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ATMDSPHZRIC , ,ISTUJIE PARAiUTERIZATION

SECTION A - LIQUID WATER CONTENT

1. Introduction.
t

A number of studies prooessed recently have required to mom degree
the speoification of the configuration of moisture in the atmosphs".
This configuration has an Impact in many areas of Wich electromatnetic
attenuation, clear line of sight, dLynamic loa4ing, and icing are Just a
few. Based on this motivation several investigations have been =ao into
the manner In which moisture is portrayed in meteorological considera-
tionas. j

Condensed moisture in the atmosphere is described by two parameters, liquid
water content (LWC) and drop-size distribution. Liquid water content refers to
the m•gnitude of liquid water in a particular volume of airjwhereas drop-size
distribution indicates the spatial distribution by drop size of the LWC of that
volume. At this point it should be Atrersed that any reference to LWC in this
report includes both liquid and solid forms of moisture. Measurements of LWC
of the solid form refer to the equivalent liquid content, unless otherwise
specified.

A number of pertinent factors are involved in the distribution of liquid
water within the atmosphere; therefore, a discussion of these specific factors
is essential if one is to arrive at a method for determining this distribution.

2. Magnitude of Liquid Water Content.

The important factors controlling the magnitude or the liquid water content
are as follows:

a. Weight. In the vapo- state, water bnhaves as a constituent of the air;
however, when the water vapor condenses into its liquid or solid form, it pre- 4
cipitates out readily because of the large (25,000 times) increase in density
compared to other air molecules. The rate of precipitation of liquid or solt.d I
water is dependent upon the magnitude of the liquid water content.

b. Condensation. The amount of water that can condenes out of a parcel of
air depends upon the amount of water vapor in the parcel and the reduction of
pressure and temperature iindergone by the parcel. The amount of water obtain-
able from a parcel by thin process is termed the adiabatic LWC. Although this
prowess can be used to determine the amount of water, available in a parcel. of
air, it cannot be used to determine the distribution of LWC in a parcel because ,/

of the movement of the water after condensation. Ackerman (11 and Warner and i
Squires [21] have discussed this process ,'iorougily in reviewing the factors
involved in LWC determination.

Ilk
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c. Vertical Motion. The effects of vertical motion on liquid-water distri-

bution must be considered from two viewpoints. The first concern is the fall
velocity of the droplets and the secolud Is the vertical motion of the air.

The fall velocity of the droplets depends on the effect of gravity and the
density of the air. The Sthithuonian Meteorological Tables 115] show that the
Lerm.tlnai velocity varies from 27 k-. 1 a occn.d for a droplet with 4L
radius of 50 miciomnters to 9 meters per second for a droplet with a radius of

n500 mi.romsters. This fall velocity is a function of the radius of the drop-

let and the aerodynamic drag. These velocities are graphically shown in Fig-

ure 1, after Byers (3].

F i • • • 'I''' ! ' ! ' ! I ''I" I

I:i i i"I 'I"••I'

| ~~~~oT 3 of 7o $#WIN e q e N)
I. MME. 65ml

I to IS ft 40 00 7 o06 00 109

!,'1ure 1. Terminal Velocity of Spheres of Unit Density as a Function of Their
Radii in Two Different Size Ranges [3].

Droplets with radii less than 50 0
micrometers obey Stokes' Law because 1 /
the viscous forces are more signifi- 0
cant than aerodynamic drag at these 4

rmall radii. On the other hand, g I/
very large droplets are subject to I¢.

aerodynamic instability which causes
them to break up into smaller drop- 0

lets. 4

The effect or Fall velocity of
the drops and vertical air motion is 0 2 4 0 a 0 It

shown in Figure 2 (from Kessler and XIMU VERTICAL VELOCITY (mo')
Raumgarner [11]) by Indicating the Figure 2. Average Liquid Water Con-
amount or LWC that caox accumulate in tent in a Vertical Colum 10 Km High,

in Relation to the Maximum Vertical
a clouA created by a known mean ver- Air Speed and Mixing Rate Kr. The dia-
tical motion. ',;e K, values in the gram applies to steady statf conditionscn vtin saturated model updraft columns in

figure are related to the entrainment saturated environments (11].

