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PART I 

MODEL DOCUMENTATION 

1. Model Structure and Boundary Conditions 

1.1 Introduction 

In this chapter the structure and boundary conditions of the 

F.S.U. limited area grid point primitive equation model are presented. 

1.2 Model Structure 

1.2.1 Vertical Structure 

The dimensionless a co-ordinate has been chosen in the 

vertical in which 

a = p 

p s (1) 

whe:e p is the pressure and ps is the pressure at the earth's surface. 

The vertical extent of the model ranges from a=0.1 at top of the 

model to a=l at the earth's surface. There are 9 layers in the ver- 

tical. The thickness of each layer measured by pressure is uniform. 

Figure 1 shows the vertical structure of the model. 

All the variables of the model (u,v,q,T) are defined at the 

centre of a layers (dashed levels). The vertical velocity & is 

defined at the layer interfaces (solid levels). The layer values are 

represented by quantities with hat e.g. Q whereas values at layer 

interface are represented by quantities without hat e.g. a etc. 

1.2.2 Horizontal Structure 

Figure 2 shows the forecast area of the model. 

In the horizontal the model has been cast on a 2Ox2" latitude 

longitude grid. The model domain covers the area 30"s to 50°N and 



Fig. 1 Vertical Discretization 



30"E to 150°E. Arakawa A type grid has been chosen where all the 

prognostic variables are unstaggered in the horizontal. 

1.3 Boundary Conditions 

1.3.1 Vertical 

At top of the model 

At bottom of the model 

Z = Z(A,@) over land 

Z = O  over ocean 

T = Ts(A,@) over ocean 

where Ts is sea surface temperature 

1.3.2 Horizontal 

Open upstream boundary conditions are used at the horizon- 

tal boundaries. Also at these boundaries 

(Divergence) 

(Vertical velocity) 



2. Model Formulation 

2.1 Introduction In this chapter the dynamical formulation of the 

model is presented. A semi-Lagrangian semi-implicit scheme 

is used for the integration of the model. Semi Lagrangian method has 

been used in atmospheric models earlier (Krishnamurti, 1962, 1969, 

1985; Mathur 1970, 1983,; Robert 1981, 1982). Semi implicit scheme 

has also been used for economy in time (Kudon 1978, Robert 1974). 

Section 2.1 summarizes the governing differential equations of 

the model. In section 2.2 these equations are transformed into form 

suitable for semi-Lagrangian semi-implicit formalism. Finite dif- 

ference forms of the transformed equations along with the appropriate 

boundary conditions are presented in section 2.3. In section 2.4 

formulation of a 3-dimensional Helmholtz equation in one of the model 

parameters (P) and its solution are presented. Section 2.5 describes 

the solution of Helmholtz equation by matrix method. In section 2.6 

the 4th order interpolation scheme used in the model is presented. 

Section 2.7 describes the integration schemes and the boundary con- 

di tions. 

2.2 Governing equations 

The governing equations for a Lagrangian formalism in u coor- 

dinate system are written as follows: 

Equation of Motion 

Thermodynamic equation 





Mass Continuity equation . -+ 

Moisture Continuity Equatl on . 

Equations ( 1 ) - ( 5 )  form the prognostic equations of the model. If 

equation ( 5 )  is dropped the remaining equations form the prognostic 

equations of the dry version of the model 

To close the system of equations 1 - 5  the following two 

diagnostic equations are used 

Hydrostatic equation 

Equation of State 

The quantity nk in equation ( 6 )  is obtained from the Poisson Equation: 

On integrating equation of mass continuity in the vertical, Equation 

for surface pressure tendency is obtained 

On eliminating aps between ( 4 )  and (9) equation for vertical velocity 
a€ 

is obtained. 

where 



- 
-b 1 -b 

V = 1 $ Vdo 

The operator D in equations (1)-(5), which represents the Lagrangian 
Dt 

operator, can be expressd, in special polar co-ordinate system as 

or, in Cartesian co-ordinate system as 

The list of variables in the governing equations (1)-(13) 

o dimensionless vertical coordinate 

P pressure 

P s pressure at the earth's surface 

u x-component of wind vector 

v y-component of wind vector 

t time . 
o ( =  do/dt) vertical velocity in sigma coordinate 

f ( =  2 R sin+) Coriolis parameter 

R earth's rotation rate 

dJ latitude, postive northward from equator 

A longitude, positive eastward from Greenwich 

a earth's radius 

g gravity 

z height 

R Specific gas constant (for dry air) 

T Temperature 

F x x-component of surface momentum flux 



x x-coordinate 

Y y-coordinate 

F~ y-component of surface momentum flux 

C~ Specific heat (for dry air) at constant pressure 

H Vertical eddy flux of heat 

"9 diabatic heating (cooling) per unit mass 

9 potential temperature 

q specific humidity 

e vertical eddy flux of water vapor 

r rainfall 

Dq decrease (increase) of water vapor per unit mass due to con- 
densation (evaporation) --. 

V Horizontal wind vector 

"T a coordinate value at top of the model 

a specific volume 

Operators 

( - 1  vertical integration operator 
1 

= 1 ( Id" 
1-UT UT 

D - Horizontal individual change operator 
D t 

2.3 Transformation of Governing Equations 

A one step, fourth order, semi-Lagrangian advection scheme is 

used to integrate the model. A special feature of this scheme is that 

it accounts for changes in accelerations of dependent variables and 



advecting velocity over the trajectory traced by the parcel in time 

step At. The inclusion of this formulation of the advective processes 

is expected to give better prediction of the phase and amplitude of 

rapidly developing disturbances as is generally the case in tropics. 

From physical point of view it is a direct approach. To make this 

scheme economical this scheme is coupled with semi-implicit time 

integration scheme. 

Equations (1) to (5) are transformed into form suitable for the 

semi-Lagrangian semi-implicit formalism using the following defini- 

tions. 

For any variable F, 

gives the domain average over the model domain. 

Ft = F - F* 

gives the deviation of the variable from its area average. 

Combining the thermodynamic energy equation (3) and the mass con- 

tinuity equation (4), a model parameter ' P '  is defined as 

P = gz + RT* lnps (16) 

* 
also, P, = gz, + RTs lnp, ( 1 7  

* where zs and Ts are the surface topography and area averaged surface 

temperature respectively. 

Lapse rate parameter ' y '  is defined as 

also 



therefore 

On applying (14)-(20) to (1)-(3) and (5) the latter can be written as 

Similarly 
b 

Dv + 3 = -a& - u(f+gtan@) - RT' alnp, + Fy = s2 - 
~t ay ao a T 

In equation (21)-(24) all the non-linear terms appear on the right 

hand side. 

A few more definitions required for semi-Lagrangian formulation are 

given below 



F = F(x,y,u,t) at any point x, y and at current time (25) 
step t 

F+ = F(x,y,u,t+At) at point x, y and at a future time (26) 
step t+At 

F- = F(x,y,u,t-At) at point x, y and at a previous time (27) 
step t-At 

FO = F(x-a,y-b,u,t) at time t at a point 5 ,  0 from where (28) 
the parcel arrives at x, y at time t+At 

The semi-Lagrangian horizontal advection scheme is defined as 

Semi-implicit time integration scheme is defined as 

Equation (29) shows that knowledge of forcing terms at time step 

(t+At) is essential for applying semi-Lagrangian semi-implicit 

integration scheme. As the Lagrangian scheme involves interpolation 

of forcings from grid points to origin of the parcel, an iterative 

procedure has to be adopted involving computation of forcing terms F 

more than once. The proposition of using this physically sound but 

cornputationally inefficient scheme, then becomes less attractive. To 

avoid such a situation, a simple linear extrapolation of forcings is 

used 

(31) and (29) give 

On application of semi-Lagrangian and semi-implicit scheme the 

equations (21)-(24) and (4) transform into the following equations. 



and 

Using equations (29) and (32), equations (33)-(37) can be expressed as 

a set of 5 symbolic algebraic equations 

As described earlier, the superscript + refers to future value at grid 

point, 0 refers to current value at origin, - refers to past value at 

grid point. The subscript j indicates equations corresponding to 

equations (33)-(37). 

The individual terms in the equation (38) can be expanded as 



W5 = lnp, + & 
2 

-b 

X5 = lnp, - At V*V + aa 
2 - [  51 

Y1 = 2(X1-U) + At(g& + RT* lnp,) 
ax ax 

gi& + kRT*lnp, + Ata 
a I I 



Zq = -(Xq-q) (57-b) 

Z5 = O (58) 

By eliminating various quantities from equations (39)-(43) a single 

equation for the model parameter P is obtained 

,. .. + 
where W = i ~ W 1  + i1$W2 ( 6 0 )  

Equation (59) is a 3 dimensional Helmholtz equation. This equation 

can be solved with appropriate boundary conditions for P.W+ can be 

obtained from equation (38) making use of equations (44-a)-(58). 

equations (39)-(43) can then be used to give the prognostic variables. 

At upper and lower boundaries the vertical velocity o=O and at hori- . -* 

zontal boundaries 0-0 and V*V= 0 

At upper boundary, therefore, (41) becomes 



At lower boundary 

1 aP = w3 - Inp, 
7-  

where o=l 
Y a 0  

2.4 Governing Equations in Finite Difference Form 

From the vertical structure of the model, given in figure 1 ,  

the following parameters can be defined 

N: Number of a layers 

NP1: Number of a layer boundaries 

ak (K=I(l)NPl): Value of a at layer boundaries 

Uk (K=l(l)N): Value of a at layers 

In writing the equations in finite difference form, the following 

boundary conditions are used 

Top of the model 

Also 

Bottom of the model 

+ 
V*V = 0 at horizontal boundary points 

and a = 0 at horizontal boundary points 



The equations (39)-(43) are written in finite difference form as 

follows: 

(i) Equations of motion 

At general levels 

(72) and (73) a single vector equation of motion is obtained 

Operating (74) with V. - - 
A 4 

From (75) - - 
-b -b 

((75) + (76))/2 gives 

* 
At upper boundary (k=l, a=0.1, a=O) 

equation (75) takes the form 



. 
At lower boundary (k=N, a=l, a=O) 

(75) takes the form - - 
--* --* 

V*WN = V*VN + [ V2PNpl + V2PN 
2 Z I 

At horizontal boundaries, (75) takes the form 

At (v2Pk+l + v2Pk) = 0 - 
2 - - 

--* -+ 
V*V = 0 = V*W at horizontal boundaries 

(ii) Thermodynamic Energy Equation 

At general levels 

[(82) - (83)] / Auk gives 
- - 
W3k - W3k-1 = 1 -- 

Auk - 1  Aak-1 

At the upper boundary 

(82) takes the form 

or 1 lnp, + 02 = ii31 
2 -2 

At the lower boundary 



At horizontal boundaries (82) takes the form 

* 

At upper boundary + allnps = W3k 

* 

At lower boundary + BNlnps = W3N 

Equation of Continuity - 
-b 

W5 = lnp, + V*V + & %  
2 2 a 0  

At general levels - 

In the present case = AOk-i 

[(89) + (go)] / 2 gives - - 

using (77), (91) takes the form - - + + 

At upper boundary (89) takes the form 
3 



At lower boundary (89) gives 

(96) 
At horizontal boundaries 

By eliminating various terms from the finite difference forms of 

equations of motion, thermodynamic energy equation and the mass con- 

tinuity equations a single 3-dimensional Helmholtz equation in the 

finite difference form can be obtained. 

Helmholtz equation 

Combining Equations (77), (84) and (91) in appropriate way, Helmholtz 

equation in finite difference form can be written 

+ [At] [ v2Pk+l + 2v2Pk + v2Pk-1 
4 I - - 

At upper boundary (99) gives, using (781, (85) and (94) 



- 1nps - fi [ V ~ V  1) - bt [ ~ 2 ~ ]  
Z 2 2 2x2 xu- 

Substituting value of lnps in (100) from ( 6 5 ) ,  the former gives 

At lower boundary (79), (86), (96) and (65) give 

2.5 Solution of Helmholtz equation 

In the semi-Lagrangian semi-implicit sche~~~e, as has been seen in 

earlier section, a 3-dimensional Helmholtz equation is obtained, which 

can be written as: 

To simplify the numerical solution of (103), it is transformed into a 

set of 2-dimensional linearly independent set of Helmholtz equations 

which can then be solved using standard relaxation techniques. For 

this purpose the above equation is written in finite difference form. 



At upper boundary 

At lower boundary 

- 1 1 ~ P N P ~  - P N ~  - P ~ ~ l  1 + \Atl2 V2PNpl + V 2 P ~  1 -- 
PN* ABN LoNPl - aNJ RT* A L 2 J  2x2 

NPI 
J 

At horizontal boundaries (104) becomes 

Equations (104) to (107) show that the Helmholtz equation (103) can be 

represented as a set of NP1 Helmholtz equations for a model have NPI 

vertical levels. However, these equations are coupled and need to be 

made linearly independent before iterative method is applied for their 

solution. 

The set of Helmholtz equations can be represented by a single 

matrix equation 

A and B are (NPlxNPl) matrices. B is a tridiagonal matrix. P is a 

column vector of length NP1. F is also a column vector of length NP1. 



(108) can be written as 

Let A - 1 ~  = c - -  - 
Then (109) becomes 

P + V'CP = A - 1 ~  - -- = (111) 

Matrix C can be diagonalized using similarity transformation. 
= 

If two matrices T and T-l can be determined such that 

then 

is a diagonal matrix representing eigen values of matrix C. - 
Substituting (113) in (111) 

P + VZT-~ATP = A - 1 ~  - = - - 
T and T-1 are lower triangular matrices. 

Operating (114) by T - 
TP + V ~ A T P  = T A - 1 ~  -- - 

Let TP = R and TA-1 = E 

(116) is the matrix representation of a set of linearly independent 

Helmholtz equations. Solution of (115) by relaxation technique gives 

NP1 values of R and using (115). NP1 values of P can be obtained. 

Let 41 be the eigen-vectors of matrix C corresponding to eigen - 
values A i.e. 



B U ~  c = T- AT 

therefore T-l = V = Eigen vector matrix 

For finding the eigen values (A) and eigen vectors (T-1) of matrix C 
(=A-IB), the elements of matrices A and B are required. These can be 
written from equations (104), (105), (106) and (107) as follows. 

Matrix Aij (i=l,NP1 ; j=l,NP1) 

Matrix B 



B N P ~ , N  = 0.25 (At/2)' (120-f) 

B ~ p 1 , ~ p l  = 0.25 (At/2I2 (120-g) 

At horizontal boundaries the matrix equation reduces to 

P = A - 1 ~  - - (121 

i.e. For boundaries the values of P are obtained without solving the 

Helmholtz equation. 

2.6 Interpolation Scheme 

The semi-Lagrangian advection scheme requires computation of the 

distance traversed and the total forcings experienced by the parcel in 

time step At, for prediction. For this a fourth order accurate finite 

difference scheme based on Taylor series expansion is used in this 

model. This is also equivalent to a 25 point stencil Lagrangian 

interpolation. 

For any function F, according to definition given in equation 

( 2 8 ) ,  FO represents the value of function at time t and at a point 

((,q) from where the parcel arrives at a grid point (x,y) at time t+At 

i .e. 

FO = F (x-( y-0 u,t) (122 

As shown in figure 3, the origin of the parcel is at point 0 and 

it arrives at the grid point P. In the present scheme it is not 

necessary for the parcel to be less than one grid interval away from 

the grid point at which it arrives in time step At. However, once the 

origin is determined nearest 25 point stencil is used for inter- 

polation. 

Interpolated value of any function F from grid point to the ori- 

gin C,q is obtained in the following way. 



Where Gij and Fij are the fourth order spatial finite difference 

operators. These can be written, from figure 3, as 

X 2x 3x  4x  
6ij, 6ij, 6ijt 6ij are first, second, third, and fourth order dif- 

Y 2~ 3Y 4 Y 
ferential operators in x directions and 6ij, 6ij, 6ij, and 6ij are 

corresponding quantities in y direction. They can be written as 
X 

Also 

( and T )  are the distances of origin from the grid point at which the 

parcel arrives. The first guess values of ( and Q are computed using 



Xij and Yij are the quantities corresponding to < and 0 computed 
using the forcings, Aij and Bij at the grid polnt in X and Y direction 

respectively. The first guess uO and vO and forcings A "  and BO at the 

departure points are then determined using 

vo = ( 1-Gi j 1 ( 1-Hi j )vi j 
and 

A'= (I-Gij)(I-Hij)Aij 

where 

With these known quantities, the second guess distance of origin 

from the grid point are then determined using (131) and (132) but with 

values at the grid points replaced by the values at the departure 

points. Once these are known, a 25 point stencil is considered around 

this origin and any function is interpolated using these 25 points to 

this origin using (123). 

This formulation is equivalent to a 4th order Lagrangian inter- 

polation formula but it is more efficient than latter in the sense 

that cross terms of the Lagrangian interpolation are not required to 

be computed explicitly. 



The scheme described above is equivalent to a Taylor series 

expansion, a Lagrangian interpolation formula or a 4th degree polyno- 

mial. The relationship is established in the following paragraphs. 

If the value of a function is known at a point than its value at 

a point at a very small distance from it can be expressed as a Taylor 

series. Let us consider a two dimensional case in which 

is the change in property F of a parcel as it arrives from point (x-5, 

y-0) to point x,y in time At. The semi-Lagrangian advection scheme 

seeks to determine the value of the variable at the point (x-5, y-0) 

through a fourth order interpolation formula, which can be expressed 

as a two-dimensional Taylor series 

This can also be expressed as 
X Y 2x Y X  2 Y 

= Fi,j - (5 6ij Pij - QSij) + 1/2! ( ~ 2 6 ~ ~  + 25Q6ij 6ij + 

We also note that 

where 6ij = (Pi+l,j - Fi-l,j), 6ij = (Fi+l,j -2Fi,j + Fi-l,.j) 

( 2AX j ) (Axj12 etc. 



If we consider the split form i.e. we take the interpolation formula 

as made up of two, one in i direction and another in j direction, then 

we can get a compact looking formulae in which the explicit com- 
2x Y 

putation of the cross terms (like 6ij 6ij) is not necessary. 

Let x-direction interpolation formula 

Then 

In this case first the interpolation is carried out in one direction 

and then the second operator operates upon the interpolated function. 

For easiness and clarity let us consider a second order formulation. 

An equivalent representation can be obtained in form of a fourth order 

polynomial. Let us consider only one direction. 

We can expresss the value at any point x as 

Pn(x) = a, + al(x-xo) + a2(x-xo12 + a3(x-xo13 + a4(x-xo) 4 



This polynomial must be exactly defined at 5 points to get 5 coeffs. 

I f  we want to use a fourth order accurate formula in 2-dimensions, 

then the polnomial can be represented as 

The calculation of interpolated value can be made more efficient if 

the computation is split into 2 steps. First the x-direction inter- 



polation is done and then on the interpolated values the y direction 

interpolation is done. In this way the explicit con~putation of cross- 

terms can be avoided. This is what has been done in the present case. 

2 . 7  Scheme of Integration 

The integration of the limited area, grid point primitive 

equation model using the semi-Lagrangian semi-implicit scheme involves 

the following steps. 

1. Forcing, sj at grid points are calculated and stored in Sj. 

2 .  and r) are calculated using an efficient fourth order inter- 

polation scheme given in section 2 . 6 .  

3. Forcings sj at grid point are interpolated to origin of parcel 

using ( , r )  by a similar interpolation scheme and stored in sjO. 

4. Total effective forcings are calculated using sj, sjO and sj and 

stored in Wj. 

5. Forcings for Helmholtz equation are calculated using Wj's and 

stored in Q. 

6 .  3-dimensional Helmholtz equation is transformed into a set of 2  

dimensional linearly independent Helmholtz equations and these are 

solved by standard iterative techniques to obtain model parameter P. 

At horizontal boundary points, due to boundary conditions, u=O and 

V*V=O, Helmholtz equations reduce to simple algebraic equations from 

which model parameter P can be determined directly. 

7 .  From P+ and W+ prognostic and diagnostic variables are calculated 

as follows: 

u-component of wind 



At horizontal boundary points, the derivative is obtained by up- 
ax 

stream open boundary conditions. For example, at west boundary, as 

shown in figure 2, the derivative is written as 

v-component of wind 

Surface pressure 
+ + 

Moisture Variable 

Geopotential Height 

Temperature 

Vertical velocity measure ( a )  

Steps 1 to 7 are repeated to obtain forecast at desired time. 



3. Planetary Boundary Layer ( F B L )  

Within the PBL and the surface layer one l~as to consider the 

fluxes of momentum, sensible heat and moisture due to turbulent eddy 

motion. A separation between the land and the ocea~~ic regions is 

necessary. We shall present the so-called similarity analysis 

approach for the specification of th. surface fluxes. It is worth 

noting that the radiation code iri a ~~un~erical ~ceather predict-ion model 

is usually completed with a calculatiun of tl~t? surfact? energy balance. 

This surface energy balance over land areas il~vokc$s a balance between 

the net radiation and the surface fluses of heat and rnoisture for the 

determination of soil temperature. Thus, it is quite apparent that 

the parameterization of the plant?tcl~,y l)oundary lilyer llas to be com- 

patible with the parameterization of the radiative processes. 

a) Bulk aerodynamic calculation over ocean. Surf;ice fluxes of 

sensible heat, water vapor and n~omentun~ can be expl-e:;secl by bulk 

formulae: These are expressed by, 

Fe = 'pPcH ( Va 1 (Tw - Ta) (sensible lieat) 

Fq = LPCQ IVa I (qw - qa) (latent heat) 

Fm = PCD I Va 1 Va (n~uaen turn) 

( A  list of symbols is provided in Table 2) 

Here V,, Ta denote the wind speed and the ail. temperature at the ane- 

momet.r:r level, and Tw, qw denote the water temperature a~iil tlie satura- 

t ion specific humidity . The values of t hc? non -cli mc-ns.ioil;ii exchange 

coefficients that are widely used are: 

CH = 1.4 x 

cp = 1.6 10-3 
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CD = 1.1 x 10-3 

These were determined during the GARI' Atlantic Tropical Experinlent. 

The choice of units is quite inlportant for the calculation of 

These fluxes. For most meteorological purposes it is desirable to 

express FQ and Fq in units of watts/m2, while F,! is usually expressed 

by the familiar units of Pascal. For tllese ullits one can simplify the 

bulk formulae (using p = 1.23 Kg/m3) to read 

Fo = 1.72 [ Va I (Tw - Ta) 
F~ = 4.92 x 103 ( ~ a  f (qw - q,) ( 3 )  

F, = 1.35 x va2 

Here the wind speed is measured in ms-l, the temperature in "K or "C 

and the specific humidity q is measured in units of gm/kg. 

In situations of strong wind speeds the waves over the ocean 

exert a large drag on the air and one finds it desirable to allow for 

a variation of the drag coefficient as a function of the wind speed, 

especially if the wind speeds exceed 10n1s-l. The variation of surface 

drag coefficient as a function of the wind speed is incorporated via 

the variation of a roughness parameter Z, described below. 

b. The roughness parameter Zo 

Zo varies in space and is also reg*arJcd as a fullction of time. 

Given a domain of calculation 0 ; x \ L, 0 \ y < M one needs a 

tabulation of a land-ocean Matrix LxM a ~ l d  a tabulation of orographic 

height h. 

The tabulation of h can be obtained for illstance from Gates and Nelson 

(1975). 

i) Oceans 



The well-known Charnock (1955) forniulii is i i i ~  accepted inethod for 

defining Zo over oceans: 

where M is a constant and has a value around 0.04. One canilot calcu- 

late Zo from this formula until U* the friction velocity is known, 

thus an iteration procedure is necessary 

Sote that: 

u * ~  = (-u'w') = T 0 / Po ( 5 )  

where the overbar is an area average, T, is the surfiice stress and p, 

is the density of air. A first guess field of U* tail be obtained from 

the Bulk aerodynamic representation provided that olle allows for the 

variation of the drag as a function of tl~e willd sp i !ed .  Some accepted 

values of the drag coefficients are: 

CD = CDO = 1.1 x for V .: 5.8n1s--l 

= CDO (0.74 + 0.046V) for 5.8 d V d 16.811ts-~ 

= CDO (0.94 + 0.034V) for V > 16.8 ms-I. ( 6 )  

Thus the first guess field of Zo is obtai~led from the observed wind 

speed V via the following steps. 

V + CD + (=CD v2) + U* -+ ZO 

Using this first guess Zo one may next follow the sialilarity approach 

(described below) to determine the surface fluxes including U* which 

in turn defines the final value of Zo the roughness parameter. 

ii) Land 

Over land a method defined by Delsol et al. (1971) allows for a 



variation of the roughness parameter as a ful~ction of the elevation 

based on the mesoscale variance of rnountnin 1:c;ights. Tti its simplest 

form it is expressed by the relation, 

Zo = 0.15 + 0.2E - 8(236.8 + 18.42*h) ' ; :*2 n~r?te>rs ( 7  

parameter Zo are m. For numerical weather 91,ediction it is tlesirable 

to restrict an upper limit of Zo to about 100cn1. 

c. Surface fluxes from similarity analysi-;, cia- planetary boundary 

layer 

The starting point of this analysis is ail ripplication of the 

similarity principle to the nondimeilsional wi~ld sliears I$,, and the 

thermal gradients ah, i.e., 

and 

A similar equation also may be written down for the vertical variation 

of the nondimensional humidity variable. Here k is the Von Karman's 

constant, U* defines the friction velocity which is related to the 

surface stress and the momentum flux. 

The quantity -U*8* = W'8')o is a measure of ihe surface heat flux. 

The functional form on the right hand side of the Eqs. (8) and (9) 

are usually determined by an empirical best fit curve from obser- 

vations of the nondimensional wind shears and potential temperature 

gradient to the nondimensional length scale Z/L where L is the Monin 

Obukhov length defined by, 



Here U* is the friction velocity and 0* is i d  ~liaracl.e~.istic tem- 

perature scale at the surface and p is the buoya~i~y paramettrr, p= g/BO. 

Here a distinction between stable and u~lstahle surface layers can be 

made, i.e. 

L > 0 stable 

L < 0 unstable 

Thus, following Businger et al. (1971) we nlay write, 

a) For the unstable case (Z/L < O), 

and (b) For the stable case (Z/L > 0) 

The parameterization of the surface fluxes thus requires a deter- 

mination of U*, 8 * ,  and q* (the humidity c o u n t e ~ . p a l . t )  

Sext we shall define two measurea~ent levels Z1 al~d Z 2 ,  assumed to 

lie within the "constant flux layer" adjacent to the earth's surface. 
- - - -  

If we denote AZ = Z2-Z1, U2, U1, Q 1 ,  8 2  i I S  mean quantities of levels 2 

and 1 respectively, then a finite forn~ of the nondimensional relation 

from the stable and neutral C i i s e  may be expressed by: 

and - - 
K (02 - 02) = 0.74 1, 

8 * 



At this stage we have three unknowns i l l  t h . i s  gl.ol)lern, l l i l ~ n e l y  U*, 8* 

and AZ/L. From Eq. 10 we can express AZ/L by, 

The above three equations describe a closed system for the three 

unknowns, and, for this stable case, upon elin~ination of @a and U* a 

single equation for AZ/L is frequently obtained, (Chang, 1978). 

Here R ~ B  denotes the Bulk Richardson nuntber, which also distinguishes 

the sign of the stability (or instability) of the surface layer. It is 

easy to see that a critical value of the Bulk Richardson number for 

the stable case lies between 0 and 0.212, the latter defines a criti- 

cal Bulk Richardson number. Thus, the solution AZ/L fron~ equation 

(19) may be substituted into equation (16) and (17) to determine U* 

and 8 * .  The fluxes for the stability dependent equivalent exchange 

coefficients for the stable case are expressed by the relations, 

where the exchange coefficients for the stahle and neutral case are 



The analysis for the unstable cases is l l u t  straight forward because 

of the fractional powers (equations 12 L ~ l l d  13) in the er~~pirical fits 

of the nondimensional shear and thermal gradient data sets. As a 

result, a simple algebraic equation for A Z / L  (similar to above 

equation) does not exist. A number of different approaches have 

appeared in recent literature suggesting iterative solutions for the 

three unknowns AZ/L, U* and 0* for the unstable case; here we follow 

the analysis based on Chang (1978). Fol a two-level representation 

Z1. Z 2 ,  as before, an equation for Z2/L is ubtained 

The unknown in the above equation is the stability paraa~eter Z2/L. 

The functions JI1 and J12 have rather complicated forms: 

22 
JI1 = 1 - 1 [l - (1 - 15 z/L)-~,'~] dz 

z1 z 
and 

By introducing new variables, Chang obtained solutions for these inte- 

grals, 

where 



T2 = (1 - 9 z2/~)1/2 

Equation 25 is a transcendental equation for z2/L, 

L Az 0.74 [ln (z2/zl) - $21 (31 

By assuming a large range of values of z2/zl tirid z2/L, one can 

via backward substitution obtain a corresponding large range of values 

of RiB. Chang used such a data set to provide a cubic least square 

regression for In(-RiB z2/Az) and In(-z2/L). This turned out to be a 

quasilinear relationship, since the value of the quadratic and cubic 

coefficients were quite small. The rc:grt:ssecl rcla'ion was suggested 

as a means for a solution of the transcei1dent:al i~rl.i*t ion in practical 

applications. Chang showed that for observed railge of values of R ~ B  

this relationship has an accnracy of a r o ~ ~ n d  W t :  have  adopted this 

relation in our analysis. 

It is now possible to write down the exchange coefficiei~ts for 

the unstable case, these would be counterparts of the Eqs. 23, 24 for 

the stable or neutral case. Thus, for the unstable case: (Rig < 0) 

CH = Cq = - K~ 

0.74[ln (z2/zl) - +2] [In (z2/~1)- +I] 

Here the exchange coefficients for heat and moisture fluxes are 

assumed to be equal. Q1 and Q2 are functions of Z2/L; Z2/Z1 is a 



known quantity. 

In the actual calculation Z1 is take11 to be equal to Zo , Z2 is 

the height of the lowest computational level. At the edrth's surface 

U1 and V1 are both set to zero. U2 and V2 are the surface winds, i.e. 

at the lowest computational level. TI denotes the ground temperature 

over land or the ocean temperature. T2 is the temperature of air at 

the lowest computational level at the surface. Q1 is the saturation 

specific humidity at the ocean or land surface temperature. It is 

multiplied by a ground wetness parameter GIV whose value is set to 1.0 

over ocean, whereas over land its value is determined from empirical 

relations. Q2 is the specific humidity of dir at the lowest com- 

putational level next to the ground. T h e  loivest coa~putational level 

is set to 10 meters from the grouuri. T2 allti a .  ta l~sually estrapo - 

lated downwards from a first computational l~$vel hllich is well above 

the 10 meter level. 

d. Coupling of Surface Fluxes From the Sul.face E!~-~~~-Ealance and the 

Similarity Theory: 

The surface energy balance equatioil c k n  be solved for the ground 

temperature Tg without any reference to the surface fluxes from the 

similarity theory. If that were done than we would have two separate 

solutions for the surface fluxes of sensible and latent heat i.e. one 

from the surface energy balance and the other froru the similarity 

theory. In order to avoid this i~lconsistency an iterative solution of 

the two problems is proposed that couples the two solutions. 

The surface energy balance equation may be expressed by, 

FL - a~~~ + (1-a)Fs + pCp u*8* + pL u*q* = 0 



Here FL denotes the dow1lwa1.d flux u f  l u n g  wave radiiltiol~, 

Fs denotes the downward flux of short wave i'adiation, 

a denotes the surface albedo 

u* denotes the friction velocity at the ground 

8* and q* respectively denote the characteristic: temperature and 

specific humidity of the surface layer. Furthe]-niore it should be 

noted that u*8* denotes the flux of sensible heat from the earth's 

surface to the atmosphere, and u*y* denotes the flux of latent heat. 

In section (3.1~) we have discussed a procedure for the solutions of 

u*, 13s and q* for stable and unstable conditio~is. Stability is 

determined from the sign of the Monin Obukhov length L which is 

defined by, 

where u*8* = -W'B')~ the surface heat flux, which is positive if up- 

ward for unstable situations i.e. L < 0 .  Given a first guess 

(superscript 1) value of the surface temperature ~ ~ ( 1 )  one can eva- 

luate the corresponding surface moisture qg(l) using the relation for 

saturation specific humidity, ground wetness and surface albedo. 

Stability is next calculated from the magnitude of the Bulk 

Richardson's number, 

RiB(l) = @[T, - Tg] AZ 

Cua - ug1 
- 

Here @ is a constant = g/8 ; Ta is an interpolated air temperature at 

the top of the Prandtl layer (A2 = 30 meters) where the wind speed is 

u,. The ground temperature is Tg and the wind speed at the surface ug 



= 0. One next solves for (AZ/L) (I) f ~ r  the st,ible ( R i B  > 0 )  and 

unstable (RiB < 0) situations from Eqs. ( I S )  d ~ ~ d  (25) respectively. 

