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ATNOSFHERIC MDISTURE PARAMETERIZATION §
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SECTION A — LIQUID WATER CONTENT

1. Introduution.

A number of studies processed rscently have required to some degree
the specification of ths configuration of moisture in the atmospheve.
This configuration has an impact in many areas of which electromatnetic
attenuation, clear line of sight, dynamic loading, and icing are Just a
few, Based on this motivation several investigations hava been =made into
the manner in which moisture is portrayed in meteorological considera-
tions,

o s e o

Condensed moisture in the atmosphere is described by two parameters, liquid
water contant (LWC) and drop-size distribution. Liquid water content refers to
the magnitude of liquid water in a particular volums of air,whereas drop-size
distribution indicates the spatial distribution by drop size of the LWC of that
volume. At this point it should be atrensed that any reference to LWC in this El
report includes both liquid and solid forms of moisture. Measurements of LWC
of the solid form refer to the equivalent liquid content, unless otherwise 1
specifiled.

A number of pertinent factors are involved in the distribution of liquid
water within the atmosphere; therefore, a discussion of these specific factors
is egsentlal if one 13 to arrive at a method for determining this distribution,

2. Magnitude of Liquid Water Content.

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

a. Weipght. 1In the vapox state, water behaves as a constituent of the alr;
however, when the water vapor condenses into its liquid or solid form, it pre-
cipitates out readily because of the large (25,000 times) increase in density
compared to other alr melecules. The rate of prscipitation of liquid or solid
vwater {s dependent upon the magnitude of the liquid water content.

o b. Condensation. The amount of water that can condense out of a parcel of
alr depands upon the amount of water vapor in the parcel and the reduction of
pressure and temparature undergone by the parcel. The amount of water obtain-
able from a parcel by this process is termed the adiabatic INC. Although this
ﬁrocess can be used to determine the amount of water available in a parcel of
air, 1t cannot be used to determine the distribution of LWC in a parcel because
of the movement of the water after condensation, Ackerman (1] and Warner and
Squires [21) have discussed this process : “oroughly in reviewing the factors
involved in LWC determination.
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¢. Vertical Motion. The effects of vertical motion on liquid-water dlstri-
bution must be considered from Lwo viewpointa., The first concern is the fall
velocity of the droplets and the second is the vertical motion of the air.

The rall velocity of the droplets depends on the effect of gravity and the
density of the air. The Smithsonian Meteorological Tables [15) show that the
terminel velocity varies from 27 (i LlactelL per saCInd for a droplet wilh a
radiug of 50 miciomoters to O meters per second fox a droplet with a radius of
7500 micrometers. This fall velocity is a function of the radius of the drop-
let and the asrodynamic drag. These velocitles are graphically shown in Pig-

ure 1, after Byers [3].

T T T T T T T T T T T T

rop

TEMNNAL VELOCITY, O 888°~'
e & $
T T T
‘.—
"
}.
r
3
g
4
illl‘LJ | ST B B |

TOMERAL VELACITY, £X mgc-!

“joure 1. Terminal Velocity of Spheres of Unit Density as a Punction of Their

kadii in Two Different Size Ranges [3]

Droplets with radii less than 50
micrometers obey Stokes' Law tecause
the viscous forces are more aignifi-
cant than aerodynamic drag at these
rmall radii, On the other hand,
very large droplets are subject to
aserodynamic instability which cauases
them to break up into smaller drop-
lets,

The efflect of fall velocity of
the drops and vertical air motion is
shown in Figure 2 (from Xessler and
Baumgarner [11]) by indicating the
amount of LWC that can accumulate in
a cloud created by a known mean ver-
tlcal motion. "iie K; values in the
figure are related Lo the entrainment
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Figure 2. Average Liquid Water Con-
tent in a Vertical Column 10 Km Migh,
in Relation to the Maximum Vertical
Air Speed and Mixing Rate . Ths cia-
gram applies to steady staté conditions
in saturated model wpdraft columns in
saturated environments [11],
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Table 1. Frequency of Liquid Water Content in Clouds
as Punction of Temperature (%) :

