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ABSTRACT

Entrainment with clear air, 'cloudy air (containing small plets),

and clear saturated air are considéreq. Starting from representative ini-
tial droplet distributions, of continental and maritime types:of clouds,

the droplet spectra develop experiencing entrainment, coalescence and con-

flensation. ‘

-4
Y T The results indicate that in both cases, when an entrainment rate

parameter of 10_3 sec”1 is applied, the development is delayed by approx-

imately 2 minutes, for clear air entrainment. For entrainment of cloudy

alr the delay is approximately 1 min.

Thus, from a point of view of time lag, entrainment does not re-
9
tard the droplet spectrum evolution very much, particularly when the

,entrainment may be considered to take place with cloudy air.
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L'effet de 1'entra®nement de 1'air environnement dans le noyeau

d'un nuage convectif en plein développement sur la crolssangce des ggutte—
lettes est étudié ici.

L'entrafnement de 1'air clair, de 1'air nuageux (contenant de
fines gogFtelet;es) et de 1'air clair saturé est consideré. En partant

- de distributions initiales de gouttelettes représentatives des nuages
3 caractére continental et maritime, Tes spectres de gouttelettes se dé-
veloppent par entrainement, coalescence et condensation.

\Les résultats pour l'entralnement d¢ 1l'air c¢lair indiquent que
dans les deux cas, lorsqu'un taux d'entrafnement de 10-3 sec:'-l est
appliqué, le développement est retardé d'environ -2 minutes. Pour
1'entraTnement de 1'air nuageux, le retard est d'environ 1 minute.

Donc, du point de vue de décalage+de temps, 1l'entrafnement ne retarde

‘pas beaucoup 1l'&volution du spectre des gouttelettes, et cela spécialement

- lorsque c'est de 1l'air nuageux qui subit 1'entrainemgpt.
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CHAPTER 1.

INTRODUCTION .

One of the main factors that affects the development of a convec-
tive cloud 18 that the rising saturated air $ends to be diluted by entrain-"
ing some of the relatively dry environmental air. As the air 1in the
environmeht is unsaturated, some of the liquid water in the rising parcel
must be evaporated to maintain saturation in the cloudy air, as air from-
the environment is entrained.

\ Indeed many observations in small cumuli indicate that cloud temper-
atures are less than predictions from simple parcel theory, at different
levels, and furthermore the liquid water content i1s only a fraction of the
adiabatic value. Also rare observations on large thunderstorms indicate
that entrainment of environmental alr into the cloud takes place.

First Stommel (1947) presented a theory of convective clouds, the
fundamental hypothe;is 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 theory was applied to some observations of trade
cumuli made near San Juan, Puerto Rico. He assgumed arbitrarily unit 'masg
flux' at the base of the cloud and he came to the result that the 'mass
flux' roughly trebled‘over the cloud's depth, which ranged from 500 to 1500 m.

Since then, many researchers have dealt with the concept of 'entrain-
ment' in cumulus clouds.

 Byers and Hull (1949) measured the proportional rate of change of

the area of triangles formed by balloons around thunderstorms to determine

£
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horizontal inflow or outflow of the air, They state that observations
show outflow or horizontal divergence under thg cloud base and convergence
at all heights between about 4,000 and 23,060 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
theoteticalxz; 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 is uniformly mixed with the rising air, the environ-
ment is at rest, and f£inally that an ordered inflow occurs with no turbu-
lent exchange between the environmental air and the rising column. This
form of enCrainmené ghey called 'dynamic entrainment'. They determined
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, yertical veloci-
ties, and water-vapor content of two clouds over the Caribbean Sea from
a slow~flying instrumented aircraft. From these measurements numerous
calculations were made, including 'dynamic entrainment' from t6;~verF1ca1
velocity measurements, and 'gross entrainment' found by Stommel's method

from the psychrograph records. She stated that the resulting values of-

the entrainment rate obtained by 'dynatic entrainment' were fairly con-

-

‘sistent with those obtained by 'gross entrainment'.

o]
x
<

Haltiner (1959), with calculations based on "'dynamic entrainment',
' -
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extended the preg}ous studies on convective currents to large cumulus clouds.

He derived the value for a diffusion coefficient which applied to -an upper-
alr sounding taken near the time and location of a thunderstorm. The model
gave the right order of magnitude for thekcioud height, vertical velocity,
and temperature excess over the environment. He concluded also that cloud

~
height, mass, vertical velocity, and liquid water content all increased

with incré;sing a) inigial temperature, b) environmental relative humidity
and c) eﬁ&ironmental lapse rate, but all decrease as the diffusion coeffi-
cient increases.
Squires and Turner (1962) presented a model based on a éteady—
state, turbulent, condensing plume, entraining environmental air accord- 1
ing to the simple law that the inflow velocity at any height is proportional
to the upward velocity of the plume. They derived the following equation

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

the updraft and the environment.

1dM . 2a _ (constant)
Mdz b b

where: M 18 the mass flux in the jet !
a 1s constant and représents- the ratio of the inflow velocity -
to updraft speed. They take the value of & equal to 0.1

q

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

They presented with the use of this model a few calculations on cloud
properties, such as range of uﬁdraft speed, liquid water content, and
variation of radius with height, for deep cumuli. They suggested that

the results were not inconsistent with the inadequate observational
! .

" B
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knowledge of these clouds. " °

This eoncept that the entrainment rate parameter, defined as the
)
'mass flux pbr unit distance', is inversely proportional to the ascending

current has since been used often in models of cumulus clouds. ,
(e.gr Déﬁielsen et al k1972),Mason and Jonas (1974)). J

. Some léboratofy experiments have beenfmﬁde to determine the value
of the constant in the above formulation of the éntrainment rate.

Experiments with bubbles were reported by Turmer (1963). 'The

results gave values of 2a between 0.54 and 0.75. Experiments to measure

entrainment in jets (Ricou and Spalding (1961)) gave a value of the con-

stant approximdtely equal to 0.2.
On the other hand from observationg on emerging cumulus towers,
Saunders (1961) found a value of 0.6 for thi;\éngrainment constant.: Based

on these measurements Mason and Jonas (1974) in their model of a noﬁ—

precipitating cumulus cloud used the formula %’%%" Qﬁé- for'the entrain-

merit rate parameter, )
Recently Itier (1972) studied the validity ogtthe above popu-

lakhformula, on the basis of measurements of ghe diameter of cumuius

towefs and the maximum vertical velocitie8<dgserved in four smal% clouds.

He obtained the corresponding values of entrainment rate parameter. The

'

f;suits indicated that the entrainment rate parameter was related inversely
to the radius of the tower. However, by éomparison of two values of the
entrainment rate parameter correapondiég to the same tower radii but with
different maximum vertical velocities, the larger entrainment rate para-
meter corresponded to the smaller maximum vertical velécity.

In addition to studies of entrainment much effort has been spent

i
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to investigate the general features of the droBlet spectrum of cumulus
clouds, and to describe its development with height by the condensgtion
or coalescence mechanisms. ’, .

Warner (1969) examined a large number of droplet samples, in
warm cumuli, and he found that bimodal distributions increase in fre-
quency with height above cloud base and with increasing qﬁﬁbility in the '
cloud environment. 2

On the other hand bimodal distributions were not confined to ghe
cloud edggs. He then suggested that the mixing at the growing cloud ;Bp
determines the shape of the droplet spectrum,

The same author, (Warner (1970b)), examined lateral entrainmant
in a steady-state one-~dimensional model. He suggested that such models
cannot’ predict simultaneouély valueg 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 only. He suggested that simple mixing betwgen
cloud and environment is unimportant in detetrmining the drop size dia—
tribution, at-least in the early stages of cloud growth.

Mason and Jonas (1974) created a model to simulate the real drop-
let spectra in small non-precipitating cumulus clouds, including mixing
with the surroundings. They state that this model reproduces droplet
spectra which closely resemble those measured by Warner (1969).

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

(1971), Silverman and Glass (1973)) created numerical models to simulate
the real droplet spectra and the formation of rain in warm small cumuli.

\
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On the other hand there are detailed models concerning deep convec-

tive clouds. Fgr example, Danielsen's (1972) one-dimensional time-dependent
numeriéal model‘ }n which the emphasis is on hail growth, includes con-
densation with coélescence, sublimation, freezing, sedimentation, drop
breakup, without disregarding the mixing term which modifies the vertical
velocity, energy and wa;er vapor of the ascending parcel.

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

' e

governing equations of a number of detailed and complicated models the

;}ang term 18 included, but emphasis has not been given to the single
effect‘of entrainment on the droplet spectrum evolution,

For the purpose of describing precipitation development* in the
updraft region of a growing convective storm Leighton and Rogers (1974)
created a model foxr droplet growth by condensation and coalescence in a
strong non-entraining updraft. |

By using this model an ﬁttémpt is made in this study to discemn

the single effect of entrainment -on the resulting droplet spectra. 1In

"other words, the cloud—qroglet distribution evolves with time as a re-

~
.

sult of entrainment with its surroundings,condensation and coalescence.
In particular the consiﬁeratioq of the problem is as follows.

We assume that a rising cloud parcel in the core of a growingy
convective*clqud‘(1arge‘or small), ent;aining the staticdnary surrounding
air_changes its thermodynamic properties according to the basic thermo-
dynamic equations. Tﬁen the development of the droplet‘spectrum by con-
densation and coalescence is determined by the above mentioned model
(Leighton and Rogers (1974)), modified to include the effecF of entrainment,

The way that the.entrainment rate parameter has been chosen\ln\\*

| *
~
.

~

o
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’ this study is described in the next chapter. This parameter is kept con-
stant with height. This assumption is equivalen; to assuming that the
radius of the cloud is uniform. While this simplifies the procedure, it
is recognized that this 1s inconsistent with the assumption of a uniform
vertical velocity, inherent in the Leighton and Rogers (1974) model.

