y»DCATLTY»DR{1G)}»CORIDL{1IOIsGAMBLILT) s FR(L19+1T7)»FT(1L Y
2171208 {29517 ), DENS(LI7)»CHACLIO)»CNBLLI9)»CUB(LOYy THN{19)»DCOSL19) s
SRAYF(LIZ7),CHICLT 21T RR{IB,IEISAN(LEB)BH(IBI»CH{1B)GMEP{LO) s XBAILLT
55171 s%BD(L927)20GBVI{IT)»DUN(LG)

REAL PHBLO19YsXMLI(19)s0ELIL9)»STABCLGY»ALALLI)>ALB(YG),TNALLG)»SY
SU19)sSVILI)»yCGAMCLG s COR{IGIS XMAL (L9 NGCELT)» AT{IT)CL(ITI»ANGI19)
$sTNB (1), WRACACD )} AR (151 BRI1S)}CRE15)»TBC19>17)

REAL KZ,TZ0{(17}

INTEGER IPHAS{19)»5,S5YN

CORMON UBsPBpULsULDs Vi VIiOpPLlsPillsWi,UBO,vB0, PBOsWB2QB

CORKON /BUMLEGY CURTIS(13,19)sTG(1B83»T{1B8,193sPRSG(IB)sPRS{1Br19),
$00G(18),Q0(16519yQDZSGL1BYQOZS{18,19),CTS({1L8219),CG(28,19)sZN(1lE
$I>AZNCIB) > FDYLLB)sTO{18,106)sC2T{19,17)5SZTL(LF»17)5C0T(19,1T7)sRED{S
$116)2QRS{16)

DIMENSION QA(17)

EQUIVALENCE {XBAs»PBA)s (TBsPBA)

§$ =1 .

SYH =0 FOR GLOBAL DOKAIH, SYH =1 FOR ANTISYMMETRIC HEMISPHERE

SYH = 0. *

DATA JH KNp IELG/19 L 70/ s RAD» D2y BYE»SHI5e3TE6950000s 4 E=4,T.0E3/

DELT = 1890.%2.

DT = DELT/2.

IFD = 46

ICT = IFD-1

KL = 0.

SETUP CONSTANTS AND INITIALIZE

STRDAY = 80,

READ (2,19G) CURTIS

READ {Z25200) TGsT

READ (22301 ({(PRS(IsJisI=lr4lrJ=1,19})

READ (25195) C346,Q0

READ {2,195) QJZS6G,Q0LS

READ (25.9%) CT5,CG

READ {2,2051 RED

WRITE (6s185) ({RED(I»Jd)sI=leblsrd=lrlt}

DATA INITsIEND, IPRINT/151,1/

PI = 2,#A53IN{1¢}

JML ® JH~1

KNL = KN=1

M Jh=2

N = Kh=2

DY = PI*RAD/JNL .

€T = (Desle) SOty

0Z2 = DIx*? i@@;ﬂ%gié% PAGE s

pY2 = DY#=%2 =00

FREQ = 7,292E=5 QUA'LM

RHZ = SH/287.1

DTODY = DT/ {4.%DY)

EPL = EXPUIDLZ/{4a%53H)}

EMI = EXP(=DZ/({44%5H)}

DO 10 J=l,Jd0

SB = PI¥{JH=2 %)/ (2sxJML}

SA = PIR{JM+1l-2e*J}Fi(2a%JHL)
€S{d) = COS(58)

CSA{J} = CDS(SA)

COR(J) = 24*FREQ*3IIN(SB}
CORIJE{J) = 2,+FPEO¥SIN{SA)}
GAH{Jd) = le/(14+CORCII**2%DT®%2)
CNB(J) = 14/(DY3CS(4))

PHBA(J) & Y130 F{SIN(34*{SA=PL/6)) }¥*2%9,8
IF (SA«GTe—PI/6e} PHBIIJ) = Q,
ALACJ)Y = DT/DY*COR{J)

ALB(J) = COR{JI*DT*CGAM{J)
XML{J) = SALRADRCSOA))

TUL{)) = GaN{JI*CI+XHILJI*DT/2,
Tvi{J) = TUI(JI#CORIJ)=DT-

GAMB{J) 3 Lo/ (letCORIDLIJSI=HZHDT44$Z)

bh-bl"hbbbbbbbbb!’hbh‘bbbbbbbbbbh'b‘bb'bb'bh#bbbbbbr-bb-b-!’-b"PP‘!"bb?—bﬁ'ﬁ'bbbbbbbbbbbhbbbb—bb

[ W
NEMEWNHS OO NS WN

Lol el
Do

N
Lol =]

22


http:TUI(J)*COP(J).DT

10

i5

20

25

30

35
40

%%

50
55

&0

65

CRACJ) = BVYF*DIZ*DT/(DY*CS(J}}

CuB{J) = GAMB(J)#CSA(J}

SV(J) = GAM{SI#DT /DY

SULJ) = COR{JI*DT*SV(J)

NGC{J} = GAK{J}*C3(J)

TRALS) = (CSA(JIIFCSCII=CS{II/CSACd)) fDY
RUL{JY = CI* S¥XHL{J)RGAH{S)*#CS5{J)}
DO 15 J=2sJH

DEL(J) = BVF*DT*DZ2/CSAL(J}

STAB(J) = DEL{(J)#*DT

DCOSEJ) = L./ (RAD*CSALJ])

XHAL(JT = S/O(RAD*CSALY))

GHL{J} = S5CI+XHAL{J)*DT

TNB{J=1} = (CS5(J=2)}/CSA(J)=C3A(J}/CS{J-1)})/DY

TNEJY = 3,7 (4. %DY)#{CSA{JI=1) #CSALIDI-CSALIIICSALI=-1))

DG 20 K=1lsKHK
Z{K) = (K=11%DZ .
DENSI(K) = EXP{ZIK}FL{2.%¥5H))
GBY{K) = 1, '
IF (K+GTLKNLY GO TO 20
KAP(K} = EREDIS5,K31/86400.)%DT
CONTINUE
IRAD = O
IRCT = 1
HRITE (65195) (KAP{K)sKelsKN]
b0 25 Jd=1,J8L
DIN = BYF*DZZ/7{CS{J)%DY2)%DT*%2
SAM{J) = DINH#GAMB(XI=®C3A(YY ~
CHUJ} = DZNAGAMB{J+1)1#CSA{J+1)
BM(J} = «AM{JI=CH{J}
BMI{1) = BM{L)+AM{1)
BHCJHL) = BH{JHLI4CM{JIML)
AM{L) = CHOJHLY = (0es04)
ITINE = ©
IHAT = 0O
MT = 1.
TIKE = 0.
IF (INITLNE 0} GO TQ 90
QrS{(1) = =101,
READ INITIAL ZONAL FLOW
DO 30 J=1,sJHK
Y = 2,%PI#STROAY/360.
RL = PR5(1,41
R1 = PRS(2:,4)
S1 = PRS{3»J2
R?2 = PRS{4sd}
UB0(Jsl) = RIF2.+R1I*COSCYI+SL*SIN(YI+REZ*COS(24%Y])
CONTINUE
DO 40 J=1,JM
DO 35 K=ls,KN
UBO(JsX) = UBO(JIN1)
UBLlJ,K} = UBJ(JsK)
CINTINUE
CONTINUE
COMPUTE INITIAL GEOPDTENTIAL
DO 55 KelsKN ~
DO 45 J=lsJM
UBO{JaK) » UBCG{J»K)/DENS(K)
CONTINUE
PBA{LsK} = 0.
DO 50 J=2sJil

PBACJIK} = PBA{J=1,K)+DY*(CORIODLIJI#UBIJSKI=UB (JsKI*TUB(J~12K)

$ *TNCJI+UB(J+1pKI*TN{J+1) ) FDENSIK)
CONTINUE )
CONTINUE
0O 69 KwmlpKN
PBA{JIM,K} = PBA{JHLK)
CONTINUE
DU 75 KalsKN
SUHL = O«
TEH4P = Ja
DO 65 J=1, ML
TEuP » TELDHCS(J)
JURL = SUMLI+PBALJI»K)I*CS{J)
CONTINUE
DO 70 J=lsd¥L

n-n:mb-h:-p-blbh-b:>n->1-b-b:-h-b!»b-b:>b-r-bxsh-b:-b-bz»h-bt-b->Jhb-br>b-bt~h-b$-h-b:hh-b!>b-b3>h-blhb->S>b‘b!bb-bs>h->!>!-h-h

izl
122
1z3
124
125
126
127
A28
129
130
131
132
133
134
135
136
137
iz8
1z9
140



70
75

80

85

90

%5

100

105

i25

130

135

140

145

i50

PBA(J,K) = PBA{JS,K)}-SUM1/TENP
CONTINUE
PRBACJHSK) = PBALJIMLAK}
CONTINUE
DO 85 Jal,JM
DD 80 K=1,KN
PB{JsK} = PBA(J»K)
PEO{JsK) = PBA{JS»K)
CONTIHUE
CONTINUE
GG TO 95

