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ABSTRACT 

Field experiments were  performed to determine the effects of seed- 

ing natural  valley fog with carefully sized hygroscopic mater ia l s .  Both ground- 

based and aer ia l  seeding experiments were conducted. Airborne seedings were  

found to be most  effective in causing fog dissipation. In one experiment, 700 lbs 

of carefully sized NaCl part ic les  were  disseminated onto the fog top f rom a 

light a i rc raf t .  Visibility in the seeded a r e a  increased from 300 feet to 2600 

feet within fifteen minutes af ter  seeding. Fifteen minutes later the opening was 

closed by fog diffusing into the seeded region f rom the s ides .  

Analysis of data has  shown that the initial improvement in visibility 

resulted from a favorable shift  in the fog drop-size distribution. Subsequent 

improvements were due to  a decrease in the liquid water  content of the fog 

a s  a resu l t  of precipitation of the large droplets formed on the seeding nuclei, 

A computer model has  been developed to simulate warm fog seeding 

experiments.  The effects of severa l  variables on fog modification have been 

studied. The influence of particle size distribution, seeding rate ,  and hori-  

zontal diffusion have been investigated with the model and a r e  discussed in  

the text. 

Laboratory tes t s  of various hygroscopic seeding agents were per  - 
3 

formed in a 600 m cloud chamber.  The resu l t s ,  which a r e  summarized in 

this report ,  have shown that NaC1, urea,  cer tain phosphates and a 9:i solution 

of ammonium nitrate 9 urea  water  a r e  effective in promoting fog dissipation, 

Results of laboratory t e s t s  with sized polyelectrolytes suggest that these mate- 

r i a l s  a r e  ineffective a s  seeding agents,  



INTRODUCTION 

O c c u r r e n c e s  of dense  fog in the United Sta tes  f requent ly  r e su l t  in  

cos t ly  delays  and cancel la t ions  to a i r l i n e s  and often pose a s e r i ous  h a z a r d  

to  pi lots  a t tempt ing landings under ma rg ina l  visibi l i ty condit ions,  Recog- 

nizing a need fo r  f u r t he r  r e s e a r c h  in  the a r e a  of w a r m  fog modification NASA 

author ized Corne l l  Aeronaut ica l  Labora to ry  in  1963  to  begin a n  investigation 

of w a r m  fog p rope r t i e s  and fog modificat ion p r inc ip les ,  Since that  t ime  the  

objective of P r o j e c t  Fog  Drops  h a s  been to  obtain a f i r m  understanding of 

the physical  and  dynamic p rope r t i e s  of fog with the expectat ion that this  

approach  might l ead  t o  the development of a p r ac t i c a l  concept for  improving 

visibi l i ty in na tu ra l ly  occur  r ing fog. 

Initially, at tention w a s  given to  developing physical  and dynamic 

fog mode ls  and to  conducting exper iments  to  de te rmine  m o r e  about the 

diffusional  growth r a t e s  of fog d rop le t s  in a supe r sa tu r a t ed  environment ,  

Ins t rumentat ion w a s  developed fo r  observing the concentra t ions  of nucle i  

in  the a tmosphere  tha t  a r e  responsible  fo r  cloud and fog format ion.  Tech-  

niques for  enhancing o r  re ta rd ing  d rop le t  growth and evaporat ion r a t e s  w e r e  

studied and expe r imen t s  w e r e  pe r fo rmed  to  de te rmine  i f  the coalescence 

behavior of fog d rop le t s  could be significantly a l t e red .  L a t e r ,  during the 

p r o g r a m ' s  t h i rd  y e a r ,  l abora to ry  t e s t s  of suggested concepts  fo r  fog sup- 

p r e s s ion  w e r e  per fo rmed .  Additional m e a s u r e m e n t s  of the mic rophys ica l  

cha r ac t e r i s t i c s  of fog w e r e  obtained, and daily observa t ions  of cloud nucle i  

w e r e  continued and  cata loged for  compar i son  with our  e a r l i e r  observa t ions ,  

As  a r e s u l t  of these  s tudies ,  a concept evolved fo r  improving 

visibi l i ty in fog by seeding with hygroscopic  nuclei  of careful ly  control led  

s ize .  After cons iderab le  theore t i ca l  development, a s e r i e s  of l abora to ry  

t e s t s  w e r e  pe r fo rmed  to  de t e rmine  i f  the concept could be  applied on a l a r g e r  

sca le ,  i. e .  , to na tu r a l  fog. A computer  mode l  was  s imul taneously  developed 

to complement  the l abora to ry  s tudies  and to provide a ba s i s  for  designing 

f ie ld  exper iments  which would follow, The model,  which is designed to t e s t  

the consequences  of seeding fogs with hygroscopic m a t e r i a l s ,  provided 

addit ional  insight  into the p rob l ems  of fog modification and helped shape much  

of our  subsequent thinking. 
1 RM-1788-I?-22 



Fie ld  t e s t s  of the concept w e r e  pe r fo rmed  during the s u m m e r  of 

1968. Data accumulated dur ing  these  t e s t s  w e r e  analyzed during the months  

that  followed and a r e  p r e sen t ed  in  th i s  r epo r t .  Resu l t s  of our  compute r  

modeling effor t  a r e  a l s o  d e s c r i b e d  in  detai l .  A concu r r en t  study involving 

l abo ra to ry  t e s t s  of a va r i e t y  of hygroscopic  seeding agen ts  is r epo r t ed  on 

in th i s  s u m m a r y  repor t .  F o r  brevity,  r e s u l t s  of previous  y e a r s '  inves t i -  

gations wil l  not be d i s cus sed  h e r e ;  r a t h e r ,  the i n t e r e s t ed  r e a d e r  i s  encour -  

aged t o  review the deta i led  d i scuss ions  that  a r e  p resen ted  in  NASA Cont rac to r  

Repo r t s  CR-72, CR-368, CR-675, CR-1071, and SP-212.  



II. DISSIPATION O F  NATURAL FOG IN THE ATMOSPHERE 

During the  la te  s u m m e r  and e a r l y  fa l l  months of 1968, fog 

seeding expe r imen t s  w e r e  conducted a t  the Chemung County A i rpo r t  n e a r  

E l m i r a ,  New York. The  p r i m a r y  objective of these  expe r imen t s  was  t o  

de t e rmine  the effects  of seeding dense  na tu r a l  fog with ca re fu l ly  s i zed  

hygroscopic  pa r t i c l e s .  Our  intent  was  to evaluate the concept by seeding 

fogs f r o m  the ground,  and  i f  n e c e s s a r y ,  p e r f o r m  a e r i a l  seeding exper iments  

dur ing the l a t t e r  p a r t  of the fog season .  A to ta l  of 25 expe r imen t s  w e r e  

conducted with ground seeding appa ra tu s  during the per iod  May-September  

1968. Six a e r i a l  seedings  of dense  val ley  fog w e r e  pe r fo rmed  during a 

t h r ee  week per iod in October  1968. Data col lec ted during s e v e r a l  of these  

expe r imen t s  have now been analyzed and the r e s u l t s  a r e  p r e sen t ed  h e r e .  

After reviewing the cl imatology of s e v e r a l  locations,  the vicinity 

of E l m i r a ,  New York was  se lec ted  fo r  fog seeding expe r imen t s  because  of 

i t s  high fog f requency and re la t ive  proximity  to  the Labora to ry ,  On the  

average ,  about 30 dense  fogs fo rmed  in the Chemung Valley n e a r  E l m i r a  

between the months  of May and October .  Mos t  of the fogs appea red  to be of 

the radia t ion type, fo rming  during c loudless  nights between the h o u r s  of 

12  midnight and 6 a . m .  The p r e sence  of a nea rby  a i r f i e ld  on one of the adja-  

cent  r i dges  made th i s  s i t e  a par t i cu la r ly  appealing one fo r  a i r b o r n e  seeding 

t r i a l s .  

A. Ins t rumentat ion and Equipment 

Initially, fogs  w e r e  seeded f r o m  the ground using the mobile seeding 

appara tus  p ic tured in F igu re  1. 

During operation,  hygroscopic  nuclei  of control led  s i z e s  w e r e  fed 

f r o m  within the c a m p e r  to  a ni t rogen-dr iven par t i c le  d i s s emina to r ,  The 

nucle i  we re  then t r a n s f e r r e d  by means  of a high-velocity n i t rogen s t r e a m  

through copper  ducting to  a region n e a r  the cen te r  of, and  sl ightly above,  a 

9-ft  d iamete r ,  three-bladed p rope l le r .  Here ,  the pa r t i c l e s  w e r e  injected 

into the a i r s t r e a m  and l if ted to  a l t i tudes  varying f r o m  a few fee t  t o  s e v e r a l  

hundred feet  depending on the prop speed  and atm-ospheric stabil i ty.  A 



protective s tee l  shroud, which a lso  enhanced a i r  flow around the prop, was  

positioned around the propeller hub assembly.  Dry nitrogen, used for t r ans -  

fe r r ing  nuclei to  the prop wash, was s tored  in large high p res su re  cylinders 

mounted on the sides of the rig. 

Figure 1 MOBILE SEEDING APPARATUS 

Instrumentation for making observations in fog included: 

1. A Piper  Aztec airplane equipped to measure  drop s izes  and 

tempera tures  a t  var ious altitudes in fogs and to provide photo reconnaissance 

of the seeded a rea .  Photographic equipment consisted of two 70  mm Hassel-  

blad c a m e r a s  mounted in the fuselage of the aircraf t .  

2. A mobile van carrying instrumentation for measuring drop s izes ,  

liquid water  content, visibility, nucleus concentration and temperature in 

seeded and unseeded fog. 

3 .  Four t ransmissometers  for  measuring visibility a t  selected 

locations on the a i rpo r t  grounds. 



4, A CAL vehicle fo r  locating the path of the seeding m a t e r i a l .  

B. Fog Cha rac t e r i s t i c s  

P r i o r  to seeding exper iments ,  the CAL P i p e r  Aztec w a s  sen t  aloft  

through the dense  fog to gather  data on drop  s i ze s ,  ve r t i c a l  t empe ra tu r e  

distr ibution and fog depth. Supplementary data,  which included m e a s u r e -  

men t s  of visibility, liquid wate r  content, d rop  s i ze s ,  and nucleus concen- 

t ra t ion  we re  obtained a t  the ground. In Table  I typical  physical  c h a r a c t e r -  

i s t i c s  of the valley fogs in  E l m i r a ,  New York a r e  compared  with the r ad i -  

at ion and advection fog models  developed during the f i r  s t  year  of th is  p rog ram 

(J ius to ,  1964). The data  fo r  the E l m i r a  fogs r e p r e s e n t  ave rages  of m e a s u r e -  

men t s  made four fee t  above the sur face  in 13  fogs. 

