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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 propagatiom.

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 INTRODUCTICN

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 déVelopment 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,



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 alsc 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



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,2) —(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



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, encrgy 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 (V¥ )
can be defined; this together with the vorticity and other
conservation equations forms a comparatively simple modelling
system in two dimensions, Using this system a Poisson-type
equation is solved for ¥, If the pressure field is required

explicitly, & second Poisson-type equation then has to be solved.



[The pressure could alternatively be obtained by integrating
a Bernouilli equation along each streamline using Lagrangian

techniques.]

The extension c¢f 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
scalesis 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 equatioms
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 manipulatio.
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 adeguately 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, LIMTTATIONS

An inescapable modelling prokloer 2rises 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 regquires 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-D perspective plotting methods.

1.7 THE BACKGROUND TG 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 atmbsphere
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 aqcompanying 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 enviromnment outside the main updraft

and the dynamic parts of the downdraft.

The vertical gridspacing was irregular, defined by
seven pressure surfaces [100C, 85C, 70C, 5GC, 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 truncatiomns) 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 models

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 i.e.. latent heating and cooling and the

cloud physics parameterisations

Chapter VI contains a discussion of some preliminary

results obtained with the model. These are for convection in

both unsheared and sheared enviromments,

A closing summary, comments on future work and appendices

contalning details of the computational scheme and the computer

program (for reference purposes) complete the thesis.
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CHAPTER 11

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:

.a___u - - §_¢ - a_..u s 0

3t 3 + vV (.l.)a -1.1)
a_“ - _.Q_l{ - uf - _Q_“ 2 2
a = a u wa ( l1l )

[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,

D 1 v du .
w = 3% ; v = gh' + E(uzq-vz) ; L=3x "3 " T

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 fw o dh
T orlB) s e = 0
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where g*= g(1+1) and 1 is the liquid water concentration in gm/gm.

Mass continuity equation

(2.143)

This is an almost exact equation, the only simplifications

in making the transformation from the exact form

0 &l 0 &l
'é% + -a-;{—(pu) + E(pv) + -a—z-(pw) = 0

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

Adiabatic equation

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

36 3 \ 3 3 oL
3 5 36 - g(ve) - "aEa'(“’e) + T(EPQ +F) —(2.1.4)

where 6 is potential temperature,%&%is a term representing

p
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

89 _ _ 2 _ o _ 9 -
e ax(uq) ay(Vq) ap(wq) Q

(2.1.5)

where g is the specific humidity,

Boundaryv conditions

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

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

ii) w === 0 at p=1000mb 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 hp~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 Egs.(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 ITI).

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 Egs.(2.1.4) and
(2.1.5). The extra equations for the inclusion of cloud and

rainwater are discussed in Chapter V.



2.2 COMPUTATIONAL CCNSIDERATIONS

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 systemn. 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*~ JgH (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 heilght

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.

SMOCTHING: 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 eguivalent 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) i1s 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

1 while the scheme implies values

coefficients equal to 500 mas_
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 (Fearce, 1972)
however shows the integration in time of the surface height field
to be unstable without some explicit smoothing and the addition

L 2 -1

of explicit smoothing of this field with a coefficient ~10 m 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



turbulence measurements in clouds Aa102~1031n25_1. The

application of smoothing was necessary in the horizontal only

~

and applied to the momentum equation as KVi\r with K= 500 mzs—q.

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
with a K proportional to k?i} on the large-scale have indicated
that effectively smaller values of XK (averaged in space) would
control instabilities,

2
h

I
Ké %7§<1|Vich was used in the model. Over localised regions

This formulation, taking the form Ké’!vie!v 6, and
|

in and around the cloud the effective K attained values ~ 500 mzs_

1
but in general was an order of magnitude smaller. This allowed

the physical effects of the smoothing toc 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



convergence and divergence alternating along the vertical axis

of symmetry; the wave was not apparent in the evolving, mcist
models. This gridlength oscillation, occurring under special
circumstances, could be removed by applying a three-point linear
filter of the form Fk = FK+-a(FK+14-FK~1- ZFK) (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).

The value @::%- 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.

The use of such a filter (with u::%d represents a large
smoothing; the equivalent diffusion coefficient for equal
gridlengths A and timestep AT would be K::AZ/QAT i.e,

2 m2 s"’l

K ~ 10 for this particular model,

Since A and AT' are constrained by the stability criterion

v A
max

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

the magnitude of the filtering is of the order of

in the systemn., Filtering needs therefore to be carried out

sparingly on models containing free-surface gravity waves.
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2.3 ANALYSIS OF MOTIONS OF INFINITESIMALLY SMALL AMPLITUDE

IN THE PRIMITIVE EQUATION SYSTEM USED IN THE 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 §2.1.

The equations of motion can be expressed (after judicious
use of the hydrostatic assumption - though obviously not on the

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

g_}cl . 8‘2‘?‘; - 0 (2.1)
'%% - g = 3¢ (2.2)
%% = 0 (2.3)
—g—i— + 2—‘; =<§—§-)%(%§—>-%%§ (2.4)
$ = %lnp - 1lnp (2.5)

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_q, this simplification is convenient.
Egs. (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 equaticn requires modification.

Writing Eq.(2.2) as:

9p  _

1 1
P dz - 8(1+g Dt )
and making use of the approximation lé-%%— << 1 which is good

for all atmospheric motions including cumulonimbus convection,

then we have

dh . 1 1 Dw 1Dw 2
P F g1 goe )+ O oy)
Dh . . .
thus as =pp Ve can write in pressure coordinates
dh D . Dh
gZPap + 8 = ppipg (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 p.(z), po(Z)-
% | 12| < 1 (up%).
P Poi

~

Thus typically deviations are such that

(o]

This mean state can egually well be defined in pressure
coordinates by ho(p) and p,{(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 nomotion to facilitate
analytic solutions, and tracer parameters ni, i= 1,2,3,4 are attached

to terms of particular interest, each n. has a value unity
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when the term in which it appears is retained, or zero when it

is neglected.

Define
h = ho(p) + dh(x,t; p)
p = p(p) + oplx,t5p)
$ = $(p) + 89(x,t; p)
satisfying %%9 + g; = (2.7)

. g . a@o _ a_i"
and where the static stability B = 3 = &Po op °

We also define H, the density-scale height by

_ .1 06po _ _9p

;
H = Tp,0z - 8%p

B and H are related by: B-+g/02==1/H where ¢, the speed of sound,

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

The simplified equation set then becomes:-

E—EQ + gga;(bh) = 0 (2.8)
9 a wB
57(68) + ug(68) - = = (2.9)
° = - gp& (2.10)
(6p=0 by definition of &
in p-coordinates)
20, < _oa0e 2_211)
£ ap(éh) €%, ~ Dt(Dt (2.11)
du 9w _ (oh\ D QP.) _1Dp )
ox T 9 (ap> Dt (az p Dt (2.12)

The precise terms retained in the vertical momentum Eq.(2.11)
are significant to the simplification of the RHS of Eg.(2.12) for
as can readily be seen, the RHS of Eq.(2.12) is identically zero

when the pressure is assumed hydrostatic.



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 Egs.(2.8)-(2.11) gives;

Ju d
St t E370n) = 0 (2.13)
d wB
—( b - —
5o 09) 2. 0 (2.14)
5
56 = - ; (2.15)
23 6 92 1w
L (bh) - 22 _ -2 - =102
Making use of Eg.(2.16) gives us the linearised form of
Eq.(2.12).
du | dw 132 1 3%
— + = = nq-— 8h) - ny,—— —% 2.1
dx T 3p 17 3430 2520, o2 (2.17)

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

The tracers n, and nl+ follow the gross contribution of the

vertical acceleration while n, and Ny 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 n_,=n, and n =1, although for computational

1= 73 2

convenience this consistency may be violated if carried out

carefully as will be shown.

Egs.(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+0ot).

Thus eliminating u, 6% and 6p gives:
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. .2 2 .
i) g 0 g a
- —E-E-(Sh + -aLID)- = n2_2£)- - n,l }E-(Sh (2.18)
& Po
200 - (ch) 4 2 Feh 4 2 0 )
E P 3p Top, * 3 tgo, o (2.19
eliminating either variable gives, with some manipulation —
! 2 g2 5252 24|
29 G%H_ 9 2 H™ g™
ip ap2 +(n7 n2) pap + (H (gB nqd )(—2 n1—2)4-n2 (H njg—y)}w= 0

where ¥ is either w or p, &h,

Eg.{2.20) is a cubic equation in 0% and represents two

distinct types of motion.

We can solve this equation as an eigenvalue problem by

p:LvH+’1/2G where

-1 °g
G = (1 - (nB-—ne)gg—)

The resulting equation is a cubic equation in o

putting ¥ oc

—n ? 411 +n
9—2— + gl = NNy |- gfa”s —n,lBH\+02(nl+)\2 + v2 + —1? - gB >\2 =0
g b [ eH\ 2 A LH

(2.21)

This equation with n1=n2=:n3=n4= 1 represents the full equation

with all terms included and takes the form

e

%~ (PR s + gBA° = 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.



Eq.(2.22) has two pairs of roots given by:

The gravity-inertial wave

For A2>> v24-7%§ we have the solution gz’v gB 1.e. motion
i

controlled by buoyancy in tall, narrow columns.

2
For 4gB X << 4 we obtain the root:
2712 2 i
c(A=+ v + )
4H2
2
0f ~ —EBEAT (2.23)
A + ¥V

e
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 throughout the motion

(i.e. n =hy=ng=1n = 0), the same mode is present (see Eq.(2.21))

1

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

2
2 A
g =gB—2—T

Vo2

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

since: A
4
Ttr 2
T 2 . = 1 + 2}\ 7 (2' 24)
hydrostatic Y -
L 4ue

For B< 0O we get a growing solution (o imaginary) for which the
hydrostatic assumption implies an increased growth rate compared

to the true value.

Sonic wave

A second solution of Eq.(2.22) for o sufficiently large
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02 ~ 02(?\2+ Ve +

1
2

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

lines of constant phase.

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

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

since the coefficient of the fourth-order term in o, (521351 - n1BH)

only takes the form (1-BH) [= gH/c?] for ng=ny=ny= 13 the

choice n,=n.=n_=1 and Iﬂ+=() retains the sixth-order term in o

1 2 3

and gives spurious solutions,

2.4 THE IMPLICATIONS OF VARIOUS APPROXIMATIONS

The hydrostatic assumption n, = n2=135=xy+= 0 removes the sonic

solution of Eg.(2.21) entirely but thereby distorts the gravity
2
. . . . A
wave solution significantly, for in Eq.(2.24) IR ~

for motions whose horizontal and vertical dimensions are comparable.

It will be observed from Eq.(2.21) that the choice of nis
such that n, = 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

2 : A
o} = gB

& 2,2+ 1

LH2

This approximation is therefore very muchbetter 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
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equation although this term is in part retained in the pressure

coordinate form within %% .

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=20

The solution w=0 everywhere satisfies this boundary condition
provided: n;o4 = Azgz

; (from Eq.(2.18) ).

This is a short-wave approximation to the free-surface
boundary wave, with a growing component 02 = -Ag 1if n, = 1.
This indicates that n, = O 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

[O)]
icig'p‘>

bh = everywhere (2.25)
Thus from Egs.(2.18) and (2.19) we obtain the frequency solution

o2 _ A2C2

This is a horizontally propagating 'sound' wave

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

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

Eq.(2.18) we obtain the condition



5 :
A= ple -
gH Ozw_ pap at p=pg

(2.26)

This together with the upper boundary condition

Q)=O at p:pT

provides boundary conditions for BEq,(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:

02

—3 = gH(1 - py/pg)
This is the external gravity wave i.e. the wave that has constant
specific kinetic energy throughout the fluid depth, having a

phase speed ¢ given by ®= gH(1-pT/ps).

The analysis given in this section in (x,y,p; t) coordinates
follows that given by Green (1969) for the linecarised 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 IIT

THE HON-HYDROSTATIC FORMULATION COF 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 {gridlength5'~50—100km].

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 recsoning is not velid as is indicated in the next section.

3.1 ANALYSIS OF MOMENTUM FQUATION

Writing the vertical momentum equation as:

Sk

- S G

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



CHAPTER III

THE NON-HYDROSTATIC FORMULATION OF THXE 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 ~ 50~100knm].

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 apﬁear to make a small contribution; however,

this recsoning is not valid as is indicated in the next section,

3.1 ANALYSIS OF MCMENTUM LQUATION

Writing the vertical momentum equation as:

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 zir 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
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then a drag term equal to the water's weight must be included i.e.

-g—%%+g+gl:0 (3-2)

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

of air and water vapour only, and the term l%% has been neglected.

By expanding the variables as:

.

P =p +P
where the suffix s identifies
8 =06_+0°
= > the undisturbed, droplet-free
h = hs4-h'
‘ atmosphere,
l: 0 +l
Eq. (3.2) can then be written as
Dw 8 _ _ oh'/ohgs | _ -

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

Th.sec? being equivalent to 3°C of buoyancy,

1

order of 10
10 gm.Kg~ | of liquid water and 30 m.s | over 10 km vertical

acceleration, all reasonable values for a cumulonimbus updraft.

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

equation;: ' ‘
ohs _ %Es {_@_' -l) —_—(3.4)
dp Ps \ Os

integrable to give hg.

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



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
no vertical kinetic energy C%wz), obviously an unreal system

for cumulonimbus convection.

The inertial term should strictly be included on the
synoptic-scale alsc, but as its contribution is only small, 1its
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=hg+h' where hg is the
unperturbed (initial) height field. e also write h'::héq-h"

where h', the total deviation of the height field, is subdivided
into a hydrostatic part h; dgfinedby'Eqi}ﬂ)pluszxnon-hydrostatic;partlfﬂ
[In applying this partition to other variables it should be noted

that by definition p" (and 6") 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 EQUATICN

To handle the acceleration term satisfactorily in a pressure-
coordinate wodel requires the transformation of %% into pressure

coordinate variables,

The complete transformation is complex being of the form:

Dw ow L, on
E = -a.%— + X.VW + Uap (3‘5)
(i) (ii)  (4ii)
. oh oh
with w replaced by 3¢ ¢ uUh o+ “3p —(3.6)

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 (diii). The use of this approximation however

when differentiated, i.e. as

Dw ._ D _w )
Dt Dt ( (3.7)
requires consideration.

