
NUMERICAL MODIT.ING OF MOIST 

CONVECTION IN TWO AND THREE 

SPACE-DIMENSIONS 

by 

Martin James Miller 

Department of Meteorology 

Imperial College of Science and Technology 

A Thesis submitted for the 

Degree of Doctor of Philosophy 

in the University of London 

1972 



2 

ABSTRACT  

A primitive equation model for the numerical simulation of 

cumulonimbus convection is described in detail. 	The model is 

fully three-dimensional in space and is based on an (x,y,p) 

coordinate system. 	An analysis of the non-hydrostatic primitive 

equation set in this coordinate system is carried out and the 

implications of certain simplifications to the equations examined. 

In particular, sound waves are eliminated from the system while 

leaving the internal gravity waves undistorted. 

The heights of pressure surfaces are computed from a form 

of 'balance'-equation. 	The use of gridpoints on constant-pressure 

surfaces eliminates a particular modelling problem which arises 

in the computation of condensation and evaporation processes 

when height is taken as vertical coordinate. 

The model is formulated with open lateral boundaries 

allowing simulations in any specified initial wind field. 	Aspects 

of the lateral boundary conditions are therefore considered in 

detail particularly with respect to gravity wave propagation. 

The cloud microphysical processes are incorporated in which 

the conversion of cloudwater to rainwater, accretion of raindrops 

and the evaporation of raindrops are parameterised in terms of 

the larger-scale variables. 

Numerical results are presented and discussed. 	These 

results take the form of simulations of the lifecycle of a single 

cumulonimbus cloud in unsheared and sheared environments. 

An encouraging feature is the sensitivity of the model to 

the simulated microphysics. 	Features of the sheared results 

indicate lines along which work with the model should be pursued 

both as severe storm studies and in connection with the 

parameterisation of deep convection in synoptic scale models. 
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CHAPTER I  

1.1 INTRODUCTION  

The observed structure of the atmosphere is determined by the 

solar radiation input and the earth's rotation; exchanges of 

heat, moisture and momentum occur on all space-scales from the 

global to the molecular. 	When these exchanges involve motions 

arising directly from the conversion of available potential 

energy then the motion is termed convection. 	These convective 

motions occur on all scales and a detailed knowledge of the 

structure and processes involved in motions on any particular 

scale is necessary for the full understanding of all other 

scales of motion with which it interacts. 

The rapid development of large, high-speed digital computers 

has enabled numerical models to be developed in which the meso, 

synoptic and global-scale features of the atmosphere are simulated. 

Scales of motion smaller than meso-scale, the so-called sub-grid 

scales have to be parameterised in terms of the larger-scale 

variables; this parameterisation of smaller scales is necessary 

if the maintenance and development of the larger-scale systems 

is to be properly represented and requires knowledge of the 

structure and physical characteristics of these smaller scales. 

A principal sub-grid scale phenomenon which requires 

parameterising is that of cumulonimbus or 'deep' convection; 

cb convection is the predominant weather regime in tropical 

latitudes in particular and represents exchanges of mass, heat, 

moisture and momentum from the surface layers to the vicinity 

of the tropopause. 

Although qualitative studies of cumulonimbus clouds 

were pieced together from ground observations prior to World War II, 
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it was the advent of more aircraft and sensors such as radar 

that enabled more quantitative studies to be made. 	Systematic 

studies of thunderstorms were made by Byers and Braham (Thunderstorm 

Project, 1949), Newton (1959) and Ludlam and Browning (1962). 

These workers all formulated models in which the concepts of 

time and space evolution and of multi-cell structure were introduced; 

they also stressed the importance of organised downdrafts in 

determining the structure of the storm. 	Propagation speeds 

and directions were also examined. 	This first appreciation 

of the variety of structural detail in convection led to more 

detailed quantitative observations of cumulonimbus and cumulus 

clouds. 

1.2 THEORETICAL MODELS OF CONVECTION  

There are many practical limitations to detailed observation 

of cumulus and cumulonimbus convection. 	As a complementary 

approach, mathematical models of these phenomena have been 

constructed, one of the first to be published being that of 

Malkus and Witt (1959). 	These models have been both analytical 

and numerical. 	The complexity of the problem makes the analytic 

approach very difficult, and substantial assumptions need to 

be made in order to progress; on the other hand, the solution 

of the numerical initial-value problem also has its computational 

difficulties resulting from numerical approximation and solution. 

With the assumption of steady, two-dimensional inviscid 

flow, (of Richardson number 	unity), finite amplitude convective 

overturning in shear consistent with Ludlam and Browning's (1962) 

observational model, was studied by Green and Pearce (1962) 

and more recently by Moncrieff (1972). 	Green and Pearce 

examined the dynamical feasibility of Ludlam and Browning's model 
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under the assumptions given. 	Moncrieff extended the work to 

derive transfer properties of this model in terms of large-

scale parameters as is required for convective parameterisations 

in large-scale models. 	This type of study is also applicable 

to some frontal motions but its assumptions make the immediate 

application difficult and a more general approach is desirable. 

1.3 NUMERICAL MODELS  

Many numerical models of thermal convection have been developed 

since the first experiments of Malkus and Witt (1959). 	The 

earlier models were shallow and two-dimensional, either of 

dry thermals in a neutral environment or of moist convection 

in which only the latent heat release associated with the 

condensation process was modelled; notable amongst these are 

the models of Ogura (1962, 1963), Lilly (1962), Murray and 

Anderson (1965), Nickerson (1965) and Orville (1965). 	These 

early models were either in rectangular Cartesian coordinates 

(x,z) —(i.e. with no y-dependence) or axially-symmetric cylindrical 

coordinates (r,z) —(i.e. with no azimuthal dependence). 

Ogura endeavoured to compare models in both coordinate systems. 

Murray (1970) has done a similar, more thorough, comparison 

with interesting results particularly with respect to the 

intensities of the convection in the two coordinate systems. 

Also among the earlier models was one of a squall-line, 

the work of Ogura and Charney (1962). 	This was unique in its 

use of the primitive equations rather than a vorticity equation. 

Many problems of a computational nature were encountered 

in solving the time-dependent p.d.e's of these early models 

although problems connected with lateral boundaries were for 

the most part avoided by the "closed box" assumption, i.e. no 
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flow was allowed through the boundaries. 	This of course 

precluded the use of non-zero ambient windfields. 

The last few years have seen research work directed 

mostly towards the sophistication of existing models, and 

their extension to the full depth of the troposphere with cloud 

physics parameterisations; but it is felt by the author that 

the basic inadequacies of the existing models have made some 

of the more complex additions redundant. 	Reference to these 

most recent models is made in Chapter V. 

1.4 VORTICITY AND PRIMITIVE EQUATION MODELS  

The basis of a numerical model of the whole atmosphere or of 

any individual atmospheric phenomenon is the system of equations 

describing the physics. 	The choice of equations and the 

simplifications used are governed in part by knowledge of 

observed characteristics of the phenomenon under investigation. 

Further restrictions are sometimes imposed by the modeller's 

ability to obtain solutions within the desired conditions. 

The basic equations are those defining conservation of 

mass, momentum, 	energy and water substance. 	Convective 

models have so far all been limited to two-dimensions, they 

also have in common the use of the Boussinesq or anelastic 

equation set, (in which density changes only appear in association 

with gravity). 	A vorticity equation can readily be derived, 

and, with the assumption of two-dimensionality, a stream-function (* ) 

can be defined; this together with the vorticity and other 

conservation equations forms a comparatively simple modelling 

system in two dimensions. 	Using this systema Poisson-type 

equation is solved for * . 	If the pressure field is required 

explicitly, a second Poisson-type equation then has to be solved. 
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[The pressure could alternatively be obtained by integrating 

a Bernouilli equation along each streamline using Lagrangian 

techniques.] 

The extension of such a vorticity system into three-

dimensions with reasonable vertical resolution becomes an 

almost impossible task and the alternative approach using a 

model based on the primitive equations must be pursued. 

Vorticity models were at first more extensively developed 

than primitive equation models although such primitive systems 

were considered [see Charney (1955) and Hinklemann (1959), 

models developed for the general circulation e.g. Smagorinsky 

(1958, 1963) and synoptic forecast models e.g. Shuman (1962, 1968), 

Bushby and Timpson (1967)]. 

The use of primitive equations on smaller convective 

scales is minimal, the previously-mentioned model of Ogura and 

Charney being noteworthy. 	They carried out a frequency analysis 

of the perturbation equations and considered ways of simplifying 

the set in a practical and consistent fashion. 	This analysis 

was done in height coordinates although the primitive equations 

are more often used in pressure coordinate form on the synoptic-

scale. 

1.5 THE CHOICE OF VERTICAL COORDINATE 

The choice of height or pressure as a vertical coordinate is 

determined in part by the nature of the study being undertaken. 

The standard use of pressure coordinates (pressure surface 

representation) on the large-scale is prompted to some extent 

by the neatness of handling the air density in the momentum 

and continuity equations, (although the availability of data 

at pressure levels is the main reason). 
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For theoretical work height coordinates are used almost 

exclusively, forming a true Cartesian set; by suitable manipulaticLI 

they can be used to handle the density conveniently also. 	The 

mathematical imperfections of pressure coordinates are however 

small and rarely introduce approximations that are significant. 

(More is said about this in Chapter II, §2.3.) 

Convection models have, without exception, been based 

on a height coordinate system to allow the stream function/vorticity 

equation formulation, (although a stream function formulation 

can be used in pressure coordinates with approximations). 

This use of gridpoints fixed in space introduces one 

substantial disadvantage when modelling deep convection. 

Serious inconsistencies occur in computing the condensation 

rate of vapour to liquid water if the departures of pressure 

(both hydrostatic and non-hydrostatic) are not taken into account; 

however to do so introduces highly complex, implicit relationships 

which have not been adequately handled by modellers to date. 

The use of gridpoints in pressure-surfaces circumvents this 

problem very conveniently. 	This is discussed in Chapter V, §5.4. 

Pressure is used as vertical coordinate in the model 

described here. 	The novelty of the use of p-coordinates in 

a non-hydrostatic system however is reflected in the need to 

derive consistent vertical momentum and balance equations, 

and this forms the basis of Chapter III. 	Also a frequency 

analysis has been carried out on the pressure coordinate system 

(see Chapter II, §2.3). 

1.6  PRACTTCAT, LIMITATIONS 

An inescapable modelling prO7lon arises from the limitations 

of available computers; the detail of the physical processes, 
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the overall dimensions of the space-grid and the resolution 

and accuracy are all subject to this restriction. 	At the 

time of writing it is not practicable to model cloud scale and 

microscale processes in detail over a three-dimensional grid 

with high resolution. 	This statement requires some qualification, 

for by programming a model to process a limited number of 

gridpoints in the central memory with the aid of backing storage 

it might possibly be feasible albeit very time-consuming. 

The problems of presenting the results of three-dimensional 

models such as the one forming the basis of this thesis are 

considerable, and while only modest efforts have been made 

here, the future must lie in digigraphic presentation and 

3-T perspective plotting methods. 

1.7 THE BACKGROUND TO THE MODEL  

The aim of the project described here was to design a fully 

three-dimensional model to simulate 'moist overturning flows'. 

An individual cumulonimbus cell is therefore simulated including 

moist processes. 

The model must be large enough to contain all stages of 

the cloud's life-cycle i.e. boundary effects such as impingement 

of the cloud on an upper boundary must not interfere. 	As a 

result, the model was designed to span a depth of atmosphere 

greater than the depth of the tropical troposphere — up to 100 mb. 

In view of the computer limitations referred to earlier, the 

horizontal area was limited to 15 kmx 15 km. 	While this is 

sufficient to contain all but the very largest clouds it certainly 

will not contain all the accompanying motion field. 	This 

areal limitation was with a horizontal gridlength of one kilometre, 

a rather coarse grid. 	Because of this limitation on horizontal 
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area, the model was designed with open lateral boundaries 

and the boundary conditions formulated to model in a simple 

manner that part of the environment outside the main updraft 

and the dynamic parts of the downdraft. 

The vertical gridspacing was irregular, defined by 

seven pressure surfaces [1000, 850, 700, 500, 300, 200 and 150 mb] 

with the upper boundary condition applied at 100 mb. 

The physical variables were computed on a staggered 

grid in space but not in time. 	(Full details are given in 

the Appendices.) 

The deficiences introduced by the coarseness of the grid 

(such as large implicit smoothings due to truncations) are, 

however, technological in so far as they can be minimised 

by finer grids and improved finite-differences, and it is to 

the development and functioning of the model itself that the 

main effort has been directed. 

SUMMARY OF THESIS CHAPTERS 

The various modelling problems encountered and the methods 

by which these were handled in the model form the bulk of this 

thesis although the penultimate chapter demonstrates the model's 

ability to fulfil its ultimate purpose. 

This first chapter has attempted to give a background 

to the model including its uniqueness within the convective 

simulation field of research. 

Chapter II lays down the basis of the model and, in 

view of the novel use of pressure coordinates, a linearised 

frequency analysis of the equations of motion in pressure 

coordinates is performed and used as a guide to a consistent, 



simplified modelling system. 

Chapter III examines the non-hydrostatic formulation 

in this coordinate system and derives a form of balance equation 

for the height field computation. 

Chapter IV contains a discussion of lateral boundary 

conditions including the model formulation and examines the 

behaviour of internal gravity oscillations in the model and 

their propagation of energy. 

Chapter V gives details of all the moist processes 

modelled 	latent heating and cooling and the 

cloud physics parametetisations 

Chapter VI contains a discussion of some preliminary 

results obtained with the model. 	These are for convection in 

both unsheared and sheared environments. 

A closing summary, comments on future work and appendices 

containing details of the computational scheme and the computer 

program (for reference purposes) complete the thesis. 

13 
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CHAPTER II  

THE BASIC EQUATIONS AND LINEARISED ANALYSIS  

This chapter lists the basic equations and contains a linearised 

analysis of these equations in pressure coordinate form. 

Aspects of the computational problem are considered particularly 

with respect to the finite-difference scheme used and explicit 

and implicit smoothing techniques. 	Details of the finite-differencing 

methods used are given in the Appendix. 

2.1 MODEL EQUATIONS  

The primitive equation set can be written in the following form: 

Horizontal momentum equations: 

au 	 au 
at — -57 	-wET 

av 	 av 
at - 

_ 	
ay 	14 6)-5- 

 

) 

(2.1.2) 

 

[from which the effects of small-scale momentum transfers, both 

internal and at the lower boundary, are omitted]; 

(u,v) are the Cartesian components of the wind field, 

Dt ' 
= gh' ÷ 3(11 2 + v2) ; av au 

= T3 r 	f  ; ax 

h' is the deviation of the height of a pressure surface from that 

in a horizontally stratified, unperturbed atmosphere. 

The vertical momentum equation:  

This equation takes a somewhat complex form in pressure coordinates 

and this form and its use are discussed in detail in Chapter III 

but given here (as incorporated in the balance equation) for 

convenience: 

1 D (62. 	 *2 ah 
g g Dt k ps  + 	+ g 
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where g*= g(1 + 1) and 1 is the liquid water concentration in gm/gm. 

Mass continuity equation  

au 	dv 	dco 
ax ay 	op - 

o 	(2.1.3) 

This is an almost exact equation, the only simplifications 

in making the transformation from the exact form 

a 	a 
at 	-a7c-q)u) + -a7(pv) 	11,24w) = o 

are the omission of small non-hydrostatic terms (see Eq.(2.11) ). 

Adiabatic equation  

The heat conservation equation (written in flux-form) is 

ae 	
a 	 ( L = - 	- (77-(ve) - 21 (we) + 	— Q +F) 

ap 	
e 
T Cp 

where 6 is potential temperature, I=Q is a term representing cr  

latent heat sources and sinks and F, a non-adiabatic heating 

function is connected solely with the initiation of the convective 

circulation — radiation is neglected. 

Continuity of water substance  

For a model in which the water substance can have different 

phases we require several relevant equations and these are 

discussed later. 

We do however have the simple conservation of water vapour 

equation 

a ( 	a 	a , 	, 
--uq) - 	, - 	- - - at 	ax 	ay 	dr 

where q is the specific humidity. 

 

(2.1.5) 

 

Boundary conditions  

Boundary conditions are required for the integration of Eq.(2.1.3) 
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and an equation for the height field, these are provided by: 

i) 
	= 0 	at p= 100 mb for all time 

DTii) 	w 	3-5T  = 0 at p = 1000 mb for all time 

Condition i) is the free-surface condition; condition ii) is 

the kinematic condition appropriate for a horizontal lower 

boundary and is integrated in time to give the value of h p=1000 

at each timestep. 

Lateral boundary conditions are discussed in Chapter IV. 

Hydrostatic and non-hydrostatic modelling  

If the hydrostatic assumption is made, as is the case in all 

known synoptic and general circulation models, the hydrostatic 

equation together with Eqs.(2.1.1)-(2.1.5) form a hydrostatic 

primitive set of equations which can be integrated forward in 

time over a finite space-grid. 	This is the basis of the 

synoptic-scale models of Bushby and Timpson (1967) and Pearce (1972). 

When the acceleration terms are retained in the vertical 

momentum equation, the height field is no longer just a function 

of temperature and surface pressure but has to be computed from 

a form of balance equation (see Chapter III). 

The cumulonimbus model  

For the model described in this thesis, the non-hydrostatic 

system is used. 	The essential latent heating/cooling processes 

and the microphysics complicate the computation of Eqs.(2.1.4) and 

(2.1.5). 	The extra equations for the inclusion of cloud and 

rainwater are discussed in Chapter V. 
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2.2 COMPUTATIONAL CONSIDERATIONS  

When solving the time dependent partial differential equations 

of the model it is important to know what forms of motion are 

contained in the equation system being numerically integrated 

in time and space. 	The fastest-moving wave in the system limits 

the integration timestep used for a given finite-difference grid 

representation (the C.F.L. condition). 	This in turn determines 

the magnitude of the time-truncation error of a particular 

integration scheme for the system, and also the length of 

computing time required for simulating a given time-period of 

the system. 	Section 2.3 analyses the basic equations and 

boundary conditions for the motions they define. 

The external gravity-wave (free-surface gravity wave) 

propagating with a horizontal phase-speed c*—,igH (see §2.5) 

corresponding to a velocity ,,,300 m.s-1 gives the limiting 

condition on the timestep. 	This fast-moving wave puts a rather 

severe limitation on the magnitude of timestep used i.e. a 1 km 

gridlength requires a timestep --, 3 secs. 	[The accuracy of the 

latent heating computation is however a function of the timestep.] 

It might be possible to avoid the CFL restriction by the use of a 

semi-implicit integration scheme such as has been developed by 

Kwizak and Robert (1971) in which the fast-moving gravitational 

modes are effectively treated by an implicit time-scheme while 

the meteorological modes are treated by explicit time-integration. 

The scheme does not however demand a time-consuming fully implicit 

means of solution. 	This 'implicit' handling of the external 

gravity wave would allow a timestep several times larger to be 

used. 

This fast-moving wave can be eliminated in a height 

coordinate model by the use of rigid upper and lower boundaries 
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but this does not seem to be possible using pressure coordinates. 

SMOOTHING: EXPLICIT AND IMPLICIT  

As noted in §2.1, no explicit Fickian-type diffusion terms are 

included in the prognostic equations. 	The inclusion and form 

of such terms explicitly presents difficult problems especially 

in a coarse-grid model and although the characteristics of the 

updraft produced in the model will be dependent to some extent 

on the mixing processes within the system, these processes are 

not modelled explicitly in this particular model. 

Implicit 'pseudo-diffusion' is inevitable due to finite-

differencing in space and time; the word 'diffusion' in this 

context is usually reserved for first-order accuracy schemes, 

i.e. ones whose errors take the equivalent form of second 

derivatives, but even for higher order schemes a smoothing 

effect is still present albeit a smaller one. 

The widely-used upstream (backward) difference method for 

the advective terms (with forward timesteps) is an example of a 

scheme with an implied 'pseudo-diffusion' coefficient (Molenkamp,1968). 

This coefficient can be minimised by choosing the largest possible 

timestep for stability. 	This implicit diffusion appears not 

to have been fully appreciated by some modellers, a recent 

example being the work of Takeda (1971) who uses explicit diffusion 

coefficients equal to 500 m
2
5
-1 while the scheme implies values 

several times larger. 	There are of course differences in effect 

due to the uniformity in space and time of the explicit coefficient 

as compared to the implicit one. 

In a model whose numerical stability is controlled not 

by the maximum advection velocity and internal gravity wave 

propagation but by a much faster-moving wave, the use of a 
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backward-difference scheme would imply a large implicit smoothing. 

Backward differences best represent the continuous system when 

the backward gradient over a gridlength represents the mean value 

for a timestep; this is not the case for the stability criterion 

used here with fluid requiring several tens of timesteps to 

travel one gridlength. 

Smoothing in the model  

The model described here uses centred-differences for the space 

derivatives; this is of second-order accuracy and any inclusion 

of explicit second-order diffusion terms effectively reduces 

the accuracy of the scheme. 

Analysis of the integration scheme used (Pearce, 1972) 

however shows the integration in time of the surface height field 

to be unstable without some explicit smoothing and the addition 

of explicit smoothing of this field with a coefficient ,-,, 101-F in
2 
s 

was necessary to control it. 

The use of centred space differences presented only minor 

stability problems until the model was run with a non-zero ambient 

wind; the increased magnitudes of the advection terms then 

allowed non-linear instability to become significant and smoothing 

was introduced to suppress the growth of this numerical phenomenon. 

It is very necessary to do this in a convective model as 

"roughness" in the fields soon leads to spurious dynamical 

developments through interactions with the cloud physics. 

Although the smoothing is introduced as a computational device, 

its presence in the dynamical equations requires physical 

interpretation. 	The magnitude of smoothing used to control 

instability is a function of the gridlength used and for the 

coarse grid used in this model the eddy viscosity or diffusion 

coefficient needed to control stability is comparable to observed 
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turbulence measurements in clouds -,10
2-105  m2  s-1. 	The 

application of smoothing was necessary in the horizontal only 

and applied to the momentum equation as Kph v with K = 500 m
2 
s
-1
. 

The effect on the model of including similar terms on the 

potential temperature and moisture fields was substantial, and 

when applied from the early stages of the development of the 

convection —suppressed the convection almost completely. 	The 

use of a K variable in space and time was considered and results 

12
1 I on the large-scale have indicated 

that effectively smaller values of K (averaged in space) would 

control instabilities. 

This formulation, taking the form lc) 
17h2 v h2 

d and 

2 	2 
lcq 
	h ' V q1Vh  q, was used in the model. 	Over localised regions 

in and around the cloud the effective K attained values -..500 m
26

-1 

but in general was an order of magnitude smaller. 	This allowed 

the physical effects of the smoothing to be reduced while still 

suppressing instability growth. 	The smoothing was only introduced 

at a point in time when roughnesses first became apparent, and 

details of the application of smoothing are given in the discussion 

of results later. 

The iterative solution of the finite-difference form of 

balance equation every timestep introduced a smoothing into 

the system through the pressure-gradient terms. 	This smoothing 

could in the future be minimised by the use of a finer grid and 

an 'exact' solution method. 

FILTERING  

When the model was initially perturbed such that an internal 

gravity oscillation was excited with no condensation, the fields 

showed signs of a vertical two-gridlength standing wave, with 

with a K proportional to 



21 

convergence and divergence alternating along the vertical axis 

of symmetry; the wave was not apparent in the evolving, moist 

models. 	This gridlength oscillation, occurring under special 

circumstances, could be removed by applying a three-point linear 

filter of the form FK F
K  + a4  K+1  + F K

) (where F denotes 

the field to be filtered and suffix K is a gridpoint identifier). 

Filtering has been used in large-scale models to filter out 

short-wavelength numerical oscillations and also as a scale-

dependent parameterisation of atmospheric diffusion (Schapiro, 1971). 

1 The value m.747 in the form given above removes two-gridlength 

oscillations completely; further combinations of filters can 

then be used to restore all other gridlength waves to their 

full values (Schapiro, 1970). 

The behaviour of the dry gravity oscillation is discussed 

in Chapter IV and the effect of applying a filter (as outlined 

above) is also mentioned. 

1 
The use of such a filter (with (1,-4-) represents a large 

smoothing; the equivalent diffusion coefficient for equal 

gridlengths A and timestep AT would be K. A2/4AT i.e. 

K 	105  m2  s-1 for this particular model. 

Since A and AT are constrained by the stability criterion 

the magnitude of the filtering is of the order of v
max IA 

  

i.e. is governed by the grid spacing and the fastest moving wave 

in the system. 	Filtering needs therefore to be carried out 

sparingly on models containing free-surface gravity waves. 



D 
= Dt  

0 

au 	aw _( an D 	p_ 	1 a  
ax 	+ Op - op I Dt az / 	p Dt 

= '1 —ln
Y 
 p - In p 
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2.3 ANALYSIS OF MOTIONS OF INFINITESIMALLY SMALL AMPLITUDE 

IN THE PRIMITIVE EQUATION SYSTEM USED IN THL MODEL  

Knowledge of the types of motion contained in a given equation 

set is essential for numerical purposes as well as for physical 

interpretation of the results of numerical experiments. 	An 

analysis is therefore carried out here on the 'complete' 

non-hydrostatic primitive equations in pressure-coordinates and 

the knowledge gained used to aid the formulation of the equation 

set given in X2.1. 

The equations of motion can be expressed (after judicious 

use of the hydrostatic assumption - though obviously not on the 

vertical component of the momentum equation) in the following form: 

Du 	oh 
Dt 	g  ax = 

0 

 

( 2 . 1 ) 

 

1 /p._ 	 DAV 
p az 	g  - Dt 

 

(2.2) 

 

These equations have been simplified by omitting the 

y-dimension entirely and putting f, the Coriolis parameter, equal 

to zero. 

The analysis follows through without these assumptions 

but as special interest is focussed on the motions whose timescales 

are shorter than f
-1 , this simplification is convenient. 

Eqs.(2.1)-(2.5) represent a mixed coordinate set and some 

manipulation must be performed to obtain consistency in coordinates; 
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in particular the vertical momentum equation requires modification. 

Writing Eq.(2.2) as: 

_1 Dw 
= g(1+— ) P az 	Dt 

1 Dw 
g Dt 

for all atmospheric motions including cumulonimbus convection, 

then we have 

an 
P Tp 

1 	1. Dw 	1 Dw 2  
--g(1 --g Dt ) 	C)(g Dt ) 

thus as w= Dt we can write in pressure coordinates 
Dt 

ah 
g2 Pap 

D ( Dh ) 
g = Dt Dt 

 

(2.6) 

 

It is a characteristic of the atmosphere that practically 

all motions therein represent small deviations of the physical 

variables p and p from a mean, undisturbed state po(z), p o(z). 

Thus typically deviations are such that -E"2" 	LR-1 « 1 (-•,3%). 
po 	Po 

This mean state can equally well be defined in pressure 

coordinates by ho(p) and po(p), all deviations of variables being 

defined from these mean values at constant pressure. 	This use 

of pressure coordinates requires a careful analysis of the particular 

set of equations and boundary conditions that are to be used to 

define the motion. 	For atmospheric motion, several terms 

representing what are thought to be irrelevant processes are 

dropped from our equation set but we will see that in some cases 

this leads to serious inconsistencies. 

