
i 

WCLEATIUN, CONTROL, AND 

ORADO STATE 
n Collins, Golo. 



1 .  REPORT NO. 2. GOVERNMENT ACCESSION NO. 

NASA CR-2477 
9. T I T L E  AND SUBTITLE 

An Assessmen t  of Warm Fog - Nucleation, Control, 
and Recommended Resea rch  1 5941 

7 .  AUTHOR(S1 I 8. PERFORMING ORGANIZATION REPOR r I 

3. RECIPIENT’S CATALOG NO. 

5. REPORT DATE 

6. PERFORMING ORGANIZATION CCOE 
NOVEMBER 1974 

- M .  L.’ Cor r in ,  J. R. Connell, and A. J. Cero 
9. PERFORMING ORGANIZATION NAME AND ADDRESS 

Colorado State University 1. CONTRACT OR GRANT NO. 

Department of Civil Engineering and Atmospheric Science NAs8 - 2 9 58 3 
F o r t  Collins,  Colorado 13. TYPE OF REPORF 8 PERIOD C O V m E l  

2. SPONSORING AGENCY NAME AND ADDRSSS 

M i 3 4  
10. WORK UNIT NO. 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

17. KEY WORDS 

Fog - -Nucleation, Instrumentation, 
A i rc ra f t ,  Nucleation, 
Meteorology, Visibility 
Turbulence,  Optical  

I 

15. SUPPLEMENTARY NOTES 
This r epor t  p repa red  under the technical monitor ship of the Aerospace Environment 

18. DISTRIBUTION STATEMENT 

Division, Space Sciences Laboratory,  NASA-Marshall Space Flight Center.  
Reference should be made to Mr. 0. H. Va- Code: ES44. 

16. ABSTRACT 

This report presents a state-of-the-art survey of warm fog research which has 
been performed up to, and including, 1974. Topics covered are nucleation, growth, 
coalescence, fog structure and visibility, effects of surface films, drop size 
spectrum, optical properties, instrumentation, liquid water content, condensation 
nuclei. 
Additional data is provided on air flow, turbulence, a summary of recommendations 
on instruments to be developed for determining turbulence, air flow, etc., as 
well as recommendations of various fog research tasks 
for a better understanding of fog microphysics. 

Included ia a summary of all reported fog modification experiments. 

which should be performed 



FOREWORD 

This  r e p o r t  i s  a s t a t e - o f - t h e - a r t  survey of warm fog r e sea rch  
has  been performed up t o ,  and inc lud ing ,  1974. I ts  purpose w a s  t o  
i d e n t i f y  b a s i c  r e sea rch  problems which must be solved before  tech-  
n iques  can be developed t o  e f f e c t i v e l y  modify and d i s s i p a t e  warm fogs.  
During t h e  survey,  cons ide rab le  l i t e r a t u r e  was reviewed t o  i d e n t i f y  
those  research  t a s k s  being done by o t h e r  government agenc ie s ,  as w e l l  
as u n i v e r s i t y  and indus t ry  r e sea rch  teams. This  approach a l lows  NASA 
t o  i d e n t i f y  those  r e sea rch  t a s k s  which a r e  no t  being s t u d i e d ,  t o  
develop a more coord ina ted  r e sea rch  p l an ,  and e l i m i n a t e  unnecessary 
d u p l i c a t i o n  of r e sea rch .  

which 

Based on t h e  r e s u l t s  of t h i s  survey,  a l i s t  of needed r e sea rch  t a s k s  
were i d e n t i f i e d ,  and they have been c l a s s i f i e d  a s  to t h e i r  importance.  

The work r epor t ed  h e r e i n  was conducted under t h e  Technica l  d i r e c t i o n  
of M r ,  Otha H. Vaughan, Jr., of t h e  Aerospace Environment Div i s ion ,  
Space Sc iences  Laboratory,  Marsha l l  Space F l i g h t  Center .  
Enders, Chief of t h e  Avia t ion  Sa fe ty  Technology Branch, NASA, O f f i c e  
of Aeronaut ics  and Space Technology, provided encouragement and t h e  
necessary  suppor t  f o r  t h e  accomplishment of t h i s  survey.  

M r .  John 
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Chapter I 

INTRODUCTION 

This report is designed to meet the following objectives. The 
effort involves a literature search and analysis only; no laboratory o r  
field investigation is included. The stated objectives, as designated 
in RFQ 8-1-3-75-30063-RSF, 9 July 1973, deal with two tasks: 

Task I Assess the influence of specific pollutants (which we 
define as natural, anthropogenic o r  artificial foreign materials pro- 
ducing an advertent or inadvertent effect) on warm fog behavior and 
seedability. Identify those condensation nuclei which are most effective 
in producing and stabilizing warm fog. Compare the available experi- 
mental results, on both the laboratory and field scale, of nucleation 
efficiency with the theoretically predicted values. 

Task I1 Assess the state of the art in warm fog research and 
provide a report listing by priority the basic research tasks that are 
required to help resolve the unknowns in warm fog modification and 
control achieved through processes involving nucleation and growth 
processes initiated by additions of foreign materials. This assessment 
should point out the expected opportunity for obtaining realistic 
solution to the problems. 

The problems which we will address will include (a) increase in 
visibility at airport runways and their approaches, (b) increase in 
visibility along heavily travelled highways, (c) fog stabilization to 
decrease frost hazard in agriculture (d) assessment of the magnitude of 
inadvertent fog production and stabilization by anthropogenic contamin- 
ants. It should be noted that the stress of this report is towardthe 
behavior of foreign materials (sometimes loosely termed nuclei) on the 
formation, stabilization and dissipation of  warm fogs. Little attention 
is paid to other standard procedures for fog modification involving 
artificial increase in temperature, air motion and the like. It is 
obvious that turbulence and turbulence-induced processes play significant 
roles in fog and fog modification including that by foreign materials. 
In fact, the heterogeneous microphysics and turbulent mixing are 
strongly interrelated and the apparent separation of these two consid- 
erations in this report arises primarily from convenience. 

1 



Chapter 2 

FOG PROPERTIES AND THE MICROPHYSICS OF FOG FORMATION 

2.1 Introduction 
A fog is defined as a cloud whose base touches the ground. Hence 

the properties of a fog are those of a cloud and the formation mode of 
a fog is identical to that of a cloud in terms of its microphysics. 
Thus the basic information obtained in the consideration of cloud 
properties and formation modes may be applied, with some restrictions, 
to fogs. 

2.1.1 Nucleation 

The phase transition leading to fog formation, namely the water 
vapor to liquid transition, occurs in the atmosphere exclusively by the 
heterogeneous nucleation route. The nuclei may function in two ways: 
(1) through a solution process decreasing the equilibrium water vapor 
pressure over a solution droplet and ( 2 )  through an adsorption process 
on the surface of a solid insoluble particle. In general the solution 
mechanism involving hygroscopic materials occurs at relative humidities 
less than 100 percent; the adsorption mode always requires supersatura- 
tion. 

We will deal here exclusively with nucleation on hygroscopic 
substrates. 
sulfuric acid, or a solid, such as sodium chloride or the various sul- 
fates found in polluted atmospheres. 
over a solution may be approximated as a function of concentration and 
temperature by Raoult's Law or may be directly measured. 
rate of the solution droplet may be then computed, at least in the 
first approximation. 
for a hygroscopic solid, NaC1, assuming Raoult's Law is valid. 

Note that the substrate may be either a liquid, such as 

The equilibrium vapor pressure 

The growth 

Some equilibrium values are calculated in Table 2-1 

TABLE 2-1  

Equilibrium Relation Between NaCl Particle Size 
and Solution Droplet Radius 

r droplet /1 particle Relative Humidity 

0.98 
0.99 
0.995 
0.997 
0.998 
0.999 
0.9995 

2.5 
3.2 
4.0 
4.7 
5.4 
6.8  
8.6 

These equilibrium values are of significance only with respect to 
a limit. The actual droplet size is a function of water vapor concen- 
tration gradient, growth time and residence time of the growing 
particle in the region of high relative humidity. 

2 
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The nuclei concentration and size produce major effects in fog 
A maritime cloud is formed with relatively low (cloud) properties. 

concentrations of nuclei but large-sized hygroscopic nuclei. 
result in the competition for water vapor is the production of a 
relatively low concentration of fairly large droplets. 
nental situation the nuclei concentration is large, the nuclei 
particles are small and the resulting cloud contains high concentrations 
of the smaller droplet sizes. 
include (a) liquid water content, (b) droplet size distribution (in a 
dynamic sense) and (c) nuclei concentration (with some measure of 
hygroscopic capability and size distribution). 
the problem of instrumentation to obtain these measurements conveniently, 
precisely and under dynamic situations. 

The 

In the conti- 

Significant cloud properties thus 

We will consider later 

Obviously fog properties may be altered by the addition of a 
nucleant to an existing fog. 
redistribute tending toward an equi 1 ibrium configuration dependent 
upon nucleant properties and initial particle size. Fog dissipation 
upon the addition of a nucleant may occur through (a) a change in fog 
droplet size distribution which serves to increasecoalescence rates, 
initiate precipitation and thus decrease liquid water content, (b) a 
change in droplet size distribution and concentration which leads to 
the formation of fewer, larger droplets and hence an increase in light 
transmission (visibility), (c) a charging of the water droplets which 
may increase coalescence and (d) a surface tension effect which may 
lead to increased coalescence efficiency. The stabilization of fogs 
upon the addition of a foreign material may lead to (a) an enhanced 
colloidal stability in that the liquid water must distribute to form 
many smaller droplets, (b) a reduction in both evaporation and conden- 
sation rates and (c) an electrical double layer effect which may reduce 
coalescence efficiency. 

The liquid water and water vapor will 

2.1.2 Droplet Growth 

In principle any cloud or fog is thermodynamically unstable; the 
system must tend toward the production of very large drops with minimum 
surface area. It is possible, however, to consider a fog as a quasi- 
equilibrium configuration in which we apply equilibrium concepts to the 
concentration of a droplet solution as a function of water vapor con- 
centration (see Table 2-1). Even this treatment, however, although it 
provides an upper limit for droplet size, is unsatisfactory in its 
application to cloud processes. A kinetic treatment must be employed 
in which the rate of droplet growth must be measured or computed as a 
function of initial nucleant particle size, nature of nucleant, water 
vapor pressure as a function of location and time, and residence time 
of the growing droplet. 
are diffusion rates under a concentration gradient, effects of tempera- 
ture and its accompanying thermophoretic effects. 

Included implicitly in the terms listed above 

The rate of droplet growth is also affected by any surface change 
which will alter the rates of evaporation or  condensation; i.e., 
transport through a surface film into the bulk of the droplet. 
presence of such a film is always marked by a highly significant 
descrease in surface tension. 

The 

Obviously those conditions surrounding 
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decrease in surface tension. 
a cloud or fog droplet which determine its growth rate are a function 
of atmospheric motion involving both steady flow and turbulence. 

Obviously those conditions surrounding 

2.1.3 Coalescence 

The coalescence via collision of two fog droplets is given in 
terms of a collision number (number of collisions per unit time) and a 
coalescence efficiency (fraction of successful collisions). It is not 
too difficult, in terms of current theory, to calculate the collision 
number as a function of droplet size, temperature and droplet concen- 
tration; some question exists, however, regarding the effects of 
turbulence. The second term, coalescence efficiewy, is not well 
understood and may possibly be a function of electrical charge, surface 
structure, collision angle, etc. 

One possible mode of fog dissipation is the mechanism by which 
droplets grow to sufficient size to permit high coalescence rates with 
the eventual formation of precipitation-size drops which fall to the 
ground. 

2.1.4 Fog Structure and Visibility 

Since the radius of a fog droplet is on the order of 10 microns, 
or approximately 10 times the wavelength of visible light, the scat- 
tering occurring in fogs is described by the Mie theory. The amount 
of light absorption by liquid water is negligible and hence the 
visibility is determined by scattering only. 
droplets 
proportional to the droplet concentration and to the square of the 
droplet radius. 
centration of droplets is given by K/r3 in which r is the droplet 
radius. 
Kr2/r3 = K/r in the first approximation and hence as r increases 
the scattering decreases and visibility is improved. Any process 
which can decrease droplet concentration, such as the formation of 
precipitation, will improve visibility. In a tradeoff situation in 
which no liquid water is lost, the effect of particle concentration 
with respect to particle size dominates. 

For an assemblage of fog 
the loss in light intensity by Mie scattering is directly 

At constant liquid water content in a fog, the con- 

The loss in light by scattering is thus measured by 

We propose in the detailed discussion below to consider these 
microphysical processes in detail with respect to their significance 
in the dissipation, stabilization and formation of warm fogs. 
on the basis of a literature survey, analyze the current state of the 
art both in theory and practice. This analysis will then lead to a 
statement of unsolved problems, of required theoretical development, 
and of necessary instrumentation. 
considered only in terms of laboratory scale investigations. 

We will, 

Possible solutions will be 

2.2 Nucleation 

In any phase transition process an energy barrier exists such that 
generally the transition does not occur at a measurable rate under 
equilibrium conditions. 
responding transition rates has been developed for (a) homogeneous 

The theory of this energy barrier and cor- 
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I nucleation, (b) nucleation by an insoluble liquid-wet solid substrate, 
I (c) nucleation by an insoluble non-liquid-wet substrate and (d) nucle- 

ation on a liquid soluble substrate. 
suitable form for use in fog studies (Mason, 1957, Fletcher, 1966). 

These theories are in essentially 

r We may immediately disregard two of the above mechanisms. Neither 
I homogeneous nucleation nor nucleation on the surface of an insoluble, 

non-liquid wettable substrate occurs at supersaturation rations existing 
in the atmosphere. It is highly improbable that any hydrophobic surface 

I can be converted to a hydrophilic surface by an atmospheric process. 

2.2.1 Nucleation on an Insoluble, Water-wet Substrate 

If a solid exhibits zero contact angle with respect to a liquid 
it is termed "wet"; if the liquid is water it is termed "water-wet". 
From theory dealing with homogeneous nucleation, a critical size 
embryo is defined as one that will spontaneously grow; it is the 
minimum size that can lead to the formation of a liquid phase. This 
critical embryo is thus a nucleus and its size is a function of super- 
saturation ratio, temperature, water surface tension and water molar 
volume as expressed in the Kelvin equation. 
embryo radii are given in Table 2-2 for water at 1OC. 

Some typical critical 

TABLE 2-2 

Critical Embryo Radii for the Homogeneous Nucleation of Water 

S (Supersaturation Ratio) r* (microns) 

1.002 
1.005 
1.008 
1.010 

0.569 
0.228 
0.142 
0.114 

For embryo of this size the energy barrier is such that condensation 
does not occur, i.e., the probability of embryo formation is essentially 
zero. Consider, however, the process of physical adsorption on the 
surface of a water-wet insoluble solid. Under these circumstances the 
film formed at water saturation is a "duplex" film; i.e., the upper 
surface possesses the surface characteristics of liquid water. 
a particle coated with a duplex film is thus identical to a water 
embryo of the Same size (the film thickness 5s negligible with respect 
to particle radius). 
nucleus if its radius equalled o r  exceeded the critical radii given in 
Table 2-2. 
trations of such particles is important. 

Such 

Thus such a particle would serve as a condensation 

In terms of nucleation processes a knowledge of the concen- 

Such water-wet insoluble solids may be "poisoned" if their surface 
characteristics are so altered as to produce a non-zero contact angle 
with water. Such poisoning may be quite comon; any person who has 
dealt with glass surfaces knows it forms water droplets, while on a 
clean glass surface water sheets and exhibits zero contact angle. A 
water-wet surface is basically a high energy surface; it will tend to 
pick up any substances which will reduce its surface energy and as a 
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consequence d i sp lay  an increased contact  angle toward water (Shafr in  
and Zisman, 1949). 
played by water-wet inso luble  s o l i d s  as condensation nuc le i  bu t  t he  
e f f e c t  o f  anthropogenic substances,  p r imar i ly  of the organic  type,  as 
poisons. 

I t  i s  thus necessary t o  consider  not  only the  r o l e  

A general  p r i n c i p l e  s ta tes  t h a t  a t  an i n t e r f a c e  a substance w i l l  
be  adsorbed (concentrated) i f  i t  provides a gradual t r a n s i t i o n  from t h e  
po la r  environment o f  the  condensed phase t o  t h e  much less po la r  
environment of t he  gas phase. Thus an amphipathic substance ( a  molecule 
containing a polar  and non-polar por t ion)  o r i e n t s  i t s e l f  a t  an in t e r f ace  
on which it i s  s t rongly  adsorbed t o  present  t he  non-polar (hydrophobic) 
por t ion  t o  the  gas phase. 
i n i t i a l l y  hydrophi l ic  sur face  thus converts  it i n t o  a s t rong ly  hydro- 
phobic sur face .  The long chain alcohols ,  ac ids ,  and a c i d  sal ts  f a l l  
i n t o  t h i s  category.  I t  has  been f u r t h e r  observed (Archer and La Mer, 
1955; Eisner  e t  a1.,1960; Derjaguin e t  a1.,1966) t h a t  a c lose  packed 
monolayer o f  long chain a lcohols  and ac ids  w i l l  cause a d r a s t i c  
reduct ion i n  both evaporation and condensation rates o f  t he  water 
subphase e x i s t i n g  below the monolayer. Such substances can thus a c t  
i n  a dual mode; (a) by a f f e c t i n g  the  e f f i c i ency  of cloud condensation 
nuclei  by converting the  sur faces  and (b) by a f f e c t i n g  the  growth ra te  
of  water on the  embryos s o  formed o r  on e x i s t i n g  cloud d rop le t s .  
t h i s  s ec t ion  we consider  only mode ( a ) .  
nuclei  poisoning could occur i n  the  downwind po l lu t ion  plume from a 
large source.  

The adsorpt ion of  such a molecule on an 

In 
I t  i s  poss ib l e  t h a t  such 

Experiments designed t o  eva lua te  such poss ib l e  nucleant  poisoning 
have been c a r r i e d  out  by Bigg e t  a1.(1969).  These workers t r e a t e d  an 
inc ip i en t  fog with ce ty l  a lcohol  on " the assumption t h a t  the  a lcohols  
w i l l  tend t o  condense only on the  condensation nuc le i  i f  fog has  not  
already formed," and asked t h e  ques t ion  " W i l l  i nd iscr imina te  coa t ing  
of  a l l  t h e  condensation nuc le i  with alcohol  lead  t o  the  des i r ed  e f fec t?"  
Note t h a t  such condensation nuc le i  are both so luble  and inso luble  so 
t h a t  t hese  experiments w i l l  no t  answer ques t ions  regarding effects  of 
surface coat ing on inso luble  hydrophi l ic  materials. 
conclude, "The r e s u l t s  t h a t  we have obtained are cons i s t en t  with our 
having prevented fog throughout a l a rge  volume of a i r  bu t  provide no 
c e r t a i n  evidence t h a t  t h i s  would not  have happened na tura l ly ."  They 
compare the  des i r ab le  f i e l d  experimentation t o  such s t u d i e s  i n  weather 
modification which requi re  a very l a r g e  number of experiments with and 
without random seeding i n  order  t o  o b t a i n  s t a t i s t i c a l  v e r i f i c a t i o n  of 
t he  seeding e f f e c t .  

These authors  

Laboratory experiments i n  the  Cornel 1 Aeronaut ical  Laboratory 
600 m3 cloud chamber have been repor ted  by Kocmond e t  a l .  (1972). 
i n  these s t u d i e s  no attempt was made t o  d i f f e r e n t i a t e  between so lub le  
and insoluble  cloud condensation nuc leants .  These workers added both 
ce ty l  and o lgyl  a lcohols  t o  e x i s t i n g  fogs,  d i s s i p a t e d  the  fogs thermally 
and reexamined the  v i s i b i l i t y  and d r o p l e t  s i z e  spectrum of fogs pro- 
duced on the  coated nuc le i  thus p r e s e n t  with r e spec t  t o  the  p r o p e r t i e s  
o f  control  fogs.  They f ind  (a) wi th  c e t y l  a lcohol  it was q u i t e  poss ib l e  

Again 
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t h a t  t he  i n i t i a l  fog was not  completely d i s s ipa t ed  but  marked 
d i f fe rences  were observed between the  drople t  s ize  spectrum i n  the  
t r e a t e d  and cont ro l ;  the  d rop le t  s i z e s  i n  the  t r e a t e d  fog were consider- 
ab le  smaller. Since the c e t y l  alcohol may a c t  both as a nucleant  poison 
and by a l t e r i n g  evaporation and condensation rates i n t e r p r e t a t i o n  i s  
d i f f i c u l t ;  (b) with o ley l  a lcohol  t he  fog was completely d i s s ipa t ed .  
The second fog produced on the  t r e a t e d  condensation nuc le i  was essen- 
t i a l l y  i d e n t i c a l  i n  v i s i b i l i t y  t o  the  control ;  (c) t reatment  of  t h e  
i n i t i a l  fog with ce ty l  alcohol f o r  times up t o  50 minutes i n  the  d i s -  
s ipa t ion  mode caused almost complete d i s s ipa t ion  (see (a)  ; time f o r  
d i s s i p a t i o n  of  t he  unt rea ted  fog was approximately 20 minutes).  When 
the  fog was reformed l i t t l e  d i f f e rence  was observed between t h e  c e t y l  
alcohol t r e a t e d  system and the  cont ro l  i n  both v i s i b i l i t y  and drop 
s ize  spectrum; (d) when condensation nuc le i  were p re t r ea t ed  with c e t y l  
alcohol p r i o r  t o  any fog formation, l i t t l e  d i f fe rence  i n  v i s i b i l i t y  
with respec t  t o  the  cont ro l  was observed. 
however, ind ica ted  major d i f fe rences  a t t r i b u t e d  pr imar i ly  t o  r e t a rd -  
a t i o n  of  d rop le t  growth. 

The d rop le t  s i z e  spectrum, 

The experiments c i t e d  do not  provide a d e f i n i t e  answer t o  t h e  
poisoning quest ion r a i s e d  above s ince  (a) only a complex mixture of  
na tu ra l  condensation nuc le i  were employed and (b) t h e  experimentation 
involved growth r a t e s  as w e l l  as nucleant e f f e c t s .  
i n s t r u c t i v e  t o  determine cloud condensation nuc le i  concentrat ions on 
a r t i f i c a l l y  produced hydrophi l ic  insoluble  nucleants  both with and 
without c e t y l  alcohol pretreatment .  

I t  might be 

2 .2 .2  Soluble  Cloud Condensation Nuclei 

Bas ica l ly  such a nucleant begins t o  d isso lve  and form a sa tura ted  
aqueous so lu t ion  at  a vapor pressure  of water equal t o  t h a t  over t h e  
sa tu ra t ed  so lu t ion .  I t  may be e a s i l y  show t h a t ,  f o r  a cubic  salt  
p a r t i c l e  having a 0 .1  micron edge, Kelvin lowering of  t h e  vapor pressure  
over t h e  sa tu ra t ed  so lu t ion  i s  negl ig ib le .  The theory o f  nucleat ion of  
a l i q u i d  by a hygroscopic so luble  nucleant i s  adequately t r e a t e d  by 
Fle tcher  (1966) and Mason (1957). By considerat ion of  t h e  c r i t i ca l  
embryo r ad ius  f o r  homogeneous nucleat ion as shown previously it is 
obvious t h a t  a 0.1 micron s a l t  p a r t i c l e  r ead i ly  provides an embryo of 
s a t u r a t e d  so lu t ion  which w i l l  grow. 

Soluble  cloud condensation nuc le i  are employed i n  fog d i s s i p a t i o n  
experiments on the  theory t h a t  the fog d rop le t s  corresponding t o  an 
equi l ibr ium water vapor concentrat ion over a salt  so lu t ion  c lose  t o  
s a t u r a t i o n  are l a rge r  than t h e  drople t s  occurr ing i n  n a t u r a l  fogs.  
The l i q u i d  water content  i s  then d i s t r ibu ted  i n t o  fewer bu t  l a r g e r  
d r o p l e t s  and v i s i b i l i t y  is improved. 
la ter .  The b a s i c  problem l ies  i n  a dynamic study of t he  pickup of 
water vapor by such growing so lu t ion  drople t s  as they t r ave r se  the  fog. 
The t i m e  s c a l e  f o r  t he  formation of the i n i t i a l  s a tu ra t ed  so lu t ion  
d r o p l e t  may be est imated i n  the  following fashion.  
theory t h e  r a t e  of c o l l i s i o n  of gas molecules with a u n i t  area sur face  
may be r e a d i l y  ca lcu la ted .  