1aterval of Tompersturs (in degrees;
Water Oo;hnt g— — —- - -t o o ‘:’5‘ ::T
A 3 Mo ve 4| oot -~
g/ N R NS RS axq|,, 37 )o+(.3.3+ 9 8%
Y ) R D E ' 2 -
~ 0,08 &1 22,8 ;;g zg.a 6.2 ;.9 3.8 6.3
0105 - 0.10 7 0 01 21. 4 17.0 02 13. —
0,11 « 0,15 [33,17] v 53 | (10d | W[l (oo
0316 - ().90 % 13-9 by o 10-’ u-9 1707 Taco
0,21 - 0.2 8.3 . . 15-3— 10,2 2.8 A
0.26 - 0,0 .| s.3 |61 LB2! 8.8 9.1 1 7.6 |~75%
0431 = 0,34 1.2 &0 | 568 |52 ] 681 51| 63
0.6 - 0.40 2,0 | 3.4 | b1 b4 6.4 1,6
0.41 - 0.4% 1.25) 1.5 | 2.9 | 3.0 5.; 4,3 1763
0,46 - V.50 1,25 | 0.9 1.5 1.9 3.0 2.1 6.3
0.51 - 0.54 o4 | 1.2 | 1.9 | 3.0 3.0 1.3 )
0,56 « 0.60 0.9 | 0.2 | 1.5 | 2.2 2.1 a5 ;
0.61 - 0.45 0,2 | 0,6 | 1.0 | 1.4 3.0
0.66 - 0,70 0.2 | 0.2 | 0.8 | L2 2.1
0.71 - 0.75 0.4 | 0.8 | 2.1 1.3 '
0,76 = 0,8 0.1 | 1,0 | L2 1.7 .3 :
0.21 - 0.85" 1.4 1.3 '
0.8¢ - 0.9 0.1 0.2 L.7| L3
0.91 - 0,95 0.1 | o.2 :
0.96 - 1,00 0.1 | a.3 | 0.5 0.8 | 1.3
1.01 - 1005 Ool 0.8 0-8
1,06 - 1.10 0.2
1,11 - 1.1% 0.9 0.k
1.16 - 1,20 0.1 | o.2 0.3
1!?6 - 1|J° onu I
1.51 -« 1.%8 0.1 0.2
1 % - 1-60 0.“
» 1,60 0.8 1.3
Mo, of Cevey | 12 Bo | W55 | 855 | 785 | M9 23k | 79 b

of unsaturated alr into the cloud.

Although vertical motion can bz used to obtain a reasonable approximation of
IWC, vertical motion is one of the more difficult measurements to obtain because
of dynamic considerations.

d. Jempsrature. S8ince the amvunt 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 (Khrgiwn [12]) show the
percentage otcurrences of amounts of ligquid water found ai vi.lous teaperature
intervals within c¢louds. Tables 2 and 3 refer to specific cloud types.

Unfortunately, the use of temperature measurements alone is not enough to
obtain ths magnitude and distribution of TWO, becaunss it cannot take into ae-
count the other processes involved in the formation of liquid water. For sxample,
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Table 2. Frequency of Liquid Weter Content in G, 8t, and Ao
Clouds as Punation of Temperature (%)

Interval of Temperature (in degraes)
Water Content 'é'. - - - ~ cr} - o 3 :‘7’.
3 o OogRlo ed|ogn|ono - 0P - o
B/tm K‘_-Sl é-&rll :‘533. 9:3? .{;«l 0'30- O.HT 8_3+ ‘C'J:‘_S-Q
[] L] 1 ) [ o N — -