The stability exchange coefficients C ~ ~ I ) ,  cH(l) and cq(l) are 

next evaluated utilizing the first guess value of the Monin Obukhov 

length ~ ( l ) .  It is now possible to update the V ~ ! L I C S  of the surface 

fluxes -u,, 8, and -u*q* as a function of the ?.lor~in Obukl~ov length and 

stability, here we use the Eqs. (20), (21) nnd ( 2 2 ) .  A t  this point 

u*, 8* and q* are substituted into the e l i e r g y  Ldlance equation and one 

solves for an updated ground tenperatu~a ~ ~ ( ~ 1 .  This cycle is 

repeated to minimize the difference I (T~*'I - T *)I as :? fu~~ction of g 

the scan v .  This procedure converges very rdpidly yielding a coupling 

among the surface energy balance and the surfdce similarity theory. 

e. The Planetary Boundary Layer and the Vertical Distrlktion of Sur- 

face Fluxes: 

Within the planetary boundary we are guided by the GATE obser- 

vation for the parameterization of the vertical distribution of 

fluxes. The humidity flux, according to GATE observations, increases 

with height during disturbed conditions. This increase of vertical 

eddy flux of humidity is generally attributed to downdrafts from deep 

convection that tend to dry the p1anetal.y boundary layer. The deep 

convective parameterization of the present study, a modified Kuo's 

scheme, lacks an explicit treatment of this phenonirno~~. 

During undisturbed conditions the eddy flux of moisture in the 

planetary boundary layer is known (GATE observation) to decrease with 

height. 

From an inspection of these data sets the following empirical 



expression for the vertical distribution of humidity flux was 

proposed for disturbed conditions. 

Here Ap denotes a depth of the troposphere, Fq(Po) is the surface 

flux as determined from similarity theory. In the second term of the 

above expression. Q2 denotes the total apparent moisture sink while 

Q~~ denotes that from the deep convectiorl alone - as determined from 

the Kuo's theory, 

The overbars in the denominator of Eq. 35 denote a vertical average 
- 

through the depth of the troposphere, and [ ] is the time average. 

This structure function 

Po 

is determined entirely from GATE observations. It reflects the ver- 

t i c a l  s t r u c t u r e  f o r  t h e  eddy f l u x  o f  m o i s t u ~ . e ,  f or  a l l  p r o c e s s e s  n o t  

including those covered by the simple Kuo's parameterization. Here we 

define 'disturbed situations ' as those where the yr.ecipitation rates 

exceed 5 mm/day. Figure 3 illustrates the GATE structure function for 

the eddy flux of moisture for disturbed conditions. This allows for a 

drying of the subcloud layer and a moistening of the troposphere. Here 

we assume that this structure function provides a parameterization of 

the downdrafts from deep convective clouds as well as the moistening 



by shallow convective clouds that coexist with tlie deep clouds. This 

precipitation rate is here determined fron~ an application of the Kuols 

scheme, discussed in the next section, and is give11 by the relation, 

RT = IL(l+o)(l-b). 

Equation (35) satisfies the following constraints, 

Surface flux = Fq(Po) 

flux at the top (P = pT) is zero. 

Total flux convergence = Fq(Po) 

If RT 5 5 mm/day then we assume t h a t  all undisturbed boundary layer is 

present, in which case the vertical distribution of eddy fluxes of 

humidity within the PBL, based on GATE, may be approximated by, 

Where Po denotes the surface pressure, P the pressure at a reference 

level and PLCL the pressure at the lifting conderisation level. In 

these situations the GATE measuren~eiits were only made in the 

undisturbed subcloud layer. The flux vanishes at a level close to the 

lifting condensation level. Usually shallow convection is present 

above the LCL,  these clouds extend to the base of an inversion. The 

treatment of shallow convection is given in the next section. 

The vertical fluxes of sensible heat and momentum for disturbed 

and undisturbed conditions are based nn GATE observations. These are 

given by the following relations, undisturbed situations (RT 5 5 

mm/day) : 

An equation similar to (35) is used for the distribution of sensible 

heat for disturbed conditions. For undisturbed conditions we set 



The surface flux from the similarity tlleory is give11 by Fe(P0) and it 

decreases to zero at the lifting condensation level. 

The best fit relation, for the wind stress fors l inc l i s turod  conditions, 

based on GATE observations is very similar to the other relation, 

The stress vanishes close to the lifting condensation level 

For disturbed situations the flux of mon~entum is expressed by 

and b = 0.46P - PLcL 

Po - PLCL 

The flux in the disturbed situations vanishes close to the lifting 

condensation level 



4. Parameterization of Shallow Convection: 

Following Tiedke (1984) we assullie i i  sit~~yle diffusive: form for the 

parameterization of shallow convection. Shallow convection is invoked 

over conditionally unstable undisturbed situation (RT < 5 mm/day) via 

a K theory. The humidity and the thermal equatioiis are expressed by, 

and 

Furthermore, following Tiedke (1984), we set, Kq = Kg = ~ ~ ~ p ~ ,  

the coefficient varies with height as the square of the density. 

Based on numerous studies with the GATE, ATEX and AMTEX data sets 

Tiedke suggests a value of K = 25 m2 s-l. However setting a constant 

value of K does not provide a smooth continuity with the fluxes at the 

lifting condensation level. It is desirable that ~ g ~ p ~ - a  at the 
a P 

lifting condensation level be consistent with the planetary boundary 

layer flux at that level. If we define Kq = F q ( ~ d ~ ~ ) ; ~  then the humid- 

ity flux in the subcloud layer and the shallow convective cloud layer 

are smoothly connected. A similar definition of [Ze is also used for 

the same reasons. Above the lifting condensation level in the cloud 

layer KO is negative, implying a downward eddy flux of sensible 
ap  

heat from the base of inversion to the cloud base. On the other hand 

Kq b is essentially positive in the shallow convective cloud layer. 
a P 



Since the humidity flux is small both at the cloud base and at the 

- 
cloud top, over the lower half of the clouds K y  ilq is negative and 

a p  a') 

is positive over the upper half of the ciouds. Thus these shallow 

convective clouds tend to moisten the layelas of  the atmosphere over 

the upper half of the clouds. Heckley (1984) has sun~marized the 

results of recent numerical predictions made with the ECMWF model. 

The experience at ECMWF shows that the inclusioa of shallow convection 

improves the overall tropical forecasts slightly. In its absence the 

planetary boundary layer tends to be too rnoist a~ld the region below 

the inversion layer tends to be too dry. Although t h e  present for- 

mulation is very simple it is shown to provide all overall improvement 

of the thermodynamical structure over the undisturbed areas. In the 

present formulation we have included the vertical eddy flux of momen- 

tum in the planetary boundary layer, however, it is tlot included 

within the cloud layer. 

It is easy to see that moisture is conserved by this parameteri- 

zation of shallow convection. The total convergence of flux of humi- 

dity in the cloud layer is equal to Fq(LCL), i.e. the flux at the 

cloud base. 

It is important to assure that these shallow clouds are nonpreci- 

pitating and do not systematically produce saturatior~ on the large 

scale. To assure that it is desirable to set an upper limit on the 

final specific humidity q~ produced by the process, 

i .e. qF/qs d 0.8 

This is easy to implement formally although it violates the conser- 



vation slightly. However this is ncc.c:,s;iry i l l  ~ , ~ ~ d e l ,  t o  avoid the 

eventual formation of layer clouds and :~c;soci,~ t e d  ?;1ibge scale conden- 

sation. 

The present formulation of shallow col~vectiirrl is very simplistic, 

and deserves to be investigated in further detail. 



5. Parameterization of deep moist convection: 

The large scale convergence of flux of moisture is expressed by 

the relation, 

or in advective form by, 

In the Kuo type cumulus parameterization theories the supply of 

moisture is usually defined from a vertical integral of the above 

expression. The supply is then used to define the moist adiabatic 

cloud elements in various versions of the Kuo's scheme. Krishnamurti 

et a1 (1983a) and Anthes (1984) have noted that the supply of moisture 

for the definition of clouds may be expressed simply by the second 

term of the above equation. The first term, namely the horizontal 

advection is used for a direct moistening of air on the large scale. 

Thus we define the supply of moisture by the relation, 

Here PT and PB denote the cloud top and the cloud based respectively, 

they are defined in terms of the vauishing buoyancy level and the 

lifting condensation level respectively. The other symbols are the 

usual ones and are given in Table 2. 

Based on our experience, Krishnamurti et a1 (1980, 1983a). we 

have noted that the above definition for the large scale supply is a 



close measure of the rainfall rate, and thus sufficient supply is not 

available to account for the observed moistening of the vertical 

columns. These statements are based on semiprognostic studies made 

with the GATE observations. These lead us to propose a ~~iesoscale con- 

vergence parameter q and a moistening parameter b. 

We define the total supply by the relation, 

I = IL(l+O) 

where I L ~  denotes the net mesoscale moisture supply. 

The total moisture supply is partitioned into the precipitating 

part and the moistening part via the following relations, 

R = 1(1-b) = IL(l+q)(l-b) ( 5  

M = Ib = ~ ~ ( l + q ) b  ( 6  

Following Krishnamurti et a1 (1983a) we shall define the total supply 

of moisture required to produce grid scale moi.st - adiabatic sounding 

by the expression, 

AT denotes a cloud time scale = 30 minutes. The two respective 

terms are denoted by, 

The total supply I may likewise be split int.0 the moistening and 

heating parts by the relation, 

I, = Xb = ILb(l+q) 



and Ie = I(1-b) = IL(l-b)(l+~) (10) 

The thermal and the humidity equations are expressed b y :  

ae + V-Ve + u g  = ae(es-e + o z )  - 

at ap AT 

Where a8 and aq are defined by the relatiorls, 

a8 = 18 = I(1-b) = IL(l-~)(1-b) - 

Q e Qe Qo 

The parameterization is closed if 

b and q are somehow determined t h e n  i l g  and aq may be evaluated 

from the relations, 

and 

Krishnamurti et a1 (1983a) proposed a closure for b and q based 

on a screening multiregression analysis of GATE observations. Here we 

regressed normalized heating and moistening R/IL and M/IL against a 

number of large scale variables. 

Based on GATE observations we noted significant correlations for 

the heating and moistening from the following relations. 



Where a1 , bl , cl , a2, b2, and c2 are regression cu~lstailts whose ntagni- 
- 

tudes may be found in Krishnamurti et a1 (1083a). 5 and o are respec- 

tively the relative vorticity and the ve1.tii;ally integrated vertical 

velocity. 

Thus, in numerical weather predictiori, a~id o determine M/IL and 

since M = b(l+q) 
I L 

and - R = (l+q)(l-b) 

I L 

These two relations determine b and q. 

we can find a0 and aq from the relatioils, 

and 

It is also of interest to note that the apparent heat source Q1 and 

the apparent moisture sink Q2, for this fornlulation, may be expressed 

by: 

T ae]  - cP [ H ~  + H ~ ]  Q1 = ae Cp 1 (es-e) + wCp - - [ e r  e a11 

The total convection precipitation is given by, 



6.  L a r ~ e  Scale Condensation 

Large scale condensation is usually invol.:cd ill a numerical 

weather prediction experiment if dynamic ascent of stable saturated 

air occurs at any level of the atmosphere. 

The ascent is usually a consequence of large scale dynamics such as 

differential vorticity advection, thermal advectio~l, slow orographic 

ascent or even the buoyancy driven ascent fros the lower troposphere. 

In the latter case convective and nonco~~vective clouds could coexist 

over the same region. 

The Stable air refers to absolute stability where both the potential 

and the equivalent temperatures increase with height. The Saturation 

refers to the ratio of specific humidity to the saturation specific 

humidity which is close to unity, altho~~gh one does use a saturation 

ratio of the order of 0.8 to take illto iiccount possible subgrid scale 

saturation. 

We may express these conditions via the relations, 

w<O ascent, 

-= ,o; -39, ,, stable, 
ap a P  

and 
g_ > 0.8 saturation 
9s 

(a list of symbols is provided in Table 2). In the following we shall 

consider regions where these three conditions are met. 

6 . 1  Different formulations of large scale condensation heating: 

a) Removal of supersaturation: 

In a multilevel numerical prediction model the simplest for- 

mulation requires an estimate of saturation at each time step. 



Let Aq = q-qs (2 ) 

If Aq>O, then at that level of atn~osphere one can set the contri- 

butions from large scale condensatio~i in the first law of ther- 

modynamics and the water vapor continuity equation by the relations, 

and 3 = - 
at 

Thus the supersaturation is simply condensed out with an equiva- 

lent heat release in the thermal equation at that level of the 

atmosphere. This is usually dotie at the end of each tin~e step, At, 

when other processes in the model have contribut:-:d to a positive Aq. 

Calculation of the saturation specific huiuidity q, is usually 

carried out from the use of various approximations such as the Tetens 

formulae, 

vapor pressure es = 6.11 exp 

and saturation specific humidity qs = 0.622es 
p-0.378eS 

where the constants a and b are defined in terms of saturation over 

water (a = 17.26, b = 35.86) and over ice (a = 21.87, b = 7.66). The 

Tetens formulae has been tested and found to be a reasonable 

approximation for construction of nloist adiabats in the troposphere. 

b) Simplest direct calculation: 

In the simplest formulation for nonconvective heating, 

is approximated by, 

HNC = -LW aqs - 



where aqs is measured along a local moist sdiabat . F~-om tl~t: Tetens 
ap 

formula, we obtain, 

(~-b)2 ap (9) 

Conservation of moist static energy along a ~r~oist adiabat can be 

expressed by, 

gZs + CpTs + Lqs = Es. 

Upon differentation with respect to pressure we obtain, 

Upon elimination of aTs from equation (9) and (10) i<i> obtain the 
ap 

relation, 

aq, = -0.622 x 6.11 exp - - a(T-273.16) 

a P P (T-b)2 

we can solve for aqs from this relation and obtain, 
ap 

where 



and 

C2 = 1 - C3 
P 1 (16) 

c) A more rigorous formulation: 

Kanamitsu (1975) proposed that all of the thermodynamic pro- 

cesses that modify the temperature or humidity instantaneously should 

be incorporated in a more rigorous formulation of the no~lconvective 

heating. A number of thermodynamic processes such as other heat sour- 

ces and advection modify the temperature and then the saturation spe- 

cific humidity. Likewise in the humidity relation a number of 

processes such as eddy fluxes, evaporation and even convective pro- 

cesses can modify the humidity. The proper definition of q, or q 

requires that these are handled appropriately. 

Following Kanamitsu (1975) we shall first' obtain an equation for 

the relative humidity r, 

we define r = g- 
9s 

we can write, 

We shall define the saturation specific humidity by the approxi- 

mate relation, 



differentiate with respect to temperature 

Now we can rewrite Eq. 19 

at RTe at 

This can be further simplified using the first law aiid the moisture 

continuity equation. The first law may be written i l l  the form, 

Where Hi denotes the various heating terms, these include; Radi'ative 

HR, convective H c ,  and non-convective heating HNC. The humidity 

equation is written as, 

The last terms in the above two equations denote the eddy convergence 

of fluxes. Upon substitution from Eqs. (23) and ( 2 4 )  into Eqs. 

(25 )  and (26 )  we obtain, 



Term I denotes the change in relative humidity arising from ver- 

tical advection of specific humidity. 

Term I1 denotes the change in relative humidity due to change in 

temperature. 

Term 111 denotes a change in relative humidity due to convergence 

of vertical eddy flux of moisture and condensation processes. 

The expression for nonconvective heating H X c  is obtained by 

setting 2 = 0 in the above relation, (supersaturation is not per- 
at 

mi tted) 

Thus 

Upon solving for the nonconvective heating HNC we obtain, 

Here RE denotes the remaining terms. 

The estimate of may be obtained from the equation, 
ap 



Let n = rLi~/~p; T, = nos, 
11000, 

hence 

The subscript s denotes a moist adiabat. 

Here the first term in equation (29) describes the moist 

adiabatic heating, while the last term RE includes all other effects 

that level to produce supersaturation (such as eddy flux convergence, 

other terms of heating HR, Hs, HC, large scale horizontal advection). 

Thus this more accurate form of nonconveclive heating requires 

estimates of these several other processes. I f  we set RE to zero and 

also assume that the terms containing c a1.t. sinall co~i~l)al.ed to the tern1 

adjacent to it, we obtain, 

which is the simpler form of nonconvective heating discussed 

earlier. Since the large scale dry static stability -* ? 0 hence the 
3~ 

inclusion of the terms containing cz reduces the mag~iitdde of HL. 

Thus the simpler form tends to over-esti111ate the intensity of the so 

called stable rain and the associated nonconvective heating rate. 

Scheme c )  seems to be the most accurate anlong the three above 

schemes. Scheme a) does not assure a local moist adiabatic sounding 

(-ae,, aq,) at the level where the excess moisture is condensed out 
ap dp 



since that process is neither isobal-ic nor. does it occur* on a constant 

sigma surface. Scheme b) is evidel~tly an approximation of scheme c) 

for c = 0 and RE = 0. In the middle latitudes when large scale ascent 

of stable saturated air occurs, KI ish~~an~urti (1538) , the moist upward 

vertical motion are about 50% larger than estimates made from the use 

of dry static stability. The rainfall rates are accu~xlingly larger 

tihen the local moist adiabatic process is take11 into dccoulit. In the 

tropics, where convective and nonconvective processes coexist, 

estimates of the ratios of nonconvective to convective rain vary over 

different regions. According to Rosenthal (1969) this ratio is of the 

order of 0.40 for hurricanes. According to Quah (1985) this ratio is 

of the order of 0.25 for the monsoon depressions. Based on an examin- 

ation of GATE disturbances over the Atlantic we find that this ratio 

for weak Atlantic easterly waves is around 0.15. Thus it appears that 

as we go towards the more intense disturbances from the waves to 

depression and to a hurricane the proportion of r~onconvective rain 

appears to increase. That is not surprising since more anvil rain 

tends to fall from a larger number of tall cumulollin~bi in the more 

intense disturbances. 



7. RADIATION: 

7.1 Introduction. 

Inclusion of radiative effects in a numerical weather prediction 

model is important as these give rise to vertical and horizontal ther- 

mal gradients which in turn affect the wind circulation. This happens 

because of radiative heating and cooling and the sensible heat supply 

from the ground. 

Atmospheric heating and cooling due to radiation stems from three 

sources. These are heating due to the absorption of so la^. radiation 

by water vapor, cooling due to long wave radiation and sensible heat 

supply from the earth. In the third cause the radiative effect is 

present but only implicitly. Over the land, however, the surface tem- 

peratures of the ground becomes high in the day by means of solar 

radiation. 

In this chapter we describe the radiation parameterization scheme 

used in our model. 

7.2 Basic Features of the Scheme. 

7.2.1 Interactive scheme. 

Our scheme is an interactive radiative scheme. It is able to 

interact with humidity and cloud distribution (predicted from the 

model variables) and thus predict the forin of feedback mechanisms 

involved. 

7.2.2 Number of cloud layers. 

If random overlap of clouds is assumed then the number of 

possible paths of the solar beam from the top of the atmosphere to 



ground is 2" where n is number of cloud layers. 111 our case we have 3 

layers of clouds; low, middle and high; therefore, in a11 we have 8 

possible cloud configurations. 

7.2.3 Absorption of radiation. 

Only water and water vapour are considered as radiatively active 

gas in calculating radiative heating rates. 

7.2.4 Partition of radiative scheme. 

Radiative scheme is essentially divided into 2 parts. Shortwave 

and longwave. It is possible to do since there is very little overlap 

in terms of wavelengths between the incoming solar radiation and 

outgoing terrestrial radiation. 

7.2.5 Diurnal changes. 

Calculation of zenith angle allows for t l l c ?  seasol~,~l, diurnal and 

latitudinal changes in the radiative effects. 

7.2.6 Emissivity method. 

Emissivity method is used for longwnve r G l c i i a t i * ~ n  transfei'. 

7.3 Structure of the Radiation Scheme. 

The structure of the radiation schenlct conci:;t.; of I, prwErani 

units. Figure 3.1 shows the systematic relationship of each unit with 

the others. As the radiation calculatiuris are computationally expen- 

sive, they are carried out every 3 hours dul-ing integration of the 

model. 

7.3 Computations of radiation effects. 

The computation of radiative effects has been divided into 4 

parts : 



1. Specification of clouds. 

2. Long wave radiation transfer 

3. Solar short wave radiation and 

4. Surface energy balance. 

We describe these parts one by one. 

7 . 4 . 1  Specificaton of clouds. 

The specification of clouds is based u n  certain threshold values 

of model relative humidity. Three cloud types are defined; low, 

middle and high. The critical relative hua~idity for low, middle and 

high clouds are assigned as 0.66, 0.50, and 0.40 respectively. These 

values have been derived from average tropical conditions. The frac- 

tional low, middle or high clouds are defined as follows: 

Fractional low cloud: C L  = (G - R H C L )  
(1 - R H C L )  

Fractional middle cloud: CM = (E - RHCM) 
( 1  - RHCM) 

Fractional high cloud: CH = ( R H  - R H C H )  
( I  - R H C H )  

where R H C L ,  RHCM, RHCH are the critical relative humidity for low, 

- 
middle and high clouds respectively. RH is the average relative humi- 

dity taken over the layers in which the initial or predicted relative 

humidity exceeds the critical relative humidity 

The upper limit of fractional area covered by any type of cloud 

is kept as 1 and lower limit as zero. 

There are eight possible cloud configurations in the present 

scheme : 

i 1 Clear 



ii) Low clouds only 

iii) Low and middle clouds 

iv) Low, middle and high clouds 

V) Middle cloud only 

vi) High cloud only 

vii) Middle and high clouds 

viii) Low and high clouds 

For given model temperature and humidity va 1uc.s radiative fluxes 

are first calculated for all of cloud cd~r~figuration present. 

Different weights are assigned to these fit:xru dt.pt~riding upon the 

cloud amounts within a grid square area. The weights are: 

Coefficients (i) = (1-CL) (1-CM) (1 CH) 

Coefficients (ii) = CLe(1-CM) (1 L H )  

Coefficients (iii) = CL.C>l. (1--CII) 

Coefficients (iv) = CL.CN.CH 

Coefficients (v) = (l-CL).C$T ( I  cH)  
I 
i (2) 

Coefficients (vi) = (1-CL) CIr 

Coefficients (vii) = (1-CL) CM.C13 

Coefficients (viii)= CL.(l-CM).Crr 1 
We also put the following constraints on specification of clouds. 

1. The bases of the clouds are fixed. 

2. The maximum allowed thickness is 200mh. 

3. The cloud layers considered have to he thicker than 50mbs. 

The allowed bases and tops of the clouds are as follows: 

Base (mb) Top (mb) 

950 750 Low cloud 



Middle cloud 750 150 

High cloud 450 150 

It was noticed that CL, CM and CH ovcrspecified the cloud frac- 

tional area. The following modificatio~i is presently used. 

C, = cx2 ( 3 )  

x is cloud type - low, middle or high. The cloud specification is 

carried out in the subroutines RADN and CLOUD. 

7 . 4 . 2  Long wave radiation flux. 

Longwave radiation is absorbed and eini l Led by atmospheric gases, 

clouds and the earth's surface. T h e  absorption t ) ~  water drops is so 

strong that most clouds in the lower troposphere ,ibsorb esselitially 

all the incident radiation flux and emit a fius which is similar to 

that from a blackbody at the cloud boundary temperature. Cloud 

radiative properties in the longwave re~ion are tlius independent of 

wavelength for practical purposes. 

Emissivity method is used for the cornputation of long wave 

radiation fluxes. All of the long wave radiation originates at the 

earth's surface or from the atmosphere and clouds. We consider in our 

scheme absorption by water vapor only. lie neglect absorption by 

carbon-dioxide because it is well mixed and its role in the tropical 

troposphere is not large. The role of ozone warming is also not 

significant for a tropospheric model. 

Cloud free case 

Upward flux: The total upward flux of long wave radiation at a 

reference level in cloud free case is given 2s sum of two parts. 



The first term on right hand side gives the part that comes up to 

the level i from the earth's surface (ground) and the second term 

gives the part that is emitted by layers between the ground and the 

reference levels. 

a :  Stefan Boltzmann constant 

WB: path length at the ground 

Wi: path length at the reference level 

E : The emissivity as function of the path length. 

Downward flux: It is given by just one term. 

in equations is a measure of change of emissivity with respect to 
aw 

the path length. 

Cloudy case: Let us corisider t h a t  t h < ? r c  is oue (,loud layer 

above the reference level. Then the cloud r ~ i l l  affect the downward 

flux at reference level. 

T,b: temperature at the cloud base 

Web: path length at cloud base 

When there is one cloud layer below the reference level, upward flux 

at the level is computed as: 

Tct: Temperature at cloud top 

Kct: Path length at cloud top level 



For multiple cloud layer the same equations (6) and (7) are 

applied in similar ways. These fluxes are determined in the routine 

FLUX. We obtain the emissivity values from the tables of emissivity 

as a function of path length, prepared by Staley and Jurica. The 

error estimates are of the order of O.l0C/day in the atmosphere. The 

emissivity tabulations are provided in subroutine ENTAB. This table 

expresses the emissivity c as iI function of the path length which in 

turn depends on humidity, temperature and pressure. The real data or 

the predicted data would, in general, fall within the range of tabu- 

lated values of the path length. Thus, we need to interpolate the 

values of emissivity corresponding to the desired values of the path 

length. 

As mentioned earlier, we consider absorption only by water vapor. 

The path length is measured from the top of the model atmosphere, PT = 

O.lPs to the reference level, Pi. The colltribution from the region 

above the model atmosphere (OdPdPT) is constructed from a standard 

atmospheric sounding. The path length is defined as: 

q: specific humidity 

W ~ :  Path length above the model top. We assume an isothermal stra- 

tosphere (220°K) and a front point of 210°K. This provides a measure 

of water vapor in the stratosphere. This is defined in routine SLR 

and its value is 4.7 x lo5. 

fp1°.85 gives the pressure reduction effect arid [ T ~  0 a 5  gives the 

lps I 1-T I 



correction for variation of temperature. 

7.4.3 Short-wave radiation flus. 

The solar radiation at the top of the atmosphere is divided into 

scattered and absorbed part. Short wave radiation is depleted due to 

absorption by water vapor and Rayleigh scattering by aerosols. 

Scattered part: SS = 0.651 So cos $ ( 9  

Absorbed part: Sa = 0.349 So cos $ (10) 

So is the solar constant, $ is the zenith angle. 

From empirical studies, an absorptivity function A[W] is defined, 

which given the amount of incoming solar radiation that is depleted by 

the absorption constituent. 

A[W] = 0.271 [W sec $lo-3o3 (1 1) 

The direct solar radiation reaching a reference level i is computed as 

follows: 

Sa (1 - A[Wi sec $1) (12) 

Only the absorbed part of direct solar radiation is attenuated by the 

process. 

To estimate the net downward flux of short wave radiation, we 

compute the amount of diffuse radiation that comes up from the earth's 

surface. For this albedo of earth's surface and the reference level 

is taken into account. 

The amount of diffuse short wave radiation reflected from the 

earth's surface is: 

P I 1  - AWOI 1% (13) 

Wo: Path length at earth's surface. 

Diffuse radiation reaching the reference level is determined as: 



Sa(l - AIWo sec <]/as 11 - A[1.661W0 - \J~)I] (14) 

The absorptivity of diffuse radiation is multiplied by 1.66 to account 

for the increased path length experieiiced by the diffuse radiation. 

The total downward flux is determined a s :  

s . - ~ =  sa 11:- A Cwsec r 11 - sa(l - A[L,, sec <]]a, 
1 

(15) 

~ ( 1  - A[1.66(WO -- Wi)]] 

When there is a cloud layer presciit below the reference level i, 

the net downward flux is cu~~~p~lted using the relation: 

Sia = Sa(l - A[Wi sec <I) - S t l ( l  - A[WCt sec <!)ac 

~ ( l  - A[1.66(Wc, Wi)] (16) 

where ac is albedo of cloud. 

For computation of the amoullt of short wave radiation passing 

through a cloud layer absorptivity of cloiid is defined. Since in a 

cloud both liquid water and water vapor exist, absorptivity function 

* is given as A[w~~*] where Wci is the augnlented path length which 

accounts for the equivalent amount of water vapor within the cloud. 

The amount of direct solar radiation reackiiilg below a single 

cloud atmosphere is computed as: 

Sa(l -A[Wct sec < I )  ( 1  - a c )  ( 1  - A [ w ~ ~ * ] )  (17) 

For determining the downward flux of short wave below a single 

cloud in the atmosphere the upward flux of diffusil radiation rising 

from the earth's surface is also considered. The total downward flux 

of absorbed short wave radiation at n reference level below a single 

cloud layer is computed as: 

sia = sa(1 -A[Wct sec (1) (1 a (1 -A[w,* - 1.66(Wi - Web)] - 

(1 -A[w=* + 1.66(Wo - Wcb)])as (1 - A[1.66(W0 - wi)])] (18) 



When more than one cloud layer is present the same procedure is 

logically applied. 

These fluxes are computed in routine SLR. The absorptivity func- 

tion A[W] is computed in function subroutine FCK. 

Scattered Part 

Rate of warming of the atmosphere by scattered part SS of the 

incoming solar radiation, is very small. However it is not negligible 

in the heat balance at the earth's surface. 

For considering scattering effects, albedo of air is calculated 

using an empirical relation. 

a. = ALBAIR = 0.085 - 0.245 log (Ps cos 5) 
lUu0 ( 1 9 )  

Downward flux of scattered solar radiation in case of clear sky, at 

the earth's surface is computed by the following relation. 

as: albedo of the earth's surface. 

When clouds are present the following relationship is used: 

SiS = SS (1 - / 3 ) / ( 1  -pa,) ( 2 1  

where = 1 - (1 - ao) (1 - a,.) when cloud c i  is present. The 
1 

same formula is applied when multiple clouds are present. In that 

case /3 is determined extending the above example. 

The scattered part of the flux computation is carried out in the 

main routine RADN. The constants required for the radiation com- 

putations are defined in subroutines CONST and CALPHI. 

Radiative heating rate 



Long wave warming (cooling) rate is computed as the divergence 

(or convergence) of the net long wave fluxes at the interface of the 

layers (i.e. a levels). 

(a) = g  2 
(aT) long wave CP ap 

The short wave warming rate at a level is computed as divergence of 

the net short wave fluxes at the layer interface. 

where Sia includes absorbed part of direct and reflected diffuse 

radiation. 

These computations are carried out in routine RADN. First the 

computations are made for each cloud configuration. Then these are 

modified by the coefficients of various cloud configurations to give 

net warming and cooling rates. The sum of long wave warming/cooling 

rates and short wave cooling rates gives the net temperature change 

due to radiation. This is returned in array TEMPT giving change of 

temperature at N a levels of the model, due to radiative effects. 

7 . 4 . 4  Radiative Heat Balance at the Earth's Surface. 

We carry out the radiative heat balance at the earth's surface 

for the points that lie over land. We assunre that larid has zero heat 

capacity and set the time rate of change of energy accumulation at the 

earth's surface to zero. Then, we solve for the grouild temperature 

using a balance condition. The balance is among the net radiative and 

net soil heat fluxes at the earth's surface. The surface energy is 

expressed by: 



i.e. Net long wave radiation + net short wave rddiatiun + sensible 

heat flux + latent heat flux = 0. 

The net downward long wave flux at earth surface is computed as: 

FL FLG - U T ~ ~  (25) 

FLG is downward flux 

The net short wave flux at earth surface is computed as: 

Fs = FSG - as FSG (26) 

where as: earth's albedo. F,G includes both absolSbed and scattered 

part. 

The sensible and latent heat fluxes are computed using bulk for- 

mulae in routine SFXPAR. These depend on the difference Tg - Ts and 

qg - 4s. 

Hs = Po Cp CD I Vo ) (Tg - Ts) 

HL = P Cq L I V0 I (qg - 4s) 
Tg, qg: ground temperature and s l ~ e c i f  ic huo~itlity 

TS l qs: air temperature and specific humidity 

A first guess of Tg is provided as surface temperature T 1000. 

The first guess of air temperature is obtained by extrapolating tem- 

perature of lowest a layer of the model. The ground specific humidity 

is defined by the relation: 

qg = G W ~ , ~  (29) 

where qsg is the saturation specific humidity at ground. GW is 

ground wetness parameter and is empirically defined by the relation: 

GW = (a,,,aX - a) (1 - R.H.surface) / (a,,,ax - 0.05) (30) 

where maximum albedo over the domain 

a: albedo at a given point 



The parameter GW is restricted to lie between 0 and 1. The sur- 

face energy balance equation is written as: 

FTS = ~~'(1 - as) - OT~' + xS(Ts - Tg) + s=(qs -- qg) = 0 (31) 

where xs = po Cp CD Vo (32) 

x~ = po Cq CD Vo and (33) 

Vo = surface velocity 

The energy balance equation is solved by Newton Raphson method to get 

value of Tg. The solution also provides measure of long wave 

radiation and fluxes of sensible and latent heat. The Newton Raphson 

method is an iterative procedure aimed at minimising FTS. We start 

with a first guess value of Tg and calculate: 

i) aFTS = -4cTg3 - xs - x ~ q ~  (273.16~25.22-5 .33Tg) 

Tg2 

ii) Update a value of Tg 

iii) Specific humidity at ground, qg is computed qg ; qsqGW 

The steps (i) - (iii) are repeated and usually convergence is achieved 

in a couple of scans. This calculation is done in the routine TG. 

Subroutine RADN is the main routine in the entire calculation. 

