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PREFACE 

The purpose of this workshop was to bring together experts 

from all scientific disciplines to exchange information and ideas 

on three of the most important problems of pesticide spray tech- 

nology -- application, behavior and assessment. The broad range 
of scientific talent represented and the scope of the effort needed 

to keep abreast of this field are evident from the list of par- 

ticipants in the workshop. 


There has been a growing tendency to emphasize the importance 

of controlling the spray cloud and the droplet (particle) size 

and the necessity of monitoring meteorological conditions. Increased 

concern over aerial application technology has developed for several 

reasons, including: (1) use of pesticides that biomagnify and ad- 

versely affect nontarget organisms, (2) increased use of transient 

insecticides and decreased use of residual insecticides, (3) increased 

awareness of the pollution problems resulting from drift and (4) 

increasing knowledge of the effective particle spectrum of contact 

insecticides. 


It was our hope that this workshop would provide a common 

meeting ground for the free exchange of information and ideas 

among the workshop attendees. Judging by the contents of these 

proceedings, an excellent start was made toward accomplishing 

this goal. Certainly, the response to the call for committee 

members to aid in developing standards and guidelines was a good 

indication of the enthusiasm generated by the workshop. 


The workshop was sponsored by two organizations. The Insec- 

ticide Evaluation Project, USDA Forest Service, Pacific Southwest 

Forest and Range Experiment Station, was organized to develop 

safe, selective, nonpersistent, and effective materials and 

techniques to manage forest insect pest populations with minimal 

environmental effects. The program of research was divided 

into four problem areas: (1) screening and bioassay of candidate 

chemicals and formulations for selection of those most effective 

for control of specific insect pests; (2) chemistry and toxicology 

of selected chemicals, which includes synthesis and formulation 

of selected candidates, physiological and biochemical effects 

in insects, residue analysis, and spray particle behavior; 

(3) penetration, translocation, and metabolism of chemicals on 

and in forest trees to develop effective foliar systemic 

treatments; and (4) field evaluation of insecticide formulations 

to determine safety and efficacy. 


The Naval Biosciences Laboratory, formerly the Naval Biomedical 

Research Laboratory, is a research unit funded in large part by 

the Office of Naval Research and the Bureau of Medicine and Surgery, 

United States Navy, and administered through the School of Public 

Health, University of California. Grants and contracts from other 

government agencies are also part of the funding structure. The 

Laboratory is located at the Naval Supply Center, Oakland, California. 

The primary specialty of the Laboratory is aerobiology and the 

study of respiratory disease and allied medical problems. Unique 

equipment and facilities have been constructed to permit the study 

of aerosols under highly controlled conditions, including the 

exposure of test animals to airborne particles. 




The smooth functioning of the workshop would not have been 

possible without the aid of Patrick Shea of the Pacific Southwest 

Forest and Range Experiment Station, Berkeley, and Richard Dimmick 

and Alvin Tanabe of the Naval Biosciences Laboratory, Oakland. 

They provided assistance in planning the workshop and taking care 

of many details essential to its success. The help of Rose Marie 

Shea, Eileen Dimmick, Pat Tanabe, and Betty Roberts, together 

with staff members of the two organizations, who served as pro- 

jectionists, chauffeurs, and secretarial assistants, was 

indispensable. 


RICHARD B. ROBERTS 


This publication reports research involving pesticides. It does 

not contain recommendations for their use, nor does it imply 

that the uses discussed here have been registered. All uses 

of pesticides must be registered by appropriate State and/or 

Federal agencies before they can be recommended. 


CAUTION: Pesticides can be injurious to humans, domestic animals, 

desirable plants, and fish or other wildlife--if they are not 

handled or applied properly. Use all pesticides selectively 

and carefully. Follow recommended practices for the disposal 

of surplus pesticides and pesticide containers. 


Trade names and commercial enterprises or products are 

mentioned solely for necessary information. No endorsement 

by the U.S. Department of Agriculture is implied. 




Harry W. Camp 

Welcome to this workshop concerned with pesticide spray 

technology. This meeting is particularly significant because 

of the use of chemicals in today's "atmosphereu of critical 

need for improving the production of food and fiber, in a 

situation where improvement of the quality of our environment 

and lowering of costs are every bit as critical. There are 

forces of men at work in both areas, and only through their 

cooperative efforts will we arrive at an acceptable solution 

to the problem of producing adequate supplies of food and 

fiber at acceptable costs in an environment suitable to all 

of us. 


This workshop is a cooperative venture of the Naval 

Biomedical Research ~aborator~, Naval Supply Center, Oakland, 

California, and the Insecticide Evaluation Project, Pacific 

Southwest Forest and Range Experiment Station, Berkeley, 

California. The general objectives of these two research 

units are outlined in your program so I shall not repeat 

them. Special credit is due to Mr. Allen Jewett, Head of 

the Microbiology Branch, Naval Biology Program, and Dr. William 

Waters, Head of Forest Insect Research, U.S. Forest service. 

These two men from Washington D. C., are responsible for 

bringing together the two sponsoring units here in the Bay 

area. Locally, Dr. Richard Roberts and Mr. Patrick Shea of 

the Pacific Southwest Station, and Drs. Robert Dimmick and 

Alan Tanabe of the Naval Biomedical Research Laboratory are 

responsible for arranging the excellent program ahead of you. 


I would be happy to dwell at length on the importance 

of the research being done in pesticide application, behavior, 

and assessment, but the fact you are here leads me to believe 

you are well aware of its importance. 


It is with a great deal of pleasure I welcome you, on 

behalf of Dr. Neylan Vedros, Director of the Naval Biomedical 

Research Laboratory, and myself, to Berkeley and to this work- 

shop on Pesticide Spray Technology. May you have a highly 

successful meeting. 


^ - ~ t 
the time of the workshop, Mr. Camp, now retired, was 

Director, Pacific Southwest Forest and Range Experiment 

Station, Berkeley, California. 


ĥe Naval Biomedical Research Laboratory is now the 

Naval Biosciences Laboratory. 


'~r. Waters is now Dean of the College of Natural Resources, 

University of California, Berkeley. 




APPLICATION 

Physical Parameters Relating to Pesticide Application 

Norman B. Akesson Wesley E. yatesl 

ABSTRACT--Integrated control  of crop-damaging insec ts  includes 
judicious appl ica t ion  of pes t ic ides .  Dispensing equipment is  ava i l -
ab le  i n  wide v a r i e t y  t o  produce various drop s i zes  ranging from aero- 
s o l s  t o  coarse sprays. S ize  ranges and frequency d i s t r ibu t ions  of 
drops produced by d i f f e r e n t  types of equipment have been determined. 
Actual f i e l d  deposi t  and insec t  contact  r a t e s  a r e  affected by chemi- 
c a l ,  physical ,  and b io logica l  fac tors .  Ultra-low-volume spray tech- 
niques a r e  being increasingly used, with varying success. Local 
meteorology, p a r t i c u l a r l y  temperature inversions, s trongly a f f e c t s  
spray d ispers ion  and helps t o  determine su i t ab le  times f o r  applica- 
t i o n .  

A host  o f  measures have been used i n  man's 
never-ending f i g h t  t o  p ro tec t  h i s  heal th  and 
t h a t  of  h i s  domestic animals, and t o  p ro tec t  
and insure  an abundant food supply i n  the  face  
of an ever-increasing population and demands 
f o r  a higher standard of l i v ing .  In  recent  
years,  the  widespread occurrence of pes t i c ide  
chemicals i n  t h e  environment, along with 
increas ing  po l lu t ion  from i n d u s t r i a l  and ag r i -  
c u l t u r a l  sources has caused increas ing  concern 
f o r  protec t ion  of t h e  environment as  well .  