< 0,0% 29,3 | 23,6 | 16,1 | 10,6 6.0 4.8 b,21 5.7
0.9% - 0,10 _2 ,0 | 30. a8, 23.2 | 1T. 4 15.3 12,2
0,11 = 0,15 ig: . 2,4 111 16,7 | 13.4 | 11, 9.4 | .0
0,16 = 0,20 3. 8 [12,6 | 1k,6 | 14,5 | 11.9 | 10.6 |18.9 | 2.0
0.21 - 0.2% 3.4 A 5.3 | 10.6 [10.87] 9.7 | 11.8]1k.1 | 13.33 50%
0,26 - 0,30 5.3 5.7 5.9 T.2 1.3 8,2 9.2 8.5 13,33
0.31 = 0,3% .71 34| 33 60([ 6.0] T2 6.5 6,6
0.3 ~ 0.40 1.7 0.2 1.3 3.3 3.7 g? I’{.E 6._6’
041 - 0,45 0, A 2 3.0 . 21 5.7 | 13,33
0ulb = .50 o6 | 01| 17l Lo 3.8| 2ol 58 [0 ]F
0.51 - 0.4%5 0.3 l.2 1.9 2,5 2,91 0.9
0.56 - 0,60 0.7 0.2 1,7 2,3 1,6 | 1.9
0.61 - 0,45 0.1 0.6 1,0 1.2 2.6
Q.66 - 0,70 Q.1 0.5 Q.5 0,9 2,0 \
0,71 - Q.75 0.2 0.6 2,3 1.0 :
Ou'l(’ - 0-8“ 0.0 0- l-l lo .
0,81 = 0,86 0.03 0.37 1.5 1.8 0.9 H
O.P.!‘. - ().90 0.].3 ou15 lc3 009 H )
0091 - 0095 O.l 0119 003
0.96 - 1,00 0.1 0,09 0,2 0.3 0,6
1001 - 1.0% \).0',7 0,6 0-6 019
1,06 - 1,10 0.3 J
1LI12 - 1.1% 0.6 0.3
lol" - 1.:’0 0007 003 0.9
1.26 - 1,30 Q.32
1,5 - 1.%5 0.07] 0.15 J
1056 - ].m 0&3

> 1,60 0.5 1.0 o
o, of Came | 58 | 17 | o1 {124o |ahgh | 649 | 306 | 106 | 15 |

the displacemant of the parcel in time 1s not conwidered; therafore, the dagrae
of supersaturation and resultin~ condensation camnct be inferred., Likewise, the
valocity of the liquid watar 'rom the point of vondensalion 1s not considered.
Even with i1ts limitations, howevar, temperature measurzments can be very useful
vor some work. '

2. BEvsluation of Available Dats.

An extensive review of prior work in the area of liquid water content pro-
duced a great amunt of information but no concrete mathod for LWC specifica-
tion, 7The majJority of the work done in LWC measurements are isolated studies
of particular types of clouds or measuremsnts with a specific obJective.

Warne» [22] and Warner and Syuires [21] advocate the specification of the
LWC of sumuliforam clouds as a percent of the adimbatic LWC varying with height,

4
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Tale3 . Frequenoy of Liquid Water Content in Ne snd As Clouds
ag Funotion of Temperature (%)

Interval of Temperature (in degroua)

Water Content . E. - - - u; e g g
. 1 ' v{ Q [ ¢} IA (] tg 3 L cJ) n r rd
“/mll ::..3| %ff '| :53'? (?o'.l? {c\q?qsﬁ C:’?:;'s. 5:31‘

v h ' 3 ! o w A b
<0,0% 0.7 | 11,5 S.2 8.8 1.5 0.3 2.3 9,5

0,05 « 0,10 | 26,1 | 24,6 | 31,0 | 20,3 | 23,3 | 12,2 } 12,7 | 9.5

0.11 = 1% 26,1 6 lﬂ,é_ 20,3 | 15,1 | 13,8 5,7 4,8

0.6 - oo [TINY %’I 1. 1;.2 1;,1 1.3 | 12,7 { 14,3

0e2Y = 04y 4.3 1 11,5 12.1 . - 11,3 10,23 9.5

0,76 - 0,30 4] 821 2,91 6,2 18.§ LB 26,2 119.0

0-}1 - oo"'; ‘o) 1.6 603 5.9 1 ] 10!9 507 11»3 m

0. 3" - 0. /.'J ‘09 1.1 2-9 403 6.1 30‘ 5’