TABLE I 

COMPARISON O F  FOG CHARACTERISTICS 

Valley Fog - 
Radiation Fog  Advection Fog  E l m i r a ,  N Y  

Average drop  d i ame te r  $ 0 ~  2 0 ~  1%- 

Typical  drop d i ame te r  range  4 - 3 6 t ~  6-64p. 4 -  5OP 

- 3  - 3 - 3  
Liquid wate r  content 110 mg m 170 m g  m 160 mg m 

-3  - 3  - 3  
Droplet  concentrat ion 200 c m  40  c m  55 c m  

Visibility 100 m 300 m 100 m 

Ver t ica l  depth 100-300 m 200-600 m 100-200 m 

As shown, the  data  for  the valley fogs and the advection fogs a r e  

s i m i l a r ,  In F igu re  2 ve r t i c a l  prof i les  of s e v e r a l  pert inent fog p a r a m e t e r s  

a r e  shown for ave rage  data  obtained in eight  E l m i r a  val ley fogs. The da ta  

w e r e  obtained during take-off and ascen t  of the CAL P i p e r  Aztec in the fogs,  

Values of drop concentra t ion and liquid wate r  content w e r e  computed f r o m  

m e a s u r e d  drop dis t r ibut ions  assuming  a constant  visibil i ty a s  a function 

al t i tude.  (It i s  recognized that  visibil i ty i s  not constant;  however,  the r e s u l t s  

of computations a r e  intended to provide a n  indication of t r ends  in the data  r a the r  





than absolute measures .  ) Note the steady decrease  in average drop diameter  

a s  a function of height above fog base. Accompanying the decrease in drop 

s ize i s  an increase in drop concentration, suggesting that conditions typical 

of radiation fog (i. e.  , high concentration of smal l  drops) exist  only in the 

upper portion of the fog, Similarly the liquid water  content in the valley fog 

dec reases  steadily f rom a high value near  the fog base to somewhat lower 

values near  the top. 

In Figure 3 ,  selected drop s ize distributions a r e  shown for four 

levels within a representat ive fog. Also shown for each distribution a r e  the 

average drop diameter  and computed values of drop concentration and liquid 

water content. Again the ra ther  pronounced shift in drop s izes  toward 

smal le r  values near the fog top i s  apparent. 
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Repeated observations of the formation of fog a t  the field site sug- 

gested that mixing of the nearly saturated layers  of a i r  in the valley govern 

the fog formation p rocess  and, a s  well, shape the drop size distribution and 

liquid water content of the fog. As always, a var iety of other mechanicsms 

involving energy, moisture  and heat exchange a r e  a l so  important fac tors  in 

fog development. 

We have noticed that during the ea r ly  evening, moderate breezes  

frequently blow a c r o s s  the valley and prevent significant fog formation. As 

the ambient winds subside, drainage f rom the hil ls  begins to predominate 

and surface winds in the valley become aligned with the orientation of the 

valley. Radiational cooling of the ea r th ' s  surface and subsequent loss  of 

heat f rom the lowest layers  of a i r  to the ground produce nearly saturated 

conditions close to the surface.  Temperature profiles obtained shortly 

before fog formation a t  E l m i r a  have shown that substantial inversions, f r e -  
0 

quently exceeding 3 C in 100 m, exist  in the lowest few hundred feet of a i r .  

Once cold a i r  drainage predominates, saturated surface a i r  f rom the hil lside 

tends to  displace the somewhat warmer ,  nearly saturated a i r  in the valley 

and, in  the process, mixing occurs.  

In the phase diagram (Figure 4) conditions typical of the valley 

atmosphere pr ior  to fog formation a r e  i l lustrated, If, a s  shown, two par -  

cels  of moist  a i r ,  A and B, having different temperatures  and relative 

humidities a r e  mixed, significant supersaturation will occur and fog will 

form. The charac ter i s t ics  of the mixture of the two a i r  m a s s e s  will be 

represented by some point on the straight line connecting A and B. 



0 1 2 3 4 5 6 7 8 9  

TEMPERATURE ("C) 

Figure 4 SATURATED S P E C I F I C  H U M I D I T Y  AS A FUNCTION OF TEMPERATURE 

In the formation of valley fog, initial mixing occurs  near  the base 

of the hil ls  and fog fo rms  there.  As drainage continues, the mixing process  

pe r s i s t s  and the depth of the fog increases .  As the rat io  of cold a i r  f rom 

the hillside (point B) to the somewhat warmer  valley a i r  (point A) increases  

m o r e  water i s  made available for condensation on cloud nuclei and widespread 

fog develops. Near the fog base,  the drops a r e  large and the E W C  i s  high, 

but the concentration of droplets i s  depleted because of sedimentation and 

fallout. 

Nzar the fog top continued r a d i a t i o ~ a l  cooling of the a i r  resu l t s  ir, 

slight supersaturation and additional fog formation. The continuous formation 

of new droplets with negligible terminal  velocities accounts for the observed 

high concentration of smal l  droplets near  the fog top, 

9 RM-1788-P-22 



Although other explanations of the manner in. which fog fo rms  a t  the 

valley s i te  may be plausible, most  of our observations suggest that the above 

reasoning i s  valid. It i s  obvious, however, that many additional measure -  

ments  of the microphysical features  of the fog would be needed to define how 

these changes take place with time. At the present  t ime we a r e  modeling 

the fog formation process  in the computer by assuming various observed 

nucleus s ize spectra  and producing fog by continuous cooling and a lso  mixing, 

The resu l t s  of these studies will be reported in a subsequent report .  

Fog Seeding Results - Ground Seeding 

As previously stated, fog seeding experiments were initially per  - 
formed employing ground based seeding apparatus.  A total of 25 ground 

seeding experiments were conducted, most  of which resulted in some ob- 

served  improvement in visibility. In more  than half of the experiments the 

seeded a i r  m a s s  passed between the instrumentation s i tes  and consequently 

quantitative data could not be taken. In spite of this difficulty, severa l  

reasonably successful seeding experiments were  performed in which detailed 

information was obtained on fog charac ter i s t ics .  Experiments in which a 

noticeable visibility improvement occurred in the seeded a r e a  a r e  typified 

by resu l t s  presented below. In this experiment (8 September 1968) the 

seeded a r e a  passed over one of our t ransmissometers  a s  observations of 

drop size were being made, Detailed analysis of the relationships between 

drop s izes ,  visibility and liquid water content of the fog could therefore be 

made. 

P r i o r  to seeding, the CAL Aztec obtained data on fog charac ter i s t ics ,  

Fog had formed in the valley about 4:30 a . m .  and by 5 a .m.  a i rpor t  ground 

conditions were WQXOF. Following take-off, (6:30 a ,  m ,  ) the airborne 

observer  reported fog depth to be 100 m ,  Visibility a t  the ground was about 

100 m and fog liquid water content was 170 mg mm3* Wind velocity was 

three knots a t  260°. 



O u r  in i t ia l  plan w a s  t o  s eed  the fog with 280 lbs  of s i z ed  NaC1:: 

(5-2OP d i ame te r )  a t  a d i s semina t ion  r a t e  of about 30 l b s l m i n .  The i n s t ru -  

mented  van was  posit ioned a sho r t  d i s tance  f r o m  the  seeding r i g  s o  that  

d rop  s i z e  data  could be col lec ted in the unmodified fog and  in  the seeded  a r e a  

a s  the plume moved downwind, Shor t ly  a f t e r  seeding w a s  s t a r t ed ,  however,  

a 60° shif t  in  wind caused  the s a l t  p lume t o  d r i f t  away f r o m  our  ins t rumenta -  

t ion and  the a i rpo r t .  The  expe r imen t  was ,  the re fore ,  t e rmina t ed  a f te r  four 

minu tes  of seeding ( /b 130 lbs  of m a t e r i a l  we re  expended) and the r i g  w a s  

moved to a m o r e  favorable  location.  

The posit ion of the seeding unit fo r  the second exper iment  i s  shown 

in  F igu re  5 ( the o r ig ina l  location of the seeding r i g  w a s  on the approach  end 

of Runway 10). Also  shown in the f igure  a r e  the locat ions  of t r a n s m i s s o m e t e r s  

u sed  i n  th is  exper iment .  The dis tance  f r o m  the seeding unit to  t r a n s m i s s o m e t e r  

(1) is 0 .83 m i l e ,  

Seeding with the  remain ing  150 l b s  of m a t e r i a l  w a s  scheduled f o r  

7:25 a . m .  Fog densi ty  and liquid wa t e r  content  had not  changed apprec iab ly  

dur ing the previous  hour ,  Based  on the  wind di rect ion and  speed  ( 2 4 0 ~  a t  

6 knots)  we pred ic ted  that  pa r t i c l e s  injected into the fog in  the vicinity of 

Taxiway B would r e s i d e  in the foggy a i r  approximately  9 minu tes  before  

reaching the opposite end of the a i r p o r t ,  According to  our  model,  th i s  

would be ample  t ime  for  the  s a l t  to have a significant  ef fect  on the na tu r a l  

d rop  s i z e  distr ibution.  

Seeding was  s t a r t e d  a t  7:25 a . m .  and completed a t  7:30 a . m .  The 

30 l b l m i n  disseminat ion r a t e  was  intended to provide approximately  3 m g  of 

NaCl pa r t i c l e s  pe r  cubic m e t e r  of t r e a t ed  fog, Drople t  da ta  obtained by 

ground o b s e r v e r s  indicated that  the s a l t  plume followed a path  s i m i l a r  t o  

that  shown in  F i g u r e  5, Visibil i ty m e a s u r e m e n t s  obtained with t r a n s m i s s o m e t e r  

(1) indicate that  v is ib i l i ty  i nc r ea sed  f r o m  about 300' t o  about 820 '  between 

7:30 and 7:42 a . m .  No other  t r a n s m i s s o m e t e r  indicated any  change in v i s i -  

bi l i ty during the  s a m e  per iod  of t i m e ,  The improvement  in visibi l i ty by a- 

- 
J, 

P a r t i c l e  sizing done by Meteorology Resea r ch ,  Inc. , Altadena,  Calif.  
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f a c to r  of 2,5 to  3.0 is  typical  of the r e s u l t s  obtained in m o s t  ground seeding 

expe r imen t s .  

Because  of the  l a r g e  average  d rop  s i z e s  in the na tu r a l  fog, the 

expected visibi l i ty improvemen t  was  l e s s  than we or ig inal ly  p red ic ted ,  

F o r  example ,  seeding a fog consis t ing of 5p rad ius  d rops  with 10p r a d i u s  

d r y  hygroscopic  pa r t i c l e s  could be expected to  give a ten-fold i n c r e a s e  in  

visibi l i ty,  according to  our model .  Seeding a fog consis t ing of 9p r ad iu s  

d rops ,  using the s a m e  ma te r i a l ,  could only be  expected t o  give a six-fold 

i n c r e a s e  i n  visibi l i ty due t o  changes  in d rop  s ize .  

F i g u r e  6 shows the d rop  s i z e  d is t r ibut ion obtained in the seeded  

por t ion  of the fog at about 7:40 a . m .  The data  we re  col lec ted alongside 

t r a n s m i s s o m e t e r  (1). A drop  dis t r ibut ion f r o m  the adjacent  unmodified 

fog, t aken  a few minu tes  e a r l i e r ,  i s  shown for  compar ison.  A s  shown, a 

significant  change had  o c c u r r e d  in  the d rop  s i z e s  a f t e r  seeding,  Also  

shown in the legend of the  f igure  a r e  the computed d rop  concentra t ions ,  

liquid wate r  contents and m e a n  volume d i a m e t e r s  fo r  the seeded  and  unseeded 

fogs.  I t  is perhaps  in te res t ing  to  note that  the liquid wate r  content  was  higher  

i n  the seeded  region than in  the  na tu r a l  fog, Al l  visibi l i ty improvement  a t  

the t i m e  of these  m e a s u r e m e n t s  the re fore  r e su l t ed  f r o m  a favorable  shif t  in 

d rop  s i z e  distr ibution.  