The f o l l y  of t o t a l  dependence on any one 
of t he  many measures ava i l ab le  f o r  pes t  con-
t r o l ,  such as  our recent  overuse and reckless  
use of pes t i c ide  chemicals, has been c l e a r l y  
demonstrated by na tu re ' s  reac t ion  t o  such 
poorly designed measures. Examples a r e  the 
development of i n s e c t  r e s i s t ance  and the  even 
more dangerous el imination of p a r a s i t e s  and 
predators bene f i c i a l  i n  con t ro l l i ng  our eco-
nomically important i n s e c t s .  Under these  
changed condit ions,  such i n s e c t s  can quickly 
destroy a crop desp i t e  frequent appl ica t ions  
of l a r g e r  and l a r g e r  amounts of  t h e  most t ox ic  
chemicals. 

This problem has led  t o  a re turn  t o  t o t a l  
crop management, o r  what i s  ca l l ed  in tegra ted  
cont ro l .  This i s  not a new concept, but one 
t h a t  was, of  necess i ty ,  widely p rac t i ced  
before syn the t i c  pes t i c ides  were avai lable .  
The concept has been defined as the use o f  
combinations of physical ,  b io log ica l ,  and 
chemical measures t h a t  have been found t o  

~ e ~ a r t m e n tof Agr icul tura l  Engineering, 
Universi ty of Cal i fornia ,  Davis, Cal i fornia .  

supplement and enhance one another, so  t h a t  t he  
coordinated e f f o r t s  may achieve the  highest  
degree of e f f ec t ive  control .  Thus, in tegra ted  
control  includes crop management, management 
of waste disposal and sani ta t ion ,  and i r r i g a -  
t i on  and drainage control ,  i n  addit ion t o  
management and monitoring of crop pes ts ,  which 
includes consideration of seasonal and weather 
influences and biological  means of control ,  
and, most important, the  judicious use and 
application of pes t ic ide  chemicals. 

A l l  these measures, normally directed 
toward maximizing crop production and reducing 
vector o r  fo re s t  insec t  population, must a l s o  
be aimed a t  reducing the widespread indiscrimi- 
na t e  use of pes t ic ides ,  with t h e i r  a l l - too-  
frequent in jur ious  e f f ec t  on the  environment 
and the heal th  of workers handling them. 

New, more spec i f i c  and biodegradable 
chemicals are  needed, but there i s  a l so  a need 
f o r  grea ter  use of biological  control organisms, 
including predators,  paras i tes ,  and microbial 
agents,  as  well as  the  more novel pheromones 
and juvenile hormones. These alone cannot 
overcome the  pest  problems today, o r  i n  the  
forseeable fu ture .  But as  pa r t  of  an in tegra ted  
control  program, and especia l ly  i n  conjunction 
with chemical methods, they can achieve s i g n i f i -  
cant reduction i n  the  need f o r  chemical cont ro l ,  
and subs t i t u t e  s a fe r ,  l e s s  contaminating crop, 
fo re s t ,  and vector control  measures. 

Important i n  careful  pes t  control  p rac t i ces  
a r e  (1) se lec t ion  of chemicals best  su i t ed  t o  
the  problems, but l e a s t  damaging t o  the  environ- 
ment, (2)  application of these a t  the  proper 
time and place and i n  careful ly  metered dosages, 



and (3)  appl ica t ion  i n  proper formulation and 
p a r t i c l e  s i z e ,  with consideration of weather 
and geographic influences,  and o t h e r  f ac to r s ,  
such a s  s a f e t y  t o  nontarget p l an t s  and animals. 

EQUIPMENT 

Su i t ab le  equipment, and e f f e c t i v e  and 
e f f i c i e n t  techniques f o r  i t s  use, a r e  as  
important a s  the  chemical o r  b io logica l  agent 
i t s e l f .  A wide se l ec t ion  of equipment f o r  
dispensing various formulations i s  avai lable .  
The decis ions  governing the  se l ec t ion  of 
equipment a re  momentous and a l l  too frequently 
poorly evaluated. Whatever i s  immediately 
ava i l ab le ,  o r  the  most popular machine of t he  
day, may be t h e  choice. The b io log i s t  tends 
t o  blame h i s  f a i l u r e s  on the  machine, but  a l l  
too frequently he is  not s u f f i c i e n t l y  aware 
of how the  bas i c  machine functions,  such a s  
what p a r t i c l e  s i z e s  i t  produces; he i s  not  
f ami l i a r  with techniques o f  volume metering 
o r  appl ica t ion  placement, and the  r e l a t i o n  of 
these t o  weather and t e r r a i n .  

Solid formulations, a s  dus ts  and granules,  
o f f e r  a f ixed  concentrat ion o f  toxicant  and 
f ixed p a r t i c l e  s i z e ,  and thus  a l s o  a l imi ted  
appl ica t ion  o r  use.  A few mater ia ls  control  
i n s e c t  o r  d isease  pes t s  through systemic 
t r a n s f e r  o f  chemicals from fo l i age  o r  roo t s  
t o  a l l  p a r t s  o f  t h e  p l an t .  There is  a l a r g e r  
choice o f  systemic herbicides.  Of ex i s t ing  
systemic pes t i c ides ,  probably t h e  s a f e s t  
least-contaminating type o f  formulation i s  
nondusting l a rge  granules,  o r  t he  microgranule 
o r  coarse dust ,  i n  which a l l  p a r t i c l e s  below 
about SO pm i n  diameter have been el iminated.  
Ground-operated equipment f o r  granules a re  
o f  severa l  types;  t he  conventional swath-width 
hopper, t he  cent r i fugal  s l i n g e r  (broadcast) ,  
and t h e  a i r  c a r r i e r  (broadcast) .  For h e l i -  
copters ,  s l i n g e r  spreaders and a i r  c a r r i e r s  
a r e  popular, but f o r  fixed-wing a i r c r a f t ,  t h e  
ram a i r  spreaders a re  probably most widely 
used. 

Spray formulations o f f e r  a wide choice in  
toxicant  s t rength ,  p a r t i c l e  s i ze ,  and t o t a l  
applied volume per appl ica t ion .  For deposit ing- 
type sprays, and fo r  v e r t i c a l  penet ra t ion  of 
fo l i age ,  la rge  p a r t i c l e  s i z e s  a r e  found des i r ab le  
as  applied by pressure nozzle, boom, and o f f s e t  
nozzle equipment, a s  well a s  a i r  c a r r i e r  appl i -  
cat ion machines. For f i n e r  sprays and aerosols ,  -
specia l  types of equipment capable of high 
atomization energy a r e  found des i rable .  These 
may be high pressure hydraulic nozzles, pro-
ducing drops down t o  about 125 pm volume diam- 
e t e r  (vmd) , two-fluid ( a i r  and l i qu id )  nozzles,  
or  vo la t i l e - type  two-fluid nozzles,  which can 
produce atomization as  f i n e  a s  10 t o  15 pm vmd. 
Simi lar ly ,  a i r c r a f t  have been s e t  up f o r  a l l  
ranges of drop s i z e s  of sprays and aerosols ,  
and f o r  a wide va r i e ty  of appl ica t ion  volumes 
from several  gallons t o  a few ounces per  acre .  
Obviously the  equipment must be matched t o  t h e  
formulation, e i t h e r  dry o r  l i qu id ,  but  much 
more p a r t i c u l a r l y  so when l iqu ids  a re  t o  be 
used f o r  d i s t i n c t  and spec i f i ed  operations,  
such a s  adu l t i c id ing  a s  opposed t o  l a rv i c id ing  
i n  mosquito con t ro l .  