0,71 =~ 0,44 1.6 29| 3.4 a8 611 6911 4.8 17

Ou'.() - ()050 1.6 1.1 °~3 103 501 8-0 4-8

|

0.8) - 0,54 0.6 1.3 2.3 3.2 2.3 :

0056 It 0.60 ol6 006 1-2 3-9 2!3 1

0,61 -~ 0,65 0.8 1,3 1.15| 4.8

0,66 -« 0,70 0.6 0.3 1.6 4.6

0.71 -~ 0,75 0.3} 0.8 23| 113 )

;

0.7(‘! - O.RU 0.5 1.0 1015 '

0.81 « OuRS 0,3 0.3 1.15

0.8h « 0,90 0.3 !

0.9) -~ 0,95 0.2

0.96 - 1,00 . 0.3

1,01 - 1,08 0.2

1.06 - 1,10 0.2 0,3 47

1.12 - 1,18 0,2 1.15 .

1,16 - 1,20

1,06 ~ 1,30 1.15

1,51 - 1,59

1.56 « 1,00

> 1,60
No, of Cumey | 23 6l 4. 1. 308 &4, 11 L. 871 21

This process produces results which it reasonably well the profiles observed in
four different cumulus clouds as shown in Figure 3, after Werner [22]. The var-
iation of LWC with height in well defined by this process.

A number of researchers, notably Chang and Willand [6), Khrglan [12], and
Magon [17], 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 aro sufficient for differentiating LWC from one ¢loud type to another but

not for speuifying the magnitudr of LWC for clouds under varying atmospheric
conditions.

In an effort to establish some general criteria for estimating LWC from var-
lous atmospheric parvameters, the data from s number of reports were combined and
ovaluated, Information from papers by Warner [20], Ryan (18], MacResdy and

B
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Figure Ja, Variation of Peak Water Content with Helght. [27]
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Figure 2b. Mean Ratio W/W_ versus Height ahove Base. [e2]

Takeuchi [16], Knollenberg [13), Squires [19], Mason [17], Weickmann and aufm
Kempe [24], Kunkel [14], and Cannon and Sartor [5) was collectively processed to
look at various relatlionships. Comparison of variations of LWC with height,
with height tbove cloud base, with average droplet sice, 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
from this material. The variation of the equipment, measurement technlques,

and processing of the data between ithe various researchers 1s most likely the
reason for the resulting inconsistencles found in the combined data.
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Table U, Models of Cloud Parameters [6].
- “""r" - - =t g "h"' “I ‘|"" “‘ B aten s dibnnte S Rl R
: o detln Ironaity v figuld
Cloned 1y pe l(‘:l')( (Il:ll') Raceliun Watr r Caatent
! (vin, (U (N/m‘)
500 1, uon 10,0 0,0
Cunnnibas 1, aoq 1,500 1o, 0 1. 0n
1, 500 S, 0o fo.n 0. 50
Stratocwnuiuy 500 1, 0on 1o, u 0,24
F
Stratua 150 1, 000 10,0 0, &8 i
[\l ing 400, 0 6,30 3
3100 1, 000 20,0 7,00 j
1, 000 4, Bou 10,0 H, 00 A
CGumutonimbuys A4, 000 i, 000 0. 0 400 %
6, 000 #, oo 10,0 3,00 4
H, 000 10,000 40,0 v, 20 a
o
Altostratus 2,400 2,900 10,0 0,1 3
Altocumulus 2,400 2, nnn e, 0 0,1%
4
Girrus - Arctic 5,500 h, 00w 44, 0 10 '
~ Mid-1.uat, fn, 500 7,000 )L 0 0,10 i
= 'ropical 7,500 8, 000 1o, 0 0,10 i
Clrrastratus - Arctice 4, 0) 7(.. 000 10, 0 0, 1a :
- Mid=dont, 5, D00 7,000 40,0 0, 1. ;
- ‘'I'ropical h, L0 K, Qo 40, 0 0,10
0 500 200, 0 I, 0o 1
Nimbostratun 500 1, uod 10.0 4,00 )
1,000 2,000 10,0 3. 00
2,000 4, Dno 10. 0 2,190
H