Var ia t ions  i n  the  calcula ted liquid wate r  content  c an  be expected,  

of cou r se ,  depending on whether l a rge  sa l ine  d rop le t s  a r e  encountered when 

the sampl ing i s  taken,  I t  is f requent ly  difficult to  obtain s ta t i s t i ca l ly  val id  

d rop  s i z e  d is t r ibut ions ,  pa r t i cu la r ly  in seeded  fog where  d rop  concentra t ions  

a r e  low, In spi te  of these  diff icult ies the data  suggest  that  a f t e r  seeding,  the 

r e l a t i ve  humidity was  ini t ial ly lowered by a few percent ,  a n  occu r r ence  which 

is expected f r o m  theory  and  commonly noted in l abora to ry  exper iments ,  

Somewhat l a t e r  in t ime ,  a f t e r  m o s t  of the l a r g e s t  d rops  se t t l ed  out of the  fog, 

v is ib i l i ty  improvements  g r e a t e r  than those  m e a s u r e d  probably occur  r e d  but 

ins t rumenta t ion  w a s  not suitably located f o r  observat ion Eurther downs t ream,  

Resu l t s  f r o m  e a r l y  t e s t s  demons t ra ted  that  seeding f r o m  the ground, 

using s i z ed  hygroscopic  nuclei ,  can  be effective in producing visibilitgr 



improvements .  Although ground based  seeding did not improve vis ibi l i ty  

above the landing minimums,  the nea r ly  three-fold  i nc r ea se  in v i sua l  r ange  

was encouraging.  The pr incipal  p rob lem seemed  to be that  of effectively 

dis  tr ibuting the seeding ma te r i a l  throughout the fog volume, Mixing of 

unmodified fog with the  na r row seeded region f r o m  a single seeding unit 

frequently l imi ted the visibil i ty improvement  that  could be achieved,  Im- 

proved methods of par t i c le  d isseminat ion m u s t  be sought i f  the ground s y s t e m  

i s  to  be adapted to  a i r p o r t  use.  These  l imi ta t ions  prompted us  to  t e s t  a ir-  

c r a f t  seeding techniques during the l a t t e r  p a r t  of the exper imenta l  per iod,  

? , , C  

- NATURAL FOG 7:25 AM - -- SEEDED FOG 7:41 AM 
DROP CONC. = 6.0 
LWC = 0.49 g/m3 

MEAN VOL. DIAM. = 2 3 p  MEAN VOL. DIAM. = 5 4 p  

r ,  , . 
. . P A  

r ' r  

10 20 30 40 

DROP DIAMETER (,U ) 

Figure 6 COMPARISON OF DROP SIZE DISTRIBUTIONS FOR 
NATURAL AND SEEDED FOG, SEPT. 8,68 

D, Fog  Seeding Resul ts  - Aer i a l  Seeding 

A e r i a l  seedings  of dense  val ley fog we re  per formed  during the f i r s t  

t h r ee  weeks in October 1968. A P i p e r  Pawnee a i r c r a f t ,  designed for  c r o p  
.I, ,,P 

dusting, was  obtained fo r  the exper iments .  A total  of s i x  seeding t r i a l s  

w e r e  conducted using var ious  a e r i a l  seeding methods.  Our  plan was to s eed  

the fog a p r e sc r ibed  distance upwind of the a i r p o r t  (depending on wind speed  

P 

.t, 

Refited f rom EG&G, Boulder, Colorado.  



and di rect ion)  and allow the seeded a r e a  to  d r i f t  over  the ground i n s t rumen ta -  

t ion located n e a r  the runways.  

On two occas ions  s p i r a l  seeding over  the fog top was  a t t empted  but 

diff icult ies in  maintaining the p r e s c r i b e d  flight pa t t e rn  r e su l t ed  in  ineffective 

seeding.  The p rocedure  tha t  produced the m o s t  outstanding r e s u l t s  involved 

flying perpendicular  to the prevai l ing wind and  disseminat ing d r y  pa r t i c l e s  

in  "evenly" spaced rows  over  the fog top. F o r  these  exper iments  the volume 
7 3 

to  be c l e a r e d  of fog w a s  approximately  3 x 10 m . The r e s u l t s  of one seed-  

ing t r i a l  (16  October  1968) a r e  d i s cus sed  below in some  deta i l ,  In th i s  expe r i -  

men t  a significant  amount  of data  w e r e  collected,  both in seeded  and  unmodified 

fog. 

P r i o r  to seeding,  routine p rocedu re s  w e r e  followed in collect ing 

data  on fog c h a r a c t e r i s t i c s .  Fog depth w a s  r epo r t ed  a s  350 f t  with a l aye r  

of haze  exceeding 1000 f t  lying above the fog top, Horizonta l  v is ib i l i ty  
- 3 

m e a s u r e d  300 ft;  l iquid wa t e r  content  w a s  about 280 m g  m Represen ta t ive  

d rop  s i z e  d is t r ibut ions  at four  d i f ferent  l eve l s  in  the fog p r i o r  t o  seeding a r e  

shown in F i g u r e  7. Note the  di f ferences  in  d rop  concentra t ion and  s i z e  nea r  

the fog top a s  compa red  to  the va lues  n e a r  the base .  
J, 

Seeding w a s  accompl i shed  with approximately  700 lbs of ~ a ~ 1 ' ~  

having a s i z e  range  of 1 0 - 3 0 ~  d i ame te r .  The a i r c r a f t  completed seeding of 

the fog top in  about 7 minutes ,  t r ave r s i ng  a n  a r e a  approximately  1 / 2 m i l e  

by 1 / 4  mile .  The s a l t  concentra t ion within the fog was  the re fore  about 
- 3 

10 m g  m . T h r e e  photos taken dur ing va r i ous  s tages  of the expe r imen t  

a r e  shown in F igu re  8. Note, in the second photo the seeding a i r c r a f t  and  

t ra i l ing  s a l t  plume. Within a few minu tes  a f t e r  seeding,  na r row  paths began 

to  open i n  the fog, inc reas ing  in s i z e  until ,  a f t e r  1 5  minutes ,  l a r g e  a r e a s  of 

the fog w e r e  complete ly  diss ipated.  (Visibil i ty in  the seeded  a r e a  improved  

to  approx imate ly  112 mile .  ) The c l e a r e d  reg ion  p e r s i s t e d  for  about 15  

addit ional  minutes  before  unmodified fog began to  enc roach  into the seeded  

region and reduce  visibi l i ty,  

J, .I. 

Sized m a t e r i a l  purchased  f r o m  Meteorology Resea r ch ,  Inc. ,  Altadena,  Calif .  
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FOG TOP VIEW FROM AN 
ALTITUDE OF '10,000 FEET. NOTE 
THE HANGARS (200 FEET LONG) 
AND AIRCRAFT ON THE GROUND 
AFTER SEEDING. 

TARGET AREA ONE MINUTE 
PRIOR TO SEEDING. 

THE TARGET AREA DURING 
SEEDING (SALT PLUME AND 
SEEDING AIRCRAFT ARE 
VISIBLE). 

THE TARGET AREA 15 MINUTES 
AFTER START OF SEEDING. 

Figure 8 THREE PHOTO SEQUENCE OF FOG CLEARING 

17  RM-1788-P-22 



Figu re  9 shows a compar i son  of d rop  s i z e  d is t r ibut ions  fo r  the 

seeded  and na tu r a l  fogs .  The cu rves  r e p r e s e n t  da ta  taken approx imate ly  

one minute  before  seeding began and again  approx imate ly  nine minu tes  a f t e r  

seeding had s ta r t ed .  Tabula ted in  the legend of the f igure  a r e  s e v e r a l  fog 

p a r a m e t e r s  a s  de t e rmined  f r o m  the data .  Note the r a t h e r  d r a m a t i c  shif t  

in  the d rop  s ize  d is t r ibut ion a f t e r  seeding.  I t  is apparen t  f r o m  the data  that  

the seeded  fog was  compr i s ed  of fewer d rop le t s  having somewhat  l a rge  s ize .  

Accompanying the shi f t  in d rop  s i z e s  f o r  the data  shown was  a d e c r e a s e  in 

liquid wate r  content of the fog due to sedimentat ion of the l a r g e s t  sa l ine  

d rops .  The combined effects  of d rop  s i z e  d i f ferences  and liquid wate r  changes  

w e r e  respons ib le  fo r  the vis ib i l i ty  improvements  that  occu r r ed .  Analys is  

of data  h a s  indicated that  approximately  60% of the vis ib i l i ty  improvement  w a s  

accounted for  by the  d e c r e a s e  in fog liquid wa t e r  caused  by precipi ta t ion of 

the l a rge  sa l ine  d rop l e t s  a f t e r  seeding.  

E .  Conclusions f r o m  1968 F ie ld  Expe r imen t s  

These  expe r imen t s  have demons t ra ted  the validi ty of a concept fo r  

improving vis ib i l i ty  in  dense  na tu r a l  fogs by seeding with s ized  hygroscopic  

pa r t i c l e s .  Data ana ly s i s  h a s  shown that  the in i t ia l  v is ib i l i ty  improvement  

in  seeded fog is the  r e s u l t  of a favorable  shif t  in  the d rop  s ize  d is t r ibut ion 

(even though liquid w a t e r  content i s  t empora r i l y  i nc r ea sed ) .  Subsequent 

improvement  in  v is ib i l i ty  is due to  a reduct ion in  liquid wate r  content 

a s soc i a t ed  with precipi ta t ion of l a rge  sa l ine  d rop le t s  f o rmed  on a r t i f i c ia l  

nucle i ,  

Ai rborne  seeding exper iments  w e r e  m o s t  effective in causing fog 

dissipation.  In the ground seeding exper iments ,  i t  is l ikely that  mixing 

of unmodified fog into the n a r r o w  seeded reg ion  l imi ted  the visibi l i ty improve-  

men t s  that  occu r r ed .  Multiple seeding p a s s e s  with the a i r c r a f t  enabled u s  

to t r e a t  a much wider  volume of fog and min imized  the effects  of mixing,  

Seve ra l  p rob l ems  s t i l l  exis t ,  In m o s t  c a s e s  it was  apparen t  in 

both a i rbo rne  and ground based  seeding expe r imen t s  that  a substant ia l  amount  

of clumping of seeding m a t e r i a l  had occur red .  Thus ,  the eff iciency of the 

seeding m a t e r i a l  w a s  substant ia l ly  reduced.  More  effective methods  f o r  

pa r t i c le  d i s semina t ion  m u s t  be devised.  
18 
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An equally impor tan t  p rob lem i s  that  of se lect ing and tes t ing non- 

c o r r o s i v e ,  ecologically sa fe  chemica l s  to r ep l ace  NaCl a s  the seeding 

m a t e r i a l ,  Labo ra to ry  expe r i men t s  have shown tha t  s e v e r a l  hygroscopic  

m a t e r i a l s  a r e  a l m o s t  a s  effective a s  s a l t  fo r  fog d i s p e r s a l ,  Additional work  

leading t o  the se lect ion of m o r e  suitable seeding agen ts  is now under way. 

F i e ld  evaluation of one o r  two of the m o s t  p romis ing  m a t e r i a l s  is one of the  

object ives  of next  y e a r ' s  r e s e a r c h .  



111. COMPUTER MODELING 

A compute r  mode l  h a s  been developed to  s imula te  the r e sponse  

of na tu r a l  and a r t i f i c ia l  fogs to  seeding with hygroscopic  nuclei .  The 

theore t i ca l  pr inciples  of w a r m  fog modificat ion with s i z ed  hygroscopic  

nucle i  a s  d i scussed  by Pilie 'et a l .  (1967) and J ius to  e t  a l ,  (1968) f o r m  

the b a s i s  of the compute r  model .  The computer  model ,  however ,  

p e r m i t s  the e l iminat ion of c e r t a i n  simplifying assumpt ions  that  w e r e  

employed in  e a r l i e r  analyt ic  t r e a tmen t s .  More  important ,  the model  

a l lows the detai led investigation of the influences of such seeding v a r i -  

ab les  a s :  a) the p rope r t i e s  and s t r uc tu r e  of the fog p r i o r  to seeding,  

b) the chemica l  p rope r t i e s ,  s i z e  d is t r ibut ion,  and amount  of seeding 

m a t e r i a l  employed,  and c) the method of dispensing the seeding m a t e r i a l  

into the fog. In addition, the mode l  h a s  been used to study the ro le  of 

a tmosphe r i c  turbulence in  d i spers ing  the seeding mate  r i a l  and mixing 

unmodified with modified fog. 