Atomizers f o r  l i qu id  sprays and aerosols  
may be categorized a s  follows, by t h e  source 
of t he  atomizing energy: 

Pressure Centrifuga2 

J e t  Disk o r  cup 
Cone (hollow & Brush 

so l id )  Screen o r  per-  
Fan fo ra t ed  cyl inder  
Deflector fan 
Offset  

Gaseous 

Vort ica l :  low pressure,  high volume 
Shear 
High pressure,  low volume 

Figure 1 .  Pressure-type atomizers produce a wide range of drop s i z e s  s u i t a b l e  
f o r  both a i r c r a f t  and ground machine use. From l e f t  t o  r i g h t ,  
(a) j e t ,  (b) hollow cone showing whirl  p l a t e ,  (c) cent r i fugal - type  
hollow cone, (d) s o l i d  cone showing hole i n  whirl p l a t e ,  (e) fan,  
and ( f )  de f l ec to r  fan .  



P r e s s u r e  energy nozzles-The j e t  nozz le  
( f i g .  l a )  and t h e  d e f l e c t o r  fan  nozzle  ( f i g .  l f )  
produce sprays  of  l a r g e  drop s i z e .  These two 
may be opera ted  a t  p r e s s u r e s  from a few pounds 
p e r  square  inch t o  a hundred o r  more, bu t  t o  
produce l a r g e  drops with a minimum of  small  
d r i f t a b l e  d rops ,  p r e s s u r e s  should no t  exceed 
5 t o  10 l b / i n 2 .  The u s e  o f  t h e s e  nozzles  i s  
confined t o  such a p p l i c a t i o n s  a s  l a r v i c i d i n g  
f o r  mosquito c o n t r o l ,  o r  t o  l o w - d r i f t - l o s s  
a p p l i c a t i o n s  o f  h e r b i c i d e s  by a i r c r a f t  o r  
ground equipment. 

The f a n  and cone types  a r e  t h e  most 
widely used p r e s s u r e  energy nozzles  on a i r -
c r a f t  o r  ground equipment. Drop s i z e  may 
range from 100 t o  1000 pm, varying p r i -  
mar i ly  with l i q u i d  p r e s s u r e .  I f  l i q u i d  i s  
d i scharged  i n t o  an  a i r  s t ream, t h e  a i r  s h e a r  
a c t i o n  i n c r e a s e s  t h e  l i q u i d  break-up, 
i n c r e a s i n g l y  s o  a s  t h e  two streams approach 
90 degrees  o r  a r e  d i r e c t e d  toward one another .  
The f a n  t y p e s  ( f i g .  l e ,  f )  a r e  most used 
with ground equipment where uniform cover  i s  
needed, whereas t h e  cone types  ( f i g .  l b ,  d ) ,  
with s t a i n l e s s  s t e e l  (hardened) o r i f i c e s  and 
whi r l  p l a t e s ,  a r e  widely used wi th  a i r c r a f t  
and a i r  c a r r i e r  ground equipment. Drop s i z e  
ranges f o r  cone types  a r e  from 125 pm vmd t o  
500 pm vmd. 

Gaseous energy atomizers-The gaseous 
energy,  two-f lu id- type  a tomizers  ( f i g .  2) 
a r e  capable o f  sprays  ranging from f i n e  t o  
a e r o s o l - s i z e  p a r t i c l e s .  Pressures  used may 
v a r y  from a few pounds p e r  square  inch  t o  
s e v e r a l  hundred, and because t h e  energy 
r e q u i r e d  t o  produce an a e r o s o l  becomes r a t h e r  
s i g n i f i c a n t  i n  terms o f  t h e  numbers o f  drops 
b e i n g  produced, t h e  a e r o s o l - t y p e  a tomizers  
a r e  u s u a l l y  very  s e n s i t i v e  t o  flow r a t e s ;  
d rop  s i z e  f r e q u e n t l y  i n c r e a s e s  r a p i d l y  a s  
flow r a t e  i n c r e a s e s .  S i z e  range  v a r i e s  from 
10 t o  100 urn vmd. 

I n  t h e  w i d e l y  used c o l d  fogger  o r  v o r t i -  
c a l - t y p e  a tomizer  ( f i g .  3) a i r  p r e s s u r e  seldom 
exceeds 5 l b / i n 2 ,  b u t  a i r  volume s u p p l i e s  
energy a t  around 100 f t 3 / m i n  f o r  each nozz le .  

Centr i fugal  energy a t o m i z e r s - R o t a r y -  
t y p e  a tomizers  ( f i g .  4) inc lude  t h o s e  with a 
p e r f o r a t e d  metal  s l e e v e  type  d r i v e n  by an 
e l e c t r i c  motor; t h e  widely used Micronair,  
which i s  a i r - p r o p e l l e r  d r iven ;  and a s m a l l e r  
sp inn ing  s c r e e n  dev ice ,  powered by an  e l e c t r i c  
motor. A l l  o f  t h e s e  produce f i n e  sprays  t o  
a e r o s o l s ,  o r  a range o f  300 t o  50 pm. 

The c e n t r i f u g a l  s p i n n e r s  have been used 
on b o t h  a i r c r a f t  and ground equipment. How-
e v e r ,  they  a r e  s u s c e p t i b l e  t o  r a p i d  wear and 
i n i t i a l  c o s t  i s  high f o r  good q u a l i t y  u n i t s .  

- 4 
Air 

Air 

Figure 2 .  Two kinds o f  two-f lu id  a tomizers  a r e  
used: i n t e r n a l  mixing ( l e f t ) ,  and 
e x t e r n a l  mixing ( r i g h t ) .  Both a r e  
designed f o r  producing f i n e  sprays  
and a e r o s o l s .  

The sp inners  a r e  very  s e n s i t i v e  t o  flow r a t e s ,  
and i n c r e a s i n g  flow r a t e  slows t h e  a i r - d r i v e n  
types;  t h e  s lower spinning,  a long with t h e  
increased  flow o f  l i q u i d ,  r a p i d l y  i n c r e a s e s  
t h e  drop s i z e .  Drop s i z e  range produced is 
s i m i l a r  t o  t h a t  o f  t h e  two-f lu id  and h y d r a u l i c  
type  atomizers;  depending on t h e  manner of 
o p e r a t i o n .  

I n  t a b l e  1, spray  and drop s i z e  ranges 
and some o f  t h e  atomizers  t h a t  can be used t o  
produce them a r e  summarized. Pressures  f o r  
l i q u i d  and a i r ,  and a i r  speed f o r  t h e  r o t a r y  
type  nozzle ,  a r e  a l s o  shown. 

I n  t a b l e  2, f o r  t h e  v a r i o u s  types  o f  
sprays  and a e r o s o l s ,  and f o r  t h e  var ious  drop 
s i z e s ,  t h e  drop s i z e  d i s t r i b u t i o n  i s  shown, 
i n  cumulative p e r c e n t .  The 50 percen t  p o i n t  
corresponds t o  t h e  volume median diameter2 
f o r  t h e  d i s t r i b u t i o n  o f  t h i s  type  of  spray ,  . 
a s  produced by t h e  nozzle  s p e c i f i e d  i n  t a b l e  1. 