This theory w i l l  b e  considered 

From k i n e t i c  

For NaCl a t  l O C ,  the  c o l l i s i o n  ra te  is 



given as a funct ion of cube edge as 
second. 
sa tura ted  N a C l  so lu t ion .  
molecules i n  such a sa tu ra t ed  so lu t ion  as  a funct ion of  i n i t i a l  N a C l  
cube edge a s  
uni ty  the time required t o  form such a so lu t ion  is  1 O L ;  f o r  an 
accomodation c o e f f i c i e n t  of 0.1 (a  reasonable lower l imi t )  the time 
required i s  1 O O L .  Thus with an i n i t i a l  cube edge of  0 .1  micron the  
maximum formation time of the  sa tu ra t ed  so lu t ion  i s  est imated 0.001 
seconds and t h a t  f o r  a 10 micron cube edge 0 .1  seconds. Nucleation 
time i s  thus not a major f a c t o r  i n  labora tory  o r  f i e l d  sca l e  experiments. 

v = 2 x 1022L2 c o l l i s i o n s  per  
I t  i s  assumed the pressure of water vapor i s  t h a t  over a 

One may a l s o  compute the  number of  water 

nHoH 7 2 . 1  x 1 0 2 3 ~ 3 .  For an accomodation c o e f f i c i e n t  of 

The e f f e c t  of poss ib le  po l lu t an t  concentrat ion on the  nuc lea t ing  
capab i l i t y  of hygroscopic nuc le i  can be considered as the  sum of 
several  i n t e rac t ions .  That which w e  consider i n  t h i s  s ec t ion  i s  
inh ib i t i on  of the  nucleat ion process;  i n  la ter  sec t ions  we consider 
the  e f f e c t s  on growth of the water embryo and r e s u l t i n g  so lu t ion  
drople t .  

In general  it i s d i f f i c u l t  experimentally t o  eva lua te  the  poss ib le  
e f f e c t s  of p o l l u t a n t s  on the nuc lea t ion  c h a r a c t e r i s t i c s  of  so luble  
nucleants;  t h i s  i s  due t o  the  f a c t  t h a t  such p o l l u t a n t s  a f f e c t  growth 
r a t e s  as well as nucleat ion and i t  i s  d i f f i c u l t  i n  labora tory  o r  
f i e l d  inves t iga t ions  t o  separa te  the  two e f f e c t s .  
(a)  does the  po l lu t an t  so decrease the  water uptake by the  nucleant  
t h a t  the  c r i t i c a l  embryo i s  not obtained o r  (b) does i t  so a f f e c t  t he  
growth of such an embryo t h a t  water ( so lu t ion)  d rop le t s  are not  observed 
t o  a f f e c t  v i s i b i l i t y ?  

In o the r  words 

We def ine  nucleat ion as t h a t  process  leading t o  the  formation of 
t he  c r i t i c a l  embryo; we w i l l  consider t h e  growth of such a c r i t i c a l  
embryo t o  a so lu t ion  d rop le t  i n  Sect ion 2 . 3 .  
does the  presence on the  sur face  of  a so luble  nucleant  of a fore ign  
substance i n h i b i t  c r i t i c a l  embryo formation i n  r e spec t  t o  equi l ibr ium 
o r  r a t e?  If the  so luble  p a r t i c l e  i s  s u f f i c i e n t l y  l a rge  so  t h a t  t h e  
Kelvin e f f e c t s  may be ignored, t h e  presence of  an inso luble  contaminant 
on the nucleant sur face  cannot a f f e c t  i t s  equi l ibr ium with water. Any 
e f f e c t s  thus  must be r a t e  e f f e c t s .  

The quest ion then a r i s e s :  

I t  has been demonstrated by La Mer and a number of o the r  workers 
(La Mer, 1962) t h a t  the  presence on the sur face  of l i q u i d  water of 
close-packed films o f  s t r a i g h t  long chain ac ids  and a lcohols  markedly 
decrease the r a t e  of evaporation of  water through the  f i lm.  This 
subject  h a s  been thoroughly discussed by Davies and Rideal (1961). 
has been f u r t h e r  conjectured t h a t  t hese  f i l m s  w i l l  l ikewise  a f f e c t  con- 
densation r a t e s  ( i . e . ,  markedly decrease the  s t i c k i n g  c o e f f i c i e n t s ) .  
Only c lose  packed f i lms  produce t h i s  effect; i n  such f i lms  the  area 
occupied per  molecule i s  on the o rde r  of 20 A2 and t h e  concentrat ion 
on the order  of 5 x 1014 molecules per  cm2. In theory one would pre-  
d i c t  t h a t  the r a t e s  of condensation would a l s o  be a f f ec t ed  if the  
subphase i s  a s o l i d  r a t h e r  than l i q u i d  water and one might therefore  
expect an e f f e c t  on the  r a t e  of water pickup by a so luble  nucleant  and 
hence the r a t e  of formation of t he  c r i t i c a l  embryo. 
s u f f i c i e n t l y  reduced a poisoning e f f e c t  r e s u l t s .  

I t  

If the  r a t e  i s  



I 
9 

J i u s t o  (1964) reported the  e f f e c t  of t r e a t i n g  N a C l  c r y s t a l s  with 
hexadecanol and octadecanol by var ious methods; (a)  the  NaCl  c r y s t a l s  
were dissolved i n  a l i qu id  suspension of  the monolayer-forming mater ia l  
and i n  pure water.  I t  was 
noted t h a t  the  drying times were subs t an t i a l ly  prolonged i n  the  presence 
of the long chain alcohol .  This merely a t t e s t s  t o  a lowered evaporation 
r a t e  from the so lu t ion .  
vapor a t  r e l a t i v e  humidi t ies  of 90 t o  100 percent ;  no measurable d i f -  
ference i n  water uptake rate was observed. I t  has  been previously 
demonstrated t h a t  t h e  long chain compound must be  r i g i d l y  or ien ted  on 
a surface t o  produce any measurable e f f ec t ;  it i s  doubtful whether t he  
coat ing obtained by evaporation of an aqueous so lu t ion  i s  so or ien ted .  
One might expect blobs r a t h e r  than an or iented monolayer; (b) t h e  N a C l  
was dusted with s o l i d  long-chain compound; no effect was observed with 
N a C l  dusted with k a o l i n i t e ;  r e t a rda t ion  r a t e s  up t o  a f a c t o r  o f  th ree  
were observed with N a C l  dusted with octadecanol and hexadecanol. 

P i l i d  (1966) reported t h a t  N a C l  c r y s t a l s  coated with hexadecanol 

The s a l t  c r y s t a l s  were recovered by drying. 

The dry c r y s t a l s  were then subjected t o  water 

by treatment with a petroleum e t h e r  solut ion o f  the long chain compound 
were prevented from disso lv ing  at  r e l a t i v e  humidi t ies  up t o  90 percent .  
Concentrations of hexadecanol i n  the  petroleum e t h e r  were adjusted t o  
ob ta in  uniform coa t ings .  
observed t o  pick up water much more slowly than cont ro ls .  
concludes t h a t  t r e a t e d  nuc le i  are not deact ivated bu t  t he  e f f e c t  i s  one 
of  growth r e t a rda t ion .  The measurement techniques,  i n  our opinion, 
simply cannot d i s t ingu i sh  between the  two processes .  

A f e a s i b i l i t y  ca l cu la t ion  seems i n  order.  

With such a coating t r e a t e d  c r y s t a l s  a r e  
This  author  

I 

I t  has  been reported by 
Derjaguin e t  a l .  (1966) t h a t  t he  equilibrium vapor pressure  over hexa- 

3 decanol a t  20C corresponds t o  a concentration of  1 . 4  x 10-10 grams/cm . 
By app l i ca t ion  of i d e a l  gas behavior w e  ca l cu la t e  a vapor pressure of 
1 . 4  x lo-*  atm. These authors  ind ica t e  t h a t  a monolayer i s  formed on 
l i q u i d  water a t  a r e l a t i v e  pressure of 0.1; w e  assume t h a t  a monolayer 
i s  formed on a so luble  mucleant p a r t i c l e  a t  t h e  same r e l a t i v e  pressure.  
The equi l ibr ium vapor pressure  a t  monolayer equi l ibr ium i s  

o r  1.4 x 
p a r t i c l e s  pe r  cm3, a cube edge of 0.1 microns and a roughness f ac to r  
of 10. 
on t h i s  nucleant  is 6 x grams/m3. The amount remaining i n  t h e  
vapor phase i s  thus neg l ig ib l e  with respect  t o  t h e  amount adsorbed. 
one at tempts  t o  t rea t  a 4 x lo6  cubic meter a i r  mass one would thus  
r equ i r e  a minimum of 2.4 grams of the  alcohol.  The process i s  thus 
f e a s i b l e .  

3 s 1 . 4  x 10- 9 a t m  and the  va o r  phase concentration 1.4 x 10-l'h~:m/cm 
grams/meter . Assume a concentration of 500 such nucleant  

The number of grams of hexadecanol requi red  t o  form a monolayer 

If 

This  ana lys i s ,  however, contains  a highly improbable assumption; 
namely, t h a t  t he  adsorpt ion of hexadecanol i s  not  a f f ec t ed  by the  
presence of o the r  adsorbable species .  
water vapor t o  form a mixed absorbed layer .  
and o t h e r s  t h a t  t h e  evaporation re ta rda t ion  is marked only if the  
hexadecanol f i lm  is  a t  l e a s t  99 percent  complete. Coadsorption, therefore ,  
would e l imina te  poisoning based upon condensation r a t e s .  

We would expect competition with 
I t  has been show by La Mer 

I t  i s  obvious t h a t  f u r t h e r  experimental observat ions a r e  required 
t o  f u l l y  understand the  poisoning of soluble nucleants  by e i t h e r  
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synthe t ic  addi t ives  such as long chain alcohols  o r  inadvertent  
addi t ives  such as may e x i s t  i n  a pol lu t ion  plume. 

A question may a r i s e  concerning the poisoning of so luble  nucleants  
by substances present  i n  pol lu ted  a i r  o ther  than sur face  a c t i v e  
mater ia l s .  
an insoluble  spec ies  by chemical r eac t ion .  
t o  occur with the  a l k a l i  metal s a l t s  s ince  a l l  these compoundg a r e  
e s s e n t i a l l y  highly water so luble .  
including calcium and magnesium might possibly be converted t o  such 
insoluble  spec ies  a s  calcium or  magnesium oxala te .  
possible  f a c t o r  has been evidenced i n  the  l i t e r a t u r e .  

Thus, f o r  example, one might convert a so luble  spec ies  t o  
This would be q u i t e  un l ike ly  

The a l k a l i n e  ea r ths ,  however, 

No a t t e n t i o n  t o  t h i s  

2 . 2 . 3  Polye lec t ro ly tes  as Nucleants 

Several  attempts have been made t o  use po lye lec t ro ly t e s  t o  d isperse  
warm fogs.  
of such ma te r i a l s  by small water d rop le t s ,  the  c rea t ion  of a high 
charge dens i ty  on these  d rop le t s  and f i n a l l y  coalescence r e s u l t i n g  from 
t h i s  charge d i s t r i b u t i o n .  

The concept leading t o  these attempts concerned the  pickup 

In general ,  these  mater ia l s  have not proved e f f e c t i v e  i n  w a r m  fog 
d i spe r sa l .  I t  has  been suggested t h a t  t h e i r  res idence time within the  
fog i s  too shor t  t o  permit a major takeup of water. 

Some po lye lec t ro ly t e s ,  such as the polyacrylamides, which may be 
obtained i n  a molecular weight range of 0 . 5  t o  10 mi l l i on ,  possess  the  
a b i l i t y  t o  swell  enormously i n  l i qu id  water.  I t  i s  not  uncommon t o  
find swollen spheres of  99.99 percent water content  and apparent s i z e s  
i n  the  micron range. 
i n i t i a l  rad ius  of one micron could swell  t o  a s i z e  of  20 microns, while 
a three  micron p a r t i c l e  could swell  t o  60 microns. 
observed i n  l i q u i d  water;  t h e  presence of s a l t  causes a somewhat 
reduced water pickup but presumably could increase  t h e  r a t e  of  water 
pickup from the  vapor. 
po lye lec t ro ly te  with s a l t  p r i o r  t o  i t s  in t roduct ion  i n t o  the  cloud and 
employ the  swel l ing r a t h e r  than e l e c t r i c a l  c h a r a c t e r i s t i c s  a s  t h e  
r a t iona le  f o r  use i n  warm fog d i s p e r s a l .  

Given the  opportuni ty  t o  so swel l  a p a r t i c l e  of  

These e f f e c t s  a r e  

I t  i s  suggested attempts be made t o  t r e a t  t he  

2 . 3  Growth of Fog Droplets 

The degree t o  which a fog a t t enua te s  t ransmi t ted  electromagnet ic  
rad ia t ion  depends on the  concentrat ion and drop s i z e  spectrum of t h e  
droplets  and the wavelength of the  r ad ia t ion .  
they may become s u f f i c i e n t l y  la rge  t o  f a l l  out i n  t h e  g r a v i t a t i o n a l  
f i e ld ;  t h i s  p r e c i p i t a t i o n  removal process  is a func t ion  of the drop- 
s ize  spectrum and change of spectrum with t ime. 
more e f f e c t i v e  as  c o l l e c t o r s  of  smaller  d rop le t s  than the  small drops; 
the e f f i c i ency  of t h e  coalescence growth process  i s  thus a func t ion  of 
drop-size spectrum. 
associated changes i n  t r ansmiss iv i ty  of l i g h t  and fog d i s s i p a t i o n  v i a  
p rec ip i t a t ion  may be most convenient ly  t r e a t e d  from t h e  s tandpoint  of 
dynamics. 

As t h e  fog d rop le t s  grow 

Large drops a l s o  are 

The change i n  drop-size spectrum with time and t h e  

Hence, i n  the  following t reatment ,  we do not  d i scuss  
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e q u i l i b r i a  i n  constrained systems o r  t h e  thermodynamics of s teady s t a t e  
s i t u a t i o n s .  

The change i n  d rop le t  s i z e  spectrum may b e  accomplished through 
removal of l i q u i d  water by evaporation, through d rop le t  growth by 
condensation, by nucleat ion (discussed previously) and by coalescence 
and p rec ip i t a t ion .  

The d rop le t  s i z e  spectrum may be defined by a number of  r e l a t i o n s :  

1. A continuous p l o t  of number concentration versus  d rop le t  
rad ius  i n  both a d i f f e r e n t i a l  and cumulative sense.  

2. A d i s c r e t e  p l o t  (bar  graph o r  histogram) o f  number 
concentrat ion versus  d rop le t  radius .  

3. S imi la r  p l o t s  f o r  d rop le t  mass as a funct ion of  rad ius .  

4. Simi lar  p l o t s  f o r  the  f r a c t i o n  of t o t a l  d rop le t s  versus  rad ius .  

From these  d i s t r i b u t i o n s  one may ca l cu la t e  the  d i s t r i b u t i o n  statistics; 
e .g . ,  number median rad ius ,  mass median radius ,  e t c . ,  as well as s tandard 
dev ia t ions  and the  l i k e .  The experimental means of determining d rop le t  
s ize  d i s t r i b u t i o n s  and a c r i t i q u e  involving such measurements w i l l  be  
considered la ter  i n  a sec t ion  on instrumentation. 

2.3.1 Growth by Condensation 

Condensation i s  defined as t h e  n e t  t r a n s i t i o n  of a substance from 
t h e  vapor t o  the  l i qu id  phase. 
an embryo has reached (passed) c r i t i c a l  size; it is  thus d i f f e r e n t i a t e d  
from nucleat ion.  In a molecular sense condensation occurs when the 
ra te  a t  which vapor molecules s t r i k e  and merge with a l i q u i d  surface i s  
g r e a t e r  than t h a t  of vaporizat ion.  
dynamic processes  and occur simultaneously. The rate of growth is  thus 
a sum of t h r e e  processes:  
time which s t r i k e  t h e  d rop le t  sur face ,  (2) t he  f r a c t i o n  of such molecules 
which s t i c k ,  and (3) t he  r a t e  a t  which molecules leave the  l i q u i d  surface 
f o r  t h e  vapor. 

Growth by condensation occurs only af ter  

Condensation and vapor iza t ion  a r e  

(1) t he  number of vapor molecules p e r  u n i t  

For any k i n e t i c  process  one may consider an energy b a r r i e r  which 
For t h e  t r a n s f e r  t o  e f f e c t i v e l y  determines the  rate of  t h i s  process.  

o r  from a water d rop le t  t h ree  such energy b a r r i e r s  e x i s t :  
of molecules between the  bulk l i qu id  and the  i n t e r f a c e ,  (2) t r a n s f e r  
ac ross  t h e  in t e r f ace ,  and (3)  t r a n s f e r  between the  i n t e r f a c e  and bulk 
vapor.  
d r o p l e t ;  i n  a growing fog d rop le t  s u f f i c i e n t  condensation hea t  is 
r e l e a s e d  t o  provide such s t i r r i n g  t h a t  the process appl icable  t o  t h i s  
b a r r i e r  no longer becomes rate determining. 
t h e  absence of foreign mater ia l s )  b a r r i e r  (2) i s  e f f e c t i v e l y  constant  
and i s  r e f l e c t e d  i n  the  "condensation coeff ic ient" ;  t h e  behavior  of 
c l o s e  packed foreign sur face  f i l m s  involves pr imar i ly  t h e i r  e f f e c t  on 
t h i s  b a r r i e r .  
is vapor phase d i f fus ion;  some e f f e c t  i s  a t t r i b u t e d  i n  small drops t o  
a rate con t r ibu t ion  from the  interface t r ans fe r  process.  

(1) t r a n s f e r  

Barrier (1) i s  s i g n i f i c a n t  only i f  poor mixing occurs within the  

For a clean sur face  ( i n  

In general ,  t he  rate determining s t e p  f o r  p a r t i c l e  growth 
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The t reatment  of both F le t che r  and Mason regarding drop growth 
considers a vapor phase concentrat ion gradien t  se t  up by vapor phase 
deplet ion i n  the  immediate v i c i n i t y  of  t he  growing d rop le t  and the  
d i f fus ion  ra te  of  water vapor t o  t h e  d rop le t  as a funct ion of  t h i s  
gradient .  
the  d rop le t  as influenced by hea t  of  condensation. 
been introduced i n t o  t h i s  simple theory by Fukuta and Walter who have 
compared t h e i r  r e s u l t s  with a less complex model. 
the poss ib l e  change i n  condensation coe f f i c i en t  with drop s ize .  

In  addi t ion  account must be taken of  t he  hea t  t r a n s f e r  from 
Some refinement has  

Mordy has  discussed 

The Fletcher  theory f o r  a nonvent i la ted drop has  been used i n  models 
f o r  fog d i s s i p a t i o n  by J i u s t o  e t  a l . ,  1968; Chu and Thayer, 1972; and 
Weinstein and Silverman, 1973. 
containing a water so luble  s a l t .  This theory seems adequate f o r  such 
modeling purposes i n  t h e  lack of  s u f f i c i e n t  experimental information 
t o  warrant development of  a more complex theory o r  t o  provide s u f f i c i e n t  
da ta  f o r  t he  ca l cu la t ion  of  v e n t i l a t i o n  f a c t o r s .  

The growth t r e a t e d  is t h a t  of a d rop le t  

The Fle tcher  theory takes t h e  form 

r ( d r / d t )  = G(S-(a/r) + (b/r3))  

i s  a complex func t ion  involving a d i f fus ion  c o e f f i c i e n t ,  i n  which G 
dens i t i e s  of the l i qu id  and vapor, l a t e n t  hea t  of condensation, molecular 
weight of water,  temperature and thermal conduct ivi ty .  The term S i s  
the  supersa tura t ion  r a t i o  minus uni ty .  Since the  term a / r  r e f e r s  t o  
Kelvin e f f e c t s  it becomes neg l ig ib l e  f o r  drop s i z e s  g r e a t e r  than about 
one micron (an effect  less than 0 .1  percent ) .  
t a in ing  no s o l u t e  d r /d t  i s  thus GS/r. For constant  supe r sa tu ra t ion  
the  r a t e  of  growth i s  thus inverse ly  propor t iona l  t o  
tends toward monodispersity on growth. 
drople t  r ad ius  grea e r  than 1 .0  micron t h e  growth expression becomes 
d r /d t  = GS/r + Gb/r . Since the  term b / r4  drops o f f  very r ap id ly  with 
p a r t i c l e  growth and s ince  i t s  magnitude i s  dependent upon t h e  i n i t i a l  
mass of t he  so luble  spec ies  i t s  effects  cannot r e a d i l y  be genera l ized .  
In the l i m i t ,  however, when both t h e  terms i n  a / r  and b / r3  a r e  n e g l i -  
g ib le  the  growth ra te  i s  e s s e n t i a l l y  

For l a r g e r  drops con- 

r and t h e  system 
For a so luble  spec ies  and a 

8 

GS/r. 

Some considerat ion must be  pa id  t o  t h e  term 

S 

S 

w i l l  b e  a func t ion  of  t he  pressure  of water 

i n  t h e  above 
r e l a t ion .  
function o f  temperature, 
vapor and t h e  temperature. 
i n  temperature o r  the  add i t ion  of water vapor a t  constant  temperature.  
The temperature decrease may occur i n  many ways, e . g .  , a d i a b a t i c  l ift- 
ing ,  advection, r ad ia t ion ,  e tc .  Since,  however, S i n  a dynamic system 
containing growing fog d rop le t s  must change with time as water vapor is  
removed, i t s  time de r iva t ive  i s  a funct ion of d rop le t  growth. 
e f f e c t  must be considered i n  any fog growth models. The d i r e c t  experi-  
mental measurement of  S as a func t ion  of time i s  c u r r e n t l y  no t  feas- 
ib l e .  One o f  t he  d i f f i c u l t i e s  i n  such a measurement i s  t h e  e f f e c t  of 
the  measuring instrument on t h e  va lue  of 
instrument. Attent ion a l s o  should be pa id  t o  t h e  v a r i a t i o n  i n  s i n  
the v i c i n i t y  of  t h e  growing p a r t i c l e  by t h e  release of l a t e n t  hea t  as 

Since the  equi l ibr ium vapor pressure  over l i q u i d  water i s  a 

The formation of a fog i s  due t o  a decrease 

This 

s i n  t h e  v i c i n i t y  of t h e  
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the  p a r t i c l e  grows. Thus as a fog i s  inc ip i en t  S increases ;  upon 
nucleat ion and d rop le t  growth S decreases and as long as growth 
continues must remain a t  a value s l i g h t l y  g r e a t e r  than zero. 

2.3 .2  Evaporation o f  Fog Droplets 

In  a nucleant-seeding process  small d rop le t s  must disappear t o  
provide a water source f o r  t h e  growth o f  t he  l a r g e r  seeded d rop le t s .  
With t h i s  r e d i s t r i b u t i o n  i n  d rop le t  s i z e  spectrum the  v i s i b i l i t y  w i l l  
be improved. 
important i n  modelling. 

Thus, t he  evaporation rate from t h e  small d rop le t s  is 

Evaporation involves t h e  same processes as condensation; namely a 
dynamic process involving t h e  c o l l i s i o n  and adherence of  vapor phase 
molecules t o  t h e  l i q u i d  and departure  of water molecules from the  
l i q u i d  t o  the  vapor. 
the  gross co l l ec t ion  rate. 