Nevertheless a first estimate of the magnitude of entrainment

- of environmental air into 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
) ke d
as entrainment.

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

consider in this core a rising parcel of alr. If we assume that the up-

/dg;d velocity of the surroundings of the core of the cloud is much smaller

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

surroundings. b

°
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 decreasg as the distance
from the core increases. In that case environmental clear air would be
entrained to the outer annulus. The next inner annulus would entrain air
from the outer annulus, 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, since it is not possibie to determine the variation of
the a;ove mentioned properties inside the\cloud, we proceed in a simpler
wvay.

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

a8 uniform updraft and the environment having no vertical velocity. The

difficulty lies in the choice of the appropriaté environment.

' As a first approximation the outside clear air is considered.

¢
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However as this gets entré&ned into the cloud,cloud condensation nuclei
“V
(CCN) will be activated. Since we are mainly interested in the devel-

opment of the droplet spectrum,this factor may be imd@rtant. So then
we conslider air with the same temperature of the environment but con-
taining droplets. Finélly as an Iintermediate assumgtion we calculated
the effect of entrainment with saturated clear air.

Thus we conslder three separate cases: entrainment into the
cloud parcel in the updraft region (core) of clear unsaturated air, of
*saturated air not containing droplet;, 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 to a level z + dz entrainiﬁg an amount of

Ny

surrounding air dM, then the entralnment rate parameter is given by the ,

’ _14d
formula: R = M 33».

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

We can also define the entrainment rate parameter per unit time, namely
1laM
M dt

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

R' = » which is related to the previous one by the formula:, R'=R . W,

of R and R' are respectively [cm_ll and [sec-ll.

2.2 Magnitude of the Entrainment Rate Parameter

In the introduction we referred‘to some of the observational and
theoretical studies made on entrainment. The values of the entrainment
rate parameter obtained .may be summarized as follows:

a) Observational values.

Stommel (1947) and Malkus (1954) from investigations of small
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cumuli found the entrainment rate parameter to be of the order of }O—S cm—l

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

tions of small convection towers.

Byers and Hull (1949) found values of the order of 10'_6 cm—1 for

large cumulonimbus clouds.

b) Theoretical values.
Houghton and Cramer (1951) derived an entrainment rate patameter
of the order of 10'_3 sec_l, for clouds with depth about 1.6 km.

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

10:6 cm-l. '

For our purpose the cholce of the value of this parameter 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 of the followinglvalues.
For the coﬁtinental type of cloud two values were used, namely

1 -3 6

R=10"% cn ! (1073 sec™), and R = 0.5 x 108 em™! (0.5 x 1073 sec™})

with the vertical velocity taken to be 10 m sec“l. For the maritime type
of cloud one value 18 considered that i1s four times greater than in the

1 -3

previous case, i.e:, R=14x 10-6 cm — (10 sec‘%) with the vertical

velocity kept constant at 2.5 m sec—l.
\
} The above values are consistent with those that have been observed

or theoretically computed for the appropriate size of clouds.

2.3 Thermodynamic Procedure .
A graphical representation of this procedure is shown on a Tephi-

gram in Fig, 2.1.
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Fig. 2.1 Graphical representation of the thermodynamic

Point A :

procedure.

represents the cloud parcel at some pressure level P

at which mixing with the environment air is to take place.

Point B :
proportion R).

Point C :

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

process).

Point Cl :

isobaric condensation in the case of mixing with saturated air.

The curve PADF represents the saturated adiabat from the point P,

i

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

respectively.

5

represents the mixture (after isobaric mixing in a

represents the final position of the parcel after

represents the final position of the parcel after

~
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Without entrainment the rising parcel would follow the saturated
I
adigbat PADF, assuming st P 18 the starting point of the calculations.

However mixing at level P1 with environment E, leads to the point B, and,

1
finally saturation by the wet-bulb process to the point C. {
Continuing its ascent without entf;‘ainment the rising parcel would
fé)llow the saturated adiabat CA'. But mixing at level P2 with environment
Ez, leads finally to the p.oi.nt c'.
Thus as.a result of ‘progressive entralnment: processes with clear
air, the curve CC' represents the P-T curve of the rising cloud parcel .

>
instead of the saturated adiabat AD. In the case of mixing with saturated

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

the samé pressure levels Pl’ P,.

2
process applied to{e entire sounding gives the Pressure-
Temperature\profile of the rising cloud parcel of air taking into account

entrainment Aof environmental clear air, namely curve PCC'C"... Corres-

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

rising cloud parcel of alr taking into account entrainment with saturated

,or cloudy air, in the same proportion R.

-

|
As far ds the liquid water content of the parcel is concerned it

changes at each tide step as follows. .
P

! let us consider that at pressure level Po the cldud parcel con-

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

parcel are repregented by C when it has rigen to level P, it will contain

1

an amount Ll(gm/ ) which can be expressed as follows:

L1 = Lo + (condensation due to expansion)-

. ' - (dilution due to mixing) -

- (evaporation by the wet-bulb process)

s
[
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I1f the properties of the parcel are represented by C, when it has risen

1

to the same level P (in the case of entrainment with saturated or cloudy

1!
air), it will contain an amount Ll' (gm/gm) which can be expressed as

follows:

v

ﬁl' = L+ (condensation dt\xe to expansion) -

- (dilution due to 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 with cloudy air takes place, the cloudy air
which 1s considered to be mixed into the cloud core is assumed to have
the temperature of the environment and a liquid water mixing ratio equal
to the initial value of the rising cloud parcel in the updraft region.
This 18 because the edges of the clox;d 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 i'ising cloud parcel resulting
from mixing in both cases 18 less than that which is predicted by simple
parcel theory.

A numerical procedure followiiig the three processes, namely
adiabatic ascent, isobaric mixing, wet-bulb process, calculates the temper-
ature, liquid water content, mixing ratio, and density of the rising cloud
parcel of air at each step. A ;L'istin'g of the computer program used for
these calculations is'included din Appendix 1.

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

thermodynamic properties of the rising cloud parcel, which 1is experiencing

»

+

entrainment may be made.



CHAPTER 3.

THE MODEL

-
-

3.1 General Description of the Model

The ;odel determines the development of a droplet spectrum by conden-
sation and coalescence. Growth by coalescence 1s determined by solving the
stochastic Eollection equation, and growth by condensation is calculated from
the diffusion equation.

Wha; a saturated adiabatic process is assumed, the temperature
decreases at the pseudoadiabatic rate and the amount of condensed water at
any altitude is given by the adiabatic liquid water content. In the case
that entrainment is considered the temperature decreases according to the
P~-T profile calculated from the thermodynamic procedure, described in the
previous chapter. Also the liquid water content at each step is defined
from the same procedure.

The liquid water content of the developing droplet spectrum
experiences the following changes: a) It decreases due to entrainment at
each time step, at a rate determined by the value of the parameter R.

b) It increases by condensation, not necessarily at each time step as will 3
be seen in the appropriate section. But, 1f condensation takes place, an
appropriate amount of wategvis condensed, such that the liquid water content
contained in the distribution diluted by entrainment is approximately equal

to the value given at this level by the procedure described in -the previous
chapter. ‘ N\

The number of droplets per unit mass of air also changes due to
the entrainment grocens, and as a result of collection. It is predominantly

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

’




entrainment with cloudy air takes place they axe replenished, since at

each step entrainment in a proportion R“between the developing spectrum
an§ the initial one 1is considered. A brief description of the n;merical
procedure is given schematically in Fig. 3.1. A iisting of the coméu:er
program is included in Appendix 2.

The cloud droplets fall relative to eéch other with their terminal
velocities, but do not leave the parcel. This assumption is reasonable

provided that their terminal velocities are small compared to the updraft

ALY

velocity.

However, the updraft velocity assumed in the maritime case,

i.e. 2.5 m secﬂl, does not allow one to neglect the droplet fallout toward ’
the etid of the calculationg. Nevertheless, since in order to evaluate

the effect of entrainment a comparison is done beéween the spectra ob-
tained with and without entrainment, this effect is counterbalanced assum-
ing that in both cases it is aﬁproximately the same.

The initial parameters specified are the temperature and the
pressure at the cloud base, the initial droplet spectrum, the environment
properties and the upd%aft speed. The equations describing the condensa-~
tion and coalescence process, that will be described in the next sectioq,
are integrated to give the development of the spectrum as a function of
height. The time-step 18 always taken as 1 sec. This time interval has
been found sufficiently small at least for the coalescence process
(Leighton and Rogers (1974)).

The governing equations by which Leighton and Rogers modelled drop-

1ét growth by condensation and ;oalescence are described below briefly.
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Fig. 3.1 Schematic diagram showing the procedure -
used in the computations.
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ki “3.2 Coalesacence
’ "
The ‘coalescence problem 18 solved by using the stochastic coales-

§

cence equation.

If N(x) 18 a density function defined such that N(x)dx is the

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

the stochastic equation describing the rate of change of N(x) is given by:
x/2. ® .

atgtxl - f ix' N(x,) V(xc,x') N(x) - [dx NGO V(x,x) N(x) (1)
g

1 s
where V(«,x ) is the collection kernel, defined as the rate at which, the
\ ' 1

volume within which a droplet of mass x will be captured, 1s swept out
by a droplet of mass x. The collection kernel is related to the linear

Q %"
collision efficiency Yc used b\y Shafrir and Neilburger®(1963) as follows:

V(r/rs) = 1rr2 . Yc (r/rs)2 Av(r,rs)

where r; (rh) is the radius of the 1ar§er (smaller) droplet, and Av the

?
difference in velocities. Also X, = x - X .