2
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Table 1. Prequenoy of Liqui Water Content In Clouds
as Ftne t o of Temperaturs (M)

Interval of Toeoeraturo (in degrees)

03%- 0•' C -ý • v

.o0.05 16. 22.5 14.5 9.2 6.0 4.9 3.8 6.3
0.05 - O.ln 26.6 26.1 21.4- 17.0 16.2 13.0.I11- 0.15 MI 18.0 lh.k 4 .5 1.11
0.16 - 0.60 13.9 1 10.! 11.9 17.7 75.0
0.21 - O.a0 8.3 , 7.6

0126 - 0.31) 3.15 5.3 6.1 8.8 0.1 7.6 75%
0.31 - 0.3', 1.2; 4.0 5.8 5.2 6.8 5.1 6.3
0.36 - o.4o 63.4 .1 4
0.41 - 0.45 1.25 1.5 2.9 3.0 -4
0.46 - u.5o 1.25 0.9 1.5 1. 1 3.0 2.1 6.3

0.51 - 0.55 0.k 1.2 1.9 3.0 3.0 1.3
0.56 - 0.60 0.9 0.2 1.5 2.! 2.1 2.5
0.61 - 0.4; 0.2 0.6 1.0 1.4 3.0
n.66 - 0.70 0.2 0.2 0.8 1.2 2.1
0.71 - 0.75 o.4 0.8 2.1 1.3

0.76 - 0.80 0.1 1.0 1.2 1.7 1.3
0.81 - 0.85 1.4 1.3
0.96,- 0.% 0.1 0.2 1.7 1.3
0.91 - 0.95 0.1 0.2
0.96 - 1.00 0.1 0.3 0.5 0.8 1.3

1.01 - 1.05 0.1 0.8 0.8
1.06 - 1.10 0.2
1.11 - 1.15 0.9 o.4
1.16 - 1.20 0.1 0.2 0.3
1.26 - 1.30 o.4

1.51 - 1.55 0.1 0.2
1.56 - 1.60 o.1

S1.60 0.8 1.3

No o CJ L _U 12 1 01 5 855 785 1 I 2314 2L JL

of unsaturated air into the cloud.

Although vertical motion can be used to obtain a reasonable approximation of"
LWC, vertical motion Is one of the more diff'icult measurements to obtain because
or dynamic considerations.

d. Teisatature. Since the amount of water vapor in a parcel is related to
the temperature of the parcel, temperature measurements can provide an indication
of the magnitude of LWC in a parcel. Tables 1, 2, and 3 (Khrijib [i2]) show the
percntagse ooaurrenees of amounts of liquid watea found ail vw.lous tomperiture
Intervals within clouds. Tables 2 and 3 refer to specific cloud types.

Unfortu.mately, the use of tesperature meaaurements alone is not enough to
obtain the magnitude and distribution of rTwo, because it cannot take into a.-

count the other processes involved in the formation of liquid water. For example,

3
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Table 2.. Vrequney of Liquid Water Content In fic, at, am Ao
Clouds as 1Atioa of Temperature (%)

Interval or Tumperaturs (in darrAOe)
Water Content " -- - -

""! _ , H H 0g/ o ý + 0

0,05 29.3 23.6 16.1 io.6 6.o 4.e8 4.2 5.7

0.16 - 0.70 3: .8 12. 1 . 1•4 11.9 10.6 18.9 20.o
0.21 -0.2, 3. * 5.3 10.6 10._ 9.7 11.8 14.1 13.

0 . - 0 .30 5 .3 5.7 5.9 7. 2 8 . 2 9.2 8._ 13.3 3

0.31 - 0.3J, 1.7 3.4 .3 6.0 . 7.2 6. 6
0.3f-0.40 1.7 0.6 •. 3 , 3 . I7 8 .20.4l -- 0 0.6 1. 2. 3.0 . . 5.7 1
0.46 ).5() 0.6 0.7 1.7 1.9 3.8 2.0 5.8 X0 .