Ignoring horizontal advection terms from Egs.(3.5) and (3.6)
and expanding we find that the approximation (3.7) is equivalent

to assuming

2
o
ot ot

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 g'subject to a warming throughout of 8§ then,

2

aRh H 50 where T, is the time~scale
3t § TH

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

ow 86
also: 3T~ gfe:

Defining T2

through a cumulonimbus then:

as the timescale of air following a trajectory

~ 2
1 Ts

&
)

VY [N

P 2 2
1vin —_

grvane LI _61(32)
ate/ ot 6 2\m

1{T\°
thus typically 'Eﬁif) ~ 1 and hence the approximation (3.7)

&
5

is valid to~ x 100} % .

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 dh 2
]_J_E'(-;)—s) + gBPEE + g‘ = 0O (308)
This equation contains the hydrostatically balanced part (%%(%L)z OX
S /
. 0 AN 1
l.e. Eg(hs"'hS] + zp = 0O —(3.9)

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

component of the vertical momentum equation:-

D () 380" _
pE\P., * 8P = ¢ (3.10)

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 Egs.(2.1.1, 2.1.2, and 2.1.3).



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. Cgura

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 cocrdinates.

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 hé individually.

The method adopted here was to compute h', <chosen as
the one having least computational difficulties. [ The computing
of h" and hg separately and adding them was tried and with
suitable boundary conditions worked satisfactorily; however
h' and hé 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

1000

as a function of time immediately providing a boundary condition

W =

<z

=0 on the 1000 mb surface; this is integrated to give h

for computing ht'. [In computing h", the boundary condition

1
was taken as W=W'=Wg+Ww"=0 and wi=w"=0 and hence h',l'oooz 0.]

3,5 BALANCE EQUATION FOR THE HEIGHT FIELD

We take the horizontal momentum equations Eq.(2.71.1) and Eq.(2.1.2)

and a slightly modified form of Eg.(3.8) to include liquid water,
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. D W * 2 oh ®
1.€, Dt ( PS) + gg Pap + gg = 0

where g*=g(1+1)

—(3.11)

(1 =1liquid water concentration)

The balance equation is formed by taking

;; Eq. (2.1.1) + g%--Eq.(a 1.2) + 5L-{fé x Eq. (3. 11{}

Thus
ofou  av 2w\ _ 2, L3 .y
at(ax oy * ap) = Vv o+ 5xvE) - 5p(ur)
d 0 fw )
p ( w2 ¥ Pswap\Ps)
) oh
- E(g 2" Ps 5o + gg*ps)
—(3.12)
The LHS of this equation is zero by continuity hence Eqg.(3.12)
becomes:
) 2 ) 2 oh N
g@gﬂ+g3§(g“@P33§ +8'PJ+{ }=O —(3.13)

where { } contains all the non-linear terms in Eq. (3.712)

We can remove the unperturbed height field from Eq.(3.13)
in the following way:

. dhg  dh'
ps8 g (8" p—+") = E*GPs(g (ps + P'>(3§S+3;)+")

-e2(1ps + p' - 805 ')

neglecting all terms OQ( )2 and higher

R

hence Eq.(3.713) becomes

gvgh‘+53-§—(p§ g;\—g (lps+p)+{ :}

pis not computed as a dependent variable in our pressure coordinate
model,

—(3.14)

hence in terms of 6 (where 6 is now virtual potential

temperature)

9p _ _p (1-4) (1_6_')_
3p - mRO4
L4
where Tn=(p/p,) and KJ:R/cp

s _ 1 26 0

l l__+2——-
bgdp Ogdp 8

b

0nrgy -
(=93 ke ¥
s



and s . B [as above with primed variables zero]
op TRO g

then Eq.(3.14) becomes:

-
2 on gp 1(1-A) (6 ) 1 26" _ 2L _ 1 265(,0' _,)
Voh's a ) ! 52 1) + —° (2 -l'

—(3.15)

The correlation of 1 and 6' 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 2 _Q_u__'__a_v_’_gg‘) since 6_g+§ll_+§g=0_
ot \ox " oy odp ox oy P

In the primitive equation height coordinate model of

Ogura and Charney, the equivalent time derivative is

;l ( (pu).+——{pv)-+——(pw)) [where B}zﬁ(z) only is related to
2 basic atmosphere of constant potential temperature 6 by:
- S\ /~
p::égkég\/ , an additional approximation].
\ o
This derivative disappears if V}'(EX): 0. 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;

b=p

|
]
UIU
ot
i
O
L)
ot

surface
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which for the model is taken as p= 1000 mb, thus at p= 1000 mb

o - - o[8hs oh'
spihs* 0t = - (1. ¥, (g s b1 “’(ap 35 )

dhg ,, oh' {equivalent to p'/pg<< ’l}
ap op valid to 1%

A3

As hg=h (p) only and

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

of time :
’ Qﬁ'z - {(v.Y)h' + 2 at p= 1000 mb —(3.16)
9 ~'T2 8Ps |

b) Upper boundary: We take w=0 at p= 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. If we assume %%(m/ps)
is small at this pressure level then we can define h%so as

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 NUMBRICAL 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 differentigtion of the finite-difference
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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.0.R.) and requires
many more machine instructions. Numerical experiments confirmed

Miyakoda's conclusions,

The S$,0.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.0.R. factor is given by Miyakoda for equally-spaced

grids.

In practice the solution of this equation by S5.0.R. for
the (15x 15) model on the CDC 660C 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

L,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 atmospheré.
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 limitatioms

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 internagl 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 vy (normal component)
and v, (tangential component) were sufficient boundary conditions

and these were adopted for the model.

[N.B. for the case of no initial flow v, and v; are the boundary
wind components of the convective system; for an initial sheared
flow v, and vL are the perturbation velocities on this initial flow,
This applies throughout the chapter. ]




Il

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 ére 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 vp

The normal velocity was computed from the value inside

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

Vo, ay - % ninside
time and independent of. height; the precise use of o and

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

The function a can take values CO<a <1 and therefore
in general represents a drop-off of the velocify 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
A

&

INTERIOR ENVIRCHNMENT

|
R T A
‘Ui

vnbdy - dvp/on e & —> vu=0

The value o= 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. 4,1,

4,4 COMPUTATION CF THE HORIZONTAL DIVERGENCE, D

A problem that arises in computing the horizontal divergence

on the boundaries is the following:

Consider two contours R1 and R, in the x-y plane;

2
//f:_’_s'”' ~ x\ R2
{ ( )R12
\ .\\..__,/f -
\ e

then if fluid flows through the annulus R mass flux across R2

1Rz
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 mannecr
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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the boundary snnulus 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 mannér such as to minimise this geometric problem

introduced by having corners on the grid boundary.

4,5 COMPUTATICN 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 componenté 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=5kl=1 gridlength)
are each computed as the sum of a radial component DRAD, and
a tangential componeht DTAN, such that Z: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 D, ) = B1QVRAD(CO)+VRAD(C,’))(0L-1)
DTAN( D, ) = EZ(VTAN(C1) ~ VTAN(C,)) @'+ 1)
and D ( D, ) = DRAD(D, ) + DTAN(D, )

ﬁ1 and BZ are constants related to the geometry of the
particular trapezium and a is the function (taken as a constant)
discussed in section §k.3. a' 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 a'=0 however ensures that VTAN near to the boundary is taken

as zero,

4,6 COMPUTATION CF BOUNDARY VELOGCITY CUMPONENTS

Both the normal and tangential velocities are computed from the
implied VRAD values at the points A; by linear interpolation.
For example (see Fig. 4.2 ), the computation of u and v at the

point () is given by:

o
H

Y VRAD(A,) + BVRAD(A,). cos B

<
It

6VRAD(A,I ). sin g

where Y and © are the interpolation factors: [y=1-81] .

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' 4is computed from the horizontal momentum equation:

dh! v 0 1 9 042 042
B3, = -Egn + (v, +vP)E _wEE(Vn*VrT) —E—a;.vn+vn] +[VL+VL])

(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 TLE BOUNDARY

.
The non-linear term é%-{(vn-+v§)2 + (VL-+VE)2j was found to be

i
[

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
‘b 1 9 0,2 v 0 vV R 0
seen by writing 535 (n+vn)" = Vn'gﬁn + vn-szn ;  the multiplier v,
1
thus enlarges the effect of the instability. Since 35 vaes

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 COMPUTATICN OF THE TEMPERATURE: 6' ON THE LATERAL BOUNDARIES

The boundary values of §' 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



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 was to formulate a new thickness
equation in terms of the computed values at interior points

as follows:-

1
B, b1 k~1,b

X0, X0
x ory k,b-1 k,b
! '
v "By peq e
il 1 C s — 1 - 1 > 1
Thus if hydrostatic: (hk—1,b—1 hk,b—1) ek,b_1 '
the constant of proportionality is then used to derive 0! from

k,b

the thickness values:

- h'!

]
( Biq. b~ Pk,b |
l.h' )
g b-1 7 P, b1

1

k,b~1
This procedure although subject to errors implicit in the

h'-computation produced very much smoother 6' fields.

The importance of the boundary conditions on 6' and h' is
reflected in the propagation behaviour of the internal gravity

wave energy across the boundaries and this is discussed in Sh.11.

L.,10 AN ALTERNATIVE BCUNDARY FORMULATION

As referred to in 4.2, 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 ¢ 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 v, discussed
earlier) while { was taken as equal to the Coriolis parameter
at inflow points and computed assuming continuity with inside
values at outflow boints. The normal and tangential velocities

were computed from the specified Dpgy and dey'

When tried on the (7x7) 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 MCDEL

During the development of any numerical model there is a continuin~
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 as;mmetry 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 (C.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.,1% ENERGY TRANSMISSION ASSGCIATED 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:=ao/ax,
d being the frequency and A the wavenumber; hence for the

2

external wave — 0~ )\agH' — the horizontal phase and group

speeds are coincident.
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For internal wave propagation 02~ gBAZ/(A2+ v24-1%§)
P
giving ¢ ~( EB YA - '\2 = ¢ 1 - %
€ A2+ v2+ 12, A2+ V24 12 ph ,\2+v2+-—L2-
4HP 4HP QHP

It can readily be seen that for waves with AN >>1, cg<< Cph
(cg-—ﬁ 0 as AMy—>®), 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—> Cpp and rapid damping results,

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/y Wwill 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.L4.3 (curves A) shows the gravity oscillation in the
500 mb ' and 6' fields with closed boundaries. The temperature
field oscillation is virtually undamped with a period of ~ 10 mins

although with a tendency for the period to shorten a little in time,
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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 6' 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 6' oscillation in forming the average of 6400

1 . 1]
and 6600 to obtain 6500.
The extent of non-lineagarities 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 =20%. For a linearised system containing only the
internal gravity mode, the period for the vertically smoothed

oscillation is approximated by:

o 5Ke .2 )
T N T, & + <— T;
Hy

where T, is the unsmoothed model oscillation, H,= vertical wavelength
and K= smoothing coefficient, (This result is derived by

including in the equations containing internal waves a diffusion

32

3—2( ) and carrying out a linearised analysis.)
1Y

term of the form KXK'

Evaluating this for the smoothed model oscillation

5

(K ~ 10 m° 5—1) gives a period increase comparable to the modelled

increase.
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4,15 OPEN BOUNDARIES

With open boundaries, the p~-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 (A4) for large A/v . 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 (A/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 diécussed 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 Egs.(2.1.4 and 2.1.5)

Do
D — —————
—QDt = 0 (5.2)

which assume no mixing by small-scale processes.

Thus 566 = - At{gz.ve' + w?—
P

Ag = = Ot4 Vo Vg 4+ wgﬂ

2 ap

and hence 6(t +0t) = o(t) + 406
q(t +8t) = q(t) +4q

( Actual computation of A6 and Ag in the model is however by a

different time-integration scheme used.)
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At each timestep q is compared with qg(8) —the saturated
value at potential temperature 6, if [gq- qg(9)]< 0 no adjustment
is made, however if [q-qg(8)] >0, the specific humidity and
temperature are adjusted to saturation with prodﬁction 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:

Ldr = epdl + rcp dT - Vdp —(5.3)

where c are the specific heats of air and water vapour

p? CPv
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:
Ldgq = c.pdT - Vap

where the approximation is somewhat better than writing

Ldr = cpdT - Vaép

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

Ldg # c,dT ——(5.4)
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Thus for one timestep

Llg=qg(Tp) ) = op(Tp-T) —(5.5)

(suffix F denotes the
value after adjustment)

We now make use of the Taylor expansion:

2 3
15(Ty) = a (™) + mai(m) + L8 gy o+ B0 () o

where the prime denotes differentiation w.r.t. T, and AP::TF-T.

Substituting in Eq.(5.5) gives:

2
q - {qS(T) + ATqi(T) + (ﬁg) qe(T) + ....]. = f?’AT —(5.6)

We can obtain the derivatives of qS(T) from the Clausius-Clapeyron
(C-C) equation and hence solve Eq.(5.6) for 4T. qg(T) was
computed from Tetens (1936) formula approximating the integrated

C-C equation;

aT
i.e. es(T) = 6.11 x 107" [T in °c] —(5.6a)
together with —
€.eg(T)
qS(T) = ETTE;T?:ET € = 0,622

The constants a and b are taken as:

v
o

237.5 T
265.5 T<O

a ="7.5 b
a:9.5 b

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, + anT + aa(A‘I‘)2 + aB(A‘I‘)3 F oeavocns

I
o

—(5.7)



ds(T) etc.

|-

where a,= q (T)~aq; a1:=cp/L+-qé(T); a,=

and in general a. >> g3,
& 1 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 ({aTl << 1),
especially for short timesteps and the relative sizes of the a
are such that the equation can be truncated after only a few
terms. Tor 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 m.s_q, AT ~ 1~2°C, so that in

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

/
/\k generated 0y / N /

.
AN 7 / /
p= constar&
hag"

— N

B Vertical motion®
;%\\\ during one \\\\
0 = constant / . timestep
/

_..____.______/_/_____ —_——t— e ————

/ /

/ /

// r = constant /

DIAGRAMMATIC REPRESENTATION OF CONDENSATION COMPUTATION

With reference to the sketch above:
i) Solving Eq.(5.1) corresponds to path AB
ii) Solving Eq.(5.2) corresponds to path AC

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



heat capacity of the ligquid 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 eg(T)

The computation of the saturated vapour pressure eg (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 eg on temperature is given by the

Clausius-Clapeyron equation:

deg _ Lv, eg
dT = R, 2 —(5.8)
where L, = Latent heat of condensation
Ry = Gas constant for water vapour
T = Absolute temperature
This equation can be integrated to give:
1n(e.) = -Lv 1 tant —(5.9)
s = R, T + constan .

Consider an atmosphere horizontally stratified, then we define
temperature, pressure and potential temperature by po, To(po), 8o(ps).
Then for the actual modelled system we can consider these variables

in the form;

P = po + Op

) b ez |20

T = To + AT where!p N lra DR
6=Go +AG
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Expanding Eq.(5.9) and neglecting terms C)(ATZ) and higher,

we obtain after suitable manipulation:

es(To) (__IJ_. L éT.)
es(T) = ( Lv) ®XP \"RT, * RT, T,
exp —mo

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

following comments apply to it.]