The final results of fluxes are expressr~d in units of watts/m2 and 

the cooling (or warming) rates are expressed in (leg c/day. These 

calculations are done in subrouti~ie RADN 

7.5 Input to the Radiation Scheme. 

7.5.1 Model variables. 

Temperature values are needed at the boundaries of the layers 

where the fluxes are computed. They are derived from the layer tern- 



peratures (a levels) by simple averaging. At bottom and top levels of 

the model the temperature values are liiiearly extrapolated from the 

inner layer temperatures of the vertical domain. The relative humi- 

dity is obtained from the model variable specific humidity and 

averaged to layer boundaries. When humidity is needed at layers, the 

interpolated values are averaged again. This ensures that the 

moisture input to the radiation scheme is as smooth as the temperature 

input. 

7.5.2 Clouds. 

The cloud cover at each level is obtained froin the relative humi- 

dity at that level. Procedure to obtain the cloud cover has been 

described earlier. 

It has been found that because of poor vertical resolution. boun- 

dary layer clouds are badly represented in the modzl and produce wrong 

feedback between radiation, vertical diffusion and condensation. 

Therefore any cloud that would be present within a convective boundary 

layer (i.e. whose potential temperature is smalle~. than that of the 

ground) is eliminated from the input to the radiation scheme. 

7.5.3 Ground albedo. 

Monthly mean values of surface albedo obtained from NCAR are pre- 

sently used. 

7.5.4 Solar zenith anrle. 

The solar zenith angle is given by the relation: 

cos 5 = sin $I sin 6 T cos $I cos 6 cos h ( 3 6 )  

where 5: zenith angle 



: latitude 

6: declination 

h: hour angle measured from the local solar noun 

The seasonal change in the radiation computations is brought in 

through the declination. The diurnal change comes through the hour 

angle, h, and the latitudinal effect appears through +. 

The zenith angle is computed in routine ZETA1.  The declination 

angle and cos and sin of latitude $I are conlputed in routine CONST. 

The hour angle is determined in main radiation routine RADN. 

The zenith angle i s  averaged over 3 hours for k s e  in radiation scheme. 
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8. Dry Convective Adjustment 

Although superadiabatic lapse rates can exist in the atmosphere 

over some places for short periods, this is not desirable from the 

point of numerical weather prediction. If a region of superadiabatic 

lapse rate is present locally, small perturbations can lead to 

buoyancy accelerations that require for a total description a very 

fine mesh model. Larger mesh size models will see this growth of 

local buoyancy accelerations as noise. T11esr cur-1rse meshes do not 

resolve the energetics of growing dry cv~lvective elements, and 

uncontrolled growth of noise can occur. This call be prevented via a 

strong vertical diffusion in a nun~erical weather prediction model. 

More often one makes use of the dry convective adjustment procedure 

which replaces the superadiabatic lapse rate by a neutral sounding 

such that the total dry static energy remains all invariant before and 

after the adjustment over the vertical. There exists a pressure level, 

p,, above the level of minimum dry static energy, wl~ich determines the 

top of the moist convective adjustment. At this level if the observed 

dry static energy is Er then 

where E is the dry static energy of the sounding, and po is the sur- 

face pressure assumed to be 1000 mb. The procedure consists of an 

integrative E for a level pr = po - ilAp (st,irtilig froa n = I where Ap 

is the grid interval along the vertical) to the pressure level po. One 

continues this until the left hand side of above equation becomes 



equal to or greater than the right hand side. Kht.11 this is done the 

adjusted sounding can be recovered from the conser~~ition of dry static 

energy, the Poisson equation and the hydrostatic law. The adjustment 

cools the lower layers and warms the uppt:~. layers uf the adjusted 

sounding. The warming of the upper layer can produce  dry instability 

above that layer, and one has to successively rernove that as well by a 

similar adjustment procedure. In practice we t'ike the following 

steps. 

The adjustment is done over successive layers, ill which one com- 

pares the potential temperature over two adjacent layers for instabi- 

lity. This continues until one finds a stable layer. An average of 

the dry static energy is computed over that depth (i.e., up to the 

level where the sounding becomes stable), and a co~lstant theta in the 

vertical is the adjustment. The adjusted potential temperature is 

computed at every level using the average dry static energy for that 

depth. The checking is done over again but this time T(k) = T(k+l) 

since the adjusted sounding is neutral ( 0  constant with height) over 

the first depth and k is the level measured from bottom up. 

Some useful equations 

Dry static energy given by: E = gz + CpT 

Differentiating with respect to pressure we get, 

and 
ae = =K a~ + T(P~)K (-~p(-~-l)) - 
ap P ap 



using the hydrostatic equation, g = --2 ; 2% - - i<T - 
ap pg a p  P 

we get 1 a E  = - RT + aT - - 
CP ap PCP ap 

The code is provided below. 
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SUBROUTINE RUTISH 

SUBROUTINE ZERO 



Program: FSULAM 

Abstract: This is main program of the grid poirit multi-level a co- 
ordinate primitive equation model. Various constants and 
arrays required by various subroutines are defined or ini- 
tialized in this routine. This routine calls various 
subroutines for carrying out semi-Lagrangian advection, 
integration or calculating forcing terms due to convection, 
radiation, friction etc. The input datd is read into the 
memory in this routine. The output is ,~lso written in this 
routine. It has 9 common blocks tllr~ugll rvhich it com- 
municates with other parts of the program. 
Besides integration this program also calls 1-outines for 
intialization of input fields. 
Various diagnositics are printed for mo~iitoring the 
program. 

Subroutines called : CONST, CALPHI , COFF , INOUT, TBAR , LAPSE, START, 
RESTART, SPHCM, CHECK, GUESS, ZERO, YCAL, YZADD, 
MOVE, QCAL1, ELI,IPT, BSMOOTH , DIAGXOS , SCPAD.J , 
FORCST, RAINFAL 

Called by: None 

Description of program card 

TAPE 91: Input file. 46 records of initial input are read from this 
tape. Input is read from this tape more than once. When 
initialization is invoked, initialized input is written on 
this. 

TAPE 92: Initialized input and other diagnostics of initialization 
routines are written on this file. 

TAPE 93: Intermediate values of non-l illear tendencies are written on 
this file, and then read as values of previous time step. 

TAPE 9 5 :  C o n s t a n t  f i e l d s  o f  surface  a l b e d o ,  s e a  surface  temperatures 
and smooth terrain are read from this file at the initial 
time step in routine START. 

TAPE 96: Constant fields are written on this file like grid interval, 
latitude and Coriolis force and the 3 layer and a level 
values etc. 

TAPE 97: This is main output file. On this 55 records of forecast 
fields are written at every forecast time step. 

TAPE 98: On this output file the rainfall arrays and surface heat and 
moisture fluxes are written as 5 spearate records at every 
rainfall output time step. 

TAPE 99: On this file the arrays TB, TBB, GAMAB, ALBD, TERR, TSUB, 
QSUB and GNEXT are written and these are read from this file 
whenever the program is restarted. 



Description of parameter statement 

L Number of grid points in x-direction 

M Number of grid points ill y-direction 

N Number of layers in vertical 

~escri~tion of common blocks 

Unlabelled common 

UU(L,M,N) U component of wind. Piwgnostic field 

W(L,M,N) V component of wind. Prognostic field 

PP(L,M,N) Geopotential heights are read in this variable. 
During the integrat io11 i t represents model para- 
meter. 

P = g~ + RT* 1 1 1 ~ ~  
At the time of output again it co~~tains geopoten- 
tial height. Prognostic Field. 

Vertical velocity a 

Specific humidity 

Log of surface pressure 'pst 

Working array 

Working array 

Working array 

Working array 

Working array 

Working array 

Working array 



B3(L,#,N) 

B4(L,M,N) 

Common /WORK/ 

DT 

DX (M) 

DY 

DL AM 

DPH I 

PHI (M) 

SIG(PiP1) 

SIGT (Pi) 

COR (M) 

RAD 

G 

R 

CP 

PI 

TB (N) 

TBB (NP1) 

GAYAB (N) 

T(N) 

TT (NP1) 

GAMA(Pi) 

EGN (NP1) 

Working array 

Working array 

Time step 

Grid distance in x-direction 

Grid distance in y-direction 

Grid interval in terms of "longitude 

Grid interval in terms of " latitude 

Latitude values 

a values of layer boundaries. Solid a levels. 

a values of layers. Dotted levels 

Coriolis parameter. 2 R S i n @  

Earth's radius 

Gravity 

Gas constant for dry air 

Specific heat at constant pressure 

Temperature of 6 1ayt:r.s. Area averaged 

Temperature of layer boundaries. Area averaged 

Parameter y (a function of lapse rate) in layers 
Area averaged 

Temperatures of o layers 

Temperature of layer boundaries 

y in sigma layers 

Eigen values representing Pip1 modes in vertical 
Where NP1 is number of layer boundaries 

Transformation matrix. Intermediary array 

Working array 



TINV(NPl.NP1) 

AINV(NP1,NPl) 

TlOOO 

RH(N) 

TSUB(L ,M) 

QSUB(L ,M) 

Common /RSR/ 

RADC 

GAM 

GINV 

ALBAIR 

ROMEGA 

R S 

DELTA 

COSD 

SIND 

SINPHI (M) 

COSPHI (M) 

FACTOR 

SIGMA 

RTOP 

TEMPT ( N) 

ALBD (L ,M) 

Eigen vector matrix corresponding to EGN 

Working array 

Temperature at the lowest layer boundary. Also 
surface temperature over ocealls 

Specific humidity at the lowest layer boundary. 
Also surface humidity over oceans. It is function 
of TlOOO 

Relative humidity in o layers 

Surface temperature array 

Surface humidity array 

Degree to radians conversion factor 

Dry adiabatic lapse rate g/Cp 

1 /G 

Albedo of air for scattering part of solar direct 
radiation 

Earth's rotation rate ill degrees/hour 

Solar constant 

Declination angle 

Cos of declination 

Sine of declination 

Sin@; @ is latitude 

Cos@ 

Multiplication factor 

Stefan Boltzmann collstant 

Radiation at top of atmosphere 

Temperature (heating) due to radiative effects 

Surface albedo array. It is constant during 
integration. Monthly mean albedos are used 



TERR (L, M) 

SLAT 

WLONG 

DLAMD 

DYPH I 

RHO 

YL 

KT 

KRAD 

TIME 

DZHOUR 

MON 

NDAY 

Common /ALA/ 

TEMP(N) 

Q ( N )  

PZ (NP1) 

PT(N) 

DPZ (N) 

DPT (N) 

Sea surface temperature array. It is constant 
during integration. Monthly alean values are used 

Smooth topography array. It s constant during 
integration 

Southern-most latitude. Southern boulldary 

Western-most longitude. Western tvundary 

Grid interval in "longitude 

Grid interval in "latitude 

x coordinate index of a poi~lt 

y coordinate index of a point 

Number of layers in vertical. Used in radiation 
package. At other places N1 = N-1 

Density of air at surface 

Latent heat of evaporation 

Time step count 

Radiation time step count 

Time of beginning of integration of the model 

Map time of the beginning of integration 

Month 

Starting day of integration 

Temperature in a layers with order reversed i.e. 
lowest a layer to uppermost a layer 

Specific humidity i l l  0 layers with order reversed 

Pressure at layer boundaries with order reversed 

Pressure in a layers with order reversed 

PZ(K+l) - PZ(k) k=:l(l)N Bottom to top 

PZ(k) + PZ(k+l) K=l(l)N Bottom to top 
2 



Common /CVH/ 

WBAR 

ZETA 

LCLF 

LCONV(N) 

HLC (N) 

HLS (N) 

LCLB 

RA I RF 

ISTAB (N) 

ETAIL 

Common /SOLR/ 

A working array. Used to represent surface 
topography 

Vertically averaged vertical velocity B 

Relative vorticity at 0.8 a level 

Level of vanishing buoyancy. Cloud top 

Instability index of a layers. Initialized as 89 
in routine YCAL. Modified in routine CVHEAT, 
SSHEAT and SUPADJ 

Convective heating in a layers from bottom layer to 
top layer 

Difference between specific humidity in cloud and 
environment 

Stable heating 

Cloud bottom 

24 hours rainfall for determining whether planetary 
boundary layer is unstable 

Instability index 

Working array 

Wind velocity at ground 

Wind velocity at anemometer level (Extrapolatd from 
lowest layer velocity). 

Ground temperature 

Surface temperature extrapolated from model's 
lowest layer 

Specific humidity corresponding to TI 

Specific humidity corresponding to T2 

Maximum roughness parameter. A specified quantity 



XHT I 

ALBX 

RIB 

z 1 

2 2 

Common /RAIN/ 

RAINCV(L,M) 

RAINLS(L,M) 

RAINSV(L,M) 

SURFLX (L , M) 

TEMFLX(L,M) 

Topographic height 

Albedo at a point 

Bulk Richardson nuolber 

Height of level 1 in constant flux layer 

Height of level 2 in constant flux layer 

Convective rainfall 

Large scale rainfall 

Supersaturation rainfall 

Surface moisture flus 

Heat flux 

Common /PHY/ 

RADB(L,M,N) Temperature change due to radiation 

TTFLUXB(L,M,N) Temperature change due to planetary boundary layer 
temperature flux including shallow convection 

QQFLUXP(L,M,N) Moisture change due to PBL niuisture flux including 
effect of shallow convc-.ctiu~~ 

CVHB(L,M,N) Heating due to convective rainfall 

ALSB(L,M,N) Heating due to supersaturation adjustment 

CVQB(L,M,N) Moistening due to cumulus convection 

UFL(L.M,N) X momentum flux 

VFL(L,M,N) Y momentum flux 

ALSSU(L,M,N) Moisture change due to supersaturation adjustment 

DADJ(L,M,N) Temperature change due to dry convective adjustment 

LCONP(L,M,N) Instability index 

HLSS2(L,M,N) Heating due to large scale precipitation 

Other relevant variables and arrays 

GKEXT(L,M,N) This array contains the product TP i.e. product of 
transform of eigen vector TINV and the model para- 
meter P at the current time step 



Description of subroutine 

A-B 

B-C 

C-D 

D-E 

F-G 

Various parameters for the integration are defined. 
Initial, last, forecast and rainfall time steps are 
calculated and stored in KT1, KT2, KT3, KT4. Two 
more counters KT5 and KT6 are defined for the pur- 
pose of restarting the integration. Parameters for 
initialization (IXITIA, NTIMES, ICOUNT, KTT2 and 
DTT) are also defined here. Time step for 
radiation is stored in KRAD. All time steps are 
printed. 
If initialization is to be dune time step DT is 
reassigned value = 300 and KT2 = 1. 

Rainfall arrays and forcing arrays are initialized 
in DO loop 1420 

Subroutines CONST, COFF and CALPHI are called to 
define various constants for integration and coef- 
ficients for smoothing. The constants defined in 
CONST are mainly used in radiation package. 
Subroutine CALPHI gives grid intervals. In DO loop 
1421 some parameters are calculated to economize 
computations. 

For time step KTl=1 the input fields are read from 
tape ID=91 as 46 records. Subroutine TBAR is 
called to compute area averaged temperatures of 6 
layers. Routine LAPSE is called to calculate model 
parameter y* which is area averaged lapse rate 
parameter. Area averaged ten~peratures at layer 
boundaries TBB are also calculated in this routine. 
Subroutine START is called to read specified field 
arrays albedo, sea surface teinperature and terrain. 
For time step other than 1 routine RESTART is 
called to read the necessary fields for restart 
from file 99. These fields are printed. A few 
more parameters are computed in DO loop 1422 and 
1423. 

Subroutine EIGEN is called to calculate eigen 
valuess and eigen functions of the coefficient 
matrix of Helmholtz equation 

P + & V Z A - ~ ~ P  = A - ~ F  = E - - - 
4 

As array UU is used in routine EIGES, input tape is 
rewound and input fields are reread. Constants 
RADIA(=1/18OO), DY2(=2DY), DY21, I and RADI = 

1/RAD are defined. 

At initial time KT1=1, the vertical velocity field 
is set to zero at boundaries. The upper and lower 
values of relative humidity are set to 95% and 20% 
respectively. 



I-J 

K-L 

In DO loop 81 surface ten~perature and humidity are 
determined. Over land these values are set to 
zero. Over ocean (albedo < 0.06) surface tem- 
perature is assigned the sea surface temperature 
value and corresponding specific humidity are 
calculated. These are stored in TSUB and QSUB 
arrays. In inner do loop 82 specific humidity is 
determined from input relative !.lun~.idity field and 
stored in array QQ. 
Subroutine check is called to cz~lculate and print 
average quantities for monitoring the program. 

In DO loop 1426 maximum albedo of the domain is 
determined and stored in ALBMAX. Main DO loop 11 
starts. Hour for hour angle calculation that 
appears in the zenith angle computations, is calcu- 
lated. DAY is also calculated here from time step 
KT1. 

TIME = (KT1 - 1) " DT 
DAY = IFIX(TIME/86400) 
HOUR = IFIX( (TIME - ~ ~ ~ $ 8 6 4 0 0 )  /3600) 
ZZHOUR = HOUR + DZHOUR 

The hour angle is stored in ZZHOUR. If it exceeds 
24, value 24 is subtracted fron it to get correct 
hour. The time step, time, day and hour are 
printed. 

For time step KT=1 routine GCESS is called to 
determine the model parameter F - g z  + RT* lnps 
also in do loop 1450 the array A 1  obtained from 
routine GUESS is stored in array GNEXT and the 
working arrays 81, 82, B3 and B4 are initialized to 
zero. 
For time step other than zero the working arrays 
B1, B2, 83, B4 which contain non linear tendencies 
of previous time step are read from tape KD(=93). 

Routine YCAL is called for calculation of non 
linear tendencies at current time step including 
all physical forcings. All the non linear tenden- 
cies A1 to A4 are written on KD after rewinding it. 
The tendencies A1 to A4 and 81 to B4 are added by 
calling routine YZADD. For time step 1 the 
multiplying coefficients are CA = 0.5, CB = 0.0. 
For all other time steps the coefficients are CA = 

1.0, CB = -0.5. Routine XCALl is called to compute 
linear tendencies at grid points and to add these 
to output of YZADD. These values are stored in A1 
to A4. 

The total tendencies are interpolated to origin of 
the parcel in routine XYZW. This routine is called 
for determining origin and then finding the tenden- 



M-N 

cies at origin. At this stage the total tendencies 
are moved into arrays B1 to B4 by calling routine 
MOVE. The tendency A1 is ten~porarily stored in 
array UU. In DO loop 1451 the surface topography 
is computed using relation 

(P - RT* Inps)/g 
and stored in array B(IJ1). At this stage 
routine QCALl is called to calculate the forcing of 
the Helmholtz equation in P. 

Statement 71. After this routine ELLIPT is called 
to obtain P at nest time step by solving the 
Helmholtz equation by relaxation. Routine DIAGNOS 
is called to obtain values of prognostic variables 
U, V, Q and diagl~ostic variable W. Routine 
BSMOOTH is called for applying smoother to all the 
fields UU, W, PP, QQ and WW. 

Routine SUPADJ is called to determine points at 
which supersaturation is occuring. In do loop 15 
boundaries values of WW are reinitialized to zero. 
If time step KT=KT3 routine FORCST is called to 
write the forecast fields on output tape 97. At 
first time step and every radiation time step 
routine CHECK is called for printing average values 
of some fields. When KT=KT4 rainfall is written on 
output file 98. 
Every radiation time step the parameters required 
for restarting of the forecast are written on tape 
99. 46 records of forecast variables and other 
arrays TB, TBB, GAMAB, ALEE, TERR, TSUB, QSUB and 
GNEXT are written on tape 99. 
Do loop 11 ends here. 

If INlTIA=999 routine INIT js called for ini tiali- 
zation of the input variables. 

Prognostic and diagnostic fields are written on 
input tape. Variables reqni~-ed for restart of 
integration are written on tape 99. 



2.1 Subroutine: START 

Abstract: In this routine the prescribed input fields albedo, sea 
surface temperature and surface topography are read from 
mass storage unit 95 at the beginning of i~~tegration. 

Called by: Main program FSULAM 

Subroutines called: None 

Input via COMMON: None 

Input via argument 

Variable Meaning 

L Number of grid points in x direction 

M Number of grid points in y direction 

Output variables 

Variable 

A(L,n) 

Meaning 

Surface albedo 

Sea surface temperature 

Smooth topography 

Description of subroutine 

Designator Text 

A-B Unit 95 is rewound. Surface albedo, sea surface 
temperature and smooth topography arrays are read 
from unit 95 as separate 3 records. 
Control passes to calling program. 



2.2 Subroutine: RESTART 

Abstract: In this routine the parameters required to restart the 
integration of the model after any forecast time are read 

Called by: Main program FSULAM 

Subroutines called: None 

Input via COMMON: None 

Input via argument list 

Variable Meaning 

Counter for number of forecast time for which the 
records on the unit 97 are to be skipped 

Counter for number of rainfall output time for 
which the records on the unit 96 are to be skipped. 

Description of subroutine 

Designator Text 

A-B 

B-C 

C-D 

Unit 99 is rewound. Tkien from this unit the arrays 
TB, TBB, GAMAB, ALBD, TERR, TSUB, QSUB and GNEXT 
are read and the unit is rewound again. 

Unit 97 is rewound. Number of records to be 
skipped for each time step are calculated and 
stored in KS 

KS = 6Ntl 
If (KT5.NE.0) i.e. if already records of one or 
more forecast time are written on unit 97 then in 
DO loop 10, KT5KS records are skipped by dummy 
read of 97.  

Rewind 98. If (KT6.NE.0) i.e. if already records 
of one :or more rainfall time are written on unit 98 
then in DO loop 20, KT65 records are skipped on 
unit 98 by dummy read 
Control passes to calling program. 



3.1 Subroutine: TBAR 

Abstract: This routine computes the area averaged temperature from 
the geopotenial heights at the beginning of intergration of 
the model (KT = 1). The computed values are stored in 
array TB at N 8 levels. The formula used j s  

Subroutines called: 

Input variables via common: 

DX (M) E-W direction grid interval, as function of lati- 
tude 

R Gas constant 

G Gravity 

SIGT(N) N values of 3 levels 

Input variables via arguments list 

Variables Meaning 

ZZ(L,M.NPl) L*M*NPl values of geopotential heights 

Output variables: 

TB(N) N values of area average temperatures at 6 levels 

Description of subroutine 

Designator Text 

A-B 

B-C 

Variable AREA is initialized. DO loop 11 is set up 
in which the area average temperature TB(k) are 
initialized at 8 levels 1 to N. 

DO loop 12 is set up to index J through 1 to M and 
I through 1 to L 
AREA = AREA + DX(J) 
Loop 12 is initialed for indexing k through 1 to N 
and the temperature is computed corresponding to 
point I, J at level K and added to TB(K), stored in 
TB(K) 
DO loop 12 ends. 



In DO loop 13 the area average temperatures are 
computed at N b levels and stored in TB. These 
values are also written in a formatted way (llF10. 
3) on file 96. The control returns to calling 
program. 



3.2 Subroutine: LAPSE 

Abstract: In this routine area average temperatures TRB at NP1 o 
levels are obtained from area average temperatures ' f ~  at N 
6 levels by averaging and extrapolation. Then these are 
used to obtain the lapse rates GAMAB using the formula 

where k = R/Cp 
This lapse rate is defined for linear parts of the equation 

Subroutines called: None 

Input variables via common: 

Input variables via argument list 

?B(N) Area average temperatures at N 6 levels 

SIGT(N) N values of 6 levels 

SIG (NP1) NP1 values of o levels 

R Gas constant 

CP Specific heat of air a t  constant pressure 

S Number of 6 levels 

NP 1 Number of o levels 

Output variables 

Variable Meaning 

TBB (NP1) Area averaged temperature at NP1 o levels 

GAMAB(NP1) NP1 values of linear lapse rate 

Description of subroutine 

Designator Text 

A-B Temperature TBB at upper boundary is obtained using 
TBB(1) = 1.5 * 'fB(1) - 0.5 * 'fB(2) 
DO loop 12 is set up for indexing K through 2 to N 
and TBB at these levels are obtained by averaging 
TB values of adjacent levels. TBB at NP1 level is 
obtained using 
TBB(NPI) = 1.5 * TB(N) - 0.5 * TB(NMI) 



In DO loop 11 the l i n e a r  lapse rate values are 
obtained and stored in array GA>lAB(N)  . The values 
of T B ,  T B B  and GAMAB are written i r ~  formatted way 
(llE12 5) on file 96. Coi l t r o l  is returned to 
calling routine. 



3.3 Subroutine: GUESS 

Abstract: This routine computes at the beginning of i~~tegration the 
model parameter P, given by the relation: 
P = gz + RT lnps 
The quantity V - ~ P  is also computed i~r this routine where 
v-l is the inverse of eigen vector inatrix v. 

Subroutines called: 

Input variables via common 

Variables Meaning 

TBB (NP1) Area averaged temperature T* at i{FI u level 

TRANS(NPl.NP1) The inverse eigen vector matrix 

Input variables via argument list 

PP(L,M,N,NPl) The geopotential heights at the LxMxNPl grid 
points. 

PL(L,M) Log of surface pressure at LxM grid points. 

Output variables 

Variable Meaning 

PP(L,M,N) The model parameter 'PI at LxMxNPl points 

Description of subroutine 

Designator 

A-B 

Text 

DO loop 11 is set up to index K through 1 to NP1 
vertical levels. J through 1 to M and I through 1 
to L. The model parameter is conlputed and stored 
in PP. Pk = gzk + R Tk lnp,. 
DO loop 11 ends. 

B-C DO loop 12 is set up to index J through 1 to M, I 
through 1 to L and within this do loop 13 is set up 
to index K through 1 to NP1 vertical levels. The 
variable TT(k) is initialized for one k level at a 
time and do loop 13 is set up for a counter KK to 
index through 1 to NP1. For every value of K, a 
sum of the product v-I PP(I,J,KK) is found over 1 
to NP1 levels and stored in array TT(K). DO loop 



13 ends. DO loop 12 is set up for the variable K 
to index through 1 to NP1. The contents to array 
TT(K) are transferred to array PTRANS(I,J,K). DO 
loop 12 ends and control is transferred to calling 
program. 



4.1 Subroutine: YCAL 

Abstract: This is the main subroutine of the modt:l. 111 this routine 
the non-linear tendencies of the mon~entum equations, ther- 
modynamic energy equations, and moisture continuity 
equation are calculated. These tendencies also include 
effects of physical forcings. These forcing terms are 
calculated in various physics routine called by YCAL. 
In this routine various arrays and constants are printed to 
monitor the performance of the model during integration. 

Called by: Main program FSULAM 

Subroutines called: RADN, SFLX, CVHEAT, SUPADJI, DRYCONI, LCLSUR, 
PBLFLX 

Input via common 

UU(L,M,N) U component of wind 

W(L.M,N) V component of wind 

PP(L,M,NPl) Model parameter P 

\C\t'(L,M,NMl) Vertical velocity (a) at layer boundaries 

QQ(L,M,N) Specific humidity 

DT Time step 

DX(M) Grid distance in x-direction 

DY Grid distance in y-direction 

DLAM x-grid interval in terms of degrees longitude 

DPHI y-grid interval in ternis of degrees latitude 

PHI (M) Latitudes 

SIG(NP1) a values at layer boundaries 

SIGT(S) a values in layers ( 3  levels) 

COR (M) Coriol is parameter 

RAD Earth's radius 

G Gravity 

R Gas constant for dry air 

C P Specific heat at constant pressure 



PI 

TB (N) 

TBB (KP1) 

GAIVA(N) 

TlOOO 

QlOOO 

RH (N) 

TSUB(L,M) 

QSUB (L ,M) 

U1 

T 1 

T 2 

Q 1 

Q 2 

XHT 1 

PZ (XPI ) 

PT(N) 

ALBX 

ALBMAX 

PL(I,J) 

HLC (N) 

3.141592654 

Area averaged temperature: in layttr-s (at 8 levels) 

Area averaged temperature at layer boundaries (at a 
levels 1 

Area averaged parameter -y* in layers (at & levels) 

Temperature of a column in a layers (at i? levels) 

Temperature of a colu~n~l at o layer boundaries (at a 
levels) 

Parameter y in a layers (at i? levels) 

Surface temperature 

Specific humidity at surface 

Relative humidity at N o layers (at i? levels) 

Surface level temperature 

Surface level specific hun~idity 

Surface wind velocity. Level 1 of co~~stant flux 
layer 

Surface wind velocity. Level 2 of constant flux 
layer 

Temperature at level 1 of constant flux layer 

Temperature at level 2 of constant flux layer 

Specific humidity corresponding to TI 

Specific humidity corresponding to T2 

Height of surface topography 

Pressure at a layer boundaries (at a levels) 

Pressure in a layers (at & levels) 

Albedo at a point 

Maximum albedo over the domciln 

lnps where ps is surfnce pressure 

Heating in a layers of a colun,n due to cuiaulus con- 
vection (at & levels) 



QDIF (N) 

HLS (N) 

QFLX(N) 

TFLX (S) 

FSX 

FLT 

FNX 

F W  

UFLX(N) 

VFLX(N) 

HQSUP (N ) 

HTSUP (N) 

DADJl (N) 

Output 

A1 (L,M,N) 

Difference of humiili t y tt.trteu11 ~luucl a i ~ a  environ- 
ment in a column 

Heating due to large scale rainfdll it1 a column 

Moisture flux in a colunu~ 

Temperature flux in a ct>luilin 

Sensible heat flux at s O ~ i , f : ~ ~ e  

Latent heat flux at surface 

x momentum flux at surfdce 

y momentum flux at surface 

x momentum flux in a column 

y momentum flux in a column 

Moisture change due to supersaturation adjustment 

Temperature change due to supersaturation adjust- 
men t 

Heating due to dry cor~vective adjustment 

Individual change of u. Non-linear tendency of u 
equation 

Individual change of v 

Individual change of P. Non-linear tendency of 
thermodynamic equation 

Individual change of q 

Convective rainfall 

Large scale rainfall 

Supersaturation rainfall 

Surface latent heat flus 

Surface sensible heat flux 

Temperature change due to radiative effects 

Temperature (sensible heat) flux 



QQFLUXB(L,M,N) Moisture (latent heat) flus 

CVH2(L,M,N) Heating (temperature change) due to convection 

ALS2(L,M,N) Heating (temperature change) due to nloist asjust- 
ment 

CVQZ(L,M,N) Moisture change due to convection 

UFL(L,M,N) x momentum flux 

VFL(L,M,N) v momentum flux 

ALSSU(L,M,N) Moisture change due to moist adjustment 

DADJ(L,M,N) Temperature change (heating) due to dry convective 
adjustment 

LCOK2(L,M,N) Instability index 

HLSSB(L,M,N) Heating due to large scale rainfall i.e. stable 
heating 

TSEC(l3) Time taken by each of the physics routines 

Description of subroutine 

Designator Text 

A-B 

B-C 

C-D 

Upto statement 1301, maximum u and v components of 
lowest o layer are detern~ined a~ld stored in UMAXl 
and VMAX1. Corresponding grid ~~nints indices are 
also stored. These values are printed on output 
file 

Major DO loop 1151 is initiated for computation of 
forcings due to various physical processes. The 
index J runs from 1 to M and I runs from 1 to L. 
Conditions at boundaries are set up. 

DO loop 1938 is initiated for calculation of ver- 
tical advection operator The index k runs 

a u 
from 1 to N for N a layers. Here in uppermost 
layer if 6 > 0 i.e. dowcward advection is 

a u 
forced to-zero value. Similarly at lower boundary 
layer if o < 0 i.e. upward mo.tion i3X is forced to 

a u 
zero. 
For general levels, at upper layer boundary 



Lower boundary of layer 

D-E 

At upper boundary 

At lower boundary 

A factor 0 . 5  appears in all expressions to take 
care of vertical averaging later on, These opera- 
tors are stored for a column in W D l l  and WD21 
respectively. Do loop 1938 closes. All com- 
putations of physics are done columnwise. 

DO loop 12 to DO loop 5 2 .  In DO loop 12 tem- 
peratures in a-layers are determined using 
hydrostatic relation. 

* * 

Temperature at layer boundal.ies are obtained by 
averaging (DO loop 13). At top and bottom levels, 
by linear extrapolation of layer temperatures 

In DO loop 13 pressure in a layers PTk are obtained 
by reversing the order of index k. Also tem- 
peratures at layer boundaries are obtained PZk 



E-F 

In DO loop 53 APZ are obtained and in DO loop 51 
APT are obtained 

At lower boundary 
APT1 = PZ1 - PT1 

In DO loop 52 inverse of APT and APZ are obtained 
and stored in DPTIV and DPZIV respectively. 

Statement 52 to 422. Parameters of constant flux 
layer are obtained which are later used in boundary 
layer parameterization. 
Albedo of the point for given I,J is stored in 
ALBX. We difine 2 levels in the constant flux 
layer. Level 1 is lower (surface) and level 2 is 
upper (air) but is much lower than lowest o layer 
value. 

U1 = 0 Surfac~ velocity 
U2 = (Cy2 + VX2),i 

Lower limit of U2 is set to 0.1. 
Air temperature T2 is extrapolated from temperature 
of lowest o layer. 

Pressure of lower boundary o level is stored in PTX 
and of lowest Lf layer in PTXN. Temperature of 
lowest o layer is stored in TTXN. Corresponding 
specific humidities are determined and stored in 
QSX and QSXN, respectively. 
Relative humidity is determined. 