In evaporation t h e  departure  rate is g r e a t e r  than 

The same th ree  energy b a r r i e r s  apply. For s l i g h t  subsa tura t ions  
the  rate determining s t ep ,  except for very small d rop le t s ,  is the  vapor 
phase d i f fus ion  and t h e  theo r i e s  developed f o r  condensation apply he re  
as well. 
a f f e c t e d  by ven t i l a t ion ,  e spec ia l ly  f o r  t he  l a r g e r  drople t s .  The rate 
o f  evaporation i s  a function of the  subsaturat ion.  
by t h i s  process i s  thus a funct ion of  both degree of subsa tura t ion  and 
t h e  time i n t e r v a l  a t  which such subsaturat ion e x i s t s .  J i u s t o  e t  a l .  
(1968) have used F le t che r ' s  equation (given earlier) t o  c a l c u l a t e  the  
time required f o r  a d rop le t  of given size containing the  equivalent  of 
a 0.1 micron N a C l  c r y s t a l  t o  evaporate t o  the  equi l ibr ium size a t  a set  
of subsa tura t ions .  Closer examination of Figure 1 i n  t h i s  publ ica t ion ,  
however, c a s t s  some doubts about the  v a l i d i t y  of the  ca l cu la t ion  made 
f o r  a subsa tura t ion  of  99.99 percent  (see Fig.  A-1). These times sub- 
s t a n t i a t e  t he  theory t h a t  hygroscopic p a r t i c l e s  a r e  e f f e c t i v e  within a 
real cloud i n  a l t e r i n g  the  d rop le t  s i ze  spectrum. 

The rates of both evaporation and condensation w i l l  be markedly 

The ne t  l o s s  of water 

The assemblage of fog d rop le t s  comprising a fog contains  both small 

The 
and l a r g e  d rop le t s  cons i s t ing  o f  pure water or  very d i l u t e  so lu t ion .  
These d rop le t s  w i l l  undergo evaporation a t  s u i t a b l e  subsa tura t ions .  
assemblage w i l l  a l s o  contain small drople t s  of very concentrated 
s o l u t i o n  which w i l l  grow. 
d r o p l e t  i s  less than t h a t  from a la rge  pure water d rop le t  s ince  
-dm/dt = kr i n  t he  absence of Kelvin e f f e c t s  and kr - k' i n  t h e  
presence of Kelvin effects. 
func t ion  of d rop le t  size d i s t r i b u t i o n  with g r e a t e r  weight on the  l a r g e r  
pure water  d rop le t s .  

The mass water f l u x  from a small pure water 

The mass t r a n s f e r  t o  t h e  vapor i s  then a 

Very f e w  experiments have been performed on the  evaporation rates 
of d r o p l e t s  i n  the  s ize  range usua l ly  found i n  fogs and under fog envi- 
ronmental condi t ions.  Most experiments s tud ied  the  evaporation of drop- 
le ts  over  a wide range of s i z e s  and a t  low r e l a t i v e  humidi t ies .  Among 
t h e s e  experiments are those of Houghton (1933), who measured evaporation 
of d r o p l e t s  supported on g l a s s  filaments o r  f i n e  wires  with r a d i i  from 
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12.5 t o  1300 microns a t  var ious r e l a t i v e  humidi t ies  and Derjaguin e t  a l .  
(1966), who measured the  evaporation of d rop le t s ,  suspended on a g l a s s  
f i lament ,  i n i t i a l l y  300 microns i n  r ad ius  i n  an environment of  40 percent  
r e l a t i v e  humidity. Their  r e s u l t s ,  smoothed over the  e n t i r e  range, 
support t he  theory based on vapor d i f fus ion  as t h e  rate-determining s t e p .  
Hoffer and Mallen (1970), measuring the  evaporation r a t e  of d rop le t s  
supported by an upward-moving a i r  stream, a l s o  found good agreement 
with t h i s  theory f o r  d rop le t s  between 20 and 70 microns when they included 
a v e n t i l a t i o n  f a c t o r  given by Frossl ing.  They do not  give any values  of 
t he  r e l a t i v e  humidity. Duguid and Stampfer (1971), measuring the  
evaporation of 3-9 micron drops a t  a high r e l a t i v e  humidity (96-99 percent)  
a l s o  found t h a t  t h i s  theory b e s t  p red ic ted  the  observed r e s u l t s .  The 
observed evaporation rates were s l i g h t l y  higher  than those ca l cu la t ed ,  
which may be  due t o  v e n t i l a t i o n  e f f e c t s .  I t  would appear, then,  t h a t  
t he  vapor phase d i f fus ion  theory,  one form of  which i s  given by Fle tcher ,  
i s  adequate f o r  cons idera t ion  of t he  evaporation of fog d rop le t s .  

2.3.3 The Ef fec t  o f  Surface F i l m s  

Close packed monolayers o f  long s t r a igh t - cha in  a lcohols ,  ac ids  
and acid sa l t s  act t o  considerably inc rease  t h e  b a r r i e r  t o  t r anspor t  
across  the  water-vapor in t e r f ace .  
reduct ion o f  the  condensation c o e f f i c i e n t  from about 0.04 ( f o r  p e r t i n e n t  
reference seek Fukuta and Walter, 1970) t o  2-4 x lo-’ (Derjaguin e t  a l .  
(1966), Eisner  e t  a l .  (1960). The sur face  f i l m  i s  e f f e c t i v e  i n  reducing 
t ranspor t  only i f  t r anspor t  through the  i n t e r f a c e  i s  the  ra te  de t e r -  
mining s t e p ;  i f  t he  ra te  determining s t e p  i s  vapor phase d i f fus ion  no 
ef fec t  on gross  t r anspor t  rates i s  observed (Archer and La Mer, 1955). 
Nevertheless marked e f f e c t s  of  c e t y l  a lcohol  monolayers on evaporat ion 
have been demonstrated i n  uns t i r r ed  vapor systems by Derjaguin e t  a l . ,  
and in a very l a rge  number o f  experiments on the  effect  of  c e t y l  
alcohol on evaporation r a t e s  from lakes and ponds i n  s t i l l  a i r .  

This  e f f e c t  can be  considered as a 

Evaporation rates of water d rop le t s  may be observed microscopical ly  
i n t o  s t i l l  o r  s t i r r e d  a i r  maintained a t  var ious  r e l a t i v e  humidi t ies .  
The f i l m  may be added i n  c lose  packed form o r  achieve the  c lose  packed 
configurat ion by a reduct ion i n  sur face  area caused by evaporat ion.  

Derjaguin e t  a l .  (1971) s tud ied  t h e  growth of  small so lu t ion  
drople t s  of varying so lu t e  concentrat ion covered with a c lose  packed 
monolayer of  c e t y l  a lcohol  and placed i n  a continuous flow of a i r  
s a tu ra t ed  with both ce ty l  a lcohol  and water vapor. 
adsorption o f  t h e  alcohol was s u f f i c i e n t  t o  maintain an e f f e c t i v e  coat-  
ing on the  d rop le t  sur face  as long as the  water supersa tura t ion  d id  not  
exceed seven percent .  
vague t o  permit an estimate of  v a l i d i t y .  

They found t h a t  

The experimental  d e t a i l s  presented were too 

Other experiments performed on d rop le t  populat ions were discussed 
i n  Section 2 . 2 . 1 .  A s  noted the re ,  it i s  impossible t o  d i s t ingu i sh  i n  
these experiments between the  e f f e c t s  of a su r face  f i l m  on nuc lea t ion  
and e f f e c t s  on growth. 

The e f f ec t s  of c lose  packed sur face  f i l m s  on t h e  condensation and 
evaporation of  water d rop le t s  near  water s a t u r a t i o n  are not  w e l l  known 
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and should be f u r t h e r  inves t iga ted .  
a c t i v e  ma te r i a l s  i n  anthropogenic products can form c lose  packed mono- 
layers ;  t h e i r  e f f e c t ,  i f  any, must be  on the  nuc lea t ion  process.  

It seems un l ike ly  t h a t  sur face  
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2.3.4 Coalescence 

Coalescence i n  a warm fog can lead t o  a s h i f t  i n  d rop le t  size 
spectrum t o  l a r g e r  sizes. 
of two processes:  (1) d rop le t  c o l l i s i o n  and (2) d rop le t  merging. 

The coalescence of fog d rop le t s  i s  a r e s u l t  

The ca l cu la t ion  of  c o l l i s i o n  number f o r  f r e e l y  f a l l i n g  drops i s  
e s s e n t i a l l y  a problem i n  hydrodynamics; one can no longer use a simple 
k i n e t i c  expression r e l a t i n g  t o  t h e  drople t  v e l o c i t i e s ,  concentrat ion and 
c o l l i s i o n  c ross  sec t ion  but  the  flow around t h e  la rge  drop serves  t o  
decrease the c o l l i s i o n  number deduced from k i n e t i c  theory.  The term 
" c o l l i s i o n  e f f ic iency"  has been defined i n  t h e  l i t e r a t u r e  i n  terms of 
two drops of r a d i i  a1 and a2 and the rad ius  of  a cy l inder  i n  which 
the small drop must e x i s t  i n  order  f o r  a c o l l i s i o n  t o  occur. Thus 
E = y2/(a1 + a2)2  i n  which y is t h e  cy l inder  rad ius .  Some r a t h e r  
crude approximations were made by Hocking (1959) and l a t e r  re f ined  by 
Hocking and Jonas (1970). This  problem espec ia l ly  r e l a t i n g  t o  t h e  
coalescence of fog d rop le t s  has been discussed by S h a f r i r  and Neiburger 
(1963) and Klett and Davis (1973). Col l i s ion  e f f i c i e n c i e s  so  p l o t t e d  
a r e  presented by these  authors .  

In h i s  o r i g i n a l  paper Hocking reported no c o l l i s i o n s  occurred i f  
the  c o l l e c t o r  drop rad ius  was eighteen microns o r  l e s s ;  i n  t he  l a t e r  
paper of  Hocking and Jonas no d e f i n i t e  cutoff  was considered but  r a t h e r  
t he  fact t h a t  c o l l i s i o n  e f f i c i e n c i e s  for  small c o l l e c t o r  drops were low. 
I t  i s  i n t e r e s t i n g  t o  compare the  c o l l i s i o n  e f f i c i e n c i e s  as ca lcu la ted  
by these  authors;  these  a r e  presented i n  Table 2 . 3 .  

TABLE 2-3 

Col l i s ion  Ef f i c i enc ie s  as  Calculated by Several  Authors 

a, /a, 

I t  should be noted t h a t  considerable disagreement e x i s t s .  

The ac tua l  number of c o l l i s i o n s  per u n i t  volume i s  a funct ion of 
t h e  c o l l i s i o n  e f f i c i ency ,  the p a r t i c l e  concentration and the  p a r t i c l e  
s i z e  d i s t r i b u t i o n .  
t he  c o l l i s i o n  e f f i c i ency  s ince  experiments always y i e l d  t h e  number of 
d r o p l e t s  of increased s i z e ,  which is  a function both of c o l l i s i o n  and 

No way has as ye t  been found t o  measure d i r e c t l y  
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coalescence e f f ic iency .  
of successful c o l l i s i o n s ;  i . e . ,  those leading t o  d rop le t  merger. Coales- 
cence e f f i c i ency  has been s tudied  by a number of workers. Use of  a 
drople t  stream d i r ec t ed  a t  a sumended drop i s  reported by List and 
Whelpdale (1969) and Whelpdale and List (1971) and a d rop le t  stream 
di rec ted  a t  a plane o r  convex sur face  i s  considered by Schotland (1960), 
Jayaratne and Mason (1964) and P i l i ;  (1966). 
drop s i zes  a r e  l a rge r  than those encountered i n  warm fogs.  
deal ing with d rop le t  s i z e s  i n  the warm fog range involved the  product 
of c o l l i s i o n  and coalescence e f f i c i e n c i e s ;  these  experiments w i l l  be 
discussed l a t e r .  

The l a t t e r  i s  defined i n  terms of the  f r a c t i o n  

In a l l  t hese  s t u d i e s  the  
A l l  s t u d i e s  

No q u a n t i t a t i v e  theory of coalescence e f f i c i ency  f o r  small d rop le t s  
has been developed, but a number of workers have pos tu la ted  the  ex is tence  
of b a r r i e r s  t o  coalescence. 
these include (1) an a i r  f i l m  between the  drops which must be expel led,  
(2) t h e  energy requirements t o  d i s t o r t  the  d rop le t  sur face  (which 
involves the  dynamic r a t h e r  than s t a t i c  sur face  tension)  and (3) e l ec -  
t r i c a l  double layer  repuls ion .  
van der Waals forces" discussed by Davies and Rideal (1961). 

As reviewed by Whelpdale and L i s t  (1971) 

At t rac t ion  i s  provided by the  "enhanced 

Factors  which have been observed t o  a f f e c t  coalescence include 
ve loc i ty  of c o l l i s i o n ,  impact angle,  surface tension (dynamic o r  s t a t i c ? )  
and the presence of an e l e c t r i c a l  charge on the  p a r t i c l e  or  an e l e c t r i c  
f i e l d .  Most of these  f a c t o r s  have been s tudied  f o r  c o l l i s i o n s  with a 
la rge  suspended drop o r  a f l a t  sur face .  
impact angle r e l a t e  t o  the  energy and time ava i l ab le  t o  remove the  a i r  
f i lm  b a r r i e r  and t o  d i s t o r t  t he  drop sur face .  
inc ident  angles (near  t he  edge of t he  c o l l e c t o r  drop) of ten  r e s u l t e d  
i n  bouncing or  p a r t i a l  coalescence r a t h e r  than complete coalescence.  
L i s t  and Whelpdale (19e9) found t h a t  a lower sur face  tens ion  increased 
coalescence while P i l i e  (1966) found the  opposi te  e f f e c t .  I t  i s  
questionable t h a t  s t a t i c  sur face  tension values  a r e  s i g n i f i c a n t  e s p e c i a l l y  
i n  the presence of su r fac t an t s ;  the  dynamic values  i n  t h i s  l a t t e r  case 
may b e  considerably higher  and not markedly a f f ec t ed  by the  su r fac t an t .  
A t  fog drople t  s i z e s  and c o l l i s i o n  v e l o c i t i e s  sur face  tension e f f e c t s  
may b e  of s ign i f icance .  
terms i n  t h e  dynamic sense, i . e . ,  both tension and v i s c o s i t y .  
presence of sur face  ac t ive  ma te r i a l s  (both adver ten t  and inadver ten t )  
may a f f e c t  these  surface parameters.  

The e f f e c t s  of ve loc i ty  and 

Lower v e l o c i t i e s  a t  high 

What should be inves t iga t ed  a r e  t h e  sur face  
The 

Studies  of co l l ec t ion  e f f i c i e n c i e s  of d rop le t s  i n  the  fog d rop le t  
range (r less than 40 microns) give cont rad ic tory  r e s u l t s .  Telford 
e t  a l .  (1955) found very high c o l l e c t i o n  e f f i c i e n c i e s  (on the  order  of 
13) f o r  75 micron c o l l e c t o r  drops.  Measurements have been reported by 
Kinzer and Cobb (1958) and Telford and Thorndike (1961) which Support 
the  Hocking theory and Woods and Mason (1964) which support  t h e  S h a f r i r  
and Neiburger ca l cu la t ions  i f  t h e  coalescence e f f i c i e n c y  i s  un i ty .  
Levin e t  a l .  (1973) measured c o l l e c t i o n  e f f i c i e n c i e s ,  compared t h e i r  
r e s u l t s  with the  ca lcu la ted  values  of S h a f r i r  and Neiburger and 
a t t r i b u t e d  the  d i f fe rences  noted a t  a2/al g r e a t e r  than 0 . 1  t o  departure  
of the coalescence e f f i c i ency  from un i ty .  
found somewhat similar results with l a r g e r  drops.  

Whelpdale and L i s t  (1971) 
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The effects of  turbulence have been neglected or  suppressed i n  a l l  
s t u d i e s  noted. . 

t he  scale of turbulence must be small enough so t h a t  t h e  r e l a t i v e  motion 
of the  d rop le t s  is af fec ted .  
lence may increase  coalescence rates, t h i s  f a c t o r  should b e  examined. 
I t  is f u r t h e r  discussed i n  Chapter 3. 

In order  t o  have any e f f e c t  on growth by coalescence, 

Since there is some evidence t h a t  turbu- 

Strong e l e c t r i c a l  f i e l d s  have been found by a l l  workers t o  g r e a t l y  
enhance coalescence (Telford,  e t  a l .  1955; Whelpdale and L i s t ,  1971; 
L i s t  and Whelpdale, 1969 and Telford and Thorndike, 1961). The d i f -  
f i c u l t y  of  producing such f i e l d s  over t h e  area t o  be  c leared  i n  fog 
d i s s i p a t i o n  a c t i v i t i e s  i n h i b i t s  t he  p r a c t i c a l  use  of  t h i s  phenomenon. 
Due t o  the  low c o l l i s i o n  e f f i c i e n c i e s  of d rop le t s  i n  t h e  fog size range 
and t h e  unce r t a in t i e s  i n  coalescence e f f ic iency ,  it i s  d i f f i c u l t  t o  
determine the  e f f ec t iveness  of the  coalescence e f f e c t  i n  fog modification. 
Further  study should be made of  t he  co l lec t ion  e f f i c i ency  as a funct ion 
of d rop le t  s i z e  r a t i o  and of  poss ib le  methods t o  increase  coalescence 
e f f i c i ency .  
inves t iga ted  ( see  Chapter 3 f o r  a discussion of d i f f e r e n t  tu rbulen t  
processes  which enhance coalescence).  

The e f f e c t  of  small sca l e  turbulence should a l s o  be 

2.3.5 Drop Size  Spectrum 

As noted earlier,  t h e  supersaturat ion r a t i o  wi th in  a w a r m  fog changes 
with t i m e  due t o  two opposing processes:  
s a t u r a t i o n  pressure by cooling, or  water vapor pickup from a source out- 
s i d e  t h e  fog and (2) decrease i n  water vapor content  due t o  d rop le t  
nuc lea t ion  and growth. 
s a t u r a t i o n  increases .  Since d i f f e r e n t  nuc le i  ( s i z e  and composition) are 
a c t i v a t e d  a t  d i f f e r e n t  supersaturat ion r a t i o s ,  more drops w i l l  be formed 
with increas ing  supersa tura t ion  and the e x i s t i n g  drops w i l l  grow faster 
a s  wel l .  
s a t u r a t i o n  begins  t o  decrease.  

(1) decrease i n  water vapor 

When t h e  f i r s t  process predominates the  super- 

The second process then becomes predominant and t h e  super- 

The number of nuc le i  ac t iva t ed  at a given supersa tura t ion  depends 
on t h e  time i n t e r v a l  experienced by the p a r t i c l e  a t  t h a t  o r  a h igher  
supersa tura t ion .  This e f f e c t  has  been noted with ice nuc le i  (Gerber, 
1973) with the  observation t h a t  t he  nucleat ion rate is  a funct ion of 
supe r sa tu ra t ion  and p a r t i c l e  s i ze .  Similar  rate effects should e x i s t  
f o r  condensation nuc le i  although the  subject  has  not  been thoroughly 
s tudied .  In  any event,  t h e  nucleant  must r e s i d e  a t  t he  proper super- 
s a t u r a t i o n  f o r  a time s u f f i c i e n t  t o  form an embryo of  c r i t i ca l  s i ze .  

The r e s u l t  of t h i s  supersaturat ion "history" is t h a t  a wide 
spectrum of d rop le t  sizes may e x i s t  when the  supersa tura t ion  decreases 
t o  a s teady s t a t e  value as the  droplets  have ex i s t ed  f o r  varying lengths  
of t i m e  and have grown a t  d i f f e r e n t  r a t e s .  
on hygroscopic nuc le i  begin growing at  subsa tura t ion  and grow more 
r a p i d l y  than drople t s  on inso luble  hydrophilic nuc le i .  For so lu t ion  
d r o p l e t s  formed on hygroscopic nuc le i  t he  growth ra te  depends upon not  
only cloud sa tu ra t ion  condi t ions but  a l so  the  na tu re  and s i z e  of t he  
nuc leant  p a r t i c l e .  For water drople t s  formed on inso luble  hydrophi l ic  
n u c l e i  formation depends on sa tu ra t ion  condi t ions and nucleant  p a r t i c l e  

For example, d rop le t s  grown 



18 

s i z e .  Some p o t e n t i a l  n u c l e i  a r e  no t  ac t iva t ed ;  e i t h e r  t h e  peak 
supersaturat ion i s  too  low o r  t h e  time of residence i n  the supersa tura t ion  
regime i s  too  shor t .  
t h e  drop s ize  spectrum. 

Thus we are led t o  an i n i t i a l  wide dispers ion i n  

As t h e  fog ages t h e  spread of t h e  d i s t r i b u t i o n  decreases.  This i s  
due t o  t h e  r e l a t i v e l y  f a s t e r  growth ra te  of t h e  small d r o p l e t s .  
drop size d i s t r i b u t i o n  within a fog i s  thus a funct ion not  only of t h e  
o r ig ina l  s i z e  spectrum but  a l s o  of  t h e  age of t h e  fog.  
very small number of d r o p l e t s  i n  na tu ra l  fog a r e  l a rge  enough t o  have 
reasonably high c o l l i s i o n  e f f i c i e n c i e s  as observed by P i l i 6  and Kocmond 
(1967), the coalescence process seems unl ike ly  t o  have much e f f e c t  on 
a l t e r i n g  the  drople t  s i ze  d i s t r i b u t i o n  with t h e  poss ib le  exception of 
t h e  bottom of a thick fog l aye r .  

The 

Since only a 

2.3.6 Seeding with "Giant" Hygroscopic Nuclei 

When l a rge  ( g r e a t e r  than 0.5 micron) hygroscopic p a r t i c l e s  a r e  
placed i n  a s l i g h t l y  supersaturated environment, nucleat ion occurs 
almost immediately and d r o p l e t s  a r e  formed. As t h e  nucleant  concentrat ion 
i n  the d r o p l e t  i s  high i n i t i a l l y ,  t h e  f irst  s t ages  of  growth are very f a s t  
and water vapor i s  rap id ly  removed from t h e  environment. This causes a 
decrease i n  water vapor concentrat ion and hence degree of s a t u r a t i o n .  
If  subsaturat ion i s  reached, t h e  n a t u r a l  fog d r o p l e t s  may begin t o  evapo- 
ra te .  So long as the  growth r a t e  on t h e  new n u c l e i  is  s u f f i c i e n t l y  
g r e a t  t o  take up t h e  water vapor thus made ava i l ab le ,  t h e  subsa tura t ion  
i s  maintained. 
a few la rge  drople t s  w i l l  e x i s t  while t h e  n a t u r a l  d r o p l e t s ,  e s p e c i a l l y  
t h e  small ones, w i l l  disappear through evaporation. This change from a 
droplet  s i ze  d i s t r i b u t i o n  of  many small d r o p l e t s  t o  one with a few 
l a rge  drople t s  w i l l  improve v i s i b i l i t y .  In add i t ion ,  i f  t hese  d r o p l e t s  
formed on t h e  g i a n t  n u c l e i  are s u f f i c i e n t l y  l a rge  they w i l l  s e t t l e  ou t  
g r a v i t a t i o n a l l y ,  may i n  t h i s  f a l l o u t  coalesce with some of t h e  remaining 
smaller d rop le t s ,  and reduce t h e  l i q u i d  water content o f  t h e  fog. 
leads t o  a s t i l l  g r e a t e r  increase  i n  v i s i b i l i t y .  

Given s u f f i c i e n t l y  l a r g e  and numerous nucleant  p a r t i c l e s ,  

This 

This mechanism provides t h e  r a t i o n a l e  f o r  use of  g i a n t  hygroscopic 
nuclei  i n  w a r m  fog d i s s i p a t i o n .  
have been d i rec ted  toward t h e  use of t h i s  method. These w i l l  b e  d i s -  
cussed more f u l l y  i n  t h e  matr ix  s e c t i o n  o f  t h i s  r epor t .  
and d e t a i l  of  t h e  experiments vary widely; re ferences  w i l l  be  provided 
i n  the matr ix  sec t ion .  