0.51 - 0.55 0.3 1.2 1.9 2.5 2.9 0.9
0.56 - 0.,O 0.7 0.2 1.7 2.3 1.6 1.9
0.61 - .5 0.1 o.6 1.0 1.2 2.6
0.6( -0.1 0.5 0.5 0.9 2.0
0.,1 - 0.7,5 0.2 0.6 2.3 1.0

0"16 - 0.1.8 0.0
OAP1 - '),P. t; 0: 0:87 1. ' 180.9
0.7V,- o.,90 0.13 0.15 1.3 0.9
0.91 - 0.95 0.1 o019 0.3
0.96 - 1.00 0.1 0.09 0.2 0.3 o.6

1.01 - 1.05 u.07 0,6 0.6 0.9
1.06 - 1.10 0.3
1.31 - 0.o6 0.33
1.! - 1.0[0.07 0.3 0.9
1.26 - 1.J0

1.51 - 1.5 5~o7 0.15
.1.56 - IAO 0.3

-1.60 o0.5 1.0
N1O, of~ casee 1 174 ý ~ 12 '2.. VI ~L .

'the displacement of the parcel In time ia not consideredj therofore, the degrme

of Super~aturation and resultir, condensation camnot be inferred. Likewise, the
velocity or the liquid water Prom the point of' condensation is not constidered.
Even with Its linl.tations, however, temp.rature measurements can be very useful
ior some work.

mn, m XV t o( 11oAvailable Date.

An extensive review of priaur work in the area of liquid water content pro-
duced a great aaK•unt or intormuation but no concrete nihod for LWC specifica-
tion. The maj.•ity of the work done in LWC measure-mnts are isolated studies

of particular types of clouds or measurementu with a specific objective.

Warns,' [221 and Warner and SBruires (21] advocate the specification of the
LWC of cumuliform clouds a& a percent of the adiabatic LWC varying with height.

4
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Tablu3 . Frequenoy of Liquid Water Content ir, No mn4 As Clouds.nd YUnotion of Tem peraturo g)'

IIInterval of Temperature (in degrnn,,)

Water Content 0

0.o•u - (I.fl 1. 1 11.3 12.7 U.0
0.46 - 0.150 261 21.6 31.1 20.3 12.3 122 2.7 4.8

0. 16- 0.'' 03.1 6V+ 16.3 23.3 113. 12.7 3 4.10.21 fl- n•, 4-:3 12.__1 3D__.+ 11.0 11.3 10.3 9.5

0.: .6 - 0..)(6 8.2 2.9 6 .2 3.9 2.

I.6 I7 0.3 1.6 4.6

o. 3i - o.'; 4. 1.:.• 59 , 10.9 5.7 U€.3

0.36- 0.465 0. .6 0. 8 1.3 .1 5 3 4 8

0. /J - (). 4 ý 1.6 2.9 3.4. 2,5 6.1•
0.".( - (0.50 1.6 1.1 0,3 ..3 5.1 -8.0• 4.8

o.i- .50.6 1.3 2o3 3.2 |2.3
k).56 - 0.6o 0.6 0.6 1.2 3.9 i2.3
0.61 - 0.65 0.8 1,3 [1.15 4.4
0.66• - 0.7n o.6 0.3 1.6 [4.6[

0.71 - o.7,5 0.3 0.8 2.3 |1.15

0.7A - 0.80 0.5 1.0 1.15
0.8 0.- 5 0.5 0.3 1.150. 8i, - 0o.9 0.3|
0,% - 0.95 0.2

0.96 - .000.2

1.01 - 1.05 0,2
1.06 - 1.10 0.2 0.3 4.7
1.11 - 1.15 0.2 1.15
1.16 - 1.20
1.A6 - 1.30 1.15

1.51 - 1.55
1.56 - .4

*. 1.60
"N Cal 23 61 / 306 -) 1 -_ ._ .