The p r i m a r y  emphas i s  in the development of the p r e sen t  compute r  

mode l  h a s  been placed on the suppor t  and guidance of the f ie ld  exper imen-  

tat ion por t ion of th i s  p rog ram .  Thus ,  t he r e  ha s  been no hes i t ancy  t o  

employ  appropr ia te  approximat ions  and simplif icat ions i n  the model ,  a t  

the expense  of some  r i go r  and sophist icat ion,  in o r d e r  to achieve a 

compute r  model  which i s  capable of simulating the e s sen t i a l  f e a tu r e s  of 

a g r e a t  number  of different  modificat ion exper iments  without entai l ing 

prohibit ively l a rge  computational  r equ i r emen t s ,  

I t  i s  impor tan t  to emphas ize  the two-way exchange of infor-  

mat ion  between the f ield exper imenta t ion p rog ram and the compute r  

model ing work  on P r o j e c t  Fog  I l rops ,  an  exchange that h a s  contr ibuted 

to the improvement  and succe s s  of both phases  of the p ro jec t .  The 

f ield exper imenta t ion p rog ram provided detai led data  on the p rope r t i e s  

L L e  - 7 7 1 1 - . r  C - r r n  +l- v a L l . c ; y  a t  the exper imenta l  s i t e  (including d rop - s i ze  d i s t r i -  

bution, liquid wate r  content ,  v is ib i l i ty ,  wind, t e m p e r a t u r e ,  v e r t i c a l  

s t r u c t u r e  and condensation nucleus measu remen t s ) ,  which a r e  n e c e s s a r y  



inputs i f  the computer  mode l  is to provide meaningful  s imulat ions  of 

seeding effects .  The compute r  model ,  in  tu rn ,  provided informat ion on 

the seeding r a t e s  r equ i r ed  to produce significant  c lea r ing  under va r i ous  

conditions and the t i m e s  r equ i r ed  fo r  th i s  c lea r ing  to  be effected.  

A .  Descr ip t ion of the Bas i c  Model 

In a ma thema t i ca l  s ense ,  the computer  mode l  in tegra tes  n u m e r  - 

i ca l ly  a sy s t em of o rd inary ,  f i r s t  o r d e r ,  d i f ferent ia l  equations which 

de sc r i be  the growth and sedimentat ion of the solution d rops  that  f o r m  on 

the pa r t i c l e s  of hygroscopic  seeding ma te  r i a l ,  the accompanying reduct ion 

in re la t ive  humidity, and the resul t ing evaporat ion of the na tu ra l  fog d rops  

The r e s u l t s  of seeding a r e  a s s e s s e d  by per iodical ly  computing and pr in t ing 

out s e v e r a l  va r i ab l e s  such a s  the hor izonta l  and v e r t i c a l  visibi l i ty,  the  

d rop-s ize  dis t r ibut ion,  liquid wate r  content, and re la t ive  humidity. 

In o r d e r  to  model  the ef fects  of the sedimentat ion of solution 

d rops  and provide a n  accu ra t e  desc r ip t ion  of the ve r t i c a l  va r ia t ion  of 

v is ib i l i ty  and o ther  fog p roper t i es ,  the effects  of seeding a r e  computed 

a t  s e v e r a l  equally spaced  ve r t i c a l  levels  in a mode l  fog. An ini t ial  

supersa tu ra t ion ,  s i z e  d is t r ibut ion of fog d rops ,  and cooling r a t e  ( i f  any) 

i s  specif ied fo r  each  of the ve r t i c a l  l eve l s  a t  the beginning of a s imulat ion.  

In addition, the chemica l  p rope r t i e s  and s ize  of the condensation nucle i  

upon which the fog d rops  a r e  a s s u m e d  to  be fo rmed  m u s t  a l so  be speci f ied .  

The ini t ial  s i z e  d is t r ibut ion of the fog d rops  de t e rmines  the liquid wa t e r  

content  and vis ib i l i ty  in the mode l  fog p r i o r  to seeding.  

To  s imulate  t h e  dispensing of the seeding m a t e r i a l  into the fog, 

a n  in i t ia l  s i ze  d is t r ibut ion of hygroscopic  seeding m a t e r i a l  is a s s u m e d  t o  

be in jected a t  the  s t a r t  of a s imulat ion a t  one o r  m o r e  of the  v e r t i c a l  

l eve l s  i n  the  mode l  fog. 

The s ize  d is t r ibut ions  of fog d rops  and  of seeding ma te r i a l ,  and 

hence of solution d rops  that  f o r m  on the par t i c les  of hygroscopic  seeding 

m a t e r i a l ,  a r e  approximated in  the mode l  by d i s c r e t e  c l a s s e s .  F o r  e a c h  



c l a s s ,  k, of fog o r  solution d rops  in  the model ,  t h e r e  is a di f ferent ia l  

equation f o r  the diffusional growth of the d rops  of f o r m  ( F l e t c h e r ,  1962) 

whe re  the t ime  r a t e  of change of the d rop  rad ius  r k  depends upon the local  

supe r sa tu r a t i on  S and the magnitude of rk .  The  solution constant  Bk is 

given by 

whe re  ik i s  the van ' t  Hoff d issocia t ion fac to r ,  Mk is the molecu la r  weight  

and  m k  i s  the m a s s  of the nucleus upon which the d rop  was  fo rmed .  The 

growth constant  G and su r f ace  tens ion constant  A a r e  t r e a t ed  a s  functions 

of the in i t ia l  environmental  t e m p e r a t u r e  only. 

By employing a n  approximate  f o r m  of the diffusional growth 

equation which is accu ra t e  fo r  dilute solutions only ( s e e  d i scuss ion  by 

Low, 1969), a t  a l l  concentra t ions ,  apprec iab le  e r r o r s  a r e  i ncu r r ed  in 

computing the ini t ial  growth of the solution d rops  which f o r m  on the 

seeding nuclei .  For tunate ly ,  in  m o s t  of the seeding si tuations invest igated 

with th i s  model ,  the ini t ial  deliquescence and growth of the solut ion d r o p s  

is s o  r a p i d  compared  with the i r  sedimentat ion r a t e ,  that  l i t t le  e r r o r  is  

introduced.  E r r o r s  of a s im i l a r  or ig in ,  that  a r i s e  when the na tu r a l  fog 

d rops  a r e  a l m o s t  complete ly  evaporated,  such  a t  the top of the mode l  fog 

when s imulat ing a e r i a l  seeding,  genera l ly  do not have a significant  ef fect  

on the computed ve r t i c a l  visibi l i ty s ince  th i s  quantity i s  pr incipal ly  d e t e r -  

mined  by m o r e  modes t  c lea r ings  produced e l sewhere .  

Because  of the unresolved quest ions  recent ly  r a i s ed  by Aroes ty  

and Koenig (1 969) concerning the p roper  venti lat ion co r r ec t i on  f o r  s m a l l  

d rop le t s ,  the effect  of venti lat ion on d rop  growth ha s  been neglected in  

the p r e sen t  model .  Coalescence between the falling solution d rops  and  

the na tu r a l  fog d rops ,  a n  impor tan t  f ac to r  in  the modification of deep  fogs 

2nd s t r a t u s  decks ,  h a s  been neglected in  th i s  model .  



F o r  e a c h  of the  equally spaced  ve r t i c a l  l eve l s ,  j, in  the model ,  

the t ime  r a t e  of change of the supe r sa tu r a t i on  S a t  that  l eve l  i s  computed 
j  

f r o m  the  approx imate  re la t ion 

dT, d m .  
where  - 

df 
is a n  ex te rna l ly  imposed cooling r a t e  ( i f  any) and - 

dt 
i s  the ne t  r a t e  of condensation p e r  unit volume a t  that  level .  The con- 

s t an t s  C1 and C 2  a r e  t r e a t ed  a s  a function of the in i t ia l  env i ronmenta l  

t e m p e r a t u r e  only and  a r e  given by 

and 

whe re  T is the  absolute  t empe ra tu r e ,  R i s  the ideal  ga s  constant ,  L i s  

the la tent  heat  of condensation,  P i s  the to ta l  a tmosphe r i c  p r e s s u r e ,  
C~ 

is the speci f ic  hea t  of a i r  a t  constant  p r e s s u r e ,  Ma i s  the ave r age  mo le -  

cu l a r  weight of a i r ,  e s  is the sa tu ra t ion  vapor  p r e s s u r e  of wa t e r  vapor  

and M,  i s  i t s  molecu la r  weight. The r e l e a s e  of la tent  hea t  of conden- 

sa t ion and the ex t rac t ion  of wa t e r  vapor  f r o m  the a tmosphe re  a r e  both 

accounted fo r  in the der ivat ion of the exp re s s ion  fo r  C2  by Squi res  (1952).  

The exp re s s ion  fo r  C1 was  obtained f r o m  the Clausius-Calpeyron equation. 

The approximat ions  involved in Equation (3) a r e  such that  it i s  

a n  exac t  r e la t ion  a t  wa te r  sa tu ra t ion  o r  when S = 0, but i t  becomes  

inc reas ing ly  l e s s  a ccu ra t e  a s  conditions depa r t  f r o m  satura t ion.  F o r  a 

reduct ion in  re la t ive  humidity of 10% o r  S =-0.1,  however ,  the e r r o r  in  

the computed value of S resul t ing f r o m  the applicat ion of Equation (3) is 

only of o r d e r  + 0.005,  In m o s t  of the seeding si tuations invest igated with the  

computer  mode!, the  re la t ive  humidity reduct ions  we re  cons iderab ly  l e s s  than 



and E q .  ( 3 )  was  a v e r y  good approximat ion.  The only exceptions w e r e  

s imula t ions  of a e r i a l  seedings  in  which excess ive  amounts  of seeding m a t e r i a l  

w e r e  used.  In these  c a s e s  the re la t ive  humidity reduct ions  n e a r  the top of the 

fog approached the re la t ive  humidity reduction over  a sa tu ra ted  solution of the 

seeding m a t e r i a l .  

I t  should be noted that  the provis ion fo r  ex te rna l ly  imposed i soba r i c  

cooling in the model  p e r m i t s  the s imulat ion of the p r o c e s s e s  of fog fo rma t ion  

on a population of condensation nuclei  under the influence of radia t ional  cooling.  

The change of height  h k  fo r  e ach  c l a s s ,  k , of solution d rops  

in the mode l  i s  computed f r o m  the equation 

whe re  W ( r k )  i s  the instantaneous t e rmina l  velocity of the d rops  i n  that  

c l a s s .  The t e r m i n a l  veloci t ies  of the solution d rops  a r e  computed f r o m  the  

Stokes re la t ion  fo r  d rops  of l e s s  than 25 mic rons  r ad iu s  and f r o m  a m o r e  

gene ra l  e m p i r i c a l  function (Bes t ,  1950) fo r  d rops  of rad ius  g r e a t e r  than 25 

m i c r o n s .  