The first term in equation (1), named gain integral, is the rate
of change of N(x) due to collisions between pailr of droplets whose masses

add to form x - -mass droplets.
. !
The second term, named loss integral, represents the number of

droplets of mass x that arg lost by collection with other droplets.

According to Berry's (1967) procedure x may be represented on a
log scale by means gf tHe transformationm;
"z
3

x(J) = x, exp [3(J-1)/Jo ] .

r




x ’ \ 1‘8

. where x 1s the smallest mass considered,’ and Jo an adjustable scale factor.

A mass .density function, M(x), is defined by M(x) = N(x) where M(x)dx is
k (7 'fpw .
the mass of the drops per unit volume cloudy air, lﬁ the interval dx. In
i

terms of J, the mass density function becomés -

)

g3 = M) P o= xvw E . @

Introducing a lég—increment density function gL(rT?~defined by

gL(r)dlhr = g(J)dJ, we get gL(r) -r3x2 ﬁ(x) . HEduatfon (2) can be used to

write the collection equation (1) in the form
i ) t
= . — o - -~

-1

28 -y f "—‘iLg(J ) W@, 3 8 —jgm W3, ) g3 a1 f.

2

(3)

where: J_ is defined by x_ = X, exp[3(J —1)/J ] and J, by .

x(J)/2 = x exp[3(Jd - 1)/J0] . W(J J ) is the modified collection

kernel relatetho V(x;x'z'by
m‘mi 1 ] ]
W WI,J) = Vix(),x(3)1/[x(3) x(I)] .

Y

The smallest mass value is x = 2.58 x 10710 g, the constant

Jo = 12/1n2, and the parameter Jrtakes values from 1 to 81. Therefore
i *"
the range of radii is from 3.94 .m to 400 um, dodbling every 12 values\of J.
fan
The values of the fall velocities were taken from Stokes' law for

radii smaller than 25 um, and from Beard and Pr;ppacher's (19@9) measure-
E ments fgr‘large; radii. '

’ ' Collisi;n efficfénéies were taken:in the model, from the compila~

e tionczf ve}ues given by Mason (19f§) for pairs of dropg,with radi{ larger
‘ . , thim 30 um,cand were interpolated from Hocking and Jonas- (1970) for pairs

“in which both droplets had radii lessﬂtﬁan or equal to 30 um.

o ' : |
o [ . -
“ - » '
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3.3 Condensation

The condensation problem in ‘the fnodel, 1is solved by the diffusional

growth equation:

£ . ()
‘ where sz R o -1
¢ ™ ($-1) L4 XL (5)
':K ) . K RVT Des(T)
with § the séturation ratio

L the latent heat of vaporization .
Py the density of water '
Rv the gas constant for water ’
T the temperature \
K the coefficient of thermal conduqtivitywt;f air
D the diffusion coefficient of water vapor in air

@y esv(I). the equilibrium vapor pressure.

. 4
/

-

2
If n(r,t) dr represents the number of droplets per unit volume of
air-with radii r to r + dr at time t, then at time t + At the spectrum
will have developed by condensation only, to the form:

°y,/t+m:) = I a( A - zear, o) METLE ()

(r? - 2cat) p(€)

-«

This solution 18 a special case of the general solution formulated by .

Kovetz (1969), using equation‘ (4), where p(t) represents the density of

"

the air at time t.

In terms of the 'mass distribution function' equation (6) becomes:

=1

. d




v 5 :
g [J(r), t + At] = L3 577 & ¢/ % - 2¢ae), £] 2LeF 8D ()
(r? - 2cat) p(t)

4

A In the calculations the model determines the constant c not from
the thermodynamic relation (5), but for a given time step the correct value
of ¢ 18 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 ¢ 1s chosen
as the one for which the liquid water content obtained by integration of
the mass distribution, corresponds most closely to the liquid water content
computed from the thermodynamic procedure at the corresponding level, tak-
ing into account entrainment.‘

However, at each time step several values of ¢ are considered,
each of which allows 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 o0scillate about

L4

the analytically calculated ones.

3.4 1Initial distribution

It is known from observations that cloud-droplet’aize distributions
are generally asymmetrical with a tail extending towards the larger radii
{Squires (1956), Diem (1948)). There has also been found a distinction
between continental .and maritime distributions near cloud base. Continentél

cumuli have narrow spectra with median drbplet diameters, about 10 um, and

high concentration, while maritime cumuli{ have rather broad spectra with
median droplet diameters, about 30 ym, and low concentration (Battan and

Reitan (1957), 'Squires (1958a)). -

s

s
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The initial distributions used in the model are of the form defined

by Scott (1968). He defined a dimensionless number density function by

i o+ 1)\)+1 gV e—s(v+1)
¢ (s) Tv ¥ 1) (83)

where 8 = » and v 18 a measure of the width of the spectrum.

LRNE]

In terms of the 'mass density function' according to Berry's trans—

formation formula equatieon (8) becomes

3No (v + 1)v+1 xv+2 x ‘//
gJ) = . . s exp[ ~—(v+1) ] (9)

I, . T +1) Al x

where No is the total number Sf drops per unit volume.
X 1s the mean mass of the distribution
v 1is a measure of the spectrum width, the relative variance of
N(x) being (v + 1)-1 .

Equation (9) contains three degrees of freedom, namely No’ v, X . \

« In the present study these parameters are changed depending

on wﬁether the continental or maritime case is considered.



CHAPTER 4.

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 follows:

N
No (cm-3) ‘;(um) v
900 8 3

9

The mass that corresponds to the\above mean radius is x = 2.15 x 10 8 .
The value of v determines the width of the spectrum. Fo; the above values
of v and t the resulting dispersion of the disttibution of the 'number of
droplets' is approximately 6.2. Aiso the above values of x and No result
in a liquid water content equal to 1.9 g m_3. ‘Fig. 4.1 shows the,initial

distribution In terms of the 'number density distribution’ in linear

coordinates.

Initial Conditions

?h initial conditions which are used to determine the pseudo-

Y

adiabatic ascent and the effect of entrainment on the temperature and

\\\ 1iquid water content profile, are as follows:

The cloua bagse 1s taken at 825 mb (1703 m MSL) with a tempera-
ture of 13.5°C. These conditions refer to a particular storm day in
Alberta (11/07/70) as described by English (1973). The cloud base
heighg was measured from cloud photographs while the cloud base temperature
vas me;hured by aircraft, The updraft is assumed to be constant at 10 m aec'l.-.

v
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Measurements of tower tops by photography indicate speeds of 13 m sec"1
to 20 m Bec_l. However the value of 10 m sec—l is reasonable since it is
kept constant along the whole path and therefore it could be accepted as

an estimate of the mean value.

As far as the entrainment rate parameter is concerﬂed, thé compu-

] -— - '
tations are carried out for values or R equal to 10 3 sec 1 and }

0.5 x 10-'3 sec“1 . ,

The whole procedure started 1005 m above cloud base where the
adiabatic liquid water content was equal to the water content contained
in the initial droplet spectrum, i.e. 1.9 g o>, It was stopped when
the temperature of the pseudoadiabatically rising cloud parcel (i.e. no
mixing) reached -40°C, which occurred after approximately 11.5 min. How-
ever when entrainment takes place the temperature of the rising cloud
parcel becomes somewhat colder than -40°C. In addition in the %ast time
ste;: the cloud parcel becomeg colder than the enviromment, but it is
still assumed that it riges ; conétant velocity.

Environmental Conditions

Temperature and dew point soundings are also given by English
(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%}on as follows:

a) Assuming that the cloud parcel ascends pseudoadiabatically we
compute its thermodynamic properties, namely the temperature and the adia-

batic liquid water content profiles. Then with the help of the model,

p—
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Fig. 4.2:

Eavironmental and initial conditions for the continental
case.

a) Temperature profile without entrainment

b) and ¢) Temperature prof%les with entrainment with
clear air, for values of R. = 10~3 gsec~l and

0.5 x 10‘5 sec~1 respectively.



described in the previous chapter, we determine the evolution of the

droplet spectrum as a function of height. : ‘

3

b) The above procedure is repegted but assuming that the rising
parcel entrains clear alr at rates giv;n by R'- 10“3 sec_l and
0.5 x 10”3 secm1 . In this case also with the help of the 'thermodynamic
procedure', the thermodynamic properties of the rising cloud parcel were
found while with the help of the droplet growth model the droplet spectra
were obtained.

c) The procedure is repeated for the same entrainment rates but
assuming that the entrgined air contains cloud droplets. The droplet
spectrum is assumed to be the same as the initial droplet apecérum ex-
cept that the droplet concentration has been reduced owing to the decrease
in density. ¢

d) Finally the procedure is repeated for entrainment of saturated
but clear air at an entrainment rate of 10"3 saec“1 .

A comparison of the droplet spectra which are obtained in the last
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 parameter in the three last cases allows a comparison

among their resulting 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 tﬁermodynamic properties of the core will be described.

Fig. 4.2 shows the deviations 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
the entrainment rate parameter, i.e. R‘- 10_3sec_ and R'-=O.5 x 10_3sec“1

In addition Fig. 4.3 shows the deviations of the liquid water con-
tent from the adiabatic values, as a function of height (time), also when
entrainment takes place with clear environmental air, for the above values
of the parameter R‘.

So as the entrainment with clear alr increases the temperature and
the liquid water content of the parcel decrease.

Figures 4.4 and 4.5 show respectively the temperatu;e and liquid
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
values of the entrainment rate parameter.

In this case also as the entrainment increases both the tempera-
ture and liquid water content of the parcel decrease.

A comparison between the case of the entrainment with clear air

--

with that with cloudy air assuming a common entrainment rate parameter,

-3 E!ec"l ), leads to the following conclusion.

.