Thus we have:

eS(T) = eg(T.) exp o &L a=0a(T,)
o
aAT .
where T << 1 in general
]

Expanding the exponential and neglecting terms CKATg) and higher

gives
AT
es(T) = es(To) = es(To Ja T

From the definition of potential temperature

AT 56 él)_
Ts ~ O + A Po

Thus the computed departure of saturated vapour pressure from

the undisturbed temperature value (T.) is approximated by:

es(T) - eg(Te) 2 o (To)a(T,) {%9- . kA2 ———(5.10)

It is common in computer models to use § as the temperature
variable so that when computing eg(T) it is necessary to convert the
© 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 p, —the undisturbed value. This by examination of Eg.(5.10)
gives a large inaccuracy as Kég% in deep convection can be

iYe}

comparable in size to 5.
o
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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 p. in computing the condensation rate,

A possible solution investigated by Murray (1970) is that
of using Lagrangian 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, &Ap is by definition, zero,
The problems of computing Eq.(5.10) discussed above do not

therefore arise.

5.5 CLOUD PHYSICS MCODELLING

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 convecticn
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 Crville (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 — 1.
Rain water — 1, , all in units of gm.kg_1
then making the assumption that water vapour and cloudwater
are advected together gives:-
L(r+1.) = - PROD ——(5.11)
Dt ¢/ = ¢

where PROD is a production term discussed in more detail in 85.9.

The equation for continuity of rainwater leads to

I
=

3 13
= PROD + 3=(1pVg) + 1pVy 6-5%- ——(5.12)

where Vi is the mean terminal velocity of the rainwater drops

relative to the air,
Vi is parameterised in the form

Vi = 5.32 i¥5 m.s” (with 1, 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

smallest being cloud droplets,

5.7 THE PRODUCTION TERM — PROD

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

PRCD = P1 + P2 + P3
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where P1 parameterises the evaporation of raindrops
P2 parameterises the accretion of 1. by 1l
P3 parameterises the conversion of 1o to 1lp .

All three parameterisations are derived from the physics of a

single drop together with assumed raindrop spectra.

Written as:- P1 =B (r-rg,t)s Where (r-rgat) is the
saturation deficit. B 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. 1lp, rg,¢, spectrum

3 =1

properties, Reynolds No, etc, A typical value of B is ~ 10 “sec .

Written as:~- P2 ='chlg?95 . Again the form of 7y is

complex and in particular contains air density dependence and

a collection efficiency coefficient. Values of ¥ used were

iﬁ the range 10"3.10'3. 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 & better terminal velocity

parameterisation.

P

3 :

Written as:- P3 = @(lc-lcrit) where 1,,.5¢ is a critical
cloudwater value below which there is no auto-conversion, A
typical value of a 1s 1077 580—1- The choice of @ was

obviously important as too small a value delayed the formation
of significant rainwater values (@ = 0 — no rainwater); the

precise value chosen for lc however had 1little effect on the

rit

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, B, ¥ and lerit

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, zand 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.
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5.10 SUMMARY 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.
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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 comfutational
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 FURMS 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, IT 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
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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—’l 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, §4.13, 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 functiom

(a) 0.01, (b) 0,02, (c) 0.C4 °C,sec”1
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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 1s computed from the relationship:

_Dh _ ah L ok
v o= Dt = ot t Xa.Vh + w@p

w is computed at the points of the (15x15) grid i.e. the (u,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 iun 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-plctted 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=y,,p] or [x:xn,y,p] or [x,y,p=pp] where the suffix n is
the m" gridpoint of that dimension (e.g. [x,y=y,,p] is the

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

6.4 SIMULATION RUNS

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"‘](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° j,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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6.5 DESCRIPTION OF RUN 1

(No ambient wind; Coriolis parameter zero; cloud physics

parameters a= 10—35-1; 8= 10—33—1; Y = 10—35—1)

The evolution of the convection is prescnted in Figs.6.3- 6.19.
Cloud first forms at about 7% mins when the maximum updraft speced
is =5 m.s , 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 =15 mins
with cloudwater values of ~4 gm.kg_q; at about this time the
largest vertical velocities and temperature excesses are found -
%% 10 m.s—1 at 700 mb and +1.9°C at 60C mb. From 15 mins very
rapid changes occur under the dominating influence of the liquid
water load and rainwater evaporation; the fields at 17% nins

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.
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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 ~ 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 (=2 0.8 mb)
is produced with the low-level outflow attaining 10 m.s—q.

Most of the downdraft azir originates from the 500-~700 mb layer
where there is a pressure minimum and the minimum 6, 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—q); 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 rainvater 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 liguid variables are therefore important to the overall
liguid 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—q 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 (B) 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 [Figs.6.21- 6,34]

(As RUN 1 but with the accretion parameter ry= 107%™ 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-q; 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 21{’10—95—1 was chosen

with the two other parameters a and f unchanged (= 10—35—1).

6.8 RUN 3

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

35—1n

parameter zero; cloud physics parameters:- a= 10 ;

B = 10—35—1; Y= 23{10—33—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 smocthing 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 shéar
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: X, = 500 n®.sec” ! for T>5 mins ;

~



Ke::qu O for Tg¢ 25 mins and for T> 25 mins, a maximum effective

K6 and Kq ~ 500 m2.s—1 where K6 and Kq are defined from a

K'ivzﬂva formulation (see Chapter II, $§2.2).

Figures 6.35~ 6.50 show the results of RUN 3, all figures
(except Figs.b6.46 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—q.
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,
'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
27% mins and 40 mins while moving in the direction of the low
level wind with a well-defined speed of = 3 m.s—1 corresponding
to the 850 mb level environment wind speed. The fields at
37% 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 27% - 40 mins
are mostly concerned with the formation of rainwater. Rain
first forms at = 32 mins and reaches the ground at % 37% mins
extending the chilled region down to the surface. By 42/ 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
t 00 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, Lhese 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

4 model would be to allow the downdraft

R to spread out downshear more readily.
&-—- -—
L This form of wind profile has
\\\ been used by Takeda (1971) in a 2-D
23 model, He shows that this allows
- (')7 " the modelling of a '"long-lasting"
u-component (say) cloud with organisation of the updraft

and downdraft 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.
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CHAFTER VII

SUMMARY AND CCNCLUDING 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



of the density variations are directly the result of using

pressure as the vertical coordinate, these advantages were

gained by reformulating the modelling ecquations 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

beneficigl 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 rcle 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



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 (?7x7x7) 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 OF THE MCDEL 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 FPINITE-DIFFERENCE FORMULAL

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

4(1Ax, mdy, p.) and 6, to denote ;SIL(1+"/3 Ax, (m+¥%)Ay, pk_'_%},

the pressure levels pk(’IOOO, 850, 700, 500, 300, 200 and 150mb)
corresponding respectively to k=7,6... 1, the space derivatives

in Egs.(2.1.1), (2.1.2), (2.1.4), (2.1.5) are replaced to give

Ju — —X
3% - T bxl',f J + VC . W J bpu (A1)
av —X —X —xX
o= - b0 - u - yapv (a2)

B o - e @V ET) - 6, (ETEY ) -6, 87 + QL
Qe _ L @Y RE) - oy (PPTET) mop, T 4 Q)
where Q, and Q) are computed as described in Chapter V
and vV, = ghs + jé_{(u—*xy)Z + (
where Zx = ; rﬁ{(lﬂ/z)llx mAy Pk} + !5{(1-1/@)&, ndy, ij—
— r [ ]
ﬁy = Lé{lux,(m+%)ﬂy,pk} + ﬁllﬂx,(m'%)AYst}-
5xf = ”A::!? [{ 1+%)Ax, mAy, pk} - ;5{(1-‘/.».)1’31(, mAy, pk}
by8 = z}-[ {1Ax (m+%)Ay,pk} - é{le,(m-%)Ay’pk}_

and bpﬁ in Egs.(A1) and (A2) is a quadratic interpolant through

values at three adjacent levels.,

(AZ)

(A%)

(A5)
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[ ’ -_ /. . = .
1+%,ms%,k / 2 ( l# ym+72,1-1 * Dl+%,m+%,1) <p1 p1-1)
i=1
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The expression 6p(ﬁ*) in Bgs.(A3) and (Ak) is:

\;s{(m/amx, (ne¥6)0y, B gy | - A{(LRIx, () oy, pk_yzL

//2(pk+1— pk)

and the value of C{(l+%0ﬂx,(m+%)Ay,pk}- from whichigxy values

are formed is:

6x('v—y {(1+%)Ax, (m+%) Ay, pk}) -6y (ﬁ—x {(1+}’é)AX, (m+%2)Ay, Pk})

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

pressure is given by the trapezium rule:

‘27"1

(46)

e TV —x
where Dl+%,m¥u,i"6Xul+ﬁ,m+%,i+ 6yvi+%,m+%,i

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

X Yy 1

14b,me,7 - -5 T

1+,m+¥2,7 5% J+te, 7 1+%,m+%,7E§h1+%,m,7'+EE§wl+%,m+%,7

(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 COMPUTATICNAL 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 Eqgs.(A1) and (A2) to yield w(t +At)
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from Eq.(A6); these are subsequently used in Egs.,(A3), (A4) and

(A7) to compute fields of 8, q and h7 at time (t+0%).

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 advective waves, the use of
consecutive forward timesteps in the form A(t +At) = g(t) +-[%g] Lt
(with [0g/0t] computed from RHS of prognostic equation) - require:
the stability criterion At < 4&x/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:

=

g(temp) = g(t) +

Qs
ot

] ae
t

- R

and these used to compute g(t +4t) using

!
Sent) = g8 + |28 bt
ot +
- emp
where [aﬁ/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 1St order
accuracy; the use of alternate timesteps introduces slight

instability but gives a 2nd order accurate schene. This slight



instability is so small that the scheme is effectively stable
for the meteorological wave for use in the model herej; 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 Eg, (A7) is

sufficient to ensure stability.
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APPENDIX 2 —  PROGRAM LLISTIMG

A PRIMITIVE EQUATION NMODEL FOR THE MUMERICAL SIMULATION

OF A CUMULONMI#BUS CLCUD IN THREE SPACE UOIMENSIONS.
______________ R
THE MODFEL INCORRPORATES THE FOLLOWING FEATURES
THE VERTICAL CO—-0QRDINATE 15 PRESSURE
THE AMBIENT WIiNDs TEMPERATURE AND MOISTURE FIELDS
ARE SPECIFIED AS INITIAL DATA
A CLOUD MICROPHYSICAL PARAMETERISATION 1S USED TO
SIMULATE RAINFALL
THE FLOW MNORMAL TO THE BOUNDARIES 1S TIME-DEPENDENT
AT THE BOUNDARIES

NUMER ICAL METHODS USED IMCLUDE

TIHE—-INTEGRATION BY A MCDIFISD EULER—=3ACKUARD SCHEME
CENTRED SPACE-DIFFERENCES
SeGeRe SOLUTIOND TO THE BALANCE LQUATIOM FOR THE

HETGHT FIELD
COMPUTER REQUIRENENTS

THE PROGRAM AS WRITTEN REQUIRES 60K CORE STORAGE RPLUS A MUCH
SMALLER DISK AREAS 5 MINUTES SIMULATED TIME REQUIRES

14 MINUTES OF THE CDC 6670 COMPUTER'S TIME.

THE SIMULATION RUNS ARE RUILT UP AS A SEQUENCE OF FILES ON

TARPLEEs EACH FILL REPRESENTING DATA FIELDS LVERY 249 MINUTES.

THIS TARPE 1S THEN AVAILABLE AS INPUT FOR CONTOURING PRUOGRAIMS ETC.
A COMPLETE SIMULATION RUN CONSISTS OF INDIVIDUAL RUNS OF THE
PROGRAM LISTED HERE . PROVIDIMG TwO FILES AT A TIMEs WITH A
SLIGHTLY MODIFIED PROGIRAM TO GENERATE THE FIRST FILE.

il



CONSTANTS NAME MEANT MG
DELT TIMESTERP - 3 SECCNDSe
DEL.P VERTICAL GRADIENT IN UNITS OF 10CMRS.
D HCRIZONTAL GRIDLENGTH -~ 1000 METIRES

VARTARLE NAMES
UBT s VAT AMRIENT HORIZOMTAL VELOCITY COMPONENMTS
(IF NON-ZERO) IMN AETRESH/5ZC.
Ulss. VIS VARIAZLE RPART OF HORIZOUNTAL VELOCITY
COMPONENTSE IMN METRESA/SZCe

HD 1vP HORITZONTAL DIVERGEMCE
WE1 4 OMEGA — DR/7DT IN UNITSE OF 100MB/5ECe
ZETALlA VERTICAL COMPONEMTS OF VURTICITY
HITELS HETCHT DEVIATION FRGOGY A PRESSURE
SURFACE IN METRES.
Ps1106 PST FUNCTION IN HZTRES SQUARED/SEC « SQUARED
Q16 SRPECIFIC HUMIDITY I GHSE/KGe
QL. CLOUDMATER COMCENTIATION IN GRMS/KKGe
RATIN RAINWATIER CCNCEMTRATIUN 1IN GI1S/KGe

THSs QST UNPERTURBED ROTEMTIAL TEYRPERATURE AND
HUMIDITY FIELDS IN DEGeC AND GRNS/KGe
QUTFLO IMFLOW/Z70UTELOYW INDICATOR

VARTABLES ENDIMNG wITH —INCR REPRESENT TIXESTER
INCREMENTS OF BASIC FIELDS.

TAPE 3 IS THE mATN RECORLD TARPIZ.
TAPE> 1 AND 7 ARE TEMPORARY SCRATCH AREZAS CN DISCe.