The effects  of the sedimentation and fal lout  of the solution d r o p s  

which f o r m  on the pa r t i c l e s  of hygroscopic  seeding m a t e r i a l  a r e  modeled by 

a method s i m i l a r  to  that  employed by Mordy  (1959) i n  studying condensation 

in  an  updraft .  The instantaneous value of the local  supersa tu ra t ion  S j  gov- 

e rn ing  the growth [ E ~ .  (4.11 of a given c l a s s  of solution d rops  falling between 

two of the ve r t i c a l  g r i d  l eve l s  is de te rmined  by l inear  interpolat ion between 

the instantaneous supersa tu ra t ions  a t  the immedia te ly  adjacent  upper and lower  

g r i d  l eve l s .  S imi la r ly ,  the r a t e  of condensation on that  c l a s s  of solution d rops  

i s  l inea r ly  apport ioned to  the ne t  condensation r a t e s  [ ~ c j .  ( 3 u  a t  the i rnme-  

dia te ly  adjacent  upper and lower  g r i d  l eve l s  according to  the re la t ive  posit ion 

of the c l a s s  between the g r i d  l eve l s .  

Sedimentation of the fog d rops  (which is re la t ive ly  slow) is neglected 

in  the p r e sen t  mode l ,  Consequently, the va r i ous  c l a s s e s  of fog d rops  evapora te  

under the  influence of the supersa tu ra t ion  S j  a t  the i r  or ig inal  level ,  j , 
d mj 

and,  in tu rn ,  contr ibute  to  reduction of the net  condensation r a t e  - a t  
at 

tha t  level .  
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In the computer model, this system of coupled differential equations 

i s  integrated numerically by means of a variable-time step, fourth-order 

predictor-corrector  routine to establish the temporal  evolution of super-  

saturation, size distributions of fog and solution drops,  and related fog 

propert ies  such a s  the visibility and liquid water content, In order  to el imi-  

nate the necessity of prohibitively small  t ime s teps to maintain a stable 

integration when the fog drops have evaporated to smal l  s izes ,  the radius of 

a c l a s s  of fog drops i s  equated to the equilibrium radius a t  the prevailing 

supersaturation whenever the radius falls below some limiting radius,  typi- 

cally taken a s  one o r  two microns.  This i s  possible because drops of this 

s ize respond very  rapidly to changes in supersaturation ( see  curves for drop 

evaporation given by Kocmond and Jiusto, 1967). 

The horizontal visibility V j  a t  each vert ical  level, j , in the 

model fog i s  evaluated f rom the standard expression for the meteorological 

visual range in uniform fog of large water droplets (Middleton, 1952)  

where the summation of contributions to the extinction coefficient O-j 

extends over al l  c l a s s e s  of fog drops a t  that level and the l inearly apportioned 

contributions of a l l  c l a s ses  of solution drops lying between that level and the 

immediately adjacent ver t ical  levels. The liquid water  content a t  each ver t i -  

ca l  level i s  computed through a s imilar  procedure,  

The vert ical  visibility through the model fog i s  computed f rom the 

express  ion 

V = 3. 9/2 H 

duo+ d s  ( 8 )  

where the integral of the extinction coefficient f rom the bottom of the fog to 

the top of fog H i s  evaluated by Newton-Cotes numerical  integration over 

the computed values of the extinction coefficient a t  the equally spaced ver t i -  

ca l  levels in the model fog. 



B. Modeling of the Effects of Turbulent Diffusion 

In order  to investigate the influences of a tmospheric  turbulence 

upon warm fog modification with s ized hygroscopic nuclei, the basic  computer 

model has  been modified to permi t  the simulation of the effects of horizontal 

turbulent diffusion on the modification produced by continuous point sources  

and instantaneous line sources  of seeding mater ial .  The continuous point 

source modification of the model i s  employed to simulate seeding from a 

single ground-based disseminator,  while the instantaneous line source i s  an  

idealization of a t r a i l  of seeding mater ia l  disseminated on the top of a fog by 

an a i rc raf t .  

The effects of turbulent diffusion in the ver t ica l  have been neglected 

in the present  model, principally because of f a r  grea ter  computational problems 

involved in their  simulation, In stable situations, a t  least  where ver t ica l  dif- 

fusion i s  greatly suppressed (Lumley and Panofsky, 1964; Turner ,  1969) ,  the 

influences of ver t ical  diffusion upon fog modification a r e  likely to be a lmost  

negligible. In near-neutral  situations, which a r e  typical of the E lmi ra  val ley 

fog, ver t ical  diffusion may have significant effects on the distribution of 

c lear ing in the vert ical ;  however, horizontal diffusion remains  a more  impor-  

tant factor in controlling the regrowth of fog in a c leared  zone. 

The simulation of the effects of horizontal diffusion i s  based on the 

widely used Gaussian model ( see  Turner ,  1969) of turbulent diffusion. The 

number concentration of solution drops produced b y a  continuous point seeding 

source i s  given by 

where Q p  i s  the seeding source strength in number of par t ic les  per unit 

t ime,  U i s  the mean wind speed, D i s  the ver t ical  depth of the region 

influenced, X i s  the distance downwind from the point source,  Y i s  the 

c r o s  s-wind distance f rom the centerline of the Gaussian distribution, and 

O' ( X I  i s  the standard deviation of Gaussian distribution in the cross-wind 

direction, Sim-ilarly the number concentration of solution drops produced by 



an instantaneous line seeding source i s  given by 

where 4, i s  the seeding source s t r e n g t h i n n u m b e r  of par t ic les  per unit 

length, Y i s  the c r o s s  line distance from the center of m a s s  of the d is t r i -  

bution, Cy ( X )  is  the s tandard deviation of the Gaussian distribution in the 

c r o s s  line direction, X = U t i s  the downwind distance since the generation 

of the instantaneous line source a t  t ime t = 0, and the other symbols a r e  a s  

defined above. 

In order  to minimize computational requirements ,  the computer 

model i s  presently res t r ic ted  to  computing the fog modification produced a t  

the centerline of modified region where the modification i s  a t  a maximum. 

Setting Y = 0 and X = U t in Eq. (9)  and Eq. ( t o ) ,  the resulting ex- 

pressions a r e  applied to each c l a s s  of solution drops in the model to compute 

the t ime variation of the number concentration of drops in that c l a s s  a t  the 

centerline of Gaussian distribution. 

Turbulent diffusion not only d isperses  the solution drops which 

form on the particles of hygroscopic seeding mater ial ,  but i t  a l so  causes a 

regrowth of fog in a modified region through mixing. Since the modification 

of a warm fog by seeding with hygroscopic nuclei depends upon a reduction in 

supersaturation and evaporation of the fog drops,  it i s  necessary  to model the 

influence of turbulent diffusion on both the super saturation and fog drop s ize 

distribution. This i s  accomplished in the present  model by noting that on the 

centerline of the Gaussian distribution, Eqs.  (9 )  and (10) can be written in 

the form 

where the t ime ra te  of change of the concentration 6 depends upon the 

product of instantaneous value of c o ~ c e n t r a t i o n  2nd a single turbulence depen- 

dent derivative, It i s  assumed in the computer model that this form of t ime 

dependence can be generalized to represent  the influence of horizontal diffusion 



on the supersaturation and fog drop s ize distribution a t  the centerline of the 

modified region. 

For  each discrete  c lass  of fog drops,  k , in the model, i t  is 

assumed that a change in s ize produced by turbulent diffusion alone is  given 

3 
where AMk = rko - rkj i s  proportional to the m a s s  deficit between the un- 

modified fog drops of radius rk, a t  Y = -f - and the fog drops of 

radius  r k  a t  the centerline of the modified region. The number concen- 

tration of fog drops in each c l a s s  i s  everywhere uniform a t  i ts  value in the 

unmodified fog, and hence i s  unchanged by turbulent diffusion, Substituting 

for  AMk in Eq. (12 )  and differentiating, i t  can be shown that the t ime ra t e  

of change of r k  produced by turbulent diffusion alone i s  

In the computer model, this turbulence contribution i s  added to the contri-  

bution f rom diffusional growth o r  evaporation [ E ~ .  (1) ] to obtain a 

differential equation f o r  the combined influence of diffusional growth and 

turbulence on the radius  of the fog drops a t  the centerline of the modified 

region, 

Similarly, for each vert ical  level, j , in the model, it is assumed 

that a change in the supersaturation S j  produced by turbulent diffusion alone 

i s  given by 

where ASj = Sj,- S j  i s  the super saturation deficit between the unmodified 

supersaturation S j ,  a t  Y ' 2 and the super saturation S j  a t  center-  

line of the modified region. Substituting for ASj  in Eq. (14), we obtain an 

expression 



for the turbulence contribution which i s  added to the diffusional growth contr i -  

bution [ E ~ .  ( 3 ) ]  to obtain a differential equation for the combined influence 

of diffusional growth and turbulence on the supersaturation S j  a t  the center -  

line of the modified region. 

It i s  important to note that f rom Eq. ( 3 ) ,  in the absence of external  

cooling, A S j  i s  equal to C 2  A % where A T ,  i s  the net condensation 

per  unit volume or the net m a s s  deficit of water vapor per  unit volume. Thus, 

the turbulent t ransport  of ASj  expressed in Eq. (14) i s  equivalent to a 

turbulent t ranspor t  of the m a s s  deficit of water vapor per  unit volume, and is 

required to  conserve total water  content in the simulation of the effects of 

turbulent diffusion. It has,  in fact, been verified in numerous different 

integrations of the combined system of differential equations discussed above 

that, p r ior  to the fallout of any solution drops a t  the bottom of the model fog, 

the total  water content in a ver t ica l  column of the model fog i s  invariant under 

the simulation of the influences of turbulent diffusion on fog modification. 

While this approach to  the modeling of the effects of turbulence 

permi ts  any function form of oy ( X )  = oj, (U t) , the simple power law 

( C r a m e r  e t  a l . ,  1964) 

has  been employed in a l l  of the seeding situations investigated with the com- 

puter model. Here By, i s  an  assumed initial standard deviation of the 

distribution of seeding mater ia l  and X, i s  a vir tual  downwind distance 

corresponding to cry, In this case,  the turbulence related derivative 

appearing in Eqs.  (11) through (15) a s sumes  the simple form 

En simulations of ground-based seedings using the continuous point 

source mode of the corn-puter model, the empir ical  curves of Cramer  et  a!. 