Entrainment with cloudy air redu?:s the temperature and liquid

(L.e. 10

water content at a significantly slower rdte than entrainment with clear
alr. Consequently a large amount of entrainment with cloudy air may re-
sult in a smaller decrease in cloud temperature and liquid water content
than a smaller amount of entrainment with clear air.

Fig. 4.6 1s a plot of the liquid water content profiles in the
adiabatic case together with the cases of entrainment with clear and
cloudy air, for R' - 10.'3 sec-1 . It is apparent that when entrainment

with clear air takes place the value of liquid water content resulting
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Fig. 4.4: Temperat;:re profiles for the continental case.

a) No entrainment

b) and ¢) Entrainment with cloudy air, foi values
of R = 10~3 sec-1 and 0.5 x 10~3 gec”
respectively.
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Fig. 4.5: Liquid water content profiles, as a function of
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a) No entrainment

b) and ¢) Entrainment with cloudy air, for values
of R = 10~3 sec-l and 0.5 x 10-3 sec™
respectively.
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. » from the the&odynamic'procedure after 11.5 min corresponds to 0.55 of the
adiabatic value at this time, while in the case of entrainment with cloudy

L]
alr, assuming the same R , the ratio of the corresponding values 1s 0. 74,

As has been mentioned entrainment with saturated clear air is

also examined, assuming one value of the éntrainment rate parameter,

' - -
namely R = 10 3 sec 1 .

In this case the temperature profile on the Tephigram coincides

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

t - -
of R =10 3 sec 1 (Fig. 4.4), while the liquid water content profile

is sitgated between those resulting from entrainment with clear air and

' - —-—
with cloudy air, in both cases assuming R = 10 3 sec 1 , as shown in

—— g

|

Fig. 4.6. ‘

v

Effect of Entrainment on the Droplet Spectrum Evolution

-

To examine the magnitude of the effegct of entrainment on the drop- -
let spectrum evolution a comparison of the droplet spectra obtained by
assuming entrainment with those obtained without entrainment is made.

Fig. 4.7A shows the evolution of the initial droplet spectrum
given in Fig. 4.1, resulting from the adiabatic case (i.e. no mixing),
plotted‘at t = 0, 6, 9, and 11.5 min, in terms of the 'mass density dis-
tribution'.® It indicates that a narrow 'condénsation peak' appears quickly
and then a hoalescgnce tail' starts to form. .

| The irregularities appearing in the coalescence tall are due to /

. ' /
‘b numerical error produced by the fact that a quite narrow condensation peak/

is present towﬁrds the last few minutes.

The comﬁination of condensation along with coaleacencé‘in the model

. . is very important. This is due to the fact that the collection efficiency
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is very low for Qmall droplets but Increases rapldly with the size of the
droplets. Since condensation results in an increased mean radius the
growth rate by coalescence increases significantly.

In other words the position of the condensation peak is 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 tall increases at a faster rate.

Thus the main features describing the development of the droplet
spéctrum are the 'condensation peak' due to growth by condensation, and
the 'coalescence tail' due to growth by coalescence.'

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

The resulting droplet spectra for the case of entrainment with

A}

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

) - - 1] -
t=26, 9 and 11.5 min, for R = 10 3 sec 1 and R = 0.5 x 10 3 sec

-1
respectively. In addition, for comparison, the above droplet spectra
are also plotted in Fig. 4.8B at the same time, i.e. 11.5 min, together
with the ome resulting from the adiabatic case.

This figure 1indicates that entrainment with clear air, for
R' - 10—3 sec—l , delays éhe development of the coalescence tail by approx-
imately 2 minutes, with respect to that obtained in the adiabatic case.
But by reducing the parameter R' , to R' - 0.5 x 1072 sec! , this delay
is reduced also by approximately the same factor.

Consequently the entrainment with clear air slows down the develop-
ment of the coalescence gail and therefore the production of large drop-4
lets. Since the condensation peak in\the case of entrainment with clear

air is situated virtually at the same position as the one ébrregponding

to the adiabatic case, the delay should be attributed to the fact that

A}
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Entrainment with clear, at time t = 6, 9 and 11.5 min, for R = 0.5 x 1073 gec!

a) Ne entrainment at time t = 11.5 min b) and c¢) Entrainment with clear air, for values
of R’ = 10-3 sec~l and 0.5 x 10~3 gec™! respectively, at time t = 11.5 min.
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coalescence has not been as rapid because the number of droplets hae
been reduced:

Fig. 4.9 shows the variation of the droplet concentration with
height (time) for the three cases: adiabatic case (i.e. no mixing),
entrainment with clear air with R' = 10"3 sxec“1 and R' = 0.5 x 10'-3 sec
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 riumber. So the reduction of the droplet concentra-
* tion due to entrainment with clear alr delays the coalescence process,
with respect to the adiabaf&c case. As the entrainmert rate parameter
increases the number of droplets- decreases considerably and therefore
cpalescence becomes less rapid. On the other hand this dilution o¥f the
number of droplets prevents the condensation peak from shifting to the
left relative to its posi:ion with :o mixing, since its position is deter-
mined roughly by the ratio of the 'liquid water content' to the ‘droplet
concentration'. So in this case of entrainment with clear air the reduced
liquid water content is dibtributed over a smaller number of droplets.
That 18 why the position of the condensation peak is not influenced very
much.

A measure of the development of the large droplets in the spectrum
is provided by the radius of the 100th largest droplet per cubic meter,
as a function of height is

denoted by r Therefore a plot of r

1OQ\' 100
given 1in Fig. 4.10 for the development af the distribution in the adiabatice

' - —
case and with entrainment with clear air, for R '= 10 3 sec 1 and

' - —
R =0.5%x10 3 sgc 1 .
Similarly Fig. 4.11 shows the changes of the radar reflectivity

factor Z with height, for the previously mentioned cases, which 1is also

-1

- ]
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Drop concentration, as a function of height, for the con-
tinental case.

a) No entrainment

b) and ¢) Entrainmdnt vith clear air, for R = 1073 sec”!
and 0.5 x 10-3 sef-1 respectively.

d) and e) Entra nt with cloudy air, for R =10"3 gec~1
and 0.5 x I0"3 sec~l respectively,
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tion of heigﬁ, for the continental case.

(Solid lines) a) No entrainment b) and c¢) Entrainment with clear,
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dz Entrainment with clear saturated air, for
. R = 10-3 gec-1
‘ (Dashed lines) ez and fg Entrainment with cloudy air, for
R' = 10~3 sec~! and 0.5 x 10~3 sec~l, respecttvely.
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= 103 gec~l and 0.5 x 10~3 sec~l respectively
Entrainment with clear saturated air, for

= 10~3 gec-l -

and £f) Entrainment with cloudy air, for

= 103 gec-l and 0.5 x 10~3 sec-l respectively.



40
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an Iindication of the development of the distribution.
In the adiabatic case 160 reached the value of 336 um and the
reflectivity factor the value of 17 dBZ at t = 11.5 min. When entrain-

. ' - R
ment with clear air takes place, for R = 10 3 sec 1 » the corresponding

values are 100 um anq -7 dBZ, while for R' = 0.5 x 10_3 sec"1 %100
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 that have grown by
condensation but it is important because 1t slows down the production of
large drops. 1In addition the results from both entrainment rate para—
meters indicate that by decreasing entrainment the production of large
droplets becomes faster but always remaining slower than in the. adia-
batic case.

Now we will deal with the effect of entrainment with cloudy air
(containing small droplets) on the droplet spectrum evolution for the
same updraft conditions.

Figures 4.12 (A and B) show the evolution of the droplet sp%ctra
with time in this case. They are plotted ét t =6, 9, and 11.5 min, for

' a3 -1 ! -3 -1
R =10 ~ sec and R = 0.5 x 10 ~ sec respectively. In addition

_Fig. 4.13A shows the developed spectra at time t = 11.5 min, for entrain-

' - — - -
ment with cloudy air at rates R = 10 3 sec 1 and 0.5 x 10 3 sec 1 .

together with the adiabatic case at the same time. From the plots
(not shown) of the spectra at different times it was found that devel-
opment of the coalescence tail is delayed by approximately 100 sec,

! -3 -1 3

and 50 sec, for R = 10 ~ sec and 0.5 x 10 sec“1 respectively,

relative to the adiabatic case.
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A reason for this delay is that the number of droplets with raditi

corresponding to the condensation peak region or larger is reduced owing
to ehtrainnent. 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 remains somewhat higher than in
the adlabatic case after the first few minutes. This can be explained

as follows. The droplet concentration of the developing droplet spectrum
decreases because of two factors, namely the decrease of density with
height and the collection process. On the other hand the entrained initial
spéctrum decreases 1ts droplet concentration only because of the density
décrease. Thus the concentration of the developing deoplet spectrum {is
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, while it becomes more signilgbant tovards the
end.

So the results ind;gate higher droplet concentration in particular
towards the end. The entrained small droplets are accumula?ed mostly to
the left side of the region of the condensation peak without involving the
coalescence tail.

Also in this case, as in the case of entrainment with clear air,
by doubling the entrainment rate parameter, the delay in the development
of the coalescence tail is approximately doubled. |

A comparison between the cases of entrainment with clear and
cloudy air at the same rate is shown in Fig., 4.13B in which the droplet
spectra are plotted for an entrainment rate R' = 10—3 sec"1 together

with the adiabatic case, at t = 11.5 min. The figure indicates that in

the case of entrainment with cloudy air the coalescence taill develops at

13
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a faster rate than in the case of entrainment with clear air. Taking
into account that the entrained small droplets are accumulated at small
radii, as mentioned before, the following explanation could be given.