RHX = QQx/'QSNX 
Lower limit of relative humidity is set = 0.0 and 
upper limit = 1.0. 
Specific humidity at level 2 is determined 

Q2 = RHX * QSX 
The surface specific humidity QlOOO is assigned 
value Q2 under constant flux assumption. 
Maximum roughness length is defined as ZOMAX = 4000 
* 0.01 metres. 
Calculation of roughness length Zo 
Dver land areas surtace topography of the point 1,J 
is stored in XHT1, density of air is determined and 
stored in RHO. Ground wetness parameter GW is 
defined by empirical relation. 



GW = (ALBMAX - ALBX) . (1.0 - RHX) 
(ALBMAX - 0.05) 

F-G 

G-H 

Over oceans (ALBX d 0.06) 
z2 = lo 
CDO = 0.0011 defines drag coefficients. It is made 
a function of wind speed. 
If U2<5.8ms-l C D D = C D O  
5.0 < U2 d 16.8; CDD = CDO.(0.74+0.046.U2) 
16.8 < U2 CDD = CDO.(0.94~0.034-U2) 
Friction velocity first guess is calculated as 

USTSQ = CDD . ~2~ 
Then the roughness length Zo is calculated using 
Charnock' s formula 

Zo = 0.04 USTSQ/g 
z1 = zo 

Lower limit of Z1 is set as 1.0x10-~m. 
If Z1 > Z2 then 22 = 22 + Z1 
Over land (Statement 413) 

Z2 = 100 m and 
Zo = 0.15 + 0.2-(236.8+18.42*~~~1)~ 

1.0~10-8 metres 
Upper limit of Zo is kept as = 1.0 

z1 = zo 
If Z1 2 ZOMAX A1 = ZOMAX 

422 continue. If time step is integral rnultiple of 
KRAD, subroutine 'RADN' is called for calculation 
of temperature change due to radiation. The 
radiative temperature is stored in array RAD2. The 
order of the index E; is reve~.sd to store from 
lowest to uppermcst layer. 

Statement 62. The surface tentl~crature and specific 
humidity are stored in variables T: and Q1. T2, 
42, Z1, 22 are known. Routine SFLX is called to 
calculated surface fluxes. Tlie s and y surface 
momentum fluxes are stored in FMX and FMY respec- 
tively. 

WBAR = 0. Upto statelnent 230 and two statements 
after that vertically averaged a is determined. 
Relative vorticity at layer ii~ter-face of N-2 and 
N-3 is determined. 

N-3) + (ui+l j N.-2 - Vi-1 
DYY 

+ (Ui,j,N-3 + Ui,j,~-2) TAN(PHI(.J)*PI/~~O.O) 
RAD 



COR(J) 
ABS (COR(J) + 1.OE - 10) 

I-J 

J-K 

Subroutine CVHEAT is called to calculate convective 
heating. Instability index LCONV are obtained and 
stored in LCOlVVl with orde~. reversed. Routine 
SUPADJ1 is called for ~uoist adjustment and the 
routine DRYCONl for d1.y convective adjustment. In 
DO loop 233 the heating due to convection, large 
scale rainfall, moisture difference between cloud 
and environment, n~oisture chaage and temperature 
change due to supersaturatiol~ ~semoval are stored in 
arrays HLCI, HLS2, QDIF1, HQSUP1, HTSUPl with order 
of vertical levels reversed. 

Routine LCLSUR is called to get LCL to be used 
later in planetary boundary layer parmaeterization 
and shallow convection. In this routine LCL level 
(LCLN) is obtained. Routine PBLFLX is called for 
PBL flux distribution in the layers. In DO loop 
127 the moisture flux, U-flux, V-flux and tem- 
perature flux are stored in colun~n \rectors QFLXI, 
UFLX1, VFLXl and TFLXI with order reversed 

kk = N - kt1 k= 1(:)K 

To get the total effects of hetiii~ig alld moistening 
in a column due to convection, :;table heating and 
supersaturation, vaikiables SUFI, SUM2 c t ~ i t l  SUMl are 
initialized. In DO l v o p  118 the pressure weighted 
quantities are added in vei-tical. 

SUM = SUM + HLC(k) (m) 100 etc. 
G 

These sums are added to arrays RAINCV, RAINLS and 
RAINSU to get convective rainfall, large scale 

rainfall and supersaturation rainfall contribution 
of all columns in oue time step. 

RAINCV(1,J) = RAIXCV(1,J) - Cp SUM DT 
7; 

RAINLS(1,J) = RAINLS(1,J) + Cp SUM2 DT 
Z 

RAINSU(1.J) = RANSU(1,J) - SUMl DT 

(SUM1 is computed from moisture change) 
Surface flux of temperature and moisture are also 
obtained. 

TEMFLX(1.J) = TEMFLX(1,J) + FSX DT 
SURFLX(1,J) = SURFLX(1,J) + FLT DT/L 



K-L For points that itre r~onito~ed the following 
variables and arrays are printed. Points monitored 
are sea point, desert poittt and high ground point. 

(i) Title HRAD, HLCO, HLS, TFLX, QFLX, COOLKUO, 
UFLX, VFLX, LCONV 

(ii) KT; Time step 
(iii) Title from YCAL 
(iv) Sea point W desert point of high ground 
(v) Surface variables (for a~ layer) 

T(N), QQ(I,J,N), FMX, FMY, UU(I,J,N), 
W(1,J.N) 
Under the title 
TAIR, QAIR, FMX, FMY, UU(I,J,N), VV(I,J,N) 

(vi) Arrays 
HRAD1, HLC1, HTSUP1, TFLX1, QFLX1, QDIF1, 
UFLX1, VFLX1, DADJ1, LCONVl 
(N rows of values are p~.illted) 

(vii) In DO loop 1217 for the lowest 2 8 layers 
and o layer boundaries T ,  TT, PT, PZ, GAMA 
and TFLXl are printed. 
Printing stops at statelllent 181 

DO loop 1019. The values of various physical 
forcings in a column are stored in 3 dimensional 
arrays. For. radiation time step for the point of 
maximum surface u and v velocity repectively 
FSX, FLT, FMX, FMY, UU(I,J,N), W(I,J,N), R1, T2, 
Q1, 42, U1, U2, QQ(I,J,X), TFLXl(N), QFLXl(N), 
UFLXl(N), VFLXl(N) , LCLN and PZ(l), ALBX are 
printed 

1305 continue. For points that are monitored and 
for radiation time step the following variables and 
arrays are printed. For N o layers 
UU, W, QQ, WW, T, PZ, TT, PT, PL(I,J), HRAD1, 
TFLX1, QFLX1, UFLX1, VFLX!, HTSUP1, HQSUR1, HLS2, 
GAMA, QDIF1,HLCl. ETAIL, LCONVl, FSX, FLT. FMX. 
F W ,  TI, T2, Ql, 42, U1, U2, TSUB(I,J), QSUB(I,J), 
ALBD(I,J), CHS, CQS, CDS, RIB, RHO, GW 
Physics con~putcitions are complete. DO loop 1151 
ends. 

Routines BSMl is called for smoothing of 
temperature and moisture distribution 

Another major DO loop 11 is initiated for calcula- 
tion of non-linear tendencies of n~omentum, ther- 
modynamic and moisture conservation equations. The 
index JJSM runs from 1 to M and index JJSM runs 
from 1 to M and index IISM from 1 to L. Conditions 
at boundaries are specified 



R-S 

IP1 = I+1; at I=L, I P 1  = I 
IMl = 1-1; at I=l, IMl = I 
JP1 = Jll; at J-M, JP1 = J 
JM1 = J-1; at J=1, JM1 = 1 
D W  = 2 * DY; at J=1 or .J=M DYY = DY 
DXX = 2 * DX(J); at 1-1 or. I-.L DXX = DX(J) 

In DO loop 1212 ten~perat~lres in K a layers are 
calculated using hydrostatic equation 

From these temperatures tes~peratures at layer boun- 
daries are obtained by averaging 

At upper and lower boulldaric?~ ten~peratures are 
obtained by extrapolation. 
TTl = 1.5 TI_- 0.5 f2 
TTp~pl = 1.5 TN - 0 . 5  TxM1 
In DO loop 14 the lapse rate parameter y is calcu- 
lated for N o layers. 

In DO loop 49 for N B layers the total physical 
forcing is determined by adding contributions from 
radiation, convection, temperature flux, super- 
satureation adjustment, large scale heating, and 
dry convective adjustmerits. These are stored in 
DTDT(k). The values of these contributions in 
individual columns for a puirit 1,J ar? stored in 
one-dimensional arrays. 00 loop 19 closes. 

DO loop 11 for index k is initiated. The index k 
runs from 1 to N. The vertical advection operators 
are calculated as described under C-D. 
At boundaries the divergence DIV is assigaed value 
0. AT other points divergence DIV is calculated 
using the formula 

1~ + Vi,j+l,k - Vi,j - 2 zax ZAY 

Non linear tendencies for u equation are calculated 
and stored in A1 



A similar expression is used for calculating non- 
linear tendency of v equation ;ir\tl tlre tendency is 
stored in A2 
The non-linear tendency for thermodynamic equation 
is calculated using the expression 

where (H + Do) is represented by variable DTDTk 
c P 

DO loop 11 ends. Control passes to calling program 
FSULAM. 



4.2 Subroutine: YZADD 

Abstract: This routine computes the ullde1.1ined expressioil of the 
following equation 

+ 0 - 
wj = xj + Yj + Z. 

- 
by adding the Yj (current step) ai~d Zj (previous step). 
Yj's and Zj's are brought through argument list. 
As Z's are expressed as 

two weighting coefficients CA and CB are brought into the 
routine through argument list. For time step I Zi's are 
not available, so CB = 0 and therefore CA = 0.5 otherwise 
CA = 1.0 and CB = 0.5. The routine carries out the sum- 
mation and returns values in array B for every point along 
a latitude. 

Subroutines called: None 

Input via common: None 
- 1 

Output variables: Bj(L,M,N): values of Yj + Z j  at L M N points. 

Description of subroutine 

Designator Text 

Loop 11 is set up to index I from 1 to L. The sum- 
mation of arrays A and B is carried out and sum is 
stored in array B. 
Bi = CA * Ai + CB * Bi 
Control passes to calling program FSULAM 



4.3 Subroutine: XCALl 

Abstract: This routine is called in the routine FSULAii and it computes 
the X's of the following semi-implicit, semi-Lagrangian 
scheme : 

+ 0 - 

he values of the forecast variables at the 
origin and are given as 

-+ 

Xg = lnp, - - At V-V + @ ; At hol.izolitiil boundaries 
2 a a x5 = 1llps 

where 

The superscript 0 means that 
0 

Xj + X(Xj - a, Yj - 8 ,  t) 

In this routine the values of X's are computed at the grid 
points. In routine XYZW, these are interpolated at origin 
of the parcel. The values of the coa~puted are stored in 
arrays A .  

Subroutines called: None 

Input variables via common 

Variable Meaning 

UU(L,M,N) U component of wind at N 3 levels 

W ( L , M , N )  V component of wind at N a levels 

PP(L,M,NPl) The parameter P defined as * 
gz + RT lnps, at KP1 a levels 



WW(L,M,NMl) The vertical velocity o at NM1 o levels 

QQ(L,M.N) The specific humidity at N 6 levels 

s 1 

s2 

s3 

s4 

Working array 

Time step ( =  1800 sec) 

The grid interval in E-W direction 
DX(J) = dAcos@j 

Grid interval in N-S direction 

SIG(NP1) NPI values of o levels 

PHI (M) M values of latitude 

SIGT(N) N values of 6 levels 

COR (nt) M values of coriolis parameter 

GAMAB ( N ) N values of parameter y* at K 6 1t.vels 
I 

RAD 

PI 

Radius of earth 

Value of IT 

Output variables 

Variable Meaning 

Al(L,M,N) Value of X1 at grid points. X1 is described in 
abstract. 

AB(L,M,N) Value of X2 at grid points. 

A3(L,M,N) Value of X3 at grid points. 

A4(L,M,N) Value of X4 at grid points. 

45(L,M,N) Value of X5 at grid points. 

Description of subroutine 

Designator Text 



B-C 

C-D 

D-E 

DO loop 11 is set up to index J froni 1 to M. For 
computation of finite differences JP1 = Jt1 arid JM1 
= J-1 are defined wit11 JP1 = M at northern and JM1 
= 1 at southern boundaries. DYY = 2.0 * DY is 
defined with DYY = DY at N and S boundaries. 

DO loop 11 is set up to index I from 1 to L. IP1 = 

1+1 and IM1 = 1-1 are defined with IP1 = L and IM1 
= 1 at E and W boundaries. 

DO loop 11 is set up for k to index through ver- 
tical levels 1 to N. For levels between 2 and NM1 
the value of uk is stored in W1 and uk-1 in W2, for 
k=l 0 in W1 and a1 in W2 for level k=N U N M ~  in W1 
and 0 in W2. 

X1 to X5 are computed according to formulae given 
in abstract. As the values of X's are obtained at 
6 levels P values are averaged in the vertical for 
obtaining derivatives like aP/ax etc. Divergence 
( V e V )  for X5 is obtained accourding to expression 

av + & - vtan$ - 
ax ay a .+ 

At boundary points V - V  r = 0 and Xg = PL(1,J) 
a u 



4.4 Subroutine : .XYZW 
t 

Abstract: In this routine, to obtain Wj of the equation 
+ 0 - 

Wj = sj T Yj - Zj 

the values of Xj's are computed (interpolated) from their 
values at grid point to the point of origin of the parcel 
and-added to the array B's at grid point which contain Yj 
- Zj . To carry out the interpolation functions XTIXT1 and 
XYIXT are called. It should be noted that the point of 
origin need not be very close to the grid point considered 
but can be more than several grid intervals away. Also, 
the distances are obtained in terms of grid intervals and 
once the location of origin is obtained, the surrounding 23 
points stencil is co~lsidered for interpolation of X's to 
this point. 

Subroutines called: Function XYINT4 and Function XYIST - 

Input variables via common 

Variable Meaning 

Ai (L,M,N) The values of X's of equation given above at the 
grid points. 

- 
Bi(L,M,N) Array in which the values yj + Zj are stored 

for j = 1,4. 
- 

W(L,M,N) Array in which the values Yj t Zj are stored 
for j = 5. 

The grid interval in E-W direction in terms of 
distance. 

Grid interval in N-S direction in terms of 
distance. 

DLAM E-W grid interval in terms of degrees longitude. 

DPMI S-S grid interval in terms of degrees latitude. 

Output variables 

Description of routine 

Designator Text 

DO loop 11 is set up to index K from 1 to K ,  J from 
1 to ;\.I and I from 1 to L. Rough location of the 
origin is obtained using value's of X I ,  X2 (which 
have at this stage di~nensioil of velocity) and 



B-C 

C-D 

D-E 

. stored in SDLAM and YDPHI respectively. These 
values represent distances in terms of degrees 
longitudes and latitudes. The nearest grid point 
coordinates to the origin are determined and stored 
in I1 and J1. Distance of the origin from the grid 
point I i ,  dl is determined in terms of fraction of 
grid interval DLAM and Li'HI and stored in S.4 and 
YR . 

The lower limits ( T l = L  and J1=1) and upper limits 
(Il=L and Jl=M) are assigned. The values of X ' s  
(here A's) are interpolated to the point at, 
distance SA, YS from 1 1 ,  Jl. From t h e s e  X's at the 
origin the distance trnveicd by the parcel  in ti~r~e 
At is determined in terms of degrees longitude and 
latitudes. For points, 1=3 to L-2, J=3 to M-2, 
XYIKT4 is called for interpolation while for ianer 
boundary points ( . . . . . . ) SYIST is called and for 
boundary 

points ( - - )  the values of X's at the boundary grid 
points are used without interpolation. These 
distances are stored in XDLAiY and XDPHI. 

The nearest grid point location is determined and 
stored in 11, J1 and distance of (new) exact loca- 
tion of origin is determined from 11, J1 in terms 
of degrees longitude and latitudes and limits are 
set for I1 as 1 and L and for J1 as 1 and M. 

Values of X's are interpolated to the exact origin 
using the nearest 25 points stencil and 4th order 
(or second order) interpolation formula as in El-C 
and these values are added to array B (representing 
Y + Z- at this stage) and the results are stored in 
B1 and B4 and CU. Arrays B1 to B4 and array CU at 
this stage represents W's. Control passes to 
calling program. 



4 . 5  Subroutine: .QCALl 

Abstract: This subroutine computes the forcing function (Q) of the 
Helmholtz's equation in P 

., + 

where Q E & V - W  + aQ3 -fi5 
2 aa 

h"s are obtained according to equation 

in routine XYZW. 
111 this computation the divergence at the boundary points 
is taken as zero and only the last two terms are computed. 
The results are stored in array PP 

Subroutine called: None 

Input variables via common 

variable Meaning 
+ 0 - 

Aj (L,M,N) Wj = Xj + Yj + Zj; values of W'S are stored in this 
array. 

DX(M) Grid distance in E-W direction 

G Gravity 

R Gas constant 

Bl(L,M,N) Surface topography as determined by model at the 
current time step. 

SIGT (h') X values of B levels 

TBB(XP1) XP1 values of average temperatures at a levels 

RAD Earth's radius 

PHI ( M )  Latitude values 

PI Value of n 

DY Grid distance in K-S direction 

DT Time step At. 



Output variables: 

Description of routine 

Designator Text 

A-B 

B-C 

D W  = 2.0 DY 
DO loop 11 is set up to index J through 1 to M ;  JP1 
= J + 1 ,  J Y 1 =  J-1, DXX = 2.0 *DX(J). DO loop 1 1 i s  
also set up for indexing I through 1 to L with IP1 
= 1+1 and IM1 = 1-1. The values of forcing func- 
tions are determined at all horizontal boundary 
points. At boundary points divergence and u=O 
therefore the calculation reduces to 

At upper boundary - 

At lower boundary 

And from level 2 to N 

For points other than boundaries the forcing func- 
tion is determined using 

~t v*Qk + at?3k - G5o - 
2 aa, 

ppgpl = 0.5 ~t aQl + aG2 
T Z  - q x  

- (C2)8ta~~$ - (g3)N - o . s ( @ ~ ) ~  
my- 

- izs 1 
G* 



T h e  DO loop 11 ends .  T h e  con t ro l  is  t r a n s f e r r e d  t o  
c a l l i n g  r o u t i n e .  , 



4.6 Subroutine: DIAGKOS 

Abstract: In this routine the values of forecast variables at time 
step n+l are obtained using the following statements. 

where 

This routine is cailed after obtaining the values of Pi in 
routine 'ELLIPT'. The vertical velocity values'a' at boun- 
dary are initialized as zero. 

Subroutines called: 

Input variables via common: 

A(L,M,N) 5 arrays containing the values w's of the equation 
+ 0 - 

Wj = X j  + Yj 7 Zj 

These represent forcing. 

Values of the model parameter P at time n-1 

Grid interval in K-S direction 

Grid interval in E-W direction as functiun of lati- 
t ude 

Time step 'At' 

Gravity 

Surface topography ' z s '  as cletermined by model. 



. KP1 values of '0' SIG(NP1) 

TBB (NP1) XP1 values of area average tenlperature T* at a 
levels. 

N values of lapse rate GMIAB at 6 levels. 

Gas constant 

G AMAB ( N ) 

X 

, Output variables 

Variable Neaning 

U U ( L , ? l , S )  L*41*X ~aliles of LI-coniponent of wind at time n - ?  

VV(L,M,X) L-M.3 values of humidity variable (specific humidi- 
ty) at time n-1. 

PL(L,M) L-M values of logps at time n+l - 

WW(L,M,NMl) L*#*NMl values of vertical velocity a at time n-1 

Description of subroutine 

Designator 

A-B 

B-C 

Text 

The DO loop 11 is set up to index J through 1 to M 
and I through 1 to L. The values JP1 = J+l, JM1 = 
J-1, D'IY = 2.ODy, IP1 = I+1, IMl = 1-1, DXX = 

B.ODX(J) are assigned with values at boundaries as 
JP1 = M,  JM1 = 1, IP1 = L, IM1 = 1, D W  = DY and 
DXX = DX(J). 

The DO loop 12 is set up within loop 11 to index K 
through 1 to N vertical tf levels. The values of u, 
and v component are computed using the relation 

0 - 
u = A 1  - 1 A t . K  

2 ax 

and specific humidity using A = Aq. The DO loop 12 
ends. The log of surface pressure ps is computed 
using 

DO loop 11 ends. 

DO loop 1-4 is set up to index J through 1 to M and 
I through 1 to L. The values JP1 = J&1, JX1 = J-1, 
D W  = 2.ODY, IP1 = 1-1, IM1 = 1-1, DXX = B.ODX(J) 



D-E 

are a s s i 2 n e d  w i t h  values at boundaries as J P I = M ,  
J H l = i ,  I P i = Z ,  iW1=l, DYY--Dl' z11cl DXS-DS(J). 

In DO loop 15 within the DO loop 14 the vertical 
velocity a is initialized as zero at K M 1  a levels 
at t h e  boundary points. For points otller thail 
boundary points, first the velocity a is obtained 
at level 1 and then in DO loop 16 at level 2 to XN1 
using formulae 

DO loop 16 ends. 
Control passes to calling program. 



4.7 Subroutine: FUSCTICS XL'1ST.i 

Abstract: I11 this function ruuiine the value of a given variable F is 
interpolated to a point (1,J) at given short distance using 
a 4th order interpolation formula given in terms of a poly- 
noa~ial , say 

and 

For using this formula, the polynonlial is required to be 
defined exactly at 5 points. On applying this condition, 
the following 5 coefficients are obtained. 

This interpolation formula can equivalently be expressed as 

where (I - Gi j )  is interpoiation operator. ill X direction 
and (I - Hij) i r ,  the Y direction. In this routine first 
the interpolation is carried out in X-direction, then in Y- 
direction. For this a stencil of 25 points is set up. 

Subroutines called: Kone 

Ir~put variables via common 

Variable Neaning 

DLAM Grid interval in terms of degrees longitude, in 
east-west. 



Grid interval in terms of degrees lat-itude, in 
north-sou t h .  

Output variables 

Description of subroutine 

Designator ~ e s t  

B-C 

The fractional distances and q (i.e., (X-X,,) 
(Y-yo)) are determined and stored in RX and RY. 
The -ve sign allows the parcel to come from ally 
side of the grid point. It also takes care of -ve 
signs of odd powered terms. 

DO loop 11 is set up to indes counter JJ from 1 to 
5 .  This way a stencil of 5x5  is set up, aroung the 
g r i d  point (I, J) which (from the calling routine) 
is in facr the nearest grid point to the origin of 
parcel. The counter .Jl takes up values such that 
grid point (I ,J) is at middle of 5 J1 vaiues. Say 
J = 3 then J1 = 1 to 5. The corresponding coef- 
ficients of equations 3, 4, 5,  6 and 7 are cleter- 
mined for every X-direction row stored in B(1) to 
B(5) and these in turn are used in computation of 
A(1) to A(3) given by the relation 

This is achieved by initializing A(JJ) = R ( 5 )  and 
using a recursive relation by setting up DO loop 11 
to index I1 through 1 to 4. DO loop 11 closes 
giving 5 values of interpolated values of function 
in X-direction. 

Taking A(3) as the central value the coefficients 
for Y direction are dtermined using relations 
(3)-(7) and stored in B(1) to B(5). SYINT4 (giving 
the final interpolated value) is intialized as 
B(5) and DO loop 12 is set up to index I1 through 1 
to 4. The relation 

gives the interpolated value. DO loop 12 ends and 
the interpolnted value is returned to the calling 
program. 



4.8 Subroutine: .I;i'SCTIOS XYIXT 

Abstract: This subroutine interpolates the given function to the 
point near a given point using a second order interpolation 
polynomial. This is used for the inner boundary points 
i.e. I=2 and LY1 J=2 and R M M 1 ) .  The interpolation is first 
carried out in x-direction, then in y-direct ion using the 
relation. 

Subroutines called: 

Input via comnlon 

- 
Variable Meaning 

Grid interval in degrees longitude in E-W direc- 
tion. 

DPHI Grid interval in degrees latitude in N-S direction. 

Description of subroutine 

Designator Text 

A-B DO loop 11 is set up to index JJ through 1 to 3. 
Another index J1 is defined which keeps the given 
point 1,J at middle of the domain of interpolation. 
The interpolation is carried out in x-direction 
using (1) and stored in A(JJ). DO loop 11 ends and 
interpolation is carried out in y direction using 
relation (2) and the interpolated value of the 
given function is returned in XYINT. 



4.9 Subroutine: . FCBCTIOS VAilV 

Abst~act: In this function routine vertical advection of moisture at 
a given point is calculated. 

Subroutines called : Soi-ie . 
Input via COXMOS: None 

Input v i a  argument list 

* 
KD 1 0 . 5  * a a/ao at upper boundary of a layer. 

-3 
ICE 2 0 .  5 'k G 2 ' 2 5  at lower :iuui~cl;;l.q- u f  i~ iiise:. . 

QQ(L,M,S) Specific humidity 

Indes of s c o u r d i n a t e  of a l ~ o i n t  

Indes of-y coor.di%ate of a point 

Indes of o coordinate of a point 

K- 1 

K+ 1 

L Maximum number of grid points in E-W 

M Masimum number of grid points in 5 - S  

X Number of o layers 

Output 

Variable Meaning 

VADV Vertical advection of moisture 

Description of Subroutine 

Designator Test 

A-B Vertical advection of moisture is calculated using 
the relation 

Control passes to calling routine 



5.1 Subroutine: .DRYCOX1 

Abst~act: In this subroutine the dry convective adjustment is carried 
out. The adjustment removes any superadiabatic lapse rate 
in a column by making use of the conservation of d r y  sta-tic 
energy. 

Called by: YCAL 

Subroutines called: TPTT 

1::p::t via argun~ent list 

Variable Meaning 

T Temperatures at specified 13 levels. S values from 
top to bottom - 

PT Pressure at specified a levels S values from bottom 
to top. 

DT Time step 

NS Number of B levels 

Output 

Variable Meaning 

DAD J I Temperature change due to dry convective adjustment 
in a column 

Description of subroutine 

Designator Text 

Interpolate the pressure and temperature values at 
K specified a levels to get additional levels bet- 
ween these levels. For this the parameters are 
clef ined. 
NDiVI = 3 

8K = (N-1) KDIVI 7 1 = 41 
KK1 = XS - KDIVI = 36 
In DO loop 10, the heating,'cooling due to dry con- 
vective adjustment is initialized to '0' and 
pressure value of specified levels is stored in an 
array PA such that 

P.A!KK) -= PT(K) 
where KK = X - K-? 
i . e .  order is changed from top to bottom. 
Subroutine T2TT is called at this stage to give 
pressure and temperature value at SS levels. 



E-F 

F-G 

DO loop 2 0 .  Potential temperature at SK levels is 
computed using Poisson equation and stored in array 
TT. Iteration counter ITT is initialized 

ITT = 1  
and the control transfers to 235 

Stiltenlent 2 0 5 .  The control comes here when ITT $ 
1 .  The interation counter is increased by 1  
ITT = ITT--1 and if ITT = 23 control transfers to 
statement 2 2 5 .  Otherwise the control transfers to 
statement 2 3 5 .  

State!ae:lt 233. The conrrol corlles to this stacen~~!!t 
If ITT = 20 i .e. convprgerlcr is not achieved in 19 
iteratiocs. This wnrning is printed in Format 
1 1 .  Temperatures at XS interpolated levels Is 
printed. Subroutine T2TT is called to compute 
pressllre and temperatur~ at Sn interpolated levels. 
In DO loop 1000 potential teperaiure at S specified 
levels are computer1 and printed. 
In DO loop 1010 potential temperatlire at KS intry- 
polated pressure levels are computed and printed. 
The control transfers to calling program. 

Statement 2 3 5 .  Control comes here before the com- 
putations of dry convective adjustments start for 
each iteration. For adjustment computations are 
made from top to bottom. 
Lowest layer temperature differnece A8xg is 
assigned value = 0 In DO loop 30 the tem- 
perature chages from higher to nest lower level are 
computed and stored in DTH array. The counter in 
this loop runs from 1  to NN-1 

INDEX = 1 .  This initialized value implies that 
there is no unstable layer. Then the search for 
unstable layer is made in do loop 40. 

If A8k = ( 8 k + l  - 8k)  > 0  
INDEX is switched to - ve value. 

INDEX = -1  
DO loop 4 0  continues 
If iteration = 1  and ISDES = 1  implying that no 
unstable layer exists so no adj~~stment is necessary 
and control returns to the calling program. If ITT 
$ 1  but INDEX = 1  i .e. the convergence has already 
been achieved, the11 control passes to statement 305 

Control comes to DO loop 100 when IXDEX = -i i. e. 
some isils table layer esists . Search for u~istahle 
layers is started. 
in DO loop 130 top of the unstable layer is 
searched. A8k ' 0  gives level of instability. The 
level value is stored inKKi. KK? lies between 1  



and X:;-1 
1 Q KK1 6 SS-1 

I-J 

J-K 

K-L 

M-S 

when Atfk > 0 control transfers to statement 13. 
Otherwise loop 130 continn~s 

Statement 15. Bottont of the unstable layer is 
searched. 

AO!, : 0 
gives the bottom level of unstable layer. The bot- 
tom level k is stored in KK2. When such a level is 
reached cv:it~u: 1)ilsses to statement 23. Otherwise 
DO l o o p  I 4 0  c o n t  in~~es. 

KK1 6 KK2 6 SS-1 

To determine whether estension of adjustment layer 
is possible to levels above KK1 and below KK2. 
if KK2 = SS--I the adjustable layer cannot be 
estended beyond KK2 and therefore control passes to 
statement 103. If KK1 = 1 the adjustable layer - 
cannot be extendd above it and, therefore, control 
passes to statement 315. 

Average temperature of layers between KK1 and KK2 
is determined in DO loop 50 and stored in SLY. 

Search for adjustable levelabove the top of the 
unstable layer. Initialize the desired level 

KK3 = 1 
In DO loop 60 search for such a level is made. 
Adjustable layer is extended to level up to which 
8k < average temperature of layer (KKI, KK2), say 
8k i.e. 
If 8k < SUM 
GO to 35 and KK3 = K-1 at this stage. The counter 
K of the loop 60 runs from 1 to KK1 

Similarly adjusted level below the bottom of 
unstable layer is determined according to criteria 

8k > SUM 
The level is stored in KK4. This means that now 
the adjusted temperature will be assigned to levels 
from KK3 to K X 3  instead of KK1 to KK2. 

Statement 55. The average potential temperature of 
layer KK1, KK2 is assigned to levels between KK3 and 
KK4 in DO loop 80 

8k = SUM 
Loop 50 ends 
Then the control goes to statement 205 for next 
iteration 

Statement 105. Here the control come when KK2 - 
NS- 1 the adjustable layer cannot be esended 



P-Q 

beyond botton~ of unstable layer. In such a case 
average temperature of layer KIZ1 to level KS is 
computed in DO loop 100 .  Search for adjustable 
level KK3 is made above K K 1  in DO loop 90 and the 
adjusted temperature SU41 is assig-]led to levels bet- 
wen KK3 and XS in D3 loop 16C.  
The control passes to statement 205 for nest itera- 
tion. 

Statement 315.  Contra! cones to this statement 
when K K 1  = 1 i .e. adjustable layer cannot be 
t s s t e :~ded  above top of iiilstable layer. In such a 
ciisr search for adjustal~ie level XI<?: is alacle bt? lnr i  
K K 2  l e v e l  aud  the  average temperature of l aye r  KXI, 
K K 2  is assigned to levels between 1 and KK4. 
T!ie control passes to statement 205 for nest itera- 
tion. 

Statement. 305.  DO loop 190 starts. The index runs 
from 1 to S S .  - The coiitrol comes here when the 
superadiabatic lapse rate has beell removed from a 
column indicated by INDEX = 1 .  In DO loop 190 tem- 
perature TT at SX pressure levels are recovered 
using Poisson equation 

In DO loop 300 the adjusted temperature are stored 
in specified level temperature array TN. DO loop 
300 closes. In DO loop 310 the tendency of tem- 
perature due to dry convective adjustment is com- 
puted 

DADJI(K) = = (TSk - Tk)/At 
at 

DO loop 310 closes 
Control transfers to calling program 



5.2 Subroutine: .T2T? 

Abstract: In this subroutine the interpolation of pressure and 
temperature is carried out to give 4 additional levels bet- 
ween any two specified pressure levels for fine resolution 
for the purpose of dry convective ad justn~ent . Temperature 
at specified pressure levels is also interpolated linearly 
on log of pressure scale. 

Called by: DRYCOSl 

Subroutines called: Xone 

Input via col!l;non: Sone 

Input via arguments list 

Variable ?leaning 

T 
- Temperature at S 13 levels i.e. specified levels 

P Pressure at R I3 levels i.e. specified levels 

K Number of specified pressure levels 

NN Number of interpolate pressure levels 

NDIVI Number of parts in which the pressure interval bet- 
ween two specified pressure levels is divided. 