GHl



1

1

(ORSNCHEE S VIR AV

PROGRARM

DIMENSION QL1631 AY7)
THIGE(1 O 1697
RAIN(IGs1697)

LOGICAL
EXTERNAL

COMMON
COMMON
COMMON
COMMCN
COMNMON
COMMON
CQOMMON
CQOMMCN
COMMOMN
DATA

DATA

FQUIVALENCE

TAPEZ 1+ TARPEZ2 s TAREZ s TARPKE 7))

UR(15 s
VRI15s 1
F

QUTFL O
QuUT

CCHXaDMaKOUNMT2 s MARK « 1 ZQUNT 1 «DELT « IND
UilSBsvibaevwiia

JRLK L/
SBLK P/
/RLK3/
sBLIKa s
/RLKE/
/B3LK 13/
LI -1V
JHBLK2 1/

s PHI(16s1627)
yQlE (1602 16H7)
Se 7 yaUlE (1197
Fe7)YeVIH IS 1B e7)IsWINCRO15:1Z297)
(15)sQUTFLO(S67)

NIMSHIE CINPUT s QUTPUT « TARPFS= INPUT « TAPEG=0UTPUT

1DOL (16216 7)aHINCR (16016 7)HITELIA( 160
1 PHI1ELIE1E697)
TQINC=R1G216197)
TUIRNCRO1IS 127

s THINCGIRO160
s THNINC( 16
) (15

WP 14014

WHD IV (14 14 a7 ZETALTA( 14

164¢7)
16+7)
16+7)
1547)
1497)
1447)

DELP(7) s THICK (7)Y s ACOUT (7)) +3COUT( 7))+ QCOUT (7))

AR

N16.TH1 A
ZETAL4

UINCRsVINCR

HITE16
UUTFLO

HECOUT s QCOUT s ACOUT s TOUT s JoOUT
HD IV« QL

THICK /a5 1 a5 el e 20 vyP2erlenel e/

'L)‘:L.‘l—) /U.S'O.E’S!l.92.92.!1.591.‘;“,/
(URCTI U IS 1)) (VR aVISI) ) s (PST O]

CALL ONTRAP(OUT)

DO 3C03 11
) MARK e KOUNTZ M e LASTF » [ 2TORP
IF (ENDFILE

READ(3

IF(LASTF«EQ.1)

=1+42%

3) 146

IF(LASTF.EQe1) GO
DO 30Ul K=

READ
READ
READ
READ
READ
READ

(3
(3)
(3)
(2)
(3

(2)

147
( (U1
((V1H5
((WP14
( (ZETAL
((PS11A
((HITE

BACKSPACE 3

TU 3005

(TeJeiK) e
(TaJakK) s
(Tadai<)
A0 TadalK)
(TaJde)
6T adsK) o

I
[
[

[=1

I
I

s 1) e d=1
2 15) s J=1
e 14)4d=]
e 14y 4d=1
v 16)eJd=1
2 16) s J=1

.

b}

.

193
19)
14)
149
16)
16

+PST 1601

)

AN TN
MATNP
o JATHE?
o AN TN
T AATNP
s AN TN
s MA T NP
s A TNP
MA NP
MATINE
MATNP
MATNP
M1 TINR
MAINP
VA TINE
MATNE
MA NP
AAT R
MA TN
PAA TN
MA TP
A TNRP
AN T NP
MA T NP

MA TN
MATNP
MA TNP
FA T NP
MA TP
FA TN
A TNP
AP
VAP
MATNP
MATNP
M TN

2N

Cc~Nou

11
12
13
14
15
16
17
18
l(;
20
21
22

23

P4

oHlL
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(1o Cladeld) e
(S Civderl) s

(24 lTelimy~J=1e13) LA TN BT
(s
(Z2y ((TH1s (T edeid) s
(=)

)

Teloil s Jz=i
lelea)ed=1910) AT 3
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HERECH I VN I N AT 40
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It

CGaA TN Cledeil) o

SLIAD (2 COUTFLOCT 92y o T =1 wsn)
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D= 00U,
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MU ST =T nT AR T2 Ml

IR I B I

AT G PUT e AL .
KOUNT L =<OUNT 1+1 = KOCUNTA =< OUMT 2 + 1
CALL TMCRUY (T T 16V 15 iR 1A 20 TATG S UT NG VIR ST 16 HTITI 16

1 e I MNCTR TN

Do 100 W=1s7 i
URCT v ey =2 (] s Jyi) 0
T ey =Tl e e ey

(
FlaOuMT2 e GT ol ey il

+ 14 TG 100 J=2ela ARG e
SIAT N T
A TNE 60

AN S TG |

4

.
[N
.

- - iU

—

SO 5L Jd=1 el AN R S
URCTade 7)) =W (2 e Js7) =10 AT
B2 URLede Oy =ui2 2 e dea ) =G e n AN SN

34 CALL MEW (PHI1AsZTTALA SIS VI HITE T 00 108 s BELT b TG 16 BRSNS

1 T HIA AN OIMNCR s THTNCR e THYINC s Ue i) A TN

r : I=7"s15 DI~ O ENOX B e G PUC M=l a7 Al 57T
HIWNCIROT e Je ) =01 00T e Jsi) /700160 e Je i) +01L 0T o Jesly) SOATER
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201
11

w2

&4

REWIND 7
WRITE(T7) (((RAINC(IsJyK)sI=1¢186)sJd=1916)1K=14+7)
REWIND 7

CALL INCTHOQ(UIZS«V191Q1lo«TH1IO WP T4« RATIN THINCRIQINCR s THWINC

AMSUDELT o FNN)
READ(CT7)Y (({RAINC(IsJs <) 9 1=1916)vJ=1916)sK=1+7)

DO 2U1 1=2+19 HDO 201 J=2+.15 DO 201 K=1 47
Q16T+ JeK)I=Q16(TaJK)=QL (T eJsk)
QINCR(TI«Jel)=QINCRITI « JeKIHHINCR(T s JeiX)
DALCT e JakK)=QINCRIT s JaK)F (] «=HINCROT «Joi <))/ HINCRIT s JaiK)
CLIT s Jei)=QLA T aJdati)+DRL (T o Je)

CALL BDY(U15sV12sQUTFLQ)

DO 1uzZ I=2.1H9 SDO 102 J=2.15 HDO 102 K=1+7
THIG(T s Jei)=THIG(T ¢ JaIK)+THINCROT ¢« Joi<)
QLE(TsJeKI=QIE(T s Jr Y +QINCRIT s JoiK)
REWIND 1
WRITECLYCCIVINCROT ) s I=1015)ed=1al5)slK=197)

CALL ADVRAIN(UR VPR «WRPI4sRAINIDELTsOUTFLO«VINCRyHINCR)

DO 2 I=2419 LSO 2 J=2415 SDO 2 K=1.47
RAINCI e Js i) =RAIMOT s K)Y—HINCR T+ Jai<)
REMWIND 1
READCI) CCCVINCR(T o JalK) s I=1915)0Jd=1315)eK=147)
CALL SLVTOF(Q16vTHIA« QL s THINCR ¢ QINCR«DQL)
CALL PHYSIC(THIODELTsDQLsQlos QL sHINCI)

DO 4 =2415 FDO 4 J=2+15 OO 4 K=1+7
RBAINIT s Jel)Y=RATIN(TI sJs ) +HINCR (T vJeily)
IFCARBSIRAINCTI v Je <)) aLTaUeO01) RAIN(I«JsiK)=04

IF(KQUNTI1 e FQe M) MWRITE(EYT7P)

IF(ROUNTL «FQeiilP) CALL CUTIS(RAING 1511647 +0)
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AT MR
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MAT NP
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MATMP
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CALL M ARRI1ASETALG U VIS HI TE D iR T4 o o DELToHIHCH U1 E
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SUBRQUTINE INCRUVIDELTsUR VR WP« ZETAYUINCRVINCRPST s HZ T GiHT 9 NMCRUV
1 FaENZ2 N3 NCRUV
% CONMPUTES HORIZONTAL VELOCITY IMNCREMEMTS oo FENCRUV

DIMEINSION HEIGHT (161161 7) JUINCRI1SF915¢ 7)1 ZETA(149147)2DELPIT7) NCRUV

1 PSI(16316s7) s VINCRI1IS115e7) WR(lastaa7) s Y107 NCRUV

2 EN2(1611697) 9 UR(1S91527) 1 22014914 YP{7) s MCRUV

3 EN3(156116+971) s VRIE1IF 15 e7) s FO1m) e X1 7y MCRUV

4 PSI12(16+16) U2015+1%) V2015915 9 X207y NCRUV
LOGICAL SARIC NCRUV
COMMON CCX DM cOUNT2 « MARIK NCRUV
DATA DELP/U,,E90 58511 e12 a9 2914501 o5/ NCRUV
El=1le BE2=1 EFCARPA=0,.,000% MNCRUV

DO 308 I=1+15 SN0 50 J=1+915 TO0 BUS K=147 NCRUV
UINCR(TaJaK)=lUa NCRUV

505 VINCR(I«JeK)y=0. NCRUV
DO 520 1=2+14 HDO 5pC J=2a14 PO 525 K=1+17 NCRUV
K1) =URT T s Jei) NCRUY

525 XP(KY=VRIT+Js NMCRUYV
CALL DDP (X1sY1) NCRUV

CALL DDP (X2s¥Y2) » MCRUY

DO 520 K=1+7 NCRUV
UINCR(TIaJsK)=Y1(K) NCRUV

520 VINMCRITsJaK)=Y2 (1) MCRUV
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DO 560 1=2.14 LDO B60 JU=2.14
AVZETA=(Z2( ] -1sJ=1)+Z2 (1 =1 o) +L20 1 e J=1)1+Z2( 10 U) )% 0425
UINCROTI s Jo) =l (PSTI201 s U)+PSI2 (1 e J4+1)=PSI201+1+vJ)=-PSI20I+1eJ+1) )

1 A28 #DMYy +E2WNVD (T o JYHFAVZETAFCCXH (U2 (1+1 Uy =UZCTI—=19J))

2 2 e DMy yRDELT
VINCROIsJr)=((PSIZ2 ([ eJ+1)4+PSI2(14+1sJ4+1)=PSI2(14J)—RPSI2(1+19J}))

1 A2 %DMY —E23#U2 (T s JIH#AVLZETA+CCXH (V2 (I+1eJ)y=V2(I—-12U))

2 SL2eFDMY YRDELT

S0 CONTINUE

Do 11 I=2«14 DO 11 J=2e14 DO 11 K=197
UINCROT oJs D) =UINCRIT e JsK)=AVA (MR [ —1sJ=19Kes 1491 asT7YFENR2 (T JsK)
1 ROELT

11 VINCROTI»JKI=VINCRIT s JalkK)=aAV4 (WP s T =19 J=1Ks 14y 14+ 7YREN2(T e JaK)
1 FDELT

561 CONTINUE

DO 119 I=2+14 D0 119 J=2,-14 HDO 119 K=147
UINCRIT»JolK)=UINCRUT 3 DK Y+CAPARDELTHALAPL (URs I s JaKe 159 15,4 7)
119 VINCROTsJel)=VINCRIT s JoK)+CAPASRDELTHALAPLIVRY I JelK s 151154 7)
RETURN
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1
IF(KezZQe7)

1

2
IF(IKeNE o]l e AND s K eNF e 7))

NNV AV

a1

IFI{KeEQe1)

1
2
IF(KeEQe7)

1
2
IF(K.NE.IQAND.l<.[\H—:O7)

W -

IF(KeEQel)
1
2

1,
2
2090 CONTINUE

THINCROIP1yUP1eK)={=ADVTH+EBKK I ¥W43#ARS (W4 ) )% NCTHQ
DELT NCTHQ
THINCRUIP1I+JUPL1«7)=THINCRUIP1+JP1s7)—(WP (I +JsNCTHQ
TI+WRP{TeJs6) )H#DELTH(30345-THE(IP1«JP1 «NCTHQ
TI=THS(7)Y)/1e5 NCTHQ
THINCROIP1sUP1eiK)=THINCRUIP1+JP1 +KK)=WP ( [+ Js KNCTHQ
YRODELTH(THS(IP1sJP1sKPL)+THSIKP1)=TH8(NCTHUG
IP1«JP1»K)=THS (K Y /Z(DELRP (KO +DELP (IR 1) INCTHQ
~WP (T aJ e ML) RDELTH(THS (IR « JP 1+ KD +THSINCTHQ
K)=TH8(IP 1« JP 1o KiM1 ) =THS (IKM1 1)) Z(DELP (IK)NCTHG
+DELRP (KM1 ) ) NCTHQ
THINCRUIP1+sJP1 ) =THINCR(IP1+JP1+K)—DFELT*URINCTHQ
TadeK)H(THB(IP1+JP1«KP1)+THS(KP1)-TH8 (NCTHQ
IP1eJP1 3K =THS U ZIDELP (K) %24) NCTHQ

QINCRUIPT 1 UP 1K) =—((W1+WS)IH(Q1 P2 JP] 1K) ~GNCTHQ
LIy JPL I I+LA2+WE)# QL LIP 1y J1K)~Q1 L IPNCTHQ

15 JP14K) ) ) %0 25%¥DELT/DM NCTHQ
QINCR(IIP1I+JP1s7)=QINCRIPI+JP I+ 7)=(WP (I Je7NCTHQ
YHUWP (T sJ16) ) HDELTH (1 7e=Q1( IP11JP1 7)) /NCTHQ

1e5 ' NCTHQ
QINCROIP1sJP12K)=QINCRUIPL s JP 1K) =WP( 1+ JsK)NCTHQ
FDELTH#(QLUIP1aJP1sKPII=QLI{IP11JP14K))/NCTHQ
(DELP(K)+DELP (KKP1) ) =WP( 1 s Js KM )E¥DELTH (NCTHG
QIUIP1+JP 1K) —Q1(IP1sJP1 Kbl ) ) Z{DELP (KNCTHO
Y+DELP(KM1)) NCTHQ
CQINCROIP1+JP1sK)=QINCRIIPLsJP14K)=DELT*WRP ( INCTHQ
s IR F(QIUIPL s UPLIKPI)~Q1¢IP1 1 JP 1K) ) /NCTHQ
(DELP(KK)%2a) NCTHQ
QINCRUIP1sJUPL+K)=QINCRUIPL »JP1 1K) +BKQ#DEL TH#NCTHQ
ALAPL(Q13IP1+JP 13K 16+ 16+ 7)¥ABS(ALAPL (NCTHQ
Q1sIP1+UP 1K1 1631647)) MCTHQ
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DO 1VU K=17 $00 100 [=2+15 DO 100 J=2+15 NCTHQ 63
IF (T eNEeZ e AND el aMNZ s 150 ANDeJoNIZ e 2 a Al e JeMNE S 153) GO TO 1006 NCTHQ &6a
Kidl =KK—1 ' NCTHGQ 648
[IF(KetmGel) GO TO 19 NCTHQ 66
VI=ZAVPX4 (VR I—=1TesJ=1 <M1 v 1541547 NCTHQ 67

Ul =AVPY4(URs T s J=1 iKMo 1%91547) MCTHQ &8
UZ2=AVPY4 (URsI—=1ed=19 M1 a1 Ze1547) NCTHHOQ 69
V2=AVPX4 (VR I=1sJslKMT e 1921547 NCTHO 7