The e f f e c t i v e n e s s  o f  an aeroso l  i s  
dependent upon t h e  numbers o f  small drops,  
g e n e r a l l y  under 25 urn, t h a t  a r e  p r e s e n t .  
Thus it i s  e a s i l y  seen why t h e  a e r o s o l s  a r e  
more e f f e c t i v e  f o r  a d u l t i c i d i n g ;  a t  l e a s t  97 
percen t  o f  t h e  drop volume is i n  drops below 
20 pm. I n  c o n t r a s t ,  t h e  very  c o a r s e  spray ,  

he volume median d iameter  i s  t h a t  s i z e  o f  
drop which d i v i d e s  t h e  t o t a l  volume o f  drops 
found e x a c t l y  i n  h a l f ;  t h a t  i s ,  50 p e r c e n t  
o f  t h e  volume i s  i n  drops above t h a t  s i z e  and 
SO percen t  below. 



Figure 3 .  The v o r t i c a l  atomizer i s  shown here i n  an exploded 
view. Low pressure and high a i r  volume produces 
aerosols  a s  low a s  10 microns volume median diameter. 

.

Figure 4 .  Three kinds of  cent r i fuga l  o r  r o t a ry  atomizers a r e  

shown here. The device a t  top has a perforated metal 
s leeve ,  and i s  e l e c t r i c a l l y  driven.  In t he  center ,  
t h e  Micronair a i r -dr iven  type has a spinning screen.  
A t  bottom another spinner has a s t a i n l e s s  s t e e l  
screen,  and is  e l e c t r i c a l l y  driven.  



Table 1--Summary o f  approximate spray and drop s i z e s  produced by the  various atomizers 

Spray s i z e  Drop s i z e  range Nozzle type Operating constant  

Fine aerosol  Less than 50 Cold fogger 5 lb / in2  a i r  p s i  

Coarse aerosol  50 t o  100 Two-f l u id  30 lb / in2  a i r  p s i  

Fine spray 100 t o  250 Rotary 90 t o  100 mph a i r  ve loc i ty  

Medium spray 250 t o  400 65015 Fan, down 40 p s i  

Coarse spray 400 t o  500 D6-46 Cone, back 40 p s i  

Very coarse spray More than 500 D6 J e t ,  back 40 p s i  

A.- Pump E - Propeller J - Liquid 
B - Control valve G - Dump gate K - Boom cleanout 
C - Pressure gage H - Nozzles and check valves L - Valve lever 
D - Screen I- Boom mount 

Figure 5. This schematic diagram shows a bas i c  a i r c r a f t  spray 
u n i t .  Included a r e  a tank (ou t l ine ) ,  spray pump 
and propel ler  drive,  and t h e  control  valve, which 
d i r e c t s  l i qu id  t o  t h e  boom and nozzle during spraying 
o r  back t o  t h e  tank f o r  r ec i r cu la t ion .  



Table 2--Drop s i z e  d i s t r i b u t i o n  o f  
a e r o s o l s  and sprays ,  cumulat ive percen t  by volume1 

F ine  Coarse 1 Medium 1 Coarse Very c o a r s e
Drop s i z e  (pm) 1a e r o s o l s  a e r o s o l s  siE;s s p r a y s  s p r a y s  sprays  

CumuZative Percent 

l ~ h evolume median d iamete r  (underscored)  i s  t h a t  s i z e  o f  drop which d i v i d e s  
t h e  t o t a l  volume o f  drops found e x a c t l y  i n  h a l f ;  t h a t  i s ,  50 p e r c e n t  o f  t h e  

volume i s  i n  d rops  a b o v e  t h a t  s i z e  and 50 p e r c e n t  below. 



such a s  t h a t  produced by the  j e t  back nozzle, 
d i rec ted  with t h e  airstream, i s  f o r  low-drif t-  
l o s s  appl ica t ions ,  and shows l e s s  than 0.001 
percent of  drop volume i n  drops l e s s  than 
60 um ( t ab l e  2 ) .  

Table 3, f o r  a i r c r a f t  use, summarizes 
drop s i z e  ranges and recovery r a t e s .  A com-
p l e t e  a i r c r a f t  spray un i t  i s  diagrammed i n  
f i gu re  5. 

PARTICLE SIZE, DISTRIBUTION, AND COVERAGE 

The success of pes t i c ide  appl ica t ions  
depends l a r g l y  on the  p a r t i c l e  s i z e  range of  
t h e  spray o r  dry mater ia l ,  and on how t h i s  i s  
af fec ted  by chemical, physical ,  and b io logica l  
f a c t o r s ,  some of  which a r e  described here: 

1. The bas ic  t o x i c i t y  of  the  pes t i c ide  
t o  t he  t a r g e t  pes t .  A small p a r t i c l e  of a 
very tox i c  mater ia l  may contain a  l e t h a l  dose 
f o r  t h e  i n sec t ,  whereas a l a rge r  drop o r  
severa l  small drops of  a  l e s s  t ox i c  chemical 
may be requi red  f o r  l e t h a l  e f f e c t .  

2 .  The physical  c h a r a c t e r i s t i c s  o f  the  
chemical and i t s  formulation, including den- 
s i t y ;  f l owab i l i t y  f o r  dusts;  and vapor 
pressure,  v i s cos i ty ,  and sur face  tension f o r  
l i qu ids .  For l i qu ids ,  these  c h a r a c t e r i s t i c s  
a f f e c t  t he  i n i t i a l  atomization process, and 
the  a e r i a l  t ranspor t ,  evaporation, and deposit  
of  t h e  drops. 

3 .  The co l l ec t ion  ef f ic iency of t a rge t  
sur faces ,  such a s  i n sec t s ,  buildings,  and 
vegetat ion.  This follows S e l l ' s  law, whereby 
t h e  co l l ec t ion  e f f i c i ency  (S) of  an objec t  i s  
d i r e c t l y  proport ional  t o  t h e  drop diameter 
squared (d2) and i t s  r e l a t i v e  ve loc i ty  (V) , 
but inverse ly  proport ional  t o  t h e  width o r  
f ron ta l  a r ea  (D) o f  the  objec t  ( f igure  6 ) .  
Thus, the  co l l ec t ion  ef f ic iency of an objec t  
i s  increased rapid ly  by increased drop s i z e  
and t o  a  l e s s e r  degree by an increase  i n  t he  
r e l a t i v e  ve loc i ty  o f  t he  movement of  t h e  
drop toward t h e  ob jec t ,  but  is decreased a s  
t he  ob jec t  s i z e  increases .  

4 .  Location o f  t h e  t a rge t  insec t ,  
whether i n  t he  open o r  i n  a  she l te red  area,  
and i n  motion o r  a t  r e s t .  

5. The loca l  meteorological condit ions.  
The presence and i n t e n s i t y  of a i r  turbulence, 
o r  t he  mixing and d i f fu s ion  capacity of  t he  
a i r  during appl ica t ion ,  g r ea t ly  a f f e c t  the  
d ispers ion  o f  pes t i c ides ,  p a r t i c u l a r l y  the  
small aerosol  o r  a i rborne  por t ions .  

= o,od impacted 
d available 

d = drop diameter 
V = drop to object velocity 
p = drop density 
D = object diameter 
p = f luid viscosity 

(f) = object shape: plate > cylinder >sphere 

Figure 6 .  S e l l ' s  Law f o r  deposit  of l i qu id  
drops i s  i l l u s t r a t e d  here.  