The equations are expanded about a state of no motion to facilitate 

analytic solutions, and tracer parameters n., i = 1,2,3 14 are attached 

to terms of particular interest, each ni  has a value unity 

and making use of the approximation << 1 which is good 
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when the term in which it appears is retained, or zero when it 

is neglected. 

Define 

satisfying 

h = h°  (p)+ oh(x,t; p) 

p = p° (p) + Op(x,t ; p) 

= 	(P) 	Oi(x,t ; p) 

a h. 	1 - 0 
ap 	gp. 

 

(2.7) 

 

J21 and where the static stability B, = 0 = — gpo  a 	• az. 

We also define H, the density-scale height by 

1 	 1
- H _ po  az 

_ 
6  ap 

B and H are related by: B + g/c2  = 1/H where c, the speed of sound, 

B and H are suitably defined mean values independent of pressure. 

The simplified equation set then becomes:- 

• 

Du 	a 
Dt + g-Tx(bh) = 0 

w TTOT) + u2—(q) _B 
g = 

	

ax 	Po 	
0 

 

o§ 	
— P. 	(bp = 0 by definition of 5 

in p-coordinates) 

a ,20 	- 	D  (211) - I°  OP" 	p. 	Dt Dt 

au 	aril _ f ah) D ( .(22.) 	112a 
ax 	ap 	Dt az 	p Dt 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

	(2.12) 

The precise terms retained in the vertical momentum Eq.(2.11) 

are significant to the simplification of the RHS of Eq.(2.12) for 

as can readily be seen, the RHS of Eq.(2.12) is identically zero 

when the pressure is assumed hydrostatic. 



au 	a 
at + gT,(5 h)  0 

a 	wB 
-5--E-(e4)  

P. 
g2p.-(oh) — n a2 po 	3 at 2(5h)  - n4  tr;° 

at 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

25 

The implications of making various approximations in the 

model are now examined but further simplification of the equations 

is necessary in order to derive analytical solutions. 

Linearising Eqs.(2.8)-(2.11) gives; 

Making use of Eq.(2.16) gives us the linearised form of 

 

Eq. (2.12). 

all 	aW 1 	1 	a2co i 	- h n 
ax 	ap 	g 	- 

op 
gc-po at2 

 

(2.17) 

 

where n. (i = 1,2,3,4) are the tracer parameters. 

The tracers n2  and n4  follow the gross contribution of the 

vertical acceleration while n
1 
and n

3 
follow the arithmetically 

smaller contribution of local changes in the height field. 

Since Eq.(2.17) is derived using Eq.(2.16), for complete 

algebraic consistency n1= n3  and n2. n4  although for computational 

convenience this consistency may be violated if carried out 

carefully as will be shown. 

Eqs.(2.13)-(2.17) have coefficients independent of x and t, 

and hence solutions can be written in exponential form where each 

variable is proportional to expi (Ax + at). 

Thus eliminating u, 	and 4 gives: 



2 
- 11-E- oh += n a

2w 
2-7— - n1 iO3 g  bh 

ap 
elpo 

2 	 2 
g p 	a (all)  + 

0)13 
 + n3 a bh 	g p nyo  = 0  

 

 

 

eliminating either variable gives, with some manipulation — 

	

r  2 a 2 	0:214. a 	2 

t

p 7 + (n3- n2)--p - — + H (gB - n 

	

ap 	g aP 

where V  is either co or Po  bh. 

x.2 	02 	02H2ri, 
)( 	ni-2) + n2 g `11 •G 

02 
n3-E---))}yr= 0 

	(2.20) 

Eq.(2.20) is a cubic equation in o2  and represents two 

distinct types of motion. 

We can solve this equation as an eigenvalue problem by 

putting IV c p
ivH+1/2G where 

G-1 
2T.T  o (n - n 3 2 g 

The resulting equation is a cubic equation in a 2 

0.
2 

( (21.3  _n2 )2 

4 	
+ 1 4  n, - n2n3)- c

/4  n2  + 
n1  BH) +02(n02  + v2 	

1 
2  g 	 gH 	2 	 i+11

( 	 

4 	 2 2( 2 	
+ H 
 1 

2 a  k 	2 ) 	gEk  = 0 	 (2.22) 

The disappearance of the sixth-order term is a significant 

indication of the spurious nature of this term i.e. a choice of 

the n.'s such that the term does not disappear represents a 

physically unrealistic condition. 

gB X.2  =0 

	(2.21) 

This equation with n1=n2= n3=ni+= 1 represents the full equation 

with all terms included and takes the form 



o2 	gBX2  
A2 2 1 

+ V + 
14-H2  

X
2 

1 + 

since: 12 

thydrostatic 	v2  + 1 
-C true 

1+H2  

(2.24) 
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Eq. ( 2. 22) has two pairs of roots given by: 

0 2  = To 1 2( 0 + V2 + 1  ) 	c2( X-2  + v 2 	1  1 + 	2  , 	
c 	

4gBc 
iF ( 4E12 	2 	

2X2  
4H 	x2  + v 2  + 	)2) 

The gravity-inertial wave  

For X2 >> v 2 + 12 we have the solution o2 	gB i.e. motion 
4H 

controlled by buoyancy in tall, narrow columns. 

For 	22 	2 	1 	<< 1: we obtain the root: c  ( x  + v  + 	)  

4H2  

(2.23) 

This is the internal gravity-wave oscillation applicable to 

small-scale convection  in which the vertical displacements of 

particles are controlled by buoyancy (pressure) forces, elastic 

forces being unimportant. 

If hydrostatic equilibrium is assumed thr oughout the motion 

(i. e. n1  = n2  = n3  = nk  = 0) , the same mode is present ( see Eq. (2. 21) ) 

but distorted, being without dynamic pressure control i.e. 

2 	X2 
o = gB  2 	1 

V + 4112 

The period 	271 = 	, is less than the true value given by Eq.(2.23) 

4 gB X2  

For B < 0 we get a growing solution (o imaginary) f or which the 

hydrostatic assumption implies an increased growth rate compared 

to the true value. 

Sonic wave  

A second solution of Eq. (2. 22) f or 02  sufficiently large 
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02 ti  c2( x2 + v2 + 1  ) 
4H2  

This is a sound wave propagating with velocity c normal to the 

lines of constant phase. 

Further examination of Eq.(2.21) indicates that this sonic 

solution only exists for the full equation set (i.e. all ni  = 1) 

+ n3 
since the coefficient of the fourth-order term in a, (n2 

	
n1BH) 2 

only takes the form (1 -BH) [= gH/c2] for n1  = n2= n3  = 1 ; the 

choice n
1
=n

2--n
3=1  and n4 =0 retains the sixth-order term in a 

and gives spurious solutions. 

2.4 THE IMPLICATIONS OF VARIOUS APPROXIMATIONS  

The hydrostatic assumption n1 
= n

2
= n3

= n
4
= 0 removes the sonic 

solution of Eq.(2.21) entirely but thereby distorts the gravity 
2 

wave solution significantly, for in Eq.(2.24) f•-,  1 
v2+ 1/4112  

for motions whose horizontal and vertical dimensions are comparable. 

It will be observed from Eq.(2.21) that the choice of ills 

such that ni  = n2= n3= 0, but n4=1 introduces no spurious 

high-order solutions and that the important gravity-wave solution, 

the only mode remaining, has the undistorted form 

2 	X2 cr  
= gB  2 2 1 X + v + 

4112  

This approximation is therefore very much better than the straightforward 

hydrostatic approximation, having filtered out sound waves which 

are meteorologically irrelevant, while at the same time leaving 

the internal gravity wave undistorted. 	[This result is incorporated 

in the form of vertical momentum equation adopted in the derivation 

of a balance equation (see Chapter III).] 	This appears to be 

comparable to omitting 	from the height-coordinate continuity at 
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equation although this term is in part retained in the pressure 

coordinate form within ap 

2.5 BOUNDARIES  

The imposition of upper and lower boundary conditions on the 

linearised system can be examined as an eigenvalue problem; that 

of solving Eq.(2.20) with upper and lower boundary conditions. 

The solution of this problem would give frequencies (or phase-speeds) 

for different values of horizontal and vertical wavelength and 

static stability. 	This problem has not been attempted here, 

but some limiting cases of the solutions are examined. 

Free-surface boundary condition: w = 0  

The solution co= 0 everywhere satisfies this boundary condition 

provided: n0 = x2g2 (from Eq.(2.18) ). 

This is a short-wave approximation to the free-surface 

boundary wave, with a growing component a2  = -Xg if n1 =1. 

This indicates that n1  = 0 is a necessary choice if a free-surface 

boundary condition is used. 

Rigid boundary condition: w = 0  

w= 0 everywhere satisfies this boundary condition and implies 

from linearising that 

Sh - 
iagpo 	

everywhere 	(2.25) 

Thus from Eqs.(2.18) and (2.19) we obtain the frequency solution 

a2 = X2c2. 	This is a horizontally propagating 'sound' wave 

in which there is no vertical motion (a Lamb wave). 

If we apply the boundary condition Eq.(2.25) together with 

Eq.(2.18) we obtain the condition 



2 
X 

gH —z co = p a co 710- at p =ps  
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2.26) 

 

This together with the upper boundary condition 

w = 0 	at p =pT  

provides boundary conditions for Eq.(2.20) which we can solve 

for the simple case of a hydrostatic, neutral atmosphere, a 

simplification that in retrospect loses no essential features 

of the solution. 

We obtain the solution: 

a2 
= gH(1 - pT/ps) 

X 

This is the external gravity wave i.e. the wave that has constant 

specific kinetic energy throughout the fluid depth, having a 

phase speed c given by c2=gH(1 -pT/ps). 

The analysis given in this section in (x,y,p ; t) coordinates 

follows that given by Green (1969) for the linearised equations 

in the (x,y,z; t) coordinate system. 

SUMMARY  

As a result of the linearised analysis of our proposed equation 

set we conclude that with careful modification we can retain only 

the undistorted modes relevant to the cumulonimbus scale also the 

use of a free-surface boundary condition allows the external 

gravity wave in the system. 

The extension to an atmosphere in which moist processes 

occur will not modify the results of the analysis dynamically 

although terms introduced into the equations will modify the 

numerical values involved. 
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CHAPTER III 

THE NON-HYDROSTATIC FORMULATION OF THE MODEL  

If hydrostatic balance is assumed in the primitive equation set, 

the integrated hydrostatic equation is used to obtain the heights 

of the pressure surfaces. 	This is the normal large-scale 

modelling procedure justifiable when the motion is quasi-horizontal. 

Furthermore, the computation of vertical motion by integrating 

the continuity equation as a diagnostic equation for co closes 

the set. 	In general the significant scale of horizontal divergence 

is adequately resolved in these models particularly in the 

fine-mesh models currently being developed [gridlengths -50-100 km]. 

The use of the hydrostatic assumption in modelling 

convection might at first sight be considered reasonable for 

although air in a cumulonimbus updraft undergoes vertical 

accelerations these are two orders of magnitude smaller than 

the acceleration due to gravity thus making the vertical acceleration 

a small term in the momentum equation, the effect of precipitation 

loading also would appear to make a small contribution; however, 

this reasoning is not valid as is indicated in the next section. 

3.1 ANALYSIS OF MOMENTUM EQUATION  

Writing the vertical momentum equation as: 

Dw 	1 On 
Dt 	g = 0  

 

(3. 1 ) 

 

where the Coriolis and diffusion terms have been omitted, we 

observe that this equation is applicable to air containing 

water provided p is the total density of the air and 

water substance. 	If any of the water vapour content is condensed 

to liquid water and this liquid water is in the form of drops 

falling at their terminal velocity under the influence of gravity 



31 

CHAPTER III 

THE NON-HYDROSTATIC FORMULATION OF THE MODEL  

If hydrostatic balance is assumed in the primitive equation set, 

the integrated hydrostatic equation is used to obtain the heights 

of the pressure surfaces. 	This is the normal large-scale 

modelling procedure justifiable when the motion is quasi-horizontal. 

Furthermore, the computation of vertical motion by integrating 

the continuity equation as a diagnostic equation for w closes 

the set. 	In general the significant scale of horizontal divergence 

is adequately resolved in these models particularly in the 

fine-mesh models currently being developed [gridlengths -50-100 km]. 

The use of the hydrostatic assumption in modelling 

convection might at first sight be considered reasonable for 

although air in a cumulonimbus updraft undergoes vertical 

accelerations these are two orders of magnitude smaller than 

the acceleration due to gravity thus making the vertical acceleration 

a small term in the momentum equation, the effect of precipitation 

loading also would appear to make a small contribution; however, 

this reasoning is not valid as is indicated in the next section. 

3.1 ANALYSIS OF MOMENTUM EQUATION  

Writing the vertical momentum equation as: 

Dw 	.(?_p_ 
Dt 	17 az 	g = O 

	(3.1) 

where the Coriolis and diffusion terms have been omitted, we 

observe that this equation is applicable to air containing 

water provided p is the total density of the air and 

water substance. 	If any of the water vapour content is condensed 

to liquid water and this liquid water is in the form of drops 

falling at their terminal velocity under the influence of gravity 



Dw 	1 aP 
Dt 	p az + g + gl = 0 (3.2) 
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then a drag term equal to the water's weight must be included i.e. 

where 1 = liquid water content in gm/gm; 	p is now the density 

Dw 
of air and water vapour only, and the term 1— has been neglected. Dt 

By expanding the variables as: 

P = 	1 

8 = e+ 0 1  

h = hs  + h' 

1 . 0 + 1 

where the suffix s identifies 

the undisturbed, droplet-free 

atmosphere. 

Eq.(3.2) can then be written as 

Dw 	6' 	ahyahs  
Dt 	g  [Os - 

1-  ap/ ap 	= ° 

 

(3.3) 

 

This is now an equation in which the gross hydrostatic 

balance has been removed. 	It is now apparent that for deep 

convection the contributions of each term in Eq.(3.3) are of 

comparable magnitude; thus we have acceleration values of the 

order of 10-1 m.sed
2 being equivalent to 3°C of buoyancy, 

10 gm.Kg
1 of liquid water and 30 m.s-1 over 10 km vertical 

acceleration, all reasonable values for a cumulonimbus updraft. 

With the hydrostatic assumption Eq.(3.3) reduces to a thickness 

equation: 
ah; _ahG  ( et 
aP 	aPs es 

 

(3.4) 

  

integrable to give 1-1. 

3.2 IMPORTANCE OF NON-HYDROSTATIC PRESSURE  

We define non-hydrostatic pressure as that part of the change 

in the total pressure field produced by accelerations as distinct 

from the changes due to density variations. 	The significance 

of the vertical acceleration is demonstrated not only by its 
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magnitude in the vertical momentum equation but by an essential 

coupling in the dynamics. 

The vertical component of the momentum equation should 

be interpreted in the same manner as the horizontal components, 

i.e. as representing the coupling of the wind component to the 

pressure field through the acceleration terms. 	This coupling 

is removed when the hydrostatic assumption is made allowing the 

vertical velocity to develop without the control of the vertical 

pressure gradient. 	This is also demonstrated by forming the 

energy equation for the hydrostatic system; this equation contains 

1 
no vertical kinetic energy (--

2 w
2  ), obviously an unreal system 

for cumulonimbus convection. 

The inertial term should strictly be included on the 

synoptic-scale also, but as its contribution is only small, its 

neglect does not have the catastrophic consequences that arise 

in the convective model. 	The neglect on the synoptic or large- 

scale is however not entirely satisfactory but a practical necessity. 

Notation 

In the derivation and discussion which follow it will be convenient 

to partition the height field as h = hs  + h' where hs  is the 

unperturbed (initial) height field. 	Vie also write h' = hs + h" 

where h', the total deviation of the height field, is subdivided 

into a hydrostatic part hst  defined by Eq..(5.4) plus a non-hydrostatic part h". 

[In applying this partition to other variables it should be noted 

that by definition p" (and o ") are identically zero. ] 

Pressure gradient form  

The derivations of the vertical momentum equation and a type of 

balance equation are given in detail because the use of pressure 

coordinates makes their form novel. 
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3.3 VERTICAL MOMENTUM EQUATION  

To handle the acceleration term satisfactorily in a pressure- 

coordinate Model requires the transformation of 	into nto pressure 

coordinate variables. 

The complete transformation is complex being of the form: 

 

D7i 	aw 
Dt 	

+ y.77.; 	aw + 0  
ap 

(1) 	(ii) 	(iii) 
an 	8h + V7h + w73-p- 

 

(3.5) 

(3.6) with w replaced by 

 

 

This is impracticable to use and we look for some suitable 

simplifications. 

The approximation w = -w/gps  is a well-known one, 

readily justified as is seen by examining the orders of magnitude 

of (i), (ii) and (iii). 	The use of this approximation however 

when differentiated, i.e. as 

Dw D w 
Dt 	Dt k g ps  I 

requires consideration. 

 

(3.7) 

 

Ignoring horizontal advection terms from Eqs.(3.5) and (3.6) 

and expanding we find that the approximation (3.7) is equivalent 

to assuming 
2 
ah 	alow 
a<< 

at 

i.e. the buoyancy generated vertical accelerations are very much 

larger than the local rates of change in vertical velocity 

associated with changes in height of the pressure surface. 

Considering a column of atmosphere of thickness H, 

temperature 0 subject to a warming throughout of be then, 

,2, 
on 	H 60 
at2 	Ti 

where I
1 
is the time-scale 

of the heating 50. 
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The surface pressure change is ignored on this timescale 

also: aw 	66 
g 

Defining 12  as the timescale of air following a trajectory 

through a cumulonimbus then: 

H 	g oe 2 — 2 e  2  

giving 2 
a lih/aw 	-6-6-  1 ("12) 
at2  at 	T 2 VE1 

‘2 
thus typically 	-, 1 and hence the approximation (3.7) 

is valid to ,̂ fIL)  x1001 %. 
T 

The full dynamical repercussions of these .approximations, 

i.e. of making the hydrostatic assumption and neglecting the 

density variations both in certain contexts, were examined in 

Chapter II, §§2.3 for the linearised system and the results are 

a further justification for the form of equation used. 

The approximations made could also be justified by the 

generation of an algorithm whereby the simplified form is used 

as a first approximation to the complete equation and an iterative 

(convergent) ) procedure carried out. 

Introducing the simplifications discussed into Eq. (2.6) gives: 

D w 3 6h 	2 
s  ) + 	PT3 + g = 0 	(3.8) 

This equation contains the hydrostatically balanced part 13):)t ((P s) 

a i. e. 	-a-p- hs  + hs  + 

 

( 3 . 9 ) 

 

Subtracting Eq. (3.9) from Eq. (3.8) gives the non-hydrostatic 

 

component of the vertical momentum equation:- 

  

D co \ 	ahn 
Dt 0)6) 	g

3P 	° 
Footnote  A scale analysis of the equation set shows that the form of 

vertical momentum equation Eq.(3.8) is consistent with the approx-
imations made in Eqs.(2.1.1, 2.1.2, and 2.1.3). 

(3.10) 



36 

3.4 COMPUTATION OF COMPLETE DEVIATION HEIGHT FIELD h'  

To compute the complete deviation height field in a non-hydrostatic 

primitive model, a form of balance equation is used. 	Ogura 

and Charney (1962) derived this balance equation for a primitive 

equation set in an (x,y,z;t) coordinate system. 	The derivation 

required here is in pressure coordinates. 

It is possible to form an equation for either the complete 

deviation height field (h') or one for the non-hydrostatic field (h") 

only. 

For computing h', the significant terms arise from the 

temperature field and the accelerations, while in computing h", 

only the residual between the hydrostatic field and the accelerations 

contribute. 	It would also be possible to obtain h" by computing 	h 

and hs individually. 

The method adopted here was to compute h', chosen as 

the one having least computational difficulties. 	[The computing 

of h" and hl separately and adding them was tried and with 

suitable boundary conditions worked satisfactorily; however 

h" and hl tended to be opposite in sign and grew larger and 

larger in magnitude leaving h' as a small residual.] 

The lower boundary condition on the model is taken as 

D w= h  =0 on the 1000 mb surface; this is integrated to give h1000 q000 

as a function of time immediately providing a boundary condition 

for computing h'. 	[In computing hu, the boundary condition 

was taken as w=w 1  =w11-wil= 0 and Nv. =w-11 = 0 and hence h" 	- - O. ] 1000 

3.5 BALANCE EQUATION FOR THE HEIGHT FIELD  

We take the horizontal momentum equations Eq. (2.1.1) and Eq.(2.1.2) 

and a slightly modified form of Eq. (3.8)  to include liquid water, 
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i.e. 	D to 1 	*2 ah 
Dt 	gg PTF 	g g  = 0 	(3.11) 

where g*  = g( 1 + I ) 	 (1 = liquid water concentration) 

The balance equation is formed by taking 

a
x 	 a 

	

-Eq. (2.1.1) + a 	 -a- 

	

y 	 ap — • Eq. (2.1.2) + 	ps  x Eq. (3.11) a  

Thus av 	 2 , 	 8 
at ax + ay + ap = -

r
v
i
2v 	

a(,) 
ay - 	(u" ) 

a /co 
- aap(17-2.7° 	pswip- ps) 

- -5-(g g * 2 
 P Ps T, 	g g

* 
 Ps) 

	

a h 	\ 

(3.12) 

The LHS of this equation is zero by continuity hence Eq. ( 3.12) 

becomes: 

g C72  hr + g ap 1 	° ( g*2_ _ an 2 	— 	p ap + 	P s) + 2 	ap  

 

( 3. 13 ) 

  

where [ contains all the non-linear terms in Eq. (3.12). 

We can remove the unperturbed height field from Eq. (3.13) 

in the f oll owing way: 

pseg  (g*  p  aaph + 1)  = s*s  ps  (g*  ( ps  + p, ) 	+ aaph') ÷i ) 

_ g2(ips  p, - 	
vI-131) 

neglecting all terms 0( 'r and higher 

hence Eq. (3.13) becomes 

11 	
3 a 

-aT 
 L2 ah , 	( 	pl) +i 	0 6V2' +6 	Ps 	

) 
) 

_ ,2 
al°‘1,_  

p is not computed as a dependent variable in our pressure coordinate 

model, hence in terms of 0 (where 6 is now virtual potential 

temperature) 

[ 
_ __E__ 	(1-A)(1 _ 0' 	1 00s  _ 1 ae , 	2  e ,  aos  

ap - 7:RO s 	p 	\ 	Os 	Os aP 	Os OP + 	0 2 aP 

where TC =( p 0  ) and ec = Vcp 



and aPs 	 -P---- [as above with primed variables zero] op 	TEROs  

then Eq.(3.14) becomes: 

r 
2 	2 af,2011°I.  gp   (8' 1) 	ae, - al  - 1 8051,0' v h' g 7TAr s '57* nResL p 	es 	Ts-E17. 	aP 	°P \c-e  s 
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(3.15) 

   

The correlation of 1 and 0' is such that no terms can readily 

be neglected from the square bracketed term. 

This equation, together with suitable boundary conditions, 

provides a diagnostic equation for the height field in a pressure 

coordinate model. 	It is important to notice that this equation 

is diagnostic because of the disappearance of the local time- 

derivative 	(au av aw) 	au ay aw =  — 	since — at \ 	ay op 	ax+  ay +  ap 

In the primitive equation height coordinate model of 

Ogura and Charney, the equivalent time derivative is 

a  
-ET ( , 
	+ -67(ply) 	[where p=p(z) only is related to 

a basic atmosphere of constant potential temperature e by: 

Do 
H-) 	, an additional approximation]. 

Re \Po/ 

This derivative disappears if 7,3.(py..),  O. 	Thus we have 

the convenient elimination of the explicit time-dependence in 

either coordinate system, the resulting form of balance equation 

depending on the form of continuity equation used and through 

particular approximations made in the basic equations. 

The height field is computed over a three-dimensional 

rectangular 'box' with the following boundary conditions: 

a) Lower boundary: For a non-hydrostatic model, as for a 

hydrostatic model, the value of h is required at the lower 

boundary; this is given by: 

Dh = — Dt = 0 at 
P  = surface 
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which for the model is taken as p.1000 mb, thus at p= 1000 mb 

ahs  a 
at(hs + 	- (v. 	)(h 	h' - w 

( 
2 	ap ap

h,) 

 

As h - h (p) only and Lls >> 
ah' 	 equivalent to o'/ps << 

s 	s 	ap 	op 	valid to 1% 

the time-integration of Eq. (3.16) provides h' as a function 

of time , -67  = - (y,.a 2)h ,  + 
gPs  

at p = 1000 mb 	(3.16) 

b) Upper boundary: We take co. 0 at pz., 100 mb as a (free-surface) 

boundary condition for integrating the continuity equation 

but require a boundary condition at 150 mb for h' because of 

the particular grid configuration used. 
D 	, 

If we assume Irckw/ Ps) 

is small at this pressure level then we can define h' 	as 
150 

being that value which satisfies the hydrostatic 'thickness' 

equation (Eq.(3.4)) and this was the condition used. 	[The 

most consistent way of doing this is to include a height level 

at 100 mb and perform the same computation.] 

c) Lateral boundaries: The condition on h' on the lateral 

boundaries was essentially computed from the horizontal 

momentum equations and is discussed in Chapter IV, §4.7. 

3.6 NUMERICAL SOLUTION OF THE BALANCE-TYPE EQUATION  

The Poisson-type elliptic equation derived in the previous section 

requires to be solved over a 3-D grid of points with equal mesh 

lengths in the two horizontal directions but unequal mesh lengths 

in the vertical. 

The analytic form of this equation contains the differentiated 

momentum equations and the continuity equation; the finite-

difference form of this balance equation must therefore consist 

of finite-difference differentiation of the finite-difference 



replacements of its component equations formulated previously 

in the program, an arduous task. 

There are two well-known possible solution techniques, 

the Alternating Direction Implicit method (A.D.I.) or the over- 

relaxation method (S.O.R.). 	Miyakoda (1960) carried out 

comparison computations for various methods and concluded that 

A.D.I. was most efficient for large arrays but demands large 

computer storage (at least twice as much as S.O.R.) and requires 

many more machine instructions. 	Numerical experiments confirmed 

Miyakoda's conclusions. 

The S.O.R. method provides a good scheme for smaller 

arrays, having the virtues of simplicity and minimal storage 

requirements and this was the method used here. 	The choice 

of optimum over-relaxation factor is critical and was determined 

empirically (see Fig.3.1) although a formula for determining 

an optimum S.O.R. factor is given by Miyakoda for equally-spaced 

grids. 

In practice the solution of this equation by S.O.R. for 

the (15x 15) model on the CDC 6600 machine represented 70% of 

the total computing time, thus any improvement in this part 

of the computation scheme would yield large benefits. 

The rapid advances in spectral methods in the last decade 

indicate that considerable savings in solution time are achieved 

by the use of these methods. 
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CHAPTER IV  

BOUNDARY CONDITIONS  

4.1 BOUNDARY CONDITIONS  

Problems of formulating suitable boundary conditions at upper, lower 

and lateral boundaries arise in the modelling of convection 

because the model describes only a limited part of the atmosphere. 