In the case of entrainment with cloudy air more condensation takes place
than In the case of entrainment with clear air. This 1s why towards the
end of the time period the condensation peak takes its final position,
approximately at radius 14 pm, 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 clear air.

This is shown also-by Figures 4.10 and 4.11 in which the radius
of the 100th largest droplet per cubic meter, (r100 - um), and radar
reflectivity factor, (Z-dBZ), are plotted as functions of height.

Finally we will discuss the results of entrainment of saturated
air (not containing droplets), assuming one value of R' equal to 10"3 sxecm1 .

Fig. 4.14 shows the developing spectrum at times t = 6, 9 and
11.5 min, in this case. For comparison in Fig. 4.13B the spectrum in the
case of saturated (clear) alr is also plotted at t = 11.5 min. .

It is apparent that in this case, the rate of the development of
the coalescence tail is very similar to that for entrainment with cloudy
air.

On the other hand the condensation peak in the case of entrainment
with eaturgﬁéd air is éituaged somewhat to the right of the position in

which it is found in the case of entrainment with cloudy air and with

> ’
ungaturated clear air for the same value of the parameter R .
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1y
This can bé explained by the fact that in the case of saturated

alr more condensation takeés place than in the case of unsaturated (clear)'’

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

This 1s why the condensation peak 1is shifted somewhat to the/right so the

i

coalescence process becomes important earlier and therefore the develop-

™

ment of the coalescence taill 1s faster than the clear air case. '
¥

While in the case of saturated clear air as well as 1in the case
/ ,

of clgudy air approximately the same condensation takes place, there is
a difference in the total 'dréplet'cbncentration'. This is the reason
why the condensation peak 1is situatee approximatel& at radius r = 15 um,
or specifically one interval of J to the right® relative to the cloudy air
case, It has taken this position aL time t = 10 Tin.

The position of the condensation peak in the case of saturated
_ clear air with respect to the cloudy air casé would lead one to expect

—

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

i

latter. This does not happen, prohably because in the case of cloudy air
1 v .-
we get a broadened spectrum in the neighborhood of the 'condensation peak'

while in the case ,of clear saturated air a narrower peak is present. Thus

—
~
¢

more droplets are able td participate in the collection proceéss in the
case of ¢loudy air. This miéht compensate for thé development of the
coalescence tail between the two cases. But in both cases the droplet
spectra are developing essentially at the same rate.

So the entrainment with cléar saturated air slowﬁ/down the produc-

tion of large drops approximately at the same rafe ag the entrainment yith

I
T

cloudy air relative to the adiabatic case. This is shown also by figures ﬂ

.10 and‘4.11, 1h which the radius of the 100th largest droplet per cubic

|

W



4

i

meter (rloo), and the reflectivity factor (Z), are plotted as functions

of height (time).

4.3 Maritime cloud cases T\\
[} i}

In this section two cases are examined assuming conditions for

Hawaii convective clouds.

- Initial Distribution :

The initial distribution 1is taken to be the same in both cases.

‘gggpiian clouds are characterized by relatively small. numbers of cloud
droplets ("100 cm—3) having relatively large diameters (Rogers and Jiusto
1966)). Accordingly the following values of the parameters defining the

1\itial distribution are taken:

P

-3 —_ }
o No(cm ) r (um) v

80 13 0

2

The initial value of liquid water content is then 0.74 gm.3 . Fig. 4.15

shows the resulting 'number distribution'. The dispérsion in N(r) is

approximately 0.5 (o?/'f = 0.5).

¢

Initial and Environmental Conditions

° CASE I *

In 1954 aircraft observations over the sea upwind of the Island

v

of Hawaii were made (Johnson (1957)).

-

During this project detailed vertical soundings of temperature
g . . ) )
and water vapor content for nine non-gonsecutive days were taken. The
data of one of these days, 21st of October 1954, are used as environmental

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

"A few light showers were observed off the coast during the flight,
while the orographic cloud was well developed and\substantial rain fell on
thefgountain slopes'" (Johnson (1957)).

From the measurements the cloud base is taken at 700 m at 18°C
temperature. Its position is very near to the lifting condensation level
(LCL)i Fig. 4.16A shows the environmental conditions an&‘the adiabatic
parcel temperature. A characteristic of this environment is that the
relative humidity is about 80% up to the inversion layer. Tre&™

The updraft veloclty is assumed constant with height at a value
of 2.5 m/sec. This value 1is reasonable for Hawail convective clouds as
shown by computed values of updraft velocity for some days with. convective
activity in Hawail (Rogers (1967)).

With the above conditions the effect of entrainment with clear
air and with cloudy air s calculated assuming for the entrainment rate
parameter the value of R' = 10-3 sec—1 .

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

batic liquid water content is equal to the water contained in the initial
droplet spectrum, namely 0.74 gm_3 , and was terminated at a height of

2350 m, approximately where the inversion layer is found.

CASE IT

The main difference of this case froﬁythe first one is in the
choice of the enQironmental parameters. ‘

These conditions do not refer to a particular day but are mean

conditions for the period 11 July to 25 August 1965 for Hilo. (Lavoie (1967)).

Accordingly the environMental conditions are taken from the "Mean
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Fig. 4.16: Figures A and B represent the initial and environnental
conditions, for the maritime cases (I) and (II), respectively.
In both figures the temperature profiles are: a): No entrain-
ment b) and c) Entrainment with clear and cloudy air respec-
tively, for R' = 10~3 sec-l.
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Hilo Radiosonde Data' for temperature and mixing ratio at different pres-

sure levels at time (00 GMT). The cloud base 1s taken at 670 m (MSL),
height which is given as the median value for this period a; the same
time. The cloud base temperature is taken to be 19.5°C to coincide with
the temgerature of the environment at this height. These cloud base
conditions are not consistent with the LCL or mixing condensation level
(MCL), due to the way they were chosen. This inconsistency would have
little effect on the entralnment calculations, the purpose of which is
to see the magnitude of the Influence of the entrainment of an environ-
ment of lower relative humidity, since the relative humidity of this
environment is approximately 60% up to the inversion layer while in the
, s

previous case it was about 807%. Fig. 4.16B shows the environmental
conditions and the adiabatic parcel temperature.

The calculations carried out started with the same initial dis-

tribution !hd assuming the same value of vertical velocity as the previous

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

The total elapsed time i1s 9 min.
With the above conditions the development of the droplet distri-
bution is calculated with clear and cloudy air for the same value of the

' - —-—
entrainment rate parameter R , namely 10 3 sec 1 . '

4.4 Results from the Maritime:kases

Figures 4.16A and 4.16B, show the deviations of the calculated
temperatures from those predlcted by parcel theory; as a function of
height when entrainment takes place with ciear air and with cloudy air

' —-— —-—
for the value of R = 10 3 sec 1 , for both maritime cases respectively.



Figures 4.17 and 4.18, show the deviations of the liquid water

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

1
ment takes place also with clear and cloudy air for the same value of R ,

4

for both maritime cases.

From these figures, which show the changes of the thermodynamic
properties of the cloud parcel due to entrainment it becomes clear that
again entrainment reduces the temperature and the liquid water content
of the cloud relative to the adiabatic values. Also entrainment with
cloudy air reduces these properties at aslower rate than the entrainment
with clear air. Of these two maritime cases the smaller decrease of both
properties occurs in the case in which the clear alr environment has higher
relative humidity, as was expected.

Now we will deal with the developing droplet spectra. Fig. 4.1?
is a plot of the dropleé gpectra fqr the adiabatic case (I), at time t = 0,
3, 6, and 9 min., Fig. 4.20A 1is giglot of the droplet spectra at time t = 9 min
for the adiabatic case (no mixing) and for the cé;e of entrainment with
clear and cloudy air, for the first case in which the relative humidity of
the environment 1is about 807.

j/ Thus we see that entrainment with clear and cloudy air both affect
the droplet spectrum development of maritime clouds in a similar way to
continental clouds. In other words entrainment slows down the developmegt
of the groplet spectrum and therefore the production of large drops.
Howdver, this influence seems to be not as destructive in the maritime
¢louds as it is for continental clouds. This becomes clear in Fig. 4.21
which shows the changes of the radius of the 100th largest droplet per
cubic meter (rloo) and the radar reflectivity factor (Z) as a function of

-

height, for éhe present case., It is indicated that when entrainment with
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clear air takes place, r takes the value of 212 um while Z reached the

100
value of 12.6 (dBZ) at time t = 9 min.

Fig. 4.22, shows the change of the droplet concentration as a
function of height, in the adiabatic caggvfpd when entrainment with clear
and cloudy air takes place for R' = 10'_3 sec*l . We see that at the very
last steps (79 min) in the adiabatic case (no mixing) the drop concentration

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

takes place. This 18 due mainly 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 last minute of the
calculations the drop concentration in the boundary (radius 400 pm) starts
to increase, which leads to a loss of drops at the end of the spectrum.
However, this effect is negligible 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. 4.263 shows the developing droplet spectra for the
second maritime case examined, namely the one with a lower relative humid-
ity environment, at time t = 9 min, with and without entrainment.

A slight difference in the development of the droplet spectrum
when entrainment with clear air takes place is indicated. Although the
coalescensk tail is developed similarly in both maritime cases, when no
entrainmeéc takes place, in the case of entrainment with clear air (602
relative humidity) there is a slightly slower development, as was expected.

All the other properties, such as r Z and N, plotted as functions of

100°
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height in Figures 4.23 and 4.24 respectively, behave in similar ways.

From{both maritime cases examined it 1s indicated that entrainment
] , N -
with clear air, for the value of{the parameter R equal to }0'3 sec 1 ,

N

delays the development of the droplet spectrum by approximately 2 min, while
éentrainment with cloud& air delays its development by approximately 1 min,

]
for the same value of R .