Output 

Variable Ne an i ng 

TT Temperature at NN interpolated levels 

PP Pressure at NX interpolated levels 

Description of subroutine 

Designator Text 

A-R 

B-C 

DO loop 10. The indes K runs from 1 to X specified 
pressure levels. A counter K1 is defined as 

K1 = (ii-1) * KDIVI - 1 
so that 

P P ( R 1 )  = P(K) 
therefore PP(1) = F(1). PP(SD1V:rl) = P ( ? )  and so 
on. 

DO loop 20.  Outer DO loop, the counter K runs from 
1 to SN1 at interval SDI\:I. In this DO loop the 



D-E 

E -F 

pressure at interpolated pressure leveis between 
two consecutive PP levels defined in A-B are com- 
puted. For this first the interpolation interval 
is computed, 
DF' = PP(K7SDIVI) - PP(K)/YDIVI 

Inner DO loo:) 100 is initiated wit]: counter KK 
running from 1 to KDIVI - 1. This CO loop gives 
(XDI \ ' I  -1 ) additional levels betrveer! n: ly  two given 
levels 

K1 = K - X K  
I( comes frorr! do loop 20 

PP(K1) = F(K) - KK * DP 
DO loop 100 closes 
DO loop 20 closes 

Like pressure in A-B, temperatures at interpolated 
pressure levels are defined. The DO loop 40 
starts. The counter K runs from 1 to N specified 
pressure levels 

K1 = (K-1) * NDIVI + 1 
and 

TT(K1) = T(K) 
i.e. TT(1) = T(1), TT(6) = T(2) and so on SDIVI = 

5 

DO loop 30 starts the counter K runs from 1 to NN 
interpolated pressure levels. In this loop log of 
pressure is found and stored again in PP(K) 

DO loop 50 starts with counter K running from 1 to 
SSl at interval of NDIVI (=5). This is outer DO 
loop. DO loop 110 starts, the counter KK running 
from 1 to XDIVI - 1. This gives values at addi- 
tlunal levels between two given levels 

..I . 
;\,;  ''.?. , '. I '\ 

K comes from loop 50 

DO loop 110 ends 
DC loop 50 ends 



. D3 l o o p  6 0 .  In t h i s  l o o p  t h e  p r e s s u r e  v a l u e s  a t  
i n t e r p o l a t e d  l e v e l s  a r e  ~ e c o v e r e d  by f i n d i n g  expo-  
t e n t i a l  o f  PP which a t  t h i s  s t age  h a s  l o g  o f  
p r e s s u r e .  C o n t r o l  r c t u r n s  t o  c a l l i n g  p rog ram.  



5.3 Subroutine: , SUPSEA 

Abstract: In this routine super saturation in a column is removed and 
resulting adjusted temperature is computed. 

Called by: SUPAD,Tl 

Subroutines called: FUNCTIOS SPHUFl 

Input via common: Xone 

Input via argument list: 

i ' a r ia 'u ' ;~  Xean ing 

T 0 Temperature at a given level 

Qe Specific huinidity correspoi-~cl i~lg  to TO 

PO Pressure at the level of TO and-~o 

I s coordinate of the given point 

J y coordinate of the given point 

KSP Level of TO, QO and PO 

Output 

Variable Meaning 

T 0 Adjusted temperature 

Qo Adjusted saturation specific humidity at TO 

P 0 Pressure at the level of TO and QO 

Description of subroutine 

Designator Text 

A-B 

B-C 

A = 1 7 . 2 7 ,  B = 33.36 
If TO ,; 273.16 
4 = 21.57, B = 7.66 
L;Cp is computed and stored in variable H. Given 
temperature TO is stored in TG. 

DO loop 10. The counter K runs from 1 to 100 indi- 
cating 100 iteratinns are to be carried out. 
Saturation specific humidity corresponding to TO 
and PO is computed by calling function SPHIJN and 
stored in QS. 
The super saturation, when removed raises the tem- 



C-D 

D-E 

p e r a t u r e .  T h e  m o d i f i e d  t e m p e r a t u r e  i s  found by 
Newton R a p h s o n ' s  method.  
A g u e s s  o f  t h e  h e a t i n g  is  computed as 
(Modi f i ed  Tempera tu re  - P r e v i o u s  S t e p  T e m p e r a t u r e )  

C~ 
and  s t o r e d  i n  FT 
D e r i v a t i v e  of  FT i s  computed and s t o r e d  i n  DFT 

DFT = 1 - L qs .A - A*(TG-273.1Gl 

P TG--B (TG-5)' 

Sew g u e s s  GTS = TG - Fi , 'DFT 
11 t!ie d i f f e r e i ~ t ; ~ -  i ~ r t ~ i e e n  ner\; gur-so and p;'ec-ious 
v a l u e  i s  < 0 . 1  c o n t r o l  goes o u t  o f  DO l o o p  10  t o  
s t a t e m e n t  1 3 .  O the rwise  

TG = GTS 
and  i t e r a t i ; - e  pril[.rss con:  i:~uc-s 

C o n f r o l  comes h e r e  a f t e r  a l l  t h e  i t e r a t i o n s  a r e  
o v e r .  The conve rgence  i n  t h e  r o u t i n e  h a s  n o t  been  
a c h j e v r d .  Va lues  o f  I ,  J ,  KSP, TO and TG a r e  
p r i n t e d  and c o n t r o l  g o e s  t o  s t a t e m e n t  3 1  

C o n t r o l  comes h e r e  once  c o n v e r g e n c e  i s  a c h i e v e d .  
Then TO = GTS and 

QO = 1 . 0  SPHUM(P0,TO) 
QO g i v e s  s a t u r a t i o n  s p e c i f i c  h u m i d i t y  a t  tem- 
p e r a t u r e  TO and p r e s s u r e  PO. 
S t a t e m e n t  3 1 .  C o n t r o l  p a s s e s  t o  c a l l i n g  program.  



5.4 Subroutine: .SL'PADJ 

Abstract: In this routine point of maximum specific humidity is 
determined. Other calculations in the routine, fpr 
example, supersaturat.ion rainfall are no longer in use. 

Subroutines called: SPWUN 

Input via CONMOX : 

Variable 

SIG (ST:) 

Meaning 

Log of surface pressure 

Nodel parameter P 

Values of sigma at sigma levels 

Values of sigma at sigma layers 

Gas constant 

Gravity 

Output 

Variable Neaning 

RMAX Maximum relative humidity value 

I X A X  x-coordinate of RNAX 

J N A X  y-coordinate of RMAS 

KNAX Vertical coordinate of RMAX 

NPOIXT Number of grid points at which supersaturation is 
occuring 

Kumber of grid points higher than layer 5 at which 
super saturation is occuring 

Sumber of grid puints at or lower than layer 3 at 
which the super saturation is occuring 

Description of subroutine 

Designator Test 

A-B The vnrizbles, SPOIKT, XPOISTI, NPOIST2. R N A S ,  
I M A X ,  J M A X ,  KMAS are initialized as ' 3 '  

DO loop 20 starts. Major DO loop. Irides J runs 
from point 1 to >I and I runs from point 1 to L. 
Ifides I A D J  is assigned value : .  



D-E 

E-F 

F-G 

P r e s s u r e  a t  XP1 l a y e r  b o u n d a r i e s  a r e  computed i n  DO 
l o o p  50 .  DO l o o p  40 s t a r t s .  Index  I( r u n s  from 
l a y e r  1 t o  l a y e r  K .  I n  t h i s  DO l o o p  p r e s s u r e  a t  
t h e  l a y e r s  a r e  d e t e r m i n e d  and t h e n  c o r r e s p o n d i n g  
t e m p e r a t u r e s  a r e  computed u s i n g  r e l a t i o n  

By c a l l i n g  t h e  f u n c t i o n  r o u t i n e  SPHCYI, s a t u r a t i o n  
s p e c i f i c  h u m i d i t y  c o r r e s p o n d i n g  t o  l a y e r  tem- 
p e r a t u r e  and  p r e s s u r e  is d e t e r m i n e d  and s t o r e d  i n  
0 

For  p o i n t s  where model p r e d i c t e d  s p e c i f i c  h u m i d i t y  
Q ( K )  i s  > QS t h e  c o u n t e r  KPOIXT is  i n c r e a s e d  by I .  
Depending  upon h i g h  o r  low p o i n t  c o u n t e r  SPOIXT1 o r  
XPOIRT2 i s  i n c r e a s e d  by 1 .  R e l a t i v e  h u m i d i t y  i s  
c a l c u l a t e d  and s t o r e d  i n  RWAY. The c o r r e s p o n d i n g  
g r i d  p o i n t  i n d i c e s  I ,  J ,  K a r e  s t o r e d  i n  I H A S , ,  
JMAS and KMAX r e s p e c t i v e l y .  C o n t r o l  p a s s e s  t o  s t a -  
t emen t  4 0 .  

40 c o n t i n u e .  C o n t r o l  comes h e r e  e i t h e r  from C-D o r  
i f  Q(k) d QS. DO l o o p  4 0  e n d s .  

The i n d i c e s  f o r  masimum r e l a t i v e  h u m i d i t y  p o i n t  are 
p r i n t e d .  C o n t r o l  p a s s e s  t o  c a l l i n g  program.  



Abstract: In this subroutine the heating and moistening due to super 
saturation is computed. 

C a j l e d  by: YCAL 

Subroutines called: SUPSEA 

Input v i a  conlinijil 

Variable Waning 

T (X) Values of temperature a t  S B levels with order 
reversed i.e. bottom to top. 

QQ(1. J . l i X )  Values of specific h~!rnidlty a t  S- 4 levels uiih 
order reversed i . e . button! to t c ~ p .  

D T T ~ ~ I I E  s t e p  

Input via argument list 

Variable Meaning 

LCOXV1 (K) Value of stability index at N B levels 

Output 

Variable Meaning 

HTSUP (K ) 

HQSUP (K) 

Value of heating due to super saturation at N B 
levels. 

Value of moistening due to super saturation at N B 
levels. 

Description of subroutine 

Designator Test 

A-B 

B-C 

DO loop 50. The heating and moistening parameter 
at S b levels are initialized. 

DO loop 40. The counter K runs from 1 to S b 
levels. A variable 

KK = S - K - 1  
is defined to reverse tne order of psi-nnreters. 
When LCOSVl(KK) = 899, this large scale stable 
rain has been computed. In that case heating due 
to super saturation is not computed and control 



g a s s e s  t o  s t a t e m e n t  4 0 .  When LCOSVl(KK) , = 390 
Q(K) = QQ(T,.J,KE:) 

Q(K) is s p e c i f i c  h u m i d i t y  a t  S b l e v e l s  from bo t tom 
t o  t o p .  
The s a t u r a t i o n  s p e c i f i c  h u m i d i t y  a t  T(KK) i s  com- 
p u t e d  and  s t o r e d  in Q S .  
I f  Q(K) > QS t h e n  

TO = T(KK) 
Qo = Q(K) 

and r o u t i n e  SUPSEA i s  c a l l e d  t o  remove s u p e r  
s a t u r a t i o n  and  p r o v i d e  a d j u s t - e d  v a l u e s  TO a n  QO 
u s i n g  t h e  a d j u s t e d  v a l u e s ,  n e t  h e a t i n g  and  m o i s t e -  
n i g  a re  colnputed ailcl s t o r e d  i n  

HQSUP(K) = ( Q O  - Q(K))iAt 
and 

HTSUP (K) = (TO - T(KK) ) ' A t  
The v a l u e  of  s t a b i l i t y  i n d e s  i s  :-eas: ; igi~ed as 793. 
DO l o o p  40 c l o s e s .  
C o n t r o l  p a s s e s  t o  c a l l i n g  progranl .  

- 



3.6 S~~:i;.na tine : .FUNCTION SPHUM 

Abstract: In this function routine saturation specific humidity for a 
given pressue 'p' and temperature TT is computed. 

Subroiltines called: Xone 

Input via CO.WlOS: Xone 

Input via arguments list 

Output 

- 
Variable 

Meailing 

Pressure a t  a given g ? i d  point 

Temperature at a given grid point 

Designator Text 

A-B The temperature is converted to "C from O K .  

Constants A and B of Tetan's formula are determined 
depending upon whether temperature is more than 0°C 
or less than that. Saturation specific humidity is 
then calculated using Tetan's formula. 

SPHUM = 0.62k e s 
(p-0.378-es) 

Control passes to calling program. 



6.1 Subroutine: RADS 

Abstract This is main subroutine of the radiation package. This is 
called by rouinte YCAL. This routine specifies the various 
categories of clouds, evaluates the net short aiid long wave 
fiuses, short and long wave convergences, total heating, and 
the cooling and warming rates. This is a one dimensional 
colunin routine and prints all vallles in vertical besides 
printing the surface balance. 

I 

Subroutines called: (i) CLOCD (ii) FLUX (iii) ZETAi (iv) SLR (v) TG 
(vi) CLDCOL 

Input variables via ccjn~ri~or: 

Variable Meaning 

ALBD(1, J) Albedo at the point I , . l .  This refers t.o surface 
albedo. In the routine this value is assigned to 
variable ALBSFC. 

KRAD 

PT(ZL') 

PZ (NP1) 

DPZ (N) 

s-coordinate grid point count i.e. in east-west. 

y-coordinate grid point count i.e. in N-S direction 

The specific humidity over all grid points of the 
domain L*M*N 

Time step count. This variable is compared with 
KRAD to decide printing of variables 

Radiation variables printing time step count. At 
integral multiple of KRAD, radiation variables are 
printed 

The temperature at N sigma at (8) levels. These 
values are assigned to array 'TEMP' in the routine 
with order reversed i.e. TEMP(1) = Temperature at 
= 0.95 level. TEMP(1) = T(X) etc. 

The temperature at NP1 sigma levels. These values 
are assigned to array 'TZ' in the routine with 
order reversed. 

Pressures at N(D) levels with order from bottom to 
top. 

Pressures at X P l ( a )  levels with order from bottom 
to top 

Ap = (PZk - PZk+l) S values. These values are 
available at X a levels. 



COSD 

SISD 

COSPHI ( M )  

SIXPHI (M) 

MOX 

SDAY 

DL Aim 

GAM 

WLOXG 

RS 

ZZHOLT 

ROMEGA 

RAD C 

DPH I 

QSL'B(L ,M) 

RHO 

SIGMA 

PI 

ALBAI R 

Air temperature at surface level. This value is 
assigned to TlOOO in this routine 

Cosine of angle of declination 

Sine of angle of declination 

Array representing Cosine of latitude 4 

Array representing Sine of latitude $. 

Month 

Starting di~y of integration of model 

Grid interval along E-W in degrees longitude 

g/cp 
- 

Western most longitude of the donlain 

Insolation received at the top of the atniosphere. 
Given by the relation 

RS = (1.935 x 4.2~10~/60/d-~) Erg sec-l 

= 1.38~103 ~ m - 2  

where 1.935 is solar constant in langleys (Cal/min) 
d2 is mean constant sun distance = 1.50x1011m 

Hour of the day 

360/24 Earth's angular velocity in degrees/HR 

Conversion factor for degrees to radians conversion 
= n/180. 

Grid interval in N-S direction in terms of degrees 
latitude. 

Surface temperature. Over the oceans this quantity 
represents sea surface temperature. 

Surface specific humidity 

Density of air. At 0°C and 1000 mb pressure 

Stefan-Bol tzmann' s constant = 5.6696~10-~ ~ m - ~ d e ~ - ~  

Value of sr 

Albedo of air 



U L ' ( L , ? I , ? ; )  U component of wind at Nth (i.e. a = 0.95) level 

VV(L,W,s) V component of wind at Kth a level. 

FDW (BPI, XM1) Downward flux of radiation at KP1 levels for 8 con- 
figurations of clouds 

ASO(KP1,KMl) DIRECT Solar insolation absorbed by the atmosphere 
at NPl a levels for SM1(=8) cloud configurations. 

CLD(S,S?l,I: ) The array indicating presence or absence of the XN1 
( - 8 )  configurations of clouds at X 13 levels. 

I CLB Botton~ of low clouds 

ICLT Top of low clouds 

I CMB Bottom of middle clouds 

I CMT Top of middle clouds 

I CHB Bottom of high clouds 

I CHT Top of high clouds 

FUD(NP1,N;rll) Upward longwave radiation fluxes at NP1 a levels 
for NM1(=8) cloud configurations 

RSO (N,  NM1) Reflected solar insolation for the eight cloud con- 
figuration 

Input variables from data statements 

Variable Meaning 

ALBC 

ALBSC 

Albedo of clouds. This array represents 8 con- 
figurations of clouds 

Array representing albedo of clouds for Rayleigh 
scattering. This also represents 8 configurations 
of clouds. 

Output Variables 

Variable Meaning 

FLG Downward flus of longwave radiation at surface 
(ground) 

Upward flus of longwave radiation at surface 
(ground) 



SGDS 

SGUP 

SEX 

- 
QSFC 

SNET (NP1) 

SWUP (NP1) 

Sh'DN (NPI ) 

LNET (NPI ) 

L W P  (NPI ) 

LWDN (NP1) 

SCOW(S) 

LCOXV(X) 

WARM ( K ) 

COOL (N) 

. Downward flux of shortwave radiation at surface 
(ground) 

Upward flus of shortwave radiation at surface 
(ground) 

Surface flux of sensible heat (surface temperature 
flus). Computed in routine 'TG'. SEN = pCp+ 
Velsurface (T1000 - Tsurf) (Argument list) 

I 

Surface flux of latent heat (surface moisture 
flux). Computed in routine TG. COX = pCqCp 
Vels!,rface (~11000 - q:;arface) (.Arpu~wnt list) 

Upward longwave flux from the ground = - 0 ~ ~ ~ .  

Computed in routine Tg. (Argument list) 
Surface (ground) temperature. Computed in routine 
Tg as Ts. Comes in routine RADS as TSFC throu~h 
arguments list. 

Grounci specific humidity. Computed in routine Tg 
as Q, . (Argument list) 

Net shor:wave fluxes at NP1 a levels (Net shortwave 
irradiances) (Layer boundaries) 

Upward shortwave fluxes at NP1 a levels (Layer 
buundaries) 

Downward shortwave fluxes at NPl a levels (Layer 
boundaries) 

Xet longwave fluxes at NP1 a levels. (Xet longwave 
irradiances) (Layer boundaries) 

Upward longwave fluxes at NPI a levels (Layer boun- 
daries) 

Downward longwave fluxes at NPI a levels (Layer 
boundaries) 

Shortwave convergence at S levels (Layers) 

Longwave convergence at K B levels (Layers) 

Warming rate at N B levels after averaging over 
NM1(=8) configurations of clouds. 

Cooling rate at K 6 levels after averaging over 
14I1(=8) conf iguratioi~s of clouds. 

Ket temperature change (heatingjcooling) at K 8 
levels which is sum of warming and cooling rate at 
these levels 



DTC(N,NMl) Cooling rate for 8 different cloud configurations 

DTW ( X  , X>Il) Warming rate for 8 different cloud configurations 

Other relevant variables and array names appearing in the routine 
' RADX ' 

Variable Meaning 

Correction index' due to the differnce between air 
temperature and ground temperature 

Albedo of cloud configuration no. 1 i.e. clear sky. 
It is assigned the value of surface albedo 

TlOOO Ground temperature 

Saturation specific humidity for ground temperature 
TlOOO 

I CLR Iniie:, f o r  c l e a r  sky  - 1 

ICCL Index for only low cloud = 2 

I CLM Index for low and middle cloud = 3 

I CLMH Index for low, middle and high cloud = 4 

I CCYI Indes for only middle cloud = 5 

ICCH Index for only high clouds = 6 

I CMH Index for middle and high clouds = 7 

I CLH Index for low and high clouds = 8 

Q(N) Specific humidity at N b levels from ground to top 

TZ (NP1) Temperature at NP1 o levels from ground upward 

TEMP (N) Temperature at N 6 levels from ground, upwards 

Relative humidity at S 8 levels from ground, 
upwards. 

Optical path length at N 6 levels upwards from 
ground. Computed from top to bottom, indexed from 
bottom to top. 

Blackbody flux at XP1 a levels. It is function of 
temperatures 'TZ' at these levels. 

C L  Fractional low cloud cover 



CLR 

CCL 

CLM 

CLHH 

ccx 

CCH 

C?lA 

CLH 

COE (8  ) 

FDG 

RSS 

RSA 

DTW(N,NMl) 

FSGA 

FSGS 

S S O ( S M 1 )  

ABSV 

RESG 

RQSG 

Fractional middle cloud cover 

Fractional high cloud cover 

0 6 ( C L ,  C y ,  C H )  d 1 

Fractional cover of clear sky 

Fractional cover of low cloud 

Fractional cover of low and middle clouds 

Fractional cover of low, middle and high cinuds 

Fractional cover of middle clouds 

Fractional cover of high clouds 

Fractional cover of middle and high clouds - 
Fractional cover of low and high clouds 

Weight coefficient for eight different cloud con- 
figurations 

Downward longwave flux reaching ground giving equal 
weight to all eight configurations of cloud. It is 
multiplied by C O E ( N N 1 )  and added to give total 
downward longwave flux at ground 

Scattered solar radiation 

Absorbed solar radiation 

Warming rate at N B levels for 8 different con- 
figurations. 

Total absorbed part of insolation at the surface. 
This is sum of absorbed solar radiation for eight 
configuration of clouds multiplied by the respec- 
tive coefficients 

Total scattered part of insolation at the surface. 

Scattered solar radiation for the eight con- 
figuration of clouds 

Wind velocity at ground 

Saturation vapor pressure at ground 

Saturation Specific humidity at ground 



G LC . Ground wetness parameter 

FNET(NP1,XMl) Net flus of radiation at NP1 a levels for eight 
cloud configurations 

DTC(X,SYfl) Cooling rate for 8 different clouil corifigurations 
at S B levels bottom to top 

COOL ( 3 )  

SLONG 

Cooling rate alter averaging over 8 different con- 
figurations 

Longitude of the point at which zenith angle is 
computed 

Sumber of hours on which zenith angle is to be 
averaged. 

Description of subroutine 

Designator Text - 

A-B 

B-C 

C -D 

D-E 

Constants, K1 (number of levels), EL, ALBSFC. 
ALBC(1) and indices for 8 configurations of clouds 
are defined. Temperature TlOOO is assigned the air 
temperature value T2. Specific humidity QlOOO at 
TlOOO is computed. Blackbody radiation flux at the 
top of the model is computed: F(NP1) 

In DO loops 32 and 33 the orders of temperatures 
(T and TT) and humidity (QQ) are reversed to bottom 
to top. In DO loop 35 corresponding R.H. are com- 
puted and upper and lower limits are set to 1.0 and 
0.1 respectively. The path lengths RW(k) for water 
vapour are computed. The path length at the top of 
the model is taken as RW(NP1) = 4.7x10-~ and at 
other levels 

Here P OaS5 takes into account the pressure 
[PlOOOl 

reduced factor. Irradiances at remaining K levels: 
F(N) are computed RHlOOO is defined. 

Fractional cloud cover and corresponding 8 weight 
coefficients are computed. The fractional cloud 
cover and bottom and top of clouds are determined 
in s11b:~oi~ti:le CLOUD 

Initialize FUP(NPl,K>Il), FDW(XPl,SMl), DTC(N,SMl) 
in loop 25. Initialize ground temperature TSFC = 0 



F-G 

G-H 

. For the cloud configurations that are present com- 
pute the downward longwave fluxes by calling 
routine FLUX (This routine uses the emissivities 
from the various cloud configurations. The flux is 
largest in case of clear sky.) and store in array 
FDIC. If EDW is zero the flus is taken same as at 
ground. Then a weighted sum is found and stored in 
FLC. FLG is total downward flux of longwaves at 
surface. 

I 

To compute the net solar heating at all the model 
levels, the zenith angle 

cosl = sin9sin6 cos+cosScosh 
is computed by calling routine 'ZETA:' then the 
scattered and absorbed parts of the solar radiation 
are computed: 

RSS = scattered part = 0.651xSoxcos( 
RSA = absorbed part = 0.319sSoscos( 

Initialize the warming rate DTW for the eight con- 
figuration. The direct solar insolation and 
reflected solar insolation are computed by calling 
routine SLR for the cloud configuration that are 
present. The net warming for each configuration is 
computed and stored in DTW at N 5 levels. 

(mb to Pa conversion factor). .001 erg/cm2 to 
~ / m ~  conversion factor. The weighted sum of DTW's 
is found to give warming rate at N levels. The 
rate at top is taken as zero. DTW is the flux 
divergence of the absorbed and reflected solar 
radiation. 

Computes the sum of scattered and absorbed solar 
insolation at ground. For absorbed part, a 
weighted sum of AS0 is found in loop 137. For 
scattered part computations are made if zenith 
angle is somewhat < 90". For cos( > 0.01, FSGS=O. 
For FSGS computations, albedo of air is obtained 
using 0.085 - 0.245 loglOcos( * Psfc limit is set 

"1000 
= 1.0. In loop 138 contributions of all the eight 
configuration are added to get FSGS. R1, R2, R3 
denote the reflected soiar insolation from lower, 
middle and high clouds. The formula evaluated is 

X = (1 - R123)/albedo of air. 



. Then scattered solar radiation, SSO = 
(1-X)/(l-X*albedo .surface). 
Then sum of FSGA and FSGS is found and stored in 
FSG. If zenith angle (cost) Q 0.01, FSG = 0. 

Nulti cloud albedo for scattered radiation 

surface down: (1-a~) + (1-aA)asaA + (l-~A)(~saA)2 

Absorbed at surface: (1-a~)(l-a~) 
1 -ascX~ 

H-I Over the land,surface ground temperature, sensible 
heat flux and latent heat flux and upward longwave 
flux at the ground are determined in the routine 



I-J 

J - K  

K-L 

M-N 

. Tg, for the surface heat balance computations. The 
condition of albedo d 0.06 is tested for this pur- 
pose. Over the land surface the values of ground 
teniperature and ground specific humidity are stored 
in TSUB and QSUB respectively. Over the oceans the 
variables .TSFC and QSFC are assigned values from 
the arrays TSUB and QSUB respectively. 

Upward fluxes of lo~lgwave radiation are computed 
for the cloud configurations that are present. In 
loop 3 the sum of the upward and downward longwaves 
radiation are found at XP1 o levels and for SYll 
cloud configurations. 

Longwave cooling rate DTC due to flus divergence of 
radiative energy in degrees per day is calculated 
here. Before this the routine CLDCOL is called 
which fises flags CLD at levels in vertical 
allowing cooling only at the bottom and top-of the - 
cloud, so making the net flus effectively zero 
inside the cloud. The divergence 

g x CLD 
cP ap 

is computed at N levels from 1 to N in DO loop 4. 
In loops 14, 15 the net cooling at N levels due to 
all the cloud configurations are calculated. 

At the surface (ground) the (i) downward shortwave 
radiation, (ii) upward S.W. radiation and the (iii) 
net shortwave radiation are computed. 
(i) SGDX = FSGA-FSGS 
(ii) SGUP = -asurface * SGDK 
(iii) SGSET = SGDN+SGUP 

For radiation time step i.e. when KT is integer 
multiple of KRAD various radiation parameters 
(variables) are printed for a point (25,27). 
PRINT 300 statement prints the title SURFACE 
BALASCE. 310 prints titles SWDN, SWUP, LWDN, LWUP, 
SEX, LATENT, TSURF, QSURF. 441 prints values of 
these variables. 320 prints K, PRES, TEMP, REL 
, S\UT)S, SWL'P, LWDK, LWUP, SKET, LKET, SCOXV, 
LCOXV, WARM, COOL, NETRATE tj tles. 330 prints MB, 
(k), ( 6 ,  2(W/MSQ), 4(W/MSQ), (W/MSQ) , (W/MSQ), 
2(k/D), (k/D) titles. 

If time step is not radiation step the above 
printing is skipped. After printing or without it, 
the control comes to 399. Loop 444 is initiated in 
this net shortwave radiation (SNET) , longwave 
upward flux LWUP, longwave downward flus (LWDX), 
net longwave flux (LNET), upward shortwave flux 
(SWCP), downward shortwave flux (SWDX), and except 



. for lowest (uppe~.mostj level, short wave con- 
vergence (SCOSV) and longwave convergence are ini- 
tiated to zero. In inner loop 44, the above 
quantities are obtained at all levels except KPI 
level. Loop 44 closes. Except for level BPI, the 
net warming/cooling rates are computed for all 
levels and are stored in TEMPT. for radiation time 
step the above quantities are printed according to 
formats 442 and 443. Loop 434 closes. 

After the format statements, the control is 
returned to calling program YCAL. 



6.2 Subroutine: - CLO'L'D 

Abst~ait. This subroxtlne determines the fractional areas of low 
middle and high clouds on the basis of critical 
(prescribed) relative humidity values. The t o p  and bottom 
levels of all cloud t y p ~ s  ape determined. Flags CLC 
(level, cloud configurntion) are also obtained determi~~ii~g 
presence or absence of a configurat-ion at given level. 

Subroutines called: Xone 

Input variables via common: Kone 

-r i..,,~; ,-! >-- - A r-;~:.iaSles via argument l i s t  

l'ariable Meaning 

PT Pressure at S 3 I e v n l s  

RH 
- 

Relative humidity at K B levels 

Input variables in data statements 

PCLB Pressure at bottom limit of low cloud 

PCLT Pressure at top limit of low cloud 

PCYIB Pressure at bottom limit of middle cloud 

PCXT Pressure at top limit of middle cloud 

PCHB Pressure at bottom limit of high cloud 

PCHT Pressure at top limit of high cloud 

RHCL 

RHCH 

Critical relative humidity for low clouds 

Critical relative humidity for middle clouds 

RHCH Critical relative humidity for high clouds 

Output variables 

Variable ?leaning 

ICLB Bottom level of low clouds 

I CLT Top level of low clouds 

I C>IB Bottom level of medium clouds 

I CNT Top level of medium clouds 



I CHB . Bottom level of high clouds 

I CHT Top level of high clouds 

Fractional area of low cloud cover 

Fractional area of medium cloud cover 

Fractional area of high cloud cover 

CLD A flay that determines whether at a given level a 
(S,h711) particular configuration of clouds esist or not. 

This is used in flux computations. 

Description of subroutine 

Designator Text 

A-B 

B-C 

C-D 

D-E 

E-F 

F-G 

R.H. and top level indices of low, medium and high 
clouds are initialized as zero. Bottom level indi- 
ces of the clouds are initiailzed as T. 

DO loop 1 is initiated to index the counter IL from 
1 through S. A check is made whether the given 
pressure level lies between the limits of lower 
cloud. If yes, then the R.H. value at that level 
is checked against RHCL. If it is 2 RHCL then the 
bottom of low cloud is chosen as minimum out of 
current value of IL and ICLB. The top is assigned 
as IL+l. Control is transferred to statement 1, DO 
loop limit. In this part total R.H. of low cloud 
column s also determined (RHL) 

Statement No. 3. A procedure similar to B-C is 
adopted for medium clouds. Values of ICMB and ICMT 
are determined. 

Statement 5. A procedure similar to B-C and C-D is 
adopted for high clouds. Values of ICHB and ICHT 
are determined. Loop 1 closes. 

DO loop 20. The counter JR (for cloud con- 
figuration) is indexed through 1 to XM1 and counter 
K through 1 to N. The values of the Flag 
CLD(X,XMl) are initialized as 1. 

Upto statement number 121 the fractional area for 
low cloud is computed and flag CLD is assigned 
appropriate values. If the cloud bottom ICLB > 
ICLT, it implies that low cloud does not esist and 
therefore CL = 0 (statement 121). CL is determined 
as : 



G-H 

H -1 

I-J 

. I f  t h e  s q u a r e  of  Ci; e s c e e d s  1 i t  i s  k e p t  as 1. 
ICLTl is  d e f i n e d  as ICLT-I.  From bottora of cloi id 
up  t o  ICLTl l e v e l  f l a g s  f o r  c o n f i g u r a t i o n s  2 ,  3 ,  4 
and 8 a r e  changed t o  z e r o  and c o n t r o l  i s  t r a n s -  
f e r r e d  t o  s t a t e m e n t  2 2 1 .  The f l a g  CLD(,)=O i d i c a -  
t e s  t h a t  t h e  g i v e n  l e v e l  i s  w i t h i n  t h e  c l o u d  

S t a t e m e n t  221.  A p r o c e d u r e  s i m i l a r  t o  F-G i s  
a d o p t e d  f o r  medium c l o u d  and g l a g s  f o r  con-  

! f i g u r a t i o n  3 ,  4,  5 and 7 a r e  changed t o  z e r o .  

S t a t e m e n t  222. A p r o c e d u r e  s i m i l a r  t o  F-G is  
a d o p t e d  f o r  h i g h  c l o u d s  and  f l a g s  fo19 coirf l g u r a t i o n  
4 ,  6 ,  7 and 8 a r e  changed t o  z e r o .  

I f  t h e  i n i t i a l i z e d  v a l u e s  o f  ICLT, ICMT, ICHT 
remain  unchanged,  t h e  v a l u e s  o f  ICLB, ICLT, ICMR, 
ICNT, TCHB, and ICHT are  cl~angec! t o  1 .  C o n t r o l  
t r a n s f e r s  t o  c a l l i n g  r o u t i n e  R A D X .  



6.3 Subroutine : ,FLUX 

Abstract: This routine computes the upward and downward longwave 
radiation fluses for a given cloud configuration using the 
emissivity method, at the top, bottom and middle of clouds. 