To approach the problem in a flexible manner requires the use 

of boundary conditions which allow variety in the initial 

environmental motions and also permit interactions with the 

convective system, this contrasts with the modelling convenience 

of 'closed-box'-type assumptions which impose severe limitations 

on the model's usefulness. 

Attention is focussed here on the lateral boundary conditions, 

the upper and lower boundaries being considered elsewhere. 

There are two possible approaches to the problem: 

1) To use a model grid large enough to contain the whole region 

influenced by the convective system, thus making the choice 

of boundary conditions non-critical. 

2) To choose boundary conditions which correctly relate the model 

to its 'environment', and thus make the use of a smaller 

grid feasible. 

The first approach requires a grid large enough to contain 

within the modelled region the fastest-moving waves in the modelling 

system throughout the total simulation time of the model, this 

requires dimensions of hundreds of kilometres for models containing 

free-surface waves, and up to one hundred kilometres for models 

containing only internal waves. 	Within present-day limitations 

on computer storage and economics, this approach is an impractical 

one for modelling deep convection. 
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A 2-D model, 50 km in the horizontal and 10 km deep has 

been used by Takeda (1971) but even these dimensions are difficult 

to approach in 3-D. 

Regarding the second possible approach, the general problem 

of boundary conditions which relate a primitive model with its 

environment in an appropriate manner has not been investigated 

very thoroughly in the past, and the approach used in this model 

is essentially that of Pearce (1972) although with substantial 

modification. 	Pearce carries out an analytic study on the partial 

differential equations which maintain the external gravity wave. 

He concludes that it is sufficient for this simplified system to 

specify either: 

(a) The normal velocity component together with either the 

tangential component or the z-component of vorticity 

or (b) Values of the height field. 

The internal gravity wave propagation is controlled essentially 

by the boundary conditions on the temperature, height and vertical 

motion fields. 	The moisture q enters very weakly into the 

gravity wave propagation through its contribution to the density 

(the virtual temperature effect) and can be regarded as being simply 

advected across the boundaries. 

4.2 BOUNDARY FORMULATION  

It was stated above that the specification of vn  (normal component) 

and vL 
(tangential component) were sufficient boundary conditions 

and these were adopted for the model. 

[N.B. for the case of no initial flow vn  and vi„  are the boundary 

wind components of the convective system; for an initial sheared 

flow vn  and v
L 

are the perturbation velocities on this initial flow. 

This applies throughout the chapter.] 
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This specification of velocity components was incorporated 

in a manner which allowed detailed modelling of the most active 

part of the convective system within the computation grid without 

using a mesh of gridpoints to model the whole of the smoother 

region surrounding it. 	In the following sections the methods 

used are described together with examination of certain difficulties 

relating to the use of a Cartesian grid, and a less succesful 

formulation used in the early stages of the project outlined. 

4.3 SPECIFICATION OF NORMAL VELOCITY vn  

The normal velocity was computed from the value inside 

as vnbdy = vninside 
where a(x,y) was taken as constant in 

time and independent of,height; the precise use of a and 

the manner of computation is given in sections 4.5 and 4.6. 

The function a can take values 	a 1 and therefore 

in general represents a drop-off of the velocity to zero at 

some defined distance. 	This implied velocity dependence on a 

can be interpreted as a simple modelling of the vertical motion 

in the environment surrounding the volume covered by the gridpoints. 

GRID BOUNDARY 

INTERIOR 
	

ENVIRONMENT 

r-bdy 	av11/'an cc a 
	vn=0 

The value a. 0 models a closed 'box' in which no flow is 

allowed across the boundaries implying that all vertical mass 

fluxes are zero on each isobaric surface within the model 

grid region. 
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The device used here of using models with a small number 

of gridpoints and open boundaries, and lateral boundary conditions 

based on an assumed environmental behaviour can strictly only 

be justified by comparison of results with those from models 

with larger grids. 	The implied linear normal velocity decrease 

with distance outwards from the grid bears good comparison with 

normal velocity (and hence vertical motion) fields from the 

closed boundary (15x 15) model as can be seen in Fig. 1+.1. 

4.4 COMPUTATION OF THE HORIZONTAL DIVERGENCE, D  

A problem that arises in computing the horizontal divergence 

on the boundaries is the following: 

Consider two contours R
1 

and R
2 
in the x-y plane; 

■ __-------_, 

( 	 )R1  

'...____.....■-- 

then if fluid flows through the annulus R1 R2' mass flux across R2 

minus mass flux across R1 
 (positive outwards) is proportional 

to the net mass divergence from R1R2. This divergence is 

defined by the normal velocity, the tangential component making 

no contribution, (property [A] ). 

Using a grid configuration which is not radially symmetric 

the specification of the velocity components in the manner 

described in §4.3 (i.e. directly from interior values) introduces 

a form of oscillation in the horizontal divergence field whereby 

although property [A] is satisfied, the divergence field around 
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INFLOW 

1 2 3 4 5 
kms from axis 

OUTFLOW 

0 I 2 3 4 5 6 7 
kms from ax is 

-----(15x15)closed boundary 
— - -(7 x7) implied boundary at f 7kms 

FIG 1h1 Normal velocity comparison of models 
showing variation outwards from convective cell 

points (x) hold the velocity components (u,v) 

FIG 4.2 Horizontal grid section for boundary computation 
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the boundary annulus contained a symmetric oscillation. 	This 

was apparent in the early stages of the model development and 

arises essentially from the geometry of the grid configuration, 

being due to the inability of the Cartesian grid with the simple 

boundary velocity specification to accurately describe a 

substantially radially symmetric flow without considerable 

modification. 	The errors in the divergence field result from 

non-zero contributions to the gridsquare divergence values by 

the finite-difference representations df the tangential velocities. 

Attempts to eliminate this problem resulted in the following 

formulation of the boundary divergence computation whereby the 

Cartesian grid near the boundaries is treated in a quasi-polar 

coordinate manner such as to minimise this geometric problem 

introduced by having corners on the grid boundary. 

4.5 COMPUTATION OF BOUNDARY DIVERGENCE  

The following finite-difference procedure was adopted which did 

not result in any significant oscillation in the divergence field 

round the boundaries. 	The boundary velocity components resulting 

from simple specification in terms of interior values are improved 

upon whilst retaining the principle discussed in §4.3. 

Referring to Fig./4-.2 , the mean values of the divergence 

for the trapeziums klmn, pqrs, etc. (where mn = kl = 1 gridlength) 

are each computed as the sum of a radial component DRAD, and 

a tangential component DTAN, such that 	DTAN round a 'ring' 

of trapeziums are zero. 

The algebraic forms used for this computation are as 

follows: 
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Defining VRAD and VTAN as velocity components along 

and at right angles to the radial lines in Fig. 4.2 and with 

VRAD and VTAN computed from the (u,v) values by simple trigonometry 

then: 	
DRAD(at Do  ) = pi  .‘TRAD(Co  ) + VRAD(Ci  ))(a- 1) 

DTAN( Do  ) = p2(virAri(c1 ) - VTAN(Co  )) 	+ 1) 

and 
	

D ( Do  ) = 	DRAD(Do  ) + DTAN(Do  ) 

p1 and 432 are constants related to the geometry of the 

particular trapezium and a is the function (taken as a constant ) 

discussed in section §4.3. 	al has the same interpretation as a 

and is given the value zero. 	For a symmetric model centred at 

the origin 0, VTAN should be zero everywhere, in practice 

this is not so because of the grid configuration, the choice 

of al = 0 however ensures that VTAN near to the boundary is taken 

as zero. 

4.6 COMPUTATION OF BOUNDARY VELOCITY COMPONENTS  

Both the normal and tangential velocities are computed from the 

implied VRAD values at the points Ai  by linear interpolation. 

For example (see Fig. 4.2 ), the computation of u and v at the 

point 0 is given by: 

u = 'y VRAD(A0) + b VRAD(Ai  ). cos iS 

v = 6 VRAD(Ai  ). sin )6 

where .y and 6 are the interpolation factors: 	= 1 -6 ] . 

It should be appreciated that the imposition of radial symmetry 

is only applied weakly through the boundary values and any 

asymmetry in the interior is still allowed to develop. 
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4.7 THE COMPUTATION OF THE ISOBARIC HEIGHTS, h' ON THE BOUNDARY  

As previously mentioned in Chapter III §3.5, the deviation height 

field h' is computed from the horizontal momentum equation: 

ahi 	o\ 	a g — 	— 	+ 	+ 	Co —1/4 v + v ° ) 	—a-- ip 	2 r 	o 12 
vn  +t. + 

an 	at 	ap  n n 	2 an n 

(where the zero superscript identifies the unperturbed wind field). 

The RHS of this equation can be evaluated and hence also h' on 

the boundary using the interior value of h'. 

4.8 COMPUTATIONAL INSTABILITY ASSOCIATED WITH THE NON-LINEAR  

TERMS ON THE BOUNDARY 

, 
o 0, 1 

The non-linear term 
a
n 
— f (vn  + vn )2  + (vi, + vi j)

2  was found to be 
o 

the source of computational instability and it was therefore 

omitted. 	This instability was particularly marked when the 

ambient wind field was non-zero. 	The reason for this can be 

1 a 	 0 av ; v 	vn  seen by writing 1,- ; 	( vn v°) 2  = 	an 	the multiplier vn  

ah,  
thus enlarges the effect of the instability. 	Since — an was 

found to be small on the boundary it was not felt worthwhile to 

look for a more sophisticated treatment of the non-linear terms. 

4.9 THE COMPUTATION OF THE TEMPERATURE: 0' ON THE LATERAL BOUNDARIES  

The boundary values of e' were computed from the boundary values 

of h' using the thickness equation (Eq.(3.4) ). 	This assumes 

the atmosphere to be hydrostatic at the boundaries, a good 

approximation in a region where the vertical accelerations are 

very small. 	In practice solving h' from a balance equation 

produced values of h' near the boundaries that contained substantially 

non-zero values of h" and the resulting temperature fields on the 

boundary did not give good continuity with inside values computed 
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from the advection equation. 	Discontinuities in a field at 

adjacent gridpoints computed by different means are to be expected 

and a solution found to this problem ras to formulate a new thickness 

equation in terms of the computed values at interior points 

as follows:- 

• h t  
k-1,b-1 

O ,b-1t  k x or y 

• h t  
k,b-1 

p 

Thus if hydrostatic:— (11.x  '- 1 l b-1 -11k,b-1 ) 	ek,b-1 	1  

the constant of proportionality is then used to derive 0i ,b  from 

the thickness values: 

\ 
i.e. 	e' 	e' k,b 	k,b-1 'h' 	- 

k-1,b-1 	k,b-1) 

This procedure although subject to errors implicit in the 

h'-computation produced very much smoother 0' fields. 

The importance of the boundary conditions on 0' and h' is 

reflected in the propagation behaviour of the internal gravity 

wave energy across the boundaries and this is discussed in §4.11. 

4.10 AN ALTERNATIVE BOUNDARY FORMULATION  

As referred to in ,54.2, an alternative but less successful 

boundary condition on the motion field was tried earlier in the 

project. 	The theory used by Pearce (1972) suggests that the 

specification of horizontal divergence D, and the vertical 

component of absolute vorticity 4 at all boundary points are 

	

sufficient boundary conditions. 	This result was applied in the 

model by specifying the boundary divergence using an interpolation 

between the immediate interior value and an assumed zero divergence 
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in the extra-grid environment (c.f. treatment of vn  discussed 

earlier) while 	was taken as equal to the Coriolis parameter 

at inflow points and computed assuming continuity with inside 

values at outflow points. 	The normal and tangential velocities 

were computed from the specified Dbdy  and bdy • 

When tried on the (7 x 7) model, these boundary conditions 

proved to exercise insufficient control on the normal velocity. 

The choice of a.< 1 implies that the divergence and hence 

the vertical motion goes to zero at some specified distance in 

the environment. 	The normal velocity is not however constrained 

similarly. 

4.11 INITIAL TESTS OF THE MODEL  

During the development of any numerical model there is a continuir' 

requirement for rigorous testing of the computer program and 

modelling procedures and techniques. 	This is particularly 

true of three-dimensional models where there is increased 

programming associated with the extra dimension. 

Two useful tests were performed on the model; one as a 

straightforward consistency check on the programming, and 

the other as a test of the model itself under reasonably well-

defined conditions of no ambient wind and a water-vapour free 

atmosphere. 

The programming check consisted of running the models 

with no ambient wind and zero Coriolis parameter. 	This allowed 

it to evolve under conditions of symmetry in a Cartesian coordinate 

system, any errors leading to as7mmetry immediately becoming 

apparent. 	It is felt that some equivalent type of testing is 

a very necessary part of program development, particularly in 

models which use real data, as any non-symmetries which are 
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induced by errors can easily remain hidden using highly unsymmetric 

real data fields. 

The second test of the model discussed in §4.12 proved to 

be an interesting study in its own right. 

Tests of the microphysics and thermodynamic sections of 

the program were carried out separately prior to their inclusion 

in the full model. 

4.12 THE DRY MODEL  

The model was run with no water vapour the convection being 

initiated by a heating function applied during the early stages 

of the integration. 	This heating perturbation (0.01°C/sec for 

3 minutes at a group of gridpoints —see Chapter VI, §6.1) forced 

an internal gravity oscillation and the behaviour of this oscillation 

in time was examined. 	The oscillation frequency can be derived 

theoretically for the linearised system (see Chapter II, §2.3); 

the amplitude behaviour - its damping in time with the corresponding 

energy propagation away from the initial source is considered in 

the following section, and comparisons of oscillation characteristics 

in the model are then made. 

4.15 ENERGY TRANSMISSION ASSOCIAThll WITH GRAVITY WAVE PROPAGATION  

From the linearised equation system studied in Chapter II 

internal and external (free-surface) gravity waves are supported 

in the model, the external wave being a limiting case of the 

internal mode. 	The rate of transmission of energy by waves 

in a fluid is equal to the waves' group speed, cg  where cg =acr/aA., 

a being the frequency and X the wavenumber; hence for the 

external wave — a
2 

X
2
gH — the horizontal phase and group 

speeds are coincident. 
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For internal wave propagation c2,, glix2/(x2+  v2+ 
4
1
.1  '
,) 

P 
lh gB 	X2 	 X2 

giving cg",  
2 2 1 	I 	2 2 1 	- cPh 1 	x2+ v2+4 + 	 xv„ 	+v+.___„. 

	

4H`' 	 Laic 	 411c 

	

P 	 P 	 P 

It can readily be seen that for waves with X/1) >> 1, Cg  << Cph 

(cgs 0 as X/v---4). 	Oscillations whose vertical wavelength 

is much larger than their horizontal wavelength (tall, thin columns) 

propagate energy away only very slowly and thus exhibit slow 

amplitude damping in time. 	For very much broader oscillations 

cg--; cph  and rapid damping results4 

It is interesting to note that internal waves in a hydrostatic  

system do not exhibit this horizontal wavelength dependence but 

have a group speed equal to their horizontal phase speed. 

For gravity waves excited by convection in the atmosphere, 

A/v will in general be greater than or comparable to unity and 

hence the waves have a group speed several times smaller than 

their phase speed. 	The main region of influence of the convective 

circulation will be governed by the group energy propagation 

and will therefore be quite small during the clouds lifetime. 

This suggests that compensating downdrafts associated with a 

cumulus are contained within a diameter or so of the cloud edge; 

there are difficulties however in observing such an effect. 

4.14 CLOSED BOUNDARIES  

For the model run with closed lateral boundaries (i.e. no flow 

normal to the boundaries), the only energy lost from the system 

is from internal dissipation associated with the numerical scheme 

used. 	Fig.4.3 (curves A) shows the gravity oscillation in the 

500 mb w' and e' fields with closed boundaries. 	The temperature 

field oscillation is virtually undamped with a period of "010 mins 

although with a tendency for the period to shorten a little in time, 



T-7.7 
• I ii  

Fig. 4.3 Oscillations in 500 mb w 

(A) Closed boundary 	 

(B) Open 	boundary 

and 0/ fields on the axis of symmetry [ >00 -' 

L 	4 km 	(L = horizontal wavelength) 

1(6400+6600)]  

(C) Open boundary 	L N 12 km 

(D) Open boundary  	L'....,  20 km 
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and demonstrates the expected difference in phase from that of 

the vertical velocity oscillation (-:period). 	The w-oscillation 

is more irregular although its period follows closely the character- 

istics of the 0' one. 	The varying amplitude is due to the 

interaction of several vertical modes together with propagating 

and reflecting components. 	Most of these irregularities are 

removed from the 0,  oscillation in forming the average of 6400 

and 8600  to obtain 0500. 

The extent of non-linearities associated with the finite-

amplitude oscillation was found to be small when very small 

amplitude oscillations were compared with the ones shown here. 

The model oscillation period is in good agreement with 

the linearised analysis solution (for an unbounded fluid) derived 

in Chapter II, §2.3 evaluated using model values for wavenumbers 

and static stability. 

The application of vertical smoothing (filtering) referred 

to in Chapter II, §2.3 was observed to lengthen the oscillation 

period by .---.120%. 	For a linearised system containing only the 

internal gravity mode, the period for the vertically smoothed 

oscillation is approximated by: 

5K2  -,-2 1" 0 	+ 
nv 

where to  is the unsmoothed model oscillation, Hv = vertical wavelength 

and K= smoothing coefficient. 	(This result is derived by 

including in the equations containing internal waves a diffusion 

2
2 

term of the form K' — ( ) and carrying out a linearised analysis.) ap  

Evaluating this for the smoothed model oscillation 

(K ti  105  m2  s-1) gives a period increase comparable to the modelled 

increase. 
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4.15 OPEN BOUNDARIES  

With open boundaries, the x-dependence of the amplitude damping 

is illustrated by curves B,C, and D in Fig.4.3 . 	For identical 

initial forcing, curves A and B demonstrate the small energy 

propagation of the open boundary case (B) compared to the closed 

boundary case (A) for large xA, . 	The curves C and D show the 

more rapid damping for longer wavelengths. 

There is evidence of interference from reflected waves 

at the later stages (30+ minutes) in curve C indicating that 

the boundary formulation does not transmit the propagating 

gravity waves completely; however since the group speed of 

radiating waves is small, the reflected energy will not interfere 

significantly with the convection during its lifetime. 

As a consequence of the gravity wave scales in the convective' 

model (X/v 	1 or larger), the oscillations are substantially 

maintained over the cloud lifetime and the effect of these 

oscillations on the development of motions is significant; 

this is discussed in Chapter VI. 
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CHAPTER V  

THERMODYNAMICS AND CLOUD PHYSICS  

This chapter outlines the thermodynamics and cloud physics 

simulated in the model. 	It is shown that the use of pressure 

as a vertical coordinate yields considerable advantages in the 

latent heating and cooling computation. 

Having adopted a cloud physics parameterisation it was 

found necessary to experiment with the numerical values of the 

parameters involved in order to obtain reasonable cloud and 

rainwater contents. 	The details are discussed near the end 

of the chapter. 

5.1 CONDENSATION AND EVAPORATION  

As the model is for deep convection (implying 'large' deviations 

of variables) a method was developed to handle the latent heat 

processes with a reasonably high accuracy. 

The potential temperature and specific humidity of the 

air are calculated at each gridpoint using the simplified forms 

of Eqs.(2.1.4 and 2.1.5) 

DO _ 
Dt o (5.1) 

Dt 
	o 	(5.2) 

which assume no mixing by small-scale processes. 

Thus { 	 ae Le = - Lt y2  . ? 0 t + 0.) 57 

Lg.  = - a { v2. V q + co d 

and hence 	8(t+6t) = e(t) 	AO 

q(t +Pt) = q(t) + i6q 

(Actual computation of LO and &I in the model is however by a 

different time-integration scheme used.) 
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At each timestep q is compared with qs(6 ) —the saturated 

value at potential temperature 6, if [q- gs(0)]te 0 no adjustment 

is made, however if [q - qs(6)] > 0, the specific humidity and 

temperature are adjusted to saturation with production of liquid 

water. 	The evaporation process is handled in an exactly 

analogous manner. 

5.2 THE ADJUSTMENT PROCEDURE  

From the 1st Law of Thermodynamics we have, for the process 

outlined above: 

L dr - cP  dT + r cps  dT - V dp 

where cP  , cps  are the specific heats of air and water vapour 

respectively and r is the mixing ratio, other symbols follow 

the usual notation. 	Eq. (5.3) can then be written to a high 

degree of approximation as: 

L dq 	dT - V dp 

where the approximation is somewhat better than writing 

L dr 	c dT - V dp 

In pressure coordinates with gridpoints on pressure 

surfaces the assumption that the latent heat release occurs at 

constant pressure is almost exact, the only error introduced 

being due to the pressure changes of the air during the finite 

timestep of the model. 	Errors always occur in applying such 

an equation to mean values over a grid volume, but these, a 

function of the grid resolution are unavoidable. 	Hence we 

use the relationship 

L dq 	cp  dT 

 

(5.4) 

 

5.3) 



Thus for one timestep 
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L(q - qs(TF) ) = P(TF - T) (5.5) 
(suffix F denotes the 
value after adjustment) 

We now make use of the Taylor expansion: 

qs(TF) = qs(T) + aci;(T) + (I7!)2q(T) + (47,)3  qcs"(T) + 0(AT)2+  

where the prime denotes differentiation w.r.t. T, and AT= TF - T. 

Substituting in Eq.(5.5) gives: 

(LT) 2  q - iqs(T) + ATql(T) + 	
fmN + 	= 13  AT 

 

(5.6) 

 

We can obtain the derivatives of qs(T) from the Clausius-Clapeyrom 

(C-C) equation and hence solve Eq.(5.6) for 6T. 	qs(T) was 

computed from Tetens (1936) formula approximating the integrated 

C-C equation; 
(aT ) 

i.e. 	es(T) = 6.11 x 10 +b' 

together with — 

E.es(T)  
qs(T) = p-es(1-E) 

[T in °C] 

E = 0.622 

The constants a and b are taken as: 

a = 7.5 
	

b = 237.5 	T 3 0  

a = 9.5 
	

b = 265.5 
	

T < 0 

5.3 ACCURACY  

The accuracy of solution of equations concerned with the latent 

heat release has to be examined carefully as any systematic 

errors can have substantial effect on the buoyancy and hence 

on the dynamics. 

Eq. (5.6) can be written as 

a. + a1  AT + a2(AT)
2 + a

3
(AT)3 + 	 = 0 	(5.7) 
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where a.= qs(T)- q ; al  = cp/L+ qL(T) ; a2= 241(T) 	etc. 

and in general a. >>a
i  . +1 

i= 0, 1, 2, • • • 

Eq. (5.7) is solved in some truncated form at every timestep. 

The associated AT is thus, in general, small (tATI << 1), 

especially for short timesteps and the relative sizes of the ai  

are such that the equation can be truncated after only a few 

terms. 	For much of the saturated region the linear form of 

Eq.(5.7) would be accurate to one per cent, but in the extreme 

case of updraft speeds -'50 	s-1, AT w  1 - 2°C, so that in 

practice the quadratic form of Eq. (5.7) was used.. 

p = constant 

= constant 

/X generated ew  / \\ 
/ 

/ 	/ 

> 	X 	, 	____ 
/\ 	 Vertical motion 

during one 
timestep 

/ 	/ 	/ 
/ 	/."--"/ 	/ 
/ r = constant 	/ 
/ 	 / 
/ 	/ 	/ 

/ 	/ 
/ 

DIAGRAMMATIC REPRESENTATION OF CONDENSATION COMPUTATION 

With reference to the sketch above: 

i) Solving Eq. (5.1) corresponds to path &1B. 

ii) Solving Eq. (5.2) corresponds to path A1C 

iii) The adjustment procedure then locates point A2. 

The thermodynamic process assumed in this calculation is 

essentially the pseudo-wet adiabatic one i.e. that in which the 
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heat capacity of the liquid water is neglected together with 

the effect of freezing. 	These two effects are subtractive 

and in general contribute only a small error. 	In tropical 

deep convection, in which the errors are largest, it is 

possible for the representation of the thermodynamic process 

to be in error by ;:;2°C through the full depth of troposphere. 

5.4 COMPUTATION OF es(T)  

The computation of the saturated vapour pressure es (w.r.t. water) 

is a necessary part of modelling a moist convective system 

and poses an interesting modelling problem first discussed by 

Ogura and Phillips (1962). 

The dependence of es on temperature is given by the 

Clausius-Clapeyron equation: 

des = Lv. 
dT 	Rv T2 

where Lv = Latent heat of condensation 

Rv = Gas constant for water vapour 

T = Absolute temperature 

This equation can be integrated to give: 

---(5.8) 

ln(es) - -Rv :717 + constant 
v 

  

(5.9) 

  

Consider an atmosphere horizontally stratified, then we define 

temperature, pressure and potential temperature by po, To(Po), 80(p0). 

Then for the actual modelled system we can consider these variables 

in the form: 

P = po + Ap 

T = To + AT 
	where ~ P 

	T 	6 << 1 • 

6 = GO + AO 
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Expanding Eq.(5.9) and neglecting terms C)(AT2) and higher, 

we obtain after suitable manipulation: 

es(T) 	es(To ) 	{ 	L 	L AT ) 

	

Lv 	
ex 	

RTo 	RTo  To  
exp(-- RvTo  

[Eq. (5.6a) is essentially analogous to this equation and the 

following comments apply to it.] 

Thus we have: 

T A es(T) 	es(To )exp a T — a, = 	(To  ) 

aGT 
where 	To  << 1 	in general 

Expanding the exponential and neglecting terms (p(AT2) and higher 

gives 

es(T) - e (T ) s 	= es(To  

From the definition of potential temperature 

AT 	AO it  LE.  
To  = 00 + pa 

Thus the computed departure of saturated vapour pressure from 

the undisturbed temperature value (To) is approximated by: 

es(T) 	es(To ) 7:: es(To)a(To) 	+ fig-2-po 	(5.10) 

It is common in computer models to use 6 as the temperature 

variable so that when computing es(T) it is necessary to convert the 

e gridpoint values to temperatures. 	If the gridpoints are 

at fixed heights then T must be obtained from 6 using the pressure 

at that gridpoint. 	The simplest value to take for the pressure 

is po  the undisturbed value. 	This by examination of Eq.(5.10) 

gives a large inaccuracy as k 	in deep convection can be 
Po 

comparable in size to. /111  . 
00 
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The true T should therefore be calculated using the 

total pressure field at a gridpoint. 	This total pressure 

field is computed from a balance equation which in itself is 

temperature dependent; thus the computation involves a highly 

complex, implicit set of relationships. 

Researchers have not found suitable methods of handling 

this problem satisfactorily and it is a major deficiency of 

existing deep convection models; Takeda (1971) refers to this 

problem especially, as he effectively uses the unperturbed 

pressure field po  in computing the condensation rate. 

A possible solution investigated by Murray (1970) is that 

of using Lagrarigian techniques for the thermodynamics. 	This 

would pose some problems in three-dimensions however. 

When the coordinate system is such that the gridpoints are in 

surfaces of constant pressure, Lp is by definition, zero. 

The problems of computing Eq.(5.10) discussed above do not 

therefore arise. 

5.5 CLOUD PHYSICS MODELLING  

The earlier part of this chapter has examined the process of 

condensation (and evaporation) of water vapour to cloudwater. 