This process produces results which fit reasonably well the profiles observed in

a'our dirferent cumulus clouds as shown in Figure 3, after Warner (22]. The var-

iation of LWC With height in well defined by this process.

A number of researchers, notably Chang and Willand (6], Khrgian (12], and
lAson (173, have developed tables which specify average values for various cloud
types. The table from Chang and Willand (6] is reproduced as Table 4. These
tables are sufficient for differentiating LWC from one cloud type to another but

not for specifying the magnitudr, of LWC for clouds under varying atmospheric

conditions.

In an effort to establish some general criteria for estimating LWC rroki var-

ious atmopheric paramiters, the data from a number of reports were combined and

evaluated. Information from papers by Warner [20]•, Ryan (18], MacReady and

5
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12000 10000

10000 8000

460000

~6000

400 ...,_-- - W 2000 _ _
0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0

IC (p/') LU (g,/,•)

120 10000

~.10000 ' . 8u

-A-0 
6 000

6000 -4 4000

0 .2 .4 .6 .8 1.0 1.2 1.4 0 ,2 .4 .6 .8 1.0

Lwc (glsle) LWC (p/u')

Figure 3a. Variation of Peak Water Content with Height. [.2]

-•7O00

~6000-
5D5000

4000-

03000-
~2000

0 1ooo

0 .1 .2 .3 .4 .5 .6 .7
mean W't/W

a

iigur" ýb. Mean Ratio W/1W versus Height above Base. [221

Ta1keuchi [16], Knollenberg [13], Squires (19], Mason [171], Weickmann and aufm
Kampe [24], Kunkel [14], and Cannon and Sartor [5] was collectively processed to

look at vario,As relationships. Comparison of variations of LWC with height,

with height r.bove cloud base, with average droplet size, and with temperature

were made for specific cloud types. Other than the general variations of LWC
with height in cumulus clouds, no significant generalizations could be drawn

Crom this material. The variation of the equipment, measurement techniques,

and processing of the data between the various researchers is most likely the
reason for the resulting inconsistencies found in the combined data.

6
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Table 4. Kbacla of Cloud Paraxeters ff].

L ,I, id ty ,it I.Aq il,
r tuu iru I Im.( it I 1)01 IWa, I r I

Str htus 15(1 1 {m (11i)1 1)z (/1 (/, 2'i
500 1, 0011 1o. 0 7. (0,0

1, 100 rl , l (1o lo. o 8.0(1 _

] n~o i bu , 5000 6, (1(I)o I (1 4)(.011 "-

(&' ll 000 n. . (O) I 0I. 1 3, _)
St r atuo r I(I I, I)' I I) O O, 1, 1100 -.00i,0_,

, 00 I, 000 0. 7. o

1, 000 4 •,0() 00 1U, (0 0, (if
(;GirrutH T icimb '1, 1 001 o ,, (11() * 1). 0 1, 00.

ono(,0(1 7,0(1o lH) o0 0 3,Iol
8€, o0a] ]o, ooo 40}. o0L•')•

Ail itratu a 2., 40U Z, 1)( 1(1,0 o, 1,0

Al t:ulun - 2t, 400 6,110(1 (0. () 0, 1il

(.: rus - A t 1 , rj . 5, 100 7,)(1 40, U 0, 7, II,
- Tnrpical 7,50o H, Of[))) Ilo. 0). In