Subroutines called: ENTAB 

Input variables via COMNOX 

Variable Neaning 

The path length (for water vapoi. only) of ? . a r l l a t f o i ~  
at XP1 a levels. 

The blackbody irradiances at S P 1  o levels given as 
U T ~ .  

The temperatures at SP1 sigma levels from bottom to 
. - - 

top. 

Input via data statement: None 

Input via arguments list: 

Variable Meaning 

I CAT Index for configuration of cloud ranging from 1 
for clear sky to 8 for low and high clouds 

I TOP Top of the cloud category ICAT 

ICLB Bottom level of low cloud 

I CLT Top level of low cloud 

I CMB Bottom level of middle cloud 

I CMT Top level of middle cloud 

I CHB Bottom level of high cloud 

I CRT Top level of high cloud 

TSFC 

Output variables 

Surface temperature. But here if called before 
computation of TSFC in routine 'TG' it is just an 
indicator that downward fluxes are to be computed. 
When called after computation of TSFC in 'TG' it 
indicates that upward fluses are to be computed. 

Variable Meaning 



F5P(KjXY1l) , Cpward longwave fluxes at K 6 levels for XM1 cloud 
configurations. 

FDW(X,NNl) Downward longwave fluxes at S 6 levels for S>ll 
cloud categories. 

Other relevant variable and array names appearing in the routine 

Variable Meaning 

S I SkIA 5 . ~ G S ? O - ;  . . . . . . . . . . . . Stefnn-Eoltzn1~~1111'~ constant. 

F 3D':'l: Blackbody irradiance at given temperature 

I Time 

DWT 

EMB 

EMT 

I1 Time 

DWT 

Difference of path lengths 
El ther 

RW(Top of cloud) - RW(given level) 
- when upward flus is to be con~puted or 

RW(IBOT1) - RW(give11 level) 
when downward flux is to be con~putecl. 

I time: In computation of upward fluxes 

WCT 
and I1 time = I time result -1 ~ 4 %  [w-w~]~w 

It in fact represents upward flux for a given cate- 
gory of cloud. 

W c ~  
FU = Fi = TcT4 (I-€ [wcT-wi] ) - / T4z [w-w~] dw 

Wi aw 

Difference of path length between IL+1 level and K 
level. Upward flux 

Difference of path length between IL level and K 
level. Upward flus 

Emissivity corresponding to DWB 

Emissivity corresponding to DWT 

Path length at K level or difference of path lengtn 
between K level and 1 L ~ l  level 



DWB . Difference of path lengths between K level and NFI 
level or difference of path lengths between K level 
and IL level. 

IBOT Bottom of high, middle or low cloud 

I BOT 1 Either ground or top of low cloud or top of middle 
cloud 

I 

Description of subroutine 

Designator Text 

The variable 8 1  is assigned the value NPI-1  where 
KP1 refers to top of the model. Blacltbody irra- 
diance is computed at ten~perature of top level of 
the given cloud configuration. 

Loop 10 is set up. kouilter K indexes through ITOP 
to NP1 level. TSFC is checked against 'Q' . The 
path difference between the cloud top and relevant 
level is found. Corresponding emissivity is 
obtained from 'EYTAB'. Effective upward flux 
(blackbody) found between cloud top and level i . e .  



C-D 

Variable K1 is defined as R-1. Except for K=ITOF 
DO loop 1 is set up in which indes IL indexes 
through ITOP to K1. In this the difference of path 
lengths of bottom and top of the IL layer from K 
level are found, corresponding enlissivities are 
found and such layer contributions are added to FC' 

The blackbody irradiances at levels IL are provided 
in variable F. Loop 1 closes. The flux FL: for 
given K and given category is then stored in array 
FIJP . 

Statement 4. Loop 10 continrres. TSFC is checked 
against zero. For zero value downward fluxes are 
computed. Path length difference of level K top of 
atmosphere is stored in DWT and difference of path 
lengths between level K and level NP1 in DWB. 
Emissivities are obtained. The effective downward 
blackbody flux is computed at level K using value 
at the top of the model and stored in ED 

For levels escept K=NP1, loop 2 is set up with 
counter IL to index through K to N1 (i. e. SP1-1) . 
Path differnce between level K and 1 L ~ 1  is found 
and stored in DWT. Path difference between K and 
IL is found and stored in DWB. Corresponding 
emissivities are computed from EYTAB and contribu- 
tions of all layers are added and stored in ED. Do 
loop 2 closes. The downward flux for level K and 
given cloud configuration is stored in array 
FDW(SP1,NNl) at SP1 a levels. The convention is 
+ve for downward flux, -ve for upward flux. Loop 
10 closes. The formula that is computed from sta-- 
tement 4 to 10 is 

D-E From statement 10 to statement 18. Indexes are 
fixed for the cloud categories that are present. 
If the case is that of clear sky i.e. ITOP=l the 
control is transferred to calling program. If ICHB 
f 1 i .e. high clouds are present then INDEX = 3, 
IBOT = ICHB and IBOTl is masimum out of top of low 



E-F 

F-G 

. cloud or n~edium cloud. If high clouds are absent 
(statement li) and medium clouds are present, IXDES 
= 2, IBOT = ICMB and IBOTl is maximum out of ICLT 
and clear sky. If no medium or high but low clouds 
then INDEX = 1. This is done to find upward and 
downward fluses in between the clouds. 

Blackbody irradiance is computed at temperature of 
level IROTl and stored in FRDPC. 

Set up DO loop 30 to index the counter K through 
I30T1 to I33T i.e. between the lower cloud top to 
imn~ediately above cloud bottom. A proceclure si1n.i.- 
lay to 3 C  is followed to coinpute the upward f l l u s  
i n  DO loop 21 after checking TSFL against zero. 

Statement 24. A procedure similar t.o C-D is 
adopted to con~pu te  the downward flux in DO loop 22. 

A check is Xade for IBOT1. If it is not that of 
ground i.e. 1 then INDEX = IKDEX - 1 and depentling 
upon the value of index the control transfers to 
13: for computation between low cloud and ground 
or to 11: for computation between middle and low 
clouds. In this way the upward and downward fluxes 
are computed when there are more than one layer of 
clouds. 



6.4 Subroutine: SLR 

Abstract: This routine computes the reflected and absorbed solar 
radiation by water vapor which is the only optically active 
gas considered in the model. The downward irradiances of 
absorbed solar radiations are computed for the case of 
clear sky and with multiple cloud layers. The absorption 
by cloud droplets takes place in the near i.r. spectra. 

Routines called: Sone 

Input via CON>lOK 

Variable ?.leaning 

RSA Absorbed solar insolation 

iiSS Scattered solar insolation 

RW Optical patK length 

SECZ Secant of zenith angle 

ALBC Cloud albedo for 8 configurations of clouds 

Input via argument list 

Variable Meaning 

I CAT Index of cloud configuration. Varies from 1 to 8 

I CLB Bottom level of low cloud 

I CLT Top of low cloud 

I CNB Bottom of middle cloud 

I CAW Top of middle cloud 

I CHB Bottom of high cloud 

ICHT Top of high cloud 

PZ(k) Pressure at NP1 a levels 

Output variables 

Variable Meaning 

AS0 (SP1, SN? ) Absorbed insolation at ?;PI o levels by SXi cate- 
gories 

RSO (XP1, &I1 ) Reflected insolation at XP1 a levels by 8M1 cate- 
gories 



Description of subroutine 

Designator Test 

A-R 

B-C 

C-D 

Definitions of vnrio~ls quantities are given 
ISDEX = 1; high clouds are present 
ISDEX = 2; no high clouds but n~iddle and,'or lo\< 

clouds could be present 
IKDEX = 3; no high or middle clouds but low clouds 

could be present I 

ASO: Absorbed insolation. Also represents net 
doc~nwa~.d sllor tr~ave f 1 ux 

RSO: Reflected insolation. Reprrsel:?.~ diffused 
reflected ratliatiou re;!cl~ing n level, i 

RW: Optical path length 
DW: Optical depth 
EQCW: Equivalent optical depth 
ALBC: Cloud albedo for different configuration 
REASO: Reflected solar radiation 
SECZ: Secant of zenith angle 
First the cloud base is initialized at the top 
level 

ICBl = ITOP = KP1 
In DO loop 6, the reflected (diffuse) radiation is 
initialized as zero. Direct solar radiation at the 
top is initialized as the absorbed part of solar 
radiation at the top of atmosphere 

ASO(ITOP,ICAT) = RSA 

Top level is now set equal to the maximum value 
among the low, middle and high cloud and assigned 
to ICT1. In case of clear sky ICTl = 1. Then a 
search is made for cloud type present and 
appropriate index is assigned. In case of clear 
sky INDEX = 3 as in~case of low clouds 

The downward solar radiation flux is computed. 
Statement 100. DO loop 1 is started with counter 
IL running from level ICTl (top of lower 
cloud/earthls surface) to ICBl (bottom of higher 
cloud/model top). Except for IL=ICBl, the direct 
solar radiation is computed. 
I f  ITO? = NP1 
(DW) Optical depth = W ~ S ~ C Z  at level i 
If ITOP $ XPl 
DW = 1.66(Wi-WITOP) ' 1.4 (Pcb-PITOP);200.0 
where Cp = cloud bottom of the higher cloud 

Ct = ITOP = Top of the lower cloud 
The optical depth value is augmented by multiplying 
the path length by a factor 1.66 alld the optical 
depth value 1.4 is the value fol* a cloud 200 mb 
thick. In the above formula, the various levels 
are as indicated belox. 



D-E 

E-F 

F-G 

Xote: I CTl 

(The path length \+'ITOF shoulcl be corrected to h'cB1) 
ICTl = ICHT/ICNT/ICLT,'I 
ICBl = XP1 /lCHR 'ICMH ' ICLB/  
ITOP = SPl/'ICHT:ICHI 'ICLT ' 
For a piveu categij: y. at levpis IL=ICTi t o  IL=ICBl 
the downward flux of shortwave rndiarion is coin- 
r~uted as following 

giving net downward radiatioii c;outl top (0; at 
model top in case of clear sky) 

DO loop 1 ends 

Reflected diffuse radiation at lower cloud top 
level ICTl is computed using 

REASO = ~ I C A T  ASOICT~ 

In case of clear sky albedo of surface is used 
(Also ICT1=1 in this case). 

DO loop 5 starts. The counter IL runs from lower 
cloud top to bottom of upper cloud. In this loop 
the upward reflected radiation, RSO, is computed. 
The optical depth is augmented by a factor 1.66 

DW = 1.66 (Wct - wi) 
Then 

RSOi = REASO ( 1 - A [DW] ) 

Which is the upward diffuse radiation reaching 
level i .  

In case of clear sky or ICT1=1 the control trans- 
fers to calling routine. Otherwise, if high cloud 



G-H 

I-J 

J-K 

is present (ISDEX=l) control goes to statement 10. 
If no high cloud but middle cloud is present, 
(ISDEX=2), control goes to statement 11. If no 
high or middle cloud control passes to statement 
12. 

Statement 10. High cloud is present. Here the 
control comes after computation of solar radiation 
between high cloud top and model top have been 
complete. Search for the highest cloild base ail? 

' store in ICB1. 
If bottom of high cloud (ICHB) is equal to top of 
middie clo~.~c:! (TC!*iT) the:: :i:5 s l eve1 eslsts inside 
cloud hence ICS; is c!~anged to I C R l  = iCMB and a l s o  
the index is changed to ISDEY = IKDES-1 i.e. no 
computation between middle and high clouds are 
made. 
If ICHB = ICMT and 

ICMB = ICLT 
this implies continuity of cioud layers aiid 110 

level is outside the cloud hetween ICLB and ICHT 
therefore the ICBl is changed to 

ICBl = ICLB 
and index is increased by 1. The control is passed 
to statement 3. 

Statement 11. Here the control comes only if high 
cloud is not existing and middle cloud is existing 
and computations between top of middle cloud and 
model top have been completed. The maximum cloud 
bottom height is searched and stored in ICB1. If 
both low and middle clouds exist and their extents 
are such that 

ICMB = ICLT 
then ICBl = ICLB 
and index is increased by 1. Control passes to 
statement 3. 

Statement 12. Here the control comes only if high 
and middle clouds do not exist and computation bet- 
ween low cloud top and model top have been 
completed. In such case ICB? = ICLB (bottom of low 
cloud) and then the control passes to statement 3. 

Statement 3. DO loop 2 starts for computation of 
downward short wave flux within the clouds. Tile 
index IL runs from cloud bottom to top of con- 
tiguous cloud top. 
If the case is of clear sky (ICTI = 1) or the level 
ICTl = 1 is reached the control passes to statement 
2. Otherwise, equivalent 

EQCW = 1.1 x (Pi - P I ~ T ~ )  /200 



. Optical depth 

DW = EQCW + 1.66 (Wi - WICT1) 

and downward solar radiation is computed as 

DO loop 2 ends. 
I 

ICBl = ICHB then new cloud top height is searched 
among 1, ICLT, and ICYIT and stored in ICT1. The 
high cloud top height is stored in ITOP. 
If at this stage ICBl = ICMB then new cloucl top 
height is searched between 1 and ICLT and stored in 
ICTl and ITOP is assigned ICMT. 
If at this stage ICBl = ICLB then ICTl is assigned 
value = 1 and ITOP = ICLT. The index is increased 
by 1 and control is transferred to statement 100 to 
repeat computations up to this stage for nest 
ISDEX. Once ISDEX > 3 the control returns to 
calling program. 



6.5 Subroutine: TG 

Abstract: This subroutine computes the surface temperature through an 
iterative process using the Newton Raphson's method. The 
balance is between longwave radiation, the sensible heating 
and the latent heating from the ground. This subroutine 
makes the radiation package consistent with the boundary 
layer dynamics. The earth's surface is treated as a black- 

. body. 
I 

Called by: RADX 

Subroutines called: SFXPAR 

Input via conlmcll 

Variable Meaning 

U 1 Wind speed at ground (level 1) 

T2 

Q1 

Q 2 

z OMAX 

XHT 1 

ALBX 

RIB 

Z 1 

z 2 

Input 

TlOOO 

QlOOO 

C P 

I I 

JJ 

Wind sped at surface (level 2) 

Ground temperature 

Air temperature 

Specific humidity at temperature TI 

Specific humidity at temperature T2 

4000 x 0.01 = 40 metres. Maximum roughness height 

Topography at a given point 

Albedo at a given point 

Bulk Richardson number 

Height of the lower level in surface layer 

Height of the upper level in surface layer 

via arguments list 

Ground temperature 

Ground specific humidity 

Specific heat at constant pressure 

x coordinate of the computation column 

y coordinate of the computation column 



KT . Time step count 

RHO Density of air 

PlOOO Pressure at a=l i.e. PZ(1) 

FLG Longwave downward flux at ground 

FSG Shortwave downward flux at ground 

Output 

Variable ?leaning 

T S Ground temperature 

Q s Ground specific humidity 

FLGL' Upward flux of 1 ongwave radiation at gro~~nd - 
Description of the subroutine 

Designator Text 

A-B 

B-C 

The Stefan-Boltzman constant is stored in variable 
SIGM and the ground temperature ITS' is assigned 
value TlOOO as the first guess. The variable VELT 
is assigned value U2 i .e. the upper level velocity 
in surface flux layer. INDEX is initialized as 1. 
The ground temperature 'TS' is to be obtained from 
the balance among the net radiation and the net 
soil heat fluxes at the earth surface under the 
assumption of zero heat capacity of ground. The 
downward flux of longwave radiation at ground 'FLG' 
and downward shortwave flux at ground 'FSG' are 
computed in calling routine 'RADN' in C.G.S. units 
(ergs sec/cm2). These are converted into M.K.S. 
units (watts/m2) and their sum stored in variable 

X2 = (FSG+FLG) x 0.001 
Where 0.001 is conversion factor. Constant factor 
required in Tetan's formula is stored in X3 

X3 = 25.22 x 273.16 

DO loop 100 starts. The counter IL is to run from 
1 to 100 i.e. 100 iterations are assigned for 
Newton Raphson's method by which ground temperature 
Ts is to be computed. To obtain the surface 
fluxes the routine SFXPAR is called to get fresh 
values of CH, CQ, VELT (=C2) , CHP, CQP, C* ant T* . 
Switch SWCH is assigned value = 1 and surface sen- 
sible and latent heat fluxes multiplication factors 
are computed using 

Xs = pcHCpL'2 



D-E 

E-F 

XL = p c ~ L U 2  
Csing Tetan's formula surface specific humidity is 
computed and stored in QG. 
Intermediary variables TX = T S ~  is defined. 

The sellBible and latent heat fluxes depend upon 
differences (TlOo0-Ts) and (qlOo0-qg) 
where TloOO and ql000 are air temperature and spe- 
cific humidity and Ts, qs are ground temperature 
and specific humidity. The balance relation is 

FTS = (FLG - FSG) - asFSG - OT,~ 

The ground temperature Ts is obtained using an 
iterative method (Xewton Raphson's method). This 
minimizes the value of FTS. It is a 3 step method. 
For this, with the current guess value, the FTS and 
its derivative are computed. First the derivative 
is computed 

FDTS = dFTS 

~ T s  

where qg = qsg GW 

GW is ground wetness, qsg is saturation specific 
humidity at ground at temperature (current guess) 
Ts. FTS is computed using the formula given above 
with the help of intermediary variables All, A22, 
A33 and A44, and stored in variable FTS. 

The value TS is updated and stored in TS1 

If the difference of previous guess and the updated 
value of T, is < 0.1 control passes to statement 
101, otherwise TS is assigned new value TS1 and 
iteration continues. DO loop 100 ends. 

After statement 100 CONTINUE. The control comes to 
this statement if convergence is not achieved. In 
such case FSG, FLG, FW, U2, T1000, Q1000, RHO, 
Pl000, TI, Q1, XHT1, A L B X ,  Zl, 22 are printed. The 
ground temperature is assigned value = TlOOO and 
the control passes to statement 411 where warning 
is printed that convergence is not achieved in the 
routine. 



G-H 

. Statement 311. If ground temperature Ts > 323, Ts 
is assigned upper limit value = 323, and 
corresponding ground specific humidity is obtained 
from Tetan's formula. 
The value of 'Ul', 'VELT', GRTEMPI', 'GRTEMP(KEW)', 
'Ql0OO1, '>QS', 'AIRTEMP', 'CH', 'CQ' are printed 
according to format 111. 

Sensible heat flux and moisture flus are computed 
using new values of Ts and Qs. 

SEX = XS * (T1000-Tg) 
COX = XL * (Q1000-Qs) 

The upward longwave flus at ground is compu:ed 
FLGU = -uT,~ 

The control passes to calling program 



6.6 Subroutine: CLDCOL 

Abstract: In this subroutine the cloud indes array CLD(N,8) for eight 
categories of cloud is modified in such a way that the 
cooling effect by longwave radiation within the cloud is 
eliminated. The only contribution to cooling, computed in 
array DTC in routine RADN, then comes from top and bottom 
of a cloud layer. 

Called by: RADX 

Calls: Xone 

Input vie conmon: Sone 

Input via argument list 

Variable Meaning 

CLD 

COE 

Output 

Variable 

An array that flags the presence of a- cloud con- 
figuration at a given layer. 

Array of weight factors for eight different 
configuration 

Meaning 

CLD Modified cloud flag array 

Description of subroutine 

Text Designation 

A-B 

B-C 

C-D 

Define two variables 
N1 = N-1 
K2 = N-2 

Where R=Number of layers in vertical 

DO loop 100 starts to run the index JR over XN1 
cloud configuration. DO loop 210 is also initiated 
to run the irides KR over X layers. The array CL3 
for one configuration is stored temporarily in 
array CLDD. DO loop 210 closes. 

DO loop 220 is initiated to run the index from 1 to 
XI. 

KRI = KR-1 
Difference in CLD arrays at two consecutive values 
of K R  is found and stored in CD. Absolute value of 
CO is found and stored in C 0 1 .  



E-I: 

I f  a b s o i u t e  d i f f e r e n c e s  i s  < 0 . 1  b o t h  l e v e l s  a r e  
o u t s i d e  c loud  and t h e  a r r a y  CLD need n o t  be 
modi f i ed ,  t h e  cont.ro1 p a s s e s  t o  s t a t e m e n t  220. I f  
d i f f e r e n c e  CO < 0 . 0  

l e v e l  KR i s  w i t h i n  c l o u d .  Then 
C L D D ( K R )  = 1 . 0  

I f  d i f f e r e n c e  CO > 0 . 0  t h e n  
l e v e l  K R 1  is w i t h i n  c l o u d .  

C L D D ( K R 1 )  = 1 . 0  
Then 

DO l o o p  220 c l o s e s .  

DO loop  220 i s  i n i  t i a t > e d  t o  run  i n d e s  KR from i t o  
X l e v e l s .  The a r r a y  CLDD(KR) i s  s t o r e d  i n  a r r a y  
CLD f o r  g i v e n  configuration J R .  DO loop  230 c l o -  
s e s .  
DO loop  200 computat ions  a r e  r e p e a t e d  f o r  5M1 con- 
f i g u r a t i o n s  and DO l o o p  200 c l o s e s .  
C o n t r o l  r e t u r n s  t o  c a l l i n g  r o u t i n e .  



6.7 Subroutine: ENTAB 

Abstract: In this routine emissivity values as a function of optical 
depth, DW, in log scale is computed. 

Called by: FLUS 

Calls: None 

Input via common: Xone 

Input v i a  argument list 

DW Optical depth 

Output 

Variable - Meaning 

EMIT Emissivity value corresponding to given DW 

Description of routine 

A-B 

B-C 

C-D 

D-E 

The emissivity is intialized as 0.0. If optical 
depth < 0.0 the control passes to statement 5 where 
this value is printed and the routine returns '0' 
value of emissivity. If optical depth is 0, then 
also '0' value is returned 

For values of DW > 0 interpolation of emissivity is 
caried out on log scale of DW. 
Log of DW is computed and stored in WD 
If the value of WD is higher then Wlog(l), the 
control passes to statement 2, otherwise 
EMIT = EPS(1) and the control returns to calling 
program 

Statement 2. DO loop 3 starts to run index IL from 
1 to N1 to determine the two consecutive values of 
WLOG within which DW lies. A t  every step, the 
counter IL is stored in variable K. If the value 
of WD is outside the limits of consecutive WLOXG's 
the DO loop continues. 
DO loop 3 closes. 

Value of aE/aW is interpolated on the log scale of 
W 

aE = DEMDW = - El; - - Ek 
aw logwk+l - log% 

Emissivity is computed 
EMIT = Ek - (WD - logWk) a 

>LJ 



C o n t r o l  r e t u r n s  t o .  c a l l i n g  pi-ogran. 



6.8 Subroutine: ZETA3 

Abstract: In this subroutine average zenith angle over a period of SH 
( = 3 )  l~ours is computed. This is required in computation of 
shortwave radiation part of the radiation package. 

Subroutines called: None 

Input via COM>109: None 

Input via argume:lt' 1 ist 

Variable ?leaning 

SIND 

COSD 

SIXL 

COSL 

z Ii 

DGD 

Sine of declination angle 

Cosine of declination angle 

Sine of latitude angle 

Cosine of latitude angle 

KO. of hours on which average zenith angle is to be 
computed. 

HOUR i DZHOUR 

Earth's angular velocity 

S L Longitude at which zenith angle is computed. 

RAD Degree to radian conversion factor 

Output 

Variable 

x-coordinate of point at which zenith angle is to 
be computed 

y-coordinate of point at which zenith angle is to 
be computed 

Meaning 

COS Cosine of zenith angle 

Description of subroutine 

Designator Test 

A-B The zenith angle cos(z) is initialized as zero. 
Also 



XI = si11(6)sin(@~) 
52 = COS(~)COS(@~) 

The formula for zenith angle is 

The hour angle cos(h) is computed nest. Fur this 
the following information is used. 

DZHOUR = 12 
which gives the noon hour at G . X .  
DAY = IFIX(TIME/86400) 
gives DAY as 0, 1, 2 etc. 
HOUR = IFIS( (TIME-D::Y-SG.IDO ).:'s~ao) 
From which ZZHOCR 
is computed as 

ZZHOUR = ZH = HCGR - DZHOUR 
If ZZHOCR > 24 ZZHOUR = ZZHOUR-24. 
Zenith angle is averaged over SSii (in the p r e s e n t  
case, 3) hours. DO loop 1 starts to run the index 
IL over IVH hours-in step of 1 hour. 
An average around the ZZHOUR (-ZH) is found. For 
this the following formula is used. 
ZZ = ZH + IL - (BH/2 + 1) 
which gives average of 
ZH - 1, ZH and ZH + 1 hours. 
Hour angle is computed at given longitude after 
converting the earth's angular velocity hour and 
longitude in radians 

TAGL = (ZZ x DGDY + SL) x RAD - PI 

= (hour x R + longitude) x conversion factor - 
3.14 

Then 
cos(z) = cos(z) + sin(#)sin(b) + cos($)cos(G)(TAGL) 
DO loop 1 closes. 
Average zenith angle is computed. Lower limit of 
the angle is set equal to 0.01 



6.9 Subroutine: .FUSCTIOK FCK(X) 

Abstract: In this function subgrogram the computed function gives the 
equivalent amount of water vapor of the model cloud as the 
absorptivity function 

Called by: SLR 

Subroutines called: Xone 

Input via common: None 

Input via argument list 

Variable Meaning 

Path length for computing equivalent optical depth. 
= WSec< 

Output - 

Variable Meaning 

FCN Function giving equivalent optical depth 

Description of routine 

Designator Text 

A-B The absorptivity function FCN is computed using the 
formula 

FCN = A[W]  = 0.271(~~ec<)0-303 
Control returns to calling program 



7.1 Routine: CVIiEAT 

Abstract: This routine computes the cumulus convection contribution 
to heating and moistening rate of the model atmosphere. 
Kuo's cun~ulus parameterization scheme as modj f ied by 
Krishnanrurti making use of moistening parameter ' 1 1 '  and 
mesoscale convergence parameter ' y ' ,  is employed. The para- 
meters 'y' and 'b' are obtained through regression 
equations coefficients of which are derived from GATE 
observations. I 

Subroutines called: SSHEAT 

Input variables via common : 

1. PT(K): K=l(l)N: Pressure values at X 6 levels from lower to 
upper levels 
PT(K) = aKK * ps KK = N-1-K K=l(l)X 

2. QQ(K): Specific humidity values at 6 levels 

3. T(K): Temperature at a levels 

4. SIG(K): NPI values of o (Layer boundaries) 

5. SIGT(K): N values of 6 (Model layer) 

6. PL(1,J): Log of surface pressure over the domain LxM 

7 .  WBAR: Vertically averaged vertical velocity 

8. ZETA: Vorticity at 0.8 o level 

Input variables via arguments list 

e 
1. WD11: CT a/au at lower CT level of a layer 

0 

2 .  WD21: o a/au at upper u level of the layer 

Output variables 

1. LCLF: Cloud top: level of vanishing buoyancy 

2. LCONV(k): Index for instability. 1: Unstable; 0: Neutral; 
-1: Stable 

3. HLC(k): Heating due to convection 

4. QDIF(k): Difference of humidity between cloud and environment 

5. HLS(k): Stable heating 

6. LCLB: Cloud base 



'7. RAIKF: Total convective rainfall in 24 hours 

8. ISTAB: Index for presence of conditional instability 

9. ETAIL: Working array 

10. QS(k): Saturation specific humidity in cloud 

12. THETA(k): Potential temperature 

15. TEllP(k): Environmental temperature from bottom layer to t-op 
layer of model 

16. Q(k): Environmental specific humidity from bottom layer to top 
layer of model 

17. CCONV: Moisture supply: IL 

Data 

1. GRAV: Gravitational acceleration 

2. RHC: Critical relative humidity 

3. RHCRIT: Critical relative humidity for presence of cloud 

4. CDT: Cloud time scale 

5 .  RCP: R/Cp 

6. EPS: 0.622 

Desription of subroutine 

Designator Text 

A-B Define various constants like gas constant (GASR), 
CPIhT(l/Cp), CDTINV(l/CDT), CDl(6.11 x 0.622), 
constants required in Tetan's formula (CD1, CD2, 
CD3, CD4, CDS), constants required in defining spe- 
cific humidity and latent heating (CD6 and CD7) and 
constants for regression equation determining q and 
b (AX1, LY2, AX3, BX1, BX2, B X 3 ) .  Assign N1 = N-1. 



R-C 

C-D 

E-F 

F-G 

G-H 

Initialize various arrays; RAINF and in do loop 
'756 -- HLC, QDIF, QADV, QSADV, TADV, FXY, ETAIL, 
PDQ, ISTAB for N a levels. - 
DO loop 756. Determine w ( k  dp/dt) using w = o ps 
111 this loop, also determine DPk = Abkk x ps i.e. 
pressure differences between levels and their 
inverses, DPSk+l = b q k  x Ps i.e. pressure dif- 
ferences between o levels and their inverses. 

Compute the conversion factors for T to 8 and other 
multiplication factors. 
TCOXVTk = k 

si; 

PTFk = p-k - 

in DO loop 10. 

In DO loop 20 determine the specific humidity (QSk) 
using Tetan's formula relative humidity. Change 
the order of temperature and humidity (T, QQ) and 
assign to TEMPk and Qk. Calculate potential tem- 
perature corresponding to temperatures TEMPk. 

In DO loop 957 initialize the instability index at 
N levels as '89'. Store the values of QS in QS1 
and Q in Q1 and THETA in THETA1 after changing the 
order i.e. from top layer to bottom layer of model. 

In DO loop 765 compute the vertical advection 
saturation specific humidity QS1, specific humidity 
Q1 and potential temperature THETA as 

etc. 
In DO loop 766 reverse the order and store the 
advection values of qs, q and 13 in QSADV, QADV, 
TADV respectively. 

Determine the presence or otherwise of conditional 
instability in DO loop 30. For this find the 
averge vertical velocity w ( =  dp/dt) at o levels. 
If w is > 0 then control passes to statement 31 and 
LCOKVk is assigned value -1 i .e. stable case. 
Otherwise compute the stability 



I-J 

- 

J-K 

For x 3 O,J,COKV(k) = 0 i.e. Neutral 
x < 0 LCONV(k) = 1 i.e. Unstabie 
and ISTAB(k) = 1 (to be used in ) .  

Store tlie array LCONV in LCONVS. 

Initialize cloud base LCLB = 100. In DO loop 40 
indexing K from 1 to XI first check for instabili- 
ty; for exist-ing instability PLCL = PT(k). Then 
check if relative humidity (~1i(k) is > RIICXIT. If 
yes then assign T(k), Q(k), QS(k) to TLCL, QLCL and 
QSLCL respectively and compute RHLCL. If RHLCL is 
3 RHCRIT then LCLB is assigned value k. LCLFC 
level of free convection is assigned value = LCLB 
and if LCLB 3 K1 the control goes to statement 400 
rmplying convection is not invoked. 
In this sectivn the moist adiabai is computed i.e. 
a covective cloud is defined. For this in DO loop 
70 multiplication factor is computed using 
expression 

and stored in CCONV. And the cloud temperature 
array TS(K) is assigned the environmental tem- 
perature values (TEMP(K)) . LCLBP is taken one 
level higher to bottom of the cloud and in DO loop 
80 which indexes K from LCLBP through N1, cloud 
temperatures TS(K), are computed using Newton 
Raphson's method. 
For this 

k -k -k -k 
F(TK) = -TK-~ PK-1 + TKPK -L qs(T~-1)P~ + L qs(T~)p~ 

CP c P 
-k -k 

At temperature TS(K), compute the cloud humidity 
QS(K) do loop 80 closes. Initialize top of cloud 
LCLT as LCLB. In DO loop 397, index K from LCLBtl 
to N1. Compare TS(K) with environmental tem- 
perature and the last level up to which TS(K) > 
TEMP(K) assign index K of that level to LCLT other- 
wise if TS(K) < TEMP(K), control passes to 890 and 
LCLT is compared with LCLB-1, if LCLT d LCLB+l con- 
vection is not invoked and control passes to state- 
ment 400. 



K-L 

L-M 

. Initialize available moisture supply (I) as CONV = 
0. Compute 

In DO loop 50 compute the vertically integrated 
moisture supply (convergence) 

PLCLT 
COSV = I = -q 3 Ap 100 I 

J a 0  g 
PLCLB 

If ~nuisture supply is < 0 convection is rlut invoked 
and control goes to statement 400. Otherwise store 
COSV in CONVC. 
Compute ETA(q): the mesuscale convergence para- 
meter and Y B ( b ) :  the moistening parameter from the 
regression equations as - 
q = (al + bl)i + (a2 - b2)w + (a3 - b3) -1 
b = (al< + a20 + a3)/(q - 1) 
Set the upper and lower limits of q as 0.5 and -0.1 
and upper limit of YB as 0.15. Also compute 
q10 = ETA10 = q/(l+q) 
Set lower limit of b as qlO. If b < 0 then set b = 
0. Compute the total rainfall in 24 hours using 
RAINF = (1 - b) x (1 + r ) )  x I x 816400.00 for use 
in PBLFLX routine. 