CONTINUE
FOR CONTINUATION RUNS READ INPUT DATA
READ (1) TIME,Pis»PB,Pl0»UlrUBrUL0sVI)VIOsW1sPBOUBLsVEB,VE0sNWEBsWBD,
SCBY,TZUsZNs ATN, FDOY» TQ2 GRS »S2T
CONTINUE
GLOBAL HEAN STABILITY PROFILE AND INITIAL HEATING
CALLl) = 101.
CALL HEAT (TIME»GBV,PBsTBsQBsRHZIDENSsDZ» JHsKNs TI02BYF»SHIPIsQA,
$STRDAY)
DO 100 K=1,N
AN{K) = GBV(K)
CN(K} = GBV(K+1}
BNEK)} = =GRVY(K)H*EPL¥¥2~GBV(K+1}*ENI**2
CONT INUE
DO 105 K=1sKR
AR(K} = AN(KX)
CR{K) = CN(K)
BRIK]} = Ba{K)
BR{N)} = BRIN}+EKI/JEPL*GBV {KNL)
AR(1) = CRIN) = 0.
DO 110 J=2sJHL
Al{J=1} = STAB(JYE{NGL{J=1)/DY2=XML{J=Ll}#*+2%NGC(J~1}/4%4)
Clid=1) = STAB(JII*{NGC(JI/DY2=XHEL(JI**2%NGC(J}/4,.)
Bl{J=1) = ~STAB(JI*{{XMLO =122 NGC(J=2L )+ XHL(JI*%2ENGC () )/ G+
S (HGC{JI=X)+NGCLJ)}/DY24CI*{RGC{J=1)* XML {J=12*ALA(J=11=NGC (J}*XH1
2 {JYRALACJY))
CONTINJE
COMPUTE EDDY NONNEWTGHION HEATIHNG
DO 12C J=1lsJM
DO 120 K=1sKNL
QS(JdsK) = {0,,0,)
DAY = TIMES (2% *60+%600)
DO 125 J=1,JH
Y = 2o*PI*(STRDAY4DAY4#DELT/B864UGL}/363,
RZ = PRS(1sJ)
Rl = PRS(Z2sJ}
SE = PRS{3»,4)
R2 = PRS{4sJ)
PR5(53J) = RZ/2.+R1I%COS(YI#SL*SIN(YI+R2*¥CO3(2.%Y}
CORTINVE
PRSi{6s1) = Q.
DG 133 Jw2sJdML
PR3(6»J) = PRS({GpJ=1)+DY*CORIDL(JI*PRS (55 J)=PRS {52 JI*(PRS(55J=1}
$ #FTHOJ)I+PRS{Ss J+1)%TH{J+1)) )
CONTINYUE
PRS{by JH) = PRS(6,JINML}Y
SUM = Q.
TEMP = D,
00 135 J=1,JML
TEXP = TEMP+LS(J}
SUA = SUM+PRS(6,4)*0S(J)
CONTINUE
DO 140 J=1,JNL
PRS{6sJ) = PRS(6»J)=SUN/TENP
CORTINUE
PRS{6»J4) = PRS(6»JIML)
D0 145 J=lsJdM
PRS{?sJ) = (PRS[GsJI+2,%PRBIJS1I+PBO{Js1) ) 4
CONTINUE
DC 1%0 K=lsKEN
RAYFIK) = DT# {0, 5/{G50%3060U0 o) #{l4+TANTUL{Z{K)I=55G00,)/10ud0e))/
3 (96.%36004))% (] s=EXP{my4i=05%TINE})
DCACKY = KAPLK)*{1=EXP(=(TIHE4DELT)I*,44E~-3))
DRY = lob=b#¥{le=cKP(=s4f=35%TIKE))
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153
154
155
156
157
iss
159
160
161
l&2

1%0

197
158
199
2av
201
202
203
234
2G5

206

207
208
209
210
21l
212
213
214
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217
218
219
220
221
222

22¢e



e N

155
160

165

170

175

180
185
190
195
200
205

DELAY = 0.

DELTIH = TIME=~DELAY

GTIME = 4.,32E+05

IF (DELTINH.LT.De¢)} GO TO lé0

DO 155 Jd=2s,J0H

PLL({J) = (PHBL{II¥{1.—EXP{~(DELTIH4DELTI/GTINE))+2,%P1(d,1)+P10
$ (Jsll)/ 4

CONTINUE

CONTINUE

PO 165 K=lsKNL

PLA(LsK)Y = (0asr0Qa}

PLAGIMsKY = {0453,

CALL EDDY (Al,B1lsCle ALBsBVFs»ANGsCI,CSsCS5AsCORsDCA»DELSDERS,DKY
$DTODY,»DE»OZsDY2EMISEPL)GAF,GMLICT»IFLG) IFDsJHs KNLy Ha S RGCoHUL,
FRAYFS PLL»Pa Qo SJp SV TULs TVIs TNASTNBs XHI» XHALs PBsPLlAsPLlsPLOPRs UBs Uls
SULD Vi s VI0s WYy aROp COUMP ANSBN2CNaGBVS SYN» QS KI)

CALE FLUX (JnsKH3DY»DZpCSAsCSyDENSH»EPL,ENTUL»VIpW1IPLsP1A)FMsFTs
BKZFUBC»COUMICNBD

IFLG = IFLG-2

ICT = ICT~1

CALL ASTREAN (AMsBMsCHMrsAR»BRPCRIIFLGAIFD)ICT2DT2DZs0YsCHI»QB2WRA,
SRR XBAsUB,UBG, VvBsVBOsWBIHEDIPBsPBO» PBAs CSsCSAsFHIFTEPLIEMISRAYF)

$OCAsDKY» TN,DR,DENS,CNBy GHEP»CORIOLSCNASCUB,BYFr JHs JHLSKNsNsGBV]
IHAT = IHAT+1

ITIME » ITIHE+1

TINE = TINE+DELT

IF (ICT«EQ.IFD) ICY = ¢

IRAD = IRAD+1

IF {IRADc¢LTSIRCT} GO TO 170
QA{1) = 0.

CALL HEAT (TINEsGBV>PBsTBrOBsRHZ» DENSsDZs JHsKNsTZ0sBVFs SHsPIsQAs
$3TRDAY)

IRAD = O

CONTINUE

IF (IMATLEQ.IPRINT) GD TO 175
G0 YO 115

CONTINUE

CALL ASUT (TIME»>DTs KNy JHsDUMsDENS» IPHAS» o JHLsDZsRHZ,CORS DY CI2 XK1
$TEND, ITINEsMT ) IMAT)PEsPRsULsUBs VLo VisWls Wos FHs FTrS2Q3,C52Q85C2Ty
SSITH»COTLTQ}

REWIKD 1

WRITE (1) TIHE,PlePBsPlOsUL,UB,ULUsV1irv1iQewls PEQ-UBO, VB, VBOsWBaWBD
$)GRVSTZO» ZHs AZNSFDY2TC, QRS,SIT

END FILE L

END FILE 3

IF (ITIME.LT.IEND) GO TO 115

sToPp

FGRMAT (4F15.4)
FORMAT (5X36Fl4.7)
FORMAT (oF1lDe%s /»5F1044)
FORMAT (9210.3)

FORHMAT (9F10.3}

FORMAT (6F10.0)

END
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2&2
263
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Zts
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2¢7
2en
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20
25

30

50
55
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65

SUBROUTINE HEAT(TIMEsGBV»PBsTBsQBsRHZsDENSsDZs JHsKN»TI0,BYF»SHsPI,

$QAsSTRDAY)

COMKON /BUMLEG/ R113,19),TG(18),T(18s19)sPRSG(L18),PRS(18519),006
$16),00018,19),00256{18),Q0Z5(168,19),CS{18,19), C6L{18,19),2K{18)s
SAZN(16), FDY (180, TQ{18,16)»CZT(19,171,S2T (195 17),CDT(19,17),RED(6s
$16), QRS (16}

DIMENSION GBV(KN}» FB(JHsKN)»> TBUJK,KN)s QBLJNsKN)s DENS(KN)s TZD
$(XR1s QA(KN)
JHL = JH-1
KKL = KN-1

LBOT = 4

LTOP = 19

COMPUTE SOLAR SEOMETRY FACTORS

DAY = TIMEI(Z’!.*&O.*&G.) "Iv

IDAY = DAY nd 800

RES = DAY~IDAY SI IDyy d 40

IF (RES¢6T+0,05) 60 TO 66 -’szlélo

PERH = (101,21972+4180,)%3604 /3560, +80.