GO TO 19 MCTHQ 71

15 Ul=(URITsJ=1+1)+JR(Is U102 NCTHQ 72
UZ=(URII=1aJ=191)+UR(I=1sJe1)) %025 NCTHO 73
VI=(VRITI=1eJ—11)y+VYRITIsJ—-1+1))50.25 NCTHQ 74
Voa=(VRITI=1+Je1Y+VR(TeJsy 1)) 20 .2PH NCTHQ e

19 CONTINULE NCTHO 756
ADK=(ULIH# (THS T +1 e Jr IO =THECT o Je i) ) =U2% (THE(T =T o Ja ) =THBT s JaK) ) MCTHO 77

1 S U2 e DM NMCTHG 78
ADY= (VI (THS (T s =19 ) =THB (T s Js D)) =V2E (THE (L o J+ 14K ) =THA( T s Jsi<) ) ) NMCTHQ 70

1 A2 D) NCTHO Q0
[F{elZQe 7)Y GO TO 14 NCTHO 81
AT=THBOT e JeK+1)+THS (1) =THIO T e Ja ) =THS (1) MCTHQ &2
IF(KaFEQel)y G0 TS (3 MCTHOQ 823

BT =THS (L e Jail=1 1+ T (=1 ) =THE( T aJew ) =THZ () MOCTHO 84
GCC TO 9% MOCTHO 85

14 AT=THA (T s Ja )+ THS(K) =THS (I« JelX—=1)=THS (:<~—1 NCTHG 86
BT =THA T s Jail—=1 )+ T (K=1 ) =THR{ T+ Ja ) =THE (1K) NCTHQ 87
GU TO 99 NCTHG 88

13 BT=U. MRCTHG 82
il =1 WCTHG @9

A ADP= R 0I =12 J=-1 ) FAT=R 0I=1 s d=1 411033 T ) /(0 HDELP () MCTHQ 91
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a1

88

100

245

ADX=ADY =0,
THINCRIT « Joi) == ADK+ADY+ADPY®DELT

ADX=(U1%( QI(I+1aJdsK)— Q1 (Isdsi))=UpH( Q1 (I=1+JsK)= Ql1(leJdsk)))

/(26 %DM)

ADY=(V1#0 Q1 (Ted—191)— Q1{lede)) =V Q1 (Isd+1+K)= Q1(1sJeKK)))

. Z(24%0DM)
IF(KeEQe7)Y GO TOC 81
AQ=Q1 (1 s JaK+1)=-Q1 (1 «Jei<)
IF(KeFQel) GO TO f2
BA=Q1(1lsJsK=11=-Q1 (1 ¢+ Jak)
GO TC 88
AQ=01(T+sJeKN)=Q1 (T eJdek=1)
BQ=QI (TeJe—=1)—-01 (1 s Jsl0)
GC TO 88
BO=0.
KiM1=1
ADP= (WP T=1eJ=-13)¥FAQ=WP (=1 +vJ—=1K])3RQ) /(2 #DELP (1))
QINCRIT s o)== (ADX+ANY+ADPY¥TELT
CONTINUE
MARIKI = e NOT e MARK 1
IF (MARK1)Y GO TO 208
IF («NOTLMARIKY GO TO 210

DO 205 1=2+19

THW T« JalK)=THB (T, U2 K)
THWINC(OL 2+ JaK)=Q1 (I JaK)

THECT s Jei)=THB UL« JeKD+FTHINCRUT » U2 <)
QLUI Ui =QL0L o Ja ) +QINMCROLI s JiK)

GO TO 206

DO 205 J=2+15 DO 208 K=1+7

DO 207 1=24+15 DO 207 J=2.12 DO 207 K=1s7
THBO T e JeiK)=THW T4 JeK)
QI (T o JaRK)=THWINMC( 19 JaK)
RETURN
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L=i+24 Ve : BV 2
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1 (Hi=l e ety ) FA L0 YV
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20

DO 20 1=10+524+13
VRAD( 1+3)=VRAD( 1+2)
VTANCI+3)=VTAN(I+2)
VRAD (1+2) =VRAD( 1+1)
VTANCI+2)=VTANCI+1)
VERAD(I+1)=VRAD( 1)
VTANCTI+1)=VTANCT)
VRAD(I)=VRAD (I —-1)
VTANCIY=VTANM(I=1)
VRAD (1—1) =VRAD(I=2)
VIANM(I—=1)=VTAN(1=2)
VRAD(1=2)=VRAD( 1-2)
VTANCI=2)=VTAaN(1-3)
CONT INUE

VRAD (7)) ==V (814 KL)

CVTANC(7)= U814

VRAD(2v)y= U148l

VTAN(Z2U)= V(1448410L)

VRAD(3Z3 )= V(82 4K)
VTAN(IRI3)==U {82 s<)
VEAD(46)=—U(2s34K1)
VTAMN46) ==V {2y 8K1)
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BDYDV
DYDYV
FADYDV
BDYDV
BDYDV
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T AT )=V TanI=1))

DT AR CT ) =4l

I
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SURBROUT INE BDYUVIUR VIR VRADSUINCRsVINCRs ALPHA ) BDYUYV 1

3% COMPUTES BOUNDARY HORIZONTAL VELOCITY CUYPONENTS % % ¥BDYUV 2
DINENSICN UR(1Ga1517)sUINCRI1515+7) 9 VRAD(S3) » BOYUV 3
1 VRIS 15s 7)) VINCRIISa1547)0A(14) BOYUY 4
DATA AFUe 019205710 ,20408610 4100580524057 BOYUV 5
1 0609711 10.673280+0.734205106792624 o BOYUV 6
2 CeRH165030.2070E0 0 GHET70 00 THE3729140/ AOYUV 7
ALFA=ALPHA/ 14 EMN=O SHYUY 4
VRAD (53) =VRAD( 1) SOYUV @
DO 10 J=33,72+13 sDO 10 1=1+14 BDYUV 10
I1J=1+J sI1l=14a—] HBOYUV 11
IF(IJeGTe53) 1J=1U-52 BOYUV 12
IF(IJelTadl e ANDe1UeGTa26) N=1 BDYUV 13
IF(1JelTel1540ReIJeZGes3)  N=15 BDYUV 14
IF (1 JelTed8aAND e [JeGTa40eAND s laNEDl) N=1=6 8DYUV 15
IF(1JeGTadBaANDe] oNEs14) MN=I4s BDYUV 16
IF (1 JeGTeldaAND eI JslLTe22 e AND e IaRNEol) N=11+8 BOYUV 17
IF (I JaGTa20eAND e TJel. TePBeANDa I oNEL1a) N=Tl=& BOYUV 18
[F(1JeGTold e ANDeTJoLTad 1) NMN=MN—1 BDYUV 19
IF (T JdellZe 14e0Rs TUWGEadtl ) MN=MM+1 BOYUV 20
AETRNEN FIA=1 BDYUY 21
IF(JeFQeé6e0ReJeEQaT72) IA=15—1 8oYUV 22
IB=1A+1 HDYUV 23
IF(JeEQedbHeCReJe=0e72) I53=1A—1 BLYUV 2a
IF(1.EQela)IB=1A BoYUV 25
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tdnIGh=-1 HLYIUV 26
e JeiT(Ye /2) JDIGi=1 RIYUN 2

I Tlle e Ul e Jeimrve /20 T 1GH=] =DYUV Py

" Y L \‘../ 2 <1
ACT =132 0L Yy DLl

Vi T =1 A0 =AYy ymYUY

EVU SV (e My )
AR TV
LEA OV RAT O 0 F -

IF(Ieim0e 14)YG0O TO Py IO

G T8 do YUY

-3 / AR SR
Pl lUe e 406 0Pe JeT e 7 2) 23 T 30 YLy D
de ) T e R AUAY: -
i PN AUAYANGTS
20 tell) =L e Ly Uy oy

A0 IF(TeFGal) GO T =L
. ;

SEAE A WAVERNE

Sy T B0 HOYUV o 4l

)= At IrvVRAC Ty aAain POYUYV o 4l

e

e} KYy=oon i B ARV B G U B R O R N
Nae: oY UN a4
IR G e hie ) =i (L0 g i e Wy = YUY AT
VIMCR U ey = ) =V YUV o

WU NN 14

! IO AWAYERS RS
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SUBRQUTINE BDY(URWWRIQUTFLO) Broy

(LR FORMS IMNFLOW/QUTFILOY ARRAY ¥ XRDY
DIMENSTIOMN URC1IE 107y VRI1E1507) s CUTFLLO(RE s T ) s THS 7)) RoY
LOGICAL OUTFLO BOv
COrMON CCX DM DY
DATA THO /420 e v 38 e s 392 e 1332 e s 31836 2+ 208 6 1 504,/ BDY
DO QUOU KK=19s7 BLY
<= 8~KIK B0y
DO 110 I=1+56 B3OV

110 QUTFLOI(T +<K) =l ALLSF o BOY

IFCIURC 101 eI =CCH ) el TaOa s ANDGVRI1813K) oGTe0s) QUTFLO( 1 1<) =eTRUE Z10A4
DO 4 [=2414 BOY
4 IF (VR(Ts1sK)aGT D) OQUTFLO(T sK)Y=e TRUE BoY
IF((URI(TIS]1 a<) ~CCX) eGT a0 e a AND e« VRI 1561 41<) aGT aW e YOUTF LDl 1552K) =4 TIRUFF ¢ 3DY

DO 8 J=2.14 BLY

Jl=Jd+14 BioY

8 [IFIURI1IS+UsK)I—CCX) «GT «0 ) OUTFLO(J1l sK) =8 TRUE @ BOY

IF((UR(15315eiK)=CCX) eGTeOe s ANDeVRI1S+159K) alLTeCW) |]0Y

1 OUTFLO(294KK) = JTRUF . oY
DO 12 [=2+14 2OV
[1=44~1 30Y

12 IFIVRIT«1%1K) alLToCe) QUTFLO(Il1eK)=a THRUEZ BoY
IF(IURI T e 189 K)—CCX) oL T a0 e a AND VR 1 91T 1<) e LT a0 )OUTFLO(AZ 1K) = e TRUE ¢ B3DY

DO 16 J=2+14 BoY
J1=58-J BLY

16 TFIIURITsUsK)—CCHYeLTeCo) OUTFLO(U]l siK) = e TRUE » BOY
2000 CONTINUE 1
RETURN By
EMND By

[CANNVHERCI UV AV
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1 QIMCR ¢ THITMCN
CALLS 8BOUNDARY SUSBROUT INMED AR

[T ST Sl SR al
DIVENS TON

HEZTGHT (1O 1H e Ty o U
] THYIMC LA s Ty 7)) a VIO

Z THINCRPILIS 1A 7))

3 HINCR(1Ge1he7 ) Vine 15
& OIMNCRI1IOs1EYT ) 1015
i«
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DO 25 I=14+14 HDO 2% J=lela SO 29 K=147 M
25 HDIVPIT s Jei )= (URIT+H1adsl ) +URCTIH 1 s U+1 2 ) VIR T e Ja D) HVR T+ 1 o Js ) —URCINEY

1 s o) =URT 1 s J+19K)=VRIT s J+19K)=VIRCTI+1 s+ 1 9K) )/ (2e3%030) NE
DO 77 KL=1+7 SN0 88 I=1.15 SDU 88 J=1+15 M
VRIIsJ17)=VR(TeJe7) =65 M

88 UR(ILsJeKL)=URIT s JaKL)=UST (1K) NIV
CALL ABDYDIVI(UR«VRIHDIVRP«DYV s ALPHA «MP KL s VRAD) N

CALL BDOYUVIURSVRIVRAD«UINCRs VINCHs ALFHA » KL) NEY

DO 8 [=1+19 sDO 8% J=1415 NEY)
VRITsJs7)=VRIITI s Ja7)+6e5 N

89 URCTeJsikbL)=UR(T 2+ U KL)HUST (1KL) NEw
77 COMNTINUE N
DO 61 I=1s14 EHO 61 J=14+14 N

WP (TaJs1)==THICK(1)3#0e5#HDIVP (I sJa1) NEW

DO 61 K=24+7 ‘ p=

&1 WPl r Je ) =R T e Jale—1 )—THIC!((K)%O.'—‘-,%i—(i*ﬂ_')l\/f)( ITeJsiK=1)+HDIVP(TsJeK)) M
DO &2 1=1+14 DO 672 J=1.14 HLO 62 K=1+7 NEY

62 ZETAC(TI s U =(VRIT4+1 eI +VRIT+T o J4+1 o) =VRIT s Ja) =V (T s J+1iK NE Y
1 —URCT s Jsi)=URCTH1T o Je D +UR (T Sk 1o R)FURTTHL s U+ 1 0) ) /(2 e DM NEY

2 +F(J)#0.B+E(J+1)4Ce 3 NE
RETURN NEY

29 K=7 NE ™

20

7oL



U3 I=Z2e0n LG D J=2e 1D NTE a7

OMHIMCROT ey =mi Pt G U= =1 e P00 e =0 e 2t ClUR Ul =1 0 U0y #U20 T = 1 s J=pi= 3
1 Ty ) e LEHT (s '-:/)—w:: CHTUT =T o dei ) )= CUR e ey #La (] o =1y sk
2 ST TGHT OL 4T s Jai ) =M= T eHT (T e Dty ) ) /00 =0 e 2500 (Ve (T L s =N 30
; ti1

3 1oy +VIR T s d=1 +10) 30K :'!E-’,IGF;I (Te =1 )= IGHT (L s ey )y (V20T —~10
& s Jai) 2VIE (T 0 Jed ) YR CHIT TGHT O o J et TTOHT O s Jd+1e00)) )/ S S Gk
= (HEIGHTOTI Pl e el )= TOHT CT =19 et AP ) Y= ! i

CHT e T adarla TG e 1Ae7 ) /000000

It

Sy GO TO S

=2 15 FDU 101 J=Zse 1l Nt 18
Y P J=1) =N ICHT (e d e N o
151 miIGrT (L e a7y =i ITGEiT (L e a7y I0CR T e de 7)) NEW =&

B0 D J=0r e 1S Ty &0
LTl =1 e =1 o7yt 0l a=Caon et (O Ol =1 0 Ja Iy 0 =1 0 J=1uiF
;-L—!T< T e )=l T GHTOI=1 e Jeil) )R CURT e Jajn )+l w( I ,l—n_»

“03

GET O s gl ) ) ) /00 =0 e 2 (VIO T4 1 0 J=DifF =

Tar ) +YRIT e vy ) 0TI CHT Oy =1 s )=t TEHT UL s Uiy Y (VIR T -1 v I

i v Je YN L s Jer ) V(RS TOHT O o J o) =k TCHT O e U 10y ) ) /Do &%
= (HETGHT T+ 1 e e ) = T OHT I =10 Je ) ) A2 e ) )+ Cme DL T AL AL