6 .  The type and cha rac t e r i s t i c s  of t he  
ground cover. Grassy savannah o r  low-growing 
ag r i cu l tu ra l  crops permit r e l a t i v e l y  un re s t r i c -  
ted downwind t r anspor t  of f i n e l y  atomized 
sprays; increased bush and t r e e  cover increa-  
s ingly  f i l t e r s  p a r t i c l e s  out of t he  a i r .  

7 .  The cha rac t e r i s t i c s  of t he  applica-  
t i o n  equipment, which determines t he  s i z e  
range o r  frequency d i s t r i bu t ion  of  drops a s  
well as  t he  s p a t i a l  d i s t r i bu t ion  of a l l  s o l i d  
and l i q u i d  materials  d i rec ted  t o  t he  t a r g e t  
a rea .  

Generally, some optimum drop s i z e  range 
i s  recognized a s  most e f f ec t ive  f o r  each 
pes t i c ide  and f o r  each formulation used f o r  
a spec i f i c  vector control  problem. Maximum 
e f f e c t i v e  control  of t he  t a rge t  organism with 
minimum use of  t ox i c  mater ia l s  and minimum 
adverse impact on the  ecosystem i s  t he  objec-  
t i v e .  This simple statement covers a highly ' 

complex physical and b io logica l  phenomenon 
t h a t  occurs during and following an area  appl i -  
cat ion of pes t i c ides .  Research toward t h e  
objec t ive  has been conducted over many years .  
The e a r l i e s t  work with Pa r i s  green and tox i c  
botanica ls  progressed through petrochemical 
products, culminating i n  the  extensive use 
of the synthe t ic  pes t ic ides ,  DDT and o the r  
organochlorines, a s  well a s  organophosphorous 
and carbamate mater ia l s .  

Early observers found t h a t  although DOT 
and the  o the r  organochlorines a r e  e f f e c t i v e  
a s  d i r e c t  contact  appl ica t ions ,  they a r e  
especia l ly  e f f ec t ive  when used a s  res idual  
appl ica t ions .  In cont ras t ,  many o f  t he  organo- 
phosphorus and carbamate compounds have a 



Table 3--Spray drop size range, approximate 

recovery rate, and recommended use 


Spray size or type and Typical nozzles Estimated 
description of spray and pressure Drop size deposit in Use 
system ranges1 range2 1000 feet3 

Microns um vmd Percent 

Coarse aerosols 80005 down less than 125 less than 25 Aerosol applications, in 
Cone and fan nozzles, D2-13 down vector control and control 

and rotary atomizers (200 to 300 lb/in2) of forest insects and agri- 


cultural pathogens; used at 

low volume rates, primarily 

for adulticiding 


Fine sprays 80005 down Forest pesticide chemicals, 
Cone and fan nozzles, D6-45 down in large-area vector control, 

and rotary atomizers (50 to 100 lb/in2) at low dosages of chemicals 


with low toxicity and rapid 

degradation; also useful for 

agricultural insect pathogens 


Medium sprays All low-toxicity agricultural 
Cone and fan nozzles, chemicals where good coverage 

and rotary atomizers is necessary 


Coarse sprays 400 to 600 Toxic pesticides of restric- 
Cone and fan nozzles, D6-46 back with additives ted classification, when 

spray additives (30 to 50 lb/in2) up to 2000 thorough plant coverage is 


not essential 


Sprays with minimum D4 to D8 down 800 to 1000 All toxic, restricted-- 
d f - i f t  at less than 60 mph; with additives class herbicides such as 
Jet nozzles and Back at over 60 mph up to 5000 phenoxy-acids and others, 

spray additives (30 to 50 lb/in ) within limitations such as 

growing season and location 

near susceptible crops 


Sprays with m a x i m  Microfoil 99 or more Restricted nonvolatile herbi- 
drift control (less than 60 mph cides, phenoxy-acids and 
Low-turbulence nozzles airstream) others in the area of sus- 


ceptible crops, subject to 

limitations of growing season 

and type of crop 


'spraying Systems Co. nozzles; position on aircraft boom is indicated as "down" or with the airstream. 

~etermined with water base sprays; oils would give smaller drops. 


~ ~ ~
3 1 feet downwind; wind velocity 3 to 5 mph, neutral temperature gradient; material released under 10 feet height. 

*1n drift tests, drift residue levels at 500 feet downwind for Microfoil were one-fourth those for D4 to D8 jets. 




high contact  and airborne t o x i c i t y  t o  i n sec t s  
but degrade and lo se  ef fec t iveness  much more 
rapid ly  than the organochlorines, p a r t i c u l a r l y  
i n  the  presence of  water. 

Early researchers  working on drop s i z e  
presented da t a  (ve r i f i ed  i n  t h e  laboratory 
and t o  some extent  i n  t he  f i e l d )  on the  most 
e f f i c i e n t  drop s i z e s  t o  be used with given 
chemicals and on spec i f i ed  vec tors .  Lat ta  
and o the r s  (1974) ca lcula ted  tha t  the  LDsO 
f o r  Aedes aegyp t i  was obtained with minimum 
dosage when drops of  22.4 Urn containing DDT 
were used with an a i r  ve loc i ty  of  2 rnph p a s t  
the  mosquito. A t  3  rnph t h e  drop s i z e  was 
found t o  be 18.3 pm, a t  4 rnph 15.8 vm,  and 
a t  5 rnph 14.2 m .  Johnstone and o thers  (1949) 
came t o  t h e  conclusion tha t  t he  most e f fec-  
t i v e  drop s i z e  of  a 10 percent  DDT o i l  solu-  
t i o n  f o r  cont ro l  of  r e s t i n g  and f ly ing  mos- 
q u i t o ~  considering both impaction r a t e  and 
l e t h a l  dose would be 33 um.  This, however, 
i s  s t i l l  below t h e  minimum drop s i z e  (83 vm) 
containing a l e t h a l  dose of  DDT and, there-
fore ,  i s  a compromise s i z e ;  impingement of 
severa l  such drops i s  required t o  k i l l  an 
indiv idual  mosquito. 

Yeomans and o the r s  (1949) ca lcula ted  
from the  S e l l ' s  law r e l a t i onsh ip  ( f i g .  6) 
t h a t  a  mosquito having a f r o n t a l  width of  
0.025 inch,  a t  2 rnph a i r  ve loc i ty ,  would 
c o l l e c t  15.8 vm drops most e f f i c i e n t l y .  
This s i z e  is  somewhat smaller  than La t t a ' s  
22.4 vm f o r  2 mph, because Lat ta  used a 
smaller  f r o n t a l  width f o r  h i s  model mosquito. 
I t  has been shown i n  recent  s tud i e s  by 
Weidhass and o the r s  (1970) t h a t  with t he  
newer h ighly  t o x i c  organophosphate mater ia l s ,  
an LDloo l e t h a l  dose f o r  Aedes taeniorhynchus 
can be obtained from a 25-pm drop of  mala- 
th ion ,  a 17.5-vm drop of  naled and a 20-vm 
drop o f  fenthion.  These s i z e s  a r e  much 
c lo se r  t o  t h e  s i z e  of  drops e a r l i e r o b s e r v e r s  
found t o  be most e f f i c i e n t l y  co l l ec t ed  by 
small i n s e c t s ;  such drops d id  not contain 
l e t h a l  doses of  organochlorines, however. 
S e l l ' s  law shows t h a t  t h e  minimum optimum 
drop s i z e  ( t h e  s i z e  o f  t h e  drop most e f f i -
c i e n t l y  deposited) increases  f o r  l a rge r  
i n sec t s .  Thus housef l ies  showed increas ing  
co l l ec t ion  o f  drops up t o  22.4 pm (David, 
1946) and locus t s  up t o  60 pm (McQuaig, 1962). 