Since the only statistically significant relationship between IWC and at-
mospheric parameters were the relationship relative to temperature as reported
by Khrgian [12], this factor, in assoclation with the variation of LWC with
cloud type and with height above the cloud base, was used by Feddes [8] to infer
LWC at a point in the atmosphere, Table 5 and Figure y represent tha techniques
developed for Feddes' study. The maximum IWC 18 defined by tre cloud type and
temperature using the values from Table 5, The LWC for the point under consid-
aoration is found by determining the percentage of LWC based on the heipht above
the cloud base (and whether it 18 currently precipitating) from curves similar
to Plgure 4 for each cloud type. Note that in the case of precipitation, the
cloud LWC will be that portion to the left ot the nonprecipitating curve where
precipitation will he the remainler of the total LWC.
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Subsequent to Feddes' study, ~he data developed by Blau, et al [2] from the
numerous {lights by the NASA Convalr 990 aircraft were obtained and eveluated,
These data differ from those in the previously described evaluation in that the
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; Table 5. Maximum Liquid Water Content (LWC) that can be Expected in Cloud
! Types Given in the Temperature Range Indicated,
‘ TEMPERATURE RANGE
' -25 -20 -15 -10 -5 0 5 1G
L. %%ED <-25 to to to to to to to to >15
, -20 =15 -10 -5 0 5 10 15
ST .10 .15 .20 .25 .30 .35 4o 45 .50 .50
SC .20 .30 A0 A5 .50 .55 .60 .70 .70 .70
(10 3.00 3.00 3.00 3.00 3.00 3.00 3.0C 3.00 3.00 3.00
: NS .35 o A5 .50 .60 .6C .75 .90 .90 .90
. AC .25 .30 .35 40 bo 45 .60 .70 .70 .TQ
; AS .15 .20 .25 ,30 .30 .35 Ao .50 .50 .50
' cs .15 .15 .15 .20 .20 .20 .25 .25 .25 .25
CI .10 .10 .10 .10 .15 .15 .15 .20 .20 .20
cC .05 .05 .05 .05 .10 .10 .10 .15 .15 .15

RV D N N

: am




January 1974 USAFETAC TN Th-1

NASA information consisied of m«asurements made by the same instrument using the
Rome techniques in verious types of clouvds. Liguid water content measuremsnts
rmade by these researchers verified the information of the average valuws for
various cloud types previously discussed and given in Tables 1, 2, and 3. 3uf-
ficient measurements dld not exist for clouds other than cumilus to give varia~
tions vith temperature and height.

PR

SECTION B —— THERMODYNAMICS OF FHASE CHANGES

1. Prior Ressarch. '

Nany cloud physicists have contributed to the study of the thermodynamics
of phase changes of water in clouds. Byers [3) and Khrgian [12] have covered
the subject well and Byers deals extensively with the microphysica of ice forma-
tion in clouds. He points out the importance of considering phase changes Trom . g
vapor to solid as well as liquid to eolid.: : '

Heas [9) reviews the physics ol latent heat release that results from the
change of phase from liguid to solil and vapor to sclid. He also points out the
importance of these heat sources in cloud dynamics.