The computer model could be run with only this process simulated 

so that all liquid water condensed took no further part in the 

dynamics (other than re-evaporation at the place of condensation). 

This is obviously not a justifiable assumption on any 

grouhds other than simplicity when modelling deep convection 

as the conversions of cloudwater to rainwater and the subsequent 

evaporation and drag of the raindrops all play an essential 

part in the life-history of a shower-cloud as will be seen in 

Chapter VI. 
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5.6 PARAMETERISATIONS  

The parameterising of these micro-physical processes in a form 

suitable for inclusion in numerical models has been studied by 

several researchers and was reviewed by Kessler (1969). 

Kessler, Das (1964), Srivastava (1967), Weinstein (1968) and 

Simpson (1969) all tested their parameterisations on one-dimensional 

cloud models. 

Two dimensional models have also been developed with 

microphysics included, notably by Arnason et al (1968), 

Takeda (1966, 1971), 	Orville and Liu (1969) and Orville and 

Sloan (1971). 

It was not the immediate aim of the work described in 

this thesis to study and experiment with parameterisations 

(although the models developed will provide the working basis 

for such research), and so a parameterisation already developed 

and tested, that of Liu and Orville (1969) was adopted. 	This 

parameterisation was originally developed for two-dimensional, 

shallow cumulus clouds (<3.5 km) but has recently been extended 

to models of 10 km depth. 	In applying this parameterisation 

to the model described in this thesis, alterations were made 

to adapt to deeper clouds as discussed later. 

The parameterisation was formulated in height coordinates 

originally and this was retained for speed of adaptation in the 

model [using unperturbed height field values]. 	This will be 

remedied as soon as possible although no significant errors 

are introduced. 
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Consider the partition of water substance into three parts:- 

Water vapour — r (mixing ratio) 

Cloud water — lc  

Rain water 
	

ir 7 	all in units of gm.kg-1 

then making the assumption that water vapour and cloudwater 

are advected together gives:- 

D 
Dt`r  + -4c)  = - PROD 

 

(5.11) 

 

where PROD is a production term discussed in more detail in §5.9. 

The equation for continuity of rainwater leads to 

121.1- _ a 	 2p_ PROD + z-(1rVt) + 1rVt  — a  
Dt 	 P z 

 

(5.12) 

 

where Vt  is the mean terminal velocity of the rainwater drops 

 

relative to the air. 

  

Vt is parameterised in the form 

Vt ..=.1 5.32 lr5  m. s-1 
	

(with lr  in gm.kg-1). 

For derivation and comparison with alternatives see Liu and 

Orville (1969). 	This concept of a mean terminal velocity is 

not very satisfactory as the variation in fall-speeds due to 

the range of drop sizes is a not insignificant property 

affecting a cloud's life-cycle. 

Takeda (1971) has improved on the above parameterisation 

by computing the space (2-D) and time variation of the size 

distribution of drops in seven discrete radii ranges, the 

smalla3tbeing cloud droplets. 

5.7 THE PRODUCTION TERM — PROD  

This was first introduced by Srivastava (1967) and can be written:- 

PROD = p 	P2  P
3 
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where 	P
1 	

parameterises the evaporation of raindrops 

P
2 

parameterises the accretion of lc  by lr 

P3 	parameterises the conversion of lc  to lr 

All three parameterisations are derived from the physics of a 

single drop together with assumed raindrop spectra. 

P1  

Written as:- P1 = 13. (r rsat)  I where (r- rsat)  is the 

saturation deficit. 	p is a parameter with a wide range of 

values and should, for deep convection especially, be expressed 

as a function of its dependent variables i.e. lr , rsat, spectrum 

properties, Reynolds No. etc. 	A typical value of p is N 10
-3

sec
-1
. 

P2 

Written as:- P2  = -y1c 1 95  r 	. 	Again the form of 'y is 

complex and in particular contains air density dependence and 

a collection efficiency coefficient. 	Values of -y used were 

in the range 10-2-10-3. sec-1. 	This parameter proved to be 

very important and difficulty was found in maintaining reasonable 

cloud and rainwater water concentrations at the same gridpoint 

i.e. the presence of rainwater working through process P2  

tended to dry the cloud out rapidly. 

This situation would be improved with a better terminal velocity 

parameterisati on. 

P3 : 

Written as:-  P3 = a'(1c lcrit)  3 	 where lcrit is a critical 

cloudwater value below which there is no auto-conversion. 	A 

typical value of a is 10-3  sec-1. 	The choice of a was 

obviously important as too small a value delayed the formation 

of significant rainwater values (a = 0 	no rainwater); the 

precisevaluechosenforlcrit however had little effect on the 

large clouds being modelled. 
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The assumptions made in this precipitation parameterisation 

are: 

(a) Waterdrops in an unsaturated region evaporate until either 

they disappear or the region becomes saturated. 

(b) No freezing, sublimation or melting occur. 

For deep convection in general (b) is a pcor assumption, however 

if the situation modelled is a tropical one, as in this model, 

only small errors will be introduced. 

5. 8 VALUES OF a 13 , Y and lcrit 

In practice these parameters were adjusted to give reasonable 

cloud and rainwater concentrations i.e. the model was developed 

purely as a simulation of the atmosphere. 	The deficiencies of 

the parameterisations become more marked in deep convection 

when the cloud is bigger and wetter, and when the microphysical 

processes occur very much quicker than in the cumulus cloud models 

for which the parameterisation was originally developed. 

There is a need for improvement in this part of the 

modelling technique. 	The adaptation of the parameterisations 

to include the air density dependence explicitly is a good 

case in point. 

5.9 RAINFALL  

In view of the limitations of the vertical resolution and of 

the parameterisation, the rainfall rates and totals are only 

a guide to the model's ability to cope with this part of the 

cloud simulation and are formulated to check that the rainwater 

is removed from the model at a realistic rate. 



5.10 SUMPIARY OF THE CLOUD PHYSICS  

The development and sophistication of the microphysics has 

not been a major concern of this study and while the basic 

processes have been included there is scope for considerable 

improvement. 	With better spatial resolution the model would 

however provide a stepping-off point for a study of microphysical 

modelling and its effect on the convection in ways which one or 

two dimensional models cannot. 

As will be seen in Chapter VI, the cloud physics plays 

a large part in determining the dynamics of the cloud and this 

stresses the need for sophistication of the parameterisations. 

68 
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CHAPTER VI 

INITIALISATION AND DISCUSSION OF SIMULATION RESULTS  

In previous chapters the mathematical foundation of the model 

has been given in detail. 	Before examining the model's ability 

to simulate the life-cycle of a cumulonimbus system in sheared 

and unsheared environments, the initiation process is discussed. 

6.1 INITIALISATION  

For a model which endeavours to examine the life-cycle of a 

cumulonimbus cloud, the evolution of the early, small, thermal-like 

cumulus clouds cannot be modelled in detail because the resolution 

of the grid adopted for the former is too coarse for the latter. 

Consequently the initial atmosphere, horizontally stratified, 

was perturbed in the lowest layers on the scale of a cumulonimbus 

cloud. 	This has the added advantage of compressing the early 

organising stages of the convective motion into a short computational 

period. 	The importance of the dimensions of initial perturbations 

has been examined by several authors, Takeda (1971) in particular 

shows convincingly that the dimensions have very little effect 

on the properties of the fully developed cloud although, as one 

would expect, the early development exhibits more substantial 

dependence. 	This dependence on the dimensions of the initial 

disturbance is an example of interaction between the convective 

motion and internal gravity oscillations and this interaction 

will feature in later discussions. 

A: POSSIBLE FORMS OF INITIAL PERTURBATION  

It has been customary for cumulus convection models to be initiated 

by a localised warm 'bubble', i.e. a region of excess temperature, 

usually -.0.5-1.0°C, situated in the lower part of the model 

atmosphere. 	This buoyancy induces rising motion and, if of 
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sufficient magnitude, subsequently leads to latent heat release 

due to condensation. 	The warm 'bubble' however has smaller 

relative humidity than the environment at the same level and 

thus delays condensation. 	Murray (1970) suggests that an 

initial moisture 'bubble' is more realistic; this produces 

buoyancy through the density deficit. 	If the bubble relative 

humidity is high, condensation heating will dominate very quickly. 

In view of the proposed initiation on the scale of a cumulus 

both types of impulse would appear to be relvant as they can 

bring the model to the point where latent heating dominates 

beyond which stage a strong convective circulation develops. 

B: THE INITIALISATION ADOPTED IN THE MODEL  

The initial horizontally stratified atmosphere can be chosen 

arbitrarily with input to the program of potential temperature, 

specific humidity (or mixing ratio) and wind components at the 

pressure levels specified. 

For the simulations described in this thesis the sounding 

shown in Fig.6.1 was used (apart from one exception which will 

be discussed later). 	Originally the sounding was that of a mean 

tropical (Caribbean) sounding (Jordan, 1958). 	Two modifications 

were however made: firstly the available potential energy for 

low-level parcel ascent was reduced above 400 mb to allow the 

'overshoot' region of air ascending from low-levels to be better 

resolved. 	The second modification was necessary in view of the 

finite-difference interpretation of the sounding, the temperature 

and moisture values at 925 mb represent a mean for the 850-1000 mb 

layer; as far as the energetics of this low-level air is concerned, 

the temperature and moisture values at 925 mb should represent 

the mean 0 (pseudo-wet-bulb potential temperature) value for 



FIG. 	6. 
MODEL SOUNDING (DOTTED DEPARTURE SEE TEXT) 
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this layer on the original sounding. 	The 925 mb values were 

therefore adjusted accordingly. 	This same adjustment could 

have been applied to all other levels but since the misrepresentation 

has much less important consequences at these levels this was 

not done. 

The initial perturbation was formed by raising the specific 

humidity 1 gm.kg-1  above the undisturbed value in a 'box' two 

kilometres square occupying a depth corresponding to a 150 mb 

pressure difference. 	An artificial heat source was also assumed 

within this box to force the convective motion. 

The energy input of the applied temperature and humidity 

perturbations should be small relative to the available energy, 

since otherwise the resultant motion would become too dependent 

on the details of the initial perturbation. 

An example of this effect appeared when using the sounding 

for which the low-level adjustment had not been carried out 

(dotted lines in Figure). 

This sounding represents an atmosphere with little available 

potential energy for air ascending from low-levels, in which 

deep moist convection is unlikely to occur naturally. 	The 

effect of low-level perturbations in temperature and moisture 

is to excite gravity oscillations. 	In view of the discussion 

on energy propagation in Chapter IV, §4.15, these oscillations 

tend to persist, their amplitude being proportional to the 

perturbation heating (Fig.6.2). 	Under certain conditions the 

life-cycle of a cloud will be seen to be linked with the period 

of the gravity oscillation, although the interaction will only 

be significant when the energy of the oscillation is comparable 

with the available potential energy as measured by the 'positive area' 

on a tephigram i.e. when the latter is small. 
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Fig. 6.2 Axis vertical velocity at 700 mb for 

different magnitudes of initial heating function 

(a) 0.01, (b) 0.02, (c) 0.04 °C. sec- 
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6.2 INTERPRETATION OF RESULTS  

The numerical solutions obtained by simulations such as those 

presented here must be physically interpreted with care, for 

the results contain not only the physics and dynamics of the 

phenomenon under investigation but also effects due to the model's 

limitations associated mainly with numerical truncation and the 

modelling assumptions; although the modeller naturally tries 

to minimise these effects. 	An example of this was given by 

Murray (1970) who compared cloud simulations from 2-D rectangular 

Cartesian and axially-symmetric models. 	The differences in 

model cloud properties were large (up to 100%) and since the 

same physical system was modelled in the two cases the differences 

must be interpreted as being associated with the properties of 

the models. 

The three-dimensionality of the model presented here 

minimises purely geometrical effects but direct physical comparisons 

of results must still be carried out with caution. 

6.3 DIAGRAMS  

For convenience of presentation the diagrams use a linear scale 

of pressure in the vertical, thus distorting the vertical 

dimension (as shown in Fig.(i)); this distortion is not however 

very large. 

The use both in diagrams and text of vertical velocity - w 

rather than the pressure tendency - w is for ease of assimilation. 

w is computed from the relationship: 

Dh 8h' 	an w — = 	 v 	+ w 
Dt - at 	^2. 	op 

w is computed at the points of the (15x15) grid i.e. the (ul v) ones, 
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allowing vector representation of the winds in a given plane. 

This computation of w does however represent a smoothing of the 

vertical motion field since the w used in the above equation is 

a four-point average. 	This is somewhat undesirable but a 

problem inherent in staggered grid systems. 	The wind vector 

diagrams of flow in the plane of the paper are given for selected 

stages in the clouds history, arrow lengths being proportional 

to the wind speed. 

The machine-plotted contours [red> 0; blue< 0] are based 

on linearly interpolated values at every 100 mb level. 	The 

precise grid of points shown is identified by the bracket: 

[x,y=yn,p] or [x=xn,y,p] or [x,y,p=pn] where the suffix n is 

the xrth  gridpoint of that dimension (e.g. [x,y=yn,p] is the 

(x,p) plane at a value y=yn). 

6.4 SIMULATION PUNS  

Four simulation runs were completed, designated RUNS 1-4. 	Each 

run had the same environmental temperature and moisture profiles 

(as shown in Fig.6.1) but with the ambient wind profiles as 

follows:- 

RUN 1 	No ambient wind 

RUN 2 No ambient wind (but cloud physics parameterisation 

different from (1) ) 

RUN 3 	Constant vertical shear (au/ap)=20m.sec-1  (850mb) 1  

the ambient wind assumed as in Fig.(ii) below 

[u-component] and v-component zero 

RUN 4 	As (3) but with the wind at 1000 mb turned through 

45°  i.e. a v-component at 1000 mb equal to the 

u-component at that level and with the v-component 

zero at all higher levels. 
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where True vertical scale 
r 
=  
 Implied vertical scale in diagrams 

6.5 DESCRIPTION OF RUN 1  

(No ambient wind; Coriolis parameter zero; cloud physics 

parameters a= 10-3s-1 ; (3,. 10-3s-1 ; -y= 10-3s-1) 

The evolution of the convection is presented in Figs.6.3- 6.19. 

Cloud first forms at about 71/4 mins when the maximum updraft speed 

is 	5 m.s-1 	These early development stages are characterised 

by low pressure (negative deviation height field) under the 

updraft (inflow) and high pressure (positive deviation height field) 

at outflow (e.g. Fig.6.3). 	A gravity oscillation in the vertical 

is also apparent. 	Rainwater first forms at 775 mb at z15 mins 

with cloudwater values of —4 gm.kg-1 ; at about this time the 

largest vertical velocities and temperature excesses are found — 

m.s
-1 at 700 mb and +1.9°C at 600 mb. 	From 15 mins very 

rapid changes occur under the dominating influence of the liquid 

water load and rainwater evaporation; the fields at 171 mins 

show this effect clearly with evaporative cooling of the air 

coming into the updraft and the reversal of the vertical deviation 

pressure gradient. 	Inflow previously at both the 1000 and 850 mb 

levels soon ceases at 1000 mb with inflow largest at —700 mb 

thereafter. 

200 
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By 20 mins only the top of the cloud contains rising air - 

being free of significant water loading, the cloud is at its 

maximum size at this time. 	The period 20-25 mins sees the 

development of a deep downdraft with heavy rainfall down to the 

surface. 	This downdraft extends from w  500 mb to the surface 

with as much as a 2°C temperature deficit through the lowest 

200 mb. 	A maximum height deviation at 1000 mb of 8m (..1:=:0.8 mb) 

is produced with the low-level outflow attaining 10 m. s-1. 

Most of the downdraft air originates from the 500-700 mb layer 

where there is a pressure minimum and the minimum e of the 

sounding, a result consistent with the concept of downdraft 

air having middle-level origins (Ludlam, 1963). 

By 30 mins, the downdraft has reduced to 4 m.s-1  with 

cloud water at upper levels only 	0.5 gm.kg-1); below this 

cloud the warming of air due to descent now exceeds any evaporative 

cooling as the cloud has rained out and positive potential 

temperature deviations are apparent except at the lowest level. 

About 5 mm of rainfall occurs in the period 18-30 mins. 

Fig.6.20 shows in more detail the evolution of the cloud 

properties on its axis of symmetry. 

6.6 IMPORTANCE OF CLOUD PHYSICS PARAMETERISATION  

The results of RUN 1 clearly show the dominating control of the 

cloud physics particularly in the later stages; in view of this, 

a closer analysis of the relationship in time and space of the 

cloud and rainwater concentrations was made. 	Although both 

liquid water variables contribute to the dynamics through a 

drag term in the equations, the cloudwater is assumed to advect 

with the flow only, while the rainwater has a terminal velocity 

component as well as flow advection. 	The changing proportions 
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of both liquid variables are therefore important to the overall 

liquid distribution in the cloud. 	RUN 1 showed the onset of 

rain to be delayed with the transformation of cloud to rain 

allowing values of cloudwater in excess of 2 gm.kg-1 to exist 

until after 23 mins with a maximum value -,5 gm.kg-1  in the 

earlier stages. 	This has the effect of spreading the water load 

over a deep layer eventually resulting in the deep downdraft 

observed. 

The dominating coalescence process was therefore accelerated 

(by an exaggerated amount) in RUN 2. 	The equivalent parameterisation 

used by Kessler (1969) suggested a larger value (for deep convection) 

of the accretion parameter -y. 

As far as the evaporation parameter (p) was concerned 

the modelled surface temperature deficits would appear to be 

reasonable, although less evaporative cooling would reduce the 

large downdraft speeds. 

6.7 RUN 2  [rigs.6.21 - 6.34] 

(As RUN 1 but with the accretion parameter 'y = 10 2s-1) 

Until rain forms there are of course no differences from the 

results of RUN 1, results are therefore presented from T=15 mins. 

The differences from this point are quite substantial; as expected 

much larger rainfall concentrations are produced at low levels 

with cloudwater values <1 gm.kg
-1 ; buoyancy with ascent is 

maintained above 700 mb up to 30 mins. 	The development of a 

downdraft is again marked but limited to the lowest 200 mb; 

although containing a slightly larger temperature deficit (..)-2.5°C) 

the downdraft is somewhat smaller in magnitude principally through 

its smaller vertical extent. 	In both RUNS 1 and 2, a ring of 

/cold,  air spreads out at the lowest levels. 	The rainfall duration 
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is considerably longer in RUN 2 resulting in three times as 

much total rainfall as in RUN 1. 

For RUNS 3 and 4, a value for -)( of 2x 10-3s-1 was chosen 

with the two other parameters a and p unchanged (= 10-3s-1 ). 

6.8 RUN 3  

(Ambient wind (u-component) as in Fig.(ii) p.76. 	Coriolis 

parameter zero; cloud physics parameters:- a= 10-3 s-1.  ; 

R = 10-3s-1; 	2x 10-3s-1 ) 

Some difficulties were encountered at the first attempts to 

include environmental shear, mainly in the early growth stages 

of the convection. 	The initial 'forced' cumulus tended to grow 

only very slowly or to dissipate under the influence of the shear 

and smoothing terms in the equations. 	A further problem was the 

propagation and advection of the cloud across the model grid 

resulting (after some time) in convection near the lateral 

boundaries and consequent computational problems. 	The shear 

configuration was chosen with a view to minimising this problem - 

with some success - although this run still had to be terminated 

before the cloud had completed its life-cycle. 

In view of these difficulties in the early stages, the 

first 20 mins are treated as an initialisation period and the 

main interest focussed on later times. 	It would be possible to 

compress this first twenty minute period into a shorter time making a 

total simulation times given in the diagrams an overestimate. 

As previously mentioned, the developing convection was 

found to be very sensitive to the magnitudes of the smoothing 

terms; the following smoothing coefficients were used in the 

run reproduced here: Kv  = 500 m2. sec-1 for T> 5 mins ; 



So 

K
e 

 Kq  = 0 for T,<, 25 mins and for T> 25 mins, a maximum effective 

K
e 

and Kq  e•-• 500 m2. s-1 where K
e 

and Kq  are defined from a 

K' 172  72  formulation (see Chapter II, §2.2). 

Figures 6.35- 6.50 show the results of RUN 3, all figures 

(except Figs.6.46 and 6.47) representing fields through the 

line of symmetry along the mean wind. 

The initialisation stages T< 20 mins produce a small cloud 

with updraft speeds 	3 m.s-1 and cloudwater values 	2 gm.kg
-1
. 

This cloud extends to ,̂500 mb by 30 mins and a circulation is 

apparent with the ascending air forming cloud and warming through 

latent heat release while on the upstream side of the cloud s  

'cold' air descends. 	This descending branch is part of the wave- 

like form of the convective system and is strengthened by 

continuous evaporation of cloudwater on the upstream side with 

temperature deviations 	± 2°C in the two branches. 

This convective system exhibits only slow changes between 

271/2 mins and 40 mins while moving in the direction of the low 

level wind with a well-defined speed of z 3 m.s
-1 corresponding 

to the 850 mb level environment wind speed. 	The fields at 

37Ih mins best describe this system given in schematic form below. 

The wave-structure is clearly shown with the phase-change between 

w and 8' well-defined. 

The slow changes that occur during the period 271A-40 mins 

are mostly concerned with the formation of rainwater. 	Rain 

first forms at z32 mins and reaches the ground at 37h mins 

extending the chilled region down to the surface. 	By 4214 mins 

the downdraft branch of the circulation is strengthening and 

'cold' air spreads out at low levels. 	This divergence of air 

has important implications which are discussed later. 	The cloud 
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leans down the shear with a growing anvil in the later stages. 

Beyond 45 mins the proximity of the lateral boundary spoiled 

the computation. 
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The structure of the convection at right angles to the 

mean flow has a symmetric form very similar to the unsheared 

cases discussed previously and an example is shown in Fig.6.46. 

The nature of this convective system and its observed 

quasi-steady behaviour poses several questions, particularly 

about the large cloudwater evaporation. 	If the model retains 

too much water in cloudwater form the evaporative cooling is 

exaggerated, for cloudwater is assumed to evaporate during a 

timestep (3 secs) until either saturation is reached or the 

cloudwater has disappeared. 	The simulated values of 1-3 gm.kg-1  

do not however appear unduly higher than those observed 

(Mason, 1962, C.U.P.). 	Excessive explicit mixing of cloud and 

clear air might also exaggerate the evaporation of cloudwater 

but this is not the case here where smoothing terms have been 
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kept as small as possible. 

The convective system modelled in RUN 3 represents one 

'mode' in which a cumulonimbus can exist for a given initial 

environment. 	The development of a downdraft of cold air 

spreading out at low levels produces regions of low-level 

convergence, these regions do not however reinforce existing 

updrafts. 	The system therefore does not have a 'long' lifetime 

although attaining a quasi-steady state before the rainwater 

evaporation becomes dominant. 	For a long-lasting convective 

system with the 'steady-overturning' character observed in 

severe storm studies there exists a requirement for the downdraft 

to stimulate and strengthen convective development on the 

downshear side (Ludlam, 1963). 

The character of the convective motion in RUN 3 suggests 

that modifications could be made to the initial conditions or 

to the cloud physics possibly such as to encourage downshear 

movement of the low-level downdraft air thus promoting continual 

growth on the downshear side. 	One can speculate as to what 

modification would achieve this aim. 	An intensification of 

the downdraft would be one possibility, either by increasing 

the intensity of the convection through alterations in the 

initial sounding or by increasing the rainwater evaporation 

through the parameterisation. 	The intensifying of the convection 

would however modify the whole system including its steering-level 

and it is not clear whether the desired effect would be achieved. 

Reference to observation suggests possibly a better 

modification. 	The large-scale environment conducive to the 

development of intense storms is characterised by a pronounced 

veer in the winds with height; this turning of the wind with 
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height can give a wind component profile such that the lower-level 

wind has a maximum and reduces to a small value near the surface 

as sketched below. The effect of this configuration in the 

model would be to allow the downdraft 

to spread out downshear more readily. 

This form of wind profile has 

been used by Takeda (1971) in a 2-D 

model. 	He shows that this allows 

0 	
the modelling of a "long-lasting" 

u-component (say) 	cloud with organisation of the updraft 

and doundraft with the importance of 

this wind profile on precipitation particle trajectories emphasised. 

6.9 RUN 4  

Results from RUN 4 in which a low-level turning of the wind 

with height was modelled but without a low-level maximum as 

sketched above showed only small differences from RUN 3, mainly 

in the direction of movement of the cloud, and results are not 

shown. 	The results do however represent a convective system 

with no symmetry in space whatsoever - the first known model 

results of their kind. 

In retrospect the low-level turning of the wind should 

be included so as to test the ideas discussed in the previous 

section and this will be done as soon as possible. 



RUN 1 

Figs. 6.3-6.20 

No ambient wind 
Coriolis parameter zero 

a  = 10-3  s-1  
p = 10-3  s-1  
-y = 10-3  s-1 
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RUN 2 

Figs. 6.21-6.34 

(as RUN 1 but with y  = 10-2 s-1) 
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RUN 3 

Figs. 6.35-6.50 

Initial sheared flow (see text) 

Coriolis parameter zero 

a = 10-3  s-1  

P = 10-3  s-1  

',, = 2 x 10-3  6-1  
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CHAPTER VII  

SUMMARY AND CONCLUDING REMARKS 

In the preceding chapters, a detailed description of a numerical 

model of the atmosphere has been given, with examples of 

simulations of deep convection under differing environmental 

conditions. 	Several of the major limitations of existing models 

have been removed thus realising a substantially more flexible 

and adaptable research tool for future work. 

The main advantages gained are as follows:- 

i) Full three-dimensionality in space 

ii) Accurate computations of the thermodynamics 

of the vapour-liquid transitions 

iii) Open lateral boundaries 

iv) The inclusion of the spatial variations of density. 

The model also extends to the 100 mb level thus virtually eliminating 

upper boundary effects inherent in existing models. 

Inevitably, these improvements and extensions have been 

gained at the expense of other factors although in general with 

no serious disadvantages introduced. 

The extension to three-dimensions in space made heavy 

demands on computing facilities and programming, and when combined 

with open lateral boundaries, introduced boundary condition 

formulation problems. 	This aspect of the model proved to be a 

difficult problem and one which has not been satisfactorily or 

completely solved; further work is needed on a consistent set 

of dynamical boundary conditions for fluid flowing across a 

gridpoint model boundary. 

The improved thermodynamic computations and the inclusion 
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of the density variations are directly the result of using 

pressure as the vertical coordinate, these advantages were 

gained by reformulating the modelling equations in pressure 

coordinates. 	This use of pressure coordinates with a free-surface 

boundary condition permits only a short computational timestep - 

a fact detrimental to the overall economy of computing time but 

beneficial to the computation of the thermodynamics and cloud physics. 

The practicability of modelling deep convection in 3-D is 

demonstrated and several points noted, both as physical features 

and as modelling effects and deficiencies. 

Despite the resolution and relative crudity of the 

parameterisation of liquid water, the sensitivity of the simulated 

convection to this parameterisation is an encouraging feature - 

for the substantial role of the liquid water phase in the cloud's 

lifecycle, while showing the importance of the parameterisation, 

emphasises the essential response of the model to physical influence. 

The rapid changes that occur at certain times in the cloud's 

history are governed primarily by the cloud physical processes. 