VD = STRDAY+DAY—-PERH

V = VD42,#P1/360.

EC = 04016722

RHOD = [1.~EC*EC)/ (1, +EC#COS{V))

DELTA=SOLAR DECLINATION _

DELTA = 040921 9B*SINZ *¥PI*(STRDAY+DAY=8041/3604)

DO 30 L=1,18

LL = 19-L
RL. = LL=9
PHD = RL*lO.-SQ
PHI=TERRESTRIAL LATITUDE
PRI » PHD*PI/180.
TSTARSTINE OF SUNSET {OR NEGATIVE TINE OF SUNRISE)
2EN=AVERAGE VALUE OF COS(SZA) BETWEEN =TSTAR AND TSTAR
SUN ~ TAN(DELTAI*TANIPHI)
ISUN = SUN
IF (1SUN) 19,15,20
TSTAR = 0.
ZEN = COS(DELTA=PHI)
60 TO 25

Y

TSTaR » {12./P1)*ACCS(~5SUR}

ZEN = SINIDELTAV*SINAPHINI+(12+/(PI*TSTAR)I*#COS(DELTA}*COS{PHII*
$ SIN{PI*TSTAR/1Z.)

G3 71O 25

TSTAR = 12,
IEN = SINCDELTAY*SIN(PHI)
CONTINUE
AZEN = 385,/SORTIUL1224,%¥ZEN¥IEN+L,)
FDAY = TSTAR/12.
IN(LY = ZEM_
AZN(L)Y = AZEN
FDY{L} = FDAY
CONTIRYE
COMPUTZ GLOBAL RADIATIVE EQUILIBRIUM TEMPERATURE
IF {TIME«GTW0e) GO TO &5
DO 40 KelsKNMN[
TZO(K) = 0,
DO 35 JdelsdiMfiL
THETA = 175=(J4~L)*10
THETA = THETA*PI/180.
TZO(K) = TIQ(KI+T{JsK43)xSIN(THETA)*¥PI/35,

CONTINVUE i
CONTINUE =
CONTINUE %E

DO £5 4=1,JM
DO 50 K=l,KNL
SZTUdsK) = SOLUTZIOp e K+#3sRHD)
CONTENUE
SIZTUJ»XN) = Q,
CONTINUE
CALL RADEQU {T293,TB»CB,RHO)
ConTINUC
COMPUTE ZO™AL MZAN TEAPERETURE (DEVIATION FRJH'GLUEAL AVERAGE)

DD &5 Julsdkl

DO 65 K=1,KNL '
TBLJsK} = RHZ*(PS{JsK+1)¢DENSIKIL}~PBL{JHKI*IENS (K }/DL

b
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€0

85
99

95
100

105

IF (TINE.6T+0.) 60 YD 75

COMPUTE STATEC STABILITY FarOM TI0
N o= KN(-)

DO 70 Ke2pN

GBY{K]) = BVFERHZ/[2./To*TZDIK}/SH#(TZD{K+1)~TZI0EK~1))/{2,#DZ))

6BV{1}) = GBV(2)
GBV{KNL) = &BVIN}
CONTINUE
IF {QA(13.LTs100.}) G0 TO BO
WRITE (65105) (GBV(I)»I=1pKNL)
CONTINUE
COMPUTE HEATING RAYFE
CALL ODOT (TZIO0sTB,QBsRHD)
GYINE = L.73E+06
DD 90 K=]1sKNL
DO B5 L=lyJML

CONTINUE
CONTIRUE
QA{L) = D,
QAE15) = Do
QALL16) = Qo
p0 100 M=LBOT,LTOP
I = K-3
QALLI} = 0.
DO 95 L=1,JML
THETA = )75~{L-=11%]0
THETA = THETA#PI/1B0.
QA(LY = QA(LY#QB{Ls I)*SINI{THETA)*PI/36,
CORTINUE
CONTINUE
RETURN

FORMAT (5X2BE1543}
END

QB(LsK)} = QBULsKI/UBE400 ¢RHZ¥DENS(K} } #(1~EXP{=TIME/GTIME))*
$ 0z )

m:nu:m:nu!mcnu:mtnurmtnc!wwru:mtﬂurwtnuamtbo’w:punm!nu:wlDUIG

109
110
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FUNCTIGN DELT{TP,Ls IMsRHD}

LOMMON /BUHLEG/ R(13,191sTG(18)sT(16s19)sPRIG{1B)sPRS(18519),Q08
${18},00(18,19}»QDZSG{18),Q0Z5(18,19)sC5(318519),C6(1B,19)sZIN(18))
SAIN(1E),FDY(18),TQ(1Bs16),C2TE29s1735SIT(19,17),CDT(19517)»REDISs

i

15

20

25

$16)sQRSt16)
DIMENSION TP(17)s TD(1l9}
I = IH=3
COIONE = O,
CC0Z = 0.
s03 = 0,
IF (I.EQ.16) GO TO 20
KNL = 16
DO 10 J=1,KNE

TD(J+3) = TPy}
CONTINUE
FOR I «LT 1845 KM Us Se STANDARD ATMOSPHERE ASSUMED
DO 15 J=1,3

DI = TiLsJ)
CONTINUE
SD3 = S¥T{L,I)
DICKINSDN INFRARED COOLING
TR = RED(3,1)
QR = QORS{I)
A = RED(5s1}
CCO02 = ~QR=-A*{TD{IM)~TR}
CONTINUE
COT(Ls1} = CCD2
CiTLL,1I) = COIONE
DELT = S03+CCO2+4COZONE
RETURN
ENTRY SOL
I = IK-3
0Z = 5000,
SH = 7000,
1 = (I-1)#DZ
AIRDEN = 1.5391E-04*EXP(~Z/S5H)
ZEN = ZIN(L)
AZEN = AZN(L)
FRAY = FDY(L)
TAU = 10,
CLAUD = 0.446
RG = D45
ICLOUD = 2
HEATING B8Y THE ABSORPTION OF SOLAR RADIATION BY D2ZONE
FROM LACIS AND HANSENs J ATHOUS SCI 31 118-133
303 = 0, i
IF (FDAYLT4U«0J01) GG TO 25
CLEAR SKY
RAB ® J4219/(1.404E510%7EN)
RDB = J,144
RBl = RAB+(1--RA3’*(lo*RDBJ*RGI(l.'RDB*RG)
RB = RB1
CLOUDY SKY
KAB = O 13*TAUS(la+0413%TAU)
PDB = RAB
RELl = RAB+(Lla=RAB)I*[1.,~RDBI*RG/(1.,=RDB*RG)
UT = AZENFQUZS(L»ICLOUD)Y+1e9%{Q0ZS (L, ICLOYDY=QOZS{L, 1M}
Al = QZUVILT}
UT = AZ N*00ZS3{L)+1l. 9*(QUZSG(L)—QGZS(L:IF)J
A2 = DIUVIUT]
U = AZEHN*QOZIS(L,IM)

A3 = QZUvin
803 = 76, 37Q*00(L!Iﬁ)*lot*05*(l-IAIRDENI*ZEN*FDAY*(AZEN*A3+(11
SCLOUD ) *RB+1.9%¥4A2+CLOUD*RAI*]1,9%A1})
S03 = SO3/{22G.,*¥2.5T#FHI*RHD)
CONTINUE
DELT = 3503
R ETURN
END

.
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FUNCTION OZuviu}

SUBROQUTINE TO CALCULATE SOLAR ENERGY ABSORBED BY OZONE
Fl = 1.0+(0,042%U+(3,23E=4%{U%*2,01}}

F2 = (040212/F1L1%(140-({U/FLI*(040424{0+46E=4*U))1))