-
v

4.5 Simulation of entrainment in the adiabatic case
. Now an attempt is made to see what the effec; is‘o( reducinq arti-
ficially.the adiabatic values of the liquid water content and. simultaneously
the drop concentration by an appropriate factor, while the temperature and
the other paraﬁeters of the ascending cloud garqel remained unaltered. R
The reducing factor was chosen from the results as will be seen later.

Iﬁis approach 1s useful from the point of view that in a more
complicated medel it might well be convenient 1f' the clear ain éﬁz;ain—
ment effect could be approximated by just reducing the drop concenttatioq
end the liquid water content. Also the cloudy air entrainment effect can
perhaps be approximated by reducing only the liquid water content: since

the drop concentration.- is approximately the same as for the adiabatic case.
[ " .

.
N
To accomplish this, two eXperiments were attempted, one tp compare

_the clear air entrainment effect anAha second corresponding to the cloudy

air entrainment effect, in the continental cloud case.
The previous results give the ratio of the liquid water content

when entrainment with clear and cloudy‘air takes place, to the adiabatic

P

2
1iquid water content of the parcel when calculations were terminated. o

. for the contfnental case this ratio, at time t = 11.5 min, was 0.55 for .

P
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the clear air case and 0.74 for the cloudy air case, as um?hg R =10 3 sec 1

4

~
In the maritime cases thils ratlo varles 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 80X relative humidity environment the values were 0.6% and 0.82 cor-
responding to clear and cloudy air cases, at time t = 9 min.

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

the continental case for R' = 10“3 sc-:‘c—-1 , by the following two simultaneous
procedures: first by applying a reducing factor &f 0.6 to the adiabatic
values of 1liquid water content, and second by reducing the drop concentra-
tion at each time step by the factor of‘10—3. It should be noticed thatkﬁ
for the case of entrainment with clear air, for R' = 10”3 sec_l and for
continental cloud conditions, it was found that at time t = 11.5 min the
ratio of the drop concentration with entrainment to that without entrain-
ment 1s also 0.55. Fig. 4.25A is a plot of the resulting spectrum at

time t = 11.5 min together with that resulting from entrainment with c%ear
alr and the adiabatic case at the same time. It indicates that the factor
0.6 gives a development of the coalescence tail at a somewhat lower rate
than the calculation with entralnment of clear air. OAVthe other hand,
the position of the condensation peak 1s somewhat to the right due to the
- fact that p;oceeding in this way over the first portion pf the ascent we
get less condensagfon and over the last portion we get more condensation
than with the entt?inment calculation, But this 1s an in@ication that

we can simulate apéroxinmtely the clear air entrainment calculations, in

this simple way.

As far as the cloudy air is concerned two values of the reduction

B




m*3 / unit Inr)

AXIS (g
0

G
G

Ly

1
A b L ihddl

ll 1 Lllllll’l 0

At A iildl

+
AXIS {gm*3 / unitinr)
20,

S d A A 4440

oo
‘i
.3
=
"'c)a
4
To-w
i
i
1
T T T I T T T e T T T T T T
Y 10 20 Yo 80 160 320 s 10 20 4o 80 160 320
+ BADIUS (micrens) ORRDXUS {riCRONS)

Fig. 4.25: Mass distributions at time t = 11.5/min, for the continental case.

A:

' - —-—
a) No entrainment b) Entrainment with clear air, for R = 10 3 sec 1 c) The result-
ing spectrum where factor of 0.6 was applied to the adiabatic values of water content
while the drop concentration was reduced by 10~3 gec-1.

' — -
a) No entrainment b) and c¢) Entrainment with cloudy air, for R = 10 3 sec 1 and
0.5 x 10-3 gec~1 respectively d) The resulting spectrum when factor of 0.9 was- applied
only to the adiabatic values of water content.
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_0.5’x 10 zs;ec--1 , and the adlabatic case after 11.5 min.

-

factor were tested.

First the factor 0.74 given from the results, resulting in a

spectrum (not shown), aftér 11.5 min, which was not in a reasonable agree-

' - -
ment with the cloudy air case (R = 10 3 sec 1 .)

4

Then the factor of 0.9 was tested resulting in the spectrum given
. ) ' _ L
in Fig. 4.25B together with the cloudy air case for R = 10 3 sec 1'.Jand
»
3

I
Y

[

.

It is apparent that the coalesgcence tail is situated between the

+

two cloudy air case spectra, and nearer to the cloudy case with .

J - -
R = 0.5 x10 3 sec 1 . It must be noticed that the gatio of the result-

-

ing value of liquid water content in the cloudy air case, for

R' = 0.5 x 1Q}? Bec'-1 , to the adlabatic value is 0.85, at time t = 11.5 min.
Therefore, a reduction of the adiabatic values of the liquid water ‘

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

lates roughly the entrainment process with cloudy air.

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

process can be included in a more complicated model.



CHAPTER 5 -

SUMMARY

In this study an attempt is made to investigate the single effeca
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) 1s used to
determine the droplet spectrum evolution by condensation and coalescence.

Three cases are examined, one of continental cloud and two of mari-
time cloud. The initial distributions have been chosen to be representa-
tive of continental and maritime droplet spectra respectively.

i

4 ' The entrainment rate parametets used are 10-3 sec_l and ¢

0.5 x 10—3 sec—l. The vertical velocities have been considered constant
at 10 m sec—l for the continental cloud case and 2.5 m sec-1 for the mari-
time cloud case. The assumption of a uniform vertical velocity dof the
rising cloud pa?cel is not realistic; Nevertheless by including entrain-
ment in the model, 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 vertical velocity
of the rising cloud parcel and the entrainment rate paramet;; ;re kept
constant with height 1s not consistent from a dynamic point of view.
However, using the same method a more realistic approach could be made

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

The results show that entrainment reduces the temperature and

11quid water content of the rising cloud parcel relative to the adiabatic

case and especially when entrainment with clear air is considered. Also
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as the entrainment rate parameter increases this reduction becomes larger.

I':urthennore entrainment does not influence very much the droplets
that have grown by condensation, but slows down the production of large
drops, especilally for entrainment with clear air. In particular entrain-
ment with clear air'}'slows down the development of the droplet spectrum by
approximately 2 minutes, relative to the adiabatic case, for R' = 10'—3 sec_1
in the continental case as well as in the maritime cases. As the entrain-
ment rate decreases the time lag of the droplet spectrum development also
decreases. Thus the entrainment rate parameter of 0.5 x 10_3 s;ec'-1
applied to the continental cloud case indicates that the delay of the dev-
elopment in the clear air case 18 approximately 1 min.

On the other hand entrainment with cloudy air delays the develop-
ment of the droplet spectrum by approximately 100 sec and 50 sec for
R' = 10"3 sec.'l and 0.5 x 10—3 sec”1 respectively, for the continental
cloud case. For the maritime cloud cases the delay is approximately 1 min,
for the value of R = 1072 gec™t .

Therefore, entrainment of cloud with its environmental air delays
the formation ¢f rain, as was expected. However this delay does not seem
to be very significant, if it is considered from the point of view of the
time lag, in particular when entrainment with cloudy or saturated air takes
place.

It should be mentioned that clear air entrainment as has been
modeled in this study 1s an oversimplification. This is because clear
air contains cloud condensation nucleil that will be activated as th'ey are

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

Furthermore entrainment with cloudy air (containing small droplets) is not

e
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equivalent to the process of entrainment with clear air containing CCN.
But proceeding in this way an indication of the effect of sr/;aller 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 simllarity 1s an indication of the minor effect of the entrained
small droplets. In the case of entrainment with saturated clear air as well
as in the case of entrainment with cloudy air the same amount of condensation
takes place. The position of the condensation peak is slightly shifted to
larger radii in the clear saturated air case. Despite that, the coalescence
tall shows a slightly slower development compared to the cloudy alr case.
This may be attributed to the fact that in the case of cloudy alr, the
entrained small droplets speed up somewhat the coalescence process by
broadening the condensation peak, relative to the quite nq’rrow peak appear—
ing in the saturated clear air case. |

On the other h"an;l the only difference between the cases of entrain-
ment of clear saturated air and of clear unsaturated air i1s in the amount
of condensation. The fact that in the case of saturated clear air the
development 1is faster than ix; 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 an estimate of the magnitude of the‘.( effect
- of entrainment on the droplet growth, and furthermore an indication of the
effect of small dropletls on the development of the droplet spectrum.

Finally the simulation of entrainment in the adiabatic model indicates




™

‘ that by just reducing the adiabatic values of the water content by 10-15%,

the cloudy or saturated air entrainment can be roughly approximated.

e
-
+
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APPENDIX 1.

WL Computer Program for the Thermodynamic Procedure

For the calculations of the thermodynamic properties of the ris-
ing cloud parcel experiencing entrainment, a computer program has been
written. This program was adapted to each case of entrainment (clear,
cloudy, or saturated) with some slight modifications. It consists of a
main program, four sugroutines and five functions,

The spbroutines, INTER and MIXPSE, have been written to accomplish
the prc;blem of entrainment. The ot'he'r subroutines and functions were taken
from a comp;xter program written by N. Cherry.*

»

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

trainment rate parameter ‘IQ—3 xsec,”l » 1s given below. The applied ini-

tial and environmental conditions are those of the continental case.

MAIN PROGRAM

Input data.

1. Vertical velocity of the rising cloud parcel (V) »

2. Potential temperature at.the cloud base (THETAD)

3. Saturatibon mixing ratio:at the cloud base (Ws) :
4. Temperature at the cloud base (Tc)

5. Minimum height from the cloud base where the calculatiomsstart (Hmin)
6. Time interval of calculations, in secgnds (AT)

7. Total number of time steps that the calculations carried out (NT)

8. Inftial value of 1liquid water content at Hmin

a

> Sﬁbroutine, INTER, interpolates ambient temperature and dew point soundings

*McG1ill University
Unpublishe/.d work



Function, THD, calculates the potential teﬁperatqte.