(Airrrstrativ. Arctic 4, 001) .,(O 10,o( ) ,

-Mid-C•it. 5, )00o 7.)O0 40, U ,I(

- '1 roTpictl (,. L)0 8,0 (10 40. (1 0. I0I

0 l00 200.0 I. 1(11

Nirribostra tu. , 500 1, m(10 1 0 Oil

1, o0o 0, oo 10. 3. om

2, 000 ,4, o00 10. (Io1

Since the only statistically significant relationship between LWC and at-

moapheric parameters were the relationship relative to temperature ao reported

by Khrgian [12], this factor, in association with the variation or LWC with

cloud type and with height above the cloud base, was used by Feddes [81 to infer

LWC at a point in the atmosphere, Tablr, 5 and Figure 4 represent the techniques
developed for Feddos' study. The maximum LWC is defined by t"e cloud type and

temperature using the values from Table 5. The LWC for the point under consid-

oration is found by determining the percentage of LWC baoed on the height above

the cloud base (and whether it is currently precipitating) from curves oimilar
to Pigure 4 for each cloud type. Note that In the case of preeipitation, the

cloud LWO will be that portion to the left ora the nonprecipitating curve where
precipitation will be the remaindler of the total. LWC.

Subsequent to Feddes' study, `he data developed by Blau, et al [2] from the

numerous flights by the NASA Convair 990 aircraft were obtained and evaluated,

These data differ rrom those in the previously described evaluation in that the

7
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13 Ril 13
90

14. ~ 4- 'i <f'j I

S70 4'

AII 44 ,,

60

10.I~IKK~jIILJ4 1Lk
20 40 60 8o ~~~17 0 32 ~ ~ 8 0

7 ECN1FMXMM AIRcNi~l

Fiue4.or~2eo ecn fI it egtAoeCodBs o
Cloud Idicateq

Tabe 5 Maimu LiuidWatr Cotn LC'ta a eEpetdi lu

ST .0 415 .20 .25 100 .. 0 .4 10 .4 7.0 .500

PEREN .20 MA30U1 .40 .4C.0O5N.0TI=.0 7

ASU .15 . 20 .25 -31.0 .35 0 .50 .50 .5

C20 .1-1 15 .20 .20 .0 .5 .10 15 .2

ST .10 .10 .20 .20 .315 .35 .15 .40 .50 .50

CC .05 .05 .35 .05 .10 .10 .10 .70 .15 .75

CB 6.50 6.50 6.50 6.50 6.5o 6.50 6.50 6.50 6.50 6.50

8
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NASA information consisted of miwasuuemente made by the same instrumnt using the

isam techniques In various tyrpes of' clouds. Liquid water content measurements
dAade by these researchers verified the inrormatiofl of the averag* values for

various cloud types previously discussed and given in Tables 1, 2, and 3. Sur-

f'icient measurements did not exist for clouds other than cumulus to give vansa-

tions with temperature and height.

SECTION B - THERMIDTNMKICS OF PRUSE CHANGES

1. Prior Research.

Many cloud physiciats have contributed to the study of' the thermodynamics

or phase changes of water in clouds. Byers (3] and Khirgian (12] have covered

the subject well and Blyers deals extensively with the microphysica of tce forma-

t~ion in clouds. He points out the importance or considering phase chang~es from

vapor to solid as well as liquid to solid.,

Hess (9) reviews the physics oV latent heat release that results from the

clianrg' or' phase from liquId to solil and vapor to solid. He also points out the

Importance or' these heat s~ources In cloud dynamics.

Blyers [31 veviews the principle that f'nr the same temperature, the vapor

pressure over ice Is less than that over water, and therefore, in a mixed and

supersaturated water-ice, environment, ice crystals will grow at the expense of~

water dropletA. He also points out that under laboratory conditions, supercooledI

water has been observed down to temperatures of -~4*C~. This factor establisher
a transition zone where both liquid and solid water are found In the atmosphere.

'p111ure 5, from Khrglan (12], shows the results of observations made in Russia
dclineating the temperature where various mixtures of ice and watei ^louds are

Cound. This condition applies to those vlour1s which are primarily liquI.d clouds

sinee cirrus clouds are, by definition, compos~ed or ice crystals.

-6.1 Figure 5. Average Prequencies of Ap-

pear'ance of the Supercooled and Mixed
Phases over Russia (12],1 1 - liquid and mixed clouds together

2-liquid clouds (after A. M. Boro-
vikov and L. 0. Sakhnko)

3 - liquid clouds (after Peppler)

P. DeNtermination Techniouim.

The technique used to specify thermodynamic phase in clouds is based on temn-

pomature and cloud type. Specifically) it in based on FIgure 5 where the amount

or liquid water is the percent of cloud water defined by the relationship

9
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I LWC - - 2.5 (233-T)

where T Is expressed in degrees Kelvin.