Fl = 1.0+(13b.6%U)

FZ = F24{1.082/{F1%%0,B05})*{1,0-((138.6%0.B05%U)/F1))
Fl = 1.0+0{103.6%U)%*3,0)

GZUV = F2+{{0e0658/FL)*(Le0={3.0%(F1~1,0)/FL)}}

RETURN

END

oooouoooUoUoo
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SUBROUTINE RADEQU{TZODsTB, QBsRHD}

E 1
DIBENSION TZO(17)s TP{17)s TE{19s17), QBL{19,17)s-A3(Z} E 2
COMMON ZBUMLEG/ RU13,19),T6¢18)sT{18,19)sPREGCIB)SPRE(IB19),000 E 3

$(18),Q0(18,1%91,Q07256(215)»Q0Z2S{18519)sCTS(18s19)5CG(1B219),ZN(18)y E 4
SAZNIL1G)sFOYC(LB) »TO(18, 16Y,C2T (1927 )sS2T{i9s17»CDT(19517)sRED (6 E 5
$16),QRS5(16) E &
DATA LBOTsLTOP» ITDTwDTsEPS/4»29s20s0alsOel/ E 7
DATA JML,KNL/18Bs167 E &

PI = ACOS(=14} E 9

IF {QRS{1L).GT.=100.} GO TO 20 E 10

DO 15 K=L8OT:LTOP E 11

I = K=3 E 12

QRSUI) = O, E 13

bD 10 J=1,JHL E 14

THETA = 175~(J=11%10 E 15

THETA = THETA¥PY1/180. E 16

W o= SINCTHETAI®PLI/3b, E 17

QRS{I} = QRSCI}+SOL(TZOsJsKsle)*d E 18

10 CONTINUE £ 19
15 CONTINUE E 20
20  CONTINUE E 21
D0 40 1Tel,ITOT E 22

SUN = 0, E 23

LMP = LTOP=1 E 24

DD 35 HeLBOT,LMP £ 25

I = K-3 E 26

TZO(I) = TZO(I)+2.%D7 E 27

DO 30 Jd=1s2 E ZR

YZ00I} = TZO(I}=DT E 29

A30J) = 0. £ 30

DO 25 Lsl,JHL E 21

THETA = 175-{L-11%10 E 32

THETA = THETA®PIZ180. E 33

W o= SIN(THETA)*PI/36. g 34

A3(J) = AB(JI+DELTITZIOsLsMsRHO) # E 25

25 CORTINUE E 36
30 CONTIRUE £ 37
BQ s (A3(11=A3{2})/DT £ 35

JIFF = A3({2}/D0Q E 39

TN = TZIO(I}-DIFF £ 40

OTP = DIEF E 41

IF (DTP.LTe~20,) DTP = =20C. E 43

TN = TZ20{I}-DTP E 44

DIFF ®» ABS(DIFF) E 4%

IF (DIFF.GT.5UK) SUM = DIFF E 46

TZO(I) = TN E 47

35 CONTINUE £ 4@
IF (SUMLTLEPS) GO TO 45 E 49

40  CONTINUE E £0
PRINT 65, 1TDT £ =1

STOP 1 E =

45 PRINT 70, IT . E 53
WRITE (6,75} TI0 E 54
RETURN £ &5
ENTRY QDUT E 56
COHPUTE RADIATIVE HEATING IN KELVIN PER DAY E 57

DO 69 L=lsdhl E &8

DB 50 JolsKHL E 29

TPld) = TB(LsJ¥+TZ0() E &0

50 CONTINUE E &1
QBL{Lsl) = O E €2

DO 55 M=LROT,LYAP E 63

I = #-3 E £4

GBILsI) = DELT{TP,L,HsRHT) E €5

55 CONTINUE £ &b
80  CONTINGE E 67
RETURN E ¢8

E €9

E 70

65  FORMAT (5X»*TEMPERATURE PROFILE FAILED TO CONVERGE AFTER*s13, E T2
4 ITERATIONG®) E 72

70 FORMAT {%A» #*TEMPERATURE CONVERGED AFTER #sI2s% ITERATIONS*) E 73
75  FORMAT {1Xx18F7.2) E 74
END E 75w
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BROUTINE ASTREAN(AMsBMr CHpAN»BNsCNs IFLG,IFDsICT,0T»DZs0DY>CHI»QB,
DsRR»XBA,UB,)UBDs VB, VOOs WS, WEBOs PByPBUSPBASCI» CSASFHs FTo EPLENIS-
YFsDCAsDKY s TNsDRyDENSs CNB) GMEPsCURIOLsCHASCUB2BVFs JH2 JHLI KNy N»
v}

MENSION AMCJHL) s BH(JML), CHUJIML), PBALJH,IKNY» CORIOL(JH)}, QB(JM
N)s DCA(KN)» UB(JIMsKNI, UBO(JIMIKN), VBLJIMsKHN]}» VBOUJHMsKNI» PB(JIM
Nly PBOCINsKNY» THN(JMI» DRCJIN)y WB{JMs8R)s GHI(JHMsKNI» WRO(400C),
REJHML»15), GHMEP{JIM)» XBA(JIMIKN)» DENS(KN)» CS{JN},s CSAC(JHY, FH
MpKNY, FT(JIMs KNIy CHACJM}, CNBUJH)}, CUBLIM)s RAYFIKN)» WBOLJFIKN
AN{15), BN(15}s CNI{15)}» GBV(KHN)
HHON /FBUNMLEGY CURTIS{13,19)»TG{18),T{13,19),PRSGL18),PRE(15,19)
= JHML-1
L = N+1
= N+2

U0SE LEAPFRDG DR FGRWARD DIFFEREMNCE

10 JelydH
DO 10 K=2,Kk
(J»K) = UB(JsK)/DENSIK]
T = ICT#)

{ICT.LTLIFD) GO TO 15
= 1, t
= Q.
= Js
= Oy
= 2o
TQ 20

Q
T2 ¢ 5 EW?”EA

nnep
o

$
S

x 4y
NTINUE -

SHIOTHIRG

DO 30 K=2,KNL

LI

4

$
ca

TH

DO

PB

DG 25 Je3,# )

FHEJsK) * FH(JsKI=DKY*(UBD(J=2,K) /CSA{I=2)} =4 #UBD(3=1,K)/CSALI=]
145, ¥UBO LIy K /CSA (I I =4 *UBD (S +1sKI/CSA{I+1)+UBO{I+25K) FCSALIs2))
ICSA(J) o%2

FH{3sK) = FM{35K)=DKY*{UBO(2sK)FCSA(2)}/CSA(3)*x2

FR{MsK) = FH{MsK}=DKYE(UBO{JHLyK)FCSACJIMLI I /CSAIR)I**2

FMI2sK) = FMIZyK)=DKY*{24%UBD(2sK}/CSA(2)=3,%UBO(3,K)/CSA(3)4UBD
(45K} FCSALGY) /CSALZ Y442

FMUJHLIK) = FROJHLy K)=DKY#(UBO (JHL=2sK3/CSA{INL~2) =3 *UBD{IHL~1)
K1/CSATIML=1)42,2UBG{JHLK)/CSALIMLI ) FCSALINLY #42

NTINUE

ICKKNESS TENDENCY

G0 JmlyJdi

DO 35 K=1sKNL

PBA{J»K) » PB(JyK+1}*EPL~PB{JsKI*EM]
AlJsKN) = Qo

CL 65 K=ipKNL

[

DO 50 Js=sI,sJHL
CHICJsK) = T1%PBA(J»KIST2*(PBO(JsK+1)*PL=PBO(JsK)¥EMNTIIH+DT* (0B
{ L KI+FT(JsK) ) ’
If {JLEQ.1I) GO TG 45
CRICISK) = CHI{J,KI-DT*DENSI{KI*EPL/ (4, #Co(J)*DYI*C({VB{JaK+1 0+
YBLJ K3 I*RCSALII*(PBA(JI=LsKI+PBALJ K ) )= {VBIJ+1)K+1I+VB{J+1sK)})#*
CSafJ+11#{PAA(J2KIFTPBALI+IPK]]))
G0 To S0

CHIL{J,K} = CHI{JpK)~DTHDENSIKI*EPL/(4.*CS{JI*DYI*{{VYB(JsK+1)+
VA(dsKIIRCSATIIH{2+*PBACIsA) I={VBLJ+i s K+L)+VBII+1,KII4CEAL{I+])
2 (PRACJSKI+PBALI+1I,KI))