Drops c a r r i e d  by an a i rs t ream approaching 
a small ob j ec t ,  such a s  a cy l inder  1/8 inch 
i n  diameter (representing an in sec t  body), 
a r e  q u i t e  small i n  r e l a t i o n  t o  t h e  objec t  
(5 t o  100 pm i n  r e l a t i o n  t o  0.318 cm, f o r  

example). Such drops tend t o  be d iver ted  
i n  two streams around the  objec t .  Only those 
drops d i r e c t l y  i n  l i n e  with t h e  center  of t he  
objec t  w i l l  be deposited ( f i g .  6 ) .  A s  t h e  
s i z e  of  drops o r  t h e i r  ve loc i ty  increases ,  
those drops approaching i n  t he  projected fron- 
t a l  a rea  of the  objec t  a r e  l e s s  l i k e l y  t o  be 
drawn around it by t h e  a i rs t ream and a r e  a l s o  
deposited. The co l l ec t ion  ef f ic iency ( S ) ,  
expressed a s  percent ,  is t h e  number of  drops 
caught by the  objec t  divided by the  number of 
drops approaching the  objec t  i n  i t s  pro jec ted  
width. The graph of  t he  concept of S e l l ' s  
law of drop co l l ec t ion  ef f ic iency ( f i g .  7) 
shows t h a t  a 0.318-cm objec t  has about a 
30 percent co l l ec t ion  e f f i c i ency  f o r  10-vm 
drops moving a t  10 mph, but a 70 percent e f f i -
ciency f o r  25-vrn and a 95 percent e f f i c i ency  
f o r  100-um drops. Because the  l a rge r  1.27-cm 
(1/2-inch) cy l inder  de f l ec t s  l a rge r  drops, 
the  50-vm drops a t  10 rnph are  col lec ted  with 
about 62 percent e f f ic iency and t h e  100-vm 
with about 85 percent e f f ic iency.  When t h e  
drop ve loc i ty  is decreased, a s  from 10 t o  
5 mph, t he  co l l ec t ion  ef f ic iency of objec ts  
decreases more rapid ly  f o r  smaller  than f o r  
l a r g e r  drops. 

These indica t ions  of  the s i z e  of  t he  
smallest  drops f o r  near-maximum co l l ec t ion  
e f f i c i ency  serve only as a guideline f o r  
ac tua l  spray appl ica t ion .  In  t h e  f i e l d ,  
not only i s  t h e  aerosol  of spray dispersed 
i n  a range of  s i ze s ,  but a l s o  t h e  chemical, 
physical ,  and b io logica l  f ac to r s  discussed 
e a r l i e r  a f f e c t  t he  movement and deposit  of 
t he  drops. 

Ea r l i e r  observers t r i e d  t o  evalua te  
appl ica t ion  machines and techniques i n  r e l a -  
t i on  t o  type of  ground cover and weather i n  
ac tua l  f i e l d  t r i a l s .  Johnstone and o the r s  
(1949) developed theore t ica l  da t a  based on 
atmospheric d i f fus ion  equations which i n d i -  
cated t h a t  i f  10-vm drops a r e  re leased  a t  
ground l eve l ,  cumulative recovery (deposit)  
out  t o  6 miles would never exceed 60 per- 
cent under conditions of  a  small tempera- 
t u r e  inversion with 2 rnph ve loc i ty .  A t  5  rnph 
ve loc i ty  with no inversion,  t he  recovery 
could be under 36 percent .  Yeomans and 
o thers  (1949) showed from f i e l d  s t u d i e s  t h a t  
an aerosol  with a vmd of 50 pm depos i t s  up 
t o  60 percent i n  2000 f e e t  under temperature 
inversion condit ions,  but  l e s s  than 23 per-  
cent with more turbulent  o r  lapse  weather. 
Tables 4 and 5 provide da t a  on t h e  depos i t  
r a t e s  of  various drop s i z e  ranges and swath 
widths a t t a ined  by d ispersa l  of  pes t i c ides  
from a i r c r a f t  and from ground equipment. 



Table 4--Calculated deposit  r a t e s  and swath widths o f  various 
drop-size ranges of sprays applied by a i r c r a f t  a t  various he ights  above the  ground 

(neut ra l  o r  small temperature gradient ;  wind ve loc i ty  3 t o  5 mph) 

Drop- s i z e  Estimated Estimated downwind swath width 
range deposit  a t  re lease  he ight  ( f ee t )  o f . .  . 

( m d ,  pm) within 1000 f t  
10 25 100 250 500 1000 

Percent Feet 

50 ' to loo1 IS t o  40 1000 3000 5000 1 m i  2 m i  2 m i  

Ispray appl ica t ions  with vmdts under 100 pm a r e  not p r a c t i c a l  from a i r c r a f t  because of 
extensive a e r i a l  d r i f t .  

Table 5--Calculated deposit  r a t e s  and swath widths of various 
drop-size ranges o f  sprays applied by ground equipment 

(neut ra l  o r  small temperature gradient ;  wind ve loc i ty  3 t o  5 mph) 

Drop- s i  ze Deposit (cumulative) downwind1 
range 

(vmd, urn) 49 f t  98 f t  327 f t  457 f t  984 f t  

Percent 

l ~ i s p e r s a l  o f  pes t i c ide  made a t  3 f e e t  above the  ground. 



--- 0 . 3 1 8 ~ 1 1 1(Ve in . )  
I . 2 7  cm (1/2  in.) 

A IRSTREAM V E L O C I T Y  

Figure 7. The ca lcula ted  deposit  r a t e  (percent) of  l i qu id  
drops of two d i f f e r e n t  s i z e s  t r ave l ing  a t  d i f f e r e n t  
a i r  v e l o c i t i e s  onto small objec ts  i s  graphed here .  

APPLICATION VOLUME This r e l a t i o n  is  more f o r c e f u l l y  shown by 
the  da ta  i n  t a b l e  6. The values shown a r e  f o r  

Liquids may be appl ied  i n  d i l u t e  o r  con- absolute ly  s t i l l  a i r  ( v i r t u a l l y  nonexis tent  out-  
cent ra ted  form. Di lu te  sprays a r e  most f r e - s i d e  of a closed laboratory).  The t a b l e  i s  based 
quently used f o r  large-volume appl ica t ions  a s  on the  Stokesf law ca lcula t ion  f r equen t ly  used by 
l a r g e  drops and with a wett ing coverage. t heo re t i c i ans  t o  descr ibe  downwind t r a n s p o r t  of 
Concentrated l i qu ids ,  genera l ly  those with small drops. However, t h i s  i s  not  a p r a c t i c a l  
very l i t t l e  o r  no d i l u t i n g  c a r r i e r  a r e  applied ca lcula t ion  f o r  f i e l d  operations,  s i n c e  i n  t h e  
as  a f i n e  spray,  mi s t , o r  aerosol .  Ul t ra  outdoor a i r ,  even under a very calm tempera- 
low volume (ULV) is another name f o r  t he  con- ture-inversion condit ion,  t he  a i r  is  continu-
cent ra te- type  aerosol  sprays;  i t  covers a ously i n  motion, and r i s i n g  a i r  cu r ren t s  w i l l  
wide range of volumes and d i l u t i o n s  of appl ied  keep drops a s  l a rge  a s  50 urn suspended, not  
sprays,  from a f r ac t ion  of an ounce t o  a p in t  f o r  t he  ca lcula ted  50 f e e t  o r  so  i n  a 1 mph 
o r  more pe r  ac re .  wind when re leased a t  10 f e e t  height ,  but  f o r  