Both laboratory and f i e l d  i n v e s t i g a t i o n s  

The complexity 

As noted e a r l i e r ,  t h e  time requi red  f o r  d r o p l e t  evaporation i s  
r e l a t e d  t o  t h e  degree of subsa tura t ion .  
by removal of t h e  drople t s  formed on g i a n t  n u c l e i  by s e t t l i n g  and hence 
t h e  residence time within t h e  fog of such d r o p l e t s .  
water vapor may be introduced i n t o  t h e  seeded por t ion  of t h e  fog by 
molecular and turbulen t  d i f fus ion .  Computer models of such addi t ion  
(Chu and Thayer, 1972, Weinstein and Silverman, 1973) have ind ica ted  
considerable detriment on t h e  e f fec t iveness  o f  seeding with g i a n t  
hygroscopic p a r t i c l e s .  

This  l a t t e r  i n  t u r n  i s  affected 

In addi t ion  more 
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2.4 Optical Proper t ies  of Fogs 

2 .4 .1  Introduct ion 

The prime ob jec t ive  of warm fog d i s s i p a t i o n  i s  the  increase  i n  
v i s i b i l i t y  ( r e l a t e d  t o  the  v i sua l  port ion of t he  electromagnetic 
spectrum). 
than f o r  m i l i t a r y  reasons,  i s  minimization of f reez ing  damage i n  crop 
growth; t h i s  i s  r e l a t e d  t o  t h e  transmission through the  fog of r ad ia t ion  
i n  t h e  in f r a red  region of t he  spectrum. 

Probably the  prime objec t ive  i n  fog s t a b i l i z a t i o n ,  o the r  

The i n t e r a c t i o n  of  an assemblage of fog d rop le t s  with r ad ia t ion  
may occur through (1) absorpt ion and (2)  s c a t t e r i n g .  The absorpt ion of 
l i g h t  i n  the  v i s i b l e  wavelength range by water i n  vapor o r  d rop le t  
form i s  e s s e n t i a l l y  neg l ig ib l e  and may be  dismissed from f u r t h e r  con- 
s ide ra t ion ;  t h i s  may not  be t r u e  i n  the in f r a red  i n  which both l i q u i d  
water and water vapor have s t rong absorption bands. 
i s  determined pr imar i ly  by the  concentration of water substance and hence 
any increase  i n  concentrat ion ( increase i n  l i q u i d  water content a t  
sa tu ra t ion )  w i l l  a f f e c t  IR absorption. 

The absorpt ion effect 

Sca t t e r ing  may be  t r ea t ed  i n  terms of  Rayleigh theory o r  Mie theory.  

For Rayleigh s c a t t e r i n g  
The former i s  appl icable  only when the  s i z e  of  t he  s c a t t e r i n g  p a r t i c l e  
i s  small compared with the  r a d i a t i o n  wavelength. 
i n  t he  v i s i b l e  t h i s  s ize  is  on the  order of 0.03 microns; i n  the  i n f r a -  
red it may be a f a c t o r  of four  grea te r .  The d rop le t  s i z e  spectrum i n  a 
fog i s  thus well  beyond t h e  a p p l i c a b i l i t y  of  t h e  Rayleigh theory.  

2 .4 .2 Mie Sca t t e r ing  from Fog Droplets 

Th i s  d i scuss ion  w i l l  be  l imi ted .  We w i l l  not  en te r  i n t o  t h e  b a s i c  
theory,  t h e  fundamental physics of the process  o r  t he  appl ica t ion  t o  
such poss ib l e  s t u d i e s  as d rop le t  s i z e  d i s t r i b u t i o n ,  e t c .  Rather w e  w i l l  
p resent  t he  b a s i c  equations deal ing with the  e f f e c t  on gross  a t t enua t ion  
i n  t h e  forward d i r e c t i o n  ( t ransmiss iv i ty)  as a func t ion  of p a r t i c l e  
s ize  d i s t r i b u t i o n .  In the  l i t e r a t u r e  review w e  encountered l i t t l e  
agreement with respec t  t o  nota t ion .  
d i s s i p a t i o n  has  been done a t  the  Cornel1 Aeronautical  Laboratory we w i l l  
employ he re  the  nota t ion  of J i u s t o  e t  a l .  (1968). 
Coe f f i c i en t ,  B, i s  defined f o r  a s ing le  sphe r i ca l  p a r t i c l e  as 

Since much of t he  work on w a r m  fog 

The Mie s c a t t e r i n g  

2 6 = I r r k  
S 

i n  which k, i s  termed the  sca t t e r ing  area c o e f f i c i e n t .  As a mat te r  
of no ta t ion  B i s  termed CI by Penndorf (1956), and k, by Johnson 
(1954) while ks i n  the  J i u s t o  notat ion i s  termed K by Penndorf 
( t o t a l  Mie s c a t t e r i n g  coe f f i c i en t )  and K, by Johnson ( s c a t t e r i n g  
c ros s  s e c t i o n ) .  For an assemblage of p a r t i c l e s  

2 
1 1 s i  = 1 I r N . r .  k 

2 
Thus i f  8 and k, are known one has a measure of C N i r i  . 
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The s c a t t e r i n g  a rea  c o e f f i c i e n t ,  ks,  is a complex o s c i l l a t i n g  
function of t h e  r a t i o  of p a r t i c l e  s i z e  t o  r a d i a t i o n  wavelength. 
v i s i b l e  l i g h t  and t y p i c a l  fog drople t  sizes,  ks 
two; t h i s  value has been taken by J i u s t o  e t  a l .  (1968) which gives  

For 
approaches t h e  value 

2 B = 2 r C N i r i  

The v i s i b i l i t y ,  V ,  i s  given by 3.912/8. 

Consider a sample calcu a t i o n .  Let t h e  i n i t i a l  fog have a l i q u i d  
water content of 0.15 gram/m' with a l l  t h e  l i q u i d  water i n  10 micron 
d rop le t s .  The drople t  concentrat ion i s  thus 3.6 x 1O7/m3. One then 
ca l cu la t e s  B 2.25 x 10-4cm-1 and V - 174 meters. Let u s  now a l t e r  
t h e  d i s t r i b u t i o n  t o  one containing one-fourth of t h e - o r i g i n a l  10 micron 
drople t s  with t h e  remaining l i q u i d  water i n  30 micron d rop le t s .  The 
number o f  t hese  would be 9 .9  x lo5 .  One then c a l c u l a t e s  B a s  
1.125 x 10-4cm-1 and V = 348 meters. 
of the fog, t h e  v i s i b i l i t y  again doubles.  

example. Since f3. = 2 ~ N . r ~  ( i n  which ksi = 2) and s ince  t h e  l i q u i d  

water content ,  w 

cloud drople t  s i ze  d i s t r i b u t i o n  i n  terms of  number versus  drople t  s i ze ,  
w e  can obta in  a mass, o r  w 

This can be converted i n t o  a Bi d i s t r i b u t i o n  aga ins t  s ize .  The t o t a l  

Mie s c a t t e r i n g  c o e f f i c i e n t  i s  then obtained as a sum over t h i s  d i s t r i b u -  
t i o n  and the cont r ibu t ion  of  t h e  var ious s izes  t o  t h e  t o t a l  s c a t t e r i n g  
becomes c l e a r l y  apparent. We have made such c a l c u l a t i o n s  f o r  t h e  d a t a  
of Kornfeld (1970) and present  t h e  c a l c u l a t i o n s  i n  Table 2-4 and 
Figure 2-1. The e f f e c t  o f  seeding i s  an increase  i n  s c a t t e r i n g  by t h e  
small and l a r g e  d rop le t s ,  and a considerable  decrease i n  s c a t t e r i n g  from 
t h e  middle range of  d r o p l e t  s i z e s ,  r e s u l t i n g  i n  a n e t  decrease of 
s c a t t e r i n g  by the fog. 

If  t h e  l a r g e r  d r o p l e t s  f a l l  out  
Obviously t h i s  i s  a crude 

2 
1 1 1  

= N.4m. 3 /3 ,  we can wri te  B .  = 3wi/2ri. From t h e  i 1 1  1 

d i s t r i b u t i o n  by multiplying by 4nri3/3. i' 

2.5 Instrumentation 

2.5.1 General Comment 

We have emphasized t h e  dynamic c h a r a c t e r  o f  fogs and t h e  f a c t  t h a t  
dynamic c h a r a c t e r i s t i c s  are predominant i n  a t tempts  t o  modify such fogs.  
I t  i s  therefore  necessary t h a t  t he  instrumentat ion employed t o  determine 
fog c h a r a c t e r i s t i c s  and t h e  response of  fogs t o  modif icat ion e f f o r t s  
have t h e  dynamic c h a r a c t e r i s t i c s  r equ i r ed .  

2.5.2 Supersaturat ion Ratio 

This i s  a b a s i c  fog c h a r a c t e r i s t i c  and i n  p r i n c i p l e  determines t h e  
e f f ic iency  of any added a r t i f i c i a l  nucleant ,  bears  upon t h e  i n i t i a l  
cloud drople t  s ize  spectrum and hence number concentrat ion and inf luences 
t h e  growth and evaporation processes .  
r e l a t i v e  humidity. 
rou t ine ly  a t  r e l a t i v e  humidi t ies  less than 100 percent ;  Severe ques t ions  

I t  i s  e s s e n t i a l l y  a measure of 
Dew p o i n t  devices  and psychrometers are used 
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TABLE 2-4 

The S ize  Dis t r ibu t ion  of t h e  Mie S c a t t e r i n g  Coeff ic ien t  

r i Ni 
1 2  w x 10 i 

8 Bi x 10 

I n i t i a l  Fog 

1 2 8 1 3  

2 18 603 452 

3 75 8482 4241 

4 120 32169 12063 

5 75 39 270 11781 

6 18 16286 4071 

7 2 2873 6 16 

-4 -1 8 = 3.32 x 10 cm 

.33 

.66 

1.0 

1.3 

1.8 

2.6 

7.5 

17.8 

26.2 

31.4 

Fog 100 Seconds After  Seeding 

2 .3 

18 22 

75 313 

120 1199 

75 1960 

18 1325 

2 3561 

1 23532 

1 75627 

1 129446 

1.3 

50 

470 

1346 

1597 

764 

7 10 

19 86 

4324 

6187 

-4 -1 B = 1.74 x 10 cm 
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I 0 4  

I 0 3  

IO 

I 

r, p m  
Fig. 2 - 1  The s i z e  d i s t r i b u t i o n  of t h e  Mie s c a t t e r i n g  c o e f f i c i e n t :  

curve 6 
100 secinds a f t e r  seeding. 

i s  f o r  i n i t i a l  fog and curve BIOO i s  f o r  fog 
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e x i s t  concerning t h e i r  capab i l i t y  a t  supersaturat ion r a t i o s  s l i g h t l y  
l e s s  than o r  g rea t e r  than un i ty .  

Laboratory Instrumentation. The degree of  supersa tura t ion  may be  
computed f o r  labora tory  experiments u t i l i z i n g  expansion techniques by 
assuming (1) ad iaba t i c  (or  corrected)  expansion, (2) lack of condensation 
nuc le i  ac t iva t ed  during the  expansion and (3) no wall losses .  Super- 
s a t u r a t i o n  g rad ien t s  may be computed fo r  thermal o r  chemical grad ien t  
d i f fus ion  devices.  
knowledge of  drop size spectrum and the  p a r t i c l e  size and na ture  of 
added nucleants .  Supersaturat ion may a l so  be produced from a water 
r e s e r v o i r  a t  f ixed  temperature greater than t h e  measuring chamber, etc.  

Supersaturat ion r a t i o s  may a l s o  be computed from a 

F ie ld  Instrumentation. The supersaturat ion r a t i o s  a r e  l a rge ly  
in fe r r ed  from the  cloud d rop le t  concentration and size spectrum and 
knowledge of the  na ture ,  concentrat ion and s i z e  of nucleants.  To a 
l a r g e  ex ten t  t h i s  value is  simply assumed. 

Conclusion. A c l e a r  need e x i s t s  f o r  t h e  development of  an 
instrument usefu l  i n  both the  laboratory and t h e  f i e l d  f o r  the  determina- 
t i o n  of supersa tura t ion  r a t i o s .  This  instrument must have a s u i t a b l e  
dynamic response, should be  por tab le  and usable  by technicians.  No 
ideas  are forthcoming by the  authors  f o r  t h e  working p r inc ip l e s  of  such 
an instrument.  

2 . 5 . 3  Prope r t i e s  o f  Condensation Nuclei 

These p rope r t i e s  may be c l a s s i f i e d  as (1) chemical na tu re  (vapor 
pressure  of  water above so lu t ion  as a funct ion of concentrat ion) ,  
(2 )  s ize  and (3) number concentrat ion.  

Chemical Nature. No problem e x i s t s  i n  t h i s  regard f o r  a r t i f i c i a l  
nuc leants .  For n a t u r a l  nucleants  several  techniques e x i s t  o r  o f f e r  
p o s s i b i l i t i e s .  
methods o f  chemical ana lys i s  including X-ray fluorescence,  atomic 
absorpt ion,  X-ray d i f f r a c t i o n ,  etc. ,  may be used t o  determine the  
composition of t h e  gross  sample. 
0.05 microns the  composition of the  p a r t i c l e  sur face  may be determined 
by e l ec t ron  f luorescence techniques used i n  conjunction with a scanning 
e l ec t ron  microscope and hence individual  p a r t i c l e  compositions 
determined; t h i s  method w i l l  no t  work f o r  first row elements i n  t h e  
pe r iod ic  t a b l e  (carbon, n i t rogen ,  oxygen, e t c . ) .  A technique has been 
developed by Mendonca and Corrin which measures t h e  water uptake by a 
t o t a l  sample as a funct ion of r e l a t i v e  humidity; t h i s  i s ,  of course,  a 
t o t a l  method. I t  may r ead i ly  be converted t o  an automatic instrument.  
Measurements obtained with For t  Col l ins ,  Colorado aerosol  have ind ica ted  
t h e  i n i t i a t i o n  of water vapor pickup a t  r e l a t i v e  humidities ranging from 
65 t o  74 percent  r e l a t i v e  humidity. 
u se  of  Nuclepore f i l ters ,  the  i n i t i a l  point of water pickup v a r i e s  with 
p a r t i c l e  s i z e .  I t  might be i n t e r e s t i n g  t o  e x t r a c t  the  co l l ec t ed  aerosol  
and measure t h e  sur face  tension of i t s  so lu t ion ;  t h i s  would ind ica t e  
t h e  presence of sur face  ac t ive  mater ia l  which might tend t o  a l t e r  
nuc lea t ion  c h a r a c t e r i s t i c s .  

If a s u f f i c i e n t  quant i ty  can be co l l ec t ed  s tandard 

For p a r t i c l e s  g r e a t e r  i n  size than 

I f  the  aerosol  is  f r ac t iona ted  by 

I f  one wished t o  proceed f u r t h e r  with t h i s  
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analysis, foam fractionation would yield additional information on the 
chemical nature of the surface active material. 

Size. Collected material may be analyzed for particle size 
distribution by electron microscopy providing the material is stable in 
the electron beam. 
for particles greater than 0 . 3  microns with a cascade impactor. 
sizes may be measured with a Goetz aerosol spectrometer. 
expansion condensation nuclei counters to provide particle size infor- 
mation by counting as a function of supersaturation cannot be considered 
satisfactory since the number activated is a function of parameters 
other than size. 
via light scattering but this technique is fraught with major complica- 
tions. 
geometrically as with a microscope or aerodynamically as with the Goetz 
or cascade impaction. 

An estimate of particle distribution may be obtained 
Smaller 

The use of 

Possibilities exist for particle size determination 

Mention should be made of the fact that size may be determined 

Number Concentration. The basic technique involves exposing 
potential condensation nuclei to an environment supersaturated with 
respect to water vapor and observing the number of droplets formed. 
Since the number of nuclei activated is a function of supersaturation 
ratio, this value must be controlled and be similar to those observed 
or expected in actual atmospheric situations. 
to 0.95 to 1.03. 

It is generally limited 

The device most often used is the thermal diffusion chamber (see 
the discussion, for example, in Ruskin and Kocmond, 1971). Chemical 
gradient chambers have also been utilized (see the discussion in 
Fletcher, 1266). 
attempts to produce controlled low supersaturations have not been 
successful. 

As pointed out by Ruskin and Kocmond (1971) other 

Differences among thermal diffusion chambers include (a) chamber 
geometry, (b) continuous or discontinuous operation and ( c )  techniques 
for counting the number of water droplets. 
is introduced between horizontal plates. 
chambers by Saxena and Kassner (1970), nine of the eleven chambers 
discussed were of this horizontal type. 
concentric cylinders (Severynse, 1964; Laktionov, 1968) or vertical 
parallel plates (Sinnarwalla and Alofs, 1973). Most chambers operate 
in the discontinuous mode; nine of the chambers discussed by Saxena and 
Kassner were of this type. 

In most chambers the sample 
In a listing of then existing 

Other chambers involve vertical 

yethods of detecting droplet number include direct photography 
(Pilie, 1966; Gagin and Terliuc, 1968; Saxena et al. 1970; Allee, 1971; 
and Ruskin and Dinger, 1971), integration of scattered light (Radke 
and Hobbs, 1968 and Radke and Turner, 1972), and direct counting of 
droplets by individual scintillations excited by a beam (laser or 
otherwise) (Laktionov, 1968; Hudson and Squired, 1973 and Sinnarwalla 
and Alofs, 1973). A "haze chamber" suitable for use at subsaturations 
is described by Kocmond and Jiusto (1968). 
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Some use has been made of so-called Aitken counters in the low 
supersaturation regime; these instruments cannot be considered suitable 
for this purpose. 

Conclusion. Available instrumentation for the determination of 
cloud nucleus concentrations is adequate. Caution, however, should be 
directed toward the possible use of this technique for particle sizing. 

2.5.4 Liquid Water Content 

A commonly used instrument is the hot wire liquid water content 
meter as discussed by Knollenberg (1972) with reference to Neel and 
Steinmetz (1952), Neel (1955) and Owens (1957). This technique is 
limited to drops less than 30 microns (Barrett, 1958) and is unsatisfactory 
at low droplet concentrations. 

Another such instrument is the paper tape liquid water content 
device of Warner and Newnham (1952). This involves the change in con- 
ductivity of a suitably prepared paper tape upon permeation by collected 
water. Sensitivity has been reported as low. 

The total liquid water content may also be estimated by integration 
of the droplet size distribution. 
technique. 
cloud may be estimated by heating a portion of the cloud to vaporize 
all liquid water, determining the dew point and assuming a supersaturation 
ratio of unity. 

Knollenberg has discussed such a 
In the laboratory the liquid water content of a simulated 

Conclusion. Given the high concentration of droplets in a fog and 
the relatively small number of large drops, present hot wire techniques 
seem adequate for the measurement of the liquid water content of 
initial fogs. An appreciable population of large drops, such as might 
result from modification, cannot be handled with present instrumentation 
other than the tedious integration over a particle size distribution. 

2.5.5 Droplet Size Distribution 

Such instrumentation may be classified into (1) collection devices 
and (2) in situ devices. 

Collection Devices. These may consist of slides coated with silicone 
oil, magnesium oxide, gelatin, formvar, etc. Corrections must be 
applied to the measured area to convert into droplet size and for 
collection efficiencies as a function of droplet size. 
employed with this technique. 
and a distribution curve thus produced. 
available to compute particle size distributions from the collected 
particles o r  a photograph. 

Cylinders may be 
Measurements may be made microscopically 

Commercial devices are also 

In Situ Devices. Direct photography has been utilized by Berg and 
George (1968), Cannon (1970) and Neiburger et al. (1972). Optical arrays 
have been employed by Knollenberg (1972), Knollenberg and Neish (1969) 
and Knollenberg (1970). An electrostatic device has been described by 
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Abbott et al. (1972). Infrared transmittance forms the basis of a method 
described by Eldridge (1957) and light scattering techniques have been 
used by Eldridge (1961) and Ryan et al. (1972). The attenuation of light 
has been utilized by Eldridge (1966) while holographic techniques have 
been described by Kunkel (1970 and 1971). 

Conclusion. With the possible exception of droplets whose diameters 
are less than one micron the measurement capability for particle size 
distributions in fogs seems adequate. 

2.5.6 Visibility 

Two devices are in use: (1) visual observation and (2) trans- 
Visibility should be properly defined in terms of the missometers. 

objectives of fog dissipation efforts; i.e., shall it be "vertical 
vis i bi 1 i ty , "hori zon t a1 vi si bi 1 i ty" or some suit ab le comb in at ion? 
Should measurements be made at ground level or in an aircraft or some 
suitable combination? 
(the eye is most sensitive to green light)? 

Should spectral characteristics be considered 
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2.6  Information Matrix: Fog Modification Experiments 
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2 . 7  Summary of Fog Modification Experiments 

The great bulk of experiments in simulated fog chamber and in the 
field as well as the greatest modelling efforts have been made by three 
organizations (1) the Cornel1 Aeronautical Laboratory under the sponsor- 
ship of NASA, (2 )  The Air Force Cambridge Research Laboratories under 
the sponsorship of the Air Force and (3)  The Naval Weapons Center at 
China Lake. There are thus only three research groups active. in this area. 

The major thrust is toward an increase in visibility primarily 
through the route of fog droplet size distribution modification. 
is little effort in fog stabilization or fog prevention through poisoning 
of condensation nuclei. 

There 

Fog dissipation through alteration in the fog droplet size 
distribution works in the laboratory and in simulated models based .on 
laboratory conditions. There is little doubt that the basic concept is 
correct; i.e., a change in droplet size distribution toward larger 
particles brought about by the introduction of hygroscopic nuclei and 
the corresponding decrease in light scattering. 

Field experiments, however, introduce additional variables. The 
dynamic nature of the process can be affected by uncontrollable ambient 
conditions including l o s s  of treated droplets or nuclei through turbulent 
or advective transport. There is evidently some difficulty in assuring 
that the hygroscopic seeds ever reach the desired target area. 

The quality of the experiments is variable. Some, however, are 
carefully designed and conducted and the results may be considered signif- 
icant. The experiments definitely rule out as effective drop size 
distribution changes brought about by electric field or particle charging 
with polyelectrolytes. It is, however, not clear that polyelectrolytes 
may be ruled out in a swelling mode; no experiments have been designed 
t o  test this possible effect. 

It is clear that in the laboratory or numerical simulation the 
addition of hygroscopic nuclei to a warm fog under controlled conditions 
will bring about an alteration in droplet size distribution and an 
improvement in visibility. 
details are not clearly understood. 
the following. 

This is a dynamic process and some of the 
Questions that may be asked include 

(1) Are the available growth equations valid for the formation of 
a droplet of liquid solution from the solid nucleant and water vapor? 

(2) 

(3) 

Are the growth equation valid for the growth of this drop? 

What effect do surface active agents have on droplet growth 
or evaporation? 

(4) What is the nature of the coalescence effect and what bearing 
does this effect have on the dynamic alteration in particle size 
di s t r i but ion? 
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(5) How are the properties of the fog affected by the CCN 
originally leading to fog formation? 

( 6 )  How effectively may CCN of varying chemical composition be 
"poisoned"? 

(7) What substances, if any, are effective poisons? 

(8) Will surface active materials in the natural environment 
(polluted atmospheres) act to stabilize warm fogs? 

In the field o r  numerical simulation of field experiments the 
additional effects of atmospheric transport must be considered in terms 
of turbulent o r  advective diffusion. The results obtained in the field 
are far less conclusive with respect to fog dissipation than the labora- 
tory experiments. Targetting seems a major problem. These problems are 
considered in more detail in Chapter 3 .  

One further question may be considered regarding the possible use 
of polyelectrolytes by a "swelling" rather than electrostatic mode. 
The joint use of polyelectrolytes and hygroscopic salts might be effective. 

In the area of instrumentation a crying need is the development of 
a capability of measuring supersaturation ratios with an effective 
resolving time on the order of a second or less. 
adequate. 
attention; hygroscopic characteristics are almost unknown. The determina- 
tion of the size of fog droplets at diameters below one micron is presently 
unsatisfactory. 

CCN counting seems 
The chemical nature of natural CCN deserves considerable 
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Chapter 3 

TURBULENCE AND AIRFLOW 

3.1 Introduction 

It is now rather widely believed that turbulence is essential to 
the formation and maintenance of most fog (U.S. Navy, 1974). The air- 
flow and turbulence aspects of fog physics (or of fog control) are 
closely related but are treated separately in this report because of 
some distinct differences in problems due to each of these two aspects 
of air motion. 