CONTIHUE

If (Ketdel) GO TO 65

IF (KaCQaKhi) GO TO 65

DO 5% Js=3, 480
GMIPLJ) = =DT/ LG ¥DZIsEPLF¥DENSIKI*{ (B (Jp K+l ewBUJsK))}*(PBALS,

ﬂ1rnm11ﬂwﬁnm-nm-n“‘nm~nm-nm~nm-nm11m11m11ﬂ11mﬁvﬂm-nm-nm MeamTTMIMTTTIMITM M T MM T TINTTA SAMMTIMMTITYT MM
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100
105

110

12¢

$

K+1)Y*EPLAPBA(JsKI*EMT )~ (WB (JsK I +WBL{JsK=13 ) {PBALJI)KI¥EPL4PBA(Y
sK=1)¥ENI})
CONTINUE
DO 69 JI=1,JHL
CHI{JpK)} = CHI({J»K)I+GHEP(J)
CONTINUE
THICKNESS SHBOTHING
DD 70 J=1,JN
CHI{JsKNL) = O
DO 70 K=1,KNL
PBA(J,K) = PBO{Jr K41 1*EPL=-PBO(JoK)*ENI
DD 89 Ke=l,KNL
D0 75 J=3sH
CHI(J>K) = CHI(J,KI-DT#DKY¥(PBA(J~2sK)=4o*¥PBALI~1sK)+6,EPBACS,K)
=&, ¥PBACJI+LsKI+PBALI+2,K)Y) /CS{ I}
CHI{ZaK) ® CHI(2pK)wDTHDKYS(=3,%FBA(I)K}+04%PBA{ZsK)}=4,%PBA(3sK)
+PBA(4)K)I/CS (2)
E?f(lpK) = CHI{LsK)~DT#DKY¥(2*%PBACLyK)=3.%PBA(2sK}+PBAL3,KII/CS
CHI(JMLsK) = CHI{JhLyK)=DTHDKY*(PBA(JIHL 2o K}=34*¥PBA{JINL~1sK)+2,4%

$ PBA{JHL,K))/CS{JINL)

LR e I

CONTINUE
UB AND VB TENDENCIES

DRE{EJM) = Qo

BR(LY = 0.

DO 130 Ke=2ZsKHEL

DO 95 J=2yJML

AS = TI®UB(JpKI+T2*¥URD(JsK)
AS = ASH+DTRFMH{J,KI+DENSIK)*(=DT/{CSA{J)**¥2%DY %4, )F((UB(J=1pK)*%
CSA{J=LY+UB(JsKIRCSALII I (VB U=Tp K} *CSALJ=1}+VB{J,KI*CSALI} )~
(URB{Js KIRCSA(SI+UB LI+ KIFCSALJ+LI I #(VB{JpKIFCSATJI+VB(I+1sK]*
CSACI+1) 1 )~DT/ {4 #DZ*CSA{J) ) *{{UBLJ,KIFENT+UBCIPKELI=EPLI*(WB
=1, KI*¥CS{ =1 4UB(JHKIFCS (I} )~ (UB(JL KY*EPLHUBIJ,K=1)*EM]I 1 ¥(WB
(J~1lsK=1Y%CS{J=1)+WB(JyK~21)}*CS( 42} )} I=RAYF{KI*UBO{J»K}
BS = T1#VB{J,K)}+T2*VBO{JzK)
35S = BS+DTHDENSIKI#¥UB(JKI#{UB(J=1y KI¥TN{J)+UB{J+1sKI%RTN(J+1)}
=RAYF(K)}*VBO{JI,K)

VB SHOOTHING

IF {J.EQ.2) GO TO 85

IF (Js«EQedNL) 60 TD 90

BS = BS-DT*DAY*(VBO{J=2,K)=4*¥VBO(J=1psK)+6.*¥VBO{JpK) =4, *YBO{J+
1, K3I+VBDL{J+ 25KV FCSALS)

GO TO &5

B = BS=OT*DKY*{+3,.*VBB(2sK)=3*VBO(35K)+VBO(4sK)}/CSA(2)
GO TG 95 —

B85 = BS=DT¥DKY*{VBO{JHL=2sK) =34 *VBO{JHL=LpK)+3+¥VBO(JNLsKI )/
C3A(dML)
DR{J) = BS=CORIOL{JI*DT*AS
SOLVE €LLIPTIC SYSTEM FOR PB

DO 100 JelpiHL -
RR{JsK=1) = {CHI(JsKIFEMI*GBVIR)I=CHI{JpK=~L)*EPL*EBV(K=1})+CNA

s (JI*={CUBLI) *DR{JI=CUBCI+ LI *DR{J+1) )

$

IF (KeEQe2) RRUJsK=1) = RR{JIK=1)=PRS(7»J)*GEV(1)
CONTINUE
CALL BLKTRI (TFLGs1lsNsANsBHsCHelpJdHLs AMBMaCMs JRLS PRy IERSWRE)
IFLG = IFLG+]
IF (IFLG-1} 105,105,110

COMPUTE MERIDIOMAL STREAMFUNCTION

BO 115 K=lsKN
XBA{1sK) = 0.
XBA{JMsK) = D,
COURTINUE
Dd 125 J=1»M
DO 129 KsZsN
XBALT+4LpK) 2 XBA{JKI=DY*CS(J)*{CHI(JsK}I={RR{JoKI*EPL=RR(JpK=1)*
EMI})/(BVF*DT*#DZ}*GBV(K])

120
121
122
123
124
125
12é
127
128
129
130
131
132
133

137
13%

143
144
145



125

[z Xz X3

130

135

140

145

150

155

ABACI+IH)KNL) = XBACJHKNLI=DY*CS{JI*(CHI(J>KNLY}/(BVF*DT*DZ)*GBV
$ tKHNL)

XBA(J+1,1) = XBACJ,L)=DY=2CS(J)*{CHLE(Je L) ={RR{Js1}I*EPL=PRS{7s»J)*
$ EWI)}/(BVF*DT#DZ)*GBY(1)

XBA{S+I,)KN} = O,
CONTIKRUE

COXPUTE NEW UBs» VB WBs PB

DO 130 K=2,KHL
DO 130 J=2,JHL
AS = TI%¥UB(JrKI+4T2*UBDLY,K)
AS o ASHDTRFMUIJ,K)I+DENSIKI*®{-DT/ICSALI)#*24DY*4, 3% {((UB(S~1,K)*
CSA{J=L34UB{Js KIFCSAL I 2 { VB (J~1lsK) HCIA{J-1I+VBIJsKIECSA(I ) )~
(USESKIRCSACII+UB(S+s KI*CSALI+LIIR{VE(JsRI*CSA(II#VB{I+I,K) *
CSA(J+ 11 Y=DT {Gu3DZHCSA(SIIFLIUBIIs KY* e HI+UB(JsK+1}%EPL}* (WD
{J=1pKIHCS{I-L I +WBIJHKIXCS(J) )~ (UBLJI,KIFEPLHAUB(Js K~ )2ENI) *(KB
{Jm1aK=1)#CS{J=1) +WB(JrK=21*¥CS(JY}))=RAYF(K}*UBOD(JpK)
UBO(JsKY = «UBD{JsK}*T4-UB(IsK)I*T3+(AS+CORIDL(II*DTH{XBA{J)K~1
Y*EPL=XBAC(JSsKYZEMIY/{DZ*CSA(J)I =TS .
VBO(JsK) = ~VBO{Jr K} #T4~=T3*VBIJ)KI+TI+{XBA{JpK=11+EPL-XBA(J2K}ZENI
$I7(DZ*CSA(J))
DO 135 J=1lsdJdHL
DO 135 KelyKNL
WBO(JsK] = mUBO(JpK) %T&»T3xYB(JpKI+TOR(XBAL JsKI=XBA(J+1sK}}/(DY®LS
${d1)
DO 1430 Jd=1,JHL
PBA(Js1) = PRS{7,J)
UBO(J:1)} = PRS(5,J)
DO 140 K=2, KNL
PEA{J,K) = RRLJ,K-1)
D0 145 K=lsKN
PBA{JMsK) = PBA{JHLAK]}
Do 150 J=lsd4N8
PBALJsRN} = PBACJ,KNLY*ENI/EPL
VBO({JpKN) = VBOU(J,KNL)*EMI/EPL
UBO(JdsKK) » UBD(JpKNLI*ENI/EPL
DO 155 Jd=1s4dM