severa l  hundred f e e t  before f a l l i n g  t o  t h e  
The ULV treatment i s  a technique f o r  ground. As can be seen from t a b l e  6 ,  a 150pm 

applying a minimum amount of l i qu id  pe r  u n i t  diameter water drop has a f a l l  ve loc i ty  o f  
a r ea  compatible with t h e  requirements f o r  1.5 f t  per sec  o r  about 1 mph. Thus, a 1-mph 
achieving cont ro l  of  a s p e c i f i c  organism with v e r t i c a l  a i r  motion would keep such a drop 
a s p e c i f i c  chemical. Whenever small volumes supported inde f in i t e ly .  Under f i e l d  condit ions,  
a r e  applied,  the  l i q u i d  i s  f i n e l y  atomized t h e  wind w i l l  move up and down a s  well a s  
i n  order  t o  maintain a des i r ab le  number o f  t r a v e l  hor izonta l ly  and drops w i l l  be forced 
drops pe r  u n i t  of  a r ea  o r  per  u n i t  of space downward and deposited by these  a i r  movements 
volume. The number of drops ava i l ab le  from a s  well a s  l o f t ed  by r i s i n g  a i r .  
a given volume o f  l i q u i d  i s  inverse ly  r e l a t e d  
t o  t h e  cube of t h e  drop diameter. That is ,  From an appl ica t ion  volume o f  1 gal /acre ,  
i f  t h e  volume i s  held constant  t h e  following i f  a l l  drops were spread uniformly, t he  number 
r e l a t i o n  h o l d s t r u e ,  i n  which N1 and dl a r e  of drops per  u n i t  of surface  area  per  square 
t h e  i n i t i a l  number and drop s i z e  and N2 and inch w i l l  vary as  t he  diameter cubed ( t a b l e  6 ) .  
d2 a r e  t h e  new number and s i z e :  Thus, a 20-pm diameter drop s i z e  would produce 

140,000 drops/in2 a t  1 gal /acre ,  while a 
50-pm drop s i z e  would g ive  only 9100. This 
po in t s  out  t he  tremendous covering power o f  
small p a r t i c l e s ,  which permits thorough expo- 
sure of t a r g e t  organisms o r  o ther  surfaces  



Table 6--Terminal v e l o c i t i e s  of  water drops1 i n  s t i l l  a i r  and 
numbers per  given volume i n  r e l a t i o n  t o  u n i t  a rea  and a i r  volume. 

Number of drops a t  applied 
r a t e  of  1 gal /acre  

Drop diameter Terminal o r  steady- A t  In  a i r  t o  depth 
i n  microns s t a t e  ve loc i ty  surface  of 33 f e e t  

F t / s e c  P e r  i n 2  P e r  f t 2  P e r  i n 3  a i r  

1Solid p a r t i c l e s  would have approximately same terminal ve loc i ty  and numbers, but these  
would vary somewhat, depending on t h e  dens i ty  of t h e  s o l i d .  

t o  t h e  small volumes o f  appl ied  aerosols .  I t  
i s  t o  be noted, however, t h a t  deposit  o f  
aerosols  is  l imi ted  by appl ica t ion  condit ions.  
Carrying t h i s  ca lcula t ion  one s t e p  fu r the r ,  
t he  number o f  drops p e r  cubic inch of a i r  t o  
a depth o f  32.8 f e e t  from a 1-gal/acre appl i -  
ca t ion  i s  shown i n  the  f a r  r i g h t  column, con-
s ide r ing  a l l  t h e  drops a r e  of one s i z e  and 
uniformly dispersed.  Again t h e  cube r e l a t ion -  
sh ip  e x i s t s ,  and with 20-pm diameter drops, 
1.3 drops/in3 would be found, while a t  50-pm- 
diameter only 0.08 drops/in3 would e x i s t ;  
thus ,  space sprays,  d i r ec t ed  s p e c i f i c a l l y  a t  
a small t a r g e t  organisms such a s  a mosquito, 
requi re  t h e  use o f  drops under 50 pm diameter 
f o r  adequate coverage. I t  should o f  course be 
pointed out  t h a t  no atomizer system produces 
drops o f  one s i z e ,  and f o r  such ca lcula t ions  
r e l a t i n g  drop s i z e  t o  vector  cont ro l ,  t he  
normal o r  skewed Gaussian d i s t r i b u t i o n  of 
drops, covering a wide range o f ,  f o r  example, 
from l e s s  than 1 pm up t o  SO pm f o r  a 20 pm 
vmd, usual ly  e x i s t s .  

Ultra-low-volume techniques a re  genera l ly  
concerned with space spray a s  well a s  deposi-
t ed  spray,  and s o  t h e  drop s i z e  produced i s  
i n  the  range o f  aerosol  and m i s t  except i n  
specia l  cases where la rge  drops can be used 
a t  a  very low s p a t i a l  d i s t r ibu t ion .  A v a r i e t y  
of machines using ( I )  high l i q u i d  pressures ,  
(2) a i r shea r  such a s  t h a t  produced by high- 
speed a i r c r a f t  o r  a i rs t reams,  and (3) various 
two-fluid and spinning devices a r e  ava i l ab le  
f o r  producing the f i n e  drops requi red  f o r  
ULV appl ica t ions .  

Large sca l e ,  low-cost mosquito cont ro l  
programs have been adapted t o  ULV techniques 
p a r t i c u l a r l y  f o r  emergency treatment when 
e n t i r e  c i t i e s  o r  o the r  la rge  areas  a r e  
t r ea t ed .  Increasing use is  being made o f  
ground aerosol  equipment f o r  ULV-type t r e a t -  
ments. U t i l i z ing  t h e  " d r i f t  spraying" 
techniques, aerosols  o f  vmd below 50 pm can 
be ca r r i ed  by prevai l ing  winds f o r  downwind 
d i s t r i b u t i o n  i n  open areas  from 1000 f e e t  t o  



a mile o r  more. However, the success of  such 
appl ica t ions  i s  wholly dependent upon a temp-
e ra tu re  inversion condition tha t  w i l l  r e s t r a i n  
any v e r t i c a l  d i f fus ion  of t h e  spray-laden 
cloud. I t  must a l s o  be appreciated t h a t  evap- 
ora t ion  of  the  released aerosol  must be kept 
t o  a minimum by use of  low-vola t i l i ty  spray 
formulations. Applications of  aerosols  under 
50 ym vmd by a i r c r a f t  have shown e r r a t i c  
r e s u l t s ;  only under unique weather conditions 
w i l l  the  pes t i c ides  under 50 pm s e t t l e  toward 
the  ground i n  s u f f i c i e n t  numbers t o  produce 
e i t h e r  a  de tec table  deposit o r  provide an 
adequate number of  drops f o r  space sprays. 
The use o f  thermal aerosols  where a s i g n i f i -  
cant por t ion  of  t he  released aerosol  i s  i n  
p a r t i c l e s  below 5 pm a s  a smoke o r  fog is 
being replaced with aerosols  mechanically 
produced f o r  el imination of  the  wasteful and 
sometimes hazardous smoke of thermal machines. 