) FTGHT e T d e e P e 10 7Y /00T R €7

DU Y4 I=2e1% LG oA Jd=P el o) S

Qa HEITGHT (T e Je 7y =00t I—-1 s J=1) e 60
o COMNTIMUIE Pl T

DO 20 T=241t EIVENCIISVE RS 71
DU HETGHT (e ds 7Y =HETAHT (L e J e 7) +H TNCR (T e s 7) 7

CALL HF’“!T(J“-VMqOINLD-JP~M~IﬁHT~IHEZHCv:%_thUIVP-TH-TH5~H}AC“ 7

1 s ML e T e T[T TR 7
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DO 2v K=14+7 HDO0 10 I=2+15 GO 10 U=24+15 NEW 75

I1=1—-1 bBJJd=d-1 NE v 76
VMIT e )=(AVA(URs T T JJ e 1850159 7)) 23424 (AVA(IVRs I T eJdJelKe 1521597y ) %342 NEW 77

1C PHSI(TeJeK) =G o8BI HHEIGHT (I v JeKIFVIA(T « J) N0 & NEW 78
EDGL(1)==UR(T o1 oy RZETA(L o1 v DM NE W 79

DO 210 =214 nEw =16

210 EDGI(I)=—UR( T+ 191 {ZETAITI =141 sK)+ZETA( T+ 112 ))HCeTHEDM MW 21
EDG1(19)=—UR(1541 s ) NXZETA (14 1K) HDM MEW 82
EDG1{16)Y=VRI1Zs1 41 Q) *ZFTA {1491 +K)HDM N 83

DO 220 J=2+14 NE W 84

220 EDGI(U+15)1=VRI1Ss Jr KD F(ZETAL 149 J=1sKI+ZETAC 149 J9K) )%0 6 23DM NE 85
EDG1(30)Y=VRI15, 154Ky #ZETA( 149 14+1K) DM NEY 86
EDGI(31)=URI 15y 185K IHZETA (149 14 41K)34DM NEW 37

DO 230 =2+ 14 N 84
L=ao-1 M 89

230 EDGIILI=UR(I s 15 (ZETALT =19 142 )+ZETAT 214 91K) ) %0 ¢ 534D M NI W Q0
EDG1 (481 = URI1 185K ZETA (121491 %DM NEW a1
EDG1{46)Y==VR{ 1+ 15+K)#ZETA (114 +K) %DM NEW Qz

DO 240 J=2.14 NEY @3
L=61-J MNEY Q4

240 EDGI(L)I==VR(1 e Je3 ¥ {ZETA( ] o J=1 ' KI+ZETA( 1 9 JekK) )0 eaTEDM NEV/ a5
EDGI (60 ==VRI1 s 19 1K)FLETALT 1 +1K)#DM NEW S6
DMOELT=DM/DELT NEw! 97

DO 129 I=1+19 Nz o8
J=16-1 NEZW 99
EDGI(II=EDGI(T)Y=VINCR(Is1 ) *DVMDELT NEY 100
FEOGI(I+15)=EDGI(I1+13)—UINCR{ 1S I+ I<)*DIDEL T NEW 101
EDGI{I+30)=ERG1(I4+30C)y+VINCRIJ« 15+ XDMDELT NE W 102

1290 EDGI(T+48)=E0G1 ({1440 )4+UINCR{1 «+ JsIy #DMDEFLT NE Y 103

99t



123

137

DO 14l I=1414

SOGIOIY=(ENGLI Iy 4 G 1 0I+1))¥0 D

SDGLT T+ 12
EDGL RSB
7

P T0T 1 ei)

DS T (1 164Xy =PS1

PHI0156e ) =Pol
PSS 1eds<)=REIL(
PSI016s 1) ==P5
PEI(18s18645)=—F
PETCL18¢) ==P5

PSI(1 el 4 )=-F31

D0 161 I=1+1%

Tep e )HEDGT(I-1)
(7T alm ey HEDGT L)

CitiEny+00GIOT Fle)
(I+20Y+FGT0T4+Z1)
(1T+HA=) 2061 (T +45)

o Do
L]

(169 Jow ) HEDGT (U1 4)

Do Jdai ) ARG (L)

11392 ) +PST 01 e 1)
CSICITA 1T ARSI 1A 1B ) #RPST 015

1
[P 1T a)FIRS TPy 1A I+HPS T (T e 1 2ei0)
(

HLT (1o 2010)

D2 e )+ {1 a2 ) +REI 0261 o)

PERICII=URI T o1 o) FUR T el ey V0T e (a3 VROT e 1)

DO 16z J=241%

PERI(U+14)=UR Ty i) ¥R 15 d e )+ R 15 e J e ) VIR0 15 e Ja i)

DC 53 [=2U43

[1=d44-1

PERICIISURITII IS MURCT I v 1 e ) +VR O 12 ) VRO s 15300

DD 64 l=44408348

J1 =381

PERICI)SURIT I w0y WURCT e T 910 4V

CALL EXTOMNE

(VAR REICE R )

'

P

(st ay VR aJl s

[N UV CHI UV NN
—
N
o

L9l



1

1

1

136

1

1

1

1

1
22

DO 135 1=1+15

J=17-1

HTs ) =(PST (111 sK)—0,5% VMITI91))/9.81

HIT+ 153K ) =(PST (16l 1K) =05 V164111 /DQa81
HOT+304 ) =(PST(Je 161 )=0aZ3VM(Je16) )/ 981
HT+45+ <) =(PST1(1ed 1K)=0CaB%Viiilled 1))/ D81
CONTINUE

IFI{KOUNTZ2.EQel Y GO TO 55

DO 22 K=2+7 EDOQ 136 [=2+19
M=17-1

TH16s T =(HEIGHT (1A TeK=1)=HFIGHT (16 1«1 FTHIS a1 oK) /HETGHT

150 TeK=1)Y=HEIGHT (15 14K} )

TH (Te1ek)={HEIGHT (111 eK=1)=HFEIGHT (I s 1<)y %TH

WK=1)=HFEIGHT{( Tl 2aK))

THIMs 160 K)=(HZIGHT (M s 160K~ 1) =HEIGHT (Me 16K )X THIM e 159 /A UHE TGHT (

e 199 K=1)y—HEIGHT (Me1541K) )

TH (1aMaK)=(HETIGHT (1 e aK—=1)=HEIGHT 1 emeK) ) 3TH

K=1)—HZ1GHT(2+Mei<) )

THO1E 1y Ky = (HETGHT (163 1 s K—=1 ) =HEIGHT (16 1 o)) #TH15.29KK) S/ (HETGHT (

1242y K=1)~HEIGHT (15«24+K} )

TH{1916KI=(HEIGHT( 1416 K=1)=HEIGHT (1916 ) )X TH{Z2+s154K) /A(HETGHT(

2015 K=1)~HEIGHT (215 4K) )

TH (11 sK)=(HEIGHT (161 aK=1)—HEIGHT(1s19si<))%TH

sK=1)—HFE TGHT (242 41<) )

TH(16316+ <) =(HEIGHT (163 163<—1)=HEIGHT (16 16K )#TH( 1R 1By ) A IHEIG

HT (15 15 K= ) —HIZIGHT (154 154<) )
COMTINUE

DO 138 I=1+13
J=17-1
THINCR(T«1el)=u
THINCR (1641413 =0,
THINCR(Js16+1)=0,
THINCR(1sJds1)=U,
RETURN

ZND

(1+2sKY/(HEIGHT (142

(2eMa ) AUHETGHT (290

(P2 Y/ (HFEIGHT (242

NEW
NE \’.f
NE W
NEW
N W
NEV
NEW
NEW

MNE
NEV
NE W
NE W
N
NEW
N
NEY
NEW
NEW
NE\Y
N
NFEW
NEW
N
NEW
NE W
NEY
NeZw

NLZW
NE
NI
NEW
NE W
MNEW
NEY

NE Y

132
135
134
135
136
137
138
139

140
14l
142
143
144
1495
146
147
148
149
150
151
152
153
154
155
156
197
158

159
160
161
162
163
164
165
166

89l
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<
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23

999

101

CALL SUMRHS (URWVR WP s AVHUR DNV s RHS s 1R0)
CALL STATIC(THs IHSeDELPsSTAT Q1 2QL sRATN)

.

DO 23 1=2+1b SO 23 J=2415 w“pO 23
AVUP U]« Js iKY =CARASALAPL (HDIVR e T2 UK 16+ 1547 ) /4505

1C=0
COMNTINUZ

IC=1C+1 SD=0 e

IF{IC.EQa5) 1C=1

DO 34 K=2+6

RR=D66 24 % RO UK HRO(N I ] «E=14
DPK=DELP () +DELP (1K+ 1)

DRDK=DDM®* 192 o 4 7RO )% (RO(K+1)=RO(K=1))/DPK
DIK=DELR GO ZDELP I+ 1)

RIP=RR /(L «53%DPK)

DIRDK1=DRDIK/1 o« 14

DO 34 Li=2s15 SDO 34 L2=2+415
GO TO (101410210241 04)« 1IC
I=L2 sJd=L1

GO TO 105

J=L2 Sl=17-L1
GO TO 105

[=17-L2 SJ=17~-L1
GC TC 1uU%s

J=17-L2 Si=L1
CONT INUE

Tri=1e LET=1e

HEELD
HFELD

HFEL D
HEELD
HFELD
HFELD

HEZLD
HEEZLE
HFEELD
HIFELD
HEEZLD
HEELD
HEEZL D
HEELD
HFELLD

HEELD
HFEELD
HEELD
HEELD
FFEELD
HEZLD
HEEEL D
HE LD
HEFEL W
HEIZLD
FHEL D

ASINAY]
(SN}

30
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AP T+ 1o dH1 o) M 0T+l s d=Tar ) =F e S O Ty J ek}

AVY =R (I =1 e J+ 1 « )+ (=1 o =1 907) =220 7%
AT s CHI) =P (T ad s ) ) /DELPCT 1) = (R0 ] s
I ) )

Ri=l= TN GuT

Yy S

HE (T e )

GO =R Oy Ut

A= (O (R Tl s Jarb 1) == 0L Ja ) ) (iR L e i) —HE (T UeX—=1) ) /0

AP H(STAT (L eJei ) =Bkn(I=1 e J=1210) ) 50D /e ]

R o= Rizo+HA VL

I O G I
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DTS .
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T
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Cobet [riJiz
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o (HRzL
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s Jel)
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SURBROQUTINE STATIC(THR s THSaDELR«sSTAT Q1 « O sRAIN) STAT 1

Cst 3% % COMPUTES HYDROSTATIC TERMS ON RHS OF SALANCE EQUATION %o ESTAT 2
CIMENSTION RAINILIASE1169739Q1 0162106 7) 2 THE(161 169 7)1 THO(T7) sDELP(T7) s STAT 3

i STAT (161161 7)sQLILIB1Gy 7)) sFACTORIE) » AST(7ys  POCT) STAT 4
DATA Q5 T/0asle10e11e1 136617801565/ STAT 5
DATA PO/1%0 4 02006 13004150041 700e 185069100047 STAT 6
DO 22 1=2-15 $DO 22 J=2115 2DU 22 K=147 STAT 7
22 QLA AT eJsl)=QL(TsJdsk)+RAINCT Il STAT &
DO 11 K=246 STAT O
TT2=THS(K+1)1+THS (1) STAT 10
FACTOR(IK)IZ1 oE=a3PO I HOG P36/ (1 44353 TT2% (POIK)I*064001 ) #%04286) STAT 11
DO 11 I=2+15 SN0 11 J=2415 STAT 12
TT1=THB (I s Je <) +THE T s UskK+1) STAT 13
TT1=TT14+0,0006 13 (THS () H (0T (T aJe)=QSTOIIHTHDS O 1) (Q1 (T s Jei+ 1) STAT 14

1 —Q5T(K+13)) STAT 15
TR=U 253 (DELP ) +DELP (IK+ 1)) #T T2 STAT 16
THR1I=(THB(I s Jsl+ 1) =THB (I s Jsl<) ) /TP STAT 17
THRP1=THPRP1 +U L0 LATH(THS (K+1)# ( Q1 (T e Jai+1 1 ~QSTIK+1) )=THS () Q1 STAT 18

1 (TeJsi <) =QST(KY)) /TR STAT 19
THP2=TT13# 0. 7143 /(TT2¥PC (K001 STAT 20
THP3=8 3+ TT1 3 (THS(IK+1 ) =THS () Y/ (TT2xTT o (DFLP ) +DELP (K1) ) ) STAT 21
QL1=1eE=3% (0L s JaK+1)-0L (1 JsK)IXTT2/(TP%24) STAT 22
QQ=(0L (T edelk+11+QL T e Jel) 3%C6001 STAT 23
QL2=0435713%0QQ/ (RO (K)1%0601) STAT 2
CL3=2e #0QMTHS (K41 ) =THS ()Y /(T T2 (DELP (I +EELP (1K+1)) ) STAT 25
STAT (I e U )= (THP1I+THRP2=THP3) #FACTCR (K STAT 26

11 STAT(IsJe ) =5TAT(IsJaK )+ (CL3-0L 1=-QL2) ¥ ACTOR () STAT 27
DO 233 1=2+15 ED0 33 J=241% S0 23 K=1a7 STAT 28
33 QLTI eIl ) =QL (T sJdsK)I=RAIN(T+J+K) STAT 29
RETURM STA 30
END STAT 31

2L
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BC IF(JeFleleCRaJeliNalay GG TO QO STRMHE
FlleoJdsky=(aValiUaTedsiceaTa7 a7y 0w I+T 0y =Y (T=1eJe))+AVA(Va] s JolKa 757 RHS

1 e 77T e =19y = (L eadt 1+ Y 702 0DFLTYFW T e Jel) X (1K) SMRHS
GO TG 99 SHRHS

D0 IF(JeFQelay GO TO 100 SRHS
Flladrt)=(AVAlUs T e e a7a7e 7)1 (U (I4+1adri<) = (I—=12J0)) )/ (2%DTLT)+0 SMRHS

1 AVAIV T e goiKe 7o 797330l e el ) =W T s J+T o)) )ZDEL T+ (] o Ja ) 3#XSaRHS

2 (i< SIARHS
GO TC 99 SHRHS
1U0 Flladelly=(AVa(UsTadaicaT7e7 a7y (W I+l eI =({I=1aJeo i)Y )/ (24%#DFELT)+ SNMRMHS
1 (AVA (N el e Jay7a7e7) (AT ad=19 )= (TeJrl))I/DELTHW (T 9 Jei) X (KSHMRHS