DO 155 KelsKN

CHI(JsR) = TS5¥PBALJ»KI-T4#PBO{JIsK)=TI4PB(JsK)
PBEOLJIKY = PB(JsK)
PBL{JsK) = CHILJIsK)
CHICJsK) = WBD(JsK)
WBO{JsK) = WB{J5K)
WB{J,K} = CHILJ»X)
I+ {J«EQ.1l) GO YO 155
CHItJ,K) = UBO(JsK)
U3J(JdeK) = UB(JsKI
Us(JdK) =_CHI{J,K)
CHICJ,K) = VBO{JsK)
VBA(JrK) = V3(JsK]
VE(JsK] = CHIUJsK}

UB(Jsk) = UB(JsK}*DENDS(K)

RETURN

EMD

N AR

v
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154
155
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162
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164
165
166
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168
169
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183
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1t5
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199
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SUBROUTINE EDDY(AAsBBsCCo ALB,BVFsANGSCIsCSyCSAsCORIDCASDELs DENS,
SOKYsDTODYSDTs DZs DY, EXISEPL, GAMp GH» ICT» IFL G, IFDs JHsKNL, Hp SoNGCH NU,
SRAYESPLL» Po Qe SUSsSVYrTUS TV, TNA» TNB» XHs XKA2 PBsPHIAPPHIPHIDK Ry UBp Us D
SrVoVOrWaWROS COUN2 ANs BN CNs GBV,SYH» Q52K2Z)

DIMENSION AA{1)s BB{1)s CC{1}s RUIMpl}s WROLY), PLIC1), PHIACJIMs1)s
$ PHIO(SM, 1)y PHIGIM»L)y U{JNsL)e UD(JIHp L1}y V{JMsLl}s VOUJIM1), ANG
5(1)r XHACL)r UB{JMs1l)s CS{1)}se CSA(L)s THAC(L)}s PI1)s Ql1}s COR(1},
SDEL(1}s NGC{1}sr NUL1}s DCA{L}s GH{1)s PBEJH»1Y», TULL1), SU(L}, TVI(L
$)s SVI(1ls ALB{l)s DENS(1)s GAM(1}» RAYF(1lJs THB(L)» W{JiHsl), XHM{1l)
$» CDUM{JM»1)» ANCL)s BN{1)» CN(1)s» GBVII), QS(JHs1)

REAL NGCsKIZ

INTEGER S$»SYM
CONPLEX BB)R;PHIA:PHIU;PHIJU’UU:V’VO:CI)P:Q,NU;Gﬁ;TU:TV,AV}BV;PLl)
SH2CDUM» QS
KN = KNL+1
N = KNL=1
JEL = M+l
DO 10 JwisJM

B0 10 K=2sKN

UB{J3sK} = UB(JIK)/DENS(K)

CHOOGSE LEAPFROG OR FORWARD DIFFERENCE
ICT = ICT+1
IF (ICT.LT.IFD} GO TG 15
Tl'Ta"lt
Te = T4 = D,

T5 = 2.

GO TO 20

Ti & T2 = .5
T3 = 2,
T4 = 1.
15 = 4,
CBRTIKUE
ISw » 1
THICKRESS TENDENCY
D0 39 J=1,JM
DO 25 K=1lp,KML
PHIA(SsK) = PHIO(JpK4L)#EPL=PHIO{JsK)*ENT
PHIA(JsKN} = (Jas0Oe)
00 35 KelsKNL
DO 35 J=2,JML
COUM{IsK) = (T2-DCACK}I*PHIA(J>KI+{TL=DENSIK}*EPL*GH(I}*(UB(J,
K+11+UBLJy K)) }*(PHI(J s K+ L1 4T PL=PHI{Js KI*cHI)}~DTODYFDENS (K )}*EPL
E(V(J=ToK+L)+V(Jp K4l )4V (ST K4 VI, K} I*((PB(J=1sK+1)=PB{JyK&1}
YHEPL={PB(J-1sKI=PBLIsKI}+EMII+DT#Q3(Js»K)
IF (K+EQe1) GO TO 35
COUN(JIsK) = COUN{JK)=DT*DENSC(KI®EPL/ {4 *DI}*W(JsRKI*{({PB{J~1)
$ K2 4PB(JpK+2) JREPL=({PB(S=1sK+1}+PB Iy K+ i) I¥ENII*EPL*+2~({(PB(J
s ~1aK)I+PBIJs K} ) *REPL={PB{ J=1sK=L3+PBlJs KL} }*EATI*EMTI*%2)
CONTINUE
THICKNESS SMOOTHIRG
0O 45 Jte2,JM
DO 49 K=3,N
CDUK{JsK) = CDUMLIpK)=DT*KZ¥(PHIA(I»K=2 =4, #PHIA(JsK~-1]+6.%PHIA
$ (JaK)=4 ¥PHIA(J,K+1)+PHIA(JpK+2)) ,
COUM(Is2) = COUN(Jp2)mDT*KZ*(=PHIA{Jp 1) +34*%PHIALJ2)=3o*PAIA{J»3
$ Y+PHIA({JI,4))
COUMCJoKNLY = COUM{JaKNL)I=DT*KZ#(PHIA{JrN=1)=3*¥PHIA(J,N}+PHIA{J
$ JKNL}®3.)
CONTIRUE
OU 55 K=1sKNL
DO 50 J=3,H
COUM{JIaK) = COUMN(J, KI=DTHDKY#{PHIA(S=-2sK)}—4.*PHIAL)~1,K)+bB #PHIA
S (JrKI=&4a*PHIACJ+L K }+PHIA{JS+22KIIICSALJY
COUNC2pK) = COUNCEZpKIwDT#DKY¥{39*PHIA{2sKI=3¢*¥PRIA(SK)+PAIA(GIK
$ )}/C5AL2)
COUM{JHLIKY = COUFLJINL»K)=DT*DKY* {3, *PHTALJHL,K) =3 *PHIA(IHL=-1:sK
S  J#PHIACJINL=Z2oK)}/CS5ACJNLY
CONTINUE
MOMENTUM TENDENCY
DO 115 Ksl, Kkl .
IF ({KeEQell.AMDS(ISWGEQ.L)} GO TO 115
D0 110 J=1,Jd%L
ANGIJ) » (XHA(SI2UBLJpKI+XMACS+L)*UB{I42aK) /20
AV = TI*ULJpK}+(T2=RAYF(K)I®UOLJIsK)~DT#IENS(KI* (CI*ANGL{JI*U(Jy
s KI#V (s KIZICS (I FDYIF (US(J,RI*CSACII=UB [ J+IRI*CSA(I+L )+ (W I+

[

]
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o

c

65

70
75

80

85

30

25

100

105

110

L L L

$

5

$

Ly K)*(UB(J+1p KoL) #EPL=UB{J+1,K)*ERI) +W{dpKI* (UB{J»K+ 1 I*EPL-UB

{JsKI*EHI} N /{4,*D2})

IF (KeGTel) AV = AV-DTHDENSIKI*IWM(JI+I, K=1)*{UB(J+1sK)I*EPL~UBL{Y
*LloK=Ll)SEMIY+HIJs K=l ¥{UB(JoKI*EPLwUB(Jp KD )*ERT )}/ (4a*D2)

BY = TI*V{JsK)+(T2=RAYF(K)}I*VO(JpKI=DT*DENSIK)}*{CI*ANGL{SI%Y(J)
KI=ULJpKIFCUBCISKIFTNALIIFUBLI+1LK) *ThB (1))

ROHRENTUM SHOOTHING

IF (K.EQe1) GO TO 75

IF (KaEQe2) 60 TO &5

If (KsEQ.KNL} GO TO 70

AV = AV-DTHKZI*¥{UG{JsK-2)=bo* Ul Js K1) +6FUD(Js )4 %UD(JsK41) +
Uo(Jd>K+21)}

BV = BY~DTEKZ¥{VO(JpK=2) b o* VO(JpK=11462*V0{JsK}=44*¥VO(JsK+1)+
VOU{Jd,K+21)

60 TO 75

AV = AV-DTHKZ&(=UD(J,1)43¥U0(J22)-3,+U0{J5314U0(J54))
BV = BY=DT*KI*{=VD{Jrl}+3¢4VO{Js2)=34¥VI{Jr33+V0(Js4))
GO TO 75

AV = AV-DT#KZ#(UB(JrN-1)=3.%U0{J,N)+3.%UD(JpKRL))