Initialize XQT (Qe), XQQ (Qq) and XQCOOL as zero. 
Compute XXX = Cp/LAt from cloud bottom (LCLB) to 
cloud top (LCLT). Compute moisture supply that 
modifies Lemperature 
X = Q T . u E  

L e a~ 
which is underlined part of QQ 

At cloud bottom vertical advection of 9 is not 
allowed (x=O at k=LCLB). 

DTENP = Cloud temperature 
- Environmental temperature 

DQ = Cloud specific humidity 
- Environmental specific humidity 

For all levels within cloud 



Set cooling due to cumulus vertical transport of 
temperature is stored in XQCOOL as 

p B P 

XQCOOL = XQCOOL - / CJ T a 

In DO loop 832 compute Qe and Qq according to 
equations: 

which are tl:e moisture supply required to raise the - 

large scale temperature to cloud temp, XQT, and 
moisture supply required to increase moisture to 
saturation at the cloud temperature, XQQ, respec- 
tively. 
For a monitoring point (4,18) print Qe and Qq. If 
Qe > 0 control transfers to statement 93'. other- 
wise, the partitioning factor for potential tem- 
perature,.YAT, is assigned 0 value. 
ae = YAT = 0 
and if Qq d 0, convection is not invoked and 
control passes to statement 4002, otherwise, the 
partitioning factor for specific humidity is calcu- 
lated. 
aq = YAQ = I * (l+r)) * b/Qq 
and control passes to statement 94. 
Statement 93. If Qq > 0 the control passes to sta- 
tement 96 otherwise convection is not invoked and 
control passes to statement 400. 
Statement 96. 
ae = YAT = I (l+r))(l-b)/Qe 
aq = YAQ = I (lir)) b/Qq 
Statement 94 
X I  = aq/At 

In DO loop 200 the heating and moistening rate due 
to cumulus convection is computed according to 



Indes k runs from cloud bottom to cloud top. 
DTEMP = Cloud temperature - environmental tem- 
perature 

= qcloud - qenvironment 
heating due to cumulus convr:ctiur~, HLC is calcu- 
lated using 

X/Cp HLC = X+UE p 
a 2 1000 

At cloud bottoel, heating = zero 
If heating < 0, heating = zero 
moistening - QDIF(k) 2 

= 2 (qs-q) - 0 I g 3.0 pk Ap 

where AP = l/((~~loud bottom - Pcloud top)3 ' 100) 
DO loop 200 closes and control- passes To statement 
300. 

Statement 400. When convection is not invoked, 
control comes to this statement then LCLF = LCLB. 
If LCLB 3 N 1  LCLF = N1 and array LCONV is 
restored from LCONVS. If convection has been 
invoked the array LCONV has value 999 at this 
stage. 

Statement 300. Call SSHEAT which computes stable 
heating. Control transfers to calling routine, 
YCAL . 



7.2 Subroutine:. SSHEAT 

Abstract: In this routine contribution due to non-convective clouds 
(stable heatjng) is computed. The computations are carried 
out only when the instability index LCONV(k) is zero. 

Routines called: Function HST 

Input via common 

Variable Meaning 

S>Il value.=, of vertical velucit): or1 isol~al'ic sur- 
faces j . e ,  dp;dt 

QS(X) : Saturation specific humidity 

THETA (k ) : it' values of potential temperature at tf leveis 

TADV(k) : vertical advection of potential temperature 

Input via argument list 

Variable Meaning 

PT(k) 

LCONV ( k ) 

Pressure at 6 layers 

Instability index 

T(k) Temperature at 3 layers 

Data input 

CP : Specific humidity at constant pressure 

R : 

YL : 

EPS : 

Output 

Variable 

HLS (k) 

LCOSV (k) 

Gas constant 

Latent heat of vaporization 

Multiplication factor for determination of specific 
humidity 

Neaning 

Stable heating 

Instability indes 

Description of subroutine 

Designator Description 



B-C 

In DO loop 10 determine the vertical velocity at 
constant pressure (dpidt) at SPI o surfaces by 
transfering array w(k) and shifting one level i.e. 
OMEl(k) = w(k-1) etc. Upper and lower boundary 
level values are assigned ' 0 ' .  In DO loop 130 find 
the average dp/dt at B leels in array OME2(u). 

In DO loop 30 initialize stable heating array 
HLS(k) to zero. DO loop 40 starts, indexing k from 
1 to N. Assign kkl = W-ktl. If the stability 
index LCONV # 0 ,  stable heating at that level is 
not invoked and control passes to statement 40. 
Otherwise, if RE is LT1 then also control passes to 
40. In case RH L 1, function HST is called and t h e  
stable heating is stored in HLS(k) and the instabi- 
lity index is changed to ' 8 9 9 ' .  DO loop 40 ends 
and control passes to calling routine. 



7.3 Subroutine: Function HST 

Abstract: This function routine returns stable hea-ting at a point 
under the conditions 
i) absolutely stable atmosphere 

ii) The level in question must be saturated 
I 

iii) Upward vertical motion must exist 
w < 0 

the stable heating rate is measured from the time rate 
of change of specific humidity 

Routines called: None 

Input via common 

Input via argument list 

Variable Meaning 

QS : Saturation specific humidity at 6 levels 

T : Temperature at 6 levels 

AT : Potential temperature 

TAD : Vertical advection of potential temperature 

P : Pressure at 6 levels 

CP : Specific heat at constant pressure 

YL : Latent heat of vaporization 

R : Gas constant 

OME : Vertical velocity w(= dp/dt) at 5 levels 

Output 

Variable Meaning 

HST Stable heating rate 

Description of Routine 

Text Designator 



S t a b l e  heating r a t e  i s  computed 

where aq,/ap i s  given as 

aqs = - ( 0 . 6 2 2 ) ( 6 . 1 1 )  s exp a(T - 2 7 3 . 1 6 )  
ap P T - b  

C3 = -0 .622  x 6 . 1 1  e x p  a(T - 2 7 3 . 1 6 )  
P T - b  

Where a and b are the constants of Tetan's formula 



7.4 Subroutine : .SI!ACOS 

Abstract: In this routine the contribution of shallow convetive 
clouds to temperature and moisture flux divergence are com- 
puted. 

Called by: PBLFLX 

Subroutines called: Xone 

Input via common 

Q ( k )  Specific h ~ i ~ n l r l i t y  at ?: 6 '_t:\.els L'rorc bottom to top. 

PZ(k) Pressures at KP1 a levels. 

PT(k) Pressure at S 8 levels 

TT(k) Temperature at XP1 a levels. - 

TEYP ( k ) Temperature at S 6 levels, from bottom to top 

Input via argument list 

Variable Meaning 

FXQ Moisture flux at 1 level below PBL top 

LCLP Level 1 below the top of boundary layer. 

LCLPl Top of the boundary layer 

NPH Number of levels of shallow convection computation 

Output 

Moisture flux divergence due to shallow convection 
at NPH levels. 

Temperature flux divergence due to shallow convec- 
tion at NPH levels. Where XPH comes via argument 
list 

Description of subroutine 

Designator 

A - B  

Test 

Define 
FCP = R/Cp 

In DO loop 10 potential temperature at S 3 levels 
are computed 

I R!Cp 9 = T [1000~ 



E-F 

F-G 

DO loop 20. The moisture flux WDQDP and tem- 
perature flus HDTDP are initialized as zero at X 3 
levels. The parameter FK (diffusion coefficient) 
is initialized as zero. 

Xumher of ,levels between top of boundary layer up 
to top of model ata~osphere is stored in KK1. , 

Density of air at top of the boundary layer, where 
pressure and temperature are PZ(LCLP1) and TT(KK1) 
respectively is determined. I 

A vertical moisture gradient at the top of boundary 
layer is determined and stored in SSLCL 

XSLCLl = p 9 - c ~  g ' as 
a q  

The value of diffusion coefficient at top of the 
borundary layer is determined and stored in FK 

FK = flux at 1 level below PBL top 
- L 

If the moisture flux FK < 0.0 shallow convection 
contribution is not computed and control returns to 
calling program. 

Upper limit of FK is set = 25. For every 6th time 
step, FK and FXQ are printed for monitored point. 

DO loop 30. In DO loop 30 the temperature and 
moisture fluxes are computed between top of PBL up 
to upper limit of shallow convection i.e. level 4 

XIT  = -C I2gk p P 
1000 

is temperature at level k. 
S1Q = -C2gk L moisture flux 
The temperature and moisture fluxes are con~puted 
and stored in HDTDP and WDQDP 

HDTDP = X1T 
aP  



WDQDP = X1Q 3 
a P 

DO loop  40 .  The index K r u n s  from P9L r o p  t o  
sha l low c o n v e c t i o n  upper  l i m i t  ( 4 ) .  Nois tc~r t !  and 
temperature  f l u x e s  are  computed ancl s t o r e d  i n  SCUM 
ancl S C U X  
scr;n = - F SCCH = -g 3 

JP Cp L aF  
Cont ro l  t r a n s f e r s  t o  c a l l i n g  program. 



8.1 Subroutine: PELFLS 

Abstract: In this subroutine the sensible heat, latent heat and 
momentum surface fiuses are vetically distributed in the 
planetary boundary layer according to profiles based on 
stability of the layer. If rainfall in the PEL is : 5 min. 
the layer is defined as undisturbed. The profiles of 
momentum, sensible heat and latent heat fluxes are in the 
form of structure functions derived from GATE observations. 

I 

Called by: YCAL 

Subroutines called: SHACOR 

Input via conlmon 

F SX Sensible heat flus at surface 

FLT Latent heat flux (moisture flux) at surface ~ - 

RAIXF 21 hr. covective rainfall, computed in CVHEAT 

PZ Pressure values at a levels from bottom to top 

ISTAB (k) Stability index, determined in CVHEAT 

Input via argument list 

LCLN LCL level, determined in routine LCLSUR 

Input via data 

ETAP 

ETAX 

EPSP 

ETSP 

Output 

Variable 

QFLX(k) 

Structure function for moisture (Q) in case of 
undisturbed PBL condition at N 0 levels. From bot- 
tom to top qqu 

Structure function for moisture (Q) in case of 
disturbed PBL condition at K 0 levels. From bottom 
to top qqd 

Structure function for temperature (T) in case of 
disturbed PBL condition at X 0 levels. From bottom 
to top r l ~ ~  

Structure function for temperature (T) in case of 
undisturbed PBL condition at N 0 levels. From bot- 
tom to top VTD 

Neaning 

The moisture flux divergence at X d levels 



The temperature (or sensible heat) flus divergence 
at S B levels 

SCLY(k) Moisture flux due to shallow convection 

SCUH j k) Sensible heat flux due to sl-lallow convection 

Description of subroutine 

Designator Test 

B-C 

C-D 

D-E 

Sormalizatio~~ to GATE moisture and heat structure 
f unctioils under d i  st-urbecl and undisturbrd bo11111:;iry 
couclitions. The flux at a level is giveil as 

r Po 
F = Fo 1 1 - l_ $ r)(p)dp 

L A? P j 
where q can be ETAP, ETAS, EPSP or ETSF. - 

I' or 
- 

example 

 PI = 42 - ~2~ 
- 
Q2 - Qk 

- 
In this equation Q2 and Q2 are from Ooyama and Q~~ 
and Q~~ are from FSU diagnostic model. 
For normalization of various fluxes variables SUM, 
SUM1, SUM, and SUM3 are initialized to zero. 
In DO loop 130 vertically averaged q is found. 
In DO loop 120 the flux for each of the N layers 
are determined 

f i  = q/q such that = 1 
Thus, ETAP, ETAX. EPSP and ETSP at this stage 
represent normalized fluxes of moisture and heat. 

RCP = R/CP 
The variable LCLP is intialized as LCLF (level of 
free convection). The upper limit of LCLP is set = 
N. 

In DO loop 10 the arrays 
GGI (temperature structure function) 
GG2 (moisture structure function) 
FXI (temperature flux) 
FX2 (moisture flux) 
are initialized to zero. 
In DO loop 20 arrays QFLX, TFLX, UFLX, VFLX, SCUY 
and SCUH are initialized to zero. Their meaning is 
explained in OUTPUT. 

Determination of top of planetary boundary layer. 
The maximum allowed height of PBL LPBMAX = 3 



E-F 

F-G 

The height of FBL 
LPBL = LCLX 

where LCLN is the 1 level of condensation obtained 
in routine LCLSUR. If LCL is at a level 5 or 
above, height of PBL is restricted to 

LPBL = LPBHAX 
Two additional variables are defined 

LCLPl = LPBL giving height of planetary boun- 
dary layer. 

LCLPll = LCLPl - 1 i.e. one level below the I 

top of PEL 
Pressure at LCL level is intialized as 

PLCL = PZ (LCLF1) 
The mu1 tiplying factors for sensible heat flus, 
moisture flus and n~omentum flux are defined 
ALPHAS = 1.0 
ALPHAL = 1.03 
ALPHAM = 1.00 
These values are used in equations - 

F = Fo P - ~ P L C L  
Po - ~ P L C L  

The values of the a's indicates that momentum and 
temperature fluxes are zero at PLCL and moisture 
flux is zero at a level slightly lower than LCL. 

Defining disturbed or undisturbed PBL. 
If the surface flux of moisture is negative it is 
set to zero. 
If rainfall obtained in CVHEAT > 5 mm control 
passes to statement 11, otherwise to statement 21. 

Statement 11. Disturbed PBL. In DO loop 30, the 
temperature an moisture fluxes at NP1 u levels are 
determined. The fluxes from the solid lower boun- 
dary are taken as zero. The quantities computed 
are Po 

G = 1 / r)(p)dp 
AP P 

GG1 - temperature flux 
GG2 - moisture flux 
In DO loop 40 the surface fluxes of temperature and 
moisture are distributed vertically, using 

FX1 - temperature flux 
FX2 - moisture flux 

F = F o  0.54 PLCL ' 0 . 4 G p o - p ~ ~ ~  
Po - PLCL Po - PLCL 



G-H DO loop 50. The temperature and moisture flux 
divergence are computed at N 5 levels using 
g aF and g respectively 
cp ap L ap 
and stored in TFLX and QFLX respectively. The 
control passes to statement 101. 

Momentum 0 -  46~0 - PLCL 
Po - PLCL 

Undisturbed planetary boundary condition. R.F 4 
5.0 mm. Based on GATE observations it is possible 
to express the fluxes by a linear relation. 

F = Fo(ap-b) 
where Po > lJ 2 PLCL 

Sensible 3.50 -2.5Po - PLCL 
Po - PLCL 

Latent 

-2-0 I 3Po - PLCL 1 heat / PO - PLCL PO - PLCL 

b flux 

DO loop 60. The fluxes of moisture at NP1 levels 
are computed from the GATE structure function and 
stored in GG2. 
In DO loop 70 the vertical distribution of tem- 
perature and moisture fluxes is computed 
Temperature flus using 

Fxl = F = FSS * [ p - a p ~ ~ ~  1 
L Po - aPLCL 1 

and moisture flux, as in disturbed $ase 

I 
a 

I I P 
Fs2 = FLT * 1 - ? /  q(p)dp 

1 AP Po J 
Computation of f !us dive;~ence of temperature. In 
DO loop 80 temperature flus divergence is computed 
using 

!Lix 
C-p a r 



K-L 

YF 
and stored in TFLS array from surface to 1 level 
from top of planetary boundary layer. A multipli- 
cation factor 0.01 appears on right hand side of 
statement 80 because of conversion from & to 
pascal. . 

conditions for shallow convection are defined. 
(i) The boundary layer is undisturbed 
,(ii) Moisture flux at the surface is positive 
(iii) LCL < 5. Level 5 is the upper limit of 

shallow convection 
(iv) Instability ii1de.u at 1 level helaw PBX, top is 
I i .  e. condi ti13n::l instability esists at that 
level. If these conditions are not met, shallow 
convection is not invoked and control transfers to 
statement 901. Otherwise. 

FXQ = FX2(LCLPlJ) 
i .e. flus of moisture at level 1 below PBL top is 
stored in FSQ. Shallow convection routine is 
called to determine its contribution to moisture 
and temperature flus divergence. 

In Do loop 100 the moisture flux divergence is com- 
puted in the boundary layer. 
In DO loop 110 the contributions of shallow convec- 
tion to temperature flux divergence (SCGH) and to 
moisture flus divergence (SCGN) are added and the 
resultant values are stored in TFLX and QFLX at N & 
levels. The control passes to statement 101. 

Statement 201. The control comes here if PBL is 
undisturbed and shallow convection is not invoked. 
In DO loop 90 the temperature and moisture flux 
divergence are computed at N & levels using 

g aF and gz 
c ap OL ap 

respecfively. 

For a monitored point, and every 6th time step ver- 
tically integrated temperature and moisture fluxes 
are computed from lowest J levels up to S 8 levels 
in DO loop 140. 

x 
SIX0 = 1 5 100 TFLX (AP) 

k=l g 
and 

x 
SUM1 = 1 C 100 TFLX (AP) 

9 
t < = i  g 

The parameters 
KT, LCLPI1, ISTAB(LCLPil), SL'M, SL'M1, FLT and FSS 
are printed. 



. Cornputat ions of  momentum f l u x .  DO l o o p  1 3 0 .  The 
i n t e r m e d i a r y  a r r a y s  FX1 and  FX2 a r e  i n i t i a l i z e d  f o r  
s and y momentum f l u x e s .  

I n  DO l o o p  160 t h e  momentur~ f l u x e s  a r e  computed 

I n  03 l o o p  170 t l ~ e  s and y mon~entui~;  f l u s  
d i v e r g e n c e s  a r e  computed a n d  s t o r e d  i n  CFLX and  
VFLX r e s p e c t i v e l y .  C o n t r o l  r e t u r n s  t o  c a l l i n g  
program,  YCAL 



8.2 Subroutine: .LCLSCR 

Abstract: In this subroutine lifting condensation level in a given 
column is determined. 

Called by: TC4L 

Subroutines called: SPNCW 

Input via common 

Variable ?Ilt?anir,g 

QlOOO Ground specific humidity 

PL(1, J) Log of surface pressure 

Input via argn!ael~ts list 

T2 Temperature at surface 

Output 

Variable 

LCLN Lifting condensation level 

Description of subroutine 

Designator 

A-B 

B-C 

Test 

For computation of LCL the beginning is made at 
surface. The pressure temperature and humidity 
values are assigned surface values and stored in 
variables 

PLCLP = ePL = surface pressure 
TLCLP = T2 = Air temperature 
Q L C L P  = Q l O O O  = surface humidity 

Potential temperature at suface is computed and 
stored in TBLCLP 

A count, K, is initialized 
K = S  

Pressure. temperature and sat. specific humidity at 
u,y level are found and stored in PSEXT, TSEXT and 
QSS. 
In case 

QLCLP > QSN 
i .e. humidity of parcel is ,, higher level control 
passes to statement 21 as saturation is reached. 
Otherwise, 

K = K-1 
If counter K=l the control passes to statement 21, 



c-n 

o t h e r w i s e  t o  s t a t e m e n t  l i  f o r  check ing  sa tu rn t . ion  
s p e c i f i c  humidi ty  v a l u e  a t  n e x t  a l e v e l ,  a g a i n s t  
s p e c i f i c  humidi ty  of p a r c e l  s t a r t i n g  from s u r f a c e .  

Statenlent 21 .  
LCLS ,= SP1 - R + :  

T h e  LCL i s  computed and s t o r e d  i n  L C L S .  The 
c o n t r o l  t r a n s f e r s  t o  c a l l i n g  program. 



8.3 Subroutine : S F L X  

Abstract: In this subroutine surface fluxes of serisible heat, latent 
heat and momentum are computed via stability dependent bulk 
aerodynamic formulation. The roughness parameter, Zo , is 
computed from Charnock's formula. In the cowputation of 
the friction, velocity, U s ,  the drag coefficient, CD, is 
made a function of the wind speed of the surface layer, 
over the ocean. Over land the roughness parameter is made 
a function of terrain height. 

Called by: YCAL 

Subroutines called: SFXPAR 

Input via CONMON: None 

Input via argunlent list 

Variable 

XHT 1 

ALBX 

RHO 

KRAD 

Meaning 

Surface velocity in nl!s (level 1) 

Air speed in m/s (level 2) 

Potential temperature at surface (level 1) 

Air potential temperature (level 2) 

Specific humidity value of surface corresponding to 
temperature T1 (level 1) 

Specific hun~idity value of air corresponding to 
temperature T2 (level 2) 

Maximum roughness length. In the present case its 
value is 40 cm. 

Terrain height in metres 

Albedo of surface at a given point (I1,JJ) 

x coordinate of given point 

Y coordinate of given point 

Time step 

Density of air at surface 

Time step for radiation computation 

s coordinate of point of maximum U component 



J U N  . y coordinate of point of maxinium U co111ponel:t 

IVM 

JVX 

x coordinate of point of maximum V component 

y coordinate of point of maximum V conlponent 

GW Ground wetness parameter 

Data input 
I 

Variable 

G Acceleration due to gravity 

VK C von Karmann constant 

C P Specific heat at constant pressure 

HL 

ALPHA 

Output 

Latent heat of evaporation - 

Charnoch's parameter 

Variable Meaning 

C~ Drag coefficient for momentum (Bulk transfer stress 
coefficient) 

H Bulk transfer sensible heat flux coefficient 

C~ 

OL 

USTR 

Bulk transfer latent heat flux coefficient 

Monin Obukhov length 

Frictional velocity 

TSTR Frictional temperature 

RIB 

FSX 

Bulk Richardson number 

Sensible heat flux 

FLT Latent heat flux 

FMX 

F?V 

x - Momentum flux 

y - Momentum flus 

Description of subroutine 

Designator Test 



C-D 

D-E 

T h e  parameters IKDS, CHF (siope of bulk transfer 
sensible heat flus coefficient) and CHQ (slope of 
bulk transfer latent heat flux coefficient) are 
initialized. 

ISDS = CHP = CHQ = 0 
For land surface computation of i.ougllnrus para- 
meter, Zo, the control passes to statement 10. 
( A L B S  > 0.06) 

,Ocea i~  surface computation of Zo Height of level Z2 
is initialized as 

z2 = lo 
Drag i;oef ficient , Ca, is initialized as 

CDO = 0.0011 
T h e  drag coefficient is made a function of wind 
speed. For U2 < 5.8 CD = CDO 
-5.8 i C2 < 16.8 CD = CDC s (3.74-0.046~52) 
L'2 > 1 6 . 2  CD = CDO s (0.94-0.034sU2) 
First guess of f~:iction velocity. U* is determined 

- USTRSQ CD*v1**2 
Using Char~lock's formula first guess of roughness 
parameter Zo is obtained 

zo = 41u*2ig 
The lower limit of Zo is set = 0.0001. The level 
1 height Z1 is assigned value Zo 

Zl = Z$ 
If 21 3 22 22 = z2+z1 
Iteration count is initialized as 0. Iterative 
process of dermining final value of Zo is initiated 
with statement 12 where subroutine SFXPAR is called 
to provide next guess of U* using which Zo is 
determined. The values of Z1 and Z2 are 
reassigned, the lower limit of Zo is always kept as 
0.0001. The iterative process is repeated 4 times. 
Once the final value of Zo is obrained for the 
given point on ocean the control transfers to 
statement 15. 

Determination of roughness parameter, Zo, on land. 
Statement 10. When the given point is a land 
point, the roughness parameter, Zo, is determined 
as a function of terrain height XHT1. 

Statenlent 15. Using the final value of Z,, Z1 and 
Z2 the drag coefficients CD, CH, CQ are determined 
by callling the routine SFSPAR 



F-G 

G-H 

. S u r f a c e  f l u x e s  f o r  s e n s i b l e  h e a t  ( F S X ) ,  l a t e n t  heat.  
(FLT) , X laomenturn f l u s  (FYX) , y mo~nentuin f l u x  ( F W )  
a r e  o b t a i n e d .  
FSS = p c ~ C p U 2 ( T ~ - T l )  
FLT = ~ G W C D L ( Q ~ - Q ~ )  

FMS = ~ C D : J ~  
F?IY = p C ~ r 2  
For  t iale  s t e p s  o t h e r  t h a n  r a d i a t i o n  t i m e  s t e p ,  t h e  
c o n t r o l  p a s s e s  t o  s t a t e l n e n t  1001 

F o r  r a d i a t i o n  t i m e  s t e p s ,  a t  t h e  m o n i t o r e d  p o i n t s ,  
t h e  f o l l o w i n g  v a r i a b l e s  itre p r i n t e d  
C H ?  C Q ,  fD, Z i ,  2 3 ,  Z O  
FSX, FLT: U i ,  U 2 ,  T 3 ,  T 2 ,  Q1, QZ 
A l s o  f o r  maslmum surface  wind p o i n t  
C H ,  C Q ,  CD are  p r i n t e d  unde r  h e a d i n g  SFLX Mas. 

S t a t e m e n t  1001 .  C o n t r o l  t r a n s f e r s  t o  c a l l i n g  
prog:.itnl - 



C.4 Subroutine: .SFXPAR 

Abstract: This subroutine computes the transfer coefficients of sen- 
sible latent and momentum fluxes. The subroutine returns 
the parameters USTR, TSTR, OL, CD, CH, CQ, RIB, RIY 
described under output. 

Called by: SFLX, TG 

Subroutines called: Soi~e I 

Input via common: Fone 

Input via argun~ents 1 is: 

Variable 

1 ' .  t i  I 

Meaning 

Velocity at ground (level 1) 

~2 - Velocity at level 2. 

Potential temperature at level 1 

Potential temperature at level 2 

Height of level 1 

Z 2 Height of level 2 

I I x coordinate of given point 

JJ 

CHP 

CQP 

I NDX 

y coordinate of given point 

Slope of parameter CH 

Slope of parameter CQ 

Input via data statement 

Variable Meaning 

G gravity 

VKC von Karmann constant 

ALPHA Charnock's parameter 

Output 

Variable ?leaning 



USTR . Friction velocity 

TSTR Friction temperature 

RIB 

R I?1 

B 

Bulk Richardson number 

Jlodified Bulk Pichardson number 

Buoyancy parameter 

DZL Stability parameter for stable or neutral case 

Z2L Stability parameter for unstable c a s r  

CD Bulk transfer stress coefficient 

C:i Bulk transfer sensible heat flus coefficient 

CQ Bulk transfer sensible heat flux coefficient 

Description of subroutine 

Designator Text 

A-B 

B-C 

Determination of Bulk Richardson number. For this 
Buoyancy parameter B is defined as 

B = G  where T = (T1+T2) 
T -2 

The difference in heights, temperatures and speed 
of two levels in constant surface flux layer are 
determined as 
AZ = DZ = Z2-Z1 
AU = DC = U2-C1 
AT = DT2T1 = T2-Tl 
Richardson number is obtained 

R ~ B  = RIB = AT*B* AZ 
( A U ) ~  

A multiplication factor 
ETA = ln(Z2fZ1) 

is also defined. 
For unstable case (RIB < 0) control passes to sta- 
tement 20. For stable case (RIB > .212) control 
passes to statement 10. 

Stable or neutral case 
0 < RIB < 0.212 

The stability parameter, DZL, is computed using the 
formula 



Monin Obukhov length, L ,  is deteralined 

C-D 

D-E 

OL = = A2 = AZKRB* - 
DZL AZ/L L'*L 

Using the: stability parameter ( 3 u I k  Richardson 
number RIB), the friction velocity and temperature 
are determined 

Bulk transfer stress coefficient, Cy;. is determilled 

Exchange coefficient of moisture for stable and 
neutral case. If ISDX = 1 derivative of CQ is 
to be computed, control passes to statement 701. 
This is the case when this routine is called by 
routine 'TG'. When routine is called by SFLX 

If drag coefficient < 0.5~10-3 the moisture 
exchange coefficient is not computed and control 
passes to statement 10. Otherwise, CQ = CH/1.7 and 
control passes to statement 703 

Statement 701. The control comes to this statement 
in case of stable and neutral situation and when 
derivatives of CH and CQ are to be obtained (i.e. 
TSDX = 1) 

If the exchange coefficient CH < 0.2s10-~ this 
implies moisture flux is downward and the control 
passes to statement 702. ' If CH 2 0.2s10-~ the 
positive moisture flux exists and CQ = C11;l.C 
In case of  stable and neutral value of Richardson 
number R I B  CHP = CQP = 0, and the control returns 
to calling program. 



I-J 

G-H 

Statement 10. Estren~e stable case (RIB 2 0.212). 
No tralisfer of fluses. 
IKDX = 1 Derivatives are to be computed and 
therefore, control passes to statement 702 other- 
wise USTR = TSTR = 0 
OL = 999 , 
Lower limit of CD is defined 
CD = 0.5x10-~ 
CH = -CD/(7*RIB) 
CQ = CS 
Control passes to statement 704 

CH from 

Also CQ = CH.'l. 7 
and the control transfers to statement 706. 

. - - 

Statement 705. Control comes to this statement 
s hen IXDX = 1 Derivatives of CH and CQ are to be 
computed. 
CH and CQ are computed as in section H-I. 
Derivatives of the stability parameter Z2L is 
obtained w.r.t. 9 

- 1 B Z 2  
RIM - 

Similarly derivatives of El, E2, GI, G2 PSI and PS2 
are obtained 

EIP = 3.75 x Z2LP / (Z2/Z1) / ~1~ 

Statement 702. Extreme stable case. Control comes 
to this statement when ISDX = 1 Derivatives of 
CH and CQ are to be computed. 
Lower limit of CH is set 

CH = -0.2~10-3 
CQ = CH/1.7 
CHP = CQF = 0. 

Control passes to calling pro2raa. 

Statement 20. Unstable case. RIB < C. Modified 
Richardson number RIM is computed 



RI?I = R I B  Z2jAZ 

H-I 

In unstable case, the stability parameter, Z2L is 
given as 

where 

- 2tan-I€z - 2tan-lcl 
and 

Equation for Z2/L is solved by a polynomial least 
square fitting method. 

y = a, + alX A a2x2 A a3x3 
where y = In(-Z2/L) 
and x = In(-RIN) 
The coefficients a,, al, aq, a3 are functions of 
Zg/Z1 only. These have been obtained by CHAiiG 
(198) The stability parameter Z2L is computed 
from y. 

Z2L = -eY 
Monin Obukhov length is determined 

OL = Zz/Z2L 
Then the parameters required for solution of 
equation for Z2L are computed 
El = €1, E2 = € 2 ,  GI = yl, G 2  = y2, JI1 = PSI  and 113- 
= PS2 according to formulae given above. 

When IXCS :- 3 derivatives of CH and CQ are n o t  
required to be computed. U:1: C'STR is obtained 
from equation 



and = TSTR from 

CD from 

CD = - K~ 
f i!ili~2] r - I).!' 
1 p j  

aild 
'1 

G2F' = -4 .  SsZ2LP/G2 
Derivatives of ljrl and (112 zre g' :ven as 
Derivat i t res  o f  B u i k  eschangi: c o e f l c i e n t  are con)-- 
p u t e d  

CHP = CII* - 
- 
Z 1 

CQP = CI1P/ 1 . 7  
The control passes to calling program. 



9.1 Subroutine: .FORCST 

Abstract: In this subroutine the forecast variables UU, W, ZZ, WW, 
QQ, T are calculated and written on the output file 97. 

Subroutines called: Function. SPHUYI 

Input via COMNOX 

Variable Meaning 

\T(L,Yl,X) V component of wind 

PP(L,M,N) Model parameter P 

WK(L,M,X) Vertical velocity at a surfaces ( o )  

QQ-(L,X,S) - Specific humidity 

PL(L,M) Log of surface pressure 

SIGTK(N) X values of multiplication factor 

TBB (NPl ) Area average temperature at XP1 u layer boundaries 

SIGT(N) N values of u layers 

Output 

Variable Meaning 

EG(L,M.X) U-component of wind 

W(L,W,R) V component of wind 

PP(L,M,N) Geopotential heights 

WV(L , M , X )  Vertical velocity a 

QQ(L,M,N) Relative humidity 

PL(L,M) Log of surface pressure 

WORK1 (L,M,XPl) Temperature at a layer 



Description of subroutine 

Designator Text 

A-B 

B-C 

C-D 

D-E 

E-F 

F-G 

C and V components of wind are written on unit 997 
for X u layers as separate records 

Temperature at N o layers are calculated in DO loop 
30 and30 using relation 

P I 

-a - a - RZ* lnps 
R ao ao 

and written on unit 97 as S separate records. 

In DO loop 60 and inner loop 50 the geopotential 
heights are calculated using relation 

and written on rlnit 97 as separate ?i records 

DO loop 70. Surface pressure is retrieved from log 
of surface pressure, p ~ .  Then in DO loop 90 and 
inner do loop 80, saturation specific humidities 
corresponding to layer temperature and pressure are 
calculated. From these and model predicted speci- 
fic humidities Q, the relative humidities in o 
layers are calculated and written on unit 97 as N 
records 

DO loop 100. Vertical velocity are written on 
unit 97 as RM1 records. DO loop 100 closes. 

Surface pressure values are written on unit 97 as 1 
record. 
The control passes to the calling program 



9.2 Subroutine: XAIXFAL 

Abstract: In this routine the rainfall amounts due to convection, 
large scale dynan~ic ascent, super saturation and surface 
flux of moisture and heat are written as separate records 
on mass storage file 98. Then the arrays representin g 
tliese quantities are initialized. 

