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ABSTRACT 

. " 

The effect on the grovth of cloud drop1ets of 

vironmental air into the core of a g~owing convective 

Entrainment with clear air,/cloudy 

and clear saturated air are considerc4. Starting from representative 1ni-

tial drop1et d~tributions, of continental and maritime types.of cloude, 

the droplet spectra gevelop experiencing entrainment, coalescence and con-

densation. ' 
It 

,~_.~. 1f> The results .1ndicate that in both cases, when an entrainment l'8te 

-3 -1 
parameter of 10 sec 1~ applied, the development 1s delayed by approx-

1mately 2 minutes, for clear air entrainment. For entrainment o1r cloudy 
~ 

air the delay 1s approximately 1 min. 

Thus, from a point of view of time lag, entrainment does Dot re-

tard the drople~ spectrum evolutioD very much, particularly when the 

. entratnment may be considered to take place with cloudy air • 
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RESUME Il 

L'effet de l'entratnement de l'air environnement dans le noyeau 

d'un nuage convectif en plein développement sur la croissa~e des goutte­
~ 

let tes est étudié ici. 

L'entratnement de l'air clair, de l'air nuage~ (contenant de 

fines gouttelettes) et de l'air clair satur~ est considerê. En partant 

de distributions initiales de gouttelettes représentatives des nuages 

A caract~re continental et maritime, l'es spectres de gouttelettes se dé-

veloppent par entratnement, coalescence et condensation. 

\es résultats pour l' entratnement de' 1,' air è1a1r indiquent que 

dans les deux cas, lorsqu'un taux d'entratnement de 10-3 sec-1 est 

appli1ue, le développement est retardé d'environ -2 minutes. Pour 

l'entratnement de l'air nuageux, le retard est d'environ 1 minute. 

Donc, du point de vue de décalage- de temps, l' entratnement ne retarde 

pas beauco~p l'évolution du spectre des gouttelettes, et cela spécialement 

lorsque c'est de l'air nuageux qui subit l'entratnem~nt. 
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CHAPTER 1. 
, 

INTRODUCTION 

One of the main factors that affects the development of 8 convec-

~ tive cloud is that the rising saturated air tends to be diluted by entrain­, 
ing some of the rel~tively dry environmental air. As the air in the 

environment is uns8turated, some of the liquid water in the rising parcel 

must be evaporated ta main tain saturation in the cloudy air, as air from' 

the environment i8 entrained. 

Indeed many observations in small cumuli indicate that cloud temper-

atures are less than predictions from simple parce! theory, at different 

levels, and furthermore the liquid water content is only a fraction of the 

adiabatic value. Also rare observations on large thunderstorms indicate 

that entrainment of environmental air into the cloud takes place. 

First Stommel (1947) presented a theory of convective clouds, the 

fundamental hypothesis being that the ascending current in a cloud entrains 

air from its surroundings. A method was developed for computing the 'mass 

flux' from the knowledge of the temperature and humidity inside and out-

side the cloud. The theery was applied to sorne observations of trade 

cumul! made near San Juan, Puerto Rico. He assu~ed arbitrarily unit 'mas~ 

flux' at the base of the cloud and he came to the result that the 'mase 
. 

flux' roughly trebled over the cloud's depth, which ranged from 500 te 1500 m. 

Since then, many researchers have deal t with the conc,ept of 'entrain-

ment' in cumulus clouds • 

. Byers and Hull (1949) measured the proportional rate of change o'f 

the area of triangles formed by balloons around thunderstorms to determine 

1 
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horizontal inflow or outflow of the air. They state that observations 

show outflow or horizontal divergence under the cloud base and convergence 

• at aIl heights between about 4,000 and 23,000 feet, with divergence again 

in the-uppermost levels. Also from these measurements they deduced the 

entrainment rate of environmental air. 

Houghton and Cramer (1951) studied the problem of entrainment 

theotetical~(j On the basis of maintaining mass continuity, they derived 

equations for the rate of entrainment. They assume that a steady state 

exists, the cross section of the rising column is constant with height, 

the entrained air ia uniformly mixed with the rising air, the environ-

ment i9 at rest, and finally that an ordered inflow occurs with no turbu-

lent exchange between the environmental air and the rising column. This 

form of entrainment they called 'dynamic entrainment'. They determined 
1 

the magnitude of the horizontal velocity-convergence, and they computed 

vertical velocities in the cloud. They suggested that their computational 

results tend to agree with previous observations made by Byers and Hull, 

(1949). 

Malkus (1954) took measurements of temperature, vertical veloci­
t 

ties, and water-vapor content of two clouds over the Car·ibbean Sea from 
r 

a slow-f1ying instrumented aircraft. From these measurements numerous 

calculations were made, including 'dynamic entrainment' from ~'ver~ical 

veloeity mêa.~rement •• and 'gro •• entrainment' found by Stommel~thod 
from the psychrograph records. She stated that the resu1ting values-O~~ 

the-entrainment rate obtained by 'dyn~ic entrainment' were fairly con-
\. 

• 
'8~stent with those obtained by 'gross entrainment' • 

Ha1tiner (1959), with ca1culations based on n'dynamie entrainment', .. 

1 

) 
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.,. 
extended the previous ~tudie8 on convective currents to large cumulus clouds. 

"" 
He derived the value for a diffusion coefficient which applied to ~n upper-

air sounding taken near the time and location of a thunderstorm. The mode1 

gave the right order of magnitude for the cloud height, vertical velocitYt 

and tempe rature excess over the environment. He conc1uded also that cloud , ' 

height, mass, vertical ve10city, and 1iquid water content aIl increased 

with increaeing a) initial temperature, b) environmental relative humidity 

and c) environ~ntal lapse rate, but aIl decrease as the diffusion coeffi-

cient increases. 

Squires and Turner (1962) presented a mode! based on a steady-

state, turbulent, condensing plume, entraining environmental air accord-

ing to the simple law that the inf10w velocity at any height is proportiona1 

to the upward velocity of the plume. They derived the following equation 

for the conservation of mass, neg1ecting the difference in density between 

the updraft and the' environment. 

1 dM _ 2a ---M dz b 
(constant) 

b 

where: M ie the mass flux in the jet 

8 1s constant and représents- the ratio of the inf!ow velocity 

to updraft speed. They take the value of ~ equa! to 0.1 

b 1s the radius of the plume or jet. ' 

They presented w1th the use of th1s mode! a few calculations on cloud 

propert1es, such as range of updraft speed, liqu1d water content, and 

variation of radiu,s with he1ght, for deep cumul!. They suggested that 

the resu1ts were not inconsistent w1th the inadequate observationa! 
1 
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knowled~e of th~se clouds. 

This éoncept that the en'trainment' rate parameter, defined as the 

'mass flux p~r unit distance', i8 inversely proportional to the ascending 
.... ' 

current bas sinee been used often in modela of cumulus cloude • 

(e. g. Danielsen et al (1972), Mas on and Jonas (1974» • 

. Some laboratory experiments have been made to determine the value 

of the constant in the above formulation of the êntrainment rate. 

Experimente with bubbles were repo~ted by Turner (1963). The 

results gave vàlues of 2a bet~en 0.54 and 0.75 •. Experiments to measure 

entrainment in jets (Ri cou and Spalding (1961» gave a value of the con-

stant approximAtely equal to 0.2. 

On the other hand from observat~o~on emerging cumulus towers, 

Saunders (1961) found a value of 0.6 for this~~rainment constant.' Based 

qn theae measurements Mason and Jonas (1974) in their mode1 of a non-

, 1 dM 0.'6 
precipitating cumulus cloud used the formu, la - -- • ---M dz b 

~rtt 'rate parameter. 
1 

.... 

for the entrain-
" 

Recently Itier (1972) studied the va1idity of the above popu­

la~formu1a, on the basis of measuremeqts of the diaméter of cumulus 

towe~s and the maximum vertical ve10cities ~~erved in four smal1 clouds. 
( 

He obtained the correspon4ing values of entr~inment rate parameter. The 

results lndicated that the entrainment rate parameter was related inverse1y 

ta the radius of the tower. However, by comparison of two values of the 

~, entrainment rate parameter corre.ponding to the same tower radii but with 

\ different maximum vertical velocities, the 1arger entrainment rate para-

~ter corresponded to the smaller maximum vertical veloc1ty • 

In addition to ~tudies of ehtrainment much effort has been spent 
'. 
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~ to investigate the general features of the droplet spectrum of cumulus 

clouds, and to describe its development with'height by the condensdtion 

or coalescence mechan!sms. 

Warner (19691 examined a large number of droplet samples, in 

warm cumu1i, and he found that bimoda1 distributions increase in fre-

quency with height above cloud base and with increasing ~~ibility in the 

cloud environment. 
; i 

On the other hand bimodal distributions were not confined to the 
r" 
,t 

cloud edges. He then suggested that the mixing at the growing cloud top 

determines the shape of the drop1et spectrum. 

The same author, (Warner (l970b)), examined lateral entrainm~t 

ln a steady-state one-dimensional model. He suggested that such ~dels 
1 

cannot" predict simultaneously values of liquid water content and cloud 

depth which are in agreement with observations. 

He also, (Warner (1972», examined the effect of mixing on the 

, droplet spectrum in the first 300 m above cloud base, the spectrum dev-

eloping by condensation on1y. He suggested that simple mixing between 

cloud and environment ls unimportant in det~ping the drop size dls-

tr1butlon_t~~~asrîn -the e'arly stages of cloud grow:th. 

Mason and Jonas (1974) created a mode1 to simulate the rea1 drop-

let spectra in small non-preclpi,tating cumulus clouds, Inc1uding mixing 

with the 8urroundings. They state that thls model reproduces drop let 

spectra which c10sely r~semb1e those measured by Warner (1969). 

" Other researchers (e.g. Arnason and Greenfield (1971), Nelson 

(1971), Si1v~rman and Glass (1973» created numerical models to simulate 

the real droplet spectra and the formation of rain ln warm smal1 cumuli • 

, 

__ l ~ __ 
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On the other hand there are detailed mode1s concerning deep convec- ~ 

tive clouds. For example, Danie1~n's (l9J2) one-dimensional time-dependent 

• numerical model ~ ,in which the emphasis is on hail growth, inciudes con­

densation with coalescence, sublimation, freezing, sedimentation, dfoP 

breakup, wlthout disregardlng the mixlng term which modifies the vertical 

velocity, energy and water vapor of the ascending parcel. 

From what has been stated up to here it i8 apparent that in the 

~,gOVerning equations of a numbèr of detall:d and complicated models the 

~ng term 'is included, but emphasis has not been given to the single 

effect of entrainment on the droplet spectrum evolution. 

For the'purpose of describing precipitation deve1opment·in the 

updraft region of a growing convective storm Leighton and Rogers (1974) 

created a model fo~ droplet growth by condensation'and coalescence in a 

strong non-entralning updraft. 

By using this ~del a~ attempt is made in this study to dis cern 

the single effect of entrainment'on the resulting droplet spectra. ln 
, 

"" other words, the cloud-~ro~let distribution evolves with time as a re-
l .- ~ • 

.. I.It, ., 

-. suIt of entrainment with its surroundings,condensation and coalescence. 
• A 

In particular the consideration o~ the problem ia as follows. 

We assume that a rising cloud parce! in the core of a growing, 

~ 
convective ~loud' (Iargê or small), en training the statidhary surrounding 

air changes its thermodynamic properties according to the basic thermo-

dynamic equations. Then the development of the droplet ~pectrum by con-

densation and coalescence is determined by the above mentioned model 

(Leighton and Rogers (1974», modif1ed to include the effect of entrainment t , -

The way that the.entrainment rate parameter has been ~hose~~~ 
.............. i -~~~ 
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this study ia described in the next chapt~r. This parameter 1s kept con-

stant w1th he1ght. This assumpt10n is equivalent to assuming that the 

râdi'us of the cloud is uniforme While this simplifies the procedure, 1t 

is recognized that ihis is incons1stent with the assumption of a uniform 

vertical velocity, inherent in the Leighton and Rogers (1974) mode1. 

Neve~theless a first est1ma~e of the magnitude of entra1nment 

of environmental air 1nto the core of the cloud can be obtained • 

•• 
" ~ 
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CHAPTER 2. 

THEORY 

2.1 Physical Model 

\ 

The mixing of environmental air into cloud is usually referred to 
) ~ 

as entrainment. 

Let us assbme a cloud core with a uniform constant updraft and 

consider in this core.a rising parcel of air. If we ass.ume that the up­

,I.~d velocity of the surroundlngs of 'the core of the cloud ls much smaller 
/ 

( 

than that of the parcel, the parcel will laterally entrain air from its 

surroundings. 

The idealized procedure would be to divide the surroundings of 

the cloud core into a number of annular rings. Then the temperature, the .. 
upward velocity and the droplet mixing ratio would decrease as the distance 

from the core increases. In that case environmental clear air would be 

entrained to the outer annulus. The next inner annulu8 would entrain air 

from the outer ~nulus, acquiring thus a part of the clear air entrained 

to the outer annulus. This progressive procedure would continue and final-

ly a portion of the environmental clear air will reach the core. 

HoWever, sinee it 1s not possib e to determine the variation of 
~ 

the above mentioned properties inside the cloud, we proceed in a simpler 

way. 

Basically we eonsider two regions. The core of the cloud with 

a uniform updraft and the environment having no vertical velocity. The 

difficulty lies in the choice of the appropr1atè'environment • 

As a firet approximation the outs1de clear air 18 cons1dered • 

./ 

.. 



However as this gets entrained into the cloud, cloud condensation nuclei 

'" (CCN) will be activated. Since we are mainly interested in the devel-

opme~t of the droplet spectrum,this factor may be im~rtant. So then 

we consider air with the same tempe rature of the environment but con-

taining droplets. Finally as an inte~ediate assumption we calculated 

the effect of entrainment with saturated clear air. 

Thus we consider three separate cases: entrainment into the 

cloud parcel in the updraft region (core) of clear unsaturated air, of 

·saturated air not containing droplets, and of saturated air containing 

small droplets. 

By definition if M represents the mass of a saturated cloud par-

cel which rises from a level z ta a level z + dz entraining an amount of 

surrounding air dM, then the entrainment rate parame ter is given by the 

1 d\! 
formula: R = M ~. 

As was mentioned, in this study R ia kept constant with height. 

We can also define the entrainment rate parame ter peI' unit time, namely 

1 dM 
R' R: M dt ' which i8 related ta the previous one by the formula:. R' .. R W. 

where W represents the vertical ve10city of the rising parcel. The units 

of Rand R' are respectively [cm-ll and [sec-Il. 

2.2 Magnitude of the Entrainment Rate Parameter 

rn the introduction we referred to some of the observationa! and 

theoretical studies ~de on entrainment. The values of the entrainment 

rate parame ter obtained .may be summarized as follaws: 

a) Observational values. 

Stomme1 (1947) and Malkus' (1954) from investigations of small 
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cumuli found the entrainment rate parame ter to be of the arder of 10-5 cm-1 

The same value has been obtained recently by B. Itier (1972) from observa-

tions of smal1 convection towers. 

Byera and Hull (1949) found values of the arder of 10-6 cm-l for 

large cumulonimbus clouds. 

b~ Theoretical values. 

Houghton and Cramer (1951) derived an entrainment rate parame ter 

of the order of 10-3 sec-l, for c10uds with depth about 1.6 km. 
J> 

Ha1tiner (1959), for large cumuli, found R to be of the order of 

10;6 cm- l 

For our purpose the choice of the value of this parame ter is made 

by taking into account on the one hand the range in which the observational 

and theoretical values are found, and on the other hand "the formulation of 

Squires and Turner (1962), assuming an effective radius of the cloud core. 