BY = BY=DT*KZ%{VO{JdrN=1)=3,¥YD(JaN)+3,#VO{JsKNL)}

IF {JoEQ.1) GO TO A0

IF (JeEQ.2) GO TO 85

IF (JeEQsJdHML=-1) GO TO 90

IF tJ.EC.JHL) GO TO 9%

AV = AV-DT#DKY# (U0(J=2,K)=be #UD{J=1sK)+6#UDLI,KI=4,#UBLI+1oK )
+UD{J+25K) ) /CS(J) ‘

BV = BV=DTHDKY ¥ (VO(Jd=2 K i=& ¥V {J=1sK)+6.,FVQ{JpK)~4,. VO {J+1,K)
#VO(J+2,K))7C5(d)

60 TO 100

IF (SeEQel) CF = 24% IF (S5+NE«l) CF = 4,

AV = Av=-DT*DKY*(CF*UD{]1,K}=3.¥U0(2,K}+UD(3,K})/CS5(1}
BY = GV-DT#DKY#(CF+VD{I1sK)}=34%VO{2,K}+vD{3,K})/CS(1)
60 7O 10w

IF (S+FQal) CF = 3,8 IFf {S+NE«1} CF = 5

AV = AV=DT#*DAY* (~CFeUG{L1sKI+64*¥U0(2p KI=4.*UD(3,KI+UD{4,K})/CS
(21}

BY = BV-DT#DKY*{—CF*VO{LlsK)I+O4*¥VO{2sKY =4 *VO{3,K}+VI(4sK)) /CS
(2)

60 TO 100

IF {S¢EQel) CF = 343 IF (S«NEesdl) CF = 5,

IF {(5YHeEQes.) CF = 35,

AV = AV=DT#DKY#(=~CF*UG{JHLsK)I+b*UD(JIML~1sK) =4 *UD(JHL-2,K}+UD
(JHL=3,K)}/C50JHL-1)

IF (SYHeFQal) CF = 3,4

BV = BV=DT*DXY*(~CFEVO(JKLIKI+O ¥ VO (JIHL=1oK) =4 *VO{JHL=-2,K¥VO
(JHL=3,K})1/CS{JHL=1)

60 70O 100

IF {(S5+EQel) CF = 243 1F (SeNEsl) CF = 4.

IF (3YH«EQel) CF = 4,

AV = AV-DT*DKY#(CFfUD(IML, K)=3.*%UD{JAL~L K} +UO{JINL=2,K))/CS
{JHL)

IF €5YHsEQ.1) CF = 2.

BV m BV=DT*DRKY®{CF*VD{JIHLs K) =34 *¥VO{JINL=1pKI+VD{IML~22K}}/CS
(JHL)

CONTINUE

COSPUTE FORCING TERM IN ELLIPTIC EQUATION

KEW

IF £1S5W.EQ.2) GO TO 105

P{JY = AVHCOR(J)I*DTHBYV

Q{J} = BY-COR({J)}*DT*AY

IF {J.EQ.1) 6O TO 110

R{J=1sK=~1} = COUM{JsKI*EMI#GBYIKI~CDUN(J»K=1)*EPL*GBV(K~1)+DEL
(I {RGCII=1) +C{ J=1 ) =NEC{II=QLI) Y IDY+NU{J=1 ) xP (J=L) +NU{II=P ()
1)

G0 TD 1l0

VALUES FOR U AND ¥

UQCJsKY = =UD{J K IRT4+TS*(=TULJ)*(PHIA(I+I»KI4PHIALIsK) }=SULJ)

CEIPHIA{ G MI=PHIACI+1o X P+AVEGAN{J) +ALB (S} =2V )-T3*U(J, K}

VU{JsKS = =yO{ s KIxTL4TOE{ TV (I }#(PHLIALIH L K)4PHIA{S,K))=SV ()%
(PHIACJs K)=PHIA{J4LsK})+BYACANCI) =ALB LS ) *AV)=T3*V{JpK)

CONTINUE
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120
i3l
132
133
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145
143
152
151
152



C

115

120

125

130

135

140

145

150

155

160

CONTINUE
iIF (ISW.EQe.2) GO TO 145
D0 120 J=lyH

PHIALI+1,KNL41} = (04s0.)
R{Jsl) = ROJ,1I~PLLLJ423%GBVIL)
INVERT ELLIPTIC EQUATION FOR PHI

CALL CBLKTRI (IFLGs1lsNsANyBNaCHNa1»HsAA»BBsTCs»MsRsIERSWRO)

IFLG = IFLG#]1

IF (IFLG=1) 12551252130

CONTINUE

DO 135 J=2,J4HL
PHIA(J21} = PL1(J}
DO 135 K=2,XNL

PHIACJsK}Y = R{J=1sK~=1)

DO 140 K=1sKNL
PHIA(LsK} = (Qes0Oe}

PHIA(JRSK) & (Der04

ISW = 2

G0 70 60

CONTINUE
DO 150 J=2,JdHL
Do 150 K=1,KNL :

HiJsK) = (CDUM{JsKI=(PHIA(J2K+1)*EPL~PHIA(JoK)*ENMT})/{BVF*DT*DZ)*

$GBVIK]
NEW VALUES FGR DEPENDENT VARIABLES
DB 155 J=1,JHL
DD 155 K=1,KN

PHIA(JsK) & TH5#PHIA(J,RI=T4*PHLO{JaKI=T3I*#PHI(JsK)

PHID(Js K} = PHI{JsK)
PHI{JsK) » PHIA{J,K)
PHIA(Jd»K) = UOL(JsK)
UC(J2K) = UlJsK)
UlJsK) = PHIA(J,K}
PHIA(J,K]) = VO{JsK}
VO{JsK) = V(JsK)
V{JsK! = PHIA(d,K])
CORTINUE

DO 160 KeslskN

UidMsK) = =ULJHL,K)

VIJHPK) = VIJHMLIK)

po 1lad S=2, JH

UB{JdsK) = UB(JeK}*DENSIK)

CONTINUE
RETURN
END

ORIGINAL - PAGE ‘IS -
OF POOR QUALITY-
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SUBROUTINE FLUX(JH:KN:DY}DZ}CSA.C)’DENS:EPLtEHI,U:V:h’P’T’FHpFT,KZ
$»UBD VT, INBY
DIMENSION CSA(L)s CSU{1)s DENS{1l)s U(JMr1)s V(JHs11, W{JIMs1)s P (N>
511y T(JHe 1)y FHOJH»1)y FTLJ¥,1)s UBB{JIM»1])
REAL KZ
DIHENSION VT{JIMs1)» CHNB(L}
COMPLEX UsVaWs Py T
KNL = Kih-1
JML = JH-1
N = KHNL-1
DO 10 Jd=1,JH
po 10 K=1lsKNL
T(IrK) = P(JsK+LI¥EPL=P (JsKI*EH]
DO 15 K=1,KNL
VT{12K) = VT{JIHsK)} = O«
PG 15 Js=sésdJM
VI (J5>K) = DENS(KISEPLPCSALSIRIRCALIVIJ=1oK+L 14 VIIpKE1I+VIJI=15K)I+Y
S{JLKITHREALATOL K) FHAIMAG IV (J=1K+1 )4V I KAL)+ V(J=1s K34V {JsKI }¥
SATHAGI{T(JK))}/ 24
DO 20 J=lsJdHL
D0 20 K=1sN
FT{JsK} = =CNB{JI*IVT{JeKI-VT(J+1rK])])
B0 25 J=lsJHL
VT{JsKN} = O,
VT{JsKNL} = O,
DO 25 K=lsN
VT{JsK) = REALIW{J+1p K} Y#REAL(T(I+1sKII+REALIWIISK)I IHREALITIIZK]I) +
SAIMAGIA(J+1s KN *ATHAGITUI+1, K} JHAINAGIH (Jo K1) RATHAGIT L, K] )
DD 28 K=2»H
DO 30 J=lsdML
FT{dK) = FT{JpKI-DERNS(RI*EPLF(VT(JeK+11~VT(JpK=1)F/{2e*DZ}
0O 45 J=2sJH
DO 45 Kel,KNL
FH{JrK) = <DENS{KI*{(REAL(U{J=1sKIY#REAL(VIJ=2 K} IHATHAG(U(J-1
sKIVHATHAGIV (=l KIFI#CS(J=1)#%2=(REAL(U(JsKIIHREALIVIJ,K) I+
AITMAGIU LI KIVFATHAGIVIJSKI ) Y#CSLJ 27 {CSA LI xx22DY )42,
IF (KsEQ.1} GO TO 45
FHdsK) = FM{JoKI-DENSIKIS{(REAL{UCI=]XI+UlJsK))*EMI+REAL{U(Y
“lsK+1)+U (s K1) ) #EPL I #REAL (W J,K) I+ (ATHAG(ULJ=LsKI+U{JaK) )%
ERLFAIMAGIU(I-ToR+1 1+ U LU K+1I#EPL)ISAINAG(H{Js KD}~ (REAL(U(J=1
KI+UGJ oK) IFEPLEREAL (U{J-1sK=2)+U(JoK=1} I #EHTI*REAL N {JpK~1) }-
(ATHAG (U (=1, KI+UTJoX IV *EPL+AINAGIU (I~ l:K-1}+U(J:K-li)*EHI)*
ATHAGIN{JsK~1131/(2*D1}
IF (K.EQ.2} GO TO 35
IF (KJEQ.KNL} GO TO 40
FHOJ2K) w FHEJRI-KZF{UBO{JgK=2 =44*UBD(JsK~11+64*UBD{JpKI=4,*
$ UBO(J,K+134UBO{Jds Ks2})
GD TD 45