The nonturbulence component of air motion, here designated as the 
airflow, exhibits variation in space and time in the following ways 
which have major significance for fog. 

1. 

2. 

3 .  

4. 

Trajectories for larger fog masses are not adequately 
predictable forperiods greater than 5 to 10 minutes for 
scales less than mesoscale (Appleman, 1969). 

Trajectories f o r  fog parcels may vary with height due to 
vertical shear of wind velocity (Kocmond, personal communica- 
tion, 1974). 

Turbulence characteristics of fog are strongly influenced by 
the wind shear and static stability of the airflow and by the 
interaction of the airflow and the surface of the earth. 

Modification of the effect of turbulent diffusion in 
determining the concentration of airborne particulates. 

The nonturbulence air motion problem primarily affects modification 
efforts and must be treated in terms of improved measurement and local 
prediction capability. This is discussed in sections 3.10 and 3.11. 

Turbulence strongly influences the processes o f :  

1. Water vapor saturation thermodynamics and kinematics, (Fukuta 
and Saxena, 1973). 

2. Fog particle nucleation, growth and coalescence (e.g. Tennekes 
and Woods, 1973). 

3 .  Advertent modification of fog (Kocmond, personal communication, 
1974). 

Specific examples of observed or inferred turbulence influences on fog 
processes are cited in subsequent sections. 

I 

Some data on fog and turbulence properties are presented for 
orientation purposes in Table A-4 only as order of magnitude estimates 
of some rates and intensities of importance in fog physics (Table A - 6 ) .  
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A few addi t iona l  pieces  of  such information, r e l a t e d  t o  turbulence 
effects on microphysical processes,  are presented i n  Table 3.1 t o  a id  
i n  evaluat ion of t h e  importance of processes t o  be discussed i n  t h e  
rest of t h i s  chapter .  
may form a r e  s t a t e d  again but  dif-ferent ly  than i n  Appendix A and are 
discussed i n  g r e a t e r  d e t a i l  i n  t h e  next paragraph of  t h i s  sec t ion .  

For similar reasons t h e  bas i c  ways i n  which fog 

An air  pa rce l  which i s  foggy may have acquired t h e  water d rop le t s  
by one o r  severa l  of  t h e  following means. 

1. Droplet s e t t l i n g  o r  i n j ec t ion .  

2. Mixing t r anspor t  of d rop le t s  by turbulence.  

3. Condensation of water vapor on nuc le i :  

(a) Without an i n i t i a t i n g  change i n  e i t h e r  t h e  water vapor 
content ,  xv, o r  t h e  sa tu ra t ion  mixing r a t i o  over plane 
water , 

XS - 
(b) By increase  i n  xv. 

(c) By decrease i n  x . 
S 

Process 3 r equ i r e s  some addi t iona l  discussion.  Process 3a occurs 
when proper nucleants  are introduced i n t o  t h e  volume e i t h e r  by a 
s e t t l i n g - i n j e c t i o n  process o r  by mixing. Process 3b may occur i n  
four ways : 

1. In j ec t ion  and subsequent evaporation of  l i qu id .  

2. Molecular d i f fus ion  of water vapor. 

3 .  Turbulent t r anspor t  of water vapor. 

4 .  Chemical r eac t ions ,  e .g . ,  organic combustion and recovery of 
temperature. 

Process 3c may occur i n  two bas i c  ways: 

1. Reduction of ac tua l  equilibrium vapor pressure  by hygroscopic 
nuc le i .  

2. Reduction of equi l ibr ium vapor pressure  r e l a t i v e  t o  plane 
water by decreasing t h e  temperature of  t h e  a i r  containing t h e  
water vapor using t h e  following mechanisms: 

(a) Turbulent mixing i n  of  cooler  a i r .  

(b) Molecular d i f fus ion  of heat from air .  

(e) Radiation cooling of air. 

(d) Evaporation of  acquired water. 
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(e) Conduction t o  cooler  acquired ma t t e r .  

( f )  Expansion cool ing.  

1. l i f t e d  pa rce l .  

2 .  I!orizontal motion t o  lower atmospheric pressure.  

I t  i s  apparent t h a t  severa l  mechanisms are l i k e l y  t o  be opera t ive  simul- 
taneously and/or s equen t i a l ly  and unobserved. 
importance of tu rbulen t  f l uc tua t ions  of a i r  motion depends upon con- 
t r o l l i n g  and understanding the  s ign i f icance  of o the r  processes  i n  both 
t h e i r  mean and turbulen t  aspec ts .  

The understanding of  t h e  

3-2 Signi f icant  Gaps i n  Fog Knowledge and Some Important Questions 
about Fog Turbulence 

Reference may be made t o  a number of r epor t s ,  papers and books f o r  
desc r ip t ions  of fog p rope r t i e s  and c l a s s i f i c a t i o n s  of fog types.  
(Table A-4 contains  a l i s t  of fog proper t ies  and estimated observed o r  
i n fe r r ed  values  f o r  some of  t h e  proper t ies .  
of a comprehensive compilation and i s  intended only f o r  q u a l i t a t i v e  and 
rough q u a n t i t a t i v e  purposes.) Several  important omissions are apparent 
i n  the  information found i n  these  sources. 

The t a b l e  is not  t he  r e s u l t  

1. The r e l a t i v e  importance of d i f f e r e n t  processes f o r  producing 
s p e c i f i c  fogs is not well known and i n  some s i t u a t i o n s  is not  
known a t  a l l .  

2 .  Time and s p a t i a l  v a r i a t i o n s  of important fog parameters and 
immediately-prefog c h a r a c t e r i s t i c s  of t h e  atmosphere seldom 
have been measured. 

3.  Turbulence of t h e  a i r  motion and o ther  p rope r t i e s  i n  and 
around fog a r e  almost never d i r e c t l y  measured. Thus the  
importance of tu rbulen t  t ranspor t s  and o ther  physical  eddy 
cross  co r re l a t ions  must be infer red  from observations of  mean 
states which may r e s u l t  from severa l  processes .  

Within the  s c i e n t i f i c  and fog-operations communities opinion is 
growing toward a consensus t h a t  turbulence is  of considerable  importance 
i n  determining t h e  thermodynamical and microphysical e f f e c t s .  
following set  of quest ions is used i n  t h i s  chapter  as a guide t o  t h e  
eva lua t ion  of  tu rbulen t  e f f e c t s  i n  fog science and technology. 

The 

1. For what physical  processes in  fog i s  turbulence important? 

2 .  What microphysics research i s  required because of turbulence 
e f f e c t s ?  

3.  What do we know about fog turbulence? 

4. What do w e  need t o  know about fog turbulence? 

5. How can t h e  required knowledge be achieved? 

6 .  What can be learned by chamber, wind tunnel  and numerical 
s imulat ions? 
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7 .  

8. 

9. 

10. 

What important observations of tu rbulen t  processes must be 
made i n  real  atmospheric fog? 

How do o ther  processes confuse i n d i r e c t  methods of  es t imat ing 
t h e  effect  of  turbulence? 

How important i s  t h e  d i r e c t  and concurrent measurement of 
turbulence proper t ies  of t h e  a i r  motion and t h e  microphysics? 

How may t h e  required measurements be made? 

If  questions such a s  these  can be c o r r e c t l y  answered, a reasonable set  
of  research p r i o r i t i e s  can be s e t  f o r  gaining much needed knowledge 
about fogs.  
higher l eve l  of optimization of fog con t ro l .  
these questions i s  discussed i n  t h e  subsequent s e c t i o n s  o f  t h e  present  
chapter.  

Such research seems t o  hold t h e  promise of  a d i s t i n c t l y  
The t o p i c  of each of 

3 .3  Turbulence and Fog Generation and Dissipat ion 

3.3.1 Examples o f  Effects of Turbulence 

I t  i s  commonly observed t h a t  when a hole  i s  c leared  i n  fog by any 
method, fog is  observed t o  r e f i l l  t h e  volume from t h e  edge of t h e  
cleared volume i n  a tu rbulen t  manner. Rodhe (1962) demonstrated t h a t  
turbulent  mixing i s  required f o r  t h e  ex is tence  of  any fog which i s  more 
than a few meters t h i ck .  
weak turbulence t r a n s p o r t s  hea t  so r a p i d l y  as t o  dominate r a d i a t i o n  
e f f e c t s  i n  many cases. Rodhe used an a n a l y t i c  improvement of a graphi- 
cal method f o r  es t imat ing t h e  e f f e c t  of mixing of heat  and water vapor 
t o  achieve s a t u r a t i o n .  P i l i 6  (1966) reported r e s u l t s  of a mathematical 
model which added a n a l y t i c a l  expressions f o r  boundary l aye r  p r o f i l e s  
of wind and temperature t o  Rodhe's model. 
lying su r face  determined t h e  height  t o  which s i g n i f i c a n t  mixing-cooling 
and thus maximum l i q u i d  water content would e x i s t .  

Although r a d i a t i o n  cooling can be q u i t e  s t rong,  

The roughness of t h e  under- 

More recent  models of fog have represented turbulence more 
e x p l i c i t l y  i n  terms of  a i r f low.  
model i n  which turbulent  mixing was parameterized by an eddy c o e f f i c i e n t ,  
K,,,( = 1 t o  10 m 2  s - I ) ,  and a v e r t i c a l  gradient  of  wind speed, av/az( = 0 
t o  0.01 s-1) .  
be d i f f i c u l t  t o  measure t h e  atmospheric wind shear  magnitudes which 
were modeled and found t o  be important.  

Weinstein and Silverman (1973) used a 

Turbulence effects  were s i g n i f i c a n t  even though it would 

Pepper and Lee (1973) u t i l i z e  a f i n i t e  d i f f e r e n c e  s o l u t i o n  t o  
planetary boundary l aye r  equations i n t o  which t u r b u l e n t  t r a n s p o r t s ,  
r ad ia t ion ,  wet thermodynamics and fog microphysics a r e  incorporated.  
Exchange c o e f f i c i e n t s  a r e  held constant  and eddy t r a n s p o r t s  are pro- 
port ional  t o  k i n e t i c  energy of turbulence and t o  t h e  r a t i o  of t h e  
gradient of property t o  t h e  grad ien t  of t h e  mean wind speed. Maximum 
l iqu id  water concentrat ion remains near  t h e  cooler  sea surface.  A 
sequence evolves i n  which r a d i a t i o n  eventua l ly  cools  t h e  a i r  u n t i l  it 
suppresses f u r t h e r  moisture f l u x  from t h e  sur face  and t h e  fog l a y e r  
l i f ts .  The maximum height of fog t o p s  i s  lower f o r  higher  wind speeds 
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Fukuta and Saxena (1974) performed a t h e o r e t i c a l  ana lys i s  of 
a i r f low over a moist cold p l a t e  which showed t h a t  a supersa tura t ion  
wave propagates upward from t h e  p l a t e  by molecular t r anspor t  processes  
i f  t h e  r a t e s  of t r anspor t  processes i f  t h e  rates of t r anspor t  of water 
vapor and heat  are not i d e n t i c a l .  
showed t h a t  

On the b a s i s  of t h i s  r e s u l t  they 

1. Fog forms i n  both s t a b l e  and unstable  s t r a t i f i c a t i o n  and 

2. Molecular t r anspor t s  a t  t he  underlying sur face  may sometimes 
l i m i t  t h e  e f f e c t i v e  turbulen t  t r anspor t  rates i n  t h e  a i r  mass 
and thereby cont ro l  fog formation and d i s s ipa t ion .  

Hidy (see Fukuta and Saxena, 1973) performed an ana lys i s  of t he  effect 
of d i f f e r e n t  c o e f f i c i e n t s  of tu rbulen t  exchange f o r  heat  and water 
vapor. Hidy concluded t h a t  i f  t he  coe f f i c i en t s  a r e  equal then t h e  
g r e a t e s t  poss ib l e  chance e x i s t s  t h a t  mixing w i l l  r e s u l t  i n  supersatura-  
t i o n .  

Kinzer and Cobb (1958) compared t h e i r  l abora tory  observat ions with 
theory f o r  d rop le t  coalescence. They concluded t h a t  l a rge r  c o l l e c t o r  
d rop le t s  c r e a t e  a tu rbulen t  a i r f low near  themselves which moves small 
d rop le t s  randomly (about 0.5 mm s-1) a t  least an order  of magnitude 
g rea t e r  than can be explained by Brownian (molecular col l is ion-induced)  
motion. 
l e c t o r  drop. Thus i n e r t i a l  c o l l i s i o n s  are  enhanced. The e l e c t r o s t a t i c  
enhancement of coalescence i s  a l s o  increased s ince  t h e  e l e c t r o s t a t i c  
force  i s  e f f e c t i v e  only when drople t  sur faces  are separated by less than 
about 3 pm. 

This motion d i f f u s e s  small cloud d rop le t s  c l o s e r  t o  the  col-  

Great ly  enhanced r a t e s  of coagulation of  micron-size s o l i d  
have been produced by very modest leve ls  of turbulence (Green and Lane, 
1964). 

Saffman and Turner (1955) developed a c o l l i s i o n  theory incorpor- 
a t i n g  turbulence and concluded t h a t  s i g n i f i c a n t  e f f e c t s  would be found 
only f o r  nonlayered clouds. However, Woods e t  a l .  (1972) proposed t h a t  
t he  p r i n c i p a l  f a c t o r  is t h e  s t rong  spec t r a l  peak of  shear  on t h e  s c a l e  
of  t h e  Kolmogoroff microscale.  Jonas and Goldsmith (1972) showed 
experimentally t h a t  d rople t  c o l l i s i o n  e f f i c i ency  increases  markedly 
beyond a threshold  shear  of 7 sec-l. 
s ide r ing  non-normal d i s t r i b u t i o n  of  shear Tennekes and Woods (1973) 
show t h a t  coalescence i s  g r e a t l y  enhanced i n  weakly turbulen t  clouds.  

Using these  observat ions and con- 

The d iscuss ion  i n  t h i s  s ec t ion  has so fa r  r e l a t e d  t o  ve loc i ty  
turbulence.  Many o ther  p rope r t i e s  o f  fog may experience f luc tua t ions  
which may be s i g n i f i c a n t .  Kunkel (1971) showed t h a t  t h e r e  were l a rge  
time-dependent v a r i a t i o n s  i n  drople t  concentrat ion,  s i z e  spectrum 
c h a r a c t e r i s t i c s  and l i q u i d  water content i n  r e a l  fog (see Fig. A-7). 
Rogers, Mack and P i l i d  (1972) a l s o  measured s i g n i f i c a n t  va r i a t ions  i n  
d rop le t  s p e c t r a  f o r  small time scales (see Fig. A-6). Variat ions i n  
space and time on l a r g e r  s ca l e s  o f  l i qu id  water c h a r a c t e r i s t i c s  of fog 
have been observed by Rogers, Mack and P i l i 6  (1972) (see Fig. A-8) and 
by O k i t a  (1962) (see Fig. A-5) .  
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K ,  whose magnitude was up to 0 . 2  m2 s-'. 
when K is largest at the top of the fog, droplet density decreases. 
Variable supersaturation near the top controlled droplet growth much 
more than did variable supersaturation in the body of the fog. 

Their conclusion was that 

3 . 3 . 2  An Elementary Model of the Mixing Process for Water Vapor 
Saturation 

Mixing of fog air occurs by motions of air elements of all sizes 
from about 1 mm to several hundred meters. The greatest contribution 
to the total transport of properties generally occurs at intermediate 
size eddies. 
air mass obviously are due to the smaller eddies. 

The final steps toward uniformity of properties of an 

Three states of turbulent fog must be considered. 

1. The average resultant state. 

2 .  The variations of the resultant state from the average. 

3 .  The individual-eddy states in which the microphysical 
processes occur. 

The results in each state depend upon the details of the air mass 
mixing and the distribution of the properties which are mixed. 
example two subsaturated parcels at different temperatures begin to mix 
t o  produce an intermediate temperature and water content. 
centration may vary considerably over the volume, V1 + V 2 ,  of  the mixing 
parcel pair, but finally becomes a linear average of the initial two 
parcel values numerically weighted according to the volume of each of 
the parcels. 

For 

The water con- 

The temperature also approaches the same type of average value except 
for a modification if part of the water content, x, undergoes a change 
of phase. Then the function 

- x (T) is nearly linear. 
- x = kl ( A X ,  AT) . ( 3 . 2 )  

However the curve for which x(T) is always xS(T) is  nonlinear and 
exponent i a 1 

- 
Then supersaturation (and potential condensation), x - xs > 0, may 
develop by mixing of subsaturated parcels. Similarly, mixing of a 
supersaturated parcel with an unsaturated parcel may increase or 
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decrease from the initially highest saturation level (see Fig. 3-1). 
However, the weighting of the average for any set of mixing parcels 
depends upon the relative volumes of each type of air and the intensity 
of turbulent mixing as a function of time and space. A wide variety of 
sub- and supersaturation distributions are possible for mixing layers 
of the atmosphere. 

Several possible 

Schematic atmospheric 
X(T)  in the PBL 

Note. Supersaturation region hatched I 
T 

Fig. 3-1. Schematic examples of the alteration of relative 
humidity produced by turbulent mixing of air parcels. 

It is clear that turbulence can be an important factor in fog. 
It is some details of the turbulence and its distribution rather than 
the mere existence of turbulence which determine its contribution to 
fog processes. An extension of the above analysis shows that time 
variations in environmental profiles of temperature and water vapor 
mixing ratio, 
in fog physics?'Thus changes in surface properties and differential 
advection may play strong roles. 

as well as in turbulence generation can be important 

3.4 Turbulence and Fluctuation Microphysics 

3.4.1 Cross Correlations and Nonlinear Microphysics Processes 

Turbulent mixing produces time-varying concentrations of atmospheric 
and fog properties not necessarily all in the same functional way. For 
example, condensation nuclei may be increased in a certain volume while 
the water vapor and temperature may individually vary in different 
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directions or percentage magnitudes. 
field may change so that accelerations may alter rates of those processes 
which are dependent upon close approach to or collision between droplets. 
A few relevant observations are discussed in the next subsection. 

Simultaneously the eddy velocity 

Whatever the physical processes may be, the growth rate of a given 
particle must exhibit fluctuations. 
of many factors; for example, it may be that 

The particle radius is a function 

- - dr = - nucleus spectrum d t - r = f  (x v' 'e, rpopulation' w, 
and the ionic concentration of the solute). 

Since all of the "independent" variables in 
as interrelate in nonlinear ways; we may write symbolically 

f may fluctuate as well 

- - where Si 
5. the average state and Si the fluctuating state of the variable Si. 

may be important for droplet growth. 
enhancement by eddy fluctuations were cited in section 3.3.1. 
(1955) has shown that growth equations which consider a typical droplet 
coalescence in a population, not necessarily due to turbulence, provide 
for much more rapid modification of the diameter spectrum. 
and Woods (1973) discuss a recently discovered mechanism of coalescence 
by turbulence (Woods, et al., 1922). The author is not aware of other 
specific analyses of fluctuation cross correlation contributions to the 
microphysics. 

is the set of  independent variables and Si = 5 + 5 '  with 
1 

It remains to be determined which of the eddy cross correlations 
Three examples of coalescence 

Telford 

Tennekes 

3.4.2 Some Scales Related to the Importance of Fluctuating and 
Transient Microphysics 

Particle influence regions and relative motions and separations 
determine the significance and exact nature of many microphysical 
processes. A few hypothetical examples are discussed below based upon 
a few observed facts. 

Carstens, Williams and Zung (1970) computed diffusional growth of 
droplets including effects of droplet-droplet growth interaction. 
Some input and output of their work follows. 
water vapor molecules was about 0.1 pm. Growth of a 10 p droplet 
attained quasi steady state in 10-4s. The spatial extension from the 
droplet surface of diffusional profiles was about 5-20 pm for 1-10 pm 
diameter droplets. 
than about 40 pm. For n = 500 cm-3 the average droplet separation 
was -780 pm and there were 0.034 pairs cm-3. Between the pairs the 
water vapor density retained a fairly high density and it heated up 
significantly. It should be noted that pair growth interaction was 
only significant for nearly equal radii. 

The mean free path of 

Thus pairs interacted if their separation was less 
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Without f u r t h e r  d a t a  one would suppose t h a t  any turbulen t  process  
which could br ing  d rop le t s  c lose r  together  so as t o  share  separa t ions  
of  l e s s  than about 40 microns could be important. 
condi t ions must be considered f o r  r e l a t i v e  speeds g r e a t e r  than -40 c m  s-1 
o r  f o r  very c lose  passages. 

Nonsteady state 

Turbulent eddies  can accelerate loca l  a i r  motion and thus produce 
changes i n  r e l a t i v e  v e l o c i t i e s  of d i f f e r e n t  s ize  drople t s .  

'terminal 

where a is t o t a l  
constant .  An eddy 

-i 

A 40 p drop le t  has 

(3.5) 

acce lera t ion ,  d is drople t  diameter and k i s  a 
may change acce lera t ion  by 

AV terminal = + o.25 = 0.25 g ... max 
2 * 5  m/sec ' V terminal - 

( 3 . 6 )  
a terminal  f a l l  speed of about 4.0 c m  s-l and 

acce le ra t ion  due t o  turbulence may change t h i s  by AV = + 0.25 x 4 .0  = 
1.0 c m  s-l while changing a 10 l.~ d rop le t ' s  speed from about .25 c m  s-l 
by 
Terminal v e l o c i t i e s  are approached within - 
i n  air .  
Then t h e  r e l a t i v e  motion between a 40 p and a 10 u drople t  is 
-40 cm/sec x 0.2 sec = . 8  cm during t h e  half  per iod of an 0 .1  m eddy 
having an rms speed o f  about 0.5 m/sec. 

AV = 0 . 0 6  cm s-l. The ne t  change i n  r e l a t i v e  ve loc i ty  is -0.9 c m  s-l. 
sec  f o r  small d rop le t s  

r /v  = 0 . 2  sec.  Lifetimes of  s i n g l e  eddies  are of  t h e  order  of  

There i s  a reasonable p o s s i b i l i t y  t ha t  acce le ra t ions  i n  fog could 
modify t h e  d rop le t  spectrum by both d i f fus ion  and coalescence growth. 

3.5 Required Information About Fog-Related Turbulence 

A list of s p e c i f i c  needed information i s  provided i n  Table 3 - 2 .  
Column two l ists  how t h e  needed information may be usefu l .  
t h r e e  conta ins  a p r i o r i t y  r a t i n g  ( i n  which 1 i s  t h e  h ighes t ) .  
b e s t  methods of obtaining t h e  information a r e  discussed i n  subsequent 
s ec t ions .  Again, t h e  o r i en ta t ion  i s  toward understanding fog processes  
as a guide t o  learn ing  what technology t o  develop. 

Column 
The 

3 .6  Methods of Obtaining Needed Information about Turbulence: an 
Overview 

The requirement i s  t o  obtain information f o r  processes which are 
s u f f i c i e n t l y  l i k e  those important t o  r e a l  fog processes  and t o  be able  
t o  i n t e r p r e t  it i n  an unambiguous way. This implies  being ab le  t o  en- 
counter  o r  s imulate  the  co r rec t  fog condi t ions,  t o  cont ro l  o r  understand 
t h e  effect  of i n t e r f e r i n g  f ac to r s  and t o  properly measure o r  i n f e r  t h e  
process  under study. In p r i n c i p l e  d i r e c t  observat ion of  fog processes  
is most s u i t a b l e .  However, t h e  encounter with t h e  co r rec t  condi t ions 
and t h e  con t ro l  and understanding of i n t e r f e r i n g  effects can be 
inadequate  f o r  many reasons of  scale, instrumentation, l o g i s t i c s  and 
economics. As a r e s u l t  a v a r i e t y  of simulation methods can be use fu l ly  
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TABLE 3-2 

Information Which Must Be Learned About Fog-Related Turbulence 

Acquisition Priority fnformation needed Benefit of having the 
informati op. 

Eddy flux of momentum, p u" 
(1) just above molecular boundary 
(2 )  as a function of height 
(3) prefog, fog, post fog states 

Eddy flux/water vapor and heat, m. 
(1) just above molecular boundary 
(2)  as a function of height 
(3)  prefog, fog, post fog states 

Flux intensities vs eddy size (Flux Spectra) 

Turbulence anistropy 
Validity of eddy exchange coefficient 

w'x' I K x a i  
(1) 
(2) m a t  is KX (x,y,z)? 