These considerations led to the adoption 9f the fol1owing values. 
, 

For the continental type ,of cloud two values were used, namely 

R - 10-6 cm-1 (10-3 eec-1), and R - 0.5 x 10-6 cm-1 (0.5 x 10-3 sec-l ) 

w1th the vertical velocity taken to be 10 m sec-1 For the maritime type 

of cloud one va~ue.i.e considered that is four times greater than in the 

, -6 -1 -3 -1 
previous case, i.e., R - 4 x 10 cm (10 tec.) w1th the vertical 

ve10city kept constant at 2.5 m Bec 
-1 

\ 
1 The above values are consistent with those that have been observed 

or theoretically computed for the appropriate Bize of clouds. 

2.3 Thermodynamic Procedure \ 
-

A graphicai representation of th1s procedure 18 shawn on a Tephi-

gram in Fig. 2.1. 
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E4 

'. Fig. 2.1 

Il 

P4 

Soturated P3 .. 
Adiobat 

P2 

PI 

E' P Po 

Graphieal representation of the thermodynamic 
procedure. 

~ 

Poin tA: represents the cloud parcel at some pressure level Pl 

at which mdxing with the environment air i8 to take place. 

Point B represents the mixture (after isabarie mHdng in a 

proportion R). 

Point C represents the final position of the par~el after 

saturation of the: unsaturated mix,ure by isobaric evaporation (wet-bulb 

process) • 

Point Cl: represents the final po~ition of the parcel after 

isobaric condensation in the case of mixing with saturated air. 

The curve PADF represents the saturated adiabat from the point P, 
---~. 

wh11e CA', C'A" are the saturated adiabats through the points, C, ct 

respec Uvely • 
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Without entrainment the rising parcel wou1d follow the eaturated 

adi~bat PADF, assumfng ~t P 1a the atarting point of the cslculations. 

However 1IÛxing at level Pl wi th envi ronment El leads to the poin t B, an,\ 

finally saturation by the wet-bulb pro cess to the point C. 

Continu1ng its aAcent without eni~ainment the rising parcel would 

follow the saturated adiabat CA'. But mixing at level P2 with environment 

E2' leads finally to the ~o~nt c'. 

Thus a8.a result of progressIve entrainment'processes with clear 

air, the curve CC' represents the P-T curve ôf the rising cloud parcel 

ins 

the 

Temperature 

~ 

saturated adiabat AD. In the case of mdxing with saturated 

resulting curve would be to the right of CC' , between 

levels Pl' P 2. 

proceas applied to~e entire sounding gives the Pressure-

of the rising cloud parcel of air taking into account 

entrainment f environmentsl clesr air, namely curve pcc' Cil.. • Corres-

pondingly we ould get to the right of this curve the P-T profile of the 

rising cloud ree1 of air taking into account entrainment with saturated 

or cloudy air, n the same proportion R. 
\ 

As far ais the liquid water content of the parce! is concerned it 

changes at each tiie step as followa. 

Let us coosider that at pressure level P the cloud parcel con­
o 

tains Lo grams liquid water per gram of air. If the properties of the 

parcel are repr,efnted by C when it has risen to level Pl it will contain 

an amount LI (gmJ ) which can be expressed S8 follows: 

LI - La + (condensation due to expansion)­

- (dilut;lon due to mixing) -

" - (evaporation by the wet-bulb process) 

.-
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If the properties of the parcel are represented by Cl when it has risen 

to the same level Pl' (in the' case Df entrainment with saturated or cloudy 

air), it will contain an amounf LI' (gm/gm) which 'can be expressed as 

follows: 

t ' - L + (condensation due to expansion) -
1 0 \ 

- (d1l'ut1on due ta mixing) + 

+ (condensation by the wet-bulb process). 

This process applied to the entire path gives the liquid water content 

profile of the rlsing cloud parcel of air. 

When entrainment wi.th cloudy air takes place, the cloudy air 

which is considered ta be mixed into the cloud core ls assumed ta have 

the temperature of the environment and a liquid water m1.xing ratio equal 

ta the initial value of thè rising cloud parcel in the updraft region. 

This is because the edges of the cloud are assumed to contain less liquid 

water content than the core region, as some measurements indicate 

(e.g. Zaitsev (1950». 

The liquid water content of the rising cloud parc el resulting 

from mixing in both cases is less than that which is predicted by simple 

parcel theory. 

A numerical procedure following the three proce88es, namely 

ad1abatic ascent, 1sobaric mixing, wet-bulb process t calculatee the temper-

ature, liquid water content, mixing ratio, and density of the rising cloud 

parcel' of air at each step. A P.Bt1\1& of the computer program used for 

these calculat10ns is'included in Appendix 1. 

So from what has been stated up to here the calculations of the 

the~dynam1c propert1es of the rising cloud parcel, which 1e exper1enc1ng 

entra:lnment may be made. 
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CHAPTER 3. 

THE MODEL 

3.1 General Description of the Model 

" The model determines the development of a droplet spectrum by conden-

satlon and coalescence. Growth by coalescence is determined by solving the 

stochastic collection equatlon, and growth by condensation is calculated from 

the diffusion equation. 

When a saturated adiabatic process 1s assumed, the temperature 

decreases at the pseudoadiabatlc rate and the amaunt of condensed water at 

any altitude is glven by the adiabatlc liquid water content. In the case 

that entrainment 18 considered the tempe rature decreases according to the 

P-T profile calculated from the thermodynamic procedure, described ln the 

previous ch~pter. Also the liquid water content at each step 18 deflned 

from the 8a~ procedure. 

~e 11quld water content of the developing droplet spectrum 

experiences the followlng changes: a) lt decreases due to entrainment at 

each tlme step, at a rate determined by the value of the parameter R. 

b) lt increases by condensation, not necessarily at each time step as will , 

be seen in the appropriate section. But, if condensation takes place, an 

appropriate amount of water is condensed, such that the liquid water content 

conta1ned in the distribution diluted by entralnment le approximately equal 

to the value given at this level by the procedUre described in ·the previous 

chapter: \ 
The number of droplets per unit mass of air a1so changes due ta 

the entrainment proce.s, and as a result of collection. I~ i. pTedominantly 

the .mall droplets in the spectrum that grow by condensation. However when 

,> 
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• entrainment with cloudy air takes place they a~e repienished, sinee at 
o 

each step entrainment in a proportion R between the developing spectrum 

and the initial one ia considered. A brief description of the numerical 

procedure is given schematically in Fig. 3.1. A listing of the computer 

program is inciuded in Appendix 2. 

The cloud droplets fall relative to each other with their terminal 

velocities, but do not leave the parcel. This assumption Is reasonable 

provided that their terminal velocities are smaii compared to the updraft 

velocity. 

However, the updraft velocity assumed in the maritime case, 

-1 Le. \2.5 m sec ,does not aHow one to neglect the droplet fallout toward J 

the ertd of the calculations. Nevertheless, ainee in order to evaluate 

the effect of entrainment a comparison is done between the spectra ob-

tained with and without entrainment, thls effect ls counterbalanced assu~ 

ing that in both cases it is approximately the same. 

The initial parameters specified are the tempe rature and the 

pressure at the cloud base, the initial drop let spectrum, the environment 

1 properties and the updraft speed. The equations deacribing the condensa-

tion ana coalescence process, that will be deacribed in the next section, 

are integrated to give the development of the spectrum as a function of 

helght. The time-step ls always taken as 1 sec. This time interval has 

been found sufficiently smalt at least for the coalescence process 

(Leighton and Rogers (1974». 

The governing equations by whi'ch Leighton and Rogers modelled drop-
" 

lèt growth by condensation and coalescence are described below briefly • 

• 
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! ,. " 
The coalescence prob1em 1s solved by us1ng the stochastic coales­

r 

cence equation. 

If N{x) 1s a dens1ty function defined 8uch that N{x)dx ia the 

concentration of droplets of mass x to x + dx per unit volume of air, then 

the stochastic equat10n describing the rate of change of N(x) is given by: 

x/2. (li) 

é)N~x~ J d; 
, , jdX' 

, , 
• N{x ) V{x ,x ) N(x ) - N(x) V{x,x ) N(x ) , (1) 

at c c 

0 0 

, 
where V(~,x ) is the collection kernel, deflned as the rate at which, the 

, 
volume within which a droplet of masa x will be captured, i8 swept out 

by a droplet of ma8S x. The collection kerne1 18 related to the linear 
<l \ \: 

collision efficiency Y used by Shafrir and Neiburger': (1963) as follows: c 

V(r/r ) s 
2 

- 1fr • Y c 

", 

2 
(r/r ) 

8 
lw(r,r ) 

s 

where r, (re) is the radius of the 1arger (sma11er) droplet, and 6v the 

difference in velocit1es. 
, 

Also x - x - x c 

The firat term in equation (1), named gain integra1, 1s the rate 

of change of N{x) due to collisions between pair of droplets whose masses 

add to form x -'mass droplets. 
1. 

The second term, named 10s8 integra1, represents the number of 

droplets of mass x that ar, lost by collection with other droplets. 
, 

According to Berry's (1967) procedure x may be repreêented on a 

log lea1e by means,~f tHe transformation; 

~ 
x(J) • x exp [3{J - 1)/Jo ] 

,0 
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where x is the smallest masB conside~ed,' and J an adjustab1e Bca1e factor. o 0 

A Dl8SS "d_ensity flUlction, M(x), i8 defined by M(x) D"X N(x) where M(x)dx 1s-
, , 

"- f ;',... 

the maSB of the drops per unit volume cloudy air, ln the interval dx. In 
1 

terms of J, the mass density function becomèe 

g(J) - M(x) dx ~ x N(x) J3x 
dJ 

o 
(2) 

Introduc1ng a ~og-increment density function ~ ~r)'?' defined by 
2 ' 

gt(r)dlilr • g(J)dJ, we get ~ (r) ., 3x ~(x). Equat:i,'on (2) can be used to 

write ,the collection equation (1) in the fonu 
JI 

_...... : 1 
co 

, , 
t \ 

- f , 
-âg(J) 

ôt 
x(J) g(J) W(J , J') g(J') dJ' 
x(J) c c -J g(J) 

1 

W(J ,J ), g(J ) 1 
:.', ~ 

dJ • 
c 

wherë: J is defined by x'; x exp [3(J -1) 1 J] and J d by 0 c c 0 c 0 , 
x(J)/2 - x exp[3(Jd - l)/J ] 

o 0 
W(J,J ) l's ,the modifled collection 

;; 
v _, . 

kerne1 re1ated to V{x,x ) by .. 
, , , 

W(J,J) • V[~(J),x(J )]/[x(J) x(J ») 

The smal1eet mass value le x - 2.58 x 10-10 S, th~' constant 
o 

J • 12/1n2, and the parameter J-takes values from 1 to 81. o 
Therefore 

(3) 

~
'4.. 

the ran~ of radii ie from 3.94 .~m to 400 ~m, doJblins, every 12 value~ of J. 
l' , 

The values of the fall velocities were taken from Stok~s'. law for 
o 

, radi! smaller than 25 ~m, and' trom Beard and Pruppacher's (1969) measure-
() 

• 
ments for larger rad!!. 

o 

Collision ef;icfëncies were taken'in the model, from the compila~ 
o . c n 

tion of values g!ven by Mason (1973) for pairs of drop~with radi! larger 
'-

th~ 30 ~, and were interpolated trom Hock1ng and Jo 8s-(1970) for pairs 

• "in which both d~oplets had rad!! less.than or equal 
Q 
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.' 3.3 Condensation 

The condensation prob1em in 'the ~ode1, 1s solved by the diffusiona1 .. 

growth equation: ' .. 

dr c , 
(4) 

dt • -r 

where 

[ L
2 r ... (S - ) p\ + 

RvTpL 
(5) c . ' K R T De (T) 

l' 
v s 

with S the saturation ratio 

L the latent heat of vaporization 

the density of water 

the gas constant for water 

\ li 

T the tempE!rature 
~ , 

K the coefficient of thermal condu~tivity of air 

D the diffusion coefficient of water vapor in air 

~. -" es-('!'l- the equil1brium vapor pressure • 

• If n(r.t) dr represents the number of drop1ets per unit volume of 

air"with radii r to r + dr at time t, then at time t + 6t the spectrum 

will have deve10ped by condensation on1y, to the form: 

• r 1/2 n( 1r2 - 2c6t, t) ptt ~t~t) • (6) 
2c6t) p 
• .. 

Thi8 solution is a special case of the genera1 sol'ution formu1ated by 0 

Kovetz (1969), using equation (4), where pet) represents the density of 

the air at time t • 

• In ierms of the 'ma8s distribution function' equation (6) becomes: 

o 
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g [J(r), t + !lt] - r
5 

g [J(/ r 2 - 2c!ltl" t] 
(r2 _ 2c6t)5/2 

p (t -+ 6t) (7) 
p (t) • 

" 
In the calculations the model de termines the constant c not from 

the thermodynamic relation (5), but for a given time step the correct value 

of c is chosen as the one for which the liquid water content, obtained by 

integrating equation (7), corresponds most closely to the adiabatic value. 

In the case~hat entrainment takes place, the correct value of c is chosen 

as the one for which the liquid water content obtained by integration of 

the mass distribution, corresponds mOBt close!y to the liquid water content 

computed trom the thermodynamdc procedure at the corresponding leve!, tak-

ing into account entrainment. , 

However, at each time. step severa! values of c are considered, /' 

each of which a!lows the minimum radius to correspond to an Integral value 

of J. Consequently condensation does not take place at every time step, 

and the resulting numerical values of liquid water content Oscillate abQut 

the analytically calculated ones. 

3.4 Initial distribution 

It is known fram observations that cloud-drop let Bize distributions 

are generally asymmetrical with a tail extending towards the larger radii 

(Squires (!956), Diem (1948». There has also been found a distinction 

between continental-and maritime distributions near cloud base. Continental 

cumu1i have narrow spectra with median drbplet diameters, about 10 vm, and 

high concentration, while maritime cumu1~ have rather broad spectra with 

median droplet diameters, about 30 ~m, and low concentration (Battan and 

Re1tan (1957);"Squires (1958a». 
f .-

\ J 
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The initial distributions used in the model are of the form defined 

by Scott (1968). He defined a dimensionless numher den8ity function by 

where 

cjI (s) = 
(v + l}v+1 sV e-8(v+l) 

r(v + 1) 
(8) 

x 
8 a - , and v i8 a measure of the width of the spectrum. 

x 

In terms of the '.mass densfty function' according to Berry' s trans­

formation formula equation (~ becomes 

g(J) 0= 

3N o -- . 
J 

o 

(V + 1) v+l v+2 
x 

---------- . ----
r (v + 1) 

_v+1 
x 

• exp [ 

where N i5 the total number of drops per unit volume. 
o 

X le the mean mass of the distribution 

x Cv + l)~ 
y 

V is a measure of the spectrum width, the relative variance of 

N(x) bEd.ng (v + 1) -1 • 

Equation (9) contains three degrees of freedom, namely No, v, x • 

• In the present study the se parameters are changed depending 

on whether the continental or maritime case is considered • 

• 
"-------

(9) 

\ 
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J CHAPTER 4. 

;l'PARTICULAR CASES AND RESULTS 

4.1 Continental Cloud Case 

Initial Distribution 

For the continental cloud the values of the parameters used in 

equation (9) were as fo11awa: 

-3 N (cm ) 
o 

900 

v 

8 3 

The mase that corresponds ta the above mean radius i6 x - -9 2.15 x 10 S. 