(1964) and Turner  (1969) have been employed to est imate the virtual distance 

X ,  corresponding to an  a s sumed  value of 9, and the power law exponent 

P under various stability conditions, 
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Simulations of ae r i a l  seedings using the instantaneous line source 

mode of the computer model, have been based on the Smith and Hay (1961) 

description of the expansion of c lus te rs  of par t ic les  in which 

. m  
where = - i s  the intensity of turbulence. Under this approximation, 

the power law exponent P in Eq. (16)  i s  unity and the vir tual  distance 

While the value L' = 0. I appears  to be a reasonable value in near  - 
neutral  situations, there  i s  little information on appropriate values of i for 

the modeling of diffusion in stable situations, particularly under low wind 

conditions where large,  low frequency variations in wind direction may be 

important (Smith and Abbott, 1961; Lumley and Panofsky, 1964). Based on 

some data for turbulent dispersion for instantaneous sources (Turner ,  1969) ,  

the value I '  = 0.05 has  been employed in the model to simulate diffusion in 

very  stable situations. F r o m  Eq,  (18), this corresponds to an  expansion 

ra te  of approximately one quarter  the expansion ra te  under near -neut ra l  

conditions, 

C, Results 

The computer model has been employed to simulate the fog modifi- 

cation produced in a large number of seeding situations. The efficiency of 

var ious s ize distributions and amounts of both NaCl and urea  in modifying 

valley fogs has been studied for both ae r i a l  and ground-based seeding, 

To provide a concrete example of the use of the basic computer 

model without the effects of turbulent diffusion, a simulation of an  actual 

a e r i a l  seeding experiment will be discussed in some detail. In this experi-  

ment on October 16 ,  1968, 700 Ibs of NaCl having a size range of 10-3Op 

diameter  were dispensed over a 1 1 2  mile by 114 mile a r e a  a t  the top of a 

100 me te r  deep fog. Substantial clearing was produced in the seeded region 

with the horizontal visibility a t  the surface increasing from approximately 

100 m just before seeding to 800 m ( - 112 mile) 15  minutes af ter  the s t a r t  

of seeding, 
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In the compute r  s imulat ion of th i s  exper iment ,  the s i ze  d is t r ibut ion 

of the  fog d rops  obtained jus t  p r i o r  t o  seeding w a s  approx imated  by the d i s -  

c r e t e  s i ze  d is t r ibut ion shown in F i g u r e  10. The fog p rope r t i e s  computed f r o m  

th i s  d i s c r e t e  s i z e  d is t r ibut ion a r e  a l m o s t  ident ica l  t o  those  m e a s u r e d  i n  the 

ac tua l  fog. F o r  s impl ic i ty ,  i t  w a s  a s s u m e d  that  th i s  in i t ia l  fog d rop  d i s t r i -  

bution applied throughout the 100 m depth of the fog, the reby  neglecting any  

var ia t ion  in  the  p rope r t i e s  of the na tu r a l  fog with height. The p rope r t i e s  of 

the condensation nucle i  upon which the va r i ous  s ize  c l a s s e s  of fog d rops  w e r e  

a s s u m e d  t o  be fo rmed  w e r e  deduced f r o m  condensation nucle i  m e a s u r e m e n t s  a t  
0 

the expe r imen t a l  s i t e .  The fog t e m p e r a t u r e  was  a s s u m e d  to be 10 C ,  

The 10-30p d i ame te r  s i z e  d is t r ibut ion of the NaCl seeding m a t e r i a l  

was  approx imated  by  the d i s c r e t e  s i z e  d is t r ibut ion shown in  F igu re  4 1 .  In 

the compute r  simulation,  the ef fects  of dispensing va r i ous  amounts  of t h i s  

s i z e  d is t r ibut ion of NaCl pa r t i c l e s  on the top of the fog w e r e  calcula ted a t  

the  0, 50, and 100 m leve l s  in the mode l  fog, The r e s u l t s  a r e  shown in 

F i g u r e  12, whe re  computed c u r v e s  of hor izonta l  visibi l i ty vs .  height  in fog 

a r e  plotted a s  a function seeding r a t e  and  t ime  a f te r  deposit ion of the NaCl 

at the top of the fog. The 120 m vis ib i l i ty  i n  the model  fog before  seeding i s  

indicated by the ve r t i c a l  l ine fo r  t ime  equal  ze ro .  

Examining the gene ra l  height  dependence of the computed visibi l i ty,  

we s e e  a d e c r e a s e  in  the ef fect iveness  of seeding with dis tance  f r o m  the top 

of the fog. Because  of th i s  dec r ea se ,  it m a y  be  n e c e s s a r y  to  r e l y  on coa l e s -  

cence  between the solution d rops  and  the fog d rops  as the ma in  mechan i sm  for  

effecting a modificat ion of the lower  l a y e r s  of s t r a t u s  decks  and deep fogs 

when seeding f r o m  above by a i r c r a f t .  

- L 
The 1 .0  g m concentra t ion of NaCl on the top of the fog c o r r e -  

sponds  to the ave r age  concentra t ion of seeding m a t e r i a l  d ispensed in  the 

exper iment ,  but, s ince  the dis t r ibut ion of seeding m a t e r i a l  on the top of the  

fog w a s  not en t i re ly  uniform, c u r v e s  fo r  one half and twice the ave r age  con- 

cen t ra t ion  a r e  a l s o  shown. 

- 2 
After  20 minutes ,  in the c a s e  of 0 , 5  g m concentra t ion of NaCl, 

all of the solcltioa drops  which fo rmed  on the NaCl pa r t i c l e s  had fal len out  of 
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the fog and the maximum visibility improvement was achieved ( there being 

no mechanism for  the degradation of visibility improvement in the present  

simulation). It i s  seen that the maximum visibility improvement i s  relatively 

modest, with visibility ranging f rom about 200 m a t  the ground to 400 m a t  

the top of the fog. 

- 2 
With the 1.0 g m concentration of NaC1, the visibility a t  the top 

of the fog improved to three  kilometers in 10 minutes, but visibility a t  the 

ground reached only 170 m by that time. After 26 minutes, when a l l  of the 

solution drops had fallen out of the fog, the visibility a t  the ground improved 

to a maximum of 360 m.  

- 2 
With the 2.0 g m concentration of NaC1, which was certainly 

achieved over limited a r e a s  of seeded region in the actual experiment, the 

visibility improvement af ter  10 minutes was not mater ial ly  better than that 
- 2 

produced by the 1.0 g m concentration, After 20 minutes, however, a 

visibility of over one kilometer was produced throughout the depth of fog, 

After 57 minutes, when a l l  of the solution droplets had fallen out of the fog, 

the visibility reached three  ki lometers  a t  the ground and 6 1 / 2 ki lometers  

a t  the top of fog. 

It i s  important to note the increases  in t ime required for the com- 

plete fallout of the solution drops formed on the NaCl part ic les  with inc reases  

in the seeding rate.  This i s  caused by grea ter  reductions in the relative 

humidity, which resul t  in  the decreased growth and re ta rded  sedimentation 

of the solution drops. F o r  example, the relative humidity reductions pro-  
- 2 

duced by the 0 .5  g m concentration of NaCl were  only a few hundredths 

of a percent throughout the depth of the fog. On the other hand, the 2.0 g rn" 

concentration of NaCl reduced the relative humidity to 9870 a t  the ground, 

977'0 a t  the 50 m level, and 947'0 a t  the top of fog, 

Because of this effect, i t  would seem desirable  in this type of 

seeding situation to employ somewhat la rger  particle s izes  ( a t  the expense 

of requiring greater  seeding ra tes )  to obtain reasonably rapid sedimentation 

in the presence of sizable relative humidity reductions and thereby minimizing 

targeting problems; Ln the actual seeding experiment, i t  appears  that this  



effect may have been unintentionally achieved through part ia l  clumping of the 

seeding mater ial  in dissemination. 

In the above example, the computer model was used to simulate the 

vert ical  s t ructure of the fog dissipation produced in an  a e r i a l  seeding experi-  

ment based on the assumption of horizontal homogeneity. The instantaneous 

line source modification of the computer model, on the other hand, has been 

used to simulate the effects of horizontal turbulent diffusion on the vert ical  

s t ruc ture  of the fog dissipation produced by a single isolated t r a i l  of seeding 

ma te r i a l  dispensed by an a i rc raf t .  Because of recent  recognition of the 

important role that turbulent diffusion may have in warm fog modification 

(General  Discussion, NASA Symposium, 1969) ,  the resu l t s  of severa l  simu- 

lations of the la t ter  type will be discussed. 

In each of the following examples,  the seeding mater ia l  i s  NaC1. 

It is assumed that the initial spread of the sal t  plume a s  a resu l t  of c i rcu-  

lations produced by the seeding a i r c ra f t  i s  oj, = 10 m , corresponding to 

total  spread of 1 -112  to 2 t imes the wing span of smal l  twin engine seeding 

a i r c ra f t .  

The model fog i s  a s sumed  to be 100 m in depth, and the effective- 

ness  of seeding i s  computed a t  six ver t ical  levels spaced 20 m apart .  P r i o r  

to seeding, the fog is approximated by a monodisperse distribution of 20 
-3 

micron diameter drops having a concentration of 6 2  drops cm It i s  

assumed that these drops a r e  formed on NaCl nuclei having a m a s s  of 
-13 

7 , 7  x 10 g. This monodisperse fog drop distribution produced a horizontal 
- 3 

and a ver t ical  visibility of 100 m, and a liquid water content of 0.26 g m 

The model fog i s  based on surface measurements  in fair ly  severe fogs a t  the 

experimental s i te  near  E lmi ra ,  New York, F o r  simplicity, i t  i s  assumed 

that these conditions apply throughout the depth of the fog, thereby neglecting 

any variations in the propert ies  of the natural fog with height, The fog 
0 

temperature i s  assumed to be 10 C .  

Figure 13 shows the computed changes in ver t ical  visibility a s  a 

function of t ime af ter  a e r i a l  seeding of the fog top with various amounts of 20 

micron  diameter NaCl part ic les .  The computed vert ical  visibilities correspond 
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to the slant range visibil i t ies through the fog. Based upon the Smith and Hay 

(1961)  description [ E ~ .  (18)] , the turbulent diffusion assumed in the s imu- 

lations corresponds to near-neutral  conditions (i  = 0.1) with a one-knot wind 

o r  stable conditions (i = 0.0 5) with a four -knot wind, 

The peak values in the vert ical  visibility curves in Figure 1 3  a r e  

reached when the solution drops completely fall out of the fog. Reformation 

of the fog in the modified region under the influence of horizontal turbulent 

diffusion i s  the sole mechanism in the simulations for the degradation in the 

visibility improvement which occurs  af ter  the fall-out of the solution drops.  

Although the maximum visibility improvement in  the case  of the 

200 lbs  per nautical mile seeding ra te  i s  quite high, i t  will be noted that the 

rapid reformation of the fog, even under these low wind conditions, causes  

this  seeding ra te  to be of marginal  effectiveness. By employing higher seed- 

ing r a t e  s, g rea ter  and longer -lasting visibility improvements can be produced, 

although i t  i s  seen f rom Figure 13 that the t ime required for  the maximum 

visibility improvement to be reached increases  a s  the seeding ra te  increases ,  

thereby increasing targeting problems. This resu l t s  f rom the grea ter  r e -  

ductions in relative humidity that a r e  produced by higher seeding ra tes ,  and 

accompanying reduced growth and slower fall-out of the solution drops. 

At high r a t e s  of ae r i a l  seeding on the fog top, the solution drops 

remove so  much water vapor f rom the atmosphere (in addition to causing the 

a lmost  complete evaporation of the natural fog drops) that the liquid water  

content embodied in the pulse of solution drops a s  they fall  through the fog can 

become many t imes the liquid water content of the natural fog, This can pro- 

duce a period of horizontal visibility degradation accompanying the solution 

drops a s  they fall through the fog, In Figure 13, this i s  manifest  in the r e -  
.,, 

duced vert ical  visibil i t ies shown in the f i r s t  few minutes a f te r  seeding: where 

the region of a lmost  complete fog dissipation above the pulse of falling solu- 

tion droplets i s  not yet of sufficient ver t ical  extent to overcome the effects of 

-3, 1. 

The smal l  ripples in the computed curves in the f i r s t  few minutes af ter  seed- 
ing resu l t  f rom the calculation of the effects of seeding a t  a limited number of 
ver t ica l  levels in the model fog, 



the visibility degradation in the pulse of solution drops.  It i s  seen that this  

effect i s  accentuated with increased seeding rate .  