Is  there only one cause of ?X ? az 

Parameterization of eddy transport (2, i, I.) 
(1) stable stratification 
( 2 )  unstable + neutral stratification 

Importance, mechanisms of turbulence generation 
in fog 

(1)  roughness 
(2)  

(3)  evaporation colling negative buoyancy 
(4) wind shear 
(5) radiation variations 

thermal conduction and water vapor 
buoyancy 

Kater vapor, droplet and aerosol variations in fog 
(1) space 
(2) time 

What scales and intensities of turbulence 
fluctuations appreciably alter property fields 
in the very near (influence) region of nuclei 
and droplets? (water vapor, airflow, proticulates, 
temperature) 
Importance and variations in importance of 

(1) 
(2) property distributions in fog 

fog initiation vs developed for process 

Turbulence modification of coalescence and droplet 
populations. 
Identification of critical mechanisms, conditions, 
times, and locations in fog or prefog air which are 
such that potential control with greatly reduced 
energy expenditures is indicated. 
What contributions to aerosol transport do 
turbulence and angular wind shear make in real- 
istic stable stratifications for fogs. 
Variations in space and time in the turbulence 
and wind shear in fog predictable in real test 
cases. 
How is fog air flow and tdrhulence inadvertently 
modified by the delivery system, e.g. air craft, 
blower, plume generator. 

3-d velocity fields vs time fcr sddies [to aid 
in estimating coalescence cnhanccmunt). 

Most reliably obtained direct 
measure of eddy transport of 
a property over wide range of 
scales. Estimation of eddy 
flux of other properties de- 
rivable. Permits realistic 
modeling of eddy fluxes. 
Direct measures permit check of 
K / K  assumptions used %et 

indirectly from utw'. 

Size of eddies by which mean 
profiles are dominantly con- 
trol led. 

Modeling improvement. 

Improved numerical modeling. 
Improved interpretation of 

field observed mean profiles. 

More reliable pfediction through 
improved parameterization of 
numerical models. 

Improved generalized turbulent 
transport parameterization. 
Improved representation of time 
dependence of mixing. 

Realistic incorporation of known 
microphysics into fluctuation growth 
dynamics. Guide to need for study of 
nonequilibrium and fluctuation 
microphysics. 
Guidc to realistic physical model 
of growth processes. 

Guide to alternate ways to influence 
fog by nucleation processes. Guide 
to filed assessment of modification 
efforts. 

Possible great enhancement of 
nucleation using presently known 
materials. 

Improved prediction of required 
seeding rates and clearing 
trajectories. 
Potentially great improveinent in 
value of current seeding technology. 

Improved Technology application 
and effect assessmcnt. 

Generally CurvatLlre accrlcration 
is unmeasured and thlls possible 
coalescence enhancLmect is not 
necessarily esiimated well. 

1 

1 

1 

1 

2 
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employed in conjunction with specific limited field observations to 
achieve sufficiently accurate information about important fog processes. 

Wind tunnel tests can provide data on turbulent transport of 
momentum, heat and aerosol over solid or  water surfaces (e.g., Arya, 
1965; Chaudhry and Meroney, 1973). Also, instruments for measuring 
turbulence in a water droplet environment can be developed and tested 
using wind tunnels. Mapping of velocity and other property fields in 
individual eddies may be most readily done in a wind tunnel. 

Since turbulent flows are likely to provide transient conditions 
around droplets the study of growth in nonsteady and nonequilibrium 
conditions must be considered. Two methods in chambers can be utilized. 
One is the effect on a droplet population where th6 details of the 
processes may not be observed but statistical significance can be high 
(Telford, personal communication, 1974). The other is the isolated 
study of single droplets in a transient field o r  nonequilibrium state 
where the process may more directly be observed. Statistical signifi- 
cance, if it is to be achieved at all in the latter case, must come 
from very precise control of variables rather than from a large number 
of studies. 

Improved numerical solution of flow around droplets including 
turbulence effects is one useful approach to that problem (Lee, 1974). 
Numerical models of fog airflow, especially for stable stratification, 
are fairly efficient ways of understanding the possible importance of 
mechanisms and variations in conditions. 

None of the methods of study areself sufficient. Wind tunnel 
data must be tied to real fog airflow and eddy transports because of 
possible simulation (scaling) problems. Numerical models of turbulent 
flow require heavy parameterization for mathematical closure of the 
finite difference equations. The parameterization cannot always be 
derived from field observations for reasons outlined in paragraph 1. 
Thus a set of closely interrelated studies by different methods is 
required. 

3 . 7  What Can Be Learned about Fog Turbulence By Performing Wind 
Tunnel and Numerical Simulations 

Numerical and wind tunnel simulations of fog provide opportunities 
to control the relevant parameters and to perform rather complete studies 
at minimal costs. The numerical simulation provides the flexibility 
required to incorporate many parameters and to vary them, while wind 
tunnel simulation provides physical reality which, using current computer 
capability and economics, can only be achieved for turbulence by parame- 
terization methods. 

Two papers have been selected as representing the results of the 
main classes of mathematical approach to the incorporation of turbulence 
into fog processes. 
mixing in terms of the ratio of the vertical transport of heat to the 
vertical transport of the water vapor. 
a given fog. Rodhe did not explicitly incorporate flow, wind shear or 
coefficients of eddy exchange into the model. 

Rodhe (1962) represented cooling by turbulent 

The ratio was kept constant for 

He did consider the 
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relative importance of radiation and turbulence transport of heat, 
concluding that the weak turbulence in most fogs was dominant over 
strong radiation effects. 
turbulence fog could not occur. 

Rodhe also concluded that without some 

Numerical simulation of airflow, thermodynamics, radiation, 
microphysics and turbulence in a fog model is represented by the work 
of Pepper and Lee (1974). Their model is a two-dimensional, finite 
difference approximate solution to simplified primirive equations. 
Turbulent transports are expressed in terms of the product of eddy 
exchange coefficients and gradients of the magnitude of the transported 
properties. 
the exchange coefficients by functions of the kinetic energy of turbu- 
lence and gradients of the mean properties being transported. 
example, the eddy transport, Tx, of a property 
direction is by vertical velocity fluctuations, w', as follows: 

Closure of the system of equations depends upon representing 

For 
in the vertical x 

T = p W ' X '  . 
X 

This is parameterized (3.6) by Pepper and Lee using observational data 
in three steps. 

(3.7) 

Km 2 .  K = -  
X x 0 '  

(3.8) 

where Km is the eddy exchange coefficient for momentum and ax is 
an equivalent turbulent Prandtl number for the property 
conservative properties and kinetic energy of turbulence the authors use 

x. For heat, 

= 6  K c = u  K = K  
&h Kh c Q Q m y  

( 3 . 9 )  

where the u ' s  i 0.7 (from atmospheric and wind tunnel data). The 
third part of the parameterization uses data for neutral stability 
turbulent flows to represent 
lence, Q. 

Km in terms of kinetic energy of turbu- 

0.3 PQ 3. K = m a V / a z  ' (3.10) 

where p is the density of air and V is the wind speed. The 
result of these three steps is that the vertical eddy transport of 
is parameterized according to the relation 

x 

(3.11) 

It is instructive to discuss the validity of this parameterization, 
which is far more complete than many which are used for W'X' . Its 
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est imat ion from measurements of w(t) and X(t) r equ i r e s  

1. Accurate measurement with adequate and i d e n t i c a l  r e so lu t ion  i n  
time of both w(t)  and ~ ( t )  and, 

2. Proper incorporat ion of t h e  theory of random time s e r i e s  i n  
both the  measurement and computational s tages .  

This may not  always be done o r  be  possible .  

The value of ox, a tu rbulen t  Prandtl  o r  Schmidt-type number, i s  
not well  known f o r  fog condi t ions f o r  a l l  p rope r t i e s  of i n t e r e s t .  I t  
is a l s o  c l e a r  t h a t  both x(z)  and V ( z )  must be known i n  t h e  region 
where t h e  w ' x '  process i s  of i n t e r e s t  i f  v e r i f i c a t i o n  of t h e  model 
parameters and r e s u l t s  i s  des i red .  F ina l ly ,  and perhaps more se r ious ly ,  
0.3 Q (on t h e  r i g h t  s ide )  i s  derived from severa l  aspec ts  of  tu rbulen t  
t r anspor t  f o r  neu t r a l  s ta t ic  s t a b i l i t y  flow but i s  o f t e n  appl ied t o  
hydros t a t i ca l ly  s t a b l e  fog where, l i k e l y ,  it i s  i n  considerable  e r r o r .  
Apparently (Lee, 1974) the  only r e l i a b l e  d a t a  fo r  turbulence t r anspor t s  
and o the r  turbulence p rope r t i e s  i n  stable condi t ions are from a f e w  
wind tunnel  experiments (Chaudhry and Meroney, 1973 and Arya, 1965). 
Turbulence having a given k i n e t i c  energy, 

(3.12) 

may t r anspor t  p rope r t i e s  by varying r a t e s  depending upon d i f fe rences  
i n  mechanism f o r  generat ion of t he  w '  and x '  components of w ' x '  
as w e l l  as f o r  v ' ,  u ' .  The coe f f i c i en t  0.3 and 0 ' s  i n  Eq. 3.11 
both represent  s p e c i f i c  values  of  cross  co r re l a t ion  c o e f f i c i e n t  

u'w' a- - u'w' - 
u'w' ( n - j %  Q 

R (3.13) 

These va lues  may change s i g n i f i c a n t l y  f o r  s t a b l e  s t r a t i f i c a t i o n  and 
are not  adequately known f o r  fog or  i n  t h e  wind tunnel .  

3 . 8  Reasons f o r  Careful Design and In t e rp re t a t ion  of  Simulations 
and Fie ld  Measurements 

Several  mechanisms may concurrently generate  turbulence and 
severa l  mechanisms may be involved - i n  determining t h e  cu r ren t  mean 
value proper ty  d i s t r i b u t i o n  - ~ ( z ) .  
o r  a changing d i s t r i b u t i o n  x ( z , t )  may e x i s t .  If measurement of 
d i r e c t  processes  such as  w l x l  
they must be in fe r r ed  from o the r  measurements. Some examples of 
unknowns which inva l ida t e  such inferences a r e  suggested i n  the  following 
ana lys i s .  

Ei ther  a s teady s t a t e  d i s t r i b u t i o n  

or  r ad ia t ion  energy are not  made then 

Consider a v e r t i c a l  p r o f i l e  of property x (as shown i n  Fig. 3-2). 
If t h e  region 
were no sources and s inks  t h e  p r o f i l e  would become 
independent of t h e  d i s t r i b u t i o n  of 
considered. Next suppose t h a t  t h e  top h a l f  of t h e  x p r o f i l e  is 

z = 0 t o  z were t o  become completely mixed and t h e r e  

s ince  only t h e  f i n a l  state is 
This is t x = xm. 

KX 
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XO Xm 
X 

Fig. 3-2. A simple v e r t i c a l  p r o f i l e  of water vapor mixing r a t i o  
and water vapor eddy mixing c o e f f i c i e n t .  

maintained by x advection and turbulen t  t r a n s p o r t  ( K x ~ )  while t h e  

t h e  bottom h a l f  i s  maintained by a source of x a t  z = 0.52, and 
turbulent  t ranspor t  (K >.  How t h e  p r o f i l e  got  t o  i t s  present  shape 

i s  not considered. 
must have equal s t r eng th .  Since K 1  and K 2  (constant ax/az) are 
not  equal, t h e  s ink  must be a t  t h e  i n t e r f a c e  between K 1  and K 2  
regions. If one were not aware of  t h e  ex is tence  o f  t h e  s ink ,  then a 
f i c t i t i o u s  
A f i c t i t i o u s  s ink a t  z = z t  would a l s o  be required.  S imi la r ly  if t h e  
advection were not observed then it o r  some o t h e r  func t iona l  source - 
sink i n  region z would have t o  be pos tu la ted .  I f  w" were mea- 
sured i n  each l a y e r  then t h e  t r a n s p o r t  ra te  estimate would not  depend 
upon other  measurements. 
determined by t h e  addi t iona l  measurement of  t h e  p r o f i l e  s i n c e  
t h e  source s t rength  is  

x2  
Since t h e  p r o f i l e  does no t  change, t h e  source and s ink 

K2 would be required t o  s a t i s f y  t h e  s teady s t a t e  p r o f i l e .  

The loca t ion  of  source and s ink  would then be 

(3.14) 

If the 
can be computed d i r e c t l y  using 

p r o f i l e  i s  a l s o  measured t h e  t u r b u l e n t  mixing c o e f f i c i e n t  

- 
P V = K  (3.15) x a z  * 

I f  i t  i s  required t o  parameterize W ' X '  o r  KX using o ther  mean and 
turbulence flow var iab les  it may be necessary t o  take i n t o  account t h e  
contr ibut ions of d i f f e r e n t  mechanisms of turbulence.  The reason is  
indicated by t h e  following b r i e f  a n a l y s i s .  
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Consider a pa rce l  of a i r  a t  t h e  surface of t h e  e a r t h  whose 
buoyancy is due t o  water vapor excess only. The parce l  may then rise 
aga ins t  e i t h e r  p o s i t i v e  o r  negat ive v e r t i c a l  g rad ien ts  of water vapor 
mixing r a t i o ,  xv, as long as t h e  ambient a i r  dens i ty  is less than t h a t  
of t he  parce l .  
aga ins t  t h e  gradient .  
gradient  of y,,. 
no t  occur for small enough scale or t h e  average i s  not  computed over 
long enough times. 

Figure 3-3 shows a hypothet ical  example of  t r anspor t  
This dilemma is p a r t l y  due t o  a d e f i n i t i o n  of t h e  

I t  may a l s o  be p a r t l y  due t o  t h e  fact  t h a t  mxing does 

1, A 
I z 

0 
X 

Fig. 3-3. An example of eddy t r anspor t  aga ins t  t h e  mean gradien t .  

A second considerat ion of importance i s  t h a t  tu rbulen t  k i n e t i c  
x energy may be due t o  severa l  mechanisms which t r anspor t  property 

d i f f e r e n t  1 y . 
Then 

- 
(3.16) 

where Q1 i s  t h e  k i n e t i c  energy associated with process 1. If the re  
i s  a constant  p a r t i t i o n  of tu rbulen t  k i n e t i c  energy between t h e  two 
processes ,  

Q, = K Q then the  t ranspor t  becomes (3.17) 
3 2  

K3K1 + K - 
w"= Q,,, ax  

(3.18) 
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It is necessary to know whether relation (3-17) is general with a 
constant K3 and whether K1Q 1 - K2Q2 before the correctness of the 
parameterization can be assessed properly. 

Turbulence mechanisms may 
processes : 

1. Rough-surface airflow 

2. Surface heating. 

be determined by at least the fol owing 

3. Surface evaporation of water. 

4. 

5. Differential advection. 

6. Radiation. 

7. 

Latent heat heating or cooling. 

Vertical gradient of eddy transfer of buoyancy. 

The multiplicity of processes and mechanisms suggested by the 
examples of this section indicate a great need to carefully design 
new research. 

3 . 9  Needed Small-scale Field Measurements of the Turbulence 
Processes of Fog 

The purpose of field measurements is to provide real-world 
baseline data by which to design models of fog and to test and adjust 
more detailed and controlled wind tunnel and mathematical models. 
It hasbeen indicated in previous sections that numerical models must 
receive input from observations since the inclusion of all turbulence 
effects on all important scales cannot be done analytically or with 
current computer capability. Wind tunnel observations are the best 
economically and statistically if the problem is one of a turbulent 
boundary layer with a hydrostatic stability condition. There is no 
reasonable expectation of studying realistic atmospheric fluctuations 
of water vapor or droplets or fog radiation or mixing saturation in the 
wind tunnel. 
properties in the tunnel against important turbulence properties in 
fogs so that the wind tunnel data may be correctly applied to mathe- 
matical models of fog. Study of details of turbulence which may 
affect coalescence require a specially modified or operated wind 
tunnel. 
which are important to make and a brief notation of the importance of 
each measurement. 
column 3 .  
Instrument platform types and measurement methods are identified by 
upper case English letters. 

There are also reasons t o  wish to compare turbulence 

Table 3-3 contains a list of atmospheric fog measurements 

A tentative priority of achievement is indicated in 
Property measurements are labeled with Arabic numerals. 
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3.10 Mean Airflow: Wind 

The v a r i a b i l i t y  of t h e  wind can determine t h e  p r a c t i c a l  success 
of  a technica l ly  successful method of fog con t ro l  simply by moving 
t h e  t r e a t e d  fog i n  t h e  wrong d i r e c t i o n  o r  a t  t h e  wrong speed. Thus 
very c o s t l y  methods of con t ro l  must be used t o  assure  t h e  des i red  
e f f e c t .  In Appendix A it i s  suggested t h a t  unless  hygroscopic nucle- 
a t ion  research o r  technology can r e s u l t  i n  10 t o  100 times less c o s t  
i n  appl ica t ion  without requi r ing  treatment much f u r t h e r  upstream from 
t h e  target a rea ,  very probably it w i l l  not he lp  solve t h e  problem. A 
similar remark app l i e s  t o  understanding and using turbulence effects  i n  
fog, 
but less known and seem t o  o f f e r  more promise o f  d i s t i n c t  advances i n  
understanding. 
standing aerosol  d i spers ion  and a c t u a l  microphysical process v a r i a t i o n s  
may make cu r ren t  hydroscopic nucleants  much more e f f e c t i v e .  
less t h e  wind problem remains a s e r ious  one f o r  which some hope of 
improvement is  held.  

The d i f fe rence  i s  t h a t  turbulence effects i n  fog are s i g n i f i c a n t  

Better numerical p red ic t ion  o f  turbulence and under- 

Neverthe- 

The winds i n  fog are o f t e n  l i g h t  and v a r i a b l e  although fog winds 
up t o  40 knots have been reported.  
v a r i e t y  of l oca l  e f f e c t s  and v a r i a t i o n s  are present ly  unpredictable .  
Several e f f o r t s  t o  measure wind and o ther  fog r e l a t e d  p r o p e r t i e s  
adequately with a mesonetwork have not  been success fu l .  

Such wind f i e l d s  are sub jec t  t o  a 

This r epor t  does not contain a review and a n a l y s i s  of  t h e  l o c a l  
and mesoscale wind predic t ion  problem. I t  i s  suggested,  however, t h a t  
a thorough study of t h e  problem w i l l  have t o  be made f o r  a s p e c i f i c  
s i t e  f o r  which t h e  following condi t ions e x i s t .  

1. Winds i n  fog a r e  not  adequately p r e d i c t a b l e .  

2 .  Terrain,  hea t ,  pressure,  turbulence and r a d i a t i o n  condi t ions 
a r e  simple enough t o  permit unambiguous a n a l y s i s  of probably 
weak but important inf luences on a i r f low.  

3 .  An adequate set  of observat ion s i t e s  be se t  up o r  added t o  
u n t i l  t h e  wind v a r i a t i o n s  observed can be explained. Remote 
(acoust ic)  methods may be requi red  i n  p a r t .  

4 .  If a need f o r  fog con t ro l  a t  t h e  s i t e  e x i s t s  i t  i s  with a 
p r i o r i t y  such t h a t  adequate time can be taken t o  perform t h e  
required study and undis turbed by fog con t ro l  procedures.  

The tes t s  of  understanding i n i t i a l l y  should be th ree fo ld .  

1. A field-of-flow-measurement which permits  knowledge of t h e  
a i r f low i n  adequate space and time r e s o l u t i o n .  
of mean flow i n  t h e  network should be  a minimum of 15 minutes 
long, i . e . ,  2-6 miles long. 

Limited t r a c e r  s t u d i e s  which can v e r i f y  mean t r a j e c t o r i e s  V S .  
height  and, secondari ly ,  estimate d i l u t i o n  due t o  turbulence 
and wind v a r i a t i o n s  with h e i g h t .  

T r a j e c t o r i e s  

2. 
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3. Development of mathematical prediction of airflow. 

a. The preliminary model should be run only when data 
analysis shows that the wind field is adequately observed. 

b. Immediate attempts must be made to determine the model 
errors which cause discrepancies and to determine if the 
proper observations can be made to permit correct modeling. 

c. The instrumentation required must be added if the measure- 
ment is possible. 
indirectly determine the required parameter must be 
developed. 
scheme must be used for the otherwise unpredictable com- 
ponents of the flow. 

Otherwise mathematical models which 

If this is not possible, -a climatological 

The progfam suggested in this section may seem too elaborate. 
However useful prediction of winds in fog is a goal that presently 
appears to have a fairly high priority. 
have applications well beyond the fog problem. 
apparently failed. 

Success in prediction will 
Lesser efforts have 

3.11 Plume Mixing and Rise 

A fog may be artificially o r  naturally modified by plumes of 
low humidity air and of hygroscopic nuclei. 
zontal, ascending or descending, buoyant o r  not buoyant. 
generated in different ways resulting in different initial mean and 
turbulence velocity fields. 
with its environment are essential. The mixing may be divided into 
three possible spatial zones: (a) at the source of heat o r  nuclei, 
(b) the plume just beyond the initial zone and (c) the "far-field" 
plume. 
some significant lack of understanding exists. 
made to survey all the potential problem areas as a part of the present 
review. 

The plumes may be hori- 
They may be 

Knowledge of the mixing rates of the plume 

While there is a great deal of experience inplume dispersion 
No attempt has been 

For heat plumes in a crosswind vertical suppression by wind of 
modest speeds is a problem (Rogers, Mack and Pilie, 1972). 
methods of controlling vertical penetration and mixing for a wider 
range of wind conditions are required. 

Efficient 

The author is not aware of studies of the effects of the initial 
turbulence field for aerosol released from aircraft nor of the 
influence of aircraft-induced flow and turbulence upon fog directly. 

3.12 Recommendations for Research in Airflow, Turbulence and Fog 
Property Fluctuations 

The greatest restrictions on effective application of nucleation 
to fog modification due to airflow, turbulence and fluctuations of 
properties would seem to be related to the following. 
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1. Prediction of mixing and airflow trajectories in fog. 

2 .  Turbulence mechanisms of coalescence in fog and near the 
dispersing system for both nucleant and small fog droplets. 

3.  Nonaverage properties and process intensities in individual 
parcels of fog air. 

4. Uncertainties in predictive fog model, numerical o r  derived 
from field measurements, used as a reference for evaluating 
seeding either in the field or numerically modeled. 

It is recommended that highest priority be given to the following 
studies. 

1. Wind tunnel simulation of a range of stably stratified boundary 
layers and measurement of mean profiles, fluctuation intensity 
and cross correlations for eddy vertical transport of momentum 
and heat. 
quantities other than the cross correlation should be derived. 

Parameterization of the eddy flux in terms of 

2. Observation and numerical simulation of the coalescence of 
larger than one micrometer diameter particles in Kolmogorov 
microscale (dissipation zone) shears both having the detailed 
structure as observed in fog and as readily generated by 
mechanical means. 

3 .  Selected measurements in real fog by which to better relate 
results of nonfield studies 1 and 2 to real fog properties. 
This implies (a) concurrent and cospatial measurement of mean 
property profiles and turbulent and fluctuating properties 
and (b) rapidly repeated measures of velocity and turbulence 
structure, at least, at a number of different but related 
positions in the fog. 

It is recommended that doppler acoustic sounding be utilized 
for makingthe rapidly repeated measures over a few hundred meters range, 
especially vertically. It is recommended that a balloon system or 
tower be used for in situ measurement of parameters. 
cm doppler radar should be used to describe the mean and perhaps 
turbulent field over mesoscale range of fog. 

Finally an 0 .89  
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Chapter 4 

INSTRUMENTATION FOR MEASUREENT OF WINDS, TURBULENCE AND 
FLUCTUATION OF FOG PROPERTIES 

4.1 Introduction 

A discussion of instrumentation is presented because certain 
required measurements are difficult to make. 
types of inadequacies are as follows: 

Some of the important 

1. 

2.  

3 .  

4. 

5. 