The value of v determdnes the width of the sRectrum. For the àbcve values 

of v and r the resulting~i8persion of the distribution of the 'number of 
# 

drop1ets' Is approximately 0.2. Also the above values of i and N result 
a 

in a liquid water content equa1 to 1.9 g m-3• 'Fig. 4.1 shows the initial 

distribution tn terme of the 'nomber density distribution' 'in linear 

coordin~te8 • 

Initial Conditions 

~\ initial conditions wh~ch are used to determine the paeudo­

adiabatic ascent and tha effect of entralnment on the temperature and 

", liquid water content profile, are as follaws: 

The cloud base ia taken at 825 mb (1703 m MSL) with a tempera-

ture of I3.S·C. These conditions refer to a particular storm day in 

Alberta (11/07/70) as described by Engllah (1973). The cloud base 

heigb't was measured from cloud photographs whlle the cloud base temperature 

, ,7 

\ -1 
vas meaaured by aireraft. The updraft ia assumed to be constant at 10 m sec • 
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-1 Measurements of tower tops by photography indieate speeds of 13 m see 

-1 to 20 m sec • However the value of 10 m see-1 is reasonable sinee it 1s 

kept eonstanç along the who1e pa th and therefore it could be aeeepted as 

an estimate of the Mean value. 

As far as the entrainment rate parameter ia concerned, thé compu-
, 

tations are carried out for values or R -3 -1 equal to 10 sec and 
" 

0.5 x 10-3 sec-1 • 

, The whole procedure started 1005 m above cloud base where the 

adiabatie liquid water content was equa1 to the water content contained 

in the initial droplet spectrum, i.e. -3 1.9 g m It was stopped when 

the temperature of the pseudoadiabatica1ly rising cloud parcel (i.e. no 

mixing) reached -40°C, whieh oceurred after approximately Il.5 min. How-

ever when entrainment takes plaee the temperature of the rising cloud 

parcel becomea somewhat colder than -40°C. In addition in the ,ast time 

steps 

still 

the cloud parcel beC~der than the environment, but it i. -, ~ 

assumed that it rises a constant veloc1ty. 

Environmenta1 Conditicns 

Temperature and dew point soundings are a1so given by Eng1ish 

(1973) for this particular day. ,Fig. 4.2 shows the environmental condi­

tions and the adiabatic parcef'temperature. 

With the above conditions we proceeded in the examination of the 

effect of entrainment on the droplet spectrum evolu~ion as fo11ows: 

a) Assuming that the cloud parcel ascends pseudoadiabatically we 

compute its thermodynamic properties, namely the tempe rature and the adia-

batie liquid water content profiles. Then with the help of the model, 
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KXO------~~--------~~----~~~~--------~L-__ __ 

Fig. 4.2: Environmental and initial conditions for the continental 
case. 

a) Temperatu~e profile without entrainment 
b) and c) Temperature prof*les vith entrainment with 
clear air! 'or values of R. • 10-3 sec-l and 
0.5 x 10-3 sec-1 respectively. 
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described in the previous chapter, we determine the evolution of the 

droplet spectrum as a function of height. 

b) The above procedure is repeated but assuming that the risink 
\ 

parcel entrains clear air at rates gtven by 
, -3 -1 

R • 10 sec and 

-3 -1 0.5 x 10 sec • In this case also'with the help of the 'thermodynamic 

procedure', the thermodynamic properties of the rising cloud parce! were 

found while with the help of the droplet growth mode! the drop let spectra 

vere obtained. 

c) The procedure is repeated for the same entrainment rates but 

assuming that the gntrjtned air contains cl~ud droplets. The droplet 

spectrum is assumed to be the same as the initial droplet spectrum ex-

cept that the drop let concentration has been reduced owing to the decrease 

in density. 

d) Finally the procedure Is repeated for entralnment of saturated 

but clear air at an entrainment rate of 10-3 sec-1 

A comparison of the droplet spectra which are obtained in the Iast 

three cases to that obtained in the first case, at a certain time, indi-

cates the effect of entrainment. The consideration of common values of 

the entrainment rate parame ter in the three Iast cases allows a comparison 

amang their resuiting droplet spectra. 

4.2 Results 

Effect of Entrainment on the Thermodynamic Properties of the Cloud 

In the following the effect of entrainment of environmental air 

on the thermodynamic properties of the core will be described. 

Fig. 4.2 shows the devistions of calculated temperatures from 

· , 
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those predicted'by parcel theory, as a function of height (time), when 

entrainment takes place with clear environmental air, for both values of 

1 -3 -l, -3-1 
the entrainment rate parame ter , Le. R - 10 sec and R - 0.5 x 10 sec . 

In addition Fig. 4.3 shows the deviations of the liquid water con-

tent from the adiabatic values, as a function of height (time), a1so when 

entrainment takes place with clear environmental air, for the above values 
, 

of the parameter R • 

So as the entrainment with clear air increases the temperature and 

the liquid water content of the parcel decrease. 

Fi,gures 4.4 and 4.5 show respective1y the temperature and 1iquid 

water content deviations from those predicted by parcel theory in the case 

that entrainment is considered to take place with cloudy air, for the same 

/1 
values of the entrainment rate parameter. 

In this case also as the entrainment increases bath the tempera-

ture and 1iquid water content of the parce! decrease. 

A comparison between the case of the entrainment with c1ear air .. 
with that with cloudy air assuming a common entrainment rate parameter, 

(i.e. 10-3 sec-l ), leads to the fo1lowing conclusion. 

Entrainment with cloudy air redu~s the temperature and liquid 

water content at a significantly slower ~te than entrainment with clear 

air. Consequently a large amount of entralnment with cloudy air may re-

suIt in a amaller decrease in cloud temperature and liquid water content 

than a &mal1er amount of entrainment wlth clear air. 

Fig. 4.6 is a plot of the 1iquid water content profiles in the 

adiabatic case togetherwlth the cases of entrainment with c1ear and 

cloudy air, for R' - 10-3 sec-lIt is apparent that when entrainment 

with clear air takes place the value of 11quld water content re~u1ting 

_ 0; 
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Liquid Water Content ( 9 m-3 ) 

Fig. 4.3: Liquid water content profiles, as a function of 
height, for the continental case. 
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Fig. 4.4: Temperature profiles for the continental case. 

a) No entrainment 
b) and ~) Entra1nment vith cloudy air, tOI values 

of R • 10-3 sec-1 and 0.5 x 10-3 aec­
respectively. 
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Fig, 4.6: Liquid water content profiles, as a function 9J 
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from the th~dynamic'procedure after Il.5 min corresponds to 0.55 of the 

adiabatic value at this time, while in the case of entrainment with cloudy 
, 

ait, aesuming the same R , the ratio of the correspondin~ values ia 0.74. 

As has been mentioned entrainment with saturated c1ear air ta 

a1so examined, assuming one value of'the entrainment rate parameter, 

nemely R 
, 

-3 -1 = 10 sec 

• In this case the temperature profile on the Tephigram coinci~es 

with the one corresponding to entrainment with cloudy air for the value 

of R' • 10-3 sec-1 (Fig. 4.4), while the 1iquid water content profile 

la sl~ted between those reaulting,from entrainment with c1ear air and 

with cloudy air, in both cases assuming R' - 10-3 sec-l , as shown in 

Fig. 4.6. 

Effect of Entrainment on the Droplet Spectrum Evolution 

To examine the magnitude of the effeçt of entrainment on the drop- -J 

let spectrum ev01ution a comparison of the droplet spectra obtained by 

assuming entrainment with those obtain~d without entrainment is made. 

Fig. 4.7A shows the evo1ution of the initial drop1et spectrum 

given in Fig. 4.1, resulting from thé adiabatic case (i.e. no mixing), 

plotted-at t· 0,6,9, and Il.5 min, in terms of the 'màse density dis-

~ 

tributiQn'. lt indicates that a narrow 'condensation peak' appeare quickly 

and thèn a ~oalescence tail! starts to forme 

~e irregularities appe~ring in the coalescence tail are due to / 
/ 

a ~uite narrow condensation peak/ 
1 

numerical error produced by the fact that 

ls pres~nt towards the last few minutes. 

The combination of condensation aleng with coalescence in the mode! 

is very important. This is due to the tact that the collection efficiency 

L 
~ 
1 
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is very low for small droplets but increases rapidly with the size of the 

droplets. Since condensation results in an incressed mesn radius the 

growth rate by coalescence increases significantly. 

tn other words the position of the condensation peak ls important 

for further development of the distribution by coalescence. As the mean 

" radius increases, more large droplets participate in the collection pro-

cess and therefore the mass in the tail increases at a faster rate. 

Thus the main features describing the development of the droplet ~ 

spectrum are the 'condensation peak' due to growth by condensation, and 

the 'coalescence tai1' due to growth by co~lescence. 

Now the effect of entrainment on these features will be described. 

The resulting droplet spectra for the case of entrainment with 
• > 

clear air are shawn in Figures 4.7B and 4.8A. They are plotted at 

t - 6, 9 and Il.5 min, for Rf • 10-3 sec-l and R' - 0.5 x 10-3 sec-1 

respectively. In addition, for comparison, the ab ove droplet spectra 

are also p10tted in Fig. 4.8B at the same time, i.e. Il.5 min, together 

wlth the one resulting from the adiabatic case. 

This figure indicates that entrainment with c1ear air, for 

R' - 10-3 sec-1 , delays the deve10pment of the coalescence tail by approx-

Imate1y 2 minutes, with respect to that obtained in the adiabatic case. 
~, 

But by reducing the patameter R' , to R'. 0.5 x 10-3 sec-l, this de1ay 

i8 reduced a180 by approximately the sarne factor. 

Consequently the entrainment with c1ear air slows down the develop-

ment of the coalescence tail and therefore the production of large drop-~ 

lets. 
\ Since the condensation pea~ in the case of entra1nment with clear 

<-

air 1s situated v1rtually at the same position as the one correspondlng 
, . 
to the ad1abatic case, the delay shoùld be attributed to the fact that 

.. 
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coalescence has not been as rapld because the number of droplets has 

been reduced. 

Fig. 4.9 shows the variation of ~he droplet concentration with 

height (time) for the three cases: adiabatic case (i.e. no mixing), 

entrainment with clear air with R' = 10-3 sec-1 and R' g 0.5 x 10-3 sec- l 

Equation (1) in the theory Indicates that the rate of change of the number 

of droplets due to coalescence depends not only on the size of the drop-

lets but also on their number. Sa the reduction of the drop1et concentra-

. tion due ta entrainment with clear air delays the coalescence process, 
4 

with respect ta the adiabatic case. As the entralnme~t rate parameter 

increases the number of droplets· decreases considerably and therefore 

coalescence becomes lees rapid. On the other hand this dilution o~ the 

number of droplets prevents the condensation peak from shiftlng ta the 
, t 

left relative ta its position with no mixing, since its position ls deter-

mined roughly by the ratio of the '1iquid water content' to the 'drop1et 

concentration'. So in this case of entrainment with clear air the reduced 

1 

liquid water content i8 distributed over a 8mal1er number of droplets. 

That is why the position of the condensation peak i8 not influenced very 

much. 

A measure of the development of the large droplets in the spectrum 
\ 

is provided by the radius of the lOOth largest droplet per cubic meter 9 

denoted by r
lOO

• Therefore a plot of r lOO a8 a function of height is 
l, 

given in Fig. 4.10 for the development of the distribution in the adiabatic 

case and with entra1nment with clear air, for 

R' • 0.5 x 10-3 s~c-l • 

, 1 -3 -1 
R • 10 sec and 

Slm1larly Fig. 4.11 shows the changes of the radar reflectivity 

factor Z with height, for the prev~~us1y mentioned casés, which 18 also 
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Fig. 4.9: Drop concentration, as a function of he1ght, for the con­
tinental case. 

a) No entrainment 
b) and c) Entra1~nt vith clear air, for R' • 10-3 aec-1 
and 0.5 x 10-~ s -1 respectively. ' 
d) and e) Entra nt vith cloudy air, for R' • 10 ... 3 aec-1 
and O.S x rb~3 sec-1 respective1y~ 
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Fig. 4.10: 

(Solid Unes) 

(Dashed Unes) 

( /.Lm ) 

-3 The- radius of the 100th largest drop m ,as a func-
tion of he1glii, for the continental ~case. 
a) No,ent~ainment b) and c) Entrainment with clear, 
for R • 10-3 s~c-l and 0.5 x 10-3 sec-1 re.pect1vely 
d~ Entrainment vith clear saturated air, for 
R • 10-3 sec-1 
e~ and f) Entrainment vith cloudy air, for 
R • 10-3 sec-1 and 0.5 x 10-3 sec-l, respecttve1y. 
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an indication of the development of the distribution. 

In the adiabatic case rIDa reached the value of ~36 um and the 

reflectivity factor the value of 17 dBZ at t = Il.5 min. When entrain­

ment with clear air 'takes place, for R' z 10-3 sec-l, the corresponding 

values are 100 ~m and -7 dBZ, while for 
, -3-1 

R = 0.5 x la sec 

reached the value of 200 um and the reflectivity factor Z the value of 

6 dBZ at the.same time. 

From the above we can conclude that entrainment with clear air 

does not reduce significantly the size of the drops tha t, have grown by 

condensation but it is important because it slows down the production of 

large drops. In addition the results from both entrainment rate para-

meters indicate that by decreasing entrainment the production of large 

droplets becomes faster but always remaining s10wer than in the,adia-

batic case. 

Now we will deal with the effect of entrainment with cloudy air 

(containing sma1I droplets) on the droplet spectrum evolution for the 

same updraft conditions. 

Figures 4.12 (A and B) show the evolution of the droplet spectra 

with time in this case. They are plotted at t = 6~ 9~ and Il.5 min, for 

R' = 10-3 sec-1 and R = 0.5 x 10-3 sec-1 respective1y. In addition 

. Fig. 4.l3A shows the developed spectra at time t :: 11.5 min, for entrain-

ment with c10udy air at rates R 
-} -1 

10 sec and -3 -1 0.5 x 10 sec 

together ~ith the adiabatic case at the same time. From the plots 

(not shawn) of the spectra at different times it was found that devel­

oprnent of the coalescence tail is de1ayed by approximately 100 sec, 

and 50 sec, for R' = 10- 3 sec- l -3 -1 and 0.5 x 10 sec respectively, 

relative to the adiabatic case. 

, 
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A reason for this delay is that the number of droplets with radii 

corresponding to the condensation peak region or larger is reduced owing 

to entrainment. However Fig. 4.9, which shows the variation of the drop-

let concentration with height, indicates that in the case of entrainment 

with cloudy air the droplet concentration remalns somewhat higher than in 

the adiabatic case after the first few minutes. This can be explained 

as f011ows. The drop let concentration of the developing droplet spectrum 

decre~ses because of two factors, namely the decrease of density wlth 

height and the collection process. On the other hand the entrained initial 

spèctrum decreases ita droplet concentration only because of the density 

dècrease. Thus the concentration of the developlng d~oplet spectrum ts 

decreasing at a faster rate than the spectrum,with entrainment. But the 

coalescence mechanism has only a slight effect on the droplet concentra-

tion in the first minutes, w~ile it becomes more sign~cant towards the 

end. 

Sa the resu1ts indicate higher droplet concentration in particular 

towards the 'end. The entrained smaii droplets are accumulated mostly to 

the left side of the region of the condensation peak without involving the 

coalescence tai1. 

Also in this case, as in the case of entrainment with c1ear air, 

by doubling the entrainment rate parameter, the delay in the development 

of the coalescence tail is approximate1y doub1ed. 

A comp~rison between the cases of entrainment with clear and 

cloudy air at the same rate is shawn in Fig. 4.13B in which the droplet 

spectra are plotted for an entrainment rate 
, -3 -1 

R • 10 sec together 

with the adiabatic case, at t - Il.5 min. The figure indicates that in 

the case of entrainment with cloudy air the coalescence tai1 develops at 
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a faster rate than in the case of entrainment w1th clear air. Taking 

into account that the entrained small droplets are accumulated at small 

radii 9 as mentioned before, the fo1lowing explanation could be given. 