Byers [3] reviews the principle that for the same temperature, the vapor
pressure over {ce is less than that over water, and therefore, in a mixad and
supersaturated water-ice environment, ice crystals will grow at the expense of
water droplets. He also points out that under laboratory conditions, supercooled
water has been observed down to temperatures of -40°C. This factor establisher
a transition zone where both liquid and s0lid water are found in the atmosphere.
{pure 5, from Khrgian {12], showe the results ol observations made in Russia
drlinsating the temperature where various mixtures of ice and watex ~louds are
found. This condition applies to those tlouds which are primarily liqu’d clouds
since cirrus clouds are, by definition, compoued of ice crystals.

b | Pigure 5. Average Freguencies of Ap- 1
3 pearance of the Supercooled and Mixed b

Phases over Russia [12].
1l - liquid and mixed clouds together

Y
S 2 - liquid clouds (after A, M, Boro-
L vikov and L. G. Sakhno)
A ; 3 - liquid clouds {(after Peppler)
-0 0 -401°

?. Determination Techniqua.

The technique used to specify thermodynamic phase in clcuds is based on tem-
perature and cloud type. Specifically, it is based on Figure 5 where the amount
of liquid water is the percent of c¢loud water defined by the relationship

w— e e et sy
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% LwWwC = - 2.5 (233-T)

where T 1s expressed in degrees Kelvin,
SECTION C —~ DROP-STZE DISTRIBUTION

1. Initial Distribution.

The initial distribution of droplets at condensation will depend strongly
on the type and number of condensation nuciei present. If there are no hygro-
scopic particles availadble, condensation will depend on spontanecus formatior
of the embryonic droplets.

&. Homogensous Nucleation. Homogeneous nucleatilon 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 (2004 to 800% relative humidity) is so high, its occurrence in the
atmosphere is unlikely and, therefore, of little importance in the determination
of LWC.

b. Heterogeneous Nucleation. The condansation of vapor onto hygroscopic
particles was discussed previously. In this type process the initial distribu-
tion of the droplets will be strongly influenced by the distribution of the éon-’
densation nucleil. A numper of researchers have made measuroments of the aize
and concentration of condensation nuclei. Byers [3], Mason [17], and KWrgian
[12]) have summarized the occurrence and physical properties of these nuclei as °
they occur over land and sea. They review the observation that nucleil from
marine environments are larger but less numerous than nuclei from continental
Areas,

From the earlier discussion of the rate of growth of variouz-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 of how the initiel distribution changes with
time will require discussion of the factors which change the distribution.

2. Chanpe in Drop-Size Distribution.

Three processes have been ldentified by most researchers as the ones which
change drop-size distribution. They are diffusion, coalescence, and collection.
Each will be discussed separately.

e, Diffusion. The process of diffusion consists of a net flux of water
vapor to previously-rormec droplets. This filux 1 a reasult of the difference
between the vapor preseures of the air and vapor pressure of the droplets. As
discussed sarlier, the smaller the druplet, the higher its vapor pressure; how-
ever, as discussed by Byers [3], this radius-dependent effect becomes insignifi-
cant as the droplet radius increases and the vapor pressure of a large droplut
arproaches that of a plane water svrface.

10
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ess the larger drops will acquire cording to the Theory of Coaleg-

more wass; however, the relative cence [23s].

growth of the smaller droplets will

be faster than the larger drops. The effects of diffusion will tend to narrow
the spectrum ¢! drop-sise distribution and move the peak toward the larger radii.
This process is shown graphically by Figure 6 taken from Byers [3].

b. Coslescencs. Coaluscence or voagulation of droplets is the process where-
by droplets moving through the air by turbulent motions collide and adhere to
form larger dropleta. Thus, it is apparent that coagulation depends on the num-
ber density of droplets. The higher the concentration, the faster the coagula-
tion procesds. From this standpoint also, for a particular INC, the smaller the
mean droplet radius, tim higher the concentration, therefore, the faster the
coagulation rate.

|
|
|
|
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Byers (3] and Mason {17] report that research work has shown that coales-
cence 13 more frequent awong drops of different siszes than among equal size
drops. MNowever, in this report, differentiation must be mads 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 larger redii. This ia typified
by Figure T shown on the previous page (after warshaw [23a)).