6 .  

7. 

8. 

9 .  

Resolution in space and time. 

Instrument output is a function of more than one property 
which fluctuate and are not independently known. 

Space and time span of observations. 

Individual parcels cannot be followed by the sensor. 

Time lag between measurements at different spatial positions. 

Imprecision in three dimensional navigation and orientation 
in fog (near the surface of the earth). 

Sample size, sampling rate and total measured population. 

Cost-logistics. 

Disturbing the quantity being measured. 

Reviews of modern instrumentation for atmospheric science have been made 
within the last few years. 
reviews and other more specific analyses generally have been in the 
use of digital computer and microelectronics techniques, remote sensing 
by wave methods and development of a few specific sensing principles. 

The significant advances indicated by the 

Precision determination in real time of platform position and 
orientation has been a significant new step in atmospheric measure- 
ment. 
of sensing still are the main bases for needed and high quality data. 
A detailed review and analysis of all relevant instrumentation is not 
written here. 
along with the cause of the problem and suggested directions for 
research and development to solve the instrumentation aspects of the 
problems. 
of measurement, e. g . , mesoscale, point-atmospheric or laboratory. .No 
subclassification of instruments along these lines will be made system- 
atically in this chapter on the assumption that the specific conditions 
of use will make obvious the correct selection of instrument and method. 
A set of general references on instrumentation is included in the 
Reference sect ion. 

On the other hand upgraded and better-understood classical methods 

Rather, some of the major problems will be indicated 

The details of solution may sometimes depend upon the field 

92 



93 

4.2 Methods of Reaching the  Desired Points  of  Measurement: Platforms 
and Remote Sensing 

4.2.1 Systems Useful i n  the  Study of Fog 

In addi t ion  t o  solving t h e  inadequacies l i s t e d  i n  sec t ion  4 . 1  it 

Fog forces  r e s t r i c t i o n s  upon methods 
i s  necessary t o  b e  ab le  t o  properly place t h e  instruments a t  t h e  p o i n t s  
where measurements are des i red .  
of  placement o f  sensors  f o r  t h e  following reasons.  

a. Reduced v i s i b i l i t y :  mobile platform. Navigation is more 
d i f f i c u l t ,  cos t ly  and hazardous. 

b. Low and va r i ab le  wind speeds. Measuremen€ accuracy c l o s e r  
t o  l i m i t s  of s e n s i t i v i t y  of sensors  means t h a t  instruments 
must be  more c a r e f u l l y  placed with respec t  t o  platforms and 
a u x i l i a r y  equipment. 

c. Liquid water content  may be  a l t e r e d  o r  may i n t e r f e r e  with 
"normal" operat ion o f  sensors .  

Four methods o f  reaching the  s i te  of observation must b e  considered i n  
eva lua t ing  instrumentat ion development requirements. 
b r i e f l y  i n  t h e  remainder of t h i s  sect ion.  

They are discussed 

Towers are r e a d i l y  access ib le  extensions i n t o  the  boundary l a y e r  
They are l imi t ing  because they are f ixed  and which are q u i t e  useful .  

gene ra l ly  no t  t a l l  enough. 
maintain f o r  p r o f i l e  measurements. 
instruments  on an e leva tor  on i t s  s ide.  Mobili ty,  reach and t h e  number 
of measurement s i t e s  are o f t en  less than des i red  when towers must be used. 

They are expensive t o  instrument and 
The most e f f e c t i v e  tower carries 

Airplanes provide rap id  mobil i ty  i n  th ree  dimensions. Precise 

Exis t ing  and somewhat improved i n e r t i a l  platforms, r ada r  
o r i e n t a t i o n ,  navigat ion and v e r t i c a l  posi t ioning a r e  d i f f i c u l t  b u t  
poss ib l e .  
a l t i m e t e r s ,  p ressure  altimeters and radio navigat ion can be  used toge ther  
t o  achieve t h e  goa ls  i n  fog. 
and c o s t l y  t o  maintain. 
a n a l y s i s  and i n t e r p r e t a t i o n  r equ i r e  spec ia l  s ta t i s t ica l  and physical  
cons idera t ion  of  t he  v a r i a t i o n s  which may occur i n  the  atmosphere. 

This  t o t a l  system is both i n i t i a l l y  c o s t l y  
Data acqu i s i t i on  from aircraft  and subsequent 

Balloon and hybrid-balloon platforms appear t o  be  very use fu l  f o r  
fog s tud ie s .  
s eve ra l  methods of movement. 
and ground can be  slow. 
them f o r  p r o f i l i n g .  
l a t i o n s  are f eas ib l e .  
t o  motion and o r i en ta t ion  of t he  platform. 
gene ra l ly  provided acceptable  r e s u l t s  f o r  measurement o f  most atmo- 
sphe r i c  p rope r t i e s  including i n t e n s i t y  o f  turbulence but  not f o r  d i r e c t  
measurement of eddy f lux.  A s u i t a b l e  method of pos i t ion ing ,  s t a b i l i z i n g  
or measuring t h e  motion of eddy f l u x  sensors  must be  developed. 

They may be te thered  or  mobile i n  th ree  dimensions by 

Instruments may b e  moved up and down below 
Their cos t  can be moderate so t h a t  mul t ip le  i n s t a l -  

As with a i rp lanes  some a t t e n t i o n  must b e  given 

Their  speed of movement r e l a t i v e  t o  a i r  

Tethered bal loons have 
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Remote sensing techniques (passive and active wave propagation 
methods) offer the best opportunities to measure at numerous points 
along lines, surfaces and in volumes rapidly and repeatedly. These 
systems may be fixed or mobile on the earth's surface or airborne. If 
the doppler shift aspect of the method is used it requires corrections 
if the platform is moving appreciably. 
of the properties also measured by more classical methods, some wave 
methods provide measures of other potentially useful properties as will 
be indicated in a later section. Most of the systems are expensive, 
but in terms of cost per useful data point they are probably less expen- 
sive than other systems. 
significantly properties in the region being measured. Finally, the 
measurement of large fields of  variation may not be otherwise possible. 
Cost, mobility and power requirements are problems which could be 
reduced in magnitude. 
only after further study and development. 

In addition to measuring some 

Further they generally do not modify 

Certain uses of these methods will be practical 

4.2.2 Laboratory Application of Remote Sensing 

Wind tunnel and chamber measurements are generally made using 
These mechanical probes to place a sensor or to withdraw samples. 

methods sometimes interfere significantly with the process being 
studied. Remote sensing, especially by laser devices, involving the 
use of doppler shift and scattering from inhomogeneities would be of 
special value in this regard. 
to reduce costs, improve the measurements now performed and facilitate 
some potentially useful methods. 

Some study and development is required 

4.2.3 Recommended Development of Platforms and Remote Systems 

It is recommended that state of the art technology be focused on 
development of a small-balloon platform which may be tethered or 
remotely piloted in fog with three-dimensional position and orientation 
capability. Incorporation of a simple, lightweight three axis platform 
and wave propagation positioning and orientation measuring techniques 
designed for meso and smaller-scale range from 2 m to 1000 m off the 
ground would have great value extending to mesoscale studies generally. 
The maximum air speed of the balloon would probably need to be about 
20-30 ms-1. 

Precise high resolution three dimensional navigation and orientation 
equipment, digital computer and data storage, telemetry and transponder 
systems should be made accessible from the state of the art devices SO 
that smaller powered airplanes can be used as sophisticated research 
vehicles. 

TWO methods of remote sensing are especially important to fog 
studies. 
doppler sounders and their coherent multiwavelength counterparts. 
can readily measure velocity of fog parcels as well as fluctuations 
of temperature (acoustic) or velocity (acoustic and electromagnetic) and 
hydrometeor properties (acoustic and electromagnetic) . Some theoretical 
work must be completed as well as must some research with the developed 

They are the pulsed acoustic and the 0.89 cm electromagnetic 
They 
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instruments i n  order  t o  adequately understand t h e  hydrometeor data ,  
espec ia l ly .  
quent s ec t ions  of  t he  present  chapter.  

These remote systems w i l l  be discussed more f u l l y  i n  subse- 

4.3 Mean Veloci ty ,  Tra jec tory  and Turbulence 

Special  measurement problems require  a separa t ion  of  t h e  t o p i c  o f  
a i r f low and t r anspor t  p rope r t i e s  i n t o  the following proper t ies :  

a. Velocity,  both mean and turbulen t .  

b. Tra jec tory  and spread of p a r t i c u l a t e  clouds. 

c. Turbulent t r anspor t  of  proper t ies  (eddy cross  co r re l a t ions )  . 
4.3.1 Veloci ty  

Table 4-1 contains  a l i s t  of  t he  most u se fu l  and most promising 
methods i n  column one. 
and l i m i t s  of  app l i ca t ion  respec t ive ly .  Suggested add i t iona l  develop- 
ment of each instrument,  method of use  and i n t e r p r e t a t i o n  is  indica ted  
i n  column four .  

Columns two and t h r e e  descr ibe  t h e i r  app l i ca t ion  

There is a g r e a t  need t o  know t h e  wind, v e r t i c a l  motion and 
turbulence near ly  instantaneously and repeatedly a t  sho r t  i n t e r v a l s  from 
t h e  top t o  t h e  bottom of  a fog and f o r  hor izonta l  ex ten ts  of from zero 
t o  a few kilometers.  
methods. For fog t h e  most promising instruments a r e  "acdar" (acous t ic  
ranging and de tec t ion)  and 0.89 cm radar  (which sees fog drople t s )  i n  
t h e  doppler modes. To t h e  au thor ' s  knowledge only one doppler 0.89 cm 
rada r  i s  cu r ren t ly  i n  use i n  the  world (by Japan, i n  f ixed  v e r t i c a l l y -  
po in t ing  mode). 
could t r ack  clear and fog patches f o r  useful  t r a j e c t o r y  da t a .  The dop- 
l e r  information would provide information needed f o r  understanding t h e  
t r a j e c t o r i e s  i n  terms of l o c a l  boundary and meteorological condi t ions.  
In  add i t ion  t o  a id ing  i n  improvement of a i r f low and mixing modeling, 
real  t i m e  dec is ions  could be made t o  improve modification using cu r ren t  
hygroscopic methods. 
and even then do no t  provide adequate energy scatter from small fog 
d rop le t s .  
Sound scatters from v e l o c i t y  and temperature f l u c t u a t i o n  regions as 
well as from very sharp gradien ts  of these q u a n t i t i e s  and from hydro- 
meteors. 
energy. 
e s s e n t i a l l y  low frequency ones thus reducing t h e  c o s t  and complication 
of "acdar" as opposed t o  radar .  
use  of  "acdar" are provided i n  Figs. 4-1 through 4-7. 
u n i v e r s i t i e s  or o the r  l abora to r i e s  are using doppler "acdar" ; however, 
t h e  Wave Propagation Laboratory of  NOAA-Boulder i s  continuing use and 
development of doppler t lacdar." 
have con t ro l l ed  c i t y  noise  and noise  due t o  winds f o r  
t h e  antenna. 
genera tor  no i se  can b e  excluded from the s igna l .  

This can only b e  achieved using wave sounding 

The 0.89 cm r ada r  could have a very narrow beam and 

Longer wavelength r ada r s  r equ i r e  excessive power 

The acdar i s  a very low cos t  device by radar  standards.  

The amount of scatter i s  up t o  1000 times t h a t  f o r  radar  
Further  t h e  techniques f o r  acous t ic  s igna l  handling are 

A few examples of t h e  p rope r t i e s  and 
Very f e w  

Special antenna b a f f l i n g  techniques 
V < 10 m s - l  a t  

To Some exten t  l i g h t  p r e c i p i t a t i o n  and por tab le  power 
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The doppler-derived d a t a  i n  Figs. 4-1 through 4-5 are obviously of 
t h e  type needed f o r  fog s tud ie s .  
nondoppler measurement of thermal s t ruc ture .  Figure 4-5(b) shows t h e  
backscat tered i n t e n s i t y  d i s t r i b u t i o n  f o r  t h e  same sec t ion  of  plume. 

Figure 4-5(a) contains  an example of  

Figure 4-6 shows t h a t  sound waves are much less a t tenuated  i n  
t o t a l l y  dry  o r  nea r ly  sa tu ra t ed  a i r .  Thus t h e  range of an acous t i c  
sounder is markedly increased i n  sa tura ted  air. Secondly, a multi-  
frequency scan can provide d a t a  f o r  determining r e l a t i v e  humidity s i n c e  
aa - = g (a function o f  re l .  humidity) where a f  
and f is  t h e  acous t i c  frequency. Similar ly  t h e  d rop le t  scatter i s  a 
funct ion o f  diameter and wavelength so tha t  d rop le t  s p e c t r a  are i n  
p r i n c i p l e  der ivable  from "acdar" s igna l  echoes. 

a i s  absorpt ion c o e f f i c i e n t  

Figure 4-7 contains  a set  of curves of s c a t t e r i n g  c ross  sec t ion  a s  
a func t ion  of  s c a t t e r i n g  angle f o r  each of  atmospheric water drople t s ,  
v e l o c i t y  f luc tua t ions  and temperature f luc tua t ions .  
i s  t h a t  t h e  s c a t t e r i n g  due t o  d rop le t s  can be  ignored o r  looked a t  
a lone by proper choice of  s c a t t e r i n g  angle. 
of  these  lat ter phenomena r equ i r e  fu r the r  research and development. 

One important po in t  

The p r a c t i c a l  u t i l i z a t i o n  

The s e n s i t i v i t y  of  one instrument t o  s eve ra l  parameters is  an old 
measurement problem which is  found i n  many o f  t h e  new instruments.  
However, oppor tuni t ies  f o r  b e t t e r  c ross  co r re l a t ion  measurements come 
with t h e  d i f f i c u l t i e s .  This  is po ten t i a l ly  t h e  case  f o r  most wave 
propagation methods. 
d is cussed b e  low. 

I t  i s  a l s o  t r u e  of t h e  hotwire and hot f i lm sensors  

The need f o r  a fast-response ve loc i ty  sensor  f o r  fog research i s  

Further ,  fog v a r i a t i o n s  
th ree fo ld .  F i r s t ,  it is  becoming apparent t h a t  very small (microscale) 
eddies  cause small fog d rop le t s  t o  coalesce. 
occur on small scales. 
d i r e c t l y  t o  many regions of  fog and i ts  environment r ap id ly .  Since the  
a i rcraf t  moves r ap id ly ,  fast response sensors are required t o  d e l i n e a t e  
t h e  smaller scale ( < 5 m) s t ruc tu re .  Hotwire, ho t f i lm and l i d a r  
sensors  a r e  t h e  most u se fu l  fast response ve loc i ty  sensors .  
l i d a r  is q u i t e  expensive f o r  simultaneous mul t iax is  v e l o c i t y  measure- 
ment b u t  i s  uniquely usefu l .  
damaged o r  t o  i n t e r f e r e  with t h e  measured volume of a i r .  The hot f i lm 
anemometer can reso lve  t h e  th ree  d i r ec t iona l  components o f  v e l o c i t y  but  
a l s o  responds t o  temperature and fog drople t s .  The la t te r  effect may 
be  very s t rong  i n  fog a t  high speed. 

F ina l ly ,  a i r c r a f t  are needed t o  g e t  sensors  

Doppler 

There i s  no mechanical sensor  t o  be 

In  p r i n c i p l e  a three-axis  s p l i t  hotf i lm sensor can measure 
temperature,  ve loc i ty ,  d rop le t  s i z e  and concentrat ion simultaneously 
and n e a r l y  continuously over very small instantaneous volumes. 
t h e r e  are 100 10-micron d rop le t s  i n  a cubic cent imeter  of volume 
t r ave r sed  by a hot f i lm having a l l f ronta l l l  area of 
mum o f  one d rop le t  would s t r i k e  t h e  f i l m .  
50 m s - 1  a d rop le t  impaction would occur about every 
t h e s e  circumstances t h e  ve loc i ty  signal would be o b l i t e r a t e d  unless  t h e  
d r o p l e t  sp ikes  vanished i n  less than 

If 

cm2 then a maxi- 
If t h e  f i l m  were moving a t  

s. Under 

s. Only one reported study 
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F ig .  4-1 Arrangement of t h ree  acous t i c  echo sounders,  with support ing 
equipment, used t o  measure the  t o t a l  wind vec tor  by analyzing 
t h e  Doppler s h i f t  i n  back s c a t t e r e d  sound. (After  Beran and 
Cl i f ford ,  1972.) 
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F i g .  4-2 Comparison of wind measurements by acous t i c  Doppler and an 
anemometer on the  boundary l aye r  p r o f i l e r  (BLP)  bal loon (time 
lagged t o  compensate f o r  d i f f e r i n g  p o s i t i o n s ,  and low pass  
f i l t e r e d  using a one minute time cons tan t ) .  (Af te r  Beran and 
Clifford,  1972.) 
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I I I I I I 
I 2 3 4 5 6 

Doppler Wind Speed (rn/s) 

Fig. 4-3 S c a t t e r  diagram comparing Doppler and BLP wind measurements, 
time lagged t o  compensate for d i f f e r ing  pos i t ions ,  using a 
two minute constant and 30 minutes of data. 
and Cl i f ford ,  1972.)  

(After Beran 
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I Table Mountain, 19 Aug., 1971 

i 

_ _  

Time in Minutes 

-1 Fig. 4-4 Isotachs of  t he  hor izonta l  wind i n  m s  , measured by t h e  
acoust ic  Doppler technique; 
inversion extended t o  a height  of about 250 m. 
Beran and C l i f fo rd ,  1972.) 

an o s c i l l a t i n g  temperature 
(After 
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(Er ie ,  Colorado) - 120 
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Fig.  4-5 (a) Facsimile record o f  convective plumes backsca t te r  
i n t e n s i t y  and (b) Doppler detected wind i n  m s - l  for 
t h e  same plumes as i n  (a). (After  Beran, e t  al. 1971.) 



102 

0-09 r 

20" c 

Relative Humidity (%) 

Fig. 4-6 :?olecular  a t t enua t ion  c o e f f i c i e n t s  f o r  acous t i c  waves as a 
funct ion of humidity f o r  var ious frequencies .  
L i t t l e ,  1969.) 

(After 
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Fig. 4-7 Angle dependence of acous t ic  s c a t t e r  from hydrometeors and 
a Kolmogorov spectrum o f  temperature and ve loc i ty  f luc tua t ions .  
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4.3.3 Turbulent Fluctuat ion of Proper t ies  

For determination of eddy t ranspor t s  t h e  instruments must measure 
f luc tua t ions  of v e l o c i t y  and t h e  property t ransported i n  t h e  same place  
and time, with t h e  same time and "space" constants ,  using a space and 
time reso lu t ion  which "captures" most of  t h e  eddy t r a n s p o r t .  In  low 
winds and f o r  f i x e d  instrument platforms t h e  main problem i n  measure- 
ment response time i s  with l i q u i d  water content and drople t  spec t r a ,  
ignoring t h e  problems of multiple-property i n t e r f e r e n c e  i n  t h e  measure- 
ment. For measurement from a i rp l anes ,  water vapor, temperature, wind 
speed and d i r e c t i o n  are important f a c t o r s  a l so .  Table 4-2 contains  a 
l i s t  of required but inadequately achieved measurement c a p a b i l i t i e s  
for  f l u c t u a t i o n  and f l u x  measurements. In  column two a r e  c i t e d  some 
reasons f o r  t h e  inadequacies and Column 3 contains  some suggested 
po ten t i a l  so lu t ions .  I t  should be  noted t h a t  while r a g i a t i o n  energy 
R i s  not expected t o  be t r w o r t e d  by a i r  v e l o c i t y  V t h e  f l u c t u -  

a t ion  o f  r a d i a t i o n  energy R r 2  may be  important (Kumai, 1973). The 
autocorrelat ion o f  f l u c t u a t i o n  of o ther  v a r i a b l e s  may a l s o  b e  important 
t o  fog by widening t h e  i n t e n s i t y  v a r i a t i o n  of microphysical processes.  

The review of  t h e  l i t e r a t u r e  made f o r  t h e  present  ana lys i s  was n o t  
comprehensive but  was intended t o  provide a preliminary est imate  of t h e  
areas  where research and development i s  required.  In  p a r t i c u l a r ,  some 
of t h e  instruments (e .g . ,  hotwires) may b e  widely used i n  f i e l d s  o t h e r  
than atmospheric science and f l u i d  mechanics. 
l i s t e d  may have been overcome by workers i n  o ther  f i e l d s .  
should be i d e n t i f i e d  and t h e i r  l i t e r a t u r e  should be reviewed. 

Some of  t h e  inadequacies 
These f i e l d s  

4.4 Summary Recommendations f o r  Instruments t o  be  Developed o r  Improved 
f o r  Study of Airflow Turbulence and Property Fluctuat ion 

In order  t o  perform adequate measurements of  fog a i r f low,  
turbulence and f l u c t u a t i o n  of  o ther  p r o p e r t i e s ,  improvement of a number 
of e x i s t i n g  instruments is  required.  This  i s  a l s o  t r u e  of c e r t a i n  
needed laboratory chamber and wind tunnel measurements. 
areas of development needed a r e  r e l a t e d  t o  pass ive  and a c t i v e  wave 
propagation, microelectronics ,  navigat ion and o r i e n t a t i o n  systems, 
miniatur izat ion,  turbulence sensors  and balloon-platforms. The author  
suggests t h a t  t h e  most needed improvements are f o r  0.89 c m  doppler 
radar ,  multifrequency doppler "acdar" a miniature  p r e c i s i o n  navigat ion 
and o r i e n t a t i o n  measuring system, 2-3 a x i s  doppler laser having 1 - 2  
meter range and improved understanding of  t h e  response of hotf i lms t o  
fog drople t s  and temperature f l u c t u a t i o n s .  
a droplet  environment must b e  made accura te ly  with f a s t  response times. 
Wave propagation methods seem t o  be  t h e  most promising. 

The main 

Water vapor measurement i n  

I t  i s  recommended t h a t  t h e  h ighes t  p r i o r i t y  b e  given t o  improve- 
ment and development of multifrequency doppler "acdar", t o  l oca l  2 - 3  
dimensional v e l o c i t y  measurement i n  a d r o p l e t  environment and t o  l o c a l  
absolute water vapor f l u c t u a t i o n  measurement i n  a water d r o p l e t  
environment. 
0.89 cm doppler radar  f o r  fog airf low observat ion and t o  temperature 
f luc tua t ions  i n  a water d r o p l e t  environment. 

The next order  of p r i o r i t y  should go t o  narrow beam 

I 

\ 



Air Velocity 

Table 4-2 .  Turbulence fluctuation instruiientation: necded impro.;ements. 

Reasons for  
Zleasured Property Inadequacy Patential Solutions 

Dry bulb tzmp. 

Cup overestiinntion of mean uind 
i n  turbulence 

Use bidirectionally symmetric 
devices 

Momentum of liquid kater 

Motion of platform unmeasured 

Independently !neasui+ liquid water 
and compute correction use method 
which filters out effect 

inertial platform and wave propaga- 
gation methods of measuring posi- 
tion and orientation. 

response of instrument+to 
several variables, T. V, xv, 
'drop' 

Determine component responses and 
possible nonlinear interaction. 
Perform sever21 independent method 
measures of variables. 

number of "acdar" pulse returns 
required for statistical 
significance 

spatial range covered and speed 
of coverage 

spatial resolution 
(a) mechanical size 
(b) wave and beam dimensions. 

learn limitations, study higher f 
and pulse rate 

wave propagatim methods for larger 
volume coverage. Aircraft for 
small instantaneous volume, large 
space-time coverage 

miniaturization 
short wave length, narrow bean. 