The parameterisation deficiencies have been referred to 

previously but it is clear that an improved handling of the 

spectrum of raindrop fall-speeds is desirable. 	The modelling 

of the freezing and sublimation processes has been attempted 

only in one-dimensional models and the inclusion of these processes 

is not envisaged in the immediate future. 

The sensitivity of the models to explicit smoothing 

(diffusion) terms was marked. 	Although these terms were included 

for computational reasons, the physical effects were significant. 

The simulations proved to be particularly sensitive to smoothing 

on the moisture field and time-dependent smoothing was introduced 
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to minimise this in the early growth stages. 	It has been 

customary for previous models to incorporate a constant coefficient 

of eddy diffusion on variables both in space and time 	in view 

of experiences here, this must be considered a poor modelling 

assumption and improved ways of modelling turbulent and subgrid- 

scale transfer processes should be investigated. 	The low 

resolution of the model would necessitate parameterisation of 

a large part of the spectrum of small-scale motions. 	The 

resolution problem also extends to the cloud physics, for the 

use of gridpoint values representing mean quantities over such 

large volumes is a crude representation of cloud properties. 

No energy-conservation integrals and transformations have 

been given here although preliminary computations have been 

conducted on the smaller (7 x 7x 7) model. 	The demands on computer 

time and storage of the present model were such as to make it 

impracticable. 	A diagnostic program will be run in the future, 

and much of the groundwork has already been done. 	The present 

model requires approximately two hours computing time for a 

forty-minute simulation run but reprogramming and the use of 

improved solution techniques (see Chapter III, §3.6) are expected 

to reduce this by a factor of two at least. 

DISCUSSION Cl THE MODEL WITH REGARD TO FUTURE WORK  

In this thesis a model has been developed with which future research 

into convection in the atmosphere will be pursued. 	In particular, 

examination of the basic dynamics of convection (and in its 

present form — deep convection) is proposed with the parameterisation 

problem as one important objective. 	A series of 'experiments' 

can be carried out in which the characteristics of the convection 

are studied in relation to different initial atmospheric conditions. 
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The convective systems discussed in Chapter VI, §6.8 

provide examples of the types of flow studied as a dynamical 

problem by Moncrieff and Green (1972), and support the ideas 

developed there, these in turn provide a basis for further 

modelling investigations particularly with regard to the transfers 

of momentum, heat and moisture. 

The modelling of storms using initial wind fields and 

soundings similar to those occasions for which descriptive models 

have been developed from detailed observation (e.g. Browning 

and Ludlam, 1962; Browning, 1965), is a practical possibility 

with a larger version of the model, although certain aspects 

can however be tried on the present model as suggested in 

Chapter VI, §6.8. 	It should be possible to construct 3-D flow 

patterns and compare with those of descriptive models. 

The experiments referred to, together with the sophistication 

and improvement of the model indicate interesting, varied and 

profitable lines of research in the future. 
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APPENDIX 1. THE NUMERICAL COMPUTATION SCHEME  

a) THE FINITE-DIFFERENCE FORMULAE  

Using the notation 4  (i.e. without a suffix) to denote 

/(111x, mLy, pk) and "S*  to denote 4  t(1+1/4)Ax, (m+1/4)kr, Pk+.141, 

the pressure levels pk(1000, 850, 700,500, 300,200 and 150mb) 

corresponding respectively to k= 7, 6... 1, the space derivatives 

in 	Eqs.(2.1.1), 

ao* _ 

au _ 

(2.1.2), (2.1.4), 

_ 6  Ty 
xi/ 

- 	Y1T1 x  ° 

-0-*x  ) 	y (17Tx  

) - 	y  

computed 

= 	gh» 	+ 11 1(7xY)2  

14(1+1h) fix, 

(2.1.5) 	are replaced to give 

1/ 
xy 	—xy 

+ 	4 	- 	b u 

xy  	—xy - 	1.1; 	w 	b v 

Yir  ) 	P 	+ Q: 

	

(7,,Px  qy  ) 	- 	p (6) 	qp ) 	+ Q,,; 

as described in Chapter V 

I 	* 	+ 	(V,17)21  

mAy, Pk}  + 41-1/4)Lx, 1312V, 

(A1)  at 	- 

av (A2)  at 	- 

ox (17TY  

- 6 x  ( 

and C are 

* 

;Tx 	= 

(A.3) at 	- 

ag.*  
at 	

_ 
- 

where Q:„ 

and 

where 

(A4)  

(A5)  

	

,73-y  = 	[41Lx, (m+IMAY, Pk + ,6,1Lx, (In-- ) 65ri Pk} 

	

5x/3  = 	1../6t(1+1/2) Ax, rAV,/4) 
1 	, 
- (1-4)nx, PO] 

1 

	

by/5 = 	 {1.6x, (m+14)Ay, Pk} - 4 flAx, (rn-1/4),6y, 

and b p4  in Eqs.(A1) and (A2) is a quadratic interpolant through 

values at three adjacent levels. 
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The expression b 
P
(56 ) in Eqs. (A3) and (A4) is: 

{ (1+1/2)Ax , sm+ 1/2) LY Pk+z/d {(1-1-1/2)1,,x , (m+14) AY, Pk-1/23 //2(Pk+1- Pk )  

   

l;[(1+1/2)6x, (m+1/2)41  Pki and the value of 	 from which t; 	values 

are formed is: 

6x  (TY  f(l+h)Ax, (m+1/2) Ay, pki) - b y  (TX  .11,  (1+Ih) LX.  (131+1h)AY, Pk] 

The finite-difference analogue for Eq.(2.1.3) integrated w.r.t. 

pressure is given by the trapezium rule: 

k 

 . -7. 1  (   -w
1+/2,m+1/2,k 

	

	/ 7 ,Di+ihon+1/44-1 + 1+1/4,m+1/4,i) (Pi  Pi-1 
i=1 

where D 	. b u Y 	+ b v 
X 

 
142,m+1/4,i 	x 1+1/4,m+1/4,i 	Y 1+1/2,M+1/2,i 

The space derivatives in Eq.(3.16) are replaced to give 

	

an 	 x 	 1 

	

at 	
- u 	 6 h I/ 1+1/2,m+1/2,7 6xh1 ,m+/,, 7 

-v
1+1/2,m+1/2,7 Y 1+,201,7 + TP7°31+1/4014217  

(A7) 

Reference to the finite-difference form of Eq. (3.15) has 

already been made. 	The advection equations for rainwater and 

cloudwater are treated in an exactly analogous form to Eq.(A4). 

b) TIME-INTEGRATION AND COMPUTATIONAL STABILITY 

The replacement of the time derivatives and the times to which 

the above finite-difference replacements refer are essentially 

as follows. 

Starting at time t, the u(t + At) and v(t + At) fields 

are first computed from Eqs.(A1) and (A2) to yield w(t +Pt) 

(A6) 
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from Eq.(A6); these are subsequently used in Eqs.(A3), (A4) and 

(A7) to compute fields of 8, q and h7  at time (t +At). 

The analysis of the time-integration for both a linearised 

system and the non-linear equation system has been carried out 

by Pearce (1972). 	The results of his analysis relevant here 

can be summarised as follows. 

For the linearised system containing only the external 

gravity wave and quasi-horizontal advedtive waves, the use of 

consecutive forward timesteps in the form 	igt +At) = A(t) + r-,.
1 

41_\-t 
t  Lat 

(with [(50/0t] computed from RHS of prognostic equation) - requires 

the stability criterion At < Gx/c (c = gravity wave speed) to be 

satisfied. 	This scheme is unstable however when the non-linear 

terms are included. 

The scheme adopted in the model consists basically of 

alternate timesteps, the first with the calculation of temporary 

values and the second without. 	Temporary values of variables 

are formed using the relationship: 

gtemp) 	A(t) + 

and these used to compute igt +At) using 

Al(t+Lt) = A(t) + 	At 
-at
itemp 

where [03/at]temp 
is computed using temporary values in the RHS 

of the prognostic equation. 

The computation of temporary values every timestep gives 

a scheme stable for the 'meteorological wave' but only of 1
st order 

accuracy; the use of alternate timesteps introduces slight 

instability but gives a 2
nd 

order accurate scheme. 	This slight 



instability is so small that the scheme is effectively stable 

for the meteorological wave for use in the model here; the 

use of occasional repeated calculation of temporary values may 

be used to ensure stability in models incorporating very large 

numbers of timesteps. 

This scheme is not theoretically stable as far as the 

external gravity waves are concerned but the use of a small 

amount of smoothing on the height field through Eq.(A7) is 

sufficient to ensure stability. 

11+2 
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APPENDIX 
	

PROGRAM LISTING 

A PRImITIVE EQUATION jmODEL FOR THE NUmFRICAL SIMULATION 
OF A CUMULONIBUs CLOUD IN THREE SPACE DIMENSIONS. 

THE MODEL INcoRPQRATES THE FOLLOING FEATURES 
1 THE VERTICAL CU-ORDINATE IS PRESSURE 
2 THE AMBIENT VIIND, TEMPERATURE AND MOISTURE FIELDS 

ARE SPECIFIED AS INITIAL DATA 
3 A CLOUD MICROPHYSICAL PARAMETEPISATION IS USED TO 

SIMULATE RAINFALL 
4 THE FLO NORMAL To THE 90UNDARIES IS TIME-DEPENDENT 

AT THE BOUNDARIES 
NUMERICAL METHODS USED INCLUDE 

1 TIME-INTEGRATION HY A MODIFIED FULEP-!73ACKARD SCHEME 
2 CENTRED SPACE-DIFFERENCES 
3 S.O.R. SOLUTIONS TO THE HALANCE EQUATION FUR THE HEIGHT FIELD 

COMPUTER REOUIE,ENTS 

THE PROGRAM AS ■JRITTEN REQUIRES 60K CORE STORAGE PLUS A MUCH 
SMALLER DISK AREA. 5 mINUTES SIMULATED lIME REQUIRES 
14 MINUTES OF THE CDC 660 COMPUTER • S TIME. 
THE SIMULATION RUNS ARE ,,AUILT UP AS A SEUUENCE OF FIEFS ON 
TAPE, EACH FILL REPRESENTING DATA FIELDS EVERY 2.5 MINUTES. 
THIS TAPE IS THEN AVAILAHLE AS INPUT FOR CONTOURING PROGRAMS ETC. 
A COMPLETE SIMULATION RUN CONSISTS OF INDIVIDUAL RUNS OF THE 
PROGRAM LISTED HERE, PROVIDING P:JO FILES AT A TIME, vlITH A 
SLIGHTLY [ODIFIED RROGRAm TO GENERATE THE FIRST FILE. 



CONSTANTS 	NAmp 	vEANING 
DELT 	TIMESTEP - 3 SECONDS. 
DELP 	VERTICAL GRADIENT IN UNITS OF 100MPS. 
Dfl 	HORIZONTAL GRIDLENG1H - 1000 METRES 

VAR I APLE NAMES 
UST, VST ANpIENT HORIZONTAL VELOCITY COr:PONFINTS 

(IF NON-ZERO) IN lETRE/SEC. 
U19, \/ 15 VARIAA_E PART OF HORIZONTAL VELOCITY 

CCWPONENTS IN ILTRES/SEC. 
HD I VP 	HORIZONTAL DIVERGENCE 
YIP 1 4 	OMEGA - DP/DT IN UN ITS OF 100H5/SEC. 
ZETA 1 4 	VERTICAL COMPONKNTS OF VOLRTICITY 
HITE16 	HE 	DEVIATION PRO 1'; A PRESSURE 

SURFACE IN :flq-::TPES. 
PSIILD 	PSI FUNCTION IN LH -MEL) SWARED/SFC.SOUANED 
016 	SPECIFIC HUMIDITY IN OHS/KG. 
CL 	CLOUDATEP CONCENTATION IN GS/KG. 
RAIN 	RAIWATER CONCENTRATION IN Q UA/KG. 
THS, OST UNPERIURNED POTEN1 I AL TEPERATURE AND 

HUIDITY FIELDS IN DEG .0 AND Gm/KG. 
OUTFLO INFLO/OUTFLO INDICATOR 

VApIANLES ENDING 'JITH -INCR REPRESENT TIESTEP 
INCREENTS OF NASIC h- ILLDS. 

TAPE 3 IS THE MAIN RECORD TAPE. 
TAPE 1 AND 7 ARE TEmPORARY SCRATCH AREAS ON DISC. 



PROGRAM NIP,IS(- fl 	 ,IAINP 1 

1 	TAPE1ITAPEP,TAPE3ITAPF7) 	 MAINP 

DIE-NSION GL(16,1 ,7)1DOL(16+1617),HINCR(161 16'7),HITE16( 16,1617)1 AINP 3 

1 	TH16(16,16i7)1P=DI(1611617),P-7DI16(16,16,7),THINCR(16/16'7)4MAINS 4 

2 	RAIN(16,1617),O16(1611697),OINCH(16,16,7)1 THINC( 16,16,7),HIAINP 5 

3 	UP(15,15,7)4U15(1::.,,lb,7),UINCR(15111 ,7)1 	( 15,1517 ) MA I I,JP 	6 

4 	Vp(15,15,7)1V1E)(15,15/7),VINCR(15,1517)4 Y,P14(14,14,7),MAINP 7 

5 	p(15),OUTFLO(:5647)+HDIVP(14114,7),LFTA14(14,14,7),MAINP 8 

6 	 DELS(7),THICK(7),ACOUT(7)15COUT(7),UCOUT(7) MAINP 9 

LOGICAL 	CUTFLO,ARK 	 MAINP 10 

EXTERNAL OUT 	 MAINP 11 

COvv,ON 	CCX,D,KOUNT2,MAPKOUNT1 ,DELT,IND 	 7AINP 12 

COMMON 	/HLK1/ u15,V15,P14 	 MIINP 13 

COMON 	/BLK2/ C16,TH16 	 .1AINP 14 

COMON 	/RLK3/ ZLTA14 	 VAINP 15 

COMMON 	/13LK4/ UINCRIVINCR 	 MAINP 16 

COVMON 	/RLKb/ HITE16 	 MAINP 17 

COW,ION 	/DLK13/ UUTFLU 	 ::,AINP 18 

CO:,IMON 	/HLK2u/ LCOUTIOCOUTIACOUFIIOUT'joUT 	 MAINP 19 

CU B WON 	/ULK2 1 / HDIVP,OL 	 MAINP 20 

DATA 	THICK/.5/.5,1.,2.,2.,1.5,1.5/ 	 HAINS 21 

DATA 	DpLp /u.5,0.5,1.92.12.,1.5+1./ 	 HAINP 22 

EQUIVALENCE (UR(1),U15(1)),(VR(1),V15(1)),(PSI(1) 'PSI 16(1)) 	MAINP 23 

CALL ONTRAP ( OUT) 	 MAINP 24 

DO 3003 11=1,25 
	

MAINS c_p 

1 READ(3) :\IARK,KOUNT2IP,LASTF,  ISTOP 
	 MAINP 26 

IF(ENDFILE 3) 1,6 
	 MAINP 27 

6 IF(LASTF.E0.1) E3ACIc,SPACE 3 
	 MAINP 28 

IF(LASTF.E0.1) GO TO 3005 
	

MAINP 25 

DO 3003 K=1,7 
	 HAINP 30 

READ (3) ((U15 	(I,J,K)II=1,15),3=1,15) 
	

MAINP 31 

READ (3) ((V13 	(I,J,K),I=1,15),J=1,151 
	

MAINP 32 

READ (3) ((?.1P14 (I,J,K),I=1,14),J=1114) 
	 YAINP 33 

READ (3) ((ZETA14(I,J,K),I=1,14),J=1 ,14) 
	

MAINS 34 

READ 	(3) 	(I,J,K),I=1,16),J=1,16) 
	 35 

READ (3) ((HITE16(II,J,K),I=1 ,16)13=1 ,16) 
	

":AINP 36 
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VH cN1VH 
	

Ii-c!INno>=c:INno-.2 
	

Irdno>!= I IN1nC-)i 

N',./ 1'7:: I =V I 	"'I 	C.C.; 
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Z17 HNIVH 

(-)17 

HNIVH 
N. 	HV‘:I V. 



R I ND 7 	 NIA I NP 70 
?.;PI1 E( 7 ) ( ( (RAIN( I , J9K)9I=1 ,16) ,J=1916)9K=117) 	 HA I NP 71 
RE!2.11 ND 7 	 ;!IA I NP 72 

CALL INCIHO(U15 , V15,0161TH16,YJP141RAINITHINCR ,OINCRITH2JINC 	A I NP 73 
1 	 AN 'DELT FNN ) 	 NA I NP 74 
READ(7) ( ((RAIN( ,J1K) , 1=1 ,16 )1,1=1 , 16)95=117) 	 MAINP 75 

DO 2',2, 1 1=2, lb 	 55DO 201 J=2115 	 V=DU 201 :(=1,7 	 MA I NP 76 
016( I,J,K)=016( I,J9K)-GL( I,J,K) 	 MAINP 77 
OINCR( I ,J91<)=0 INC- RC ,J,K)*HINCR( 	) 	 ;',".A I NP 78 
DUL ( 	J l< ) =0 I NC F-2( 	K ) * ( 1. -F-i I NC R( I,J,K)) /P I NCR ( I J I I< ) 	 MAINP 79 

201 OL(I,J,K)=CL(I,J,K)+DOL(I,j,K) 	 MAINP 80 
11 	CALL EiDY ( J15 , V1 L--D OUTFLO ) 	 H A I NP 81 

I NP 82 

DO 1(-)2 1=2,15 	?DO 102 J=2, 1: 	EDO 102 K=1,7 	 ;%1A I NP 
TH16( I , J,K)=FH16( I , J,K)+THINCR( I ,J,K) 	 HA I HI-)  64 

lup 016( I ,J,K)=016 ( I ,J ,K)+GINCR( ,J,K) 	 HA I NP 05 
REl) I ND 1 	 I NP 86 
WRITE( 1) ( ( (V INCR( I , J,1<), 1=1915) J=1 I 15) , K= 1 71 	 HA I NP 87 

CALL A DVRA I N ( 	VR 2.1f-p14 , RA I N DELT OUTFLO V I NCR, H I NC ) 	 MAINP HE 

DO 2 I =2 915 	 `?;DO 2 J=2,15 	 EDO 2 l<= 1 ,7 	 r-1A I NP 00 
2 RAIN( ,J,K)=RAIN( I9J,K)-HINCP( I , J,K) 	 MAINP 90 

REV!I ND 1 	 MA, I NP 91 
READ(1) ( ( (VINCR( ,J,K) '1=1,1E) , J=1 ,15 )15=1,7 ) 	 i-1A I NP 92 

CALL SLVTOF ( Q16,1 H16,OL , THI NCR I 0 I NCI: DOL.) 	 f'.1.A I NP 53 
CALL PHYS I C ( TH16 , 	DGL1018 	H I NCR?) 	 ■•■A I NP 84 

DO 4 1=2,15 	 fr:DO 4 J=2,15 	 EDO 4 K =1,7 	 MA I NP 95 
RAIN( I9J,K)=PAIN( I , J,K)+HINCR( I 9.-111<.) 	 MA I NP 96 
IF(AB.S( W, I N ( 9,J,S) )•LT.0•01) RAIN( I ,J,K)=O• 	 MAINP 97 
I F ( KOUNT1 • E0. 	) 	I TIT ( 6 ,72 ) 	 MA I NP 98 
I E (KOUNT1 .EC). 	) CALL CUT15(:-!A IN, 16,16 97,0 ) 	 MAINP 99 
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C* 

SUM-ROUTINE 	INCRUV(DELT,URIVRIP,ZFIA,UINCRIVINCRIRSI ,HEAGHT,  NCRUV 1 
1 FIEN2,liN3) NCRUV 2 

* 	-;: COKPUFES HORIZONTAL VELOCITY 	INCREMENTS NCRUV 3 
DIENSION 	HEIGHT(16,16,7),UINCR(15,15,7),LFTA(14114,7),DELR(7),  (NCRUV 4 

1 PSI(1611t="),7),VINCR(17,15,7),  vJP(14114,7), 	Y1(7),  NCRUV 71[--  

2 EN2(16116,7), 	UP(15,15,7), 22(14,14), 	Y2(7),  NCRUV 6 
3 EN3(15,16,7), 	VR(15,15,7),  F(15), 	X1(7), NCRUV 7 
4 PS I 2 ( 16116 ) 9 	U2(15 9 1 	)9 V2 ( 15 9 15) 9 	X2(7) NCRUV 8 

LOGICAL 	vlARK NCRUV S 
COMMON 	CCX,DM,KOUNT2,VARK NCRUV 10 
DATA 	DELP/0.5,1.,p.,2.+1.5,1./ NCRUV 11 
21=1. 	57_2=1. `1=CAPA=0.0005 NCRUV 12 

DU 	5u5 	1=1,15 	5D0 	505 	J=1, 15 T,DU 	505 	K=1 ,7 NCRUV 13 
U1NCR(I,J,K)=U. NCRUV 14 

505 VINCR(I.J1K)=0. NCRUV 15 

DO 	520 	1=2,14 	1-D0 	52C 	J=2,14 100 525 K=1/7 NCRUV 16 
Xl(K)=UP(I,J,K) NCRUV 17 

525.  X2(5)=VR(I,J,) NCRUV 18 
CALL 	DDP 	(X1,Y1) NCRUV 15 
CALL DDP 	(X2,Y2) NCRUV 20 

DO 520 	5=1,7 NCRUV 21 
UINCP(I,J,K)=Y1(K) NCRUV 22 

520 VINCR(I,J,K)=YP(K) NCRUV 23 



• '..__jO I=,I:i 	 :,".- r.) n130 J=2,14 	 :.),L) '::) ---_,fl K=1,/ 	 NC;--:UV 
H",-i:UV 25 

AV ....p 	..,V4('...P 	.I -1 , j -1.K,1411/1*/) 	 NO2UV 2 

U INCR(I,J+K)=((;-)I(I,J.K)P1(II,J+11K)-r--.)1(I4-1.,JqK)-PF:,I(I1-1,3+11K)N(HUV 27 

1 	
2H(.1,3,) -:',H1)2FL.F NC;-, UV 73 

✓ INC(I I JIK)=((l(I,J-4-1 , K) -4-2:-:=1 1 I+1 , J+ 1,2)-P'sD I C I .I.J/.1)-fl:=JICI-4-1.-14':.)NCRUV  
NCIWV :70 

., 
CONTINHF 	

HCPUV 2.1 

IF C.CT.PH-- -:) C,T) TC '61 	 NCRV 72 

DC 221 13i1l 	 14)() 321 J=_11 

375 Xl(K)=,JR(I,J,1()-4-U1HC(I,J,K) 
X2(K)=V(I,-)41:) --VICP ( I■J , < )  

(2./7-,LL il- DP(X1 , Y1) 
CALL DDr)(22,Y?) 

!JD 521 !1=1.7 
222(I,J,1)=21(!,;) 

71 E1I:=11I,J,K)=22() 

),DU5Lu K=1 , i 
NCJV 
NCRUV 
.CK1JV 

NCPAJV 
HCHUV 
HCR21 
MCPHV 

DO '.36U !<=1,7 	 fli...) 212 I=111 	 i'il.-)(,) 530 3=1 , 1 

U2(1,3)=2(I•J■K)- 1-',-, INCF ( I , Ji )  

V?(IRJ)=VRiI•J') -1-- VINCR ( I 1 3,)  

DU ',-.)t'D 1=1,14 	 '.::)0 37-.*,  J=1,12, 	 NRUV 74 

121=1+1 	 _,,,,--)1=j-i--1 	 Hr.:PUY 41-3 

32(I,j)=CV71121.,J)-V?(I,j)-4-V?(I1.JP1)-VP(IIJP11-4-22(I,JP1)-U(11-J)NC1.:,2V /;C:, 

I 	 +1...j3 (If-21,J21)-12(IR1,J))/(2.'/,-D:1)-4(11(J)-1-E(J+1).3 	 MCPL,V z7 

PI:-:-(IPIIJ21)=fl.HEI;;WF(IP1,JP1,!<)-47((!_;?(I,J)4-Up(I,JR1)-1-U?(IP1,J)N7,HUV .!:;', 

1 	 4..',._%1121,,JR1))?-f-(V='(I,J)-1-V=.7:1,JR1).-i-V:.](IP-1,,J)  

2 	 IF=1,J1)):_)/-.3:7". 	 3- 12: 	'.--)? 

iRI:\J 

7021 ,=L3 



DO 560 1=2,14 	11;DO 560 J=2,14 	 NCRUV 51 
AVZET4,=(Z2(I-11J-1)+Z2(I-11J)A-Z2(I/J-1)+Z2(I1J))*0.25 	NCRUV 52 
UINCR(I ,j,K)=NPSI2(I/J)+PSI(I ,J+1)-PSI2(I+1 ,J)-PSI2(I+11J-1-1)) 	NCRUV 53 

1 	/(2.1)+Ep*Vp(I,J)*AVZETA-1-CCX*(U2(1-1-1 ,J)-U2(I-1+J)) 	NCRUV 54 
2 	 /(2.*DM))*DELT 	 NCRUV 55 
VINCR(I ,J,K)=C(PSI2(I ,J+1)+PSI2(I-1-1 ,J+1)-PSI2(IAJ)-PSI2(I+1,J)) 	NCRUV 56 

1 	/(2.,,q)M)-E2*U2(I ,J)*AVZETA4-CCX(V2(I4-1 ,J)-V2(I-11J)) 	NCRUV 57 
2 	/(2.*DM))*DELT 	 NCRUV 50 

560 CONTINUE 	 NCRUV 59 

T> DO 	11 1=2+14 	$D0 	11 J=2114 	DO 11 K=1 ,7 	NCRUV 60 
UINCR( I ,J ,K)=UINCR( II,J ,K)-AV4(P/I-1+J-1+K+14+14'7)*ENPCIIJ,K) 	NCRUV 61 

1 	*DELT 	 NCRUV 62 
11 VINCR( I ,J ,K)=VINCR( I/J1K)-AV4(P1I-11J-1iK91411447)*EN2(I/J1K) 	NCRUV '

t:V 1 	*DELT  
561 CONTINUE 	 NCRUV 65  

DO 115 1=2,14 	$D0 115 J=2,14 	$D0 115 K=1,7 	NCRUV 66 
UINCR(I ,J ,K)=UINCP(I,J+K)+CAPA*DELT*ALAPL(UR,I ,J+K,15+15,7) 	NCRUV 67 

119 VINCP(I,J ,K)=VINCR(I,J,K)+CAPA*DELTALAPL(VN,I1J1K11541517) 	NCRUV 68 
RETURN 	 NCRUV 65 

END 	 NCRUV 70 
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FMINCP(IP1qJP1'K)=(—ADVTH+5K1*Vj4*A8S(W 4))* 	NCTHO 31 
1 DELT 	 NCTHO 32 
IF(K.EQ.7) THINCP(IP1,JP1i7)=THINCR(IP1.JP1.7)—(('J P(I ,J,NCTHU 33 

1 7)+P(I1J16))*DELT*(303.5-1H8(IP 11JP1+NCTHO 34 
2 7)—THS(7))/1.5 	 NCTHO 35 
IF(K.NE.1.AND.K.NF.7) THINCP(IP1iJP11K)=THINCP(IP1,JP1 ,K)—WP (I.JIKNCTHO 36 