L

h A A

FM{Js2) = FH{JsZ)-KZ*{~UBD({Js1) +3.#USU{Is2)=3.#UBOLI,31+UBD(J,
$ 41

60 TO 45

FRALJSRHL) = FHLJHKRL)=KI#{UBO{JsKNL=2)~3,4UBDO{J,KNL=1)+3,#U3D
$ (Js KNLI-UBO{ JpKN))
CONTINUE
RETURN
END
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SUBROUTINE AQUT{TIHESDT»KNsJMsDUKp DENS» IPHASs Zp» JHL DIZpRHZsCOR» DY,
SCIyXMISIENDS TTIME>HT» INAT»PLlsPBULUB»V1s VBsUHLsWB»FMsFT»S»Q5,C550Q8
$:CZT+SITH>COTH»TO)

DIMENSION DUMCJAY» DENSIKN)» 2{9)» PB{JHsKN}» UB(JM,KN}, VBIJMsKN]
S» WB(JMoKN)», CS{JMIs QBUJIMsKN)}» CZTIJHsKNY}» SZT{JHrKHK)s CDT(JMsKN)
$s TQUJHLA16)» TDQ{18,16), LAT(19}

DIHENS ION IPHAS{JNM)» COR{JMIs XMICJMY» FAOJIMIKN}s FTLJINSKND
COMPLEX CIyPI{JMyKNIsUL{IMH)KNI»VI{IHsKN) 2 NLIJN»16)»Q5(JH»16)

INTEGER S

PI = Z2.,*ASIN{1.}

DAY = (TIME)I/(346004%244)

KHL = KR=-1

WRITE (6»1035)

WRITE (62130) DAY

DO 15 KK=1sKN

K = £N=KK+1
DO 10 J=1,JH
DUM{J} = 0.0
DUMIJ) = VYB{JsKI*DENS (K}
CONTINUE
Z2Z = Z{K)+16000,
HRITE (65198)
WRITE (6p110) ZZe(DUM{JS)sJ=]pJdH)

CONTIKUE

HRITE {6,105)

WRITE {65135}

DO 30 KK=1,KNL

K = gKH=£K
PO 20 J=lpJdH
DUM{J) = RHI®{PB(JrK+I1)*DENS{K+1)I-PB{JsK}*DENS{K))/DZ
IT = Z{K)¥DZ/2.+16000,
SUN = O,
DD 25 J=1,J¥L
TOR{JsK) = DURE{JY-TQL{JsK)
SUN = SUN+DUM{J) #CS(J} '
SUN = SUN*PI/36,
WRITE (4,190)
WRITE {6s140) IT»(DUN{JE,J=1srJHL}s3UN

CONTINUE

WRITE (&»1G5)

RRITE {65145}

DO 35 KKelgsKN

K » KN=-KK+1l

27 = Z(K}+16000.

WRITE {(62150)

¥RITE (42125) IZ,lUBCGIsK)sS=1pJIN}
CONTINUE .
DO 40 L=1l,19

LL = (10-=L)¥10

LAT(L} = LL

CONTINUE E—

WRITE (65150} LAT

WRITE {6,105}

WRITE (6:155)

D0 50 KK=1l»KN

K = KN-KK+1

DO 45 J=ls4M

DUM{J) = WB(JsK)Y*DENS{K)*1.E3

1 = Z{K)+16G00.4D2/2,.

WRITE (62190}

WRITE €(65120) ZZ,(CUH{J}»J=1sJHL}

CONTINUE

WRITE (6+1051)

WRITE (62160}

p0 60 KK=1l,KK

¥ = KN=KK+1

D0 55 JwlsJM

DUMEJ) = CR{JSKI+DENS{K)I*B6400¥RHLZ/DZ
2D = Z{K)+DZI/2¢tlovuilas

WRITE (6,190}

WRITE (65115) ZDs(DUM{J)sJ=ipJHL)

CONTINUE

YRITE (6,10F)

pRITT (6,100)

DD &5 KKe=lsKN

K = KN=KK+l

O o= OO

[ e
SO
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63

70

60

BS

90

95

i00
108
110
115
12¢
125
130
135
14¢
145
150
155
1s0
165
170
175
180
1
19¢

ID = 2(K)+DZ/24+16000,
WRITE (6,190}
HRITE {6,115) ZD»(SIT{JsK)sdelsJHL)
CONTINUE
WRITE (&6,105)
WRITE (651651 DAYsS
DO 75 KK=LsKN
K = KN=KK+1
DO 70 J=1,4M
DUMLJ)Y = CABSIPL{JsK1)
IF (DUM{J}4EQLD4) GO TO 70
DUM{JY) = DUMITJ)*DENS{K)/G,8%2,

IPHAS(J) = ATANZ(AIMAGI(PLUJsK}}sREALIPLIJ2K)}}I*1BO,/PI

CONTINUE
ID = Z(K)}+16000. .
WRITE (62160} ZDs(DUN{J)sd=slpJdiiL)
WRITE (65185} {IPHAS(J)sd=lsJHL)
HRITE (62190}
CONTINUE
WRITE (6,105}
WRITE (6,170}
B0 BS KK=lsKNL
K = KN=KK
DO 80 JemlisdN
DUKLJY = FH{J2K)IFDENS(K)*1,.E6
DUK(19} = 0.
ID = Z(K)+160D0,
HRITE (6,190)
HRITE (64125} ZDa {DUM(J)}sJ=1,dH)
WRITE {6,103}
WRITE (6+175)
D0 95 KK=1,KNL
K = KN~KK
DO 90 J=1l,JH
DUMIJ) = FT{J»KI*DERSIKI*RBZ/DI*1.Eb
ID = Z{KY+16800,
WRITE (65190}
WRITE {65125) ZDs (DUN{S}sdulsJH)
ET « 1
IHAT = O
RETURN

FORMAT (* SOLAR HEATING BY DZIONE =}
FORMAT (1H1)

FORHAT {(~3PF6.1si9(0PF6.2Y)

FORMAT (-3PF6e1s18(0PFb.2))

FORMAT (=3PFE.1s18(0PEG.1))

FORMAT (-3PFbels13{0PF6.11})

FORMAT {23H MEAN MFRIDIONAL WIND DAY=
FORMAT (204 HEAN TEMPCRATURE )
FORMAT (=2PF6.1»18{(0PF6,.1),6X,F10.4)
FORMAT {18H MEAN ZOUNAL WIND )}

FORMAT {/56Xs1915%)

FORMAT (264 VERTICAL VELOCITYy HM/S )
FORMAT (30H RADIATIVE HEATING K/D

FORMAT (23H GEOPODTENTIALs DAY = ,F6.2,12H WAVENUMBER 514)

rFbe2)

}

FORMATY {30H EDDY MOMENTUM FLUX D1VERGENCE)}

FORMAT (26H EODDY HEAT FLUX DIVeRGLZINCE)
FORMAT (~3PF641s19(0PF6.1}}

FORMAT (6X,1916)

FORKAT (1H )

END
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120
1cl
1z2
123
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