Inadequate theory and calibra- 
tion. Deviation from ideal 
characteristics, e . g . ,  
(a) yawed hotwire 
(b) temp. response of hotwire 
(c) wave scatter 

Perturbation of measured 
quantity by 
(a) instrument 
(b) platform 
(c) auxiliary equipment 

low sensitivity 

research on theory and 
cbservational descrivtion 
of characteristics. 

use wave propagation method 
study effect of 
platform and auxiliary 
equipment 

improve sisal to noise 
of electronics 

response time 

data handling including 
computation of property from 
calibration equations and 
cross cnrrelations 

water droplet collection 
and evaporation 

use wave and hotwire methods 
and'increase rznge of doppler 
shift frequencies. 

improve and miniaturize 
online analog and digital 
transmissioc and computation 

droplet. wave techniques 
test vortex including 60 
G/HrM wave in conrrolled 
conditions. #cas. d E yd 
E compute correction 
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Table 4 - 2  Continued 

Measured Property Reasons for 
Inadequacy Potential Solutions 

Dry bulb temp. radiation heating study effect in fog where scatter 
may be strong. 

size of element, heat conducti- wave techniques 
vity and capacity 

lags due to liquid water 
removal methods 

miniaturize vortex and reverse 
flow devices 

Water Vapor response time Use wave techniques; improve 
response to other variables Infra Red o r  Lyman a o r  

0 . 5  G Hz microwave. 

liquid water contamination 
of sensor 

Understand ways of correcting 
for other effects on microwave 
refractometer. 

methods of removal of liquid 
water mechanically o r  by heat 
but with no known evaporation 

Liquid Water Low liquid water contents multifrequency passive microwave 
poorly understood hotwire - 10.7 I; HZ 
response to spectra Laser size & number density device 
instability of  hotwire for for lop droplets 
absolute measurement Acoustic scatter of 90" scattering 

angle 
improve hotwire methods 
develop fast evaporation method. 

Radiation 

influences 
heating of 

fog 

which 
Liquid water o r  sensor develop aerodynamic shield 

from liquid water. 
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Chapter 5 

SUMMARY OF RECOMMENDATIONS FOR RESEARCH 
RELATED TO WARM FOG MODIFICATION 

Chapters 2, 3 and 4 contain suggestions for needed research and 
instrument development in “quasi - steady stat elr microphysics ; airf 1 ow, 
turbulence and fluctuation microphysics; and instrumentation for airflow, 
turbulence and fluctuation of properties respectively. In each chapter 
an estimate of priorities is presented. Based upon the suggested research 
needs and estimated priorities, recommendations are given corresponding 
to the topic of each chapter. 
tailed and coordinated set of recommended research topics drawn from 
the preceding chapters. All items listed below are of the highest pri- 
ority. Within this high priority classification, the items within each 
section are given in order of decreasing priority. 

The present chapter provides a less de- 

Microphysics 

1. Experimental verification of “quasi-steady state” theories of 
nucleation, growth and evaporation. 

2 .  Effects of fluctuations in environmental properties (temperature, 
water vapor) on microphysical processes. 
other than that which would be expected by superimposing these 
fluctuations on a steady-state model? 

Is there any effect 

3 .  The effects of pollutants on a fog (inadvertent modification). 

4. Study of the composition of natural CCN in various environments 
(marine, continental, polluted, etc.) and experimental means of 
measurement. 

5. Study of the possibility of poisoning CCN; poisoning materials 
and their effects on CCN having varying compositions. 

6 .  A search for more suitable nucleating materials; nontoxic, 
noncorrosive, easy to handle, reasonably efficient. 

7 .  Development of rapid-response, precise instrumentation for the 
determination of  saturation ratios in the vicinity of unity. 

Turbulence, Airflow and Fluctuations 

1. Wind tunnel, chamber, field and mathematical studies of 
coalescence of aerosols and droplets due to velocity shears 
and factors which affect coalescence efficiency. 

2 .  Wind tunnel measurement of mean and turbulent properties of 
stably stratified flows for a range of applicable Richardson’s 
Numbers. 
momentum and scalar properties is to be achieved. 

Improved parameterization of eddy transports of 
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3. 

4. 

5. 

6 .  

7 .  

It 

113 

Advancement of the use of "acdar" (acoustic "radar") to measure 
a variety of fog parameters. 

Development of a compact mobile 0.89 cm narrow beam Doppler 
Radar for up to mesoscale range wind velocity and turbulence 
measurement in fog. 

Advancement of methods of measuring 2-3 dimensional turbulent 
flow in thermally fluctuating air and a water-fog environment. 

Development of instruments for accurately measuring absolute 
temperature fluctuations and water vapor fluctuations in a 
super-saturated environment. 
with the measurement should be considered. 

Interference of water fog droplets 

At least minimal field study with the objective of tuning 
laboratory and mathematical simulations to real fog airflow, 
turbulence and fluctuation microphysics especially in order 
to understand mixing, dispersion and coalescence. 

is suggested that, when possible, development of instrumentation 
be carried far enough that reliable results may be attained routinely 
by technicians. Instruments should be developed for field studies also. 
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APPENDIX A 

A.1 Relevance and Scope 

The control of warm fog is relevant to problems ranging from the 
protection of plants from atmospheric frost or drying (by production and 
maintenance of fog) to the reduction of transportation costs and hazards 
(by diminishment and dispersal of fog). 
transmission systems is sometimes degraded by the effects of fog upon 
wave propagation. 

The quality of information 

Many methods of modification of fog have resulted in striking 
success in small volumes and/or for short time intervals. However, due 
to our present lack of understanding of fog characteristics operational 
fog control is often a difficult and costly procedure. 
details of the problems, as well as assessment of proposed solutions and 
some significant new results are provided in a series of Cornel1 Aero- 
nautical Laboratory NASA contractor reports dating from 1964 to 1972. 
The present chapter will not repeat the details of those reports. An 
assessment of the technology of fog modification has been published 
recently by Air Force Cambridge Research Laboratories. 
Conference on Marine Fog for participants in their research program in 
January of 1974. 
survey, these three resources provide the main basis for the present 
report. 

Many of the 

The Navy held a 

Coupled to evaluations of  results from a literature 

The basic fog processes are related to the methods of control in 
section A . 2 .  
identified in section A . 3 ,  and the basic problems which restrict opera- 
tional effectiveness of  the best methods are discussed in section A.4. 
A few observations and order-of-magnitude estimates are presented in 
sections A.4 and A.5 to indicate the nature of the phenomena in fog 
which are to be controlled. 
chapter is treated in greater depth in subsequent chapters. 

The most effective current dissipation methods are 

Each of the topics introduced in this 

A.2 The Basic Fog Processes 

A parcel of atmospheric air depends upon two basic factors for the 
initiation of fog: 

1. Correct concentrations of nuclei 
condense, and 

2. Water vapor concentrations which 
the condensation onto the nuclei 

upon which water vapor may 

are large enough to initiate 

Fog exists at about 100 percent relative humidity and droplet concen- 
trations of from about 10 to 800 per cubic centimeter. The required 
initial concentration of water vapor depends upon the type of nuclei 
and upon the temperature of the water vapor. A nucleus which has a 
lower initiation water vapor concentration and an atmosphere which has 
a lower temperature both result in a droplet formation threshold at 
smaller concentration of water vapor. 
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In inc ip i en t  fog condi t ions d i f fus iona l  growth competition among 
nuc le i  f o r  t h e  ava i l ab le  water vapor determines how many nuc le i  are 
ac t iva ted .  
a c t i v e  nuc le i  can r e s u l t  e i t h e r  i n  a reduction i n  growth or evaporation 
of t h e  o r i g i n a l  drople t s .  
due t o  d rop le t  coalescence or f a l l o u t  fo r  t h e  l a r g e r  drople t s .  
dominant f a c t o r s  i n  an increased r a t e  of c o l l i s i o n  and coalescence of 
d rop le t s  are l a r g e r  d rop le t  diameters and g r e a t e r  r e l a t i v e  v e l o c i t i e s  
between drople t s .  
i n  which ample water vapor exists t o  prevent d rop le t  evaporation, depends 
upon i n i t i a l  a c t i v a t i o n  of l a rge r  numbers of  nuc le i .  This keeps the  
growth r a t e  of  each d rop le t  low s ince  the water vapor i s  shared with 
many d rop le t s .  

Once fog exists competition between d rop le t s  and added 

Depletion of fog d rop le t s  may a l s o  occur 
The 

The observed s t a b i l i t y  of  fog i n  t h e  na tu ra l  state, 

A fog is changed i n  e i t h e r  i t s  inc ip i en t  or developed states by 
changes i n  drople t  and nucleus population p rope r t i e s  and by changes i n  
temperature and i n  water vapor concentrations.  
w i l l  have t o  change a t  least one of these bas i c  parameters. 
of how they must o r  may be changed i n  p a r t i c u l a r  micrometeorological 
s i t u a t i o n s  are t h e  essence of t he  modification problem. 

Any modification e f f o r t  
The d e t a i l s  

A.3 Eleans of Fog Control:  A Class i f ica t ioE and Preliminary Evaluation 

Means of  fog cont ro l  are l i s t e d  i n  subsect ions A.3.1 and A.3 .2  
according t o  whether they produce o r  d i s s i p a t e  fog. Some overlap i n  
t h i s  c l a s s i f i c a t i o n  scheme e x i s t s  i n  the sense t h a t  a process may be 
used t o  i n i t i a l l y  de lay  formation of fog but  t h e  f i n a l  r e s u l t  may be 
a more dense and long-lived fog. 

A. 3.1 Developing and Maintaining Fog 

Table A-1  l ists  methods which have been reported i n  t h e  l i t e r a t u r e .  
An asterisk preceding t h e  item number ind ica t e s  t h a t  t h e  method has been 
demonstrated t o  be c l e a r l y  successful  in  atmospheric fog. 

Table A-1 

Methods of Developing and Maintaining Fog 

*l. 

*2. 

*3. 

4.  

5. 

Addition of  condensation nuc le i  (CN) t o  prevent or reduce d rop le t  
s i z e  spectrum s h i f t s ,  d i r e c t  growth t o  f a l l o u t  sizes o r  co l l i s ion -  
coalescence. 

Monolayer depos i t ion  on d rop le t s  f o r  evaporation suppression. 

Water d rop le t  spray- in jec t ion  t o  s a t u r a t e  atmosphere. 

Cooling ( e f f ec t ive  i n  conjunction with 3 ) .  

Monolayer doposi t ion on d rop le t s  f o r  temporary suppression of 
growth of d rop le t s  so t h a t  addi t iona l  nuc le i  w i l l  be ac t iva t ed  and 
t h e  f i n a l  fog s ta te  w i l l  be more dense and s t a b l e .  
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14.3.2 Prevention, Dissipation and Visibility Improvement 

Many methods for clearing fog have been shown to be technically 

Those whose item number is preceded by an asterisk have 
possible. 
literature. 
been found to be practical at least in a limited way. 

Table A.2 lists the methods which have been found in the 

1. 

2 .  

*3. 

4. 

5. 

*6. 

7 .  

* 8 .  

*9. 

*lo. 

*11. 

12. 

*13. 

*14. 

15. 

Table A-2 

Methods of Improving Visibility in Fog 

Injection of water droplets for coalescence enhancement. 

Injection of electrostatic charge on droplets for coalescence 
enhancement. 

Monolayer deposition on the underlying water surface for evapora- 
tion suppression. 

Monolayer deposition on condensation nuclei to prevent activation. 

Monolayer deposition on subfog droplets to prevent growth to fog 
sizes. 

Downwash and mixing of unsaturated air into fog to evaporate droplets. 

Nucleation with surfactants to produce large droplets and both 
consequently and subsequently fewer droplets. 

Nucleation with hygroscopic materials to produce large droplets 
iwth same anticipated result as for 7 .  

Nucleation with hygroscopic materials to produce evaporation of 
existing small droplets. 

Heating fog by jets of hot air to evaporate droplets. 

Heating fog by plumes of hot air to evaporate droplets. 

Infrared heating of fog to evaporate droplets. 

Sonic agglomeration. 

Impaction sweeping. 

Seeding with polyelectrolytes. 

Of the methods listed above several offer promise which justifies 
additional research. 
fairly general in applicability at this time. 
hygroscopic solids and heating by hot plumes. 

Only two methods have high effectiveness and are 
They are nucleation by 
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Considerable advance in hygroscopic nucleation clearing of fog has 
occurred since the quite successful but costly method demonstrated by 
Houghton and Radford* in 1938. Briefly, the important advances in 
hygroscopic nucleation are as given in Table A-3. 

Table A-3 

Important Recent Advances in Hygroscopic Nucleation 

1. 

2 .  

3. 

4. 

5. 

Only a few tenths of a percent subsaturation of fog-particle-ambient 
air is adequate to clear fog rapidly. 

Five to ten micron diameter NaCl particles are near optimum for 
relatively rapid (10 minute) clearing at moderate cost of nucleating 
material. Sizing is important for all nucleants. 

Sodium chloride is the most cost effective nucleant, neglecting its 
corrosive nature. 

Some organic substances, e.g., urea, are effective as noncorrosive 
and ecologically acceptable nucleants. 

Mechanically fragile nucleants can be retained in a selected size 
range under operational conditions by use of encapsulation technology 

Despite the clear demonstration that hygroscopic nucleation 
dissipates fog, the method has proven to be insufficiently reliable in 
operational situations. The fundamental problem is that airflow and 
turbulence in the fog region transport and dilute the artificial nucleant 
concentration unpredictably. Consequently, those groups which need reli- 
able clearing without much lag due to more research have turned to heating 
flame methods which are extravagant fuel users and are fire hazards. 

A.4 Basic Problems Which Reduce the Operational Effectiveness of the 
Best Droplet Dissipation Methods. 

A qualitative extended discussion of factors which prevent 
realization of the full potential of nucleation and heating follows. 

Two factors interfere with successful operational use of the 
best principles. 

1. Mass-cost effectiveness which considers facilities, logistics 
and hazards. 

2. Transport (including mixing) of nucleants and heat by airflow 
and turbu 1 ence . 

Current optimization of hygroscopic nucleation is based upon the need 
to balance the cost, weight and time required to clear fog against the 
uncertainty in knowledge of upstream trajectories ending at the target 
area at the right time. Artificial nucleant concentrations in fog are 
* 
The references are located after chapter 3. 
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found to be much less than planned. 
the character of the turbulent mixing is not known. 
wind variation with height can spread the nucleant in undesired directions. 
When wind shear and turbulence are adequately measured or computed, the 
time variations in the mean flow field--e.g., meandering--may carry a 
properly treated patch of air at a different speed or direction than 
expected . 

This is partly due to the fact that 
Additionally the 

The cost of nucleant per cubic meter of treated air could be 
reduced by using significantly smaller particles. 
could be found which is ten to one hundred times more effective in 
growing droplets. The latter is not likely and the former requires 
longer times to grow a droplet of a given size. 
of growth mean more uncertainty in dilution of the nucleant and proper 
arrival of the treated fog mass at the target. 
nucleant must be spread over a greater fog area and the potential cost 
reduction is not realized while the operation becomes more extensive. 

Perhaps a material 

At present, longer times 

Thus the one micron 

Operational emphasis is turning toward use of flame-heated plumes 
and jets to evaporate fog droplefs. 
the influence of turbulence and airflow is  required, but less urgently 

Here again additional knowledge of 

so. 

A . 5  Fog Characteristics and Related Processes: Some Estimates 

Table A-4  and Figures A-1 through A-10 show some properties of 
fog and incipient fog conditions. 
complete sets of parameter values exist for single fogs. 

It is important to note that no 

The graphs and calculations are presented (1) to demonstrate the 
existence of significant fluctuations from the mean state, (2) to provide 
a basis for further measurements which will permit or deny generalization 
and, (3) to illustrate the data currently available on fog properties. 

Several process intensities and rates which are of interest with 
respect to fog production and dissipation are included in Table A-6. 
They provide a partial basis for evaluating the merits of possible fog 
modification methods, of fog parameter measuring instruments and of 
numerical and laboratory simulation schemes which are discussed in 
Chapters 1 through 5. 
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Fig. A-1  Evaporation times o f  d rop le t  vs .  r e l a t i v e  humidity 
(Assumed drople t  l iuclei  - 0.1  r ad ius  N a C l  p a r t i c l e s ) .  
(NASA IfQ 1969). 
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F i g .  A-4b Drop s i ze  d i s t r i b u t i o n s  a t  four  l e v e l s  i n  a v a l l e y  fog, 
E l m i r a ,  N .  Y . ,  30 August 1968. Fog parameters vs .  he ight  
(NASA Headquarters, 1969). 
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CONTROL LOCATIONS 

Transmi s s ome t e rs 

Horizontal  sur face  - 34 m 
Upwind cont ro l  

Baseline 

Horizontal  sur face  - 34 m 
Downwind cont ro l  

TARGET TOWER 

Transmissometers Base l i n e  

Horizontal  sur face  - 34 m 

Vertical 1 m - 27 m 26 m 

Ver t i ca l  26 m - 56 m 30 m 

Temper a t  ure 

Dew po in t  

Ho ri z on t a 1 wind 

Ver t i ca l  wind 

Drop sampler 

Gelman l i q u i d  water 

Surf ace 7 m  16 m 

X X X 

X X 

X X 

X 

31 m 46 m 56 m 

X X X 

X X 

X X 

X X 

X 

X 

Table A-5 An example of the instrumentation used for one of the  
more complete fog s tud ie s  (Rogers, Mack and P i l i e ,  1972). 
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Air Temp. (OC) 
0.5 1.0 0.5 1.0 

Liquid Water Content (g/m3) Droplet Conc. (cmJ) 

b-1 b-2 b-3a 

b-1 Temperature p r o f i l e s  on October 18, 1959. 0420-0438 JST: 

5-2 

x 0535-0546 JST; 0712-0729 JST. 

Ver t ica l  d i s t r ibu t ions  of l iqu id  water content on October 18, 
1959. 18-1. 0352-0417 JST; x 18-2, 0 5 0 w m 4  .JST; 18-3, 
0604-0629 JST; t 18-4, 0644-0709 JST; A 18-5, 0848-0913 JST. 

b-3a and b Vertical d i s t r ibu t ions  of droplet  concentration on 
October 18, 1959. For symbols See Fig. 4. 

b-4 Ver t ica l  d i s t r ibu t ions  of mean volume radius  on October 18, 
1959. For symbols see Fig. 4. 

Droplet Conc. (Cm-’) 

8 0 12 14 

Mean Volume Rodius (PL) 
b-4 b-3b 

Fig. A-5b Time and s p a t i a l  var ia t ions  of parameters i n  advection- 
r ad ia t ion  fogs. Note: No wind and turbulence da ta  
(Okita, 1962). 
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Figure A-7 Time variation of liquid water parameters in fog. 
(Adapted from Kunkel, 1971, p. 483 Table 1.) 
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Fig. A-8 V i s i b i l i t y ,  t empera ture  and envi ronmenta l  wind f o r  fog  c l e a r i n g  exper iments  11 -12  J u l y ,  
1972, Vandenberg, C a l i f o r n i a .  (Rogers,  Mack and P i  l i e ,  1972).  
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Fig. A-10 Dai ly  sequence of s t a t i c  s t a b i l i t y ,  invers ion  height  
and sur face  wind v e l o c i t y  surrounding a fog  event 
(denoted by a s o l i d  ba r ) .  
1968. 

Adapted from Leipper, 
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TABLE A-6 

Some Crude Estimates of Magnitudes and Rates of Some 
Processes Related t o  Fog Physics and Fog Control 

1. A t  warm fog temperatures the  sa tu ra t ion  mixing r a t i o  i s  s t rongly  
dependent upon t h e  temperature. 

= 3 t o  15 g kg-' (g - water vapor)(kg - a i r )  -1 
X S  

1 d X s  1 - - -  0.1 K- dT 
X S  

xv . 
xs 

Then i f  i n i t i a l l y  - - - 0.9 (Rel. humidity = 90%) a decrease i n  

temperature of w i l l  produce s a t u r a t i o n  by the  method AT = - l K  

xs  -b xv- 
2 .  Droplets f r e e l y  f a l l i n g  through unsaturated air  evaporate i n  

very sho r t  times. Consider T = 1OC. 

- e) i n i t i a l  d t  

- A t  - vanishing time 

2- 
X S  (d = 1 0 0 ~ )  (d = 1 0 ~ )  (d = 1 0 0 ~ )  (d = 1 0 ~ )  

0 . 1  0 . 7  us-' 2 us-l 1 s e c  0.05 s e c  

0.5 1 . 4  us-' 4 P s - l  2 sec 0.1 sec 

0.9 u s  20 u s - l  10 sec 0.5 sec -1 

3. If water d rop le t s  evaporate i n  an a i r  mass two e f f e c t s  b r ing  
t h e  condi t ion c l o s e r  t o  fogginess; added water vapor increases  

and decreased temperature decreases t h e  xv a t  which 

s a t u r a t i o n  occurs,  x,. 
xV 

g water + AT & -2K 
1 Kg a i r  Evaporation of 

XVi 

f X S I  

> R.H. i n i t i a l  
RH = - =  xvf 
f - xs - 2g Kg-' 
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3 .  

4,  

5 .  

6 .  

1 . 7  

(continued) 
-1 -1 

= 10 g Kg then evaporation of 1 g Kg , xsi If xv = 7g Kg 
i 

water i n t o  t h e  volume r e s u l t s  i n  near  s a tu ra t ion :  

7 + 1  8 - - = 1.0. RHf*-- 1 0 - 2  8 

Adiabatic expansion and compression modify t h e  sa tu ra t ion  water 
vapor concentration. 

- - . - . 6  degree Cels ius  
A -10 m i l l i b a r  

ad iaba t i c  

The expansion cooling approach t o  producing fog i n  t h e  
atmosphere can e x i s t  i n  two s i t u a t i o n s :  (a) movement of an a i r  
mass r ap id ly  inward across  a cyclone s c a l e  low and (b) upslope 
movement of a i r  on mountainous o r  g r e a t  p l a i n s  s lopes t o  
mountains. 
coo 1 ing . 

Radiation cooling o f t en  dominates over expansion 

Subsidence of  fog 200 meters a t  sea  l eve l  would add hea t  
equivalent  t o  0 . 2  degree Cels ius .  A t  xs = l o g  Kg-l t h i s  would 

evaporate about 0 . 2  g/Kg water which i s  about t h e  t o t a l  
moderate fog. xliq i n  

Introduct ion of hygroscopic nuc le i  i n t o  a fog volume rap id ly  
lowers the  ambient r e l a t i v e  humidity. 

A sa tu ra t ed  so lu t ion  of calcium chlor ide  sprayed a t  a concentrat ion 
of 2 . 5  g m-3 i n t o  a fog lowers the  d rop le t  ambient r e l a t i v e  
humidity t o  90 percent .  

Trees,  e spec ia l ly  con i f e r s ,  sweep out fog d rop le t s  by impaction 
on the  needles .  
f o r  10 micron diameter d rop le t s  when t h e  speed of r e l a t i v e  motion 
i s  4 m s-l i s  0.9.  For 20 micron d rop le t s  t h e  b e s t  c o l l e c t i o n  i s  
on about 1 mm spheres a l s o  and has an e f f i c i ency  o f  0.98. Needles 
on con i f e r s  a r e  about 1 mm i n  diameter and a r e  c y l i n d r i c a l  ins tead  
o f  sphe r i ca l .  They a r e  f a i r l y  e f f e c t i v e  c o l l e c t o r s ,  e spec ia l ly  
when arrayed on t r e e s  t o  provide a t h r e e  dimensional porous passage 
f o r  foggy a i r .  

Col lec t ion  e f f i c i ency  of a 1 mm diameter sphere 

A Turbulent Veloci ty  Eddy Accelerates  Flow 

Due t o  grad ien ts  of acce le ra t ion  and due t o  d i f f e r e n t  d rop le t  
s i ze s  turbulen t  fog should increase  the  r a t e  of  d rop le t  growth by 
coalescence. 
NH4C1 aerosol  shows t h a t  t h e  r a t e  of coagulat ion of 
p a r t i c l e s  i s  increased by f a c t o r s  g r e a t e r  than t h r e e  i n  t h e  f i r s t  30 
seconds by turbulence (est imated by the  author  of t h i s  review) whose 

A computation adapted from d a t a  i n  Green and Lane f o r  
( -  l u m  diameter) 
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velocity and length scale are about 0.5 m s-l and 0.1 m, respectively. 
This turbulence may produce accelerations of about 0.5 g .  
turbulence level is not much greater than might be found in fog. 
particles in fog are perhaps 10 to 100 times as massive and are more 
likely to be induced to collide by turbulence. 

The 
The 

NASA-Langley, 1914 