Subroutine, HTOP, calcuiateé the pressure at each Height. .

Subroutiné, FIND, calculates ghe temperature and saturation mixing

. ratio of the risidng paeudoadiabatically‘cloud parcel, when equivalent

_potential temperature (THE), and the pressure (P), are known.

Subroutine,lyIXPSE, carries out the three steps of mixing, namely
pseudpadiabatic ascent, isobaric mixing, wet-bulb process.

Fqnction, Es, calculates the saturation vapor pressure over the wéter.
Function, Tw, célculatea Ehé’ﬁet—pulb temperature.

Fu%ction, W§€ calculates the saturation mixing ratio. .

qﬁ;s"on, THAE3 calculates the.equi@alent potential temperature.
& ~

W
A y

Output: . /

At each time step (1.e. height) the following properties were obtaiqéd: v

Prgssure, temperatyre, saturation mixing tatio, density, and liquid water

» content of the cloud parcel. Thege parameters are subsesuently used as

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

le‘ﬁspectrum development. / R
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/ 64 FORMAT(® TH='.F10.2)

MAIN PROGRAM

« DIMANSION PRIENOI) e TM(DOL)oMM(P0T)+T{901F5.TO(901)DENSTY(901), ¢
FTAMLEIO1) s ANL21G0L ) +RM(901)sTX{10)sTOXLL10)INX(D) .NOX (D)
DA T4 rx12&o.¢-273-.263..261..261..253..2?7-4/.Nx180.lIS-SO-JO-

111243097 )
DATA TOX/280440273¢926300261002610¢02534022744/NOX/88.11%.50,38,
111243097 .

1 TIMB=0, p

READ(5,10,END=2600) ViTHETAD awSeTCoHMINCANL 14DV oNT
WRITE(6,60) VeTHETAD WS eTCoaHMINGAMLY4OT o NT .

©

FORBAT(® %, 7F12.3.16)
NTXaNT#+]

Ji =5 .
LaINT <

Ti1)2260,.4 ° .,
CALL INTER(TXsNX,Todlold

J2=0

£=NT

TDC1)»2R0.4 - Y
CALL INTER(TOY.NDOXuTD o 2,1} N

THETAaTHE TADS " XO{ (S97.34WS)A(0.23969TC))

CALL HTOP(P HVIN.O<el) ! _ -

WRAITE(6.,63) P
3 FURMAT(!' P=¢t,"10,2) '
CALL FIND(THEYAPeTH.W)
WRITE(B.64) TN - v
\
A"L(l)tAMLl‘(!-/(O.SAatéZITH)OIOOO;il .
MRITE(6,67) AML(1) .

/ 6T FORMAT(' AMLm®,E15,6)

00 © I’} NTX

ﬂN*I"O‘O.l

DU S00 I=)sNT

HaHMINVETING 8
CALL HTOP(P.M.04e1)

PR{L)=p &
AML2(T)mAMLESIL./(0.3488(PRUTI/T(I))®1000.)}

500 TIME=T(IMEOT

C
~
4
60
:
-
! . 6
. i
L3
5 6
“~ N
1)
w 1

12=NT
CALL MIXPSE(THETALPRToTORMTMouMa] o124 AML, AM2)
TINE=Q,
DO 550 ImleNT y .
TVATM(1)8(14040.6220wWM({ L)) : -
DENSTY(L)=0.340%PR(I)/TY i

0 TIME=TIMESDT
PUNCH lJ.(PR(')-YN(I).'N(I)»DENSTY(l).AHL(l‘.IOI'NT)

3 FORMAT{SEL4.5) 7
wRITE(&:12) .

12 FURMJF(IM.ZX.'!'.QK.'P'.l!l.‘YM'.\JX.‘EN'.lJXc'D'ol)Xo'ANL'%IJX.'

)
1
80

tAm 2¢)

WRITECGLL) (ToMEI3oTMUT) oWMUT ) DENSTYET) oAMLET) dAML2(T ) olnt oNT)
1 FORMAT(15.6€14,.8) .
0 FUAMATLIFIOSE o 18) '
¢ sTap .

Eno K

&

Y
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SUOROUT INE INTER( TR NeT,J,L )
OIMENSION T1Y,TX{1) eN{LY, .
13=0 -
g0 20 k=i, .
122N(K) | o v )
00 10 I=2,12
Ta=(413
TUIM)ACITXIRINI=-TRIK)I IS LI~ ) )/ (N(K)~5 D &TX(K)
CONY!N(&E \
13=13eN(K)~1 -
CONT INVE h . .
RETURN )
END | : , .
SURROUTINE HTPD (P,H,DPN) ) %
H=H/1000,
IF (H  .GT.3.0) GO TO 2
P - %1013.0%EYP(~0,1220H) , -
GO YQ 4 BT
IF (H  «GT<9.0) GO 0 3 s f i 2 Pepafe
P ETOOLTSEXD{(3.0~H )Y7.228) ' * { S 1y .
GO TO & 3
] 2305.6*HX"({~0.156a%(N -9.0))
L] ap +0p L.
CONYINUE .
HaH$1000, -
RETURN ~
END 3
SUBROUTINE MIVDSE( THE wP o ToTD R TM WM. Sl ¢ J2 s AML ¢ ANL2 ) - ‘
n r
OIVENSION P(I)oT{1)oTDILIRUI)eTMIL) WM 1) aAM.LL) AML2¢L)
CP=0.2396 .
CPV=0.44] -
THEQESTHE o« v
CALL FIND (TH D PLJLIITM{JL) JWM(SLD)
FITNITY] . .
D0 1t JU=Jys.J2 . b 4 -
CALL FINDITHEN,P(J) TMIJ) , WM( 2))
w=WS(P(sY.FO(IY) . '
AMLEJ) =AML S~ 1) e (WM J~1 )~UMCJ) D ‘
TMEILE(CPa(THISILR{IIST(IIISCPVSIURIIISTMIIISRI I OWeT(S) )
TEANLUSIOTV( D) AAML2INIST(IIOR(IIIIZICPR(1 COSRII) ) oCPVR(WN(I) e
2R0IINEILAMLL 1I4R(IISAML21ID D) ' , -
AML(3)alANMLIESY SR JIISAML2(IDI/Z(1.00R(SY) 2 .
W) (wH{I)P(IIeW)I {1 .00REI)) ‘ - v
wiauM()) ~.
THESIaTWIPLIaTMIS) sMiJ) AMLE D) Y .
WM NS (P(J) eTHES) ) ' ¢
. 0
- 3
( ...
- °
\ £ - Y
* * Al ' .
’ LY
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48

77 N

ANL LS =AML )< (wM( D) ~-w])

THEOETHAC(O(JY s TME D) s WML I)) :
W Te(6.40) THED .

FORMAT (* *,5P10.2)

RETURN

END

SUBROUTINE FIND(THE ¢« PeTsQ) -

AL2397.3 s
Rz0.068557

CP=30.2396 ' .
AKzR/sCP
ERR=D.O01)
ER=20.01#ERR
T02140.0
DT=100. .
B=ES(TO)

0=0.62197%E/{"~-E)

TEST2#THE=TOS 7,21 1%EXP(ALSQ/{CPRTO) )/ (Pe#AK) 4
Tar0

GaQ 10 2

T=7-0V7

DT=0.1%D7

I+ (DT«LT.ER Y GO YO S
Ext9(T) ) - :
Q=0,62 197#E/ ( O=F) ;
RKSHAKA{1.0+1.608%0)/(1.000,40520Q/CP)

THOST®= ({1000, /{P-E))aRKS) . ,
TEST2aTHE=THD #EXP(AL®Q /(CPST})
T=T60T

E=E9(T)

Q=0 w2 1 DTSE/ ( O=E)
NXSTAKN(],0¢1.60840)/(1.0+0,465240/CP)
THOxT®{(1000."/(P~£))*8AKS)
TESTIaTHE~THD <EXP(AL®Q /(CPOT)) - ~
1F (AASITESTIY.LT.ERR)Y GO TO 10 N '

FACT=TESTISTESY2

1F (FACT.LE.0.D) GO TO 1 *
TEST2aTESTY s

GO 10 2 ‘

WALITE (6n6) P

FORMAT (* *(1AXs*'T AT P m *,FT7.1.* NOT FOUND®) .
RE TURN

ENO, * A .
. '\’
FUNCTION ES(TY) .

{,,\

ES(Mg) = SATN, VAROUR PRESIURE OVER MATER AT TiK). I-U.O..}#A(!!l
i

TT=373.16/7 . . .
As=7.902900(TT-1.0}

A%SI02808%ALD 10(TT) . ,
C22(1450=140/77) 011,348
CI1M10.088C2-140
Ch-1,3R16%C1/10907
D2%(1.0-TT)*3.49149
D1=10.00802-140

[

§
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e

OxA.13282D1/10,098)
E*ALOGIQI1013.240)
FFRAVH$CI04E
ES=10.0%eFF

RETURN \
END ' o . y

FUNCTION vv«n.v.g.aua)

AL=39741 -
Cx04a23964We 0,001 ¢AML

0S=2wsSiP,T)

IF{%.65Q.0S5) G" TO 3

Ort=0.0%

IF{RT.0S) DT2~0.05

Tw=T

R1z{wW-Q5)*AL

Tu=Teeoy »’

IF (TWOGT ¢350. AeORLTWLT 15040} GO TO &
QSeMI(P, Tw)

A2u(W-08)RAL=( TW-T)sC

TEST=R1#R2

IF(rBST.LE.0.") GO TO 2

Ri=R2

Gu TO 1

TWaTH—~R28DT/("2~R1) ¢
RETURN °

TwsT -

RETURN

TusT ™ 1%
WRITEL6.5) .
FURMA (10, [OYs*TW WAS NOT RQUND SO TwaT «* /)
RETURN
£nn

FUNCTION wSi{P,T) . .
RS0, 62197*ES{TI/Z(P-ES(T)) z

RETURN

END y o

FUNCTION THAZ{P,.T,.M)

CPa0.2396 .
AL=S97 43

THABSTHD (D, T,%) SEXP(ALO W/ (CAAT) )

RE TURN [ -
eND >

FUNCTION THO(P, T ¥}

AK=0.2861 3108

AKS2sAK® (1 .0¢1.56080u}/7(1.061 ,/9418000W]

E=dMan/{0. 62197+ W)

YHD=T8 1L 1C00 N/ LP=E))0eANS)

RETURN

END .