In the case of entrainment with c1~udy air more condensation takes place 

than in the case of entrainment with clear air. This i8 why towards the 

end of the t1me period the condensation peak takes its final position, 

approximate1~ at radius 14 ~m, about 30 sec. earlier than in the case of 

entrainment with clear air. This could cause a faster development of the 

coalescence tail. 

From the above we can conclude that entrainment with cloudy air 

slows down the production of large drops at a slower rate than entrainment 

with, c1ear air. 

This is shown also-by Figures 4.10 and 4.11 in which the radius 

of the 100th largeet droplet per cubic meter, (rlOO - ~m), and radar 

reflectivity factor, (Z-dBZ), are plotted as functions of height. 

Finally we will diseuse the results of entrainment of saturated 

air (not containing droplets), aS8uming one value of RI equal to 10-3 sec-1 

Fig. 4.14 shows the developing spectrum at times t = 6, 9 and 

Il.5 min, in this case. For comparison in Fig. 4.13B the spectrum in the 

case of saturated (c1ear) air i8 also plotted at t = 11.5 min. ~ 

lt is apparent that in this case, the rate of the development of 

the coalescence tail 1s very similar to that for entrainment with cloudy 

air. 

On the other hand the condensation peak in the case of entrainment 
( 

with Batura,~ed air is Èdtua~ed somewhat to the right of the position in' 

which it l's found in the case of entrainment with cloudy air and with 
t 

unsaturated clear air for the same value of the parameter R • 
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I~ 
, 

This can be explained by the h'ct that in the case of saturated 

air more condensation takés place th an in the case of unsaturated (cle,ar)' 

air, while the total 'drop'èoncentration' undergoes the same reduction. 

This is why the condensation peak is shifted somewhat to the right so the 
.;' 

coalescence process becomes important earlier and therefore the develop-

ment of the coalescence tail 1s faster than the dlear air case. " 
~ 

Whi1e in the case of saturated clear air as weIl as in the case 
/ 

of c~dy air aPproximately the same condensation takes place, there is 

a difference in the total 'droplet'concentration'. This is the reason 

why the condensation peak ia situatef approximately at radius r ~ 15 ~m, 

or specifically one Interval of J to the righ~ relative to the cloudy ai~ 
1 

case. lt has taken this position at time t - 10 min. 

The position of the condensation peak in the case of saturated 

clear air with respect to the cloudy air case would lead one to expe~t 

a more'pronounced 'coalescence tail' in the former case compared to the 

latter. This does not happen, pro~ably because in the case of cloudy air 
't -

we get a broàdened spectrum i~ the n~ighborhood of the 'condensation peak' 

while in the caae,of c1ear saturated air a narrower peak is present. Thus 

more droplets are able to participate in the c~llection procéss in the 

case of clôudy air. This might eompensate for thé development of the 

coalescence tai1 between the two cases. B~t in both cases the droplet 

~pectra a~e developing essentlally at the same rate. 

So the entrainment with clear 

tion of large drops approxi~tely at 

saturated air Slows) down the pI'oduc­

the same ra!e as the entrainment witq 
(~ .!-.. "'" , . 

cloudy air relative to the adiabatic case. This is sbown also by figur~s 1 
4,.10 and 4.11, ~.fi which the radius of the 100tb largest droplet per cubic 

, 
-., 
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meter (rlOO)' and the reflectivity factor (Z), are plotted as functions 

of height (time). 

4.3 Mariti~"cloud case& 

In this section two caSèS are examined assuming conditions for 

Hawaii convective clouds. 

Initial Distribution , 

The initial distribution 18 taken to be the same in both cases. 

" 

clouds are characterized by relatively smalLnumbers of cloud 

(~lOO cm-3) having relatively large diameters (Rogers and Jiusto 

Accordingly the following values of the parameters defining the 

distribution are taken: 

-3 r (~m) , '~ N (cm ) v 
0 

80 13 0 

The initial value of liquid is then -3 Fig. 4.15 water eontent 0.74 gm . 
shows the resulting 'number distribution'. The dispersion in N(r) is 

approximately 0.5 (0_ /"f :: 0.5). 
r 

Initial and Environmental Conditions 

~ CASE l '" 

\ 
\ 

In 1954 aircraft observations over the sea upwind of the Island 

of Hawaii were ma4e (Johnson (1957». 

During this project detailed vertic~l soundings ~f tempe rature 
ç, 

and water vapor content for nine non~ion8ecutive days were taken. The 

data of one of these days, 2lst of Octobet'1954, are used as environmental 
, , 

conditions for this case. Also the position of the average cloud base·' on 
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this day is given. The weather on 21 October 1s described as follows. 

liA few light showers were observed off the coast during the flight, 

while the orographie cloud was weIl developed and substantial rain fell on , 
the mountain slopes" (Johnson (1957). 

From the measurements the cloud base is taken at 700 m at 18°C 

tempera~ure. lts position is very near to thé lifting condensation level 

(LeL). Fig. 4.16A shows the environmental conditions and the adiabatic 

pareel temperature. A characteristic of this environment is that the 

relative humidity 15 about 80i~ up ta the inversion layer. ...... 

The updraft velocity is assumed constant with height at a value 

of 2.5 m/sec. This value ls reasonable for Hawaii convective clouds as 

shown by computed values of updraft velocity for some days with. convective 

activity ln Hawaii (Rogers (1967». 

With the above conditions the effect of entrainment wlth c1ear 

air and with cloudy air~s calculated assuming for the entrainment rate 

parame ter the value of 
, -3 -1 

R = 10 sec • 

The calculations started 300 m above cloud base where the adia-

batie liquid water content is equal to the water contained in the initial 

-3 droplet spectrum, namely 0.74 gm and was terminated at a height of 

2350 m, approximately where the inversion layer is found. 

CASE II 
.,.. 

The main difference of this case from the first one is in the 

choice of the en~tronmental parameters. 

These conditions do not refer ta a particular day but are Mean 

conditions for the period Il July ta 25 August 1965 for Hilo. (Lavoie (1967». 

Accordingly the enviro~ental conditions are taken from the "Mean 

\ 
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Fig. 4.16: Figures A and B repreaent the initial and environmental 

conditions,for the maritime cases (1) and (II), respèctively. 
In both figures the temperature pr~files are: a)'No entrain­
ment b) and ê) Entra1nment with clear and èloudy air reapec­
tively, for R' - 10-3 sec-l • 
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HUo Radiosonde nata' for temperature and mlxing ratio at different' pres-

sure levels at tlme (00 GMT). The cloud base ls taken at 670 m (MSL), 

height which Is glven as the median value for this period at the same 
1 

time. The cloud base temperature is taken to be 19.5oC to coincide with 

the temperature of the environment at this helght. These cloud base 

conditions are not consistent with the LCL or mixing condensation level 

(MeL), due to the way they were cho6en. This inconsistency would have 

little effect on the entrainment calculations, the purpose of whieh i6 

to see the magnitude of the influence of the entrainment of an environ~ 

ment of lower relative humidity, sinee the relative humidity of this 

environment is approximately 60% up to the inversion layer whi1e in the 

previous case it was about 80%. Fig. 4.16B shows the environrnental 

conditions and the adiabatic parcel temperature. 

The calculations carried out started with the same initial dis-

tribution ~d assuming the same value of vertical velocity as the previous 

maritime case. Also the initial height i6 290 m above the cloud base. 

The total elapsed time is 9 min. 

With the above conditions the development of the droplet distri-

but ion is calculàted with clear and cloudy air for the same value of the 

, -3-1 
entrainment rate parame ter R , namely 10 sec 

4.4 Results from the Maritime :cases 
, 

Figures 4.16A and 4.16B, show the deviations of the ca1culated 

temperatures from those predicted by parce1 theorY-J as a function of 

height when'entrainment takes place with clear air and with cloudy air 

for the value of R' a 10-3 sec-l , for bath maritime cases respectively. 
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Figures 4.17 and 4.18, show the deviations of the liquid water 

content from the adiabatic values, as a function of height when entrain-
, 

ment takes place also with clear and cloudy air for the same value of R , 

for both maritime cases. 

From these figures, whi~h show the changes of the thermodynamic 

properties of the cloud parcel due to entrainment it. becomes clear that 

sgain entrainment reduces the temperature and the liquid water content 

of the cloud relative to the adiabatic values. Also entrsinment with 

cloudy air reduces these properties at aslower rate than the entrainment 

with clear air. Of these two mari Ume cases the amaller d,ecrease of both 

properties occurs in the case in which the clear air environment has higher 

relative humidity, as wss expected. 

Now we will deal with the developing droplet spectra. Fig. 4.19 

i8 a plot of the droplet spectra f~ the adiabatic case (1), at time t - 0, 

3, 6, and 9 min. 
JI"':,!., 

Fig. 4.20A is ~"plot of the dro.rJ.et spectra st time t • 9 min 
;, 

for the adiabatic case (no mixing) and for the ca'se of entrainment with 

clear and cloudy air, for the tirst esse in which the relative humidity of 

the environment i8 about 801. . 

. 1 Thus we see that entrainment with clear and cloudy air both affect 

the droplet spectrum development of maritime clouds in a similar way to 

cohtinental clouds. In other words entralnment slows down the develoPmeQ~ 

of the droplet spectrum and therefore the production of large drops. 

HowlVer, this influence seems to be not as destructive in the maritime 

tlouds as it is for continental clouds. This becomes clear in Fig. 4.21 

which shows the changes of the radius of the lOOth largest drop let p~r 

cublc meter (r IOO) and the r~dar reflectivlty factor (Z) as a funètlon of 

height, for the present case. It le Indicated that when entralnment wlth 
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Fig. 4.19: Mass distribution, as a function 
of radius, for the maritime case 
(1), when no entrainment takes 
place after 0, 3, 6 and 9 min. 
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clear air takes place, r IOO takes the value of 212 ~m whi1e Z reached the 

value of 12.6 (dBZ) at time t R 9 min. 

Fig. 4.22, shows the change of the droplet concentration as a 

funct10n of height, ln the adiabatic case and when entrainment with c1ear 

and cloudy air takes place for -1 sec We see that at the very 

',' 

last steps (-9 min) in the adiabatic case (no mixing) the drop concentration 

ia approximately one half of that found when entrainment with clear air 

takes place. This is due matnly to the collection process. Since the size 

of the droplets becomes bigger in particular towards the end of the time, 

the collection process becomes important. During the Iast minute of the 

calculations the drop concentration in the boundary (radius 400 ~m) starts 

to increaae, which 1eads to a 10ss of drops at the end of the spectrum. 

However, this effect ls neg1igible compared to the total drop concentration, 

for the time interval considered. 

The big reduction of the drop concentration in the adiabatic case 

prevents the condensation peaks in the adiabatic case and in the case with 

entrainment from being situated in the same position, as they were in the 

continental case. 

Finally Fig. 4.26B shows the developing droplet spectra for the 

second maritime case examined, namely the one with a Iower relative humid-

ity environment, at time t - 9 min, with and withoùt entralnment. 

A slight difference in the development of the drop1et spectrum 

when entrainment with clear air takes place is indicated. Although the 

coale8cenc~ tail is develope~ similarly in bath maritime cases, when no 
( 

~ 
entrainment takes place, in the case of entrainment with c1ear air (60% 

relative humidity) there is a slightly slower development, as was expected. 
, 

AlI the other properties, such as r IOO ' Z and N, plotted as functions of 
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• 
height in Figure.s 4.23 and 4.24 respectivel'Y, behave in similar ways. 

From both maritime cases examined it i8 indicated that entrainment 

, ''';3-1 
with c1ear air, for the value ofl'the parame ter R equal to tO' sec 

delays the development of the drbplet spectrum ~y approxlmately 2 min, while 

~ntrainment with cloudy air delays its development by approximately 1 min, 
, 

for the same value of R 

4.5 Simulation of entrainment in the adiabatic case 

• 
Now an attempt is made to see what the effec~ is/o~ reducln~ arti-

ficially the adiabatic values of the liqu1d water content and.simultaneously 

the drop concentration by an appropriate factor, while the temperature and 

the other parameters of the ascending cloud parcel remained unaltered. 
( . 

The reducing factor was chosen from the results as will 'be seen later. 

~iB approach 18 use fuI from the point of view that in a more 
./~ 

complicated mede~ it might weIl be conven1ent if' the ~lear air entrain-

ment effect could be approximated by Just reducing the drop concenttatio~ 

ç ~nd the liquid water conten~. Also the cloudy air ~trainment effec~ can 

perhaps be approximated by reducing only the liquid water content, since - , 

the drop concentration" :i.s approximately the' same as 'for the adiabatic case. '1 . -
~ ~ 

To accomplish this,two eXper1ments were attempted, one tp compare 

~t~ cle~r air entra1nmertt effect an~a second corresponding to the cloudy 

air entrainment effect, in the continental cloud case. 

The previous results give the ratio of the 1iqui~ water content 
, 

whep entrainment with clear and cloudy air takes place, to the-adiabatic 
t - If 

liquid water content of the parce1 when calcufations were ~rm1n.ted. So 

• for the c~tinenta1 case this ratio, at time t • Il.5 min, was 0.55 for 

r 

, 
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the clear air case and 0.74 for the cloudy air case, 
,/' 

In the maritime cases this ratio varies according to the relative humidity 

of the environment. Thus for the 60% relative humidity environment the 

values f~r clear and cloudy air were 0.55 and 0.83 respectively, while for 

the 80% relative humidity environment the values were O.~ and 0.82 cor-

responding to clear and cloudy air cases, at time t = 9 min. 
'\ 

Thus, we tried to simulate the clear air entrainment effect, in 

, -3 -1 
the continental case for R = 10 sec , by the fol10wing two simultaneou5 

procedures! first by applying a reducing factor of 0.6 to the adiabatic 

values of liquid water content, and second by reducing the drop concentra-

-3 tion at each time step by the factor of, la . 

for the case of entrainment with clear air, for 

It should be noticed that 

1 -3 -1 
R - la sec and for 

continental cloud conditions, it was found that at time t = II.5 min the 

ratio of the drop ~oncentration with entrainment to that without entrain-

ment i8 also 0.55. Fig. 4.25A 18 a plot of the ~esulting spectrum at 

time t = Il.5 min together with that resulting from entrainment with clear 

air and the adiabatic case at the Bame time. Tt indicates that ~he factor 

O.~ gives a development of the coalescence tait st a somewhat lower rate 

than the calculation with entrainment of clear air. ~the other hand, 

the position of the condensation peak i8 somewhat to the right due to the 

fact that proceed~ng in this way over the first portion of the ascent we 
1 

get less condensat\ion and over the last portion we get more condensation 
\ 

than with the entr~lnment calculation. But this ls an indication that 
1 

! 
we can simulate ap~roximately the clear air entrainment calculations, in 

this .imple way. 

As far as t"e cloudy air 18 concerned two values of the reduction 
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factor were tested. 

First the factor 0.74 gfven from the resu1t8, resu1ting in a 

~pectrum (not shawn), aftér Il.5 min, which was not in a reasonable agree-

, -3 -1 
ment with the c10udy air case (R .. 10 sec .) .., , " 

, , Then the factor of 0.9 was tested resulting in the spectrum given 

, , -3 -l'· 
in Fig. 4.25B together with the c10udy air case for R .. 10 sec ~and 

0.5x 10-3 sec-l, and the adiabatic case after II.5 min. ~ 
It is apparent that the coa1e~cence tail is situated between the 

tWd c10udy air case spectra~ and nearer to the cloudy case wlth 
" . , 

-3 -1 R .. 0.5 x 10 sec . It must be noticed that the ratio of the resu1t-

fng value of liquid water content in the c10udy air case, for 

t -3-1 
R - 0.5 x lO,~ sec ,to the adiabatic value ls 0.85, at time t .. 11.5 min. 