SECTION C - DJOP-STZE DISTRIBUTION

1. Initial Distribution.

The Initial distribution of droplets at condensation will depend strongly
on the type and number of condensation nuclei present. If there are no hygro-

scopic particles available, condensation will depend on spontaneous formation

of the embryonic droplet,.

a. Homogeneous Nucleation. Homogeneous nucleation occurs when the random

motion of water vapor molecules in a highly supersaturated envIronment results

In collisions that produce water droplets. Because the degree of supersatura-
tion required (200% to 800% relative humidity) is so high, its occurrence in the
atmosphere is unlikely and, therefore, of little importance in the determination
or LWC. ;

b. Heterogeneous Nucleation. The corndansation of vapor onto hygroscopic

particles was 4iscussed previously. In this typo process the initial distribu-

tion of the droplets will be strongly influenced by the distribution of the:4on-
densatlon nuclei. A number of researchers have made measurements of the size

and concentration of condensation nuclei. Byers [3], Mason [171, and Xbrgian

[12) have summarized the occurrence and physical properties of these nuclei as
they occur over land and sea. They review the observation that nuclei from

marine envI ronments are larger but less numerous than nuclei from continental
areas.

Prom the earlier discussion of the rate of growth of vartou:,.sized droplets,

the Initial distribution of condensation nuclei will largely determine the size

distribution of subsequently-formed drops as well as the rate of increase of
liquid water content. Evaluation or how the initial distribution changes with
time will require discussion of the factors which chi.'ige the distribution.

2. Change in Dron-Size Distribution.

Three processes have been identified by most researchers as the ones which

change drop-size distribution. They are diffusion, coalescence, and collection.
Each will be discussed separately.

a. Diffusion. The process of diffusion consists of a net flux of water

vapor to previously-formed droplets. This flux is a result of the difference

between the vapor pressire of the air and vapor pressure of the droplets. As

discussed earlier, the smaller the droplet, the higher its vapor pressure; how-

ever, as discussed by Byers [33, this radius-dependent effect becomes insignifi-

cant as the droplet radius increases and the vapor pressure of a large droplet

atproaches that of a plane water svrface.

10
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therefore, depends on the available

droplet surfaces hence, the number

and site of the drops. By this proc- Figure 7. Evolution of Droplet-
"Size Distribution with Time Ac-

era the larger drops will acquire cording to the Theory of Coale&-

mowe mas; however, the relative cencer[23a].

growth of the smaller droplets will

be faster than the larger drops. The effects of diffusion will tend to narrow

the spectrum or drop-sise distribution and move the peak toward the larger radii.

This process is shown graphically by Figure 6 taken from Byers (3].

b. 2. Coalvscence or uoegulation of droplets is the process where-

by droplets moving through the air by turbulent motions collide and adhere to

fora larger droplets. Thus, it is apparent that coagulation depends on the num-

bea densit~y of droplets. The higher the concentration, the faster the coagula-

tion proceeds. From this standpoint also, for a particular LWC, the smaller the

man droplet radius, the higher the concentration, therefore, the faster the

coagulation rate.

11
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1were (3) anad Moson (171 report that research work has Miwm that coales-
caone Is mor. frequent among drops of different sizes than among equal eise
drops. ftwever, In this reports differentiation must be mades between coalescence
and collection, which will be discussed In the next paragraph. The effect of
coalescence on the distribution of droplets is a broadening of the spectrum by
the creation of droplets larger than those found In the initial distribution as
well as a shift of the peak of distribution to lalWr radii. This iA typified
by Figure T shown on the previous page (after Warshaw [23&1).

a. Collection. Collection of droplets is the process where the ditffrin-
tial motion of large end small drop. cause larger drops to swaep up and accumu-
late the mass of smaller droplets. ?Mis process exists only in the oass where
there Is a variation In droplet notion. This occurs where droplets develop
differential vertical motions due to gravity or horizontal notion due to "forp"
drag.