Called by: FSULAN 

Subroutines called: Xone 

Input via conlnlon 

Variable Ye an i ng 

RAISCV(%I,#J) Convective rainfall 

RAISLS (#I ,SJ) Large scale rainfall 

RAINSU($I,#JJ Super saturation rainfall 

SURFLX(*I.#J) Surface flux of moisture 

TEMFLX(#I.#J) Surface flux of heat 

Output 

Variable Meaning 

RAINCV(#I,*J) Convective rainfall 

RAINLS(*I,#J) Large scale rainfall 

RAINSU(#I,#J) Super saturation rainfall 

SURFLX(#I,#J) Surface moisture flux 

TEMFLX(*I,#J) Surface heat flus 

Description of subroutine 

Designator Test 

A-B Arrays RAINCV, RAISLS, RAISSU SURFLX and TENFLX are 
written on mass storage file 98. In DO loop 10 the 
above arrays are initialized to zero. 
Control passes to the calling program. 



9.3 Subroutine: . CHECK 

Abstract: In this routine average quantities of some of the output 
fields are calculated to monitor the performance of the 
model. This helps in checking the model in case of 
trouble. It is called at the starting time, after first 
time step and every 3 hours after that as well as at the 
forecast time. 

Called by: Main program FSCLAN 

Subroutines called: Kone 

Input via CO>IMOX 

Variable Meaning 

CC(L,Y.S) G component of wind 

VV(L , Y , x )  V compone~lt of wind 

PP(L,#,X) Geopotential Height Z 

WW(L,M,X) Vertical velocity o 

QQ(L,N,N) Relative humidity 

PL(L ,N) Log of surface pressure 

RAINCV(L,M) Convective rainfall 

RAINLS(L,N) Large scale rainfall 

RAINSL(L.N) Supersaturation rainfall 

SURFLX(L,M) Surface moisture flux 

TEMFLX(L,M) Surface temperature flux 

RADP (L,M) Temperature change due to radiation 

TTFLUXB(L,N,X) Temperature change due to PBL flux of temperatue 

UFL(L,M,S) x component of momentum flux 

VFL(L,M,N) y component of momentum flus 

ALSSU(L,M,N) Moisture change due to supersaturation adjustment 

DADJ(L,M,N) Temperature change due to dry convective adjustment 

QQFLUXP(L,Y,X) Moisture change due to PBL moisture flus 



CVHB(L,JI,S) Neatjng due to convective rainfall 

ALSB(L,M,S) Heating due to supersaturation adjustment 

CVQ2(L,M,N) Xoistening due to cumulus convection 

Description of subroutine 

Designator Test 

a - c  

C-D 

D-E 

Heading 'FROJI C C H C K '  is printed. Then seculld 
heading TIME STEP. C U ,  VV, QQ. WW, PP is prinie~l. 
Time step KT is a l s o  printed ill second Iieadii1g. 30 
loop iO is iilitiated to run indes K from 1 tn SFI. 
In this loop average u component v component, 
moisture content in layers, verticai velocity o, 
geopotential height PP are calculated and printed 
for each level. In this do loop total precipitahle 
water is also calculated in SUMS. 

- - 

Statement 3 1 .  After this statement in DO loop50 
average convective rain, large scale rain, super- 
saturation rain, surfne nloisture flux and surface 
temperature flux are calculated and printed 
according to format 4 1 .  In DO loop 170 average 
surface temperature is calculated and printed in 
Format 171 .  In DO loop 70 average log of surface 
pressure is calculated and printed in format 5 1 .  

DO loop 80. In this DO loop temperature geopoten- 
tial heights of o levels are computed and average 
of these are calculated and printed. 

Tk = -% - AP - R g lnps 
Au AD 

and 
~k = (P - R ~ T *  * lnps) 

g 

DO loop 150. First, the title RAD, TFLUX, QFLX, 
CVHEAT, LARGE, CVQYDI is printed. Then the average 
quantities of 
(i) Temperature change due to radiation 
(ii) Temperature change due to PBL temperature 

flux 
(iii) x momentum flus 
(iv) y momentum flux 
( v )  Moisture change due to supersaturation adjust- 

ment 
(vi) Temperature change due to dry convective 

adjustment 
(vii) Moisture change due to P8i moisture flux 



(viii) Heating due t o  convective rainfall 
(is) Meating due to s~lpersaturation rainfall 
(s) Moistening due to curnulus convection 
are calculated for all o layers and printed 
according to format 151. Control returns to 
calling program FSULA!,?. 



10.1 Subroutine:. BSX: 

Abstract: In this routine a 5 point smoother is applied to quantity 
at a given point. 

Subroutines called: Xone .. 

Input via COIY;\IOS: Xone 

Input via arguments list , 

Variable 

F ( L , ; \ I , S )  

Output 

Xeaning 

. , Give11 \-2r iil?,:tt cirray w',::cii is rec!\i ire['; to !je 
smoothec! 

Variable Meaning 

F(L,M.S) Smoothed a r r a y  

Description of subroutine 

Designator Text 

A-B Outer DO loop 100 is initiated to run index k from 
1 to X .  Inner DO loop 10 is initiated to run inds 
J from 2 to irMl and I from 2 to LM1. The given 
variable array F is smoothed using nearest 5 points 
in two steps. 

Worki j = 0.1254 
DO loop 100 closes 

In DO loop 20 the values of array WORK(1,J) are 
stored in array F(1,J.K). DO loop 20 ends. DO 
loop 100 ends. Control passes to calling routine 



10.2 Subroutine: .BSMOOTH 

Abstract: In this routine the forecast variables are subject to 
smoothening mi~limum in the inner domain and sn~oothening 
progressively increasing from 5 points inside boundaries 
towards the boundacies. 

Subroutines called: Kone 

Input variables via common 

Variable >leaning 

M values of grid interval in E--W cli!-ection as func- 
tion of latitude. 

DI' Grid interval in K-S direction 

Input variable via argument list 
- 

Variable Neaning 

F(L,M,Nl) The variable to which smoother is to be applied 

Smoother for points 
1-EQ-I or 1-EQ-L or J-EQ-1 or J-EQ-M 

Smoother for points I.EQ.2 or 1-EQ-L-1 or J-EQ.2 or 
J*EQ-M-2. 

Smoother for points I*EQ-3 or 1.EQ.L-2 or I.EQ.3 or 
J*EQ*N-2. 

Smoother for points I.EQ-4 or 1-EQ-L-3 or J-EQ.4 or 
J0EQ-M-3. 

Smoother for points 1-EQ-5 or 1.EQ.L-4 or J-EQ-5 or 
J0EQ.M-4. 

Smoother for the inner domain i.e. I > 5 or I < 4 
or J >5 or J < M-4. 

I\:1 Xumber of vertical levels 

Output variables 

Variable Neaning 

F(L,M,Xl) Smoothed f0recas.t variable. 

Description of subroutine 

A-B Main DO loop 11 is set up to indes K from 1 to Si 
levels in vertical. In the inner loop of 12, 



R-C 

values are assigned as 
JP1  = .J-1; at J=M, JPl=>l 
JM1 = J-1; at J=1, JMl=l 
IP1 = I+1; at I=L, IPl=L 
IMl = 1-1; at T=l, IM1=1 
The smoother is then applied and the snloothed 
values are stored in array work. 

The coefficients A take value as described In 
'ISPUT'. DO loop i2 closes. 

DO loop 11 is initiated for J to index through 1 to 
M and I to indes through 1 to L .  I n  this DO loop 
contents of WORK are transferred to F ( I , . J , U ) .  DO 
loop 11 ends. Control transfers to calling 
program. 



10.3 Subroutine: . CALPHI 

Abstract: In this subroutine the horizontal grid intervals As(M) and 
Ay are defined on a longitude-latitude grid. Coriolis 
parameter is determined and vertical sigma (a) and sigma 
hat ( a )  levels are defined besides defining the time step, 
At. 

Subroutines called: 

Input variables via common: 

Input variables via arguments list: 

Variables Meaning 

PHI 1 Southern-most latitude of the inodel domain 

PHI2 

DELAY 

Korthern-most latitude of the model domain - 

Grid interval in E-W direction in terms of degrees 
longitude. 

Output Variables 

Variables Meaning 

DT. Time step in seconds 

DPH I 

DX (M) 

COR (M) 

Grid interval in E-W direction in terms of degrees 
longitude 

Grid interval in N-S direction in terms of degrees 
latitude 

The grid interval in E-W direction as function of 
latitude 

Values of coriolis parameter as function of lati- 
tude 

DY Grid interval in 8-S direction 

SIG (NP1) NP1 values of o levels 

SIGT(B) N values of b levels 

Description of subroutine 

Designator Test 

A-B Through data statement the values of lower boundary 
(oKl = 1 .O) and upper boundary (al = 0.1) values 



B-C 

C-D 

D-E 

a r e  d e f i n e d .  Time s t e p  A t  is d e f i n e d .  The X-S 
g r i d  i n t e r v a l  i s  computed a n d  s t o r e d  i n  DPHI 

DO l o o p  11 i s  s e t  up t o  i n d e x  J from 1 t o  M. 
Values  o f  l a t i t u d e s  r e p r e s e n t i n g  K - S  g r i d  a r e  
o b t a i n e d  and s t o r e d  i n  PHI. C'sing t h i s  DX(J) and  
COR(J) a r e  computed as 
DX(J) = DLAN x 111.1 x  lo3 s c O S  ($j x PI/1800) 
COR(J) = 2sin(gj x PI/1800); J = 1(1)X 
DO l o o p  1 1  e n d s  
The Xor th  s o u t h  g r i d  i n t e r v a l  DY is  computed and  
s t o r e d  i n  DY. 

DO l o o p  12 is i n i t i a l i z e d  t o  i n d e x  k t h r o u g h  1 t o  
. I n  t h i s  DO l o c p  SF1 v a l u e s  o f  o l e v e l s  and  N 
v a l u e s  o f  l e v e l s  a r e  o b t a i n e d .  Loop 12 c l o s e s .  

The v a l u e s  DT, DLAY,  DPHI, and  DY a r e  p r i n t e d 9  DX, 
PHI, COR, SIG and SIGT a r e  w r i t t e n  on  t a p e  $6 i n  

- f o r m a t t e a  form (10~12.6) 



1 0 . 4  Subroutine:. COFF 

Abstract: In this routine the coefficient for smoothing are assigned 
to array ASM depending upon the distance of given point 
from the boundary. 

Subroutines called: Xone 

Input via COMMOX: Xone 

Input via arguments lSst 

Ylasimum number of grid points in E-K 

>lasimurn number of grid points in S-S 

- Output 

Variable 

ASM(L ,N) Array of smoothig coefficients 

Description of subroutine 

Designator 

A-B 

B-C 

Text 

The following smoothing coefficients are defined. 
A6 = 0 .0006  
A5 = 0 . 0 0 2  
A4 = 0 . 0 0 7 5  
A3 = 0 . 0 1 5  
A2 = 0 . 0 3  
A1 = 0 . 0 6  

DO loop 100 .  For grid points 5 points away from 
boundary the smoothing coefficient (SC) ia A6. 
For grid points 4 points away from boundary the SC 
is A5 
For grid points 3  points away from boundary the SC 
is A4 
For grid points 2  points away from boundary the SC 
is A3 
For grid points 1 point away from boundary the SC 
is A2 
For grid points at boundary the smoothing coef- 
ficient is A1 
The smoothing coefficients are stored in array ASM. 
The DO loop 100 closes. The control passes to 
calling program. 



10.5 Subroutine: COXST 

Abstract: In this routine various constants required for the model 
are defined. Solar declination angle and the incident 
solar radiation at the top of the atmosphere is also com- 
puted here. 

Subroutines called: Xone 

Input variables via common: I 

Xl).Ak' Starting t iay of the forecast 

Grid interval in S - S direction in clegress lati- 
tude. 

SLAT Southern most latitude of domain 

Output variables: 

Variable Meaning 

R AD Radius of earth: 6.37122 x lo6 meters. 

G Accelaration due to gravity 9.81 m ~ e c - ~  

R Gas constant 287 J 0 ~ - 1  ~ ~ - 1  

C P Specific heat at constant pressure 1004 J o  ~ - 1  ~ ~ - 1  

YL Latent heat of vaporization at O°C 2.5 x 106 J Kg-1 

GINV 1 /G 

PI Value of 754.0 x ATAN (1.0) 

RADC 

G AM 

ALBAIR 

ROMEGA 

Conversion factor for degree to radius conversion 
~i180. 

Dry convective lapse rate g/Cp = 'K/meters 

Albedo of air = 1.0 

Angular velocity of earth in "/hr. - 360" /hr 
2 4 

Solar radiation incident at the top of the 
atmosphere = 1.935 x 4.2 x lo7 

60 x d2 



DELTA 

SIXD 

Solar declination angle 

Sine of angle of s o l a r  declina-tion 

COSD Cosine of angle of solar declination 

SINPHI (M) Sine of latitude 

COSPHI (X) Cosine of latitude 

Factor 

SIGMA Stefan - Boltzmann constant(0) 
= 5.6678 x lod5 erg sec-l deg-4 
= 3.6696 s ~ r n - ~  deg-l 

RTOP: Kot used 

Description of subroutine 

Designator Text 

A-B 

B-C 

Various constants as described under 'OUTPUT 
VARIABLES' are defined. JUN22. the day of maxi- 
mum angle of declination and JULYl, the day of 
farthest distance of earth from sun are defined. 
Earth's orbit's eccentricity is defined as 0.0178 

From the given value of NDAY and MONTH the number 
of the days from 1 January is computed in NDAY. 
Its difference from JUN22 is stored in ADAY and 
from JULYl in BDAY. Maximum declination is com- 
puted in radians as 
DECM = (23 + 27/60) RADC 

Square of earth - Sun distance is computed using 

-> 
VRBAQTI (1 + eccn cos 2*PI*BDAY ) 2  

365 

and using this the solar irradiance incident at the 
top of the atmosphere is computed 
RS = 1.935 x 4.2 x 107/60/ESDIST 
where 1.935 is solar constant in ly, 3.2 x 10' is 
conversion factor from calories to erg and division 
by 60 converts to sec-l. 

Declination angle is calculated 
DELTA = 6 = (Max. declination) cos(2nADAY) 

365 
from this cosine and sine of declination angles are 
computed. 



E -F 

F-G 

. Using SLAT and D Y P H I ,  l a t i t u d e  v a l u e s  ($Is) a t  g r i d  
p o i n t s  i n  N-S d i r e c t i o n  a r e  computed and 
cor responding  cos  +Is and s i n  + ' s  a r e  computed 

Some more c o n s t a n t s  a re  d e f i n e d  and t h e  c o n t r o l  
r e t u r n s  to .  tile c a l l i n g  Ijrograrll 



10.6 Subroutine: . EIGEY 

Abstract: This subroutine computes the eigen values and eigen vectors 
of the coefficient matrices of the I~elmholtz equation fur 
model parameter ' P '  as given below 

Using t.he ; i u t  ishauser methud .  
This equation is written i11 a finite difference form as 

where 6uK = 8K - aK-i 
AaK = UK- 1 

- OK 

~atris A h a s  the following elements 

Matrix B has the following elements 

The forcing function QK of the: Helmholtz equation can be 
expressed as 



9 

therefore we have the boundary values (o=O, v * ~ = o )  

P x - l  - PS - PS,l = w 3 f i + l  -+ ~ Z S  - 
X r * A RT, RT, 

The f . d .  equation and the matrix equation represent 
'V - 

a 1 . a p  - A T -  v- p = ~i v . ~  - ac3 - Q- - -  - - - 3 Q 
aa y ao 3 H 2 -7.5 

A l s o  

Let A - 1 ~  = c = TCT-1 = A 
or c = T- AT 

Then 

Premultiply this above equation with transformation 
matrix T. 

Let Q = TP, TA-1 = g 

Then 



Subroutine called: IXVERT. XiLT, RUTISE 

Input variables via common: 

Variables Meaning 

SIG (KP1) XP1 values of CJ levels. 

SIGT(S) X values of b levels. 

G M A B  ( ;V ) S values of lapse rate y* at 3 levels. 

TBB (XPI ) XP1 values of area average temperatui-e at o levels 

R Gas constant 

Output variables 

Variables >leaning 

EGN (NP1) NPI values of eigen values. These correspond to 
NP1 o levels. 

TRANS(NP1, NP1) Inverse eigen vector martix V-1 

EE(NP1, NPI) Matrix v-~A-I 

TINV(NP1, NP1) Eigen vector matrix V 

AINV(NP1, NP1) Matrix A - ~  

Description of subroutine 

Designator Text 

A-B 

B-C 

The variable FACTOR is initialized as 1.0 and in DO 
loop 11 array A(NP1, NPI) is initialized as zero. 
Elements of array are a\~t;lined in accordance with 
relatio~is given in abstract at lower and upper 
boundary levels and in between levels in DO loop 
12. Matrix A is written on unit 96 according to 
format 10E 13.6. 

In DO loop 86 A is normalized (or scaled) by 
dividing it By 'FACTOR'. In DO loop 71 the matrix 
A is temp-stored in RJ and subroutine IXVERT is - 
called to compute inverse of R4, in R4. In DO loop 
72 A-!(R~) is stored in AIXV. AIXV is written on 
unit 96. Routine MULT is called to obtain 



C-D 

D-E 

E-F 

F-G 

G-H 

. multiplication of A and A-l to give unit matrix in 
'Rl' which in turn is written on unit 96. (10E 
13.6). 

In DO loop 21 all elements of matrix B (XPI, KP?) 
are initialized. Then the non-zero elements a:-F: 
assigned their respective values, before and in DO 
loop 22. The matris B is written on unit 96, pro- 
duct A - ~ B  is found in matrix 'C' by calling 'MULT' 
and the matris C is written on unit 16 (IOE 13.6). 

Subroutine 'RLTISH' is called for contputation of 
eigen values and corresponding eigen vectors of 
matrix C i.e. A-?B in EGS and TINV. A working 
array AA is initidlized to zero in loop 61 [K = 
1(1)~~1]. In DO loop 62 [J = 1(1)~~1] for every 
value of K, a sum of product of eigen vectors AA = 

AA T TINV(J,u) TINV(.J,u) is found. DO loop 62 
ends. DO loop 61 is initialized, in which the no:- 

- malized -eigen vectors are obtained [.J = l(1 )NP1] . 
Normalized eigen vectors are written on unit 96. 
In DO loop 63 and 64 sum of square of eigen vectors 
of every column of normalized eigen vectors is 
determined and written on unit 96. Eigen values 
EGN are then written on unit 96. 

Routine 'MULT' is called to get product C*TIhV = 
A-~B! in R1. R1 is then written on unit 96. In DO 
loop 83 all elements of matrix R1 are initialized 
to zero and in loop 84, the diagonal elements of R1 
are assigned the eigen values EGX. Routine 'MULT' 
is called to obtain product TINV*A = VA in R2, 
which in turn is written on unit 96. 

In DO loop 53 the eigen vector matrix is tem- 
porarily stored in R4. Invert is called to find 
inverse matrix ~ ~ - 1  (i .e. V-1 i.e. T) in R4. In 
loop 54, the contents of inverted matrix are trans- 
ferred to matrix TRANS, which is written in unit 
96. 

Product of TISB(V) and TRANS(V-~) is found by 
calling 'MULT' in Rl. A unit matrix R1 is obtained 
that is written on unit 96. Product v - ~ A - ~ B  is 
found in R1. Product V-IA-~BV is found in R2. R2 
represents eigen vector matrix and is written on 
unit 96. Product V-1A-I is found in matrix EE by 
calling MULT and EE is written on 96. Products 
EE*A = V - ~ A - ~ A  and products V - 1 ~ - ~ A V  are found 
which give unit matrix R2. Unit matrix is written 
on unit 16. 

In DO loop 85 [k = 1(1)~~1] the eigen values are 
scaled by multiplying each of them with FACTOR. DO 



. loop 85 is initiated for counter I to index through 
1 to NP1. Within inner 85 loop the vectors A - l  and 
EE = v - l A - 1  are scaled by dividing these by FACTOR. 
The DO loop 85 ends and the control is transferred 
to Calling routine. 



10.7 Subrout-ine: . ELLIPT 

Abstract: In this subroutine the Helmholtz equation for the model 
parameter p is cast in a form suitable for computation, 
then the subroutine 'ITERATE' is called to solve it. The 
Helmholtz equation :to he solved is 

which can also be written as 

where A - 1 ~  = C = T - ~ A T  

Let Q = TP, T A - ~  = E 

Then 

At boundary points Q=EF or P=A-~F - 

Subroutines called: ITERATE 

Input variables via common 

Variable Meaning 

EE(NP1, XP1) Natrix V-l.4-l (=TA-~) where V is eigen vector 
matrix 

AISV(XP1, XP1) Matrix A-I 

TRANS (SP1, KP1) Inverse eigen vector matrix V-l 

TISV(SP1, XP1) Eigen vector matrix T-l or V. 

Input variable via argument list 



P(L,N,KPl) The model parameter P given as P = gz, - KT* lnp, 

F(L,M) Log of surface pressure ps 

Output variables 

Variables ?leaning 

P(L,#,NPl) The model parameter P at time t+At-. 

Description of subroutine 

Desiznntor Test 

A-B 

B-C 

C-D 

D-E 

LO loop 11 is set up to index J through 1 to ?4 and 
I through 1 to L, for the domain excluding boundary 
points, DO loop 32 is set up to inclex K through 1 
to R'P1 vertical level. For every level a working 
array TT(K) is initialized to zero and in inner - DO 
loop 32 for counter KX = l(1)SPl a sum 

TA-IF 
is found and stored in TT(K). For boundary points 
in DO loop 13 a sum IA-~*F is found and stored in 
TT(K). In DO loop 20 these values TT(K) are trans- 
ferred back to array P. Which is now actually 
TA-IF . 

In DO loop 14 a sum 
NP I K=l(l)NPl 
1 V-IP Tk , kkPkk KK=l(l)NPl 
kk = 1 

is found for each of XP1 values of counter K and 
stored in array TT(K). In the inner I1 DO loop 
these values are transferred to array P which now 
contains total forcing terms of Helmholtz equation 
(A). 
DO loop 11 e n d s .  

In DO loop 15 log of surface pressure is read from 
unit 92 and routine iterate is called to solve 
Helmoltz equation. The values of variable TP(i.e. 
V-IP) obtained from ITERATE are writ.ten on unit 92 
and also stored in array GSEST.  

In DO loop 21 and inner loop 2 2 ,  the values of sum 
of product W - ~ P  is found for every level and ulti- 
mately the values of model parameter are trans- 
ferred to array P from array TT(K). The control 
returns to the calling program. 



1C.8 Subroutine: .IXVERT 

Abstract: In this subroutine inverse of a given matrix D(R,>I) is com- 
puted and the inverse is returned in the array D ( X , M ) .  The 
method used is Gauss Jordan. 

Subroutines called: None 

Input variables via comn~on: Sone 

Input variables via agrument list 

Variable Mezning 

D ( X , M )  Matris which is required to be inverted. 

Gutput variables 

Variable Meaning - 

D(?Y',N) Inverse matrix 

Description of subroutine 

Designator Text 

A-B By standard Gauss-Jordan method the inverse of 
given matrix D is obtained and returned in D 
itself. 



10.9 Subroutine: . ITERATE 

Abstract: In this routine the Helmholtz equation in P is solved by 
iteration. The equation that is solved is 

Q + V2hg = EF - 
4 

where 
Q = TP, TA-1 = E, T-1 = V ,  T = V-1 

where V is eigen vector matris. 

Subroutines called': Xone 

Input variables via common 

Variable Meaning 

DT Time step in seconds 

SF1 elgen values corresgonding to SPlV levels of - 
the model. 

Grid distance in E-W direction as function of 
latitude. 

DY Grid distance in N-S direction 

RAD Earth's radius 

PHI (m) Latitude values 

PI Value of 7~ 

Input variables via arguments list 

Variable Meaning 

PP(L.Y) Value of the model parameter TP at one level 

The model parameter 'P' at one vertical level K. 
It is stored in the unit 92 in array GXEXT from 
where it is read in ELLIPT. 

Index of vertical level at which the Helmholtz 
equation is being solved. 

Output variables 

Variable Neaning 

The solution of the Heimho!tz equation at one 
level, representing Q = TP 

Description of subroutine 



Designator Text 

A-B 

B-C 

C-D 

D-E 

E-F 

Various constants are defined. The array AA is 
intialized to value 1 . 0 x 1 0 - ~ ~  in DO loop 18. 

The iteration counter is assigned a maximum value = 
1000. In DO loop 15 the boundary values of input 
array F are rep laced  by corresponding values of 
array PP. 

A DO lbop 11 is-set up to index KR through 1000(SS) 
iterations. ERR1 and ERR2 are intialized to zero. 
ERRl is relative later. ERR2 is absolute error. 
The constant A 5  is intialized to value zero. 

DO loop 12 is set up to index J through 2 to PiMl 
and I through 2 to LMI. ERR is computed form the 
relation 

which finds the difference of (V2F - PP). 

The value of F is modified using ERR as following: 

If I P P ~  > 1.0 x then the error is scaled as 
El = I ERR/PPi j 1 

otherwjse El = 0.0 
E2 is defined as ( E R R I  
If El > ERRl then ERRl = El 
If E2 > ERR2 then ERR2 = E2 
If lppij[ > A 5  then A5 = [ppijl 



F-G 

DO loop 12 ends. 
If ERR1 > tolerance limit A 3  and absolute error 
ERR2 > A4 then the DO loop 11 starts next itera- 
tion. Otherwise KK, ERR1, ERR2 and A5  are written 
on unit 96. 

In DO loop 14 the csntents of Fij are transferred 
to PPij. Control transfers to calling program. 



10.10 Subroutine:. MOVE 

Abstract: This routine moves the contents of given array A to the 
array 8. The multiplying factors INCA and IKCB are used to 
fix the starting record in arrays A and B respectively. 

Subroutines called: Xone 

Input variables via common: Xone 
I 

Description of subroutine 

Designa tor Text 

Loop 11 is set up to index 'N' through record 
number 1 to NWD ( =  LxMxS in the przsent case). 
Then B((N-1) s IXCB-1) = ~((3-1) x INCA-1) achieves 
the transfer. DO loop 11 ends and control is 
transferred to calling routine. 



10.11 Subroutine:. MULT 

Abstract: In this subroutine product of two given NsN matrices F and 
G is found and returned in the matrix E. 

Subroutines called: 

Input variables via common 

Input variables via argu~nents list 

Variables Meaning 

G ( S , X )  NxB matrix 

S Order of matris F h G 

Output variables 

Variable Meaning 

E ( N , K )  NxN product matrix 

Description of subroutine 

Designator Text 

In DO loop 30 for I = l(1)N and J = l(1)N the pro- 
duct matrix E is initialized to zero and in the 
inner DO loop 30 the product is found as 

Eij = Eij + Fik Gkj 
DO loop ends and control transfers to calling 
program. 



10.12 Subroutine: RCTISH 

Abstract: In this routine eigen-values and eigen vectors of any given 
square matris are computed. The methodology adopted is to 
find the largest, next largest eigen values and so on. It 
uses the Rutishauser n~ethod and power method. 

Subroutines called: IXVRT 

Input variables via common 

Input variables via arguments list 

Variables Meaning 

Input matris of which eigen values and eigen vec- 
tors are to be obtained. 

Output variables - 

Variables Waning 

EGK (YI) M values of eigen values 

MxM Eigen vector matrix 

Description of routine 

Designator Text 

A-B 

B-C 

A variable M1 is defined as M1 = M-1. The 
tolerance error limit is defined as EPS = 

0.0000000001. In the DO loop 98 the contents of 
input matrix B are transferred to working matrix C 

The main DO looplll0 is initiated to index the 
counter IV through 1 to M. For IV < M a variable N 
is defined as N = Mcl-IV and Pi1 = N1. DO loop 100 
is set up to index counter I from 1 to N, in which 
an array Z ( 1 )  is initiated to one. A counter KC is 
initialized zero. A DO loop 101 is set up to index 
I from 1 to K .  A11 array Y is initialized to zero. 
In this array the sum of product C(1,J)-Z(J) over 
the counter J of inner 101 loop is stored. (J= 
l(1)~). The value of first element of the array Y 
is stored in R .  

DO loop 90 selects the pivotal element of array 
y(1) by indexing I through 1 to N .  The index kc is 
changed to 1 for non-pivotai elements. Loop 90 
closes. For the pivotal elements (kc = 0) the 
control is transferred to 103 where value R = y(1) 
is stored in EGS corresponding to counter IV. For 



D-E 

F-G 

G-H 

kc > i the control passes to 104 where in DO loop 
115 the contents of array y(1) and control is 
transferred to 99 where the process of selecting a 
pivotal element starts again. 

In DO loop 109 the contents of array y are trans - 
ferred to working array X ,  with lag of one elenlent 
i.e. X(1) = ( 1 - 1  DO loop 112 is initiated to 
index I through 2 to K and J through 2 to S .  In 
this loop a matrix A is obtained with elements 

C(1,J) C(I,J)*X(I-1) 
and in DO loop 113 contents of A are transferred to 
C. Here we get the matrix one order lower i.e. 3x3 
matrix reduces to 2x2. Control is transferred to 
118. But if IV=M the element C(1,l) is equal to 
the eigen value and is stored in EGX(1V). 
Statement 118 writer the counter IV and the 
corresponding eigen value on unit 96. 

DO loop 105 is set up to indes I through 1 to Mi. 
Inner loop 107 is set up to indes J through 1 to M. 
At every step one element of input matrix B is 
transferred to working array A as 

A(1,J) = B(I+l,J+l) 
For diagonal elements an array 

X-A 
is formed as A(I ,J) - EGN(1V) and stroed in A(1, J) . 
Loop 107 closes. A column of input matrix B is 
stored in array U as U(1) = -B(I+l,l). 

DO loop 915 is initialized to index counter I 
through 1 to N1. For I < M1 the absolute value of 
diagonal elements A(1,I) is checked against EPS. 
For errors < EPS the array U is two consective 
values are added and stored in U as 

U(1) = U(1) + U(I+l) 
In DO loop 923 the consecutive of matrix A(I,J) are 
added and stored in A as 

A(1,J) = A(1,J) + A(I+l,J) 
Diagonal element A(1,I) is chosen as divisor in 
statement 907. Array element U(1) and the A(1,J) 
are divided by the divisor. Loop 915 is initiated 
for counter Xi to index through 1 to MI, and a 
variable DELT is defined as 

DELT = A(MM,I) 
For non-diagonal elements 

U(iXM) = U(M) - U(1) DELT 
and A(NM,J) = A(,MN,J) - A(1,J) DELT 
DO loop 915 closes. This DO loop has computed the 
eigen vectors of eigen value EGS(IY;). 

Array element y(1) is initialized as 1.0. In DO 
loop 108 the contents of array U are transferred to 



y as 
y ( 1 )  = L(1-1) 

In DO loop 121 the contents of y(1) are transferred 
to VECTOR (1,IV) which gives eigen value matrix. 
The eigen vectors are computed column wise. 
Control transfers to callling program. 



10.13 Subroutine:. ZERO 

Abstract: In this subroutine, the given array of length L (here L = 

LxMsN) is initialized to zero 

Subroutines called: Sone 

Input variables via common: None 

Input variables via argument list 

Variables Neaning 

T h e  given array of lellgth 1. which is to be 
initialized. 

L Length of the array 

Output variables - 

Variables Meaning 

F(L) The initialized array 

Description of subroutine 

Designator Text 

A DO loop 11 is set up to index counter I through 1 
to L. The array F is initialized 

F ( 1 )  = 0.0 
and the DO loop 11 ends. 



P a r t  I11 

Case S t u d y  



Case Study 

1. Introduction 

A case study is reported here as an illustration of this model. 

The input for this case study was the data for 12 GMT of 6 July 1983. 

These data were taken from the ECMWF analyses. The scaled terrain 

heights with a maximum height of 3000 metres were used. The albedo 

and sea surface temperatures for July were used. The synoptic situta- 

tion for the illustration is a Monsoon case study. 

2 .  Input Charts. 

2 . 1  The input charts for topography, albedo and sea surface tem- 

peratures are given in Figure No. 1. 

2 .2  The input charts for winds at 850 mb,.500 mb and 200 mb for 12 GMT 

of 6 July 1983 are given in Figure No. 2. 

2 . 3  Forecast charts for 24 hours for winds at levels 850 mb, 500 mb 

and 200 sb valid for 12 GMT of 7 July 1983 are given in Figure No. 3 .  

2 .4  Verification charts for 12 GMT of 7 July 1983 for winds at  850 mb. 

500 mb and 200 mb are given in Figure No. 4 .  

2 . 5  Forecast 24 hour rainfall and vertical velocities valid for 12 GMT 

of 7 July 1983 are given in Figure No. 5 .  

2.6 Forecast charts for 48 hours for winds at levels 850 mb, 500 mb 

and 200 ab valid for 12 GMT of 8 July 1983 are given in Figure No. 6. 



2 . 7  Ver i f i ca t ion .char t s  for  12 GMT of 8 July 1983 for  winds a t  850 mb, 

500 mb and 200 mb are given i n  Figure No. 7 .  

2 . 8  Forecast 24 hour r a i n f a l l  and ver t i ca l  v e l o c i t i e s  va l id  fgr  12 GMT 

of 8 July 1983 are giv=n i n  Figure No. 8 .  



Figure No 1: Topography,Albedo and Sea surface Temperatures. 
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