Therefore, a reducti~n of the adiabatic values of the liquid wateT 

content by 10-15%, with the drop concentration remaining the ssme, 'simu-

1ates rough1y the entrainment process with c10udy air. 

This might be a simpler way by which the cloudy air entrainment 

.. 
process can be inc1uded in a more comp1icated mode1. ' 

" 

, 
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CHAPTER 5 

SUMMARY 

In this study an attempt is made to investigate the single effect .. 
of entrainment of environmental air into a growing cloud core on the dev-

elopment of the droplet spectrum. 

The model described by Leighton and Rogers (1974) is used to 

determine the droplet spectrum evolution by condensation and coalescence. 

Three cases are examined, one of continental clou~ and two of mari-

time cloud. The initial distributions have been chosen ta be representa-

tive of continental and maritime droplet spectra respectively. 

-J -1 The entrainment rate 'parameters used are 10 sec and • 
0.5 x 10-3 sec-le The vertical velocities have been considered constant 

st 10 m sec-1 for the continental cloud case and 2.5 m sec-l for the mari-

time cloud case. The aSBumption of a unif~rm vertical velocity ~f the 

rising cloud parcel is not realistic. Nevertheless by including entrain-

ment in the mod~l, under the same assumptions, a relative measure of the 

modification in the development of the droplet spectrum obtained without 

entrainment was given. Furthermore the fact that the vertlca~,velocity 
.., 

of the rising cloud parcel and the entrainment rate parameteT are kept 

constant with height 18 not consistent from a dynamic point of vlew. 

However, using the same method a more real1stlc approach could be made 

by considering~an entrainment rate parameter that varied with height. 

The results show _that entrainment reduces the tempe rature and 

liquid water content of the rising cloud parcel relative to the adiabatic 

case and espec1a1ly wh~n entrainment wlth clear air is considered. Also 

,. 
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as the entrainment rate parameter increases this reduction becomes larger. 

Furthermore entrainment does not influence very much the drop1ets 

that have grown by condensation, but slows down the production of large 

drops, especially for .~ntraintnent with clear air. In particular entrain­
i .. , 

ment with clear air-·slows down the development of the drop1et spectrum by 

approximately 2 minutes, relative to the adiabatic case, for 
, -3 -1 

R :III 10 sec , 

ln the continental case as weIl as in the maritime cases. As the entrain-

ment rate decreases the time las of the drop1et spectrum development also 

d Th h i f O. 5 X 10- 3 sec-1 ecreases. us t e entra nment rate parameter 0 

applied to the continental cloud case Indicates that the delay of the dev-

elopment in the elear air case Is approximately 1 min. 

On the other hand entrainment wlth cloudy air delays the develop-

ment of the droplet spectrum by approximately 100 sec and 50 sec for 

R' - 10-3 see- l and 0.5 x 10-3 sec-1 respeetively, for the continental 

cloud case. For the mari tlme cloud cases the delay Is approximately 1 min. 

for the value of • -3 -1 R 0:- 10 sec • 

Thereforê, entrainment of cloud with ite environmental air delays 

the formation Qf rain. as was expeèted. However this delay does not seem 

to be very signifieant, if it i8 eonsidered from the polnt of v1ew of the 

time lag, in particular when entra1nment with eloudy or saturated air taites 

place. 

It should be mentioned that clear air entrainment as has been 

modeled in this study is an oversimpliflcation. This Is because clear 

air contains cloud condensation nuelei tbat will be aet1vated as they are 

mixed in to the core of the cloud, a factor that has not been considered. 

Furtbermore entrainment with cloudy air (containing smali droplets) i9 not 

\ , 
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equivalent to the process of entrainment with clear air con taining CCN. 

~ 
But proceeding in this way an indication of the effect di smaller drop-

lets on the development of the spectrum was obtained. 

Finally from the intermediate assumption of entrainment with 

saturated clear air we obtained results very similar to those of entrain-

ment with cloudy air. 

This similarity is an indication of the minor effect of the entrained 

small droplets. In the case of entrainment with saturated clear air as weIl 

as in the case of entrainment with cloudy air the same amount of condensation 

takes place. The position of the condensation peak ia slightly shifted to 

larger radii in the clear saturated air case. Despite that, the coalescence 

tail shows a slightly slower development compared to the cloudy air case. 

This may be attributed to the fact that in the case of cloudy air, tne 

ent rained small droplets speed up somewhat the coalescence process by 

broadening the condensation peak, relative to the quite narrow peak appear-

ing in the saturated clear air case. 

On the other himd the only difference between the cases of en'train-

ment of clear saturated air and of clear unsaturated air is in the amount 

of condensation. The fact that in the case of saturated clear air the 

development is faster than in the case of unsaturated clear air indicates 

the importance of the combination of condensation along with coalescence, 

on the development of the droplet spectrum, as shown by Leighton and Rogers. 

Thus the results provide sn e8timate of the magnitude of the, effect 

. of entrainment on the drop let growth, and furthermore an indication of the 

. 
effect of small droplets on the development of the droplet spectrum. 

Finally the simulation of entrainment in the adiabatic model indicates 
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• that by just redûcing the adiabatic values of the water content by 10-15%, 

the cloudy or saturated air entrainment can be roughly approx1.mated. 

'. 
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APPENDIX 1. 

Computer Progràm for the Thermodynamic Procedure 

For the calculations of the thermod~amic properties of the r1s-

ing cloud parcel experiencing entrainment, a computer program has been 
( 

written. Th1s program was adapted to each case of entrainment (clear, 

cloudy, ?r saturated) with some slight modifications. It consista of a 
,.. 

main program, four Bubroutines and five functions. 

The subroutines, INTE'R. and MIXPSE, have been written to accomplish 
1 

" the problem ,of entrainment. The other subroutines and functions were taken , 
from a computer program written by N. Cherry.* 

The computer program of entrainment with cloudy air for an en-

-3 -1 trainment rate parameter '1~ sec ,ia g1ven below. The appl1ed 1ni-
t 

tial- and environmental conditions are those of the continental case. 

MAIN PROGRAM 

Input data. 

1. Vertical velocity of the rising cloud parce1 (V) 

2. Potentia1 temperatu,re aLthe cloud base (THETAD)' 

'3. Saturation mixing ratio' at th<~loud base (Ws) 

4. Temperature at the cloud base (Tc) 

• ! 
). 

5. Minimum height from the cloud base where the calcu1atioœ surt (Hmin) 

6. Time interval of calculations, in seconds (ÀT) 
~ 

7. Total number of time steps that the caiculations carried out 

8. Inrtial value of liquid water content at Hmin 

? 
(NT) 

~ Subroutine, INTER, interpalates ambient temperature and dew point 80undings 

*MeGill University 
Unpublish~ work 
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Subroutine, HTOP, calculates the pressure at each lieight. • 
c 

Subroutine, FIND~ calculates the temperature and saturation minng 

ratio of the ris1ng pseudoadiabatically cloud parce!, when equivalent , 

. potential_temperature (THE), and the pressure (P), are known. 

Subroutine, MIXPSE, carries out the three steps of mixing, namely 
~ 

pseudpadiabatic ascent, isobaric mix1ng, wet-bulb process. 

" 

Function, Es, calculates the satur,ation vapor pressure over the wàfer. 
\ ' 

Function, Tw, calculates the wet-pulb temperature. 
1 , 

Function, Ws, ~alculates the saturation mixing ratio. 
1 

, ~on, THAEl calculates the,equivalent potential temperature. 
*' '\, 

Function, THD, calculates the poteptial temperature. 

Output: .' 

At each time ste~ (i.e. height) the following properties were obt~i~ed: 

Pr:ssure, temperat~re, Baturatio~ mixing tat10, d~nsity, and liquid water 

, content of the cloud parcel. \ The,e,parametera are subsequently used as 
1 

input data for the computer program (Appendix 2~ which determines the drop­

let' spec~~ development. / -

,. ~ 
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... 

NAIN PROGRAN 

01 "'A"IS ION PIl ("O, , • TNI 90 t ,. W04 I?O 1 , • T (901 ,. TOI 901 , .0ENS Tv, 901 , • 
1 A"'LMOII ,A"'L2(90t 1 .AM' 90t). Tl( (10). TOX Il 0 ),NXIO' .NoX(9, 
OAr~ TX~280._.27J •• 263 •• 261 •• 261 •• 251 •• 2?1._~.NX/aa.115.S0.36. 

1112.1091 
DATA TOX/?80~ •• 21J •• 263 •• 261 •• 26'.,253 •• 221._I.NOX/aa.'15,50,36. 

t "2.1091 
1 T 1114f'.0. 

i 

qEAOI5,tO.ENO~6001 V,THeTAO.WS.TC.HNIN.A"'LI.oT.NT 
WRITEI6,601 V.THETAO,.S,TC.HMIN,AMLI.OT.~T 

60 FORMAT(' '.1Ft2.J.r.6) , 

61 

NTIC-NTt' 
.11-6 
L'HT 
" "8280.4 
CALL INTER(TIC,NX,T • .II,L) 
J2-6 
,,-NT 
TOC 11-2110.4 
CALL INTE~ITD~.NoX.TD.J2.LI 

TH~TA_THE~AD.~XPI1597.~ •• SI~10.2396.TC)' 
CALL HTOPIP,H~'N.O~.I' t _ 
~RITEI6.6J' P 
FOR04~T(' Pa,.rI0.2) 
CALL F'NoITHE~A,P.TH,., 
_RITEI6.6", TH ~ 

1 
64 FORMATI' TH-,.FtO.2' At ~ 

A"Lltl.A"'Lt.I,./10.3"e*~/TH'*1000:J) 
wAITEI6,67' A~LI" 1 67 

; fOOR"'''TI' "ML-',!IS.6) 

1):6 
00 6 I-I,NTX 
R"'l' '-0.0., 
00 500 '-'.NT 

500 

!Ii !Ii 0 

13 

Ka"'" 11'1+".'1' NI! 
CALL HTOPIP,H.O.,.' 
PRII ).p "" 
"'''LZ 1 l'·''ML •• , 1 dl 0.3411* l "IHI , ITI Il )*.000." 
TI"'e-TIME+OT . 
IZaNT , 
CALL MIXPS!IT~eT".PR,T.TO.RM.'M •• M.I,r2.A~.A~2) 
TINE_O. 
DO 550 I-.,HT 
TV-TMII ,. 1 '.0'0. 622*.M( LI) 

" oeN5rvI~'-0.).a,pql I)/TV 
T ,''''e_T 1"'I!+or 
PUNCH IJ,IPRC".TMII, •• M(I,~eNSTY(I)'.NLCI\.I.I,NT' 
1'011" A tJ!lE,4.5' 
.Alrel~ •• " , 

1 Z f'OAN.« IH.2X, "'. ax. 'P' .IIX.· TM' .llX. '''N'. 1 JlC, 'Dt. 13X. '.ML ". 1311:.' 
IA"'L'" ' .. 

10 
60C 

wqIT~C6.'11 Ct.PRIII.T.IJ'.WMI11.0eNSTYIIJ.AMLII'.ANLtCI,.la •• NT' 
l'OqNÀTI15.6el •• ~, 
FOIl", .. Ttl1"O.a .15' 
'TOP 
1INO 

-. \ 
, & 

"-

r 
i 

, 

4 

\ \ ,. 

\ 

0 

, 
" 

'" 
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C 
9UOROIJTINE IN .. elH,.l(. .... T.J.L' 

DIM6NSION TII,.TX,,).Ntl', 
13·0 
dO<!OK.!.J 

00 10 ' ... 012 
14=IHl 

( 

76 

TlI4)~11 T1(IK+l )-TlCIK) hl 1-1) I/INIK'-1 '+T)(IK' 
10 CO'HINUf 

13-IJ"'UK )-1 

.. 

( 

.. 0 CCNf 1 NUI! 

c 

c 
c 

C 

c 

l 
4 
1 

• 

ReTUltN , 
ENO 

H-H/IOOO. 
IF IH .GT.3.0' GO TO • 
P - -IOI.l.O.EYPC-O.122eH, 
GO TO • " 
IF CH .GT .. 9.0' GO rD .1 
P ,.rOO.7*eXft IC3.0-H ,t'.22&' 
GO ro .. 
p -JOS.6*rtX"I-O.156".IH 
P .P tOP 
CONTINue 
"",tt·IOOO. 
NErUAN 
ENO 

-9.0' , 

sueAOUTINE "'WPSE' rHE.p.r.TO.f'.TM •••• .JI • .J2.AIiIL.A .. l.2' 

OI~5NSION PIII.TII,.TOII'.ACI,.f.'I' ••• Cl,.AMl.CII.A .. l.ZC" 
CP.O.2J96 
epV-0.441 
THeaeTH!! 
CALl. l''NO ITt .... O.PIJI .. '.CJIJ .... CJU) 
.J5.J,'tl 
00 1 J.Js.Ja 
CALl. i'INOITHf:".PCJ,.r.iJ,.WMtJ" 
~W9IPIJI.rOtJI) 
AMLCJ)·.MLIJ-')tIW.C.J-,,-.M~.J)' 

'MIJ\-ICpeIT.'J.tRIJ).rIJ»)+CPV.I.MC.J)*TMIJ)+ACJ, ••• rc.Il). 
1 C ."LI JleT"1 J)'4"'L21 J)eH JI+RC J~ "/IC,.ell olOt""J".C"".C."I"'. 
"RI .1 , •• ,+1 ""'LI II+AC J)e."L21 JI)) 

""'LlJI-CA"LIJI+QIJ,."NL.2IJ')/CI.OtA(.Jr) 1 
W"CJI.I."'IJI+"(J).W)/CI.O.A~.J)' 
WI_.M(JI 

T"'I .. ,.rw'PIJ'.TMl") .... C"'.AML.I"" 
•• 'J' •• SIPC.J,.T.'"'' • 

- -

.. 

i 

t 

r 
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• 

• 

AMLIJ).AMLIJI~lwMfJ)-.I' 

TH"O-TIIAc\nIJI.TMIJ, •• MIJ» 
IIIIITI:«1'>.4111 T"'ED 

40 FURMA11' ',SPtO.2' 
FlETURN 
1:"1) 
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C 
SUOROUTINE FI~'OITHe.P .. T.O' 

C 

C 

c 
c 
c 

2 

AL .. 597.J 
Ra O.0611!>!>1 
Cp,.a.2396 
AKaN/CP 
EIfA-e.'OI 
ER-g.O'.ERR 
TO,.140.0 
or-IOo. 
e-E9(10) 
0"0.621 97.e/I"-EI 
TEST2-THE-TO.7~211.EXP(A~.O/l(P.TOI)/IP •• AK' 
1-TO 
GO ro 2 
T·T~or 

oTaO.,.oT 
H- IOT.LT.ER , GO TO 5 
e"t:.9HI 
0-0~~~191*~/ID-e) _ 
Ro(S.AK.oC 1 .0+ 1.6011*01 Il 1. O+0;""S2tQ/CP' 
THO"T.C(IOOO.~/IP-EI) •• RKS) 
lEsr2.'Hf-'HD tEXP(AL*O I(CPtTI' 
1-T':Ol 
f;-1!9CT' 
Q"0~2191.E/IO-E) 

NKSaAK*C 1 •• 0+ 1 .608*01'11 .O+O .... 652.0/CPt 
THO-'.IIIOOO."/IP-EI, •• RKS' 
lESfl.THF.-THD .ExPIAu.O ,ICPtl" 
1F IA8SITES111.LT.EARl GD la 10 
FACT·TEST'*T~~T2 

IF IFACT.L~.O.~, GO la 
Tt,S1'2-TESTI 
GO ro 2 

5 .Rlre 16~6) p 
6 FORMAT l' ·.I~X.'T AT P • I.FT.I.' NOT ~O~O'J 
10 RETUAN 

I!NO. 