2 ) SERHG
Q0 CONTINUF SHRHS
DO 7 I=1a14 SDC 7 J=1s14 DO 8 K=147 SeRHS
WITeJdelK) =W (T e JaKy3xRO (1K) SURHS

8 SPKYI=F (T aJds I )HRO(K) SHRHS
CALL DDP (517 X)) SMRHS

DO 7 K=1.7 SITRHS

T ORHS(T s Jei)==X (1) SMRHS
N=C SRS
CALL EFF(UsVasAVEPsDELTaNF 9 5P aX a0 SIHRHS

Do QD I=1414 DO G Jz=zle14 sDO QD K=1s7 SRHRHS

Q RHSCTI AU =RHS ( Ta J )= (F (T+1oJaiy+FEI+1aJd+ 1K) =F (1o Jsly=F (T2 J+1 yKEHIRHS
1 YY /(P2 DTy SERHS
N=1 SRMHS
CALL EFF(UsWVWsAVUP«DELT sNaF13P 9 X o) SVRHS

DO 11 I=1s14 FDO 11 J=1s14 GDU 1T K=1e7 SRHS
11 RHS (T eJelK)=RHS (T e Jr Ky =R T+l 9J KDY +F (T o Je i) =F (I+1 s J+ 10 KI=F (T J+1 1 KSRHE
1 Y)Y /(2 e 3DFLTY) SHRHS
RETURN SHERHS
FEND SYRHS
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SUTRRGUT IRNT EFF GGV s AV T DELT el e 2 e e i)
& CALLED EROG S0 0

SR AN TEE RO U RS IS I D SPSSTER G IR TS IR B D BB O S L V(e G e ) e
1 VIl l®a 7y Flinelnae7ye X010

DU 1 K=1a7 LU 47 I=1e13 soU 4l J=1e135 E-F
47 AVER I+l edb]l XY =AVA (WP e Tade e 1140 7) EF

DO Al 1=2.14 L

AVER Oy 1 ety =AVER (]2 241) 2 g = AV R 0] 8 3K

ANVORP T 1B ) =AY (D e 14 )P e = AV CT e D5 e 1)
af CONTINUL

DO a0 JsFa i

AV (T e dey=AV R (D

AV IR (15 Je ) =AY A0
Ao CuNTIRNUE

AV el erl)=av o (]

AVUR LTI R ) =AY iD

AV 1S ey AV (L e

AVER IS sy =AaVapiLln
1 CONT INUF EEE

T8 (NaiEme 1) O TU FCEF

— AV LR (B e Jel

XD mAVER (LT i)

Pl

) 2 e =AML e e
Re G ) NZ e —AV IR TN e 10 i
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Pl )0 e = AV (15 e Ha ) HF

N

1
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30 IF(JeEQa1BIGOC TC 40 EFF
FlTadel)=(UlT s Ja)3¥(UCTIH1 a9 )=UlT Uk I+VIT e o) (UCT o Ja)=UCT s J+EFF

1 14 <))V /DFLTHAVYPR (T 9 J iKY X (1K) EFF
GO TO 99 EFF

A0 FlIs s = (Ul T e o) lUCT+1 o o) =UCTaJslI)+VITe ey x(U(T s J=1eKI=UlTsFFF
1 JrD)D) Y DELTHAVUR (T o J i) X (KD EFF
GO TC 99 mFF

SO IF(JeEQeal1eOReJeEQa13)YGO TO 60 EFF
FOlada)=(U (T e ) (UCTaJe)=UlTI=1 sk )Y /DELTHIVIT e gyt CUCT s J—-1 2EFF

1 KY=UCTaJ+1 o))/ {2« #DELTYy+AVWRP T s JaiK )X K EFF
GO TO 99 EFF

60 TF(JeEQa15)GO TO 70 EFF
FlIsJalk)=(UlT s JeIFCUCTaJoak)=UlT=1sJsl))+VIToda) S (ULT o JoI)=UT s J+EFF

1 1oKINY/DELTHAVED (1 v J o)X (IK) EFF
GO TO 99 EFF

TC FlIledel)=CUlTyJoIH¥UCT e Joc)=UlT =10 Je ) )V T Jo) (U] e U=19K)=UlTsFFF
1 JeDIYY/DFLTHAVYR (T e J oK) X (1K) cFF
GO TO 99 EFF

U IF(JeEQoel s OReaJeEQelD)YGO TO 90O EFF
Flledal)=(UlT e g )+ (UCTHT vy =UT =1 Jo))+VET s UK (UCT s J=1 ) =UI(EFF

1 ToJ+1 2Ky )V {23 DELTYHAVIWRP (1 9 JeIK) X (I EFF
GO TC 99 EFF

Q0 1F(JeEQa135)GO TO 10V EFF
FlIadal)=(UlTaJa) ¥ (UCTHT o o) =UlT—19Ja) ) ) 2 #DELTI+ (VT sJsk)X(UEFF

1 (Tadslk)=UCTeJ+1 9 <)) ) A/DELTHAVUR (T o JolK) XK EFFE
GO TO 99 EFF
1VU FlIe ey ={UlT v e} CUNTHLI o o) =UlT =190k ))AI208DELTHY+ (VT o Joiy ¥ (UFF[F
1 (ITad=1sK)=U(l e Jsi <)) )/DELTHAVUR (] o JelK) XK EFF
SS9 CONTINUE EFF
GO TO 4 ZFF

1 DO 199 [=1415 HDO 199 J=1415 SHPU 19 K=147 EFF
15 SPIK)Y=V(TaJsK) EFE
CALL DDP({SP X)) » EFF

DC 199 K=14+7 : EFF
IF(laEQel) GO TO 120 EFF
IF(1eEQe13)G0 TO 150 ) EFF
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GO TO 180 &6
ln I (JeFlel eUitedelnelB)o0 T 120 &)
FOlade)=(U (s syl .

Tode )=V IT e Uiy ) ) /DELTHOV T s Je )2t (VT J=1 97
1 Y=Vl Jrl e ) ) ) /00 tDELT Y2V O o Jail) 0
SO OTO 1w
IF(JeiZ0a15)G0 TO
FlTeUsl) = (Ul s Je )=V T e ) )RV LT s Jae) VT o Ja )y =V (T ¢ Uik
1 Lo /nmla T AV D (] ed ey () CFE 7

GO 7O 199 s 76

[,
I

Tae FOTe sk =(UlT e ey (/TR 0o ) =V ado ) )+ VT ader )V IT s J=1 ) =Y (] eEFF 77
i Je Y )Y AELT AR (T s J el ) 30 (1) - -3
SOOTD a0 70

150 ITF (JeF el «Cile o= 13)Y00 TO 140 b 820
Sl T e e )= (Ul T eyt VO Ty Jary =V l=1eJe -y )Yy 0 T4+ IV T e eyt (V] 9 J=1 s7f707 31
1 FY =V 0T ad+-1 o2 )3 )/ (2 Ty - AV D (T s Jer )3t () FEE m

GUOTo 1T S

16D TR (JaZalT)nd TS 17, T
FlIs i) alUlls ey (VT Je )=V IT=1a e ) 3 +V I Tedn )0 0V e Jarl) =V (] o JpFmFE

{
1 Poli) ) ZDFL T AV (e Jei) 500 00) T
COOTe 1w '
L7 FUIs ey = (UCTa s ) VT der ) =V {IT=1 0 Jat) )4V T da i) 50V (T 0 Jm10i) =V ]y 7 FF

19
1 Sl )y sl T AN (L ad D) e (1 = #3102

SO T 10T S 3
180 I (JemGal a0PRe el 1500 TO 190 o

Tl ey = LT e Joe 3 VT 0 gor )= Ty s ) )4V T e Jeit ) (1 s Jml s 7)=VI(FTFF

i o J4 1 a0y ) )/ (e Ty =AM (L Jei7) 530 0010) R 2

GU < B i
IRCI e 1500 TG 1150 EFF SER

Flladem =l 0l ader ) ® IV H T a0 =V (T=1s ek} ) A2 BOELT YV Ty Uty (VI e

1 (T adeif) =i laeJrl o)) ) JOELTHAV 2R (] < o 7

GOOTO 1o i w8
T1o0 FoTadvO) = CUllade ) F vl Thlada i)=Y (1 =12Us ) ) A {2a MDELT Y0 (] e Jelly X {VIE] e

)
1 (T o127y =VALT e eI ) SDELTHAVIR O] o Je )30 (00
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SUBROQUT INE ADVRAITNIURIVRISWEIRAINDELT1OUTFLLO*VINCRHIMNCR)

DIMENSION

LOGICAL
C OMMON
DATA

COMPUTES ADVECTIOM OF RAINWATER 8Y THE WINDFIELD AND

RAINFALL TO GROUND 33
UP(15-1%*7)9HINCD(lb-lé-?)-QAIN(16910~/)90UTFLO(%697)9
VRI1IS11S2 73 s VINCRIO1ISs 1527 ) s WP (14s1497) DELRP(7)
MARI A MARK T yQUTFILO
CCXaDMa KOUNT 2 s MARK
DELP/CemeUaE sl e12e1 20310591657

MARIK 1= e TRUE »

206 DO 11 1=1s14 SpDO 11 J=1s14 _ 300 11 K=1+47
IP1=1+1 SIP1=J+1 $IP2=1+2 BIP2=J+2
Kiil=K~1 BIKP 1 =K+ 1

IF (KeZQel) GO TO 202

WI=AVRPY 4 (URS IP 14 JeKM1a154157)
WO=AVPY4 (URs T 1 JslKMI 9154157
W2=AVPX4 (VRs I s JeslKM]l s 159 1527)
WE=AVPX4 (VR [+ JP]1 KMl 159157

GO TC 203

202 WI=(UR(IPlsJs1)+UR(IP1IsJP1+1))%0e25
WE=(UR(TaJs 1 )JH+UR(TsIP1 1)) %025
H2=(VR(TaJe 1 )+VRIIPT+Je1))3%0e25
WE=(VRITsJIP1a1)+VRUIP1+JP1 1)) #0425

203 CONTINUE

ADVRNMN
FADVRN
FADVRN

ADVERN

ADVRN

ADVRN

ADVRN

ADVRN

ADVRN

ADVRN
ADVRN
ADVRN
ADVRM
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN
ADVRN

QO OO W -

11
12
13
14
15
16
17
18
14
20

21

22
23

gLl



Y]

[

VIMCRIIsJe )= 00 0By 2 (RAINIIP2 IR vi) —RAINTT s UPL +i) )+ (W2+Y6) ADVRM

1 FURAINC(IPL s ) —RAINIIRPI s JUP291K))) %0 e 25/0M ADVRN
IF (K eNZ el « AND ! «NTa 7IVINCRET o JokI=VINCRIT s Jo)+UP (T o Jes K1) HIRATNITADVRN

1 PledR IS —RAINCIRPT o JPL o KMI) ) A (DELRP GKMI Y +DELPIK) ) +WUR (T« Jo I KADVRN

» YHRIRAINCIRPTIaUP T« KPP 1) -RAINI(IP1I«JP1sK) ) Z(DELRP (KPP 1Y HDELPIK) YADVRN
11 IF(<eFQa7) VIMNCROTI sy Jsl) = VIMCRIT s )+ (WE T eJa7)4WD (]« Jas) ) F(RAIMNADVRN
I (IP1yUP1 2 7)—RAINIIPI sUR1 o) AIDELRPIOY+DELPIT)Y) ADVRMN
MARK 1= « NOT « - 1ARIK ] LIDOVIRIN
IF(MARKLTY GC TS 208 ADVIRMN

IF («NOTeMARIK ) GO TC 2088 ) ADVIRN

DO 205 1=2-15 s00 20b JU=2+ 15 200 205 K=147 ADVREN
FHIMNCROI»Ja ) =RATINCT » JaK) ADVRNM

O RAINCTI e Je ) =RAINCTI s Je ) —DELTHVINCRII=-1+J—14+K ADVIRM
GO TC 2«6 ADVREN

o8 Do 2C [=2415 TRC 207 J=2.158 HEDO 207 <K=147 ADVIRN
IF (alOTemARM) HIMCRITaJ i K)=RA TN g ) ADVIEEN
K=DELTHVINCR(I~1aJ-14< ADVEN
IF(XGGTHIINCIR ([age<y) MaHHIMNCR Oy Uil ADVIRE]
RATNCOL s Je ) =HINCR (T s Jeil) =X ADVRIRN

U7 IR (e FCeT) RAINIT s Ja7)=RAINII 2UJ 7)) =5 Z2HRATNMOT ¢ Jo7 )55 ADVIRN
1 1 «2%DELTH] « 2L ~3 ADVIRN
CALL RFALLIDILT+RAINMN) ADVIRMN
IRETURN ALVIRM
2 ATVEIY

[CVEEAVERAVERAVER AV R AV
(@I RRTVEEN RO R U] s
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16

SUBRQUTINE PHYSIC(THSDELT «DOL Q1 e QL1 RATN)

Ky HANDLES VARIOUD PARTS OF CcLOUD PHYSICS PARANMETERISATION %
DIMENSION Q1164161 7)sTHS3(16016¢7)eRHSIT7)RAINICISY1697) 9

1 QL1616 7)Y DGL16e1697) s THS (7)) s H6G)

DATA THS/ 420 ¢ 1 385 e1 3533322069031 8693086e 130447

DATA H Sl 781 612714693754 e227006 01152560 141567

CRIT=05

DO 11 I=241% SPO 11 J=2.15 BD0O 16 K=2+7

RAINCI s JsK=1)=ABS(RAIN(TsJeik<—1))

PRAINI(T s Js ) =ABRSIRAINIT s Jal<))

Pl=P2=R3=0,

CALL SOLVQS(I1+JtKeTHRsTHS . QOSAT)

QSAT=QSAT#1000.