Vertical turbulent diffusion, which i s  neglected in the present  com- 

puter model, can be important in supplementing sedimentation in transporting 

the solution drops down into the lower regions of the fog. In addition, ve r t i -  

ca l  diffusion will ac t  to distribute the large relative humidity reductions pro- 

duced near the top of fog more  uniformly throughout the depth of the fog, 

Both these effects will tend to increase  the fog modification effectiveness of 

a given ae r i a l  seeding ra te  and reduce the t ime required to produce significant 

visibility improvement,  

F o r  the level of turbulent diffusion represented in Figure 13, how- 

ever ,  ver t ical  diffusion data given by Turner  (1969) indicates that the s tan-  

dard  deviation of the ver t ical  spread  o; will be l e s s  than 10 m after 20 

minutes and a t  most  of order  20 m af ter  an hour, Since the 20 m spacing 

of the ver t ical  levels in the model fog implies a ver t ical  averaging of the 

effects of seeding over an effective cZ of 10 m,  the neglect of ver t ica l  

diffusion in the computer model i s  not likely to produce any significant e r r o r s  

in the computed values of the ver t ical  visibilities before the fall-out of the 

solution drops ,  Thereafter,  the ver t ical  gradients in the fog propert ies  tend 

to decrease  with increasing t ime s o  that it i s  s t i l l  a reasonable approximation 

to neglect the effects of ver t ical  diffusion in computing the vert ical  visibility 

curves  shown in Figure 13, 

It should be remembered  that the visibility improvements shown 

in F igure  13 a r e  computed for the centerline of the modified region. While 

the details of the cross- l ine distribution of modification have yet to be investi- 

gated, the standard deviations cry shown a t  the top of Figure 13 should con- 

stitute an approximate measure  of the half-width of the effective region of 

modification. The expanding of the region of modification, a s  represented  by 

an  increase  in o- with time, i s  an important effect of turbulence. I t  allows Y 
the modification of a relatively large a r e a  of a fog by making a moderate  nu.rn- 

ber  of paral le l  a e r i a l  seeding passes ,  In the present  example, a spacing be- 

tween paral le l  seeding passes  on the order  of 50 to 60 m should provide fair ly  



uniform and long-lasting fog modification with seeding r a t e s  in excess  200 lbs 

per  nautical mile.  

In Figure 14, the visibility improvements produced by a 500 lb  per  

nautical mile  seeding ra te  a r e  shown for seve ra l  s izes  of NaCl part ic les .  

The turbulence charac ter i s t ics  a r e  a s  in the previous example. The resu l t s  

i l lustrate  the trade-off between seeding payload requirements  and speed of 

c lear ing that dictates a n  optimum range of hygroscopic particle s izes  (Kocmond 

and Jiusto,  1968)  for a particular seeding situation. In this  case,  NaCl part i -  

c les  between 20 and 30p. in diameter  would appear to be the best compromise,  

If it i s  deemed desirable  to minimize targeting problems by employing some-  

what l a rge r  par t ic les ,  the payload requirements  for comparable clear ing be - 
come considerably grea ter .  

The resu l t s  obtained with a rea l i s t ic  s ize distribution of seeding 
J, 

mate r i a l  a r e  shown in Figure 15, In this case ,  a commercially available'" 

1 5  to 40y  diameter  s ize distribution of NaCl part ic les  with mean volume 

diameter of 29y was approximated in the model by nine s ize c lasses .  The 

turbulence conditions a r e  a s  above, The rounding of peaks in the ver t ica l  

visibility curves and the somewhat reduced peak effectiveness compared 

with the idealized monodisperse distributions of NaCl a r e  both charac ter i s t ic  

of even the be s t  sized commercial ly  available hygroscopic seeding mater ia l s .  

In many cases ,  the seeding r a t e s  required to produce good fog modification 

with commercial ly  available s ize distributions of hygroscopic seeding mate - 
r i a l s  have been computed to be approximtaely twice the seeding r a t e s  required 

with idealized monodisper se  distributions with the same mean d iameter ,  

It should be noted, however, that there i s  no degradation of the 

ver t ica l  visibility in the f i r s t  few minutes af ter  seeding a s  was seen  with the 

monodisperse NaCl distributions. The finite s ize range NaCl part ic les  in 

the present  case  produces solution drops with a range of fall velocities which 

great ly  spreads out the effective pulse of solution drops and eliminates the 

initial ver t ical  visibility degradation. 

J, 

Meteorology Re search,  Inc. , Altadena, California 
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Analysis of wind and temperature data gathered in valley fogs 

during the field experimentation program indicates that conditions af ter  fog 

formation a r e  much l e s s  stable than former ly  thought and may approach 

neutral  stability. To  delineate the seeding r a t e s  that a r e  required to pro-  

duce significant clearing under near-neutral  conditions and moderate winds, 

the effects of ae r i a l  seeding with 20p diameter  NaCl part ic les  were  investi-  

gated for near  neutral  stability (i  = 0.1)  and a five-knot wind. The r e su l t s  

a r e  shown in Figure 16 .  It i s  seen that paral le l  ae r i a l  seeding passes  spaced 

on the order  of 100 to 150 m apar t  with seeding r a t e s  in excess  of 500 lbs per  

mile may be required to produce effective fog modification in this case ,  

With the grea ter  turbulent diffusion, however, the neglected effects 

of ver t ical  diffusion may resul t  in significantly better visibility improvement 

than i s  shown in F igure  16 .  In addition, the effects of horizontal diffusion 

may be somewhat overestimated by employing the approximate relation of 

Smith and Hay (1961) IE~ .  (18)] , instead of their  more  general  expression 

for  cY which takes the influence of scale of turbulent into account, Never- 

theless ,  the above resu l t s  serve  to indicate that the modification of warm fogs 

by seeding with modest  amounts ( see  ea r l i e r  analytic est imates  by Kocmond 

and Jiusto, 1968) of sized hygroscopic nuclei will require  careful planning 

and execution in situations with more  intense turbulent diffusion. 

Based upon the simulations with the computer model discussed 

above, it i s  seen that, within the framework of the simplifying assumptions 

employed, the computer model provides a powerful and versat i le  tool for the 

planning and analysis  of fog modification experiments.  If the modification 

concept i s  to become a widespread operational reali ty,  it should be evident 

that computer modeling has an important role to play in the optimization of 

seeding techniques for a wide variety of warm fog situations. 

It i s  planned that future work in the a r e a  of computer modeling will 

be devoted to delineating the details of the influences of horizontal turbulence 

on the distribution of fog modification a c r o s s  a modified. region in c a s e s  of 

single and multiple pass  ae r i a l  seeding, It is  a l so  considered important to 

incorporate the effects of ver t ical  diffusion and coalescence into the computer 
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model, With the addition of ver t ical  diffusion, the computer model should 

provide an important theoret ical  f ramework for the investigation of fog for -  

mation processes  a s  well. 



IV. LABORATORY EXPERIMENTS WITH SEEDING AGENTS OTHER THAN NaCl 

One of the  object ives  of t h i s  y e a r ' s  r e s e a r c h  h a s  been t o  invest igate  

the potential  of va r i ous  seeding agen ts  o ther  than NaCl fo r  u se  in fog d i s s i -  

pation studies.  F r o m  the onse t  of our  r e s e a r c h  we have recognized that  high 

s t reng th  a luminum al loys ,  a s  wel l  as other  me t a l s ,  a r e  suscept ib le  to  s t r e s s -  

c o r r o s i o n  c rack ing  when repea ted ly  exposed to  c e r t a i n  k inds  of sa l ine  solutions.  

In spi te  of th i s  drawback,  NaCl was  ini t ial ly chosen  for  l abo ra to ry  

and field evaluation because  of i t s  high efficiency in promot ing drople t  growth 

and its e a s e  of handling. A s  a na tu r a l  sequence to  the f ield expe r imen t s  we 

have tu rned  our  at tention to  s tudies  of non-cor ros ive  chemica l s  that  might 

be used  i n  place of sa l t .  Some of the r e cen t  l abo ra to ry  evaluat ions  of chemi -  

c a l s  look promis ing.  Other  t e s t s ,  including evaluations of a wide va r i e t y  of 

polyelect rolytes ,  have shown that c e r t a i n  chemica l s  have v e r y  l i t t le  effect 

on fog. 

A. Tes t  P r o c e d u r e  

3 
Fogs  w e r e  produced in  the 600 m cloud chambe r  shown in F igu re  17. 

The faci l i ty  cons i s t s  of a cy l indr ica l  chambe r  which can  be p r e s s u r i z e d  o r  

evacuated a t  control led  r a t e s .  Consequently, nea r l y  adiabat ic  expansions 

c a n  be produced and  under  appropr ia te  ini t ial  humidity conditions, fogs  fo rm .  

These  l abora to ry  fogs w e r e  found t o  p o s s e s s  physical  c h a r a c t e r i s t i c s  (i, e , ,  

l iquid wate r  content, d rop-  s i z e  d is t r ibut ions ,  d rop  concentra t ion and vis ib i l i ty)  

tha t  a r e  represen ta t ive  of na tu r a l  fogs.  By varying the p r o c e s s e s  of fog f o r m a -  

t ion and pe r s i s t ence  in the chambe r ,  conditions typical  of e i t he r  radia t ion o r  

advect ion fogs could be produced.  

In a typical  exper iment ,  the  p rocedure  used  t o  evaluate  the seeding 

agent  was  to produce one fog for  u s e  a s  a control  and obse rve  i t s  c h a r a c t e r -  

i s t i c s  a s  a function of t ime .  A second fog was  then produced in  a n  ident ica l  

manner  and seeded  with a p r ede t e rmined  amount of the se lec ted  ma te r i a l .  

In  both the  control  and  seeded  fogs a slow secondary  expansion was  ini t iated 

to  c ause  the fogs t o  p e r s i s t ,  
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Seeding nuclei  w e r e  d i spe r sed  into the fog f r o m  the chamber  top 

and allowed to se t t le  through the fog volume. When solutions w e r e  t es ted ,  

d rop le t s  we re  in jected into the fog by a drople t  d i s semina tor  located approxi-  

ma te ly  25 feet  above the chamber  f loor.  

F o r  a m o r e  deta i led discuss ion of the fog generat ion p r o c e s s  and 

exper imenta l  p rocedures ,  s ee  NASA SP-212. 

B. Summary  of Resul ts  

The p r i m a r y  objective of th is  s e r i e s  of l abora tory  t e s t s  was  t o  

de t e rmine  the  maximum vis ibi l i ty  improvement  that  could be achieved by  

seeding with var ious  non-cor ros ive  seeding agents  and to compare  t he se  

r e s u l t s  with data  obtained f r o m  seeding exper iments  using NaCl pa r t i c l e s  

of ca re fu l ly  control led size.  A secondary  objective was  to provide fu r ther  

ver i f ica t ion of our previous  concludions regard ing  the importance of ca re fu l  

con t ro l  of the s ize  dis t r ibut ion of seeding agents .  

Table I1 s u m m a r i z e s  the maximum visibil i ty improvements  obtained 

in  18  exper iments  per formed  with hygroscopic seeding agents  that  appea r  

to have some  promise .  Additional seeding exper iments  in which polyelectro- 

lyt ic chemica l s  we re  u sed  a s  seeding agents  wil l  be d i s cus sed  in m o r e  deta i l  

l a t e r .  

The data in  Table 11 suggest  that  NaCl, u r ea ,  and ce r t a in  phosphates 

a r e  effective in promoting labora tory  fog dissipation.  Careful  sizing of the 

disodium phosphate (95% of the pa r t i c l e s  w e r e  between 4 and 20 p.) wasJ  in 

par t ,  responsible  for  the high efficiency of that  ma te r i a l .  A 9:1 mix ture  of 

NHqN03 * u r e a  * water  (4  p a r t s  NH4 NO3, 3 p a r t s  u r ea ,  and 0 .78  p a r t s  

d is t i l led  wate r )  was  a l s o  t es ted  and found to  be effective; however,  d i f fer-  

ences  in seeding procedure  (liquid disseminat ion vs .  d r y  par t i c le  seeding) 

make  d i r ec t  compar i sons  with the d r y  seeding agents  l e s s  meaningful. 