¢. Collection. Collection of droplets is the process where the differsn-
tial motion of large and small drope causs larger drops to sweep up and accumu-
late the mass of smaller droplets. This process exists only in the cass where
there 1s a variation in droplet motion. This occurs where droplets develop
differential vertical mot.ons dus to gravity or horizontal motion due to "fory"
drag. :

o 90 0 -~ - =~
®

Coliision efficiency
o o 0
> S -

o
s

S N S T | 1 ] 1
O Ql G2 030405 1.0 K-} 20 2.5

Drop radius, mm

Figure 8. Collision Efficiencies. Collecting-drop radii are indi-
cated on the abscissa. Radiil of the collected droplets are indicated
by the curves., [3]

Collection 1s & complicated process, and it has been studied primarily vnder
axperimsntal conditions. Collection efficiency i1s defined as the fraction of
the droplets in the path of a collector drop that collide with the collector.
Pleure 8 shows the collision efficiencies for various collector and collected
drop slzies. Fractions greater than 1.0 occur because of the capture of urop-
lets in the wake cf the collscturs that have a collision efficlency greater
than 0.75.
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™e collection efficiency is defined as the product of the collieion effi-
cisnoy and the coalescence efriciency. Coalescence efficiency is the fraction
of the drops that are captured bty the collector drop after collision. In
Pigure 8, the coalescence efficiency is assumed to be unity, as i3 the usual
case in the atmosphers in the presence of negligible electric fields. Experi-
ments have showu that atmospheric electrical fields, such as occur in thunder-
storms, can zignificantly enhance coalescence efficlencies,

3. Rredominant Distridbution-Changs Mechanisms.

The process which alters the drop-sise 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 same time under most conditions; how-
ever, each will predominate at certain times and dupring particular ltuations.

a. Condensation. During rapid condensation and droplet growth, the pre-
dominant myde 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 sire of the available condensation nuclei. During thir time
droplets have not grown to sufficient size for coalescance to be effective.

As the clouds become older, the droplets reach the size where the coalescence
process pndomi\.nltes untll evaporation begins.

b. Stable Clouds. Stable clouds are those cloudes that exhibit a slow rate
of change ln character.  Af 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 thair LWC. The process of coalescence is predominant
in stratiform clouds due to an absence of strong motions, particularly vertical.
tlgure 9, from Byers [3], glves an excellent exa:r.ple of the difference in drop-
let Aistridution in stratus clouds with varying degrees of motion. Clouds with
the weaker motion have a broader spectrum which has been developed by diffusion
and 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 effects of motion on drop-size
4istribution. Note that the majority of the droplets in the radiation fog 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 e result
of enhanced collection with increased air motion.

¢. Strong Vertical Motion. The effects of strong vertical motion can best
be described by predominance of the collection process. This process, relative
to that in stable clouds, is exhibited in Figurc 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 spesctra.
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As the caqyion of Figure 11

states, these are representations Figure 13. The Droplet-Size Distribu-

ol mean distributions. This fact tion, Liquid Water Content, and Droplet
. Conceantration as Punctions of Height in

can be misleading 1f the variabil- & Cumulus Congestus [25]).

Ity of distribution within the

cloud is not fully appreciated.

Figure 12 (taken from Warmer [20]) shows the variation with height of drop
sizes through & cumulus. Note that with increasing height of the cloud, the
diastribution of drop sizes broadens as the peak droplet size shifts to larger
diameters. The shift of peak droplet size occurs because of snhanced coales~
cance and collection due to the longer path travelled by the majority of drop-
lats at the upper portions of the cloud. The broadening of the drop-size dis-
tribgtion occurs bacsuse of increasing entrainmant toward the top of the grow-
ing cumulus.