1 DELT*(TH6(IP1.JP1.KPI)+TH(KP1 )—THS(NCTHO 37 
2 IP1+JP1.1<)—THS(K))/(DELP(K)+DELP(KP1)/NCTHO 38 
3 —WP(I.J1KM1)*DEL1*(TH8(IP1 ,JP1,K)+THS(NCTHO 39 

K)—TH8(IP1,JP1,KM1)—THS(KM1))/(DELP(K)NCTHO 40 
+DELP(KM1)) 	 NCTHO 41 

IE(K.EQ.1) THINCR(IP19JP19K)=THINCP(IP11JP1,K)—DELT*WP(NCTHO 42 
1 I/J.K)*(TH8(IP1.JP11KP1)+THS(KP1)—TH8(NCTHO 43 
2 IP11JP1,K)—THS(K))/(DELP(K)*2.) 	NCTHQ 44 

OINCR(Ir1,JP1/K)=— ((W1+W5)*(0 1( IP2IJP 11K)—ONCTHO 45 
1 1(IIJP1IK))+( 2J2+6)*(01( IP19JIK) —01(IPNCTHO 46 
2 1,JP1,K)))*0. 25*DELT/DM 	NCTHQ 47 
IF(K.E0.7) QINCR(IP1IJP117)=0 INCR(IP1vJP 1,7)—(WP (I.J.7NCTHQ 48 

1 )+WP(I.J16))* DELT*(17.—O 1 	IP1IJP 1.7))/NCTHO 49 
2 1.5 	 NCTHO 50 
IE(K.NE.1.AND.K.NP4.7) OINCP(IP1,JP1,K)=0 INCP(IP1.JP 1 9 K ) —WP( I,J,K)NCTHO 51 

1 *DELT*(01(IP1 9JP1,KP1)—Q 1 ( IP1 	JP 1,K))/NCTHQ 52 
2 (DELP(K)+DELP (KP1))—YJP(I .J.K141 )=k DFLT*(NCTHO 53 
3 01(IP1+JP1+K) —01(IP1IJP1 ,KH1 ) ) / 	DELP(KNCTHO 54 
4 )+DELP(KM1)) 	 NCTHQ 55 
IE(K.E0•1) 0INCR(IP1+JP19K)=0 INCN(IP11JP 1 	K ) —DEL T*WP(INCTHO 56 

sj,K)*(01(IP1 ,JP19KP1)—() 1( IP1IJP 1+K))/NCTHO 57 
2 (DELP(K)*28) 	 NCTHQ 58 

OINCR(IP1iJP1,K)=0 INCP(IP1.JP ltK)+81.10 *DELT*NCTHQ 59 
1, ALAPL(01,IP1. JPI.K,16+16 ,7)*ADS( ALAPL(NCTHO 60 
2 01,IP1.JP1,K, 16116'7)) 	NCTHO 61 

2090 CONTINUE NCTHQ 62 



DO 	1UU 	K=1,7 	 1-1630 	100 	1=2,15 	TDO 	100 	J=2 , 15 NCTHO 63 
, F ( 	•NE•2 • ANL) 	•Np. • 1 5. AND 	•;":-.). • AND • J 	NE • 15) 	GO 	TO 	100 NCTHQ 64 
KF11=K-1 NCTHQ 65 
IF(K.E.G.1) 	GO 	TO 	15  NCTHQ 66 
VI=AVPX4(VP,I-1,J-1,51,15,15,/) NCTHQ 67 
U1=AVPY4(UR, I ,J-1,1,15,15,7) NCTHQ 6(3 
U2=AVPY4(UR,I-1,j-1,K1,15,13,7) NCTHO 6') 
V2=AVPX4(VPII-1 ,J,5M1 ,15115,7) NCTHO 70 
CO TO 	19 NCTHO 71 

15 U1 = ( 	( I 	J-1 ,1 )±05( I 	J ,  1 » 	25 NCTHQ 72 
O2=(UR(I-1 , 0-111)+U(I-1 , J, 1))*0.25 NCTHQ 73 
VI=IVR(I-1 ,J-1 ,1)+VR(I ,J-1 ,1))%',0.25 NCTHO 74 
V2,-(VP(I-1 , J ,1)+VP(I,J,1))0.25 NCTHO 75 

19 CONTINUE NCTHO 76 
ADX=W1*(TH2(I+1,J•K)-THE3(I , J ,K))-07(IHS(I-1,J,K)-THe(I,J,K))) NCTHO 77 

1 /(2. 	D`4) HCTHJ 78 
TADY=(V1*(THS(I1J-1 , K)-TH8(I , J,K))-V2(TH8(I,J+1,K)-TH8(I,J,K))) NGTHO 70 

1 /(2.D) NCTHO 00 
IF(K.E0,7) 	GO 	TO 	1/1  NCTHO 81 
AT=THB(I , J, K4-1)+THL-)(K4-1)-TH9(I ,J1K)-THS(K) NCTHO 22 
IF(K.F0.1) 	GO 	TO 	1 2  NCTHO 83 

NCTHO 
CO TO 99 NCTHO 85 

14 AT=TH8(I ,J,K)40151!3(K)-THF(I.J15-1)-TH53(5-1) NCTHO 86 
5T=TH2(I , J1S-1)+TH:1-- (K-1)-THB(I,J ,K)-THS(K) NCTHO 87 
GO TO 99 NCTHO BB 

12 5T=0. NCTHu BY 
5H1=1 NOTH 

99 ADP-,7( ,. P(I-11J-1 ,K)' AT-"J)(1-1 ,J-1 ,1<l)T)/(?.11)ELP(K)) NCTHO 91 
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PDYDV 1 

HC'RIZI:2NTAL 	 U)"UV 

DIr.E.NLIUN U(1'_-3,11:7,7)1:7;fliAL:(H:-2),VR.(':1-3;,HDIVF1,(1":":1],7)■ 	 PL;Y7=.:•V 17. 
HDYDV 

1 	 6 

ALDV,2=CLPHI,+1.)/(fl'.-, ) 

DO 	I=1•1? 
J=14 
NrI=6  

IF(I.L.H96) 

H=1:7,-NN IJ=I 
T7=-K 

VAD(I)=NH(') 
1 	 NHV(I-1-7,-14KL))n(1-14-(1-,) 	 ELYDV 17 

VT„IN(1)=N•77, 	 L'j)YDV 

1 	 NN;',-u(I-1-?1•JI(L))(I7-4-(-)) 	 H7)YDV 
Pfl 

1 	 H':DYDV 21 

VTA.H(L)=(MV(JIH,H,-)+HN'(N(j+h -11KL))(1J4-6) -NH() 	1\l'::U(JI,KL)-44•.M=.'-'.--3l'YV 7? 

1 	 ':ThYDV 

L=I+i7=", 	 • 	 77-'7[';\; 

VHAD(L)=-V;(--, 
1 	 (H-1,J,KL));:-A(jj+o) 	 f':Y:_;V 26 

\'''Ff \ N(L)=-N'.:76 -r•-V('"IJ.L)-4-Hr-,FV(H-11J1'‹L))“,.(IJ)-(HU(:-IJIL)-4-NNni)Yr)V 27 

1 

72,C 

1 	 )+NN!'•-\/(J,1-4-:7),<L))-(1J) 	 H.)YDV 71 

VTX',1(L)=-(NV(J,I4.1 , L)4.--HNV(J , I-i-L CIJ+"1:")+NH6  -Y,,-U(J1I+1,KL'-'DYDV 

1 	 77Y7V 13.3 

CONTINUL 	 YDV 7± 

3' 
HpyDV 

HLYYDV 	(-) 

-"7r'-[) \' 	1C,  
P:)YDV 11 
'f•DYL:\Y 
PHYnV 17 
LoYL..! 14 
H!'777 



20 

DO 20 1=10,52, 13 BDYDV 35 
VRAD( I+3)=VRAD (I+2) BDYDV 36 
VTAN( I+3)=VTAN (I+2) E3DYDV 37 
VRAD( I+2)=VRAD (1+1) BDYDV 38 
VTAN( I+2)=VTAN ( 	I +1 ) BDYDV 35 
VPAD I+1)=VRAD ( 	I 	) BDYDV 40 
VTAN( I+1)=VTAN ( 	I 	) BDYDV 41 
VRAD( I)=VRAD(I -1) BDYDV 42 
VTAN( I)=VTAN(I -1) E3DYDV 43 

VRAD I-1)=VRAD (I-2) E3DYDV 44 
VTAN( I-1)=VTAN (1-2) BDYDV 45 
VRAD( I-2)=VRAD (I-3) BDYDV 46 
VTAN( I-2)=VTAN (I-3) EDYDV 47 
CONTI NUE BDYDV 48 
VRAD( 7)=-V(811 4,KL) EDYDV 45 
VTAN( 7)= 	U(P,1 4+KL) E3DYDV 50 
VRAD( 2'--))= 	U(14 19,KL) DDYDV 51 
VTAN( 2o)= 	V(14 IR,KL) BDYDV 52 
VRAD( 33)= 	V(8, 2,KL) BDYDV 53 
VTAN( 33)=-U(8+ 2+KL) BDYDV 54 

VRAD 46)=-U(21 HIKL) EDYDV 55 
VTAN ( 46)=-V(2, S+KL) BDYDV 56 



60 

61 

6? 

DL 
VI. 1313\J 

F.DYDV DL 
PDYDV DLI 

DU 
k13D(i)=R[_0(VL),/(1)-1-VHAD(I -1)) 

-VT:,,N(I -1)) 

3fl 

DC 40 1=2,1'3 

K=11 -I 

H'..IIIVR(I ,J,'KL)=DkAn( K ) +DTM(K)  

HDIV,7)(J,I,KL)=JP;Ap)( I -i):3)) )-1-DT/.,H(I-1-1)  

cONTII. )7)E 

1,1,13 

-1 	:,,J=11 	
HDYL,V 

HDIVP(I,J413L)=D7 7( II -4-D T:313(1 
 

X ,,/ flV 

CO)TINUE
PDYLV 

13DIVP(1+1,KL)=7“:10)*DT[.N(A'.-_.) 	
nr-YV 

113I1313(1(1,1/1,KL)=flP;YO(1,=.)+7',Tr‘N(1) 	
PW(DV 

DU bL,  I1,3 	
1:',...(I2V 711 

1313=513-1--DTAN(I) 	
727H,,I 7., 

CONTINU 

REFURN 	
bDyDV /13 

7) 



SUBR0U1INE ADYUVluRIVfR,VPADIUINCR 
C 

	

	COHPUTES BOUNDARY HORIZONTAL 
DIMENSION UR(15,1F17),UINCR(1 ,15 

1 	VR(15,1517),VINCR(15,15 
DATA 	A/j.,0.1520E57,0.29406,  

1 	0.609711,0,675250, 
2 	C.P516'-',8,0.(7)07?n,  

,VINCRILPHA,K) 
VELOCITY CJ PONENTS 
17),VPAD(53),  
,7),A(14) 
0.419058,0.52/10(J7, 
0.734A03,0.7,)2624, 
0.(M577n10.(:,1-7)E372,1.0/ 

5DYuV 1 
* *ADYUV 2 

HDYUv 3 
FDYUV 4 
DDYUV 5 
ADYUV 
BDYUV 7 

ALFA=ALPHA/14. 	 5DYUV 
VRAD(53)=VRAD(1) 
	 ADYUV C) 

DO 10 J=33,72,13 	:;DO 10 1=1,14 
	

BDYUV 10 
IJ=I+J 	$11=14-1 
	

BDYUV 11 
IF(IJeGT.53) 13=13-52 
	

L-3DYUV 12 
IF(IJeLT.41.ANB.IjeGT.26) N=1 
	

BDYUV 13 
IF(I.J.LT.15.0P.IjoL0.511) N=15 
	

BDYUV 14 
IF(IJeLT.48.AND.I.j.T.,40.AND.1.52.1) N=1-6- 

	
BDYUV 15 

IF(I.J.GF.46.AND.I .NE.14) 5=I-1-1-3 
	

BDYUV 16 
If-(IjaCT.14.AND.Ij.LT022.ANDeIoNE.1) N=11-PS 

	 BDYUV 17 
IF(IJ.GT.20.ANDeI,).LT.280AND.IeNE,14) N=11-5 

	 DDYUV la 
IF(IJ.GT.14.AND.IJ.LT.41) mN=N-1 
	

E3DYuy 19 
w,N=mN4-1 
	 ADYUV 20 

N=1:,N—N 
	

ADYUV 21 
IF(J.FQ.46.0R.J.F0,/2) IA=15—I 
	 DDYUV 22 

IB=IA+1 
	 !BDYUV 23 

IF(J.E0.46.0R.J.Ac.72) U3=IA-1 
	 BDYUV 24 

IF(I.80.14)1H=IA 
	

DDYUV 25 



'0)V 26 
J3, IGI=1 
	

T-_-:17:, 2U1 27 
110 

2DYOV 

Vr-2.(+N.K.)=J:AriLF- P,-"-(IIV/*(1J)(1 —I 1,)1- 1 0 ::(1J-1)*A(3 	.--I/\))2YOV 11 

IF(I.60.1z1)GO TO 
	

PrOYUV 32 
HDYOV 311 

• IF(J.10.W5.0.J.77-).72) GO TO 30 
	

fl)YUV 

Go TO .';u 
2O 

• IF(I.FO.1) (2;C:: TO 
GO IC 7O 

O . IF(J.E0.16.00.J.2Q.7=, ) U TO 60 

	

'r 	N! • K ) 	I 	I c; K,o'"\ 	1 I 	( I J)o(1 	) 
T 7 

	

N11:.': • N 	=Ju I 	I 	( I ,J ) 	( 1 	) 

70 CONTI NUE 

• 	

I 	) 	 !`•:" ) 

✓ I JCI  1 N K )=-‘1N( • 	) —VU 

1 L.. 	 JUL 
I 

LDYUV 27 

HIL:YUV 
H'2YUV 
HYUV 

PDYOV 
• ' 
• :YUV 43 

HDYLJV 13 
HDYL;V 

LU 
L')YuV 
HUYUV 
H.:YUV ,%fl 



SUBROUTINE DDY(UR,VR,OUTFLO) 	 EDDY 	1 
C% 	FORi,1S INFLO/OUFFLO'i ARRAY 	 :BDY 	2 

DIFNION UR(1H11r:+7),VR(15,117),OUTFLO(H6,7),IW7)(7) 	BDY 	3 
LOGICAL OUTFLO 	 BDY 4 
CON ON 	CCX,DN 	 BOY 	5 
DATA 	TH/424.,30':.,3b2.11_1 2.1310.,30b.1304./ 	BDY 	6 

DO 9UOu KK=1,/ 
	 SOY 	7 

K=8 -KK 
	 HDY 

DO 110 1=1,56 	 BOY 	c-) 

110 OUTFLO(I,K)=.[- ALSF. 	 BOY 	10 

	

IF((UR(111,K)-CCX).LT.O..AND.VR(1,11K).GT.0.) OUTFLO(1,K)=.TRUF. [-MY 	11 

DO 4 1=2,14 	 BDY 	12 
4 IF (VR(I,1,K).GT.0.) 	UUTFLO(I,K)=.TPUE. 	 BDY 	13 

	

IF((OR(1511,5)-CCX).GT.U..AND.VR(1511 ,K).GT.0.)OUTI- L0(15,K)=.TRUE.HDY 	14 

DO 8 3=2,14 	 SDY 	15 
31=3+14 	 BUY 	16 

8 IF((UR(15,J,K)-CCX).GT.0.) 	OOTFLO(J1,K)=,TRLjE. 	ROY 	17 
IF((UR(15,1,K)-CC.X).GT.0..AND.VR(15,15'K).LT.0.) 	HDY 	10 

1 	OUTFLO(29,K) = .TPUE. 	 EDY 	10 

DO 12 1=2,14 	 HDY 	20 
I1=44-I 	 BOY 	21 

12 IF(VR(I,15,K).LT.0.) 	OUTFLO(I1,K)=.TRUE. 	 BDY 	22 

	

IE((UR(1115,K)-CCX).L1.0..ANO.VP(111'5,K).LT.0.)OUTFLO(431K)=.TRUE.BDY 	23 

DO 16 J=2,14 
31=58-3 

16 IFNUR(1,J,K)-CCX).LT.0.) 
9000 CONTINUE 

RETURN 
END 

OUIFLO(J1 ,K)=.TPUE. 

BOY 24 
BOY 25 
BDY 26 
BUY 27 
SOY 20 
SOY 	2') 



00DR7U1INF F.,117.1'J(P1-_,I ,ZFIn,(_Jk?,VR,HEI(1,HT,-JP,F,IJLLF,HINC,11TH,TH'_'1, 	H[1:,...i 1 

I (7)P,ICI-1,THINCR,THI- W111.--,ICHI .,j-') 	 ■‘][1:1 1') ?: 

CALL::) 	0OUI,1;11RY 	Z.,UflPOUTINE'.- 1 	AN:-) 	HPIGHT 	FIELD 	CUi:PUTATICII 	-- NE.1 

DivENSION 	I1E.Ir,-;HT(16,1(),i),UiNCI-,1(1,1,--1,7),HDIVP(1:.,1A.7),IHICK(7),NH:j a 

I 

7 

6 

	

THINc(16,1(:,, ,7),VINCR(Ic=,,lrf. 1,,7), 	 Li(1zt,1A,7), 

	

THINCR(1,11,11(3,7), 	up( 	1,:-.,1,1), 	...P(1A,1(. 97), 

	

HINCP(113,16,7), 	Vi -.1(1F,, l'; , 7 ) 	, ou --; -' 	: ( 1 /1 , 14 ) 	, 

	

OINC(D(16,1647), 	1( 	1I'107) 	`,/- -,(1,B,16),  

	

1H1.1(1(:)116,7), 	1,:_.(16110,7) 	, 	F(1:-1),  
EDGI(U',..), 	HL:RI(5:1D), 	VP:1.,D('L:11) 

HF.:\C(7),Nr...'1 

IH.:(/),NF'j  
(i.2)1(7),NE:1 

I,1,_-_ - '..; 

,:.- , 

7 

10 

11-::::0IVALLMCF(H(1),c0P1(1)),(FOC1(1)+PPRI(1)) NE:] 11 
LUG I CAL LIE 1.',1 
CL.),:",,C1f.; /HL.: 	/4/ 	JIHCRIVI:ICk, F.H.:-.! 1.11 
CO,,,::.CH /L,L1-:21/ 	1i7IVP,(1L LIEU] 1/ 
CO'.-.:,0H ccx,7- _,;(juHT,f."^S-1:: l'D 
DATI\ Y.1CUNTA/,..,/ 16 
DATA THIcK/sn,.,-,1.,?.,2.,1,7I.,-,/ NE:: 1/ 
DiVT:',.. HEAC 	/6.5?:!-H.1,1J1 ,/. ,--, ,11.,. 1 1,4,60fli:',./:HF'l 10 

1)011:\ THE l'IL:-. 10 

'..)11,,TA (A31 20 

N,--:::2 21 

D= DH/l u ,,W . HEll] 27 
(-7,U 	TO 	DY MEI 22. 

NU . I N C= 1 



DO 25 I =1 I 14 	 ±DO 23 3= 1 14 	 `i,D() 	K =117 

	

25 HDIVP( I 4395 )=(UP( 1+1/ J9K)+UR( I+113+14K)+VP( I ,J1K)+VP( I+1,J,K)—UP( INH,J 	26 
1 	 K ) —UR ( 93+1 K ) —VP ( 1J+1 K ) —VP ( I+1 J+115 ) ) / ( 2 . *DF:i ) 	NE:',.1 	27 

DO 77 KL= 117 	 $1-) 0 88 I =1 •• 15 	 =1',DU 88 3=1 18 
VP ( I 9 J 	) =VR ( 	J 	) 

88 UP ( I 931KL ) =UP ( I 9J KL ) —UST ( 	) 
CALL HDYD I V ( UR VP 9 HD I VPIDM, ALPHA 	KL VPAD ) 
CALL E3DYUV ( UR, VRIVPADIU I NCP4V I NCP1/\LPHAIIKL ) 

NE"1 	28 
NE,'1 	29 
r\IF1',V 	30 
NE:1 	31 
NIES 	32 

DO 89 I =1115 	 8D0 89 J=1115 	 NE'.'./ 
VR ( a 	) =VP( I /J17 ) +6. -.=) 	 NEvl 	34 

89 OR ( I 9..) KL ) =UR ( I 9J1KL ) +U8T (KL ) 	 NE'!: 
77 CONTINUE 	 N 

DO 61 I =1 14 	 DO 61 3=1 , 14 	 NE'.../ 	37 
v1P ( , J 1 ) =—TH CS ( ) 	• F*F1[7) VP ( I,3 , 1 ) 	 NE-7:1 	38 
DO 61 K=217 	 N  

6 1 -"HP( 	 ( I WI K— I )—THICK(K)*0.7*( HO I V[)( I 	K-1 ) +HDIVP( I /J,K)) 	NEC,' 	40 

DO 62 I =1 14 	 ":DO 63 J=1 91/4 	 T. L.) C) 62 K= 1 7 	 41 
62 ZETA( I IJ/K)=(VP( I+11J/K)+VR( 1+113+1 /K)—VR( I ,J,K) —VP ( 	3+19K) 	NE7::1 	42 

1 	 ( I 9 J 9 K ) 	( +I J K)+UR ( 	J -1- 1 	) +uR ( I +11 J +1 ■ ) ) ( 2 . -Y,Lmi ) NE Vi 	43 
+F- 	*() „ 	( J +1 ) *0 .5 2 	 NE. 	44 

RETURN 	 HEY] 	/1 fi 
99 5=7 



17L 

-1-199 
?) 	111 	(L'1-4I)9NIH4(Lir,I)11(2_,r‘I)IiIIAH 1119 

	

109 191 	1i'9=I n0 IC IL 

(i-rii-i)Hcidol)=(L4r41)1 	12c-; 

	

nqi 	flc 

- 	) 	• r 	1 ) 	N-:4 	-r- 	-LI 1) 	I )L-1\-i- 

	

I01'C=fl 99 991 	(:)(1 

(L,r,T)DNH-11-(Lbr,I)ipDI-7,,H-(2_,1-,1)1H=Dim-J.161 
(L4r,I)11191011=1T-r4I-I)N09 

(7)C 

11; 	01 00 	:21 

C 
I + 	T ) 1_1-PD I irj.• 	( >I • 	I ) 	HO I 	) 	) :71 A± 

9 nc 

IC 
;;9 

11 

(") 

719 

TN 



DO 2-,  K=1+7 	 qD0 10 1=2'15 	 ,I,Do 10 J=2115 	 NEW 
	

75 
11=1-1 	 q-, JJ=J-1 	 NEW 

	
76 

( 113 ) = ( AV4 ( UR 1 I I ' JJ1K 11511 	) ) **2+ ( AVa ( VP' I I 9 JJ / K / 15 , 1517 ) ) **2 NEW 
	

77 
( I , J1K)=9.81*H7IGHT( I1J ,K )+W4( I , J)*O.E': 	 NEW 

	
78 

EDG1 ( 1 ) =-UP ( 111 K ) 	( 1 I 1,1‹ ) *DH 	 NEW 
	

7,) 

DO 210 I =2,14 
	

NEW 
	

80 
210 EDG1(I) =-UR ( I ' 1 ,K)*(ZETA(I-1119K)+ZETI,(I , 1RK))*0.5*D5 

	
NEW 
	

81 
EDG1(15 ) =-UR ( 15 11,K)*ZETA(14/11K)*DN 

	
NEW 
	

82 
EDG1(16 ) =VR ( 15 / 11K)*ZETA(14111K)*DM 

	
NEW 
	

X33 

DO 220 J=241(4 
	 NEW 

	
84 

220 EDG1(J+ 15)=VR(1 5,,J ,K)*(ZETA(14+3-19K)+ZETA(14 , 31K))0.5*DM 
	

NEW 
	

85 
EDG1(30  )=Vp(1E, 17,K)*ZETA(14,149K)*DM 

	
NEW 
	

86 
EDG1(31 )=UR(lb, 15,K)*ZET- A(14,14,K)*D1Vi 

	
NEW 
	

87 

DO 230 1=2,14 
	 NEW 

	
88 

L=46-I 
	

NEW 
	

HY 
230 EDG1(E)=UR(I /19/K)*(ZETA(I-1/14 ,K)+ZETA(I , 141K))*0.5*M‘4 

	
NEW 
	

90 
EDG1(45)= UR(1/151K)*ZEFA(1,141K)*DM 

	
NEW 
	

91 
EDG1(46)=-VR(1119,K)*ZETA(1/14+K)*DM 

	
NEW 
	

92 

DO 240 J=2,14 
	

NEW 
	

93 
E=61-J 
	

NEW 
	

94 
240 EDGI(L)=-VP(1,J,K)*(ZETA(1,J-1 ,K)+LETA(1 , J,K))*O.DM 

	
NEW 
	q5 

EDG1(60)=-VR(1,11K)*ZETA(1,1 ,K)*DM 
	

NEW 
	

96 
DMDFEF=DM/DELT 
	

NEW 
	

97 

DO 129 I=1115 
J=16-I 
EDG1(I)=EDG1(I) 
EDG1(I+15)=EDG1 
EDG1(I+30)=E0G1 

129 EDG1(I+45)=EDG1 

(I+15)-uiNcpcl 
(I4-3)+VINCRCJ 
(T4-45)-WINCR(1 

a,1DELT 
51I,K)*DidDELT 
/15/K)*EXIDEET 
1J,K)*DiY]DFLT 

NEW 
NEW 
NEW 
NEW 
NEW 
NEW 

98 
99 

100 
101 
102 
103 



20 	14(_; 	1=1111 NLYI 10 

ED01(I)=(HDC1(I).44.7Dr:,i(I -4- 1))0. 1 03 

F.DG1(I1-13)=U.IDGI(I -1- 1)+L(.,1 1 I 1- 1c))'/,C.:3  10(7, 

FflG1(1+9)=CED:;1(I4- 3C)-1-FL:7,1(T4- 31))*C'.":.,  NE-:: 107 

145 53Gi(I-4-45)=(FDG1(I -1- 1F)4HDG1 (I+46))C.'3 1355 10F', 

DO 	133 	1=2,15 10,) 

L=,46 -1 110 

RSI(1,115)=651(I.,)-1-E3(31(I -1) 53551 111 

133 PSI(1,16,K)=PS1(:,1E1!-:)!,22C,1(L) 112 

DU 	132 	9:-=2, 10 NE,!.! 113 

L=b1-J 114 

PSI(16,-;/:<)=P1(11J/K)-1-2-DG11-1+14) NE-.1  115 

132 613I(11.J.C‹)=6:)1( 	2,-)tK)-4-E361(L) 116 

P13I(16,11)=-PSI(1b42,K)+P3I(15.11K)-4P3I ( 16, 	2+S) 117 

PLDI(1611C:qS)=-P"Tir(15,11E*5)-1-6SI(16.17,K)-4-PI( 1 1--)1 1 , ) 119 

PLSI(1116,K)=-PSI(21171K)+PS1(?,16,K)-1-6SIn•lE:,K) 11') 