APPENDIX 2.

Cloud Droplet Growth Model

<

Some glight modifications have been made to the model of Leighton
and Rogers (1974) to include entrainment. The program given below is for
the case of entrainment with cloudy air (containing small droplets), for

- -1
an entrainment rate parameter 10 3 sec .

MAI} PROGRAM

Input data.

1, Time interval, in seconds, for 1ntegration_of coai;scénce and con-
densation equations. (DT) * .

2.\‘Time interval at which complete spectra are priéted out. (NP)

3. Initial distribution taken at Hmin. (Number of drops/m3/unit inter~ .
val of J).

4. All the input and output parameters of the thermodynamic procedure.

5. The main program reads also the values of collection Kernel (v(r,3)),

found in a separate program,

Output.
At each time step the program cal¢ulates the spectrum and its J

corresponding parameters, such as‘liqhid water content; droplst concentra-

3

tion, radius of the 100th largest drop m”, reflectivity factor.

Details can be found, in Reinhardt's (1972) thesis.

. ¢
P
P ' |
.
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DINMCRSTUN 1289 ), Ge (85)

CUMMUN Z25 e A1 7 1 UB5)40(8,) PGLIBS) 2CGUAD) HIBS) 1 XUBL) s ZI AW TINE,

TCX g JMAR, JM Ty

COMMUN /Ar A27 LSLICIHYS 30 )2 TLIC(US 4 2) WCOLTIMNES b AINT(REY , G

CUIMMIN A AeeNdy7 v(eledl)

CLAWNZARE As /PR 2CCIeTVEY0C e n(SO0) sOENSTY(SCO ) o ANLLSCED oL

CUMMN/A I A/ Ml U INT o VLU RAIN,VLIG, ANLY
ETAMX)=( 173 edt0ebuie=2)nlaCl=Co
viilge), -
HE A {(Sale ) DY NP
12 FORMAT (FL1O-1 M 2)
CR2HURT(1 .61 3210),
Pl=3.141L3
ResJeval ~4 ~
H{l1)=R¢
X{1)=as1 {472 RV 3
RLeX(1}
E4=124/ALCG(R o)
LI332073.
Ch= XP(1l e/ Ld)
JMAX=H]
JM INz}
FEAVEENT TP WYY
00 104 J:2,45UF
REJ)=CH K u=1)
106  X(J)=CX x(J=1)
101 RLAU (411, ND<200C) (FLJ) eJul . %5)
11 FUIMAT (SUlaeb)
S DU U2 JEbue JVAX
F{J) -0 <
G(J)=9.
102 0G(U)-0,
RLCAD (9:013) VV G THETACoNS s TCoHMLIN
13 FUIMAT (HFL Qo)
Tric =THLTA» CAF( (997 03 w5 ) /7 (Q.239647C))
WRITE (Calg) VYV THETAL ewy o TC e HNMIA, THE
10 FURMAT (1nl, tv -
VeF AL, FAIN ~* yFBoec s *THETAE =',F8.2)
KEAD (£4805) 7
45 FURMAT (13)
RE AL L C) P TYV,ynZoClaNL]
Su FURMAT(OC14.5)
Ji=1
N=NT~-] '
NT2xNT/¢

s

FO.2,°* THEYAU %' ,Fg.2,¢ Lk 3'4)1'8-20'

»
R AD(L 0N AP IT Do TVLLT ) o a I T ) OUNSTY(ITIANLETT) yTTa14N)

CTeMezTyves71,
VISCELTA(TLmP)
unwe/l - ¥
Tiw =), ~
voL =), 3
230,
9»«4_9&:0.
1CONaY i
r=kNIN -
VO, 1950 J21 4558

L RIS LT IR E L)Y 3 -
CuldIIAI DI LI F (S) -

TC =0

-7




150

164

vy
20
n

a0

210

220

7Q

20

229

DGEII=0,
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S00F K=7 N
L=s - /
Gu Ty 5020
5002 =6 )
£ L:'“ - M
G TO sS02¢
5003 K=%
L=3
5020 LC=0. 7
vy U330 I=1s06 /
I+ (GLEJ=K4T D) +1TY.) S5C50, 50504+ 2C30
5030 CuNTInue .
i) ouad I=tio
HUA0 GLzHCe LILIS=uP el ) oGL{JI=KeT)
UL S AP LC)
U T %050 -
3050 DU 000 I=1.2
S06C LO=GU+TL ICtI=UPsl ) L (J-L+D)
L= XN (ul) +
5070 1 4BJ P LTl E=4C) GU TQ SCUt oo
Te aT=AluGlLL ) +ALOLE VD 2P))
IF (T aTeGTe=1794) €L 10 $092 ¥
5081 aGT -Us
/ . a ‘
- * » )
. /
o ) , ' e




B0y

i
60
61

65

¥

RE. TURN

w6 l=6C 4 vilIP) N
he. TURN

LD

SURAWUTINE OI0CLSLC0)

CUvAnN FARCALZ FUB5) 0L ua)eGLIBL) DGIBS) RIAS) 4 X{82)slJe X2 TIME,
LCR o IMA L UMT L NGy

JL=JHAX~2

“J100k) , J

TO-QeS- (F(JAAXIHE(JLH1))

0U Ll =l - . .

I =JUMAX-J ¢ . '

e {T0.6e.130%3 6C 3 ¢35
To=TL( (141 (I=1))2Ce5
3100=9

o, TUKN

J10d=1 .
HE TURN .
LtNE -
2UURUUTINL TRAFIN(CGF ¢ 90)
CUMMIIG /AKFALZ FIED ) sC US)+6LIBDY,0G(B8) RIBS) o X(BE) 124X TVIME,
LCA v IMA AL UNTY

CONMUN Z7A0LAZY SLICLES U)o TLICIEE12)9CORFIN ESIcAINT(E%) s 0GI
VOUP=0eLrAINT (JUMIN)

[A=JdmMIne]

Lu 3000 Jz2l1A,uG - T

DOFR=LGP+ATNT(J) v - -
o T hiebe ‘

RE TURN M

END

I . ——



representation of the dioplet spectra obtained by the model, mentioned in

91

/ o
, APPENDIX 3,

~

The following computer progrem has been written to provide graphical

A

the previdus Appendix 2.

LY J

2

<

1000

Plottlpg Program

MA TN

NIMENSTUn DA ) ,6(BI)
EAL WORDL2) .
REAL UNIT{2) -
REAL WARC (1) .
DATA WORD/'RANT e ,0yg (o
DATA UNIT/'MICT*,'ONS ¢/
DATA PARF/Y) v/
CALL BLOTON , .
IRSTART=0.
CALL 2LNT(N.0+"e5,~3)
CALL DASHY (0474040 15+0,0.0,1)
CALL DASHY{0.a271,0:040e6281,+-0,062,41)
CALL DASHY {1+73140.001e031+4-0.06241) /
CALL DASHY (1.4781,0400u1+7834~0.062.1)
CALL DASHY (2.%31,0,0,2.%31.-0.082,1)
CALL DASHY (3.781,0060,3.2814-0.,062,1)
CALL DASHY (4.731.0.044,031,~0.062,1)
CALL DASHY (4.791,0,0484781.-0.06241)
CALL HUMAER {(0.281+-0+25400129,5¢¢0c0~1)
CALL NUMPLI (CaD659v=0a25¢02129310a000y~1)
CALL NUMBE® (l.71@-—0.25,0-1?3.20.oo---l)
CALL MUNMUE® (2.469.-0025+04/125,4044000-1)
CALL NUMAUED (3.219¢~0625¢0e125,800¢0¢004=1)
CALL NUMBE? {3.906+-0:2540e12%:160ce00¢~1)
CALL NUMAED {(A,05%61~0e25,06125¢v320440e0~1)
CALL SY 4301 {16750 -0e5004 1254 WORD, Q0 B}
CALL SYMPML (24 9++0e5¢0e0934UNIT00e?)
CALL SYMHOL(J34201+~045¢041254PARF 404sl)
CALL LoAXS{ 0040004 G-AXIS 30,7400 P060150E~05,140)
t=o0
t=1¢y
RLAD(S «i25+END-1000) ZJC1)oG(1)
FURMAT (1 S.0,E'Sep) - v )
tF ¢2301)1.F0.0.) GO TO ¢
IF (2J(1).50,979,) GO YO S
tF (G(1)aNEsOs) GO TD 2
G TO 3 F
t=i—-1
7i{1s1)mi,
LZJ(1e+2)x16.
G{l+1)=1.0F~-05 o
Gltl+2)x1.0
CALL LGLINM (7J¢Gel1¢14000,1) A
1F {(RSTART.CO«'e) GO YO 6
GO YO o
ASTAR TR,
GO TO 1
~CALL PLOT (103" e~2:5¢~3) .
NSTART#0.
GO tO ? ° »
CALL ENNPLY
srop
«NO

(})

o3