IF(QIUTvJ1<) oL T oOSAT e AND e RAINI 1 1 J3K) e GTeCw s O QLT aJ0K) o GToCRIT
1 CAND e RATMIT 6 U1) eGT e Cea ORI ( [ s UK ) aGToCRIT)
2 CALL PROPDUCT (T s Jr<sP19P2+P39QSAT sQ 1L sRAINMIDELT)
PROD=P 1 +P2+P13

[F(KeEQe7) GC T 12

RAIN(I s JsKE1)=ABS(RAIMIT 1 JaK+1))

RHS(K) ZPROD+5 e 32% (RATMIT s JelK—1)4##1 o 2=RAIN T s Jal41 1 %% 142 7 (HK) +
1 HOIK=1))

GO TO 13

172 RHS(K)=PROD+C(IRATINIT e JeiK=1 ) +RATIN(T s Jal ) ) H2 666 #% ] 4 2) /HIK—1)
13 RHS(K) =RHSUK) =S4 32 HRATINCT s Yo} 331 4 2/7500,

AL (T + Iy =QL { T« JeIK) —RELTH(P24+P3)
DAL T« Jai)=DAQL Iy Je I =DELTH(P2+P3)
QLT edseK)=0Q1(TaJaK)—DELTHP]
THE(T s JsyK)=THE( T+ JrK)+DELTHP 1% e527/70e 24
DO 11 K=247
RAINCTI e JyiK) =RATINCT + Je D HDELTHRHS ()
RETURN
END

PHYS
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PHYS
PHYS
PHYS
PHYS
PHYS

PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
PHY S
PHYS
PHYS
PHY %
PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
PHYS
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PHYS
PHYS
PHYS
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HUART [
CUVMRPUNES <A = alll
D EEHER S S S

DATA LT /0 7T

LT =T+ TTT

VARY4

[FKTaNFFel) GU TO
NG 373 I=1+15 T

RATZ (T ad) =
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COMmTINUE
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e

20 2z I=241% EADRY)
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REALL (DELT ama 1
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TOTALCTL ey =TT ATy Iy +RATHE

[F T Terd ey GO T an
WIITE (S s an)

[ A = e
VRTITEAA d
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SUBROUT INE PRODUCT (T +JsRK L1 9P2aP3+sQ5ATsQ1 +CQL e RAINIDELT)
3 COMPUTES PRODUCTICN TERMS IN CLOUD PHYSICS PARAMETERISATION®

DIMENSION QI{16:1/97)s0QL 162169 7)aRAINILIAEY1697)

ALL1=04,002 TAL2Z=0.001 HSEETA=0,.001

PROD

ERROD

FROD

SCRIT=0.5RIICD

IF(QICT1d o) e TeONSAT q AND e RAINIT 9 J9K)aGTa0e) F1=pETAX(QL(1+JsK)—QUS5APROD

1 T
P==P1#DELT
IF (P eGTeRAINITaJsK) ) P1=~RAIN(I s JeK)/DELT
P=ALI13¥AL (T« JeKIS#RAINIT s JaiK)#3%0 695
IF(QLCTaJyK)aGTCRITY PI=AL2F(OLIT s JsK)=CIRIT)
RETURN

END

SUSROUTINE SCLVAS (I s Jslk e THEs THS s QSAT)

% COMPUTES SATURATED Q USING TETENS FORMULA

DIMENSICN THR(1641697) s THS(7)»PO(7)

DATA PO/ 125, 4l 7541250, 0400415006 s 775019254/
Al=((PO(K)Y) /10004 )¥3#0 P86
AZ=(THB (T v JaK)+THS LK) ) #A ]

IF(AZ L TeR27342) A=9e5

IF(AZLLTa273:2) HB=26545

IF(AP G a273e2 ) A=T a5

IF(A2GE273e2) B=237e%

AG=AX(AZ=2T73:2)/ (BFTAR—27342)

AS=340% (10e%%A4)

,,,,,

RETURNM
END

PROD
PROD
PROD

ROD
PROD
PROD
PROD

sSLvas

H¥SLVOS

SLvQS
SLVAS
SLvas
SLVAQSL
SLvas
SLVOS
SLvas
SLVUS
ol.vad
SLVQS
SLVQS
SLVQS
sSLvas
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SUBRCUT [ M

G =P e 1 S ID RIS

CAlL SOLVAS (T sgerles TH e T e OSAT)

QI {T e =01 0T «dewr ) t0aC0 1
TFOCGT T o dail)=USAT)Y sli"e Gy U
Z=THS 0T v Je2)

Dz DOy ST LGl YUl e 20
Tads )y -+ 1)
T O] 0 Jailyasses

=0 9\)9’)

QT gy = (A

—~
A
1
1

GINCIROT s ey =01
FloiiladeidyeaGTaamanTy Q10T

QLT sy =L 0] sdar) +GM1000,

DL T e de iy =il LGN,

GI AT aderly=010] o ety %1 0UU

GG TO g0

TR CCL T aderd)ellilail o) G0 T @i

Tle11)

TANSI T Oy Sl = A

SLLVTFE 1

NV T =

SLVTE 3
SLVTFE 4
SLVTF 8

~

SLVTH

SV T 7
SEVTE =
ST s
SLVTE 1
SVl
SLVTE ]
SLVTE 12
ST
SIVTE O]
SLVTE 1o
SLvTE 1T
SLVTE 18
SLLVTE 19

-
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n

3]

O B

Z=TH8 (I +JsK)
D=(PC(K)Y /1000 ) 5% 0« 286
THS (T e JsiK)=THA (T ¢« Jr ) +THS (1K)
A=BA7 ¢ 3¥QSATAIDH(THS (T e Jei )3 2) %0611
BoA+0 « 243:0/597
C=A/QSAT =24 /THE( 1 s J91K)
FoSORT([B##24+2 4 %AXCH QL (1T JeK)—~USAT))
THR( T s JsKI=THB (] e Jel ) =B/ AXCY+F 7/ (ARC) -THS (1)
CALL SOLVOS (I 4JsKaTHRsTHS s OSATY
G=Q1(TesJaK)y—0Q5AT
IF(ARS(G) o CT QLT+ Jei)#Ca001)Y GO TO <
THINCRT o Jo ) =THR (I » Je) =Z+THINCR(T + J9i)
QINCRII s Jol)=QINCRO] ¢ Jok)=G*1000.
Q1]+ JsK)=Q8AT
QLI s Je Xy =010 e Jsix)+5%1000,
DAL T+ JeK)=GH1000.
Q1 (I e JekKy=Q1 (s Je ) *1COC
GO TO 99
THS (T aJelK)=Z
THINCROTL o Jot ) =THINCR(TI +Jsl ) =293 QL (1T s Jai)
THRCOT s JaikD)=THB ([ gsi)—2s53%QL (1 s Ui
CINMNCRITI ¢ JeKNI=QINCRIT o Ja)+0L (T aJe)
Q10T ek =01 (9 Jec) %1000 +QLT s Jei)
QL (T esJalKy=De
DALITsJaK)=Co
GO TOQ 99
Q10T eJe)=0Q1(1sJe)H¥1000
CONTINUE
RETURN
END
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SUBROUT TH= s (o sl e Vi et
RO CONPLIITES VT 1CAaL VMULOCTTY Flaoy RIREmn s utas THENDP NDY LIS
DIEMD IO Uil Setme Ty e il TGHT ClaEsIA 7)Y el (e a7 ) el (7)) s R
1 ViRl e 15597y e HINCRO1IGeln e ) e iRl as147) R

:
DATA RO/ 5 95208 a8 010N e 1 F0Ee s 1T e 115 0e S e
DUST 1E1,10 SN ES R EISTPRN IS e

AVAIUR s T =1 =1y sl1dielte™)

s Jer Yy HP Ol e =1 90y O

-
<
v
1
—

ile ]l a Al eJde N el e e Ci e 17

1 il e [VATVARY
1F (] etmide 1 FetileJaiiin e Te i edeiri a1y YAV Dbl (il - Taderly 4ok ( [—1 =17y oy
1 YIEl e 55 e

JalZ(] e 1 o A e T aliT e 1 oD

Jellillal He iz el wy'\'f-o Ta Al el aiiiw

)t et

ROl ey Ty O = e ety y gt
=Pl edml oiny il [ =1 Jd=1207) 000

—
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—
I

IF(lelZCel aANDeJa®Dal) AV =2PR (1 Jail)
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147

20

100G

SUBROUTINE QUT IS (Y IDIMe D IMaKDIMeK1)

PART OF DATA QUTPRUT
DIMENSTION Y OIDIMNe JO T KKDIM
KSTART=1
IF (] eNESU)Y KETART=I]
IF (K1 eMNESQ)Y KF [Nz

BICF TH=KD T

DC 999 K=KSTART<KFIN $DO 146 1=1sI1DIN HDO 1246 J=1+JDIN
IF(Y(TsJsK)aNELUs) GO TO 147

WRITE(64+2000) K

GO TO 990

BIGVAL=ABS(Y(1s14K))

DO 1 I=1,IDIM RO 1 J=1.JDIN

IF (ABS(Y({I+JskK))«GToRIGVAL) BIGVAL=ARS(Y(1eJ9KK))

IF (BIGVAILL.LT«10) GO TO 10

IF (BIGVAL.oGiiel ol e AND SR IGVAL »

DO 2 N=1s20
BIGVAL=01#83IGVAL

IF (RIGVAlL.«GiZ el .O..i\f\lD-DIGVAL.

CONTINUE
KN=0 o 133N

DO 10C I=1.1D01M DO 100
Y(TeJdsK)=Y (T eJei) XN
M= N

GO TO 10CU

DO 3 N=1,20
BIGVAL=10«*%BIGVAL

LTel106)GO TO 12

LTe104)GO TC 20

J= 1+ JDIM

IF(BIGVALGE e 1 s0s AND T IGVALLTL104) GO TO 30

CONT INUE
XN=10C g 3N

ouT
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ouT
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ouT

ouT
ouT
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ouT
ouT

ouT
ouT
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ouT
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ouT
QuT
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20 20l I=1s121% 200 J=1eJDInN OUT 0

Fuc Y UUTeJdek) =Y T e Jaily mAd] SIN 31

G6 TG 1o U UiLT Ze
12 =2 QLT 232
1ot IF (<Dlvektiealy GO TO 70 OUT i
ViR TTE Lee 1) e N T 5
GCTO . OUT 305
TGOMRITE (Ae111) M ouT 37
S5 IF (IDIimetalls ooy T RR0 SUT i

[F (ID1ideli0alDy o T2 250 OuUT

VRITE (He122)y (1el=1914

-

oy
<o

230 Ul (ZoaizZay (el =1s1w) DT S

= [
WRITE (Bea0UGY Uy (YT edes )izl 18y U ouT
2 COMTINUE QuUT
W TTE (Ge 124 (Ta1=1418) ul'T S)

Do CONT ITHIUL oL

gL



[F(NeEFEQa0) GO TO aug ouT 58

IF (NMeLLT&C) GU TO 1232 ouT 59

DO 13V I=1s101H HDO 132 J=1e Ul ouT 50

130 YOLsJsK)=Y (T eJel) /XN ouT 61
GO TO 920 ouT 62

1372 N=-N oJT 63
DO 131 I=1-1IDTi4 SDO 131 J=1sJ0IM cuT 64

131 Y(ledsl)=Y{IsJsi) AN ouT 65
9O CONTINMNUE ouT 0
RETURN ouT &

116 FORMAT (1OXaGHLEVEL s 128 7Xe 19MOCALING FACTOR 103%:#413) ouT 65
111 FORMAT (108Xs 1SGHSCALING FACTOR 103#%.1232) cuT 69
122 FORMAT (24X+15(I2.4X)) ouT 70
1223 FORMAT (27Xs 14 (124X QuUT 71
124 FORMAT (21Xs16(17244X)) ouT 72
HUO FORMAT (18X 1242X e 18FH 292X 172) ouT 3
HOU FORMAT (21X 122X 14F6e2:2X12) ouT T4
6CO FORMAT (18X [242X 1 16FGersPK12) ouT =
PLUUD FORMATIIUXsSHLEVFLY I3+/720X8HALL JERC /) ouT 76
=MD ouT 77

g8l
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CALL OUTIH(HITE LG e ldaldeTew) ouTS
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SUBROUTINE EXTONF (B aRY)
DIVMENSION B(16+16)BY(56)

DO 2 1=2415

L=a4-1
BlIs1)==B(I1+2)rBY(I-1143Y (1)
BlIr18)Y==FR1+15)+RY (_+1)+3Y (L)
DO J=2415

2
~
L=58~-J

Bl16«I)==DB(13+)+RY (J+13)1+BY(I+14)

IF (JeEQa2) GO TO 4
BllsN=—B(2+)+BY(L+]1)+BY (L)
GO TC 3

3(1e =32+ N+EBY(1)HRY (L)
COMNT INUE
Blls1)==B8(2:2)+B(1+2)+3(Z41)

Bl16+15)==B(15¢15)+B (1T 16)+301&s19)
Blle16)==B(2+15)+r( 1151+ (2+16)
Bl16s1)==B(15:2)4+R( 1541 )+B(165+2)

RETURN
END

SUBROUTINE DDP(PHI «DPHI)
DIMENSION PHI(7)YDPHICT7)
DPHI(7)=2 ¥ (PHI(T7)—PHI(6)) /3
DPHI(&E)Y=(PHI(T)Y-PHI(5)) /3,

DPHI(S)=( 16« %PHI(S) =0« ¥ PHI (4) =7« %PHI(S5) ) /42

DPHI(4)Y=(PHI(B)Y=-PHI (3)) /4.

DPHI(3)=(PHI(4) =4 ¢ ¥PHRI(2)+3e¥PHI(3))/6e
DPHI(2)=(PHI(3)—a4%*PHTI (1 )+3.%PHI(2))/3a

DPHI(1)Y=(PHI(2)=PHI(1))*2.
RETURN
END

EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTC
ZXTC

e

EXTC
EXTO
EXTO
EXTO
EXTO
EXTO
EXTO
EXTC

DDP
DDP .
DDF W
DR
DDF
DD e
DDRP W
DO
DR
DDP «
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D TMENS T ON
LOGICAL
DATA
WRITE (64
DO 1u K=]
ALINE (1) =
IF (OUTFL
WRITE (6

RETURN

FORVAT (&8
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FUNMCTION AVIEPXA4(XKeTeJeKel 18 J1 k1)
DIMENSTION X(I1aJ1.K1)
AVPX4= (X 1y Jei ) +X T+ 19 Js K 4R T o Jr K41)+XT+19JeK41)) %0025
RE TURN
END

FUNCTION AVPY4(XaT9sJal<eI1sJ1s<1)
DIMENSTIOMN X(I1sJ14<1)
AVEY 4= (XCT eI +X T o g+ 19 )+ X LT o Jo K1) +X T2 J+1 K411 %06 25
RETURN
END

FUNCTION ALARPL (XeTeJeie Il JleK1)
DIMENSION X(I1sJ14K1)
ALAPL=X I 41 9JelK) X Tl 0 JolK)4+X (T o J+1 K ) +X (T ad=19iK)~datK{] s JaiK)
RETURN
=MD

FUNCTION AV4(XslsJoKallanJdl K1)
DIMENSION X(I1sJ1.<1)
AVA= (XK T e JalK)+X (T aJd+1 oK) +X T4+ 1 0 JeslK)+X (T +1 e J+19K))IH0 425
RETURN
END

AVPX
AVPX
AVPX
AVPX
AVPX

AVPY
AVRPY
AVPY
AVPY
AVEY

AlL_AP
AL AP
ALLAP
ALAP
ALLAR

AV o
AV4 o
AV o
AV 4 e
AV 4 e
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IR

0
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