~UNCTlON esc" 

TT-111.16/T 
A'-1.902Qe*ITT-I.Ot 
B.~"0280e*ALor'0ITT' 
C2-Ct .. 0-I.O/TTI.II.14~ 
C'lI,O.O.*C2-I.O 
C'-I.lftI6.C1/IO •• 1 
02*11.0-",.] •• 91 •• 
01"10.0**02-1.0 

.P 

,1 

, 

? i ~..; _____ .... 

\ 

---1' 
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O·~.'3'8.0'/I~.O •• J 0 

r a ALOGIOIIOIJ,Z46' 
FF.".:H+C tO+!! 
ES-IO.O*_':''' '1 

RETUAN 
~ END 

'" , 
C 

FUNCTION TVIP.T ",AML' 
C 

AL-591.3 , C'0.?3q6.W-O,~.I.AML 

05· ... 51 P. T' 
IFIIt.50,OS' G" TO 3 
or-0.05 
'F I •• 'L. T, OS) OT"~O.05 
'.-T 
RI"'CV-OS1-"L , , T.-TI,.,OT .' 'U-I 'V':GT 0'350. ",'OR. ,w.LT.ISO 0'0 t GO TO " OS-"'9(F>.TWI 
A2-,V-05'*AL-ITV-T'.C 

~ TEST-AleRI 
IF( reST.LE.O,'" GO Ta 2 
AI_RZ 
GU TO 1 

2 TWs TW-A2.0T/("Z-AI' 
R!:TURN ' .. 3 n.aT 
RETURN 

" TV-T ~ \ 
" IICAIT8(6.!U 

"1 PUR~A~I'D·.IDw"TW WAS NOT ,.OUNO sa Tv-' .',,) 
AETURN 
ENn 

C 
l' .. f'UNCrION wSIP,Tt 

C r .S-O.621~7.~SIT)/IP-~SI"J 
RETURN .f END 

~ 
C 

FU"C1ION T"AI!fP,T.W) 
C .1 

CP·O.23 .. 6 
1Il.-597.'3 
THAS-'HDIP.T.W)eEKP(AL·./CCP.,») 

A. w. .... RE; TU"N , 
,1 6 .. 0 

l' c ........ ""'..- :-..t , 
f'UNC 1'1 OH THOI",T.Wa ..-. 

C " 

IIK·0 .... 6. 3105 liIC 
AKS-A.-(I.O~I.608 •• I'I,.O.I.9.'S".V' • ~~ •• P/(0.62Iqy·.) 
tHO.T·111COO.~/IP-.,' •• ".' 
'U!TUAN 
END 

" 
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APPENDIX 2. 

Cloud Droplet Growth Mode1 

Some slight modifications have been'made to the model of Leighton 
~ 

and Rogers (1974) bo inc1ude entrainment. The program given below is for 

the case of entrainment with cloudy air (cont.ining smali dr9plets), for 

an entrainment rate parameter 10-3 sec-1 

MAI~ 'PROGRAM 

J 

'\ ~nput data. <, 

~. Timo interval, ln seconds, for int.gration of coslesc~nce and con-

" 
densation equations. (Df)· • .. , 

2. \,Time intervai at which complete spectra are printed out. (NP) 

3. Initial distribution taken at Hmin. (Number of drops/m3/unit inter-

val 'of J). 

4. AlI the input and output parameters of the thermo~ynamic procedure. 

5. The main program reads also the values of collection Kernel (V(I,J». 

found in a separate program. 

Output. 

At each time step 

corresponding parameters, 

tion, radius ,of the 100th 

the program cal~~lates the spectrum and its .) 

such as liqtid water content~ droplet concentra-, , 
-3 1argeat drop m , reflect1vity factot. 

Details can be foun~ in Reinhardt's (1972) theais • 
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l)(~1..."'·dLJ" "l(O~"Gc:(tj-:'J 

<. [J ..... u N / H c \ 1 / " a ~ 1 ." , e ... 1 • G 1. ( Il 5 1 • CG ( ~ :, 1 ... (U S) • x C e ~ 1 • l J. ). 1 • TI'" E • 
I<-X .J"A". J" H 
L("",," ~~, .. ~.!/ !.oLI(CI!.,./)I.Tl.l(CO!:J • .!I.cr;(rIHeSI."I"'Tce~I •• CI 
\..J'~-1,J'. I~"L\ J/ VI ~/.t!" 
C '- A <lJr, ~ A ~, A. / Phi} C ( 1 • ,,,, .. 0 CI •• 1 ÇQO) • Ut N,> T YI '} CO 1. ""l , ~ CCl. C. 1 
LU" 'WU;' ,,, Il ... I.L.L1 1'" r. ~(L .1<1\ IN .Vll G ''''''1. 1 
'TlCXlol 1/1.J·t.~~ï~·)I·lo\'I.-CI> 
WHI,,·). ~ 

'(LAt') (~,loL) LJT,~P 

1;:: nHHAT (F 1 0. 1 .lI21 
C).",YHT( 1. 1.1 4.11'0), 

f>1=Jol41~\l 

104 
101 
1 1 

J4L= J.~ .. l-4 

.. ( Il =;1" 
X( 1/=4.1 [-H. Rl'.] 
X{")(II ) 
l~=lG .. /AlCG':!. ) 
LJl=lJ/J. 

C" = X" 1 1 .llJ 1 
JM.)(=~I 

JM H."t 
J!)UP2J"'", A..~ 

OU IlA J"2 o.J .>UI' 
h(JI~C'" hIJ-I) 
XIJI=CX XIJ-II 

Ftl ..... '" 1~ ... h.!>1 
UU Il).! JE:>O. J"",'" 
r C J) -o. 
GCJI><). 

102 o('IJI-O. 

IJ 

10 

~["'D (!j,IJ) IIII.THE1.C •• ::..TC,,,NIr. 
rI..4""'T ('~~\ù .. ~1 

1'1:; :I,,~ TA, .. LXF-( (.,"7.~ '.::.11 (O.2J9é*rc, 1 
."In 1"' 01 dl \I\I.THcl." ... ).TC.H~Ir..T ... E 
f"wr"""AT t)Hl.'V -'.FU.2,' rHi.:l'ALJ t'.Fg.2,' 

\.F.ol ..... ' ... "'IN -'.fa,,:",'rtif.:TAE :' .. f8.2) 
ht.AD(~.4." Il 
~Ur.~"T 1 l,JI 
!;t;.,l.,,!>.tCI .... TwII ... l.CI .... "'Ll 

5u rUk~~T(~CI~.!>1 
JL.*\ 

N=NT-I ~ 

NT~~NT/~ • ~ 

.. '-~:>(~."I)I (1'"IITI.TVCITI •• (ITI,O&;NSTYIITI.","LClll.IT"I.,,) 
Tt;.~"'~IVV-.'7! • 
VI ~C't.T~C rL"'p) 

U=ftl 
TI"'\."O. 
vu\.. =J. 
laD. 
O,.j( .. Pl>~O. 
'ICÙI'j~1 
t''''''''' IN 
lJ(l .. I!>U Jal .:>~ 
1 (JI~, 'J )'\ ..... Ot 
,,( J, .~ I.) I~ iJ • f' ,J, 

<. 

f--­
/ 

TC: ,., 

'" 

\ 

Q 

-, 
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/'" 

t 

\ t 
''';1 

1 <;0 

l' (j 

c 

c 
~ 

C 

"1 

20 
JI) 

D'" J )=0, 
UU I ... t, ..1;<\ .J"',.)( 
F~(J)~HJI 

,.? (J 1 =(,( JI 

1,'-ITIALll. ,f.>f("TRt..~ .... r LwC 

DO 20_J=JIII",J~IJP 
Il (I,,(J)-I.~-, .. I jC.JC.19 
(,LIJ)=ALGloI,,(JII 

A'''TIJI=(,(J' 
..101=..1-1 
LIU 40 '-'..1 • ..1 .UP 
F(II=O. 

DL( 1) *0. 

CoLII)-"-ltlO. 
40 G( 11=0. 
~IO GALL TfA~IMl"lo~.J~' 

VuL =UG"'11..l 

HI "r=Vl.ol 1(01 10')0.1 
Lü ~2'J J=I.J~ 

<!2U AI",T(..II=X(JI'(,(JI 1 
Lt..LL Tt ... ". 11,,( h.) ..... J,.,) 

l=~".f- +0/( 'u tIOr,,,O~ tlJ' '''GP 
li 0=\ Ù. .. L Ll.I 0 1 l ) 
lJlJ .:c!) J..21 ,J"4 

.!2', A1NTlJ)ofIJI 
CALL r~AFIN(DGF.J~1 
L..~UP:;=l)(,P 

..... lTl:(l.~-;j TI~r,,,.j:.OI.TVI/.a."~LI 
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2S FUHMAT (IH1. 'TI"c.e',Fe .2.'HL'('HT=·,Fe.l.·PPI:~Sl~~='.~e'.1 ~'ûEe.$IT". 
l' .f ....... ·VIF'otT. TL"'':,:' .F8.1.·~A'". PlIX.RATIO.- .Ë1Z.J.· .. ML.:'lt • .. E.12.3.1.I 
2) 

.. "', Tr: (6.2tll 

FuHMAt (ld'l,JX.·J·.IJX,·!<·.I'/X,·X·.lvX.·F· .. 1IlX,·GX·,18X. 
~,,'TL ( ..... l.!1 (J.~(.JI.X(JI.I(J),L(JI.O«;i(JI.Jal,J"'.XI 
Fd ... tot,\T (15.';C~\J.6) ~1 

""LL PIOC( JI/Jel 
WRITI (ooJ::.1 VCL,DJOCPS.JIOO.ltO 

• CG', 

~l.I"'MAT (lH .'<.lNCE"'T~ .. tlLN~"U"'IT VOL AHI;· •• EIS •••• <ill4 •• :!',E1S ••• 
!·UHOP:'''M''J'.· tee Tf1 D'lep 1:' 1,.. CATf:(,CRY' oIl. 
l/' ,~. ,f-loJ.,,.' <..l') 

l<t.AI.1 (lù.7 v l (-(\I(1.Jlol'I.~" • ./:1.61, 
Il '''~~T (.OA" 1 
L'tJ l \h.'!l r r cl ,N 
t"'l""") 
T'ilL rl"L.dT 
tt .. !tllf, "'w '1"Tt "Il 

J t (l' .' tol.l) J' T ( 1 2 e 
UI< .. I.l, ••• ~IIII/1 "oIyqT-1) 
LIJ rt) .. ~ 

U(,~lk~'.T'r1 T)/('Il 
.'~\I (\. N r I .. Ut. 

A~"",~AiLt...., C L-,J 
1 A,,>UdtSTYlll I/Ul 
.1/011 N·l 

\ 

\ 

L 

-

/ 

:~ \ 
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Ov iJ~ J-J~IN,JM 
1- , JI: 1 1 J r, L1./ 1 c.. CI. 1"1- ( .1 l .. .,h+ ( 1 • / Il)0 1 • 1 *f-:! ( .)J" Cio '" 
"(J):~(,)I-A' ;j1.lJ 

(' 

C-

t 

t-
e 
c 

VIII l, lit 1 t' (}l 

L t~ (.t. , JI" ~ ~ v'. l, , J ) 1 

CALCULATt ~'A~bL I~ SFlcr~UM 

2"0 C"LL ,,"tth(Jr~ 1 

• '''"H'''' 
Ou c1'II) J~JWI N, tA 

t,(J)' ,(.11+\)..,1.1) ùT+(lolI4t>J'IJF-NS1YIITII."O.J 
, (JI-,.I,)I/"( .11/,)1 

II- (',(JI-loo-ICI .1(,.7C,2eO 
-'7') G(.) I~O. 

r (JI.\). 
ù(,(JI20. 

\OL(JI=-lIJO. 
GU Tf) ""')", 

::or') I>LIJ)=~L\,"("JII 

~ Il) Air. r 1 JI" G 1 JI 
J/oO= lA 

c.LJ ro 2'> J 
L \/2 .)"'-,)-1 

.:"4"1 J ,J1I4.Lc..J04AA) 4",C le J95 
IA .. J:-IAX+I 
Où .!(14 J:(A. f"" 

c.( J I .. O.''\; 
F- I,.J 12 0. 
DÛIJI=O. 
(,L 1 .).12-1 6(). 
Cü~T INUL 
JM 2 J~AX 

CALL Th~PIN(ùGP.J~' 
VUL"U<.IJ/ i.J 

291 ub ~Ul J::&JItI N. JM 

.!"I AI ... rl.JI:\o( JI' ~(JI 
L"lol- ThAP1'«Ul>P.J"" 
L" ' '" • f- + tl / { ". d b ~t> 114. lJ 1 • CGP' 
/1 C~IU.· "LL<..1 (,II. 
OU "H~ J=J~I.~, .1:4 

'?'J2 A1NT(JI=-HJt 
t~Llo T~AP1~luGP.J~~ 

UHI .. J.'!l-:sUr"JJ 

'-AL~_ UI'tt{JIJ1JOI 

-.., " 
uurpJ~ L ~.~ Nf.. !Pt(T~UM 

.. 

l'b "RITLle.;:") TI~f ,11.F""TI,lJLr..STy(lTl,TVIITI"" I!I,~"LIITI 
II' IM'JI1I1T.'1/'" JeC • .?tc.J70 

Jh" .. p r T'_ «/.).13) Il 

.,'ITt ~,.J~I IJ.rHJI,F.(J,.('(JI ... LIJ,.CG(J),J~I.J~1 

~'-' ',J""~'À' (lH'.jX.·,J·.1JX.·~·.'&.,X •• F·.IÇX.·G,·.IEX.·GL·.ltJ).·CG·, 
JI,) " .. 1 TL (,,,..loI VLl .IlH:~S,.110\),lIO 

It (1,,,. ~'J.l l "LI " ICCO 

"'~,..... .... 

?~ 
_": f·t 

" ~/ 

.. 
, 

~ . 
'~ 

~ , 
~. 

"~ ,r, 

~ 

t. ~ 

, 
.; 

j 

~1 



JO 

• 

(/ILL '-'.tH IT, JMol) 

1.." '" ~l 

1 (,U TIJ ':11 
100lJ LII'HINUt 
,! 1)01) L ALL LX If 

t..N.J 

CU""}T'J",")' ' 

, 83 

.... Ul) ~LJv TI I\L 

(.uW~f)'" / .I1~ ,,1,/ 1 1 Il 'II. ( 1 tl!> ) • CoL ( e ~ 1. ur; (e 'II • ~ (6 ~ 1 • X ( 8 ~ 1 ./ J. I.l • T 1 ME • 
IL)... J'A.\,A.,JI-I, .. 