Improved methods of drople t  d isseminat ion and sizing would undoubtedly 

r e s u l t  in fu r ther  v is ibi l i ty  i n c r e a s e s  when seeding with the p r epa red  9:1 

solution. 
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In Figure 1 8  the effects of seeding laboratory fog with 5 gm of 

disodium phosphate (Na HPO ) a r e  shown. The curves typify the manner  in 
2 4 

which visibility improvements occur af ter  seeding laboratory fogs. In this 

example visibility improved by a factor of seven within 1 0  minutes a f te r  

seeding. 

Drop-size distributions obtained in this experiment about 1 5  min- 

utes af ter  seeding a r e  compared in Figure 1 9  with data taken in the control 

fog a t  the same t ime af ter  the s t a r t  of the fog forming expansion, Note the 

substantial shift in drop s izes  and change in  drop concentration in the seeded 

fog. At the t ime these samples  were  taken, the liquid water  content in  the 

seeded fog had already been depleted by sedimentation and fall-out of the 

la rges t  drops formed on the seeding nuclei, P r i o r  to seeding the charac ter -  

is t ics  of the two fogs were  the same in a l l  significant respects .  

F r o m  previous laboratory fog seeding experiments,  i t  has  been 

found that two processes  a r e  responsible for producing the visibility i m -  

provements af ter  seeding. Initially, improvement in visibility resu l t s  f rom 

a favorable shift in the drop- s ize distribution f rom one consisting of a large 

concentration of smal l  droplets to one containing fewer, but l a rge r  drops.  

Accompanying the change in drop s izes  i s  a decrease in the amount of scat-  

te red  light (extinction coefficient) and hence an increase in visibility even 

though the liquid water content of the fog i s  somewhat increased,  As t ime 

progresses ,  precipitation of droplets causes a decrease  in the liquid water 

content of the fog and fur ther  improvement in visibility. 

The s ize distribution of mater ia l  used for seeding experiments  i s  

of par t icular  importance and must  be given careful attention when considering 

field application of the hygroscopic seeding technique. A number of experi-  

ments were performed in the laboratory to determine the effects of par t ic le  

s ize distribution on fog dissipation efficiency, The resul ts  of one s e r i e s  of 

tes t s  using NaCl nuclei of differing s izes  a r e  shown in Table 111. Note that 

a,s the percentage of par t ic les  in the desired s ize range (,u 5p to 20p diam- 

e t e r )  increases  the maximum visibility improvement factor a l so  increases .  
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Table I I I  
E F F E C T S  OF PART I CSE S l Z E  D l  S T R l  B U T  ION FOR N a C I  SEED1 NGS 

I N  T H E  6 0 Q m  CLOUD CHAMBER ( 5 . 0 g m  PAYLOADS)  

The resu l t s  a r e  in agreement with theory and demonstrate that 

carefully sized hygroscopic mater ia l s  a r e  considerably more  effective in 

producing fog dissipation. Similar tes t s  with other mater ia l s  (i .  e . ,  u rea  

and disodium phosphate) produced resul ts  that were  compatible with these 

data. 

Because of the increased attention given to polyelectrolytes a s  fog 

modification agents by commercial  weather modification f i rms ,  a number of 

experiments were performed in the laboratory to determine the influence of 

these chemicals on visibility in fog, The resul ts  of severa l  laboratory 

seeding experiments in which sized polyelectrolytes were  used a r e  summa- 

rized in Table I V .  In Appendix A, chemical information about each of the 

chemicals tested i s  presented. Both cationic and anionic chemicals were  



Table  E 
POLYELECTROLYTE SEED1 NG EXPERIMENTS 

N A L C O  L N - 7 6 7 -  1 9 3 D  

NALCO L N - 7 6 7 - 1 9 3 C  

DOW SEPARAN AP 3 0  

HERCULES CMC-12MB 

HERCULES EN E C - 7 5 5  



tes ted,  As shown, the polyelectrolytes did not significantly al ter  visibility 

af ter  seeding, in spite of the fac t  that c a r e  was taken to carefully size the 

mater ia l s  and to insure adequate residence t imes  of the par t ic les  in the fog, 

Differences in the amount of seeding mater ia l  did not influence the resu l t s .  

Not apparent f rom the data,  but nonetheless an important factor when con- 

sidering the use of polyelectrolytes for field experiments,  i s  the fact that 

each of the chemicals tes ted produced an extremely slippery surface on 

the chamber floor after seeding- -a  condition which probably could not be 

tolerated for a i rpo r t  applications. 

As with experiments in which hygroscopic seeding mater ia l s  were  

used, pertinent data on fog charac ter i s t ics  were  collected throughout the 

t e s t s  involving polyelectrolytes. The data were analyzed to determine 

whether or not polyelectrolytes were producing physical changes in the fog 

that could eventually lead to  visibility improvements. The resu l t s ,  which 

were  consistent for a l l  mater ia l s  tested, a r e  i l lustrated below. 

Figure 20 shows representative visibility curves for a laboratory 

fog seeded with a sized polyelectrolyte--in this  case,  a type of polyacrylamide. 

Obviously, there  is very  little difference between the control and seeded fogs. 

Drop samples were  collected a t  five-minute intervals throughout this experi-  

ment and hence drop-size distributions were determined. F r o m  the visibility 

data and drop size distribution data, droplet concentration and liquid water  

content were  estimated. The resu l t s  of the analysis  of one drop-size d i s t r i -  

bution, obtained a t  the t ime of maximum visibility improvement (factor of 

1.3) a r e  shown in F igure  21. The resu l t s  of this analysis,  which show that 

the polyelectrolytes produced virtually no change in the physical charac ter -  

is t ic  of the fog, a r e  typical of the resul ts  of a l l  experiments in which such 

seeding agents were  used. 

Note also that in  both the control and seeded fogs the liquid water 

content ( L W C ) ,  drop concentration and mean volume diameter  of the droplets 

a r e  nearly alike. The smal l  differences that can be detected a r e  within the 

accuracy of our measuring techniques, In a l l  our tes t s  to date there has  

been no evidence of any physical mechanism attributable to polyelectrolytes 

that could produce the des i red  fog clearing. 

5 6 RM-1788-P-22 
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C. Conclusions 

Tes ts  performed in the laboratory have shown that a variety of 

hygroscopic mater ia l s  other than NaCl a r e  effective fog modifying agents,  

A wide c r o s s  section of polyelectrolytes were  a l so  evaluated and found to 

be ineffective a s  seeding agents. 

Of the l e s s  corrosive mater ia l s  tested, urea and d isodium phos- 

phate appear most  promising. Additional t e s t s  a r e  planned to determine the 

corrosive effects ( s t r e s s  corrosion cracking) of these mater ia l s  on high 

strength aluminum alloys and to establish the g ross  effects that these seed- 

ing agents have on vegetation. Field testing of the mater ia l s  will be performed 

during the fall of 1969. 



REFERENCES 

Aroes ty ,  J . ,  and  L. R. Koenig, 1969: Note on the Tempera tu r e  and Evapo- 
ra t ion  of Sma l l  Drops .  J. Atmos .  Sci . ,  2, 780-782, 

Best ,  A . C . ,  1950: E m p i r i c a l  fo rmulae  fo r  the t e rmina l  veloci ty  of wa t e r  
d rops  fal l ing through the  a tmosphe re .  Quar t .  J. Roy. Me teo r ,  Soc. ,  
76, 302-311. - 

C r a m e r ,  H .E . ,  G.M.  DeSanto, R.K. Dumbauld, P. Morgens te rn ,  and  
R. N. Swanson, 1964: Meteorological  predic t ion techniques  and data  

GCA Techn o n  
ca ,  Bedford, Mass .  

F l e t che r ,  N. H . ,  1962: The Phys i c s  of Rainclouds,  Cambridge Univers i ty  
P r e s s .  

J ius to ,  J.  E . ,  1964: 
ca t ion Concepts ,  NASA Cont rac to r  Repor t  CR-72. 

Jiusto,  J. E .  , R.J. Pi l id ,  and  W. C. Kocmond, 1968: Fog  Modification with 
Giant  Hygroscopic  Nuclei.  J. Appl. Meteor . ,  7, 860-869. 

e 

Kocmond, W. C. , a n d  J. E .  J ius to ,  1968: Investigation of W a r m  Fog P r o p -  
e r t i e s  and Fog  Modification Concepts ,  NASA Cont rac to r  Repor t  
CR-1071. 

Low, R.  D. H.,  1969: A Genera l i zed  Equation for the Solution Effect  i n  Drop-  
l e t  Growth.  J .  Atmos ,  Sc i . ,  26, 608-611, - 

Lumley,  J.  L., and  H.A. Panofsky,  1964: The S t ruc tu re  of Atmospher ic  
Turbulence.  In te r sc ience  Pub., New York. 

Middleton, W O E .  K., 1952: Vision Through the Atmosphere ,  Univers i ty  of 
Toronto P r e s s .  

Mordy,  W. A., 1959: Computations of the growth by condensation of a popu- 
lat ion of cloud drop le t s .  Tel lus ,  - 11, 16-44. 

NASA Symposium, 1969: P r o g r e s s  of NASA Resea r ch  on Warm Fog P r o p -  
e r t i e s  and Modifica 

Pi l i6 ,  R.  J . ,  W. C. Kocmond, and J. E.  J ius to ,  1967: W a r m  Fog Suppress ion  
in  Large-Scale  Labora to ry  Expe r imen t s .  Science,  - 157, 1319-1320, 

Smith,  F. B. and  P.F. Abbott, 1961: S ta t i s t i c s  of l a t e r a l  gus t iness  a t  16  m 
above ground,  Quar t .  J. Roy, Meteor .  Soc. ,  87, 549-561. 



, and J,  S. Hay, 1961: The expansion of c l u s t e r s  of pa r t i c l e s  
i n  the a tmosphe re ,  Quar t .  J .  Roy, Meteor .  Soc. ,  87, 82-101, - 

v 

Squires ,  P. ,  1952: The growth of cloud drops  by condensation. I ,  Gene ra l  
c h a r a c t e r i s t i c s ,  Aust ,  J .  Sci ,  Res .  A, 5, 59. 

Tu rne r ,  D. B, , 1969: Workbook of Atmospher ic  Dispers ion Es t ima te s .  Publ ic  
Heal th  Serv ice  



APPENDIX A 

Chemica l  informat ion supplied by the manufac tu re r  of e ach  seeding 

agent  tes ted:  

T rade  Name Chemica l  Nature  

1. NALCO LN-767-193A 

2. NALCO L N - 7 6 7 - 1 9 3 ~  

3. NALCO LN-767-193D 

4. NALCO LN-767-193C 

5. Dow Polyelect rolyte  'B '  

6. Dow Separan  A P  30 

7. PEI 1120 

8, Hercu les  RETEN A - 1  

9. Hercu les  Reten 210 

10. Hercu les  CMC-12M8 

11, Hercu l e s  EHEC-75S 

12. GANEX V-904 

High molecu la r  weight non-ionic a c ry l amide  

Anionic polymer  - sodium s a l t  of poly- 
ac  r ylamide 

Anionic po lymer  - sodium s a l t  of ca rboxyl ic  
ac id  

Cationic polymer  - q u a r t e r n a r y  amine  

Cross - l inked  polyacrylamide - potass ium 
polyacrylate copolymer  

80% polyacrylamide - sodium polyacryla te  
copolymer  

High m .  w ,  polymer  fo rmed  f r o m  the  poly- 
me r i za t i on  of ethylenimine 

Anionic polye l e c t r  olyte (polyacr  y lamide)  

Cationic polyelect r  olyte (no other  infor - 
mation supplied by Hercu les )  

Sodium carboxymethyl  ce l lu lose  

Ethyl  hydr oxye thy1 cel lu lose  

Polyvinylpyr olidone 