Lb I I I II

0 .0 . 152 20 . . . . .
Drop' radumjm

Fiue8 olso fiinis Cletn-rprdiaeiiicated onteasis. ai ftecolce rpet r niae

by th curvs. [3

Colcini ogiae rcsad thsbe5tdedpiaiy~ne

thn0.75

0 GO Q2 C3 0.4 0.5120152. .
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"" collection efficiency i$ defined as the product of the collision effi-

cimW and the coalescence efficiency. Coalescence efficiency is the fraction
of the drops that are captured by the collector drop after collision. In
Pigure 8, the coalescence efficiency is assumd to be unity, as is the usual
case In the atmosphere in the presence of negligible electric fields. Experi. I
ments have showm, Lha& atmospheric electrical fields, such as occur in thunder-

storm, can significantly enhance coalescence efficiencies.

3. VeJ91Mi t Dist r1Vtion-Cha e NMchanzm*.

The process which alters the drop-else distribution in the atmosphere is
made up of all three of the previously-described changes. All three can logi-
cally be expected to be operating at the saw time under most conditions; how-
ever, each will predominate at certain tims and during particular "tumtions.

a. Condensation. During rapid condensation and droplet growth, the pro-
dominant mude of distribution change is diffusion. If condensation has only

recently begun in an area, most of the droplets will be small, depending, as has

been noted, on the size of the available condensation nuclei. During thin tim

droplets have not grown to sufficient size ror coalescence to be effective.

As the clouds become older, the droplets reach the size where the coalescence

process predominates until evaporation begins.

b. Stable Clouds. StAble clouds are those clouds that exhibit a slow rate

of change Ln character. As an example, stratus clouds are considered stable as

opposed to the.cumulus type that are quite dynamic in change of overall size of

the cloud and amount of their LWC. The process oa coalescence is predominant

in stratiform clouds due to an absence of strong motions, particularly vertical.

Figure 9, from Byers (3], gives an excellent exar..ple of the difference in drop-

let distribution In stratus clouds with varying degrees of motion. Clouds with

the weaker motion have a broader spectrum which has been developed by diffusion

ind coalescence and shows the peak of distribution at the larger radii. The

peak of the distribution in the cloud with the stronger motion tends to appear

near the radius of the drops that are the most efficient collectors.

Figure 10, taken from Byers (3), shows the eftectrs of' motion on drop-size

distribution. Note that the majority of the droplets in the radiation tog are

at the smaller radii, while for the advection fog, the distribution peak is at

the larger radii. This shift in the drop-size distribution occurs as a result

or enhanced collection with increased air motion.

c. StronA Vertical Notion. The effects of strong vertical motion can beat

be described by predominance of the collection process. This process, relative

to that in stable clouds, im exhibited in Figure 11, from Diem (7]. Note that

the clouds with stronger vertical motion have their peaks at larger radii than
those with weaker motions; whereas, the more stable clouds have generally
broader spectra.

13
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As the cajlion of Figsure 11

states, these are representation& Figure 13. The Droplet-Size Distribu-
or mean distributions. This fact tion, Liquid Water Content, and DropletConcentration as Functions or Heigt In
canl be misleading it the vairibibl- a Cumulus Corneius [25).

Lay or distribution within the

cloud is not fully appreciated,

F~gure 12 (taken from Warner (PO0I) shows the variation with height of drop

sizes through a cumul~us. Note that with increaisng height of' the cloud, the

distribution of" drop sizes broadens am the peak droplet Isite shif'ts to la~rge

divaeters. The shift of peak droplet size occurs because of enhanced coales-

cence and collection due to the longer path travelled by the majority of' drop-

let* at the upper portions of the cloud. The broadening of the drop-size 4is-
tribution occurs becfus of increasing entrainment toward the top oa the grow-

ing ýumulue. )

FiTre 13, from Zaiteev [251, also Is a good representation of the variation

of distribution and LWC in autulus conesius. The motion of the air, which

generasly varies from the motion of the liquid water due to "fiou drae" and

weight of the water, caures th ationfigurat 13. The distribution of LWC And

drop-saze distribution in cumulus depends strongly on the pattern and magnitude

ua the internal wind system of the cloud.