P3I(1,1,K)=-PS1(2,2, )+1':31(112,K.)=L=:31.(2 1 1 ,<) ^-1Eml 120 

DC) 	161 	1=1.15 33133 12: 

161 PERICI)=56(1911K)OPCI ,1 ,K)-0.M(1.1.5)*WRIT ,1 ,K) 15.1 122 

DO 	162 	J=2,15 123 

162  13531 124 

20 63 	1=3U,43 

Il=44 - 1 HE '..2 126 

63 PERI(I)=U(I1,13,K)-:W(I1,1:t),K)+VR( 11 ,1E ,K)*VR(11,15,K) 

DO 	61 	I=44,':36 

Nft?, 127 

J1="5P -1 ,iL"J 129 

64 PE.,RICI)=06(1,-)1,K)-',WR(1131K)-1-VR(1 ,J111-()VP(1,J1 ,K) 13n 

OSLL 	EXT ONE 	(VrI,R7RIl ^,IP.0  131 



DO 135 I =1 9 1 5 
	 NE''! 	1 32 

3=17—I 
	 NET:c.; 133 

I-I( I 9K ) = ( PS I ( I 111< ) —0.5* W.1( I 9 1 ) 1/9.81 
	 NEW 

	
134 

H( I +15 K )=( PSI ( 16+I I K )-0 • 5=,:- VII( 16, I )1/9.81 
	

135 
H ( I4-3C3 '1<)=(PSI (3,1611<)-0.I5*-Vn(J 916 ) //c).81 

	 NE')) 
	

136 
135 H ( 1+451K) = ( PSI ( 113 Il< )-0.5*-VH ( 1,3 ) )/9.81 

	 NEV./ 	137 
20 CONT I NUE 
	 NE 

	
138 

I F (1<C)UNT2 • EC • 1 ) GO TO 55 
	 139 

DO 22 K = 2 7 	 $DO 136 I =2915 
	 140 

11=17— I 	 NEU 
	

141 
TH ( 16 , I K ) = ( HE I GHT ( 16 I 41<-1. ) —HE I GHT ( 16 I 11:))*TH ( 1 511 +K)/( HE I GHT ( 	NE \),I 

	
142 

1 	 15 I , K-1 ) —HE I OH T ( 	I K ) ) 
	 143 

TH ( I ,1 +K)= ( HE I GHT ( I I 1 , K —1 ) —HE I GHT ( I 1 , I< ) )*TH ( 112 ,l< )/( HET GHT ( I,2 NE 	144 
1 	 1I<— 1)—HE I GHT ( I , 2 ,!< ) ) 	 NEW 	145 

TH ( 9 16 1 K ) = ( HE I GHT ( 
	161K-1 ) —HE I GHT ( M116 K ) ) TH ( , 15 K ) / ( HE I GHT ( 	NEVI 

	
146 

1 	 1 5,1< —1 ) — HE I GHT ( ;4,15 K ) 
	 147 

136 [Id ( liM11<)=( HE I GHT ( 19 ,I< —1 ) —HE I GH r( 	) *TH ( 2,1v1,11 ) / ( HE I GH ( 2 .11‘.1 NEB] 
	

148 
1 	 1K-  1 ) —HE I GHT ( 2 	K ) ) 	 NE!) 	149 

1- 1-1( 16y 1 IK )= ( HE I GHT ( 16 
	K —1 ) — HE I GHT ( 16 / 	K ) 1* H ( 15 92, K )/(HEIGHT ( 	N E 	150 

1 	 15+ 2 • K —1 )—HE I GHT ( 15 • 2 , K ) ) 
	 151 

TH ( 1916 K ) ( HE I GHT ( 1, 16 K-1 ) 	I GHT ( 19169K ) /*TN ( 2 , 15 K ) / ( HE I GHT ( 
	

152 
1 	 2,1 51K-1 ) —HE I GHT ( 2 9 1 .1K ) ) 	 NEVI 	153 

TH (1,19!<)=( HE I GHT ( 1 1 K —11—HE I GHT ( 1 9 11K ) ) *TH ( 242 K ) ( HE I GHT ( 212 NEYI 
	

154 
1 
	

1 ) —HF. I GHT p 2,K ) ) 
	

155 
T H ( 169169 K)-= ( HE I GHT ( 6+16+1<-1 ) —HEIGHT ( 16 , 16 , K ) )*I Hi( 15% 15+K )/(HE IC, NEI) 

	
156 

1 	 HT( 15115 , K-1 ) 	I GHT ( 15,15, K ) ) 	 NE?) 
	157 

22 CUNT I NUE 	 NE ',V 	158 

55 DO 138 I =1 9 1 5 
	 NEW 	159 

J= 17—I 
	 NE +..; 	160 

TH INCR ( I 1 1 ) =U. 	 NEV.I 
	

161 
TH 'NCR ( 1611 ,1)=0• 	 162 
TH I NCR ( J , 16 1 ) = 0 • 	 NEW 	163 

138 THINCR ( 1,3,1 ) =U • 	 NEW 	164 
PETUPN 
	 165 

END 
	 F 166 



I 
P0',JIINEFIL.0(,VP,AV1-,,..:P ,HP■TA1 ,12ELT ,HH'c.1, !TH, VH.H1=-(- 11 

ICL,RI:IN/H1DIVP) 
CORUir2, 	DFIVflTION 	HFIHT 	FIEL 	..fY 	I-iLRAHON 	7:1E.TH01.) 	(.1--,CL-1)!: 

1FEEILD 
HHELD 

::HFPLD 

I 
2 
.7: 

PIEN1DION 	AV)!P(1H,le,,,7)101(1,=3,1(1:1710-J,P(lb,1:11, ,7).HDIVP(1,3,16,7), HEFLD A 

1 r=1.2.IN(1.1(.7),7),(..:L(1(:) ,1(3+7)tU1-1(1H111)17) , 	H11::)( 	14 ,1A'7)4 Hf-1 2.-LD 
s-rAi(10.1(,,7),F1(1 ,7).vr7(1,.-, ,1:-,7), 	..,2(it,_,1,,4,7). HPEL.7)  A 

HF- Ac(7), 	 A ll). 	r:o(/), 	DEU,-"(7) HEFLD 7 
COI 1.',ICN 	CCX/DH,VUUM72 HFE.LU 
DATA, 	ALF77A/0,7;1H/ HFELD ,) 

rt-iTA 	Di_ILH/J.77;,'-).H,1.1?..1.,1.'_7.11./ HFELD IC 
DI,1,, 	r:C/22A.,---120.1A.I.,c_-,./::..3:7)?..m101.z..,1P.:,;=_./ HUELD 11 

CAP,='.:3',-). HLL. 1 

DC 	22 	1=1,1A 	 '1, D0 	22 	J":1,1A- 	 "L_.)(j 	22 	::=1.7 HH-:_[__) 111. 
22 HDIVP(I-1-1,J4-11K)=J7H(I'JI.) liFELD 14 

DO 	/1/4 	K=1,7 	 '- F-, 2(-) 	37= 	1=2,17  HEbLD l'_-) 
'71:.'1VP(1 	,I 	,1-.)=H-;IVF) (;'' 	, I 	w'.‹) HFFLD 16 
HDIVP(12-./1 	l':<)=HTJIVP(1(2 1: 	,!:-..) %TPlA 1/ 
HIVRCI 	11 	1::,- )=HflIVHCI 	.--' 	, '"7•') HFELD 13 

33 11D I 'HO- ( 	: 	, 	16 • I-1 ) 	- ! in 	I 	'ir..)  ( 	I 	, 	I. 1-; , 	) HFELL) 1= 
HI)IVP(1 	'1 	...:)=7HIVP( 	.1= 	1K) HEEL_i 21) 

HHEL:) =1 
HflI2'=2 (1 	,16,)=HD1'./F-'(2 	..117,--:7) 1- fLLD 2 .,1 
H1\12(1,1 	,K)=H[1, 1vP(1,2 	,.<.) H1- LLD 2J 

:4-17- 1. 	'.) 2,' 



CALL 	8U1iPH(UR,VR,'ojP,AV:IPIDM,OHS,00) 
CALL STATIC(FHOHS,DELP,:3TAI,01/OLICAIN) 

DO 	23 	1=2,15 	̀.1-00 	23 	J=2,15 	DU 	23 

HFELD 
HFELD 

K=2,6 	HELLO 

25 
26 

27 
23 AVYJP(I,J,K)=CAPA*ALAPL(HDIVP,I,J,K116,1817)/4.908 HFELD 28 

I C=0 HFELD 29 
999 CONTINUE HFELD 30 

IC=IC+1 	$1)=(,. HFELD 31 
IF(IC.E0.5) 	IC=1 1-IFELD 32 
DO 34<=2,6 HFELD 33 
RR=96.24*PO(K)*RO(K)1.2-14 HFELD 34 
DPK=DELP(K)+DELP(K+1) HFELD 35 
DROK=DDx192.47*R0(K)* 	(IO(K+1)-0(K-1))/DPK HFELD 36 
OK=DELP(K)/DELP(K+1) HFELD 37 
RRP=RR/(0.5DPK) HFELD 38 
DRDK1=DROK/1.814 HFELD 39 

DO 34 L1=2,15 	MO 34 L2=2,15 HFELD 40 
GO 	TO 	(101,102,1fl7,104), 	IC HFELD 41 

101 I=L2 	TJ=L1 HFELD 4? 
GO TO 	105 HFELD 43 

102 J=L2 	5T5I=17—L1 HFELD 44 
GO TO 	105 HELLO 45 

103 I=17—L2 	T,J=17—L1 HFELD 46 
GO TO 	105 HFELD 4/ 

104 J=17—L2 	`5I=L1 HELLO 48 
105 CONTINUE HFELD 4Y 

HFELD 50 



I3 

H77=HP ( 	I 	J+1 47)+HR( 	■ J-1 ,; 
H's(Y7. 1 	( 	I 	1 	J+ 1 	) 	( 	I - 1 	J- 1 	) 
1-1-jP=.  ( ( HP ( 	I 	-1- 1 ) -HP ( i 	) ) /DLL P ( 

) 	) 	) 

HPR=HPP flRP 

7171 ( 	) 

( 	I 	. 	, K) 
( 	17 	) 

	

-,-- I 	) - ( 	( 	I 	7)-H7( 	I  

	

( 	I - 	-I- I 	) 	) 

HEFLD 
HEFLD 
HPFLD 
HP LLD 
HF- 1.LLD 
HFELL) 

1 	 HEELS 

51 
52 

E.4 

57 
7E:7="7 74-iHD.,--) H1''7( 1 LrELD (13 

( HELL 
HP ( I 	) =1)( 1 ,J.K ) 4-ALF*-E-E HFELD 60 

HELIL') Cl 
cuNT INU: 6? 
I 	( 	AP:71; ( 	) 	.(7,T 	 1 	) 1 HHLLiD 713 
I I: ( HR17.1_ . CT . 1 	C ) 	P7 i Ur'N Hi- LLD 
IF( 	 PS( 2) .(7T. , ',":nn(JL 	)Go 	To HFPLD 

P ITpr(C.7) 	NP'=-1___ HEELS 65 

77 	137 	I =1 • 17 	 137 1H Hr-LLD Li 
HP ( 	I 	1 	1 =H;-)  ( 	I 	, 	) 	(IT ) ( 	I . j ) 

7 HUP:1;.T( 1" , 1 	or 	iTS 	TICI ) HELLD 70 
HEHLU71 



C* * 
SUppouTINE 	ST ATIc(TH0 ,TNSIDFLP,STATIO1tOL,RAIN) 

COMPUTES H YDpcy-DTT IC TERS ON RHS OF L=3ALANCE EQUATION 	* 
STAT 

*S FAT 
1 
2 

DIMENSION 	RAIN (16,1617 )101(1611697)1THE(16+161 7)ITHS(7),DELP(7),  STAT 2 

1 STAT (16,16,7 )10L(16'1617)/FACIOi-:(6), 	USI(7), 	P0(7) STAT 
DATA 	CST/ U.,0.10. +1.113.6,7.F1115.5/ STAT 5 
DATA 	P0/1 50.,200. ,300. '500.1700. , 050.11000 ./ STAT 6 

DO 	22 	1=2,15 	SDO 22 	J=2+15 	*DO 22 K=117 STAT 7 
22 OL(IIJIK)=OLCI,J,K)+RAIN(I,J,K) STAT 

DO 	11 	0=2.6 STAT 
TT2=THS(0+1)+THS(!<) STAT 10 
FACTOR(K)=1.E-4*PO(K)*96.236/(1.435*FT?*(90(0)*0.001).236) STAT 11 

DO 	11 	1=2115 	5-,00 	11 	0=2115 STAT 12 
T11=TH8(19J+K')+TH5(I1J1K+1) STAT 13 
TT1=TT- 14-,j.uuo61(THS(K)*(01(I1J+K)-0:DT(K))+THs(K+1)*(01(1 ,J1K+1) STAT 14 

1 -0ST(K+1))) STAT 15 
TP=6.25*(DELP(K)+DLLP(K+1))*TT2 STAT 16 
THE--) 1=(TH8(I13/0+1)-1H8(I ,3.0))/TP STAT 17 
THP1=THP1-1-.LJ061*(THS(K-1-1)*(111.1(I,J,K+1)-OST(K+1))-THS(K)(01 STAT 18 

1 (143,K)-UST(K)))/TP STAT 19 
THP2=TT1*0.713/(TTPP0(0)*0.01) STAT 20 
THp3=8.*TTI*(THS(K4- 1)-THS(K))/(Ti2*TT2*(DELP(K)+DELP(K+1))) STAT 21 
QL1=1.E-3*(0L(I ,j,K+1)-OLCI ,J ,0))TT2/(TP*2.) STAT 22 
00=COL(I,J,K+1)+C)b(I,J,K) 	)(-2.001 STAT 23 
01_2=O.3571*00/(PO(K)*0.01) STAT 24 
0L3=2.*00(THS(0+1)-THs(K))/(1T2(DELP(0)+DELP(0+1))) STAT 25 
STAT(I1010)=(THP1+THP2-THP3)*FACTOR(0) STAT 26 

11 sTAF(I ,-1 ,0)=STAT(I13/K)-1-(CL3-OL1-01-2)*FACFO(K) STAT 27 

DO 33 	1=2115 	sDO 33 3=2115 	*00 33 0=117 STAT 23 
33 OL(19J,K)=0L(I1J,K)-PAINCl/390) STAT 20 

RETUPN STAT 30 
END STAT 31 
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r"~ (J l~ ,," I:.::: 1 ' ] -- j ':):) ':~: L:" ,--- j~: 1 .. 1 /1 
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• 1 
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':; 

,-", • 1 
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, -n -': ( " ( T - ~; - 1 ,I - ) -' ( I , ,J' /) ) ) / i" ~:- Lf ,,- ' 
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~,) I ,J "1 ::_J -, (. 



HO IF(J.F0.1.0P.J.E0.14) GO TO 90 	 285 25 
F(I , J1K)=-(4V4(U.T.J ,K , 7,7.7)(I+11J,K)-(I-113/<))+AV4(VII , j1K17SHS 79 

1 	 17.7)*(Vi(I13-1 ,K)-(I , J+1 ,K)))/(2.DELT)(I , J,K)*X(K) 	Sr.:.RHES 40 
GO TO 99 	 SHRI-IF, 41 

9O 18(3.80.14) GO TO 120 	 Si.:RHS 42 
F(1 , J , K)=(AV4(31I/j1K , 7,7 , 7)*((I+1 , J ,K)-(I-1 , J , <)))/(2.*DFLT)+( SRHS 43 

1 	 AV4(V , I,j,K17,717)*I.J,K)-(I,J+1,K)))/DFLI-1-(I,J,K)*XSHRHS 44 
2 	 (K) 	 SKPHS 45 
GO JO 99 	 Si.RHS 46 

1 80 F(193.K)=CAV4(U,IIJIK- 97 , 7 ,7)*((I+19J,K)-(I-113/K)))/(2.*DELT)+ 5883 47 
1 	(AV4(V , I131% , 7+7+7)*( .,V(I/3-1 ,K)-(I , J4K)))/DELTI.j,K)*X(KSMRHS 48 

SLPH:=, 49 
99  CONTINUE 	 SKRHS 50 

DO 7 1=1,14 	 TDC 7 3=1114 
	 IDO 8 K=1.7 

	
Si, HS. 51 

V!(1,J,K)=\!1(I,J,K)*RO(K) 	 SRHS 52 
6 SP(K)=F(I.J,K)*80(K) 	 53 

CALL DDR(L3P,X) 	 SivRHS 54 

DO 7 5=1,7 
	

S;:RHS 52 
7 882(I'3,5)=-X(K) 	 S":PHS 56 

N=0 
	

Si:RH5, 57 
CALL EFF(UIV.AVPIDELT.NIFIR,X,'2j) 

	
SRHS 58 

DO 9 1=1/14 	 000 9 3=1,14 	 SD() 9 5=1,7 	 S2RHS 59 
9 PHS(I1J,K)=PHS(I,J , K)-((F(I+1 , J , K)+81I+1 , 3+1 ,K)-F(I , J , K)-F(1 , 34-1 , KSMHS 60 

1 	))/(2.*OELT)1 	 SRE--10 61 

N=1 	 3888 6? 
CALL EFF(U,V,AV6P,DELTIN.F,SPiX,) 	 52-RH5 63 

DO 11 1=1/14 	 $D0 11 J=1,14 	 ODU 11 K=1.7 	 SRHS 64 
11 RHS(I+3,K)=88(I,j1K)-((F(I+1 , JIK)-1-8(I,J,K)-E(I-1-113+11K)-F(Ii34-11KHS, 65 

1 	))/(2.*DELT)) 	 SHRHS 66 
RETURN 	 58285 67 

END 	 52PHS 68 



AAA 	Cu CI no 

c: 	HHIL,,L 01 	nIH  

AA771 	
(-;'D 01 CC 

• JA-A 	CI 

(7),-= OH. 

nc 

77vD 

	

oa).. 	(:,(L, cc 

U,::: 	AAJ 	I nI ,:-)'::) (I*:_)A•M)I 

CA 	-1--)7] 	-_-_:nNIIN09 Y-; 

',-RI 	,-.,AA 	(,24',-_7.I)c-ii\V-•,-..(:--;,,,-.:4I)dAV=(:=HI,I)d:,./ 

LI 	-.±7i:i  

'7)1 	.712H  

'! 

 

CT.,-I 	-1_--J,771. 
", 	_7-1.-7-!, 	7-inNIINnr) 

CI 	2-1:-:._-_: 
 

CI 
 

II 	Ail)) 	
1;.i.,,-J-r 64-; (DC 

LI 	5.1Z.11 	
7JnHIli-lop ',:st,  

• .=1.,_H 
 

III 	;_1---d 	(>1,L:,I)LiAv-°:,:(:=).-,(,I)d,I,I)c-i!;..Av 

L AA: 	VI,,!=I .01-7 CC 

C 	(/'1,,I—ril'>,c,)t,AV=(>1,I-i-r,I-i-I)::AV 2_17 

7..-J,H-.121 	c7-.I.T,r kl-2 nc-T. 	i-_161=1 Lf7 Ocl,.i. 	Lb I=C I.:--, MI] 

-rp 	AA7:7; 	()I) 	*(L,--I4,7-II)A 	4.(/_•:-.,I,(-)I)A 	I 

o(L4c)-ti,)I)H:.J\V,(',I),--Y--J,(L,-TzI,I),1::,,(L4=,I,I)fl v--)I7NA-IC 

7 	:::!,.-IR-;:- 	-;(: 	-::- 	(-7.-:;,-H !(--1,.-.-: 	LOCH 7 4,-4 	,1000v9 	*- 	-; 	*9 

LrN 

 

IC CC --:11   (u.)..•'/‘C-1','.1-1'N'll7,•,-J,.AV,A,n).-_-1_77i.,! ..-NI_Ln0',LiLnc; 

es- 
c- 



30 IF(J.E0.15)G0 TO 40 	 EFF 	32  

	

F(I1j1K),-(U(IqUIK.)*(U(I4-1,j.K)-U(I.j+K))+V(1 ,j,4)(U(I13+1)-U(I ,J+EFF 	33 

1 	1,K)))/DFLT+.11V1:1P(19J1K)*X(K) 
GO TO 99 	

EFF 	4 3 
EFF 35 

	

40 F(I,J1K)=(U(I,J,K)*(U(I+190,K)-O(I ,J,K))+V(1,01K)*(U(I ,0-11K)-U(I/EFF 	35 
1 	J,K)))/DFLT+AVVJP(I,J,K)*X(K) 	 EFF 	37 

GO TO 99 	 EFF 	38 
50 IF(J.E0.1.OR.J.E0.15)G0 TO 60 	 EFF 	39 

	

F(I.j,K)=(u(1 ,3.K)(U(I,J9K)-U(1-1,J,K)))/DEL1 +(V(Iis,K)*(U(190-1 ,EFF 	40 

1 	K)-U(I13+11K)))/(2.*DELI)+AV,2JP(19JIK)*X(K) 	EFF 	41 
GO TO 99 	 EFF 	42 

60 IF(J.E0.15)G0 TO 70 	 EFF 	43 

	

F(I,J1K)=(U(II,J.K)*(U(I1JiK)-U(I-1131K))+V(IIJIK)*(U(I+JIK)-U(I ,J+FFF 	44 
1 	11K)))/D3LT+AV'fiR(Ii.J,K)*X(K) 	 EFF 	45 
GO TO 99 	 EFF 	46 

	

70 F(I4j1K),(U(I,31K)*(U(I1J'K)-U(I-1139K))+V(19J9K)*(U(I1J-1.1<)-U(I ,EFF 	47 
1 	U,K)))/DFLT+A\01P(I/J'K)*X(K) 

9 	
EFF 4 

GO TO 9 	
5 

EFF 49 
80 IF(J.E0.1.0P.J.E0.15)G0 TO 90 	 EFF 	50 

	

F(Iljt4)=(U(Iij/K)*(U(I-1-1i31!()-0(I-19J9K))+V(I ,j'K)*(U(I1J-11K)-U(FFF 	51 
1 	IIJ+1,K)))/(2.*DELT)+AVP(I1J■K)*X(K) 	 EFF 	52 
GO TO 99 	 EFF 	53 

90 IF(J.E0.15)G0 TO 10u 	 EFF 	54 

	

F(I,J,K)=(U(I ,j,K)*(U(I+14J1K)-U(I-1iJIK)))/(2.*DELT)+(V(I ,j,K)*(UEFF 	55 
1 	(I,J,K)-U(I,04-1 ,K)))/DELT+AV2iP(Ii3.4)*X(K) 	EFF 	56 
GO TO 99 	 EFF 	57 

	

1,*-) F(IIJ,K)=(U(I ,j,K)*(U(I+1,J,K)-U(I-1,31K)))/(2.DELT)+(V(I ,J,K)*(UFFF 	FR 
1 	(I,J-1,K)-U(I,J,K)))/DELT-FAVP(IIJIK)*X(K) 	EFF 	50 

99 CONTINUE 	 EFF 	60 
GO TO 4 	 EFF 	61  

1 DO 199 I=1.15 
15 SP(K)=V(I,J,K) 

CALL DDP(SP,X) 
DC 199 K=1,7 
IF(I.E0.1) GO TO 120 
IF(I.E0.15)G0 TO 150  

$D0 199 J=1115 q,00 15 4=147 EFF 62 
EFF 63 
EFF 64 
EFF 65 
EFF 66 
EFF 67 



GO TO 10. 	 0TH 	00 
IF(j•F C., • 1 • 	• j • :=1:; • 1 	TO 1 	 h( ) 
F ( I • J • 	) = ( 	( I• J • 	) 	( 	( 1 4-  1 • J • 	) — ( I • j' V) ) ) /DELL 	( V ( j j1K )* (V( 	, J-1 •TFF 	70 

1 	 10)—V( I1J-1-1 •!() I )./(,`:, • --OLL.Li) -i- ', V ,:27( I1J 1 )*Z((0) 	 OFF 	71 
T 0 1 	 E -F 	7":2 

10 • 	I 	( J • EI 0 • 1 	) 	TO 1 1 ', • 	 E FT 	7 
FC I j,K),W(  I j,<);:-(V( N-1 	1-V ( I , 	H.) ) 	( I /j.,1,-.) 	(V ( I +J 1 :0 ) — V C  I - j-1-Epp 	7:4  

1 	 1, 	) ) ) 	 ,j • ::=.1 	 EH 	7"_; 
CO TO 1 EFF 76 -̀)1-  

1 0-( 	) 	( 	( 	/ 	) 	( 	( 1 + 1 ,_) 	) —V (I/J11:))+V(I/J , 	) 	( V ( 	• J-1 • 	) 	( I • PFF 77 
1 	 J • 	) ) ) /':'LTV  \r':P ( I 	K 	( 	) 	 [TOP 	7 
30 TO 1 c.'" 	 FEE 	12—)  

1'3;1 1 	( J 	1 • OR 	11:3 ) 	TO 1000 	 OH- 	iV 
F(I•j•!, )=( 	 /17;'.1L1 - 4- (V(I•j•:,::)(V(I•J-111----J77 	71 

07 — V ( I  j-1- 1 • 	( • 	T (±00/ 	 ( 1 ' . '0)1) 	 EEFF 
IC 1 

161: 	IV (.1•E=.:2• 1 1=3 ) rf,L) 	 PPP 
F. ( I•J•;,)=.( U ( I•J•!".) - --( V ( 1 1 J 4 ')— V ( 1 -1 , j1 1.))+V(11 3•1<) -( V(I•J•--7.) — V( 	•J-1- FTH- 

F 1 	 / 	) ) ) /1,- )T7 	T 	/.■ 	,%1; 	■ 	) 	 fir-   
CO TO I >00 	 FOE- 	07 

171 _ F(I/J+10) ,(j(I/J/ -:) - (V(I , J , ')—V(I— •J•(,1) 	( 	•J,K) :-(\./( 	•J-1 •K) — V( 11F1- 1-T  
1 	 U, 	) 1  ) 	 ' 117)  ( I 	J 	)07 ( 	 FTFO 

TV 1'' 	 (- H  
1 	1 P ( J E.(0 •I 	J • 07 • j ) C:02 TO 1 >> 	 FOP 	'01 

( I J K)=( 	( I J 	) 	( V ( I 1-  1 J 1 !" ) 	( I -1 J 	) ) 	( 	v ( 	J-1 	-V ( EFT. 	''V 
1 	 • J -4 1 • 	) ) ) / ( '7' • 	) 	( I • ,1 • 	) 	( 	) 	 EFF 00 

TO 1 	 F 
1"1''.. 	(J.E.Q• 	 TO 	 PC-  F 

( I • J • 	) = 	( I • J 	) 	( V ( I+ I • J • •"": ) — V ( 	— 1 • 	) ) ) 	( 	• 	L 	) 	( V ( I • j • 	) 	( VFIFF '03 
1 	 ( I •U • 	) — / ( I , .0± 1 • :( ) ) ) /DEL T 	fl)  ( I • J • 	) 

TO 1 

	

;.-00
(00-H 	37 

1100 	( I • J • 	) = ( 	( 	• J• -,- )* r, 	( 1+1 • J • 	) 	( I — 1 • —I • 	) ) ) / ( 	• .:CEL I ) 	( `,1  ( 	• J 	) 	( VT1FO 
( I • j—  I • '< ) — V ( 	• J • 	) ) /DEL 	'j= ( I • j • ) 	( 	) 	 OFF 	100 

1 CCN! 01 

	

	 0 HUE 
0 	0(00 l.!1- R is! 

	

00- H.- 	1 n::=  
E 	1 Or:. 