Cl),... .. U~4 /A#IA.~/ JLJ(E-=.o),Tl.tC(eb.21.Cl..~f-l"tf1'5,.~1t-l(f:}!)."'1 
L"tJ''I4l,.N /".tI\1/ tI(~7.t-j,) f 

CI~W ~L",,//,"'t ~ .... /PI T Y 1 Cl CO 1 • ~ "l ( .. Û CI. ( 1 
, (ut'."{Jf'.4//\'t ,'~/IItII..IJ1"'J,\t(L,h.ArN.Vt:Ju." 

oC 1 t '( ) - ( ... l t- ). ~ •• .!. .. ':. .. Il X ..... il! ) - ( ! •• X'" oC 

C. ~ !. A ) .: ( A .......... l '-" •• JI. .. ,? ) - (.4 • , )( .. 'il' 1\ ... " ... J 'G ... )(» 
<.. j ( ... ) =. ( ... ..Ji' \ J,' X •• .1 .. 1\ •• X) - ( J •• )1,'6 ... 0\ .. ~ • ~ X". ~. 12. ) 
<.4 ( A )..:. , )( ... "t- t1 • ,,)( '" • ~ t 12. ... X) - (2 •• X ... 4 + 
..... '') ( li) ':. ( A ~ • ) .. A • f ~ .. ( • , ;l ) - • A j • .1\ + 7 •• X •• 3 ) 

C f.J ( X , ~ l " " t ',) ..... "X J - ( .:! •• X ~ • .l ~ 
HL~j.'I'lt-4 

IUK:O 

.JU" J'" 
NI T"1 
w .. ITC co.le.!, 

1 Oo! 
\> 

f·I.lHr~Ar "11IÙ.,J~.·Tl.,c;·.7"'·"'IT·.JX,·.J1.·.<jX.·TRA1,.~}I"UINT'.81l. 
1 • 1> r r !> T •• e ~ " TeT 0,) 

T~/I r~A"L «( TI -AMl. L 
JL..& JfiIo1I 1 " 

PT 1:. • r ~ (IILL h'.:sl G 1 ,/1 C,t" ST 'l'liT' "1000, ,- t! 1 NT - T';A T 
1,- O·T .. .>T.c:.O." GO Ta 600 
.J'4I"~JL"H 
TL T-fO. ,. 

.>0'> "kl·~I-((:.101' TI~'I:..r-IT.J'4[N.TfI"'.t![ .. T,.PTlST.T,CT 
1)1 '-(/I.'4AllIA.L1<!,4oll~.1[1!.4' 

II' (N".l~.lbl I.oU te ~<;C 

TCT=HI.J"INI·;:-I«JLH'2 
'f- (",(Jill' ~+TCT)."T.\-(JI"'II".21 JO:J'''1 
Uu 
~u "k\.mcl 
If ,J>lù.GT.J",'r.1 GL. TC 210 
HAc'lIJLI .,r, ~ 

I.oL""( JLI ... 
\;0 TU .. ,,\: 

:? 10 "A" "u,B (f1l1'~O- TC TI 
,..JI<~I'''lJ' ALOG(I'''\I'~ll 

.J l '" IN TI 1- J'/I 
P=I'.J'<-JI 
I~ I.JI,\.<;.,') Ge TC l!>O 
Ud 2.:!ù to.,,::!l.a 
II- l''LIJI-.H ... '.LT.-17.,,, GO TU 2!50 

l"O CU!'.T l"ul 
', .. a-LI ( ... 1 • lA.. ( .J 1-2 , / 1 ô! ~ • "Cl ( P, ~Ol. i .J 1- 1 1/2 •• -C,J ( ~ 1-01. ( Ji III a .'.C. (P ,. 

It.l (.Jl.II.I}LI-C50'1,.,LIJI.;:1I24,tC6lP''',iL( .JHJI'120. 
1.0, Tù u. (. 

, 

, .. \ 

~. 

J 

1 
\ 

, , 

, 

\ " 



• 

.' 

• 
'. 

\ 

400 lH,I./',U)~IJlll/lIl\)'''!>.GC 

461 L '''rlNUli' 
vu '>lJ'-"J/lIN.JU 

~II) ''l''TI.J'-(.,(,IJ' 
CALI- T"Afol'" Jvl .JUI 
T , NT JI: U t ... flll J .... 
I~ IllJ"-.t,l.l. l,') lC fC( 

l'A 1·1 r H.T +Vf' , ... III tE"S IYI 1 TI -Iùaa. 1-8 INT 
Tf. ~ T;;;r.A,T-THA r 

l, ITV,TI q~O.taa.4JC 
42') J'~I"=J/II "tM 

'" l ',rll T. 1 
P.TL',T=! .... 5T 
( .. Ll Tn .. '0 'j 

41J II-I ... ,,:,(T~:'J).-A":;IPI,.STII 6CO.6CC.4~5 

"2:. Ir l'lIT .... T.II (,ll le 467 
.,,04IN=.JL 
vO TU bOC 

467 10K=1 

"'04 1 N=." '" "-NI 
PTL:..T=T1. sT' ( 
.. 0 Tu 20!>~ 

h'JO .-foll TE 1 b .1 C ) , 
It)O l-uh"'I\T l' TC T 

CALL lX 1 T 
SrAllC~ ""h.EO') 

1 
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MIO ' ... 1 r~.(e.IJII T 1"[. r-I' .J"IN. ' .. A,.fI NT .PTF.~' ,TCT 

, 
1UU 

720 
7Jù 

J\4"'JU 
Vu 700 "'~J"IN.J'" 
vI J~-;()ul . .JI 
1:>1- 1 J )"' "1- û~ IG 1 J ) 1 
P(,( JI"'O. , 
F ( J' =(, ' • .1 1 1 L< ( J ) 'l .. 1 
IF (IJ,.;IN-JL).L .... C 1 GO TO 7JO 
J"I ~J"'IN-I 
L>IJ 720 J"JL .J"I 
O"(JI"ù. 
(o( .11"0. 
1 ( .1)=0. 
"1-(JI=-luO. 
CONTINU! 
\flll-cT 1 NT 

Ir .lJI-I-J"'''''''' Il>C.7(5C,140 
7.0 J/t4,J"Ao", 

C.( .11.1)"0. 
f(,JUI-O. 
l)(,~ Jill =0. 
GL 1 JU ,,,- 1 dC. 

7"0 C lI" r INVi 

tlOO 

10'3 

H. TU.lN 
TC r =0 • 
.t~1 Tt (b '.lIl T I~r.f' IT.JMIN. ,,.ÂT.tJINT ,PTeST,TCT 
.. " 1 Tt 1 ... 1 C~.I • 
~ .)~ .. ,\l l' rI) Cù·.Ot"~~T ION THIS !Tt;I" 1 
1.,. TV~N. 
1 t.O q 

:>u~I.l,U r 1 /011 ... I> .... rl\ J" 1 

f 

'-"''''1\11' JII'LAoII 1 1"",.G(U~I,GLIIl~I.IlIo(tt'jI,'lC"e) ,.\(RfJ ,lJ,'XI,TIMe-. 
I,-,.,JIH\.J"'I.~ 

\ 

... 



• 

c 
C 

r. 

<100 

'lOI 

0,1011 

910 
C)20 

C 
C 
C 

20 

"eO 

\1111 

30 

" 
35 

t 

9"9 
90,10 

/10 

-" ,,!> 

1 
,1,000 

IOO.! 
")0 

• 

" 
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C. ... ~'~UN /A ... f:.All ,LlCle~.b),TLICCC!l/o!I .CU~FI''le5101''''TlfI~I •• G' 
C.L""'lH. 1'-.<. /\JI vI ~7.e1) 

LL""u"/lIh, ~~/P .. I"C~ 1 .TIII )00 l ,.C''''') 1 .CE"'iTYI9CO ',~"ÇOCI.C 1 
A. J-Al 1.. ... 1 LJI ' 

... lb' I}I" L"',--Ll..S!l l ~L'I' 

J.4~- JMJ". 4 
')).:;;.JMlt-.t!) 

OU ~o!O J"J""". J4 
bO 'lOQ JP"'J"I,"'. J 
AI "'TI JI'I ~(.CJP). VIJF,JI 
"'= J+ 1 
OU 101 JI- =".'JfoII 
.. 1 NTC JPI =yUP ,. IICJ.JF' 
CALL Ir'H"LC"CO .... J.3'" 
il' Cu ... r'.l, .'lol (,0 IL 90/1 • 
1'- (I/.L,lUX(JII+.,LIJ'+ALOGCOGII'-AlJ,.'GT.-179,J GC- TC 910 
OGCJI=O. 
(,u TU Y.!O 
[)(,CJ)--J\IJ""C JI .. CG" ... ZJ 
<'-l/NT INIJt: 

lll:-G I!JN Tilla G"'I~ He Less 

If IJI<4IN.(,ToI' GO TC 35 
GL =l M' ( TL 1 CC !.> • 1 ). Gl C'" ) + TI..l C C 5 .2) *GL Cl' , 
u">-"U.~ l\Ct,' '(,11,. VCt", -Gc,e li' U-XIIII 
Lld quu J'-=J4II .. J 

AINT(J~'=GCJPI~ VCwF.c' 

"''' .1+1 
. 

()IJ '~1l1 JI'-="' • .III 
AINT(Jpl=(,(JP). ve6.JP' 
LALL I"Tl(>LIOG ... ~.J~I 
U(,~O)-XIDI'CJ~p-G(e)~CGM'/ZJ 
J ->-.. =JM 1 r •• 6 
D') I02() J-.1> ... ", 

JU - J-" 
A,,,,rIJI.I:O.' 
"'''JD-1 
U~ 1I~0·J".J41".'" 
C.ALL INTfRPIJ.JPI 
IF- IC AL:t" 1 ",1 I.ALCCiCiCJF'Il.GT.-17901 
AINTCJPI=O. 
(,ù Tu 9'}Q 

AINrIJP)·.GI-GCJP)'(XCJ)/eXCJI-X(JPI •• 
CUI"l .. I.L 
I~ CJMIN.~F.~J GO le /le 
~GP·O.~ ~I"TIJP) ~ 
(,Ù Tl) .. " 
CALI.. IhTLCG(OCP.JCI 
,.,,, J-I 

\,lU 10UO JP~JMI ",N 
A.I\rCJt',.C,CJPI. VC~P,J 
Où -luO..!' JpaJ • .111 
AI"'T(,J .. ,a.,.(Jp). V(J.JF., 
L~LI.. J"TtvLC~~II.J.J~1 

uv(J.' ACJ)*C~G~-CCJI.OGNI/'J 

, ' 

./ 
GO TC! Ç8Ç 

Il 

.. 

t 

/ 

Il 



• 

,1 

10,!C CùNTIIHJI 
C 
c 
C 

HH.lUN H1I •• _ ~- ( .. '1" (~LY , 
If l.m.CI .J"~X' cu le le", 
IAsJ"'+1 
1 Il'::.) 4 •• 

If Clu.c.l.J~A)(1 IUsJ"A~ 

Od 1 u .. 1) J" 1,\ • III 
JI)-J-~ 

AI" T ( JO 1 =1) • 

M~JI)-I 

lIll 'ù! C JP;J '" l ". M 
l.ALL /IooTlI'HJ.Jf" 
Il c",,/,,').J,) ('ll lC 10211 
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Il ClhLCJP"ALL(,,(aCI)).(,T.-179.) GO Tt. 1029 
1 02 ri Al" TC JI' 1 =0 •• 

('u TU 10 lU 
l1J2" AIi'<TIJP';)\(I)/(XIJ)-XIJP)).",CI"CIJP) 
1" ·'IJ I..u"T 1 NUF 
6G LALL INTle" CûCP.JC) 

Hi":.. I~ lu" .... Lf.).) "u le IC36 
Ir I(ALl.ùIL.")+AL(((J(IJl)-A~J).GT.-IN.) Ge la ICJe; 

t ')..>f., r...ut J)= lJ. 
GU TCJ I04C 

ICJy OGIJ)- XIJ)+UGPIIJ 
l'_'.v (!J"'T/NUL 
! ')~ 1 c..I .. 'r r 1:"IU2 

hl TU';N 

t.NIl 
:'Vc"UUT jNF ~ JLPO 

LC,."..,,," /~"l"l/ FIB5).C.(Il.».GLC8~).tltt(e5).R(6!!),'((8!).lJ,XI,ToIIllr:. 
IS.A .JNAX, JMI r 
C" .... UN l'A~ .... ?I 51 I(U,~.,,).TLIC(f~,2),CCE.F 1"'le5),~''''T(e!) •• CI 
Cu'U,N IAh_.UI VltJ7.d7) 

(l""'UtU~',t..A,\ IPIlI r,C () , hl 90..0, ,iii C <;00) ,C~"STY (9CO), ~"L (<;00) .C 1 
c 
c 
C 

~I~ POINT "''11) l .. U l'lI'" t."'C; .. ANCE /I>TERI'CLATlCN CCE'fICIENtS 

ll .... I'.b~JIl71e 
Ihl 500 1 =1 .~ 
TL 1(11.1 )=C. 
nlr::II •. u=O. 

o V,ù '>00 J"I ,., 
">00 '>L ICII • ..1 )=C. 

UU 5~ù /~" oiS 
(l''C.XI'' -1) 

IF (':'I-O.ùl) :>IJ,!:IC.fIlO, 
~lO J).~.-Y.'Cllr .. ,. 

lJ::. ... -4.4 C II'J 
O.:J.-It.'-(I') 

D~l.-C I/L 

IJ=It-(.II'L 
A .;-ec~ l'") 

IIU h) "., C 
~.O A.~LIAL0~11.-~I) 
; l,) It'JIô ..... ~ 

A ... ':t~" •• 

1 

.." 

.( 

'" 

" 

", , . '. \ 
li, 

" 

, 

+ 

.: 

! , 



• 
t 
1 
~ 

" 

~ 14 

A.J ..;A,IIl" 3 

A.:. =149:" 

J-I-.. 

'. 

uO TU (!>.:.2 • .JJII.,:;3.,!~(,!.Jtf!>16' ... .J 
'lLtL( 1.1 )=(-A'.l-_ ... ~ •• t:.'A1J/'c!() • 
.... Ll'-C 1 • .:::: ).:(A ... -1. "'''J. ("!.-A~ tU.'~) 1.12-. • 
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... L te( l ,.,). ),:("'A~~t t, l/A.~ - \7."".,-(2 .*'1\4-1.11"3)' /l 2. 
_ILIC.(1~'.)-(i."'/J",-i."'''~1tl~ •• (A'J-l1.lIA2 + ••• A)J/12. 

~Ll(( l,t..>' '''''\''J+lb.,Al. -( ..... J.4 .... J.J-12.·"»/?,. • 
.:.JLIL,J.f))-,(').tA ... -o •• A"(i\., .. t: •• AJ-~.·A.I! )'/14.0. 
TLIU l ,,' )'~.1 
TL 1 C ( 1 .l ) _'</11 

Gt) Tù 54 C 
::»L1CCrl,t, =-( ("J+e~,."2 .. ?74 ••• )"( 15.'A4.Z2~."A~.12( .. »/12C • 
.::lL ICt ~.#!. )=11 A~t<.J~ •• "~+~2.4 •• Al .116'''A ... 260 •• A~''144. »/24. 
~ LIe l " , ~ ) = -( ( ,\!J , 1 Cl ••• :: • l 'J 6 ••• 1 + ( 1 7 • '.4, 3 0 j. tA. , 1 t! C • ) 1 ~ 1 2 • 
5L l' f ~ , ... 1". ( A _,; l '" Il ..... ~ tsJ tj • .,. A) .. ( 1 tJ .... 4 t.J 7 2 •• ~è. +l40 •• »/ t 2. 

!)1.. 1 ~( .,).!..J ) = -( ( At ... 1 ) 1 ." ,..! .. 1 O.! ." A) + ( 1 c,. •• ~ 4 .. '40 6, 1 •• A"".!6 C. ) ) .J'2 1\ • 

~L 1 C l "1 • u , = ( , A', • 1 ., ~ .' ~ ~ t\ 0 4 ••• ~ ) • ( .! O .... ", ~ tI C •• " " • 7 2 C • 1 1 / 1 2 ( • 
Tl. 1 cc·, • 1 ) = -4 - J. 
TL IC( ~.2 )=""4. 
LU TU 540 

" , 

'>l IC( 1 01 )=-(, "'5'J~ •• ~~ 1,4 .~AI f( tO •• ,,4.CO ...... 21l ,12(." 
::.L 1 C' 1 • ,. 1 - «( A r, .4 1 •• " J' 'O.' Il ) , ( 1 1 , .. ". to{) 1 •• A 2 1 Il 2" • 
-IL 1 C ( 1 • J ) - -i"( At ':;" 4 <j • 'A J • -\0. ~" ) + ( 1 ~ ... Ir. " t 7U. 101 "1. ) t /12. 