4. yuit ori Avton or Aailtble rth .

FValuation of the NASA data drrcussed by Bltu it io (2t henerall substan-
tiated the ou n curvel found 1ha i ton 1icr anid shon in Fiture 11. The one

lienificant variation was found In the drop-size distribution of stratu- clouds.
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altitude exhibited widely varying drop-asio distributions. These Variations

H are sitown In Figure 14&. it is likely that the variations were due to the dif-
ferent ages of the clouds sampled. Based on the theory of coalescence, the
cloud sciqipled In Flight 1 was the oldest. This agin points out that, even In
stable stratifors cloit--: b abstantial variations from the mean can be found.

jrih I .iM 1^ 0. op
so.tIi figh II"ZC01,r4

10+1

10 to 30 40 so
ftodlus (In misremesters)

I.Figure 14. Variations in Drop-Size Distribution of Stratum
cloud.

5, Droo-Size Distribution Determination TechniMu.

Based primarily on the Information obtained from evaluation of drop-size
distribution from Bllau et al [2],'the man curves of percent of LWC per radius
rnf differing cloud types, ans ~howna in Figure 15 from Diem (7], are the best
muthod ror speoirying, drop-size distribution. The drop-size distribution for
varying; cloud types proved :to be of little value as a tool for determining LWC.

Specificall, the drop-size distribution is determined through the follow-
ting equation using the value of LUC at each radius

ILWC - A (r - B)

A sand B are constants for particular cloud types, while r is the drop radius in
micrometers. Theme constmnts were deri~'ed from the curves in Figure 15, except
for cirrus, and are given in Table 6. The values for cirrus were derived from
the data from the NASA measuremeints reported by Blau et a1 (2].

16
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I Table 6. Cloud DSD Parameters.

/ v ",•..lus 45//8 2
C•m.•. Cilus Consestus 25/ 9 14

ET I Otrooaundus.i 60/11 2
......... Altostratus 30/ 7 3

__ bostratus 54/19 5

Cirrus 48/ 5 8

tip.rs 15. * The Cou~tribution Mlade by Drop-
leti of Various Sixae to the LiTqid water
Content of Different Types of Cloud [7.1.

The drop-s•ze distribution for precipitation, as discussed by Kessler (10),
can be found fkop the relationship

K(r) - 20 iexp (\.4)7 .rl0a".

where r • drop radius itn micron'

LVC liquid water content in £/m'

N(r) number of drops per m3 per micron radius interval

Atmospheric moisture has a signfitcant impact on all types of equipmont and
Instrumentation that operates in and above the earth's atmosphere. This report
has traced the development of theoretical and empirical methods to measure this
atmospheric moisture in the liquid and solid state. The relationships devnloped
for moisture parameterization produce a beat estimate of liquid and solid water
at a point ini tiW and space. These parameterizations will be utilized exten-
sively in modelling the distribution of stmosphoric moisture by applying neph-
analYsis and the more conventional paramuters frou real time and historic
three-dimensional data baes.

I:
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LIST OF SYMBOLS

A Drop-size distribution parameter

B Drop-size distribution minimum radius

:1 Lf Latent heat of vaporization

vM 1eoular weight of water vapor

N(r) Number density per radius

P Total pressure

Pi Partial pressure of it constituent

Pva Saturation vapor pressure

q Specific humidity

R Universal gas constant

r Drop radius
T Temperature

W Liquid water content •

W Adiabatic liquid water content

a Specific volume

p Density of the aLr

od Density of dry air

nw Density of water vapor

20r
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