C* 
C* * 

SURRoULINF ADVpATN(up,vp,WpIRAIN,DFLTiOUTFL 0IVINCRIHINCR) 
COMPUTES ADVFCrION OF RAINWATER BY THE WINDFIELD AND 	* * 

* 	 RAINFALL TO GROUND 	 * * 

ADVRN 
;;ADVRN 
*ADVRN 

1 
2 
3 

DIMENSION 	UR(15,1517),HINCR(16+16,7)1RAIN(1 6916,7)16UTFLO(56,7),  ADVRN 4 
VR(15915'7),VINCR(1'2)+1597), 	l'  JP( 	411417), 	DELP(7) ADVRN 5 

LOGICAL 	MARKIMARK1.0UTFLO ADVRN 6 
COMMON 	CCX,DM,KOUNT2,MARK ADVRN 7 

DATA 	DFLP/0.910.591.,2.+2.11.511.5/ ADVRN 8 
MARK1=.TRUE. ADVRN 9 

206 DO 	11 	1=1,14 	$D0 	11 	J=1,14 	$D0 	11 	K=1,7 ADVRN 10 
IP1=I+1 	$JP1=J+1 	11P2=1+2 	IJP2=J+2 ADVRN 11 
KM1=K-1 	$KR1=K+1 ADVRN 12 
IF 	(K.EO.1) 	GO 	TO 	202 ADVRN 13 
1' J1=AVPY4(UR,IPliJ,Kfl1.15115+7) ADVRN 14 
W5=AVPY4(UR,IIJIKM1 ,15115.7) ADVRN 15 
W2=AVPX4(VRII,J1Kr,11/15,1597) ADVRN 16 
W6=AVPX4(VR.I,JPI,KM1,1511597) ADVRN 17 
GO TO 203 ADVRN 18 

202 W1=(UR(IP1,J11)+UP(IP1,JP1/1))*0.25 ADVRN 19 
115=CUR(I,J91)+UR(19JP111))*0.25 ADVRN 20 
W2=(VR(I4J+1)+VR(IP1IJ.1))*0.25 ADVRN 21 
56=(VR(19JP191)+VR(IP19JP111))*0.25 ADVRN 22 

203 CONTINUE ADVRN 23 
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SUBROUTINE PHYSIC(TH8,0ELT,DOL,0110LIRAIN)  
C* * 	

PHYS 	1 
;:HANDLES VARIOUS PARTS OF CLOUD PHYSICS PAPAMETERISATION k * *PHYS 	2 
DIMENSION 01(16/1617),TH8(16116/7),PHS(7)1RAI7/16/7)1 	PHYS 	3 

1 	QL(16116'7),DOL(16/16,7),THS(7), 	 PHYS 	4 
DATA 	THS/424.,385.+353.1322.1316.,30.1304./ 	PHYS 	5 
DATA 	H /1781./2714.4374.12706.11635.,1415./ 	PHYS 	6  

CRIT=0.5 	 PHYS 7 

DO 11 1=2,15 	_TOO 11 3=2,15 	$D0 16 K=217 	PHYS 
PAIN(I,J1K-1)=ABS(RAIN(I ,31K-1)) 	 PHYS 	9 
PAIN(I13,5)=AES(PAIN(I1J,K)) 	 PHYS 10 
P1=P2=P3=0/ 	 PHYS 11 

CALL SOLVOS(I,j9KITH8,THS,OSAT) 	 PHYS 12 
OSAT=OSAT*10UO. 	 PHYS 13 
IF(01(I+J9K).LT.OSAT.AND.PAIN(11J,K).GT.0..ON.OL(IIJ/K).GT.CRIT PHYS 14 

1 	.AND.PAIN(I1J,K).GT.O..0P.OL(11J,K).GT.CRIT) 	PHYS 15 

2 	CALL PRODuCT( ,J1K,P1 ,P2,P3,USAl q 01 ,UL 1RA IN,DELT) 	PHYS 	16 
PROD=Pl+P24-P3 	 PHYS 17 
IF(K.F0.7) GO TO 12 	 PHYS 10 
RAIN(I,J1K+1)=ABS(NAIN(I,J,K+1)) 	 PHYS 19 
RHS(K)=PROD+5.32*(HAIN(I1J,K-1)**1.2-RAIN(IIJ,K+1)**1.2)/(H(K)+ PHYS 20 

1 	H(K-I)) 	 PHYS 21 
GO TO 13 	 PHYS 22 

12 RHS(K)=PROD-1-(((PAIN(I ,J+K-1)+RAIN(Iv.)+K))*2•66)**1.2)/H(K-1) 	PHYS 23 
13 PHS(K)=PHS(K)-5.32*PAIN(I,j,K)**1.2/750U. 	 PHYS 24 

OL(I ,J,K)=OL(I ,J,K)-DFLT*(PP+P3) 	 PHYS 25 
DOL(I/J,K)=DOL(I,J,K)-DEET*(02+P3) 	 PHYS 26 
01 ( I ,J1K ) =01 ( I1J,K) -DELT*P 1 	 PHYS 	27 

16 FH8(1,J,K)=TH8(I,J1K)-1-DELM:P1*.597/0.24 	 PHYS 
DU 11 K=2,7 	 PHYS 29 

11 RAIN(I,J,K)=RAIN(I ,J,K)+DELT*PHS(K) 	 PHYS 30 
RETURN 	 PHYS 31 

END 	 PHYS 32 



f.NO 

flAT,-1 
;<F=KT4-1 
IF( 1<T.NF.1) 	12: 

'7•[-Y; CC J =1 	1 

All-ALL 	1 

CHILL H 

!,FALL 

RFI,LL 6 

H-- ;\LL 11 
REALL 1L 

1:3 

i_ALL 1=1- 
PFALL II 

17 
Cl- ALL 10 

-H ILL 

HFALL ?? 

'-3- -ILL 

DO "? -2. I=111() 
r11\T:E(I,J)J. 

133 IC1- 4.1_ ( I +3 ) =0. 
ACC'T ILOL  

CO ?? 	 '(Do ?? 

2? lOi,:\LIIIJ)=1OIAL(IRU)-4-RAIP(1.J);,D.LT/71).J0. 

TU no 

[ 	) 

(CIOTI—(11J) , I=1.1t")) , J=111:) 

Az!. POR:.11,1- (1HAIN,F1,J_L 	 EOTAL:=_: IN 
CC F0';R:ATC(1X/16(P 7.13,1))) 

T,JT:\LI/) 
HHD 

/HP (,ND C . 



SUBROUTINE PRODUCT (I1U9K9P1IP29P390SATIO11OLtRAIN,DELT) 
	PROD 

	
1 

	

C* * * 
	COMPUTES PRODUC IION rEPS IN CLOUD PHYSICS PARAMETER ISATION 	PROD 

	
2 

D I ME NS1 ON 01 ( 161161 7 ) 901_ ( 16 1617 ) RA I N ( 16116 7 ) 
	

PROD 
	

3 
AL1=0.002 
	

TAL2=0.001 
	 15CRIT=0.5PROD 

IF(01(IIJIK).LT.0SA (.AND.RAIN(19J/K).GT.0.) P1=PEFA*(01( IIJIK)-USAPROD 

	

1 	T) 
	 PROD 

	
6 

R=-Pl*DELT 
	 PROD 7 

IF(P.GT.RAIN(I.U,K)) P1=-PAIN(I,J,K)/DELT 
	

PROD 
	

8 
P2=AL1*OL(11J,K)*RAIN(I,J,K)**0.95 
	 PROD 

IF(OL(I,J9K).GT.CRIT) P3=AL2*(0L(I,J1K)-CHI1) 
	

PROD 10 
RETURN 
	

PROD 11 
END 
	

PROD 12 

SU73ROUTINF SOLVOS(I1j,KITHBITHS,OSAT) 
C* * * 	COMPUTES SATURATED 0 USING TETENS FORMULA 

DP4ENSION TH3(16.1647)1THS(7),P0(7) 
DATA 	P0/125.,175.,250.14.00.,600.9775.1925./ 
A1=((PO(K))/1000.0.206 
A2=(TH8(I/J,K)+THS(K))*A1 
IF(A2.LT.273.2) A=9.5 
IF(A2.LT.273.2) 5=265.5 
IF(A2.GE.273.2 ) A=7.5 
IF(AP.GE.273.2) F3=237.5  
A4=A*(A2-273.2)/(B+A2-273.2) 
A5=3.0(10.**A4) 
OSAT=A5/(PU(K)-Ar'770.622) 
RETURN 

END  

SLVOS 1 
* *SLVOS 2 

SLVOS 3 
SLVOS 4 
SLVOS 5 
SLVOS 6 
SLVOS 7 
SLVOS U 

SLVOS 0? 
SLVOS 10 
SLVOS 11 
SLVOS 12 
SLVOS 13 
SLVOS 14 
SLVOS 15 



SUPPOUTINE .SI-VTOF(ul,TH4L.-THINCRIOINCR,DOL) 
cCPUri)73s Cdfl(=NsAiloH AND :-...VP0).:TILK] OL 

DI7NLION 
1 	THINCR(1r7,q1.1),DOL(1(3,1(,,7),UL(16,1iS,7), P0(7) 
DATA 

DATA 	R0/12'1'3. , 17'3 	, 	)7)• 	(1. 

D0 , I=P117: 	 K=1,7 

CALL SOLVS(I,J',1-Hin , Fil ,flA) 
01(I.J'1()=01(I ,U,K)-))-0.1 
IF(IO1(I,U,K)-(ASI,T).LF.0.) 
Z=THSCII,Ji) 
= 

H ) 

C=A/006T-'2./TH,P,(I,J,K) 

Tfr="1( 

TH1 NCR ( 	J / 	) = rif 1) ( 1 j, U ) 	I Mr".1 ( I ,J 
CALL S0LVDs(I,j,:):,1H,FW,,,cs17 ) 

IF(O1(1,J ,;().6T.(T) 
OLCI ,J,K)=OL(I ,J,K)+G 1:1U0C. 

01(II,J,K)=01(1,),K) . 
0,0 TO ()))fl 

.) CO IC  

:SLVTP 1 
SLVTH 
c-LVTF 
SLVTE 4 
SLVTE 17: 
SLVTF 

S'LVFF 
SLVTF 10 

SLVTF 11 
SLVTF 1;) 
SLVTH 
SLVTF 
SLVTF 
S,L.VM -

E,LVTH 17 
1--)LVT 
SI_Vir7  1) 
SLVTH 2C) 
SLVTF 21 

SLV1r 
SLVTH 26 
SLVTH 

SLVIF ?L■ 



Z=TH0(I/J1K) 
D=(PL-;(K)/1000.) 
THB(Itj,K)=TH8( 
A=597.*CSAT/(D* 
5=A-1-U.2440/597. 
C=A/OSA1-2./TH8 
F=SORLCD:::(24-2. 
THe3(I,J,K)=TH3( 

CALL SOLVOS 

0.256 
IIJIK)+THS(K) 
(THU(1,J,5)*2)*0.11) 

(I,J1K) 

A*G*(01( I ,J,K)—OSAT)) 
I,J,K)-5 /(A*C)+F/(AC)—THS(K) 
Ilj,K,TH RITHS,OSAT) 

SLVTF 
SLVTF 
SLVTF 
SLVTF 
SLVTF 
SLVTF 
SLVTF 
SLVTF 
SLVTF 

30 
31 
32 
33 
34 
35 
36 
37 
30 

G=01(I,J,K)—OSA SLVTF 39 

IF(AES(G).GT.OL 0.001) 	GO TO 97 SLVTF 40 

THINCR(I,J4K)=T H0(I1J,K )—Z+THINCP(IIJ ,K) SLVTF 41 
OINCR(I,J,K)=DI NCP(I,J,  K)—G*1000. SLVTF 42 

01(11J,K)=OSAT SLVTF 4J 
aLCI ,J ,K)=OLCII J.K)+G*1 000. SLVTF 4 
DOL(I,J,K)=G1L. SLVTF 45 
01(I,J1K)=01(I, SLVTF 46 

GO TO 99 SLVTF 47 
97 TH9(1,J,K)=Z SLVTF 48 

THINCP(I,J,K)=T HINCR( I qU IK)-2.5*OLCI , J,K) SLVTF 45 
TH9(1/J1K)=THE3( I/J1K)-2.5*OL(I ,J,K) SLVTF 50 

GINCP(I,J,K)=0I Nc7(1,J,K)+OL(I4J/K) SLVTF 51 

01(11J,K)=01(I ,  j,!<)*10!20.+OL(I.J.JiK) SLVTF 52 
CL(I',J,K)=j. SLVTF 53 

DOL(I,J,K)=0. SLVTF 54 

GO TO 59 SLVTF 55 

90 01(I,J,K)=01(II J,K)*1000. SLVTF 59 

99 CONTINUE SLVTF 57 

RETURN SLVTF 50 

END SLVTF 59 
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\/7777f 

7),I-1111(.:, 111 	(1(-:•11",•7) 	• 	( 

) 
I 	‘..17 

l'‘,7)1R.....:(7) 	• 
Vi-'( 	1 	1 ) I 	'CI:. 	1 	• 	) 	• 	:I-) 	( 1 z1 • 1 	• 7 ) 

D.,"\T  • 1.7-11. 	• CD 	) H 	, 	1'1'1 1 	1 

NH 	'T I =1 • 1 • 1 	7-  

( + 1. 	..1'-• -/ ) 7 
( 	I . 	.1 	)1 	'V 	7 	=( I 	• J., I+ .( I ,U - 1 , 	» 

1 	 .1  

Pr-- ( 	I .E_;,). .1. -0.1;.,)•1:' 	• 	1 	%) ..)( I -1 4J, ,) 1-11,1-14 
1 	1 

IF ( J.F0. 1. \N,). I .; 1- . 	1• H.:). I .N; 	'V 	[F 	= ( t-' ( 	I• J• ,-( 	I-1 • J.V.) 
.\./ 	( F-) ( .11...1 -1 	1, - 	) I-1•J-1•:,) 

I 	/I 
IF 	( 1 

( 1.70.1 1'7 :)( 	1 	• 	•K 	) 
( 	1 	.F- r).1 	.V1)• J. 0.1) rL-)( 	I-1 	•J• 	,;) 17 

,\/ 	n( I-1 • j- 	• , 	) il 

A 1 = 	( 	I 	• 	1 	• 	 j,, ' 	1 	• 1 	) 1" 
") 

'T: 	I 1 j 1 1•'))/(1-'• 	)  
*J 	• 	..7')'",(  I 	( 	• 	•J•'") 	+' 	',I 	( 	I 	1- 1 	• J I; 	I 	;ii 	(1•Jil•K) 

1 	 -ti:-_1(,-17( 	- 1,,J11* 	)/(7.3%;) 

	

//( 	I 	( 

L.. 



* 
SUDROUTINE OUT15 	(YlIDIM,JDPAIKDPI,K1) 

PART OF DATA OUTPUT 
Dr77NSION 	Y(ID1,JDIfl,KDIH) 
KSTART=1 	 1-,KFIN=KDIM 
IF(K1.NE.0) 	KSTART=K1 
IF(K1.NE.0) 	KFIN=K1 

* 
OUT 

* *OUT 
OUT 
OUT 
OUT 
OUT 

1 
2 

4 

DO 	'-,)c,; 	K=KSTART+KFIN 	TDO 	146 	I=IIIDIN 	1D0 	1 4b J=1,JDI OUT 7 
146 IF(Y(I,J,K).NE.U.) 	GO 	TO 	147 OUT 

WRITE(61200C) 	K OUT (.) 

GO 	TO 	9(7) OUT 10 
147 UIGVAL=ABS(Y(1,1,K)) OUT 11 

DO 	1 	I=1,IDP1 	'MO 	1 	J=11-1 DIV! OUT 12 
1 IF 	(411732(Y(I1J,K)).6)I.PIGVAL) 	niGvAL=As(y(I , J , K)) OUT 13 

IF 	(E3IGvAL.LT.1.0) 	GO 	TO 	10 OUT 14 
IF 	(L3IGVAL.GE.1.U.AND.F3IGVAL.LT.10.)GU 	r0 	12 OUT lb 

DO 2 N=1,20 OUT lb 
BIGVAL=0.1*3IGVAL OUT 17 
IF 	(EIGVAL.GE.1.0.AND.DIGVAL.LT .10.)G0 	TO 	PO OUT 

2 CONTINUE OUT 19 
20 XN=0.1*N OUT 20 

DO 	100 	I=1,IDI 	SDO 	100 	J=1+JDIK  OUT 21 
lUC Y(IIJ/K)=Y(IIJ,K)==XN OUT 22 

N=-N OUT 23 
GO TO 	100U OUT 24 

10 DO 3 N=1,20 OUT 25 
5IGVAL=10.*DIGVAL OUT 26 
IF(BIGVAL.GE.1.0.AND.flIGV,AL.LT.10.) 	GO 	TO 	30 OUT 27 

3 CONTINUE OUT 20 
30 XN=10.**N OUT 29 



I=1,IDI I 	000 	200 	0-= 11 JD I 
)7( I,J1K)=Y( I 	0 

OUT 
QUI 

Go 	TC 	I nOT 2.2 

12 M=:-,  
IL 	(KDIH.E.1) 	GO 	TO 	70 

OUT 
OUT 

((-7,11) OUT 24 

20 TC OUT 110) 

70 HRITE 	(1111) 	M OLT 

00 IF 	 On TO 220 OUT 131) 

If - 	(IflIH.E0.1(:)) 	00 	TO 	22,0 OUT 

I Fr 	( 6 	123 ) 	( 	I , I := 1 	I 	) JUT 

DO 	7 	J=1,14 OUT 41 

I 	( 	q 	) 	J. J OUT 144 

7 0 OH T I NUH U T 43 

R 	( 6 I 123 ) 	(1 , 1=1114) '00 T 

00 TO 220 OUT 15 

T 	( 	, 122) OUT 46 

DO 	;') 	0=1 	1'7  OUT /t -7 

;fl110(0,200) 	(Y(I,J.<) , 1=1 ,1),  J OUT 003 

6 N 1-  UT 

ITo. 	( 61122 ) 	(1,1=1 , 1'7) 
L: T 

202 
00 	',O, 

	

1E 102 	(7O, I24) 	Ci+I= 1,12 jUl 

DO 	032=1,16 OUT 

31 To 	(6 , 6LW) 	(Y OI2T 00  

CONT I NUL 001 51) 

I or 	( 0 	1,7z4) 	(I.1=111) OLT 

CON 1 I NE)). T 



1F(N.F0.0) 	GO 	TO 99Y 
IF 	(N.LT.0) 	GU 	TO 	132 

OUT 
OUT 

58 
59 

DO 	130 	I=1,IDI 	!WU 	130 	J=1,JDUvi OUT 60 
130 Y(I,J1K)=Y(I,J1K)/XN OUT 61 

GO TO 99c) OUT 62 
132 N=—N OUT 63 

DO 	131 	I =1,IDU4 	q;DO 	131 	J=1,JDIN OUT 64 
1731 Y(I/J1K) =7(I1J,K)/XN OUT 65 
YY( ? CONTINUE OUT eta 

RETURN OUT 67 
11C FURAF 	( 1UX1'_DHLEVEL / 13 	87X 	1 ,-.+H8CAL I NO 	F AC TOP 1 113 ) OUT 62 

111 FORT,1AT 	105X11gHSCALING FACTOR 	10**,13) OUT 69 
122 FORAT 	26X115 ( I 2,4X ) ) OUT 70 

123 FOR;v1AT 	( 27X114112,4X)) OUT 71 
124 FORMT 	21X,16(I2140)) OUT 72 
5u0 FOR 'AT 	1FX11292X,15F6.212X/12) OUT 73 
8bu FOPMAT 	21X/12/2Xq14F6.2%2X112) OUT 74 
600 FOPI4AT 	(15X/12,20,16F6.213X,12) OUT 715 
?UUU FORMAT(luX,5HLEVEL117,/2CX,8HALL 2220,/) OUT 76 

END OUT 77 
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SU5ROUTINF EXTONF(t3IFY) 
DP.IENSION 	P(16,16)9Hy(F.6) 

EXTO 
EXTO 

1 
2 

DO 	2 	1=2,15 EXTO 3 
EXTO 4 

5(191)=-5(192)+BY(I-1)+3Y(I) EXTO 5 
2 13(I,16)=-5(1115)-4-pY(LA-1)+5Y(L) EXTO 6 

DO 3 J=2915 EXTO 7 
L=58-J EXTO B 
D(1693)=-5(159J)+BY(J+13)+RY(J+14) EXTO 
IF 	(J.EQ.2) 	GO 	TO 	4 EXTO 10 
B(19J)=-15(29J)-1-BY(L+1)-1-5Y(L) EXTO 11 
GO TO 3 EXTO 12 

4 5(19„))=-5(29„))+9Y(1)-4-5Y(L) EXTO 13 
3 CONTINUE EXTO 14 

5(191)=-9(292)1-0( 192 )+Fl ( 291 ) EXTO 
( 16916 )=-B( 15, 15)+F-3( 1E916)+D( 16115; ) EXTO 16 

( 1916)=-13( 2915 ) +3 ( 1915 ) +3 (2916 ) EXTO 17 
5(1691)=-D(1592)+R(1591)+5(1692) EXTO 18 
RETURN EXTO 15 

END EXTO 20 

SUF3ROUTINE DDP(PHI ,DPHI) DOR. 1 
DIMENSION 	RHI(7),DPHI(7) DDP. 2 
DPHI(7)=2.*(PHI(7)-RHI(6))/3. DDP. 3 
DPHI(6)=(RHI(7)-PII(5))/3. DDP. 4 

DPHI(5)=(16.*PHI(6) -9. 	I ( 4 ) -7.*PH I ( 5 ) ) /42 . DDP. 5 
DPHI(4)=(PHI(5)-PHI(3))/4. DDP. 6 
DPHI(3)=-(PHI(4)-4.*PHI(2)+39PHI(3))/6. DDP. 7 

DPHI(2)=(PHI(3)-4.*PH1(1)+3.*PHI(2))/3. DDP. 8 
DPHI(1)=(PHI(2)-PHI(1))*2. DDP. 9 

RETURN DDP. 10 

END DDP. 11 



	

Jr.1 P1<T1NIo( , 7 , ) 
	 EXT17 	1 

D I 	Nr..:.; 1 CH 	( 	) Y ( 15115 7 ) 	 EXTE 
DO 2 
	 EX.T.L 

0=44-1 
	

EXTE 
7 ( I 	11K  1  .= -7 ( I , 	) 	( I -1 ) +X ( I ) 

	 EXTH 	315 
Y( 	16 ,K)=-7( I1171K)-i-X (L±1 )4-X (L) 	 :7 XTE 
L= 	I 
	

TE._ 
Y ( 16 I 	) =-Y ( 1 	1K-  ) +X ( I +12 ) + X ( I +14 ) 

	
T 

IF ( I .50 	) CC TC 	 312TH 
Y(1, 	=-7 ( 2, I .1)+1<(L+1 )-X CL_ ) 

	 31 X 	11) 
GO TO 2 	 FXTE 11 

	

E>.:TP.-. 	12 
2 CONTINUE 
	

LIXTF. 113 

Y 	 K ) = -Y(2 / 	)+Y ( 112 ,K )+7 (2 /11K) 
	 r--XTE 	14 

EXTF 11< 
• ( 1 • 16+ K ) = -7 ( 2 1 1 	K 1  +7 ( I  , 	) +7 ( 	) 	 31214 	1E 

•K 	( 	/ 	K ) 
	 5211. 4 	17 

FR H TON:N 
	

EXTL 	10 
D 
	 EXIE I 

.SUIDIROUT I NE 13137 I NT) ( OUTFLO ) 	 _:•;,[;‘,1 ■.! 	1 
D I ',-,;=Th...S I OrX 02 T ff-  0 0 ( 1.76 / 7 ) , AL I N7-7( ':-.;6 ) 	 154YN 	, 

LOG I CAL 	CUTFLO 	 1<271< 	--, 

DATA 	AI1AG/IHI, pi.,._;/ 	 HDY:".; 	.,..: 
IR I IF 	( 6 	110 ) 	 1::.1)77! 

DO 	12 K------  1 7 	 ._'.)DC) 5 I = 1 ::.)6 	 HORN! 	t.:) 
AL I NIT ( I ) =A I 	 [3 L: IN 	7 

5 IF ( OU TT' LC ( I , K ) ) 	i^,1...- I mr ( 1 )=- P,0 	 [SOY)) 	,E.-3 
1C '.r:ITE ( 611. 1...: 0 ) 1-.1. AL 1 Erp 	 4471< 

0E TUP.N 	 HD‘C. ' 	11) 
1UU FOR%1A I-  ( OH 	LEVEL / 11 / E.-;•X /4 ( Al ,1X / 12j\ 141>( ) ) 	 ;17DYN 	11 

	

11C. F'.:11.7:'.1AT ( 2(r,H0 EMUNnAFRY I (., ![,LD.':,...11`UTFEn'." 0042 I 1 I cr, !:2 , / 2E% , iHN, 1 --,2 , i 117.1 5274 	12 
1 	 11:311 11! iS , 1 -.._: X , 11-1'.'; ) !.--.? D 7 N 	13 

END 	 125Y51! 	1-I 



FUNCTION AVPX4(X,I'J,KII1 ,JI ,K1) 	 AVPX 	1 
DP:,ENSION X(II,JI,K1) 	 AVPX 	2 
AVPX4=(X(I,J,K)+X(I+1,J,K)+X(I,J1K+1)+X(I+11J1K+1))0.25 	AVPX 
RETURN 	 AVPX 4 

END 	 AVPX 

FUNCTION AVPY4(XII ,J1K,II,J1,KI) 	 AVPY 	1 
DIN' NSION X(I19JI,K1) 	 AVPY 	P 
AVPY4=(X(19J,K)+X(I ,J+19K)+X(I1J9K+1)+X(I1J+1,K+1))*0.2F) 	AVPY 	3 
RETURN 	 AVPY 4 

END 	 AVPY 5 

FUNCTION ALAPL(XII ,JIKIIIIJIIK1) 
X(IIIJIIKI) 

ALAPL=X(I+1 ,J1K)+X(I-19J,K)+X(I ,J+1+K)+X(I ,J-1 ,K)-4.*X(I,J,K) 
RETURN 

END 

ALAP 	1 
ALAP 2 
ALAP 3 
ALAP 4 
ALAP 5 

FUNCTION AV4(X,I,j9K,I1qJ19K1) 	

AV4. 	

1 
DIMENSION X(IIIJI,K1) 	 AV4. 

	
2 

AV4=(X(I ,J9K)+X(I1J+11K)+X(I-11J+K)+X(I4-1 ,J+1+K))*0.2 	AV4 3 
RETURN 	 AV4. 4 

END 	 AV4. 	F) 
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