,.>LIC() .4)=(1"5'J>jH~J',\O'~")'I.I:!.A""411t)f,."'211;\ë. 
>L 1 r: ( 1 • ~ 1 "-( 1 A ) t 7 1 , •• ~ +12 Ù. H. , • CI .... ". +15 ... • A2 Il /2 •• 
:::..L l:( 1.6':(( o\.':i+tj--,.-.:+J.14 •• A.+( 1 .... "4., 1'5."1\~+ \.,(. ,l~t 20. 
TLIC( 1.1 )--11-2. 
TlIC( L .LI" ... ). 
Gd TU 54 J 

5~6 5llClI.l )=-«(A., • .,.· .. ~-5 ... A~).(~ •• AI.-~ .• AII~120. 
~L 1C(1.,,"(( ~5+7""~-é ''''''''+(0 •• ''4-8,.'') 1/;;:4, 

,. ;!LIL'l.~")~-\(A.)"1\.'~1.-I.""~).';.·"'4-1.!,""'»)J'1~. 
'')L J\"'(I.",):::(CA5+ll~,,"~~"',,"'A~)+(i!.:6 ... -l4,"'A)J/12. 

~L Je ( l • ..) ) =. -( ( A.:".2 ~ •• " ':;-l4t • ) + C " •• A 4 - 2!l. -.4+ 1 .: ••• ~» ) ~ 24. 
SL 1 C ( 1 .u ) = "'.\,, + j" , t A J' 2" .' A )-, Ile. ~ " •• ~ ù." il é ) 1/ 12 C. 
TL 1 C (1 • 1 ~ = -,\ - 1 • 
TL ICI 1.<. )=".Z, 

54l' 
C-

LJI\T '/4UI. 

C 
C 

UÙ ,50 L = 1 .'\ l 
t:ut FINI.' 'L-I 1"2. 

-;5')· CIILFINI<!'L )=4. 
rlt: TVIIN 
t'je 
:.u",tJUTI ~~ l "TlC.,,(CGF.JlII 
(lj"4'luN tI- ... ~I/ r(1!~),G(U~.).(iL(e~),cr.(!l5),IICe5I.)(C8~-,.lJ.H).TI ... el 

'-Cl(. JIo'A X. J~ 1" 
CtJ",~,JN ~ .. "c.\!/ .>LIC(e!>.Q).T.L,((e~.21.(CfFt"le~I.~f"T(8~I.'C;1 

• '- u"'~U'" "" .. \. \ j 1 \1 ( ~ 7 .I! 1 1 
r l.. .... (j/u ..... ~~"'''~, ~CC) ., ... ,.,,00)0. ('iOCC 1 .UÇ,..ST't ('}CO I.A"',,( .. CCI te 1 
H (J,I;,,"II.-') .'QIlC .~·HIO.2'NO ' 

u""·O· 
,H) .!~7() l "=J'I 1 h, ..le: 

.. 

, . 

'. 

" 

" 

.. 

, 

, 
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.... 

(,U· T1J .JU f IJ 
2Qd,) t."I-"I"[NIIJ~INI+""'Al"IlJMIN.l).AI"'T(J"IN+;U)/~ • 

"U TI) JUbO 
2'l?Ù Dc;l>f~O. 

JL=JT/~ 

Ir IJT-,'J'-' 3C(,0.~tl(.jOOC ) 

JT ~JU-'J'" 114'[ 

J 0"0 UI,P-7.· AIN fI J U ) ~:l,> •• ,. 1" r (J Q-II • 12 • HA 1 NTI JQ-? " ~Z." AI" 11 J Q-..l1 +7. ot "1 
INIIJU-AI 
LI,I-.>. f)c;~/45. 
I,J=JO-!> 
(,Ù TJ Ju.:C 

JOI.O U"P:-'.AAH.TlJYI~J •• AI~IIJO-I"9 .... INT(JO-21.J •• "INTIJQ-JI 
O,,~ =0", 11:1. 
IU=JO-4 

JO;>0 ,1- IJr-!:>I JO;C.J~~( • .:!UC 
JOJO U"PT~AINl(J.I"'.AI"T"I:.11 

K~J"IN+\ 

Ir l"ùDIJM[~").L~.I' CJ TO 30~e 
0030J;'IA=«.,IU 

JCJ, [,(,PTO:!I(. ... T+CJEF INI I.Hllo"I'iTt lAI 
GU Ta 30.,0 

Je]!> t.u 3040 IA~,IC 

..1040 ù(,PT"Dt,P T+c.)~r INI lA ' .... INTI lA' 
100:.(. l."I--O(; .. +(."PI 1..1. 
JOt>.O I<~ IUHN 

tN(J 

.... '..l''uTt,...r l"I'Tlf'l (VC~.LA.~B) 

, . 

(')"'''1]1'1 1 A"l.AII ~ 1 e!:» .Cld!:>1 .CiLltle) ,DG18SI.R11I51 .XI8!!) .ZJ. Xl.TINE. 
IL~.J"AX,J"'J~ / 

C, ~Mu" 1"'.l~.!1 ~Llql:e.ClI.TLICII:!::.21.éoEFI"'E!!I.H"T(8~).'GI 
C"M"'U" 1"' .. lAJI Vlt!7."71 
C~~~UN/A~LA4/PI<'Y(()"'1900I,~190CI.0[NSTYI9COI.J~lC90CI.CI 

10-"0 
1': ~O 
IF l'4IJDIJ'II.,.?I.~Q,CI 1(:"1 
IF IMùLI LA.2 J .l:u.1 'I '(;=1 

L. T-LA-JMIN+I 
I~ ILT-j 1 4)'JJ,402C.IICJO 

",000 1.>""-0. 
Olt '.010 IA<Jf'.4'''.L.,l 

"'010 ùvW=U""'+.5'AINTII~' 
lo,) TU 4' JO 

4020 

'1030 

lh. ~ = l ,\ 1 N TI J H N 1 ~ " • '04 1 r. TI J MIr.. 1 1 II J • 
(,J Til "'1 10 
()',Mr;;\l. 
"A~LT)..d 
IF IL.T~h'~1 4040.4C",,0.'I040 
L.uNTINUI 

" 

Uh,.=.>.! •• AI"'TIl."-I) +1 ••• ,lINTILA-21 • .12.*..,INTlY'-JI.7 ••• "'''TC .. ''-.' 
Olt"n::O ... "-".!.'45. \ 
11\=l.A-S \ J • 
vU Tu "'000 

"'o~ù L.U"IINUt:. .' 
LOI .... I .... • AI"r(LA-1 1.9'''~INT(L,,- .. )+J'*''I''TII.''-J) II', 
Ih.%LA-" 

.Cb.) Il ILT-<;I .. J90,-O .. C.II070 
"070 V" .. t·\INTlJHNI.AI"TlIlHII 

• f 

- , 

, 

t 

" -



'- L 

~-

" 

! 
" 

• 
... 

• 

J'" II-J~IIN+I 

u/l ~\j)O 1~=J"'It-I.It: 
4~lil..j u .. AT ',J( ... T+C!..I 1"( l''<lt '·AI"T( ,,,, 

'. 4~"1) 1~\.~-()~v.0~MT/J. 

Il (LI'-L~-~I .. IOI).~l:éC.41JO 

4 lU fJ T)..J 't \ 1 C J""'-l." , LU 

411\,/ Ijr."_UGM+ .,,-,\ l"rllA 1 
c.tJ ru 41 t!d 

41_,-, ''',W-J,,~,('\I'4T(IIl'+4 .... I''TlLtI-11I/J. 
c"jru 41110 

,89 

,.1 .$.v U('~=I>G"+( J.'.\I .... r(L~+IIt') •• /d ... TIL .. +2' +J.'AI"T«L~'J) ,,,f. 
Il (LIJ-LA-'>' 41"0. 41t{ .411>0 

4111.0 

41..>ù 

41(1) 

411'''; 

III-lA'J 
ull +1',0 IA:1.1.LlI 
UL~I OloM .... !J.AINr(IA) 

,,) TO 41 UA 
l", ~.T - Al" T ( ... A + J , • ~ 1 ,.; , «L e ) 
1.J l ~\ +4 

II... -l..tl-1 

,HI .171l lA:ltloIC 
U ... ",t:(H ... ,r+CJL.~ l~( l ... ICI'A.lNT( 1'" 

l~u'''-=nt.oH"o(,'''r /J. 
41 'le "f- rU"N 

I:.NIJ 

~UL.lùUTl ,,'- (NTUIP IJ.,JI" 

( 

(lI'NuN ""h,~11 l'A >I~) .... (IiSI.GL(8~I.CGIR51~RI85' • .(,c8~I.lJ.Xl.TIHl;. 
1 LÀ. J',Al.j, J"'" 
~ .... l "., / ... t~ t..., LI "L 1 ( , fi _ .b 1 • TL l\. (c'J • <! 1 • LUl:.r • f\' t ~ ,:/11" r (8!! 1 " aG 1 
\t.J"'·ld~, /I\t- ..... .o\..il V(t'!'7.t!7) 

Cd' <u,,"""L""""h( 'leC 1.l~(900' •• l';CIJI .OFNSTYI.,CO "jI"'LI ~CCI .1:1 .... = J-JP-4 

GO TU '"O,lI. ~oo<.. ~C'ê .~CCJ.5CC:! .5C-(3).II 
5011) 1<=4 

L~<! 

..,J TLl 50Z0 
~OO • 

"" 7 
L=~ 

vU TU !lÙ20 
SOo? "-=tl 

L=~ 

r,u Ta ~O20 
500J K= 5 

L=j 
~C20 vC"O. 

1)<1 ... UJO 1=1.6 
11- ,I,IU-k+1 1+1711.1 5C50.!>050.~CJO 

SOJO Cl'''' r 1 NUL 

1),) ..>\",0 1=I.b 

~:';"O l.\,.".: ,e. L IL'J-Jt',1 '.('L(J ... I(+I) 
u'-"' " ... ,..,C) 
(,u TU !>O'iO 

50~ù I~Ll ... ù -0 J :l • .! 
~O!l{' v{ ="'L+h. 1l.IJ-JPoI) '"L(J-L+II 

(.l.~' X0Ct.C) 

'.>t.1'10 Ir (' i!.J .JP' 01 roi .E-4C 1 GU Ta SC'II 
Tt >r"'\I,)\o(" .. )+~LUL( "IJ.JPII 
IF IT,"r.<.T.-11'1.) CL lU 5092 
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HI. TUIIN 

::.0 ... " W(,! ~(,C 
.... L TUtiN 

tW> 

• "e J. JP J 

:'U~<UUTI"'. ùIOCeJICO) 
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ç"" . .,,, .. l'M'~'\II' H851.(.(",,).GLe8t.I.DC.ctl5I.Rle~I.XI6~ •• lJ.Xl.TI!4t;. 

60 
"1 

1 (. A • J"'''' ~. JM 1 .. ~ 
JL=J/'AX-.2 

-JI O()~ ,; 

TO-ù'~'(~(J~"'X)'~IJL+l)1 
OU u() J~ 1. JL 
, ~ J~AX-J 

1 .. (l'o.,>~.I)<J'" Ge J.t!. t:!3 
Tt, = fI. ,0 III.' (1-11 PC.5 
Jl00"J 
~ " T'JI<j'4 
JIIIJ .. , 
HL TUI>., 

t~lt) 

~Uu~UUT''''L TdAPINICGF.JU) 
CoJ"'r~(j'. 1'~"fAll' ~,e::.l.ceÙ!».('LI6!1).DG(85I.R(8!1).xcllf).lJ.Xl.TI"'E. 

I~À .JMA.A. JI"" 

C':" MUt. l' .'k" ".1' ~1. 1 C (E = • tJ 1 • TL 1 C ( e!S.2 , • Cùtf' 1'" E 51. ~ l "T (e ~ J •• 61 
LJ li P:= 0 • ~ .... A 1 ,_ r ( J" J N ) 

1"'-J~I"'1 "U JOOO J~'A.Ja 
Du" =(H.f'+ ~'" ri J) 

,jV.JV '-uI.r 1 ... vL 
"CTUF<N 
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APPENDIX 3, 

~ 

The following computer progr.m has been written to provide graphiea1 

representation of the drop1et spectra obtained by the model, mentioned in 

the previous Appendix 2. 

"AIN 

OI"CN<;IU'1 tJtll'I.GIS'J, 
~r."L WIH>OI;>1 
IU"AL U'flfl?1 
"f AL " .... n (1) 

""rA wnQo/'p"fH '. 'us (' / 
n'TA U,..,..T,I'",tC"','ONS '/ 
04r4 ?~R~/'I '/ 
C4LL l>LOrOI~ 

,RSrA rfT:20. 
CAL L PL () ( ( ~ • 0 • ~ • 5. - J , 
CA.LL ll"'~t'Y (Q."',O,(,S.O.O.O.l' 
CALL O-'~.)~tYCO.?"'I.O.O.O.2~t ,-0.06'2.1' 
CALL OA';HY fl .... ll.O.O.l.0J1.-0.062.'J 1 

CAlL DA':.H" (1.""~1.0.0 .. 1.1AJ.-O.062.t' 
C.ALL tli\C;H'I (?oE:l'.O.O.?,\11,-O.062.1' 

C4LL nll'>tlv (J."IH.0.O.l.211I,-0.06Z,J, 
C4LL IlA""'V ('.~jl.O.O ••• OJI.-O.062.1J 
CALL O"~HY (4 .... QI.O.O.4.1Iil.-O.062.t' 
CALL f.lU"'t\f:.H (O.2f:H ,-O.i'5,O.1?5,'i •• O •• -t' 
CALL ""'1J""'t'LIl (C .'}b9,-O.75.0.1 ?!;).1 O •• 0. ,-1 J 
C4LL NIJMH["I> (1.719.-0.2'1.0.1;>\.20 .. 0 .. -1) 
CALL ,.,UJtliH:'-' (7 •• ~').-O.2~.OJI25,40.,O •• -I) 

CALL NIJMd[O' (J.1'1lJ,-O • .?5,O.l?5.80 •• 0 •• -I) 
CALl NII"rH"O 1.1.906.-0.;>'1.0.1;>5.160 .. 0 •• -11 
'=ALL NUM,",t: Q ( .... ()~6.-0.?5.0.t25".)ZO •• O •• -I) 
CALL "'iY·~.HlI (1 .... S..-O,5.0.1?-.:, •• O"'O.O •• 6t 
CALL o;Y~,.,nL( 2. "!J.-O.5. O.OQ1.UPIf Ir. 0.,1) 

C~LL <;YMMOl(1.-01.-0.5.0.125.PARF..O •• I' 
\.,.ALL l.bAlt!;I.(O,O.o.O.'G-Axrs· .ft, 7.0.?o •• l:-oe-05.1.0) 

• 1:0 
.. 1 ~ '+1 
l ~lAnI5.~'I.ENn-IOOOI lJ(II.GI" 

;>', FOFfM_r 0".0.F.'5.6' ,J'Il 
If (!JC 1).ro.O.l GO ro , 
IF 1 tJ( Il ... o.q'l<~.l GO TO 5 
IF IGII ) .... F.:.O.1 GO rD 2 
GIl ro J 
1-\-\ 

'J( '+"-1. 
lJC ,+,n-16. 
G(I+I)-I.OF-05 

GII+""'\'O 
C"LL I.Gl 1'1 (lJ.G.I,I.O,O.U 
II' Ol<;TART.CO.'., GO TO 6 
GO JO • 

cn Ta 1 
6 ~C4Ll. PLOT 110.".-2.5.-3) 

'I!:r"lrtr-o. 
GO TO 7 • 
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