Figure 13, from Zaitsev [25], also 1s a good represontation of the variation
of distridbution and LWC in cumulus congestus. The motion of the air, which
generally varies from the motion of the liquid water due to "form drag" and
veight of the water, causes this configuration. The distribution of LWC and
drop-size distribution in cumulus depesnds strongly on the pattern and magnitude
vf the internal wind system of the cloud. '

4. Eysluation of Available Date.

' Evaluation of the HASA data discussed Ly Blau st al (2] generally substan-
tiated the msan curves found ir Meson [17] and shown in Pigure 11. The ome
significant variation was found in the drop-size distribution of stratus clouds.

15
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Similar flights in maritime stratus at spproximately the sams temperature end
altitude exhibited widely varying drop-size distributions. These variations
are shown in Figure 14. It is likely that the variations were due to the 4if-
ferent ages of the clouds saxpled. Based on the theory of coalescence, the
cloud sampled in Flight 1 was the oldest. This again points out that, even in
stable astratiforn clot. $5- ~abstantial variations from the msan can be found.
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gigu:o 14, Vo.ria.fionn in Drop-Size Distribution of Stratus
oud.

5. Drop-Sizs Distribution Determinstion Technique.

Based primarily on the information obtained from evaluation of drop-aize
distribution from Rlau et al [2], the mean curves of percent of LWC per radius
of differing cloud types, as nhowa in Figure 15 fyom Diem (7], are the best
method for specitying drop-size distribution. The drop-size distribution for
varying cloud types proved to be of little value as a tool for determining LWC.

Specifically, the drop-size distribution is determined through the follow-
ing squation using the value of IWC at sach radius

® LWC = A (r - B)

A and B are constants for particular cloud'typos » while r is the drop radius in
micrometers. These constants were derived 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 messurements reportsd by Blau et al [2].

16
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Table 6. Cloud DSD Paraneters.

i Sioud Type Y B
Cumulus 4sy 8 2

_ Cusulus Congestus 25/ 9 4
M+-—— ‘Jtratoowmlus 60/11 2
/ Altostratus 30/ 7 3
Kimbostratus 54/19 5

I " tratus 30/11 6

" T e «;.Q.?. S Oirrus 48/ s 8

Figure 15. The Coutxibution Made by Drop-
letd of Various Alzes to the Liquid Water
Content of Different Types cf Cloud [7].

The drop-sire distribution for precipitsation, as discussed Ly Kessler (10],
can be found iom the relativuship

'N(r) = 20 [exp (‘dj—-—gsu——-u (t.:c;l‘x 10")]

" where r = drop radius in microns

LWC = liquid water content in g/m®

N(r) = number of drops per m® per micron radius interval

6. Symmary.

Atmospheric moisture has a significant impact on all types of equipment 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. Thea relationships devnloped
for moisture parsmeterization produce a best estimate of 1iquid and solid water
at a point in time and space. These paramsterizations will be utilized exten-
sively in modelling the distribution of stmospheric moisture by applying neph-
analysis and the more conventional parameters fivm real time snd historic
thiwe-dimensional date bases.
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LIST OF SYMBOLS

Drop-size distribution parameter
Drop~-size distribution minimum radius
Latent heat of vaporization
Molecular weight of water vapor
Number dengity per radius

Total pressure

Partial pressure of 1P constituent
Saturation vapor pressure

Specific humidity

Universal gus constant

Drop radius

Temperature

Liquid water con.tent

Adiabatic 1liquid water content
Specific volume

Density of the alr

Density of dry air

Density of water vapor
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73-4  USAFETAC Refractive Index Gradient Summaries (AD-762501)

73-5 Short-Range Weather Foreoasting: Recent Developments in Air
H::;i)nr Servics, Suggested Techniques (AWS distribution
o

73-6 A Resumé on the State of the Art for Snow Forscasting
_ (AD-T6T214)

74-1  Atmospheric Moisture Parameterization (AD~ )
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