A number o f  sources have been u t i l i z e d  
t o  provide representa t ive  da ta  i n  t ab l e s  4 and 
5 concerning t h e  f a l l o u t  of var ious-s ize  drops 
applied from t h e  a i r  and the  ground. The 
est imated downwind recovery f o r  aerosol  s i z e  
p a r t i c l e s  (under 50 pm vmd) is shown i n  t ab l e  
5. Since aerosoling f o r  adul t  i n sec t  cont ro l  
is l a rge ly  by d i r e c t  insect-drop contact ,  the 
most e f f e c t i v e  drop s i z e  would have t o  be 
small enough t o  impinge on t h e  small surface 
presented and t o  remain a i rborne  f o r  a  s u f f i -
c i en t  time f o r  i n sec t  contact  t o  take  p lace .  

Table 7 i l l u s t r a t e s  t h e  s i z e  range and 
coverage c a p a b i l i t i e s  of  various grades of  
granular  mater ia l s .  Dust mater ia l s  a r e  gen- 
e r a l l y  made up o t  p a r t i c l e s  below 25 pm 
diameter (o r  longest dimension) and t h e i r  
c h a r a c t e r i s t i c s  would follow those of  l i qu id  
drops of  a s imi l a r  dens i ty .  

Table 4 presents  da ta  f o r  a i r c r a f t  d i s t r i -  
bution o f  var ious-s ize  drops. The approximate 
downwind spread o r  swath width i n  f e e t  of  t he  
re leased  spray ind i ca t e s  where s i g n i f i c a n t  
amounts of  res idue  could s t i l l  be found when 
spray i s  re leased  a t  various heights .  Thus, 
i t  is shown t h a t  f o r  a  coarse,  rap id ly  f a l l i n g  
spray a t  400 t o  500 ym vmd, t h e  swath width 
i s  only 50 f e e t  when spray i s  released a t  a 
10-foot he ight ,  bu t  increases  t o  1500 f e e t  
when spray i s  re leased  a t  a  1000-foot he ight .  
For smal ler  drops of  the  mist category (SO t o  
100 pm vmd), the  swath width a t  a 10-foot 
r e l ea se  he ight  i s  1000 f e e t ,  and a t  a 1000-
foot  r e l ea se  he ight  may be 2 miles o r  more. 
Sprays o r  aerosols  under 50 pm vmd, as noted 
e a r l i e r ,  a r e  too  unstable when applied by 
a i r c r a f t  t o  be used anywhere except under 
highly cont ro l  led  s i t u a t i o n s  where supervisory 
personnel know the  l oca l  weather conditions 
and can e s t ab l i sh  adequate vec tor  control  
with such type of  appl ica t ions .  

In summary, a  very complex physical-  
chemical-biological system e x i s t s  when chemicals 
a r e  used f o r  con t ro l l i ng  in sec t  vectors of human 
and animal d isease .  This system can be under- 
stood through using the  knowledge and p ro f i -  
ciency of  t h e  severa l  s c i e n t i f i c  d i s c ip l ines  
involved, including physics,  meteorology, 
chemistry, engineering and entomology. I t  
should be noted t h a t  t he  aerosol  drop s i z e  
which provides g rea t e s t  coverage and po ten t i a l  
adul t  i n sec t  contact  i s  a l s o  t h e  most suscep-
t i b l e  t o  a i r  t r anspor t ,  depending on loca l  
meteorological f ac to r s .  

METEOROLOGY AND PESTICIDE APPLICATION 

The loca l  meteorology can be a s i g n i f i -
cant  f a c t o r  con t ro l l i ng  t h e  success o r  f a i l u r e  
of a  vector control  operat ion.  The bas i c  
parameters a r e  (1) temperature gradient  or  
change with height ,  (2) wind ve loc i ty  and 
wind ve loc i ty  gradient  with he ight ,  (3)  wind 
d i r ec t ion  during d r i f t  spraying o r  aerosol ing ,  
and (4) r e l a t i v e  humidity as it r e l a t e s  t o  
spray drop evaporation, p a r t i c u l a r l y  i f  water 
i s  t h e  pes t i c ide  c a r r i e r .  

These f ac to r s  a f f e c t  t he  r a t e  of  d isper -  
,, 

s ion  of pes t i c ide  materials  r e l ea se  from 
e i t h e r  ground o r  a i r c r a f t  equipment. The most 
s ign i f i can t  of  t he  f ac to r s  l i s t e d  i s  the  
temperature gradient .  When the  a i r  overhead 
i s  warmer (which may occur a t  various l eve l s )  
than tha t  a t  t he  ground, any mater ia l  re leased  
a t  t h e  ground and t ranspor table  by a i r ,  such 
as aerosol  p a r t i c l e s  smaller  than 50 pm, w i l l  
be ca r r i ed  by the  moving a i r  along a t  ground 
l eve l  and w i l l  not d i f fu se  upward. The a i r  
ve loc i ty  under the  inversion l aye r  w i l l  con-
t r o l  the mixing process i n  the  a r ea  and higher 
ve loc i t i e s  w i l l  cause more rapid  ground l eve l  
d ispers ion .  When temperature gradients  a r e  
increas ingly  cooler  overhead above a warm 
ground, t h e  spray can e a s i l y  be d i f fu sed  
upward and is rapid ly  dispersed and d i l u t e d  
by wind. 

Temperature inversions ( f i g .  8) with low 
wind ve loc i ty  and ve loc i ty  gradient  provide 
the  g rea t e s t  v e r t i c a l  confinement of  re leased  
sprays,  and thus the bes t  appl ica t ion  condi- 
t i ons ,  p a r t i c u l a r l y  f o r  f i n e  sprays,  mis ts ,  
and aerosols ,  when a l a rge  proport ion of 
t he  released material  i s  airborne s i z e .  This 
means t h a t  t h e  time f o r  appl ica t ion  of  aerosols ,  
i n  p a r t i c u l a r ,  and f o r  bes t  success with f i n e  
sprays and mists ,  a s  well ,  should be e a r l y  
morning t o  mid-morning, and l a t e  afternoon and 
evening, when the  inversion condit ion can be 
shown t o  commonly e x i s t .  Coarse sprays may 
be applied a t  any time during t h e  day, t h e  only 
l imi ta t ion  being the  wind ve loc i ty ,  which w i l l  
d i sp lace  the a i r c r a f t  swath s i g n i f i c a n t l y  when 



wind exceeds 12 t o  15 mph. This high wind 
a l so  makes ground appl ica t ions  d i f f i c u l t  t o  
manage. Downwind concentrat ion ( e s sen t i a l  
f o r  aerosoling) i s  rap id ly  reduced by tempera- 
t u r e  lapse  (temperature gradient  decreasing 
with height)  and windy condit ions;  hence t h i s  
condit ion i s  favorable t o  l e a s t  downwind con- 
tamination i n  combination with a coarse spray. 

Temperature inversions a r e  produced by 
several  means and f requent ly  more than one 
means may be causing t h i s  e f f e c t .  The most 
common i s  r ad i a t i on  inversion caused by the  
hea t  l o s s  o r  r ad i a t i on  by t h e  ground t o  a 
cool sky (when t h e  sun i s  low o r  below the  
horizon) ; t h i s  heat  l o s s  cools t he  ground 
and a i r  c lose  t o  i t  during the  day. Another 
important inversion cause i s  t he  i n f lux  over 
t h e  land of  a l a t e  afternoon sea  breeze along 
coas ta l  a reas .  This cold a i r  moving up va l leys  
over  t h e  ground pushes under t h e  warm a i r  and 
causes a temperature inversion condition. A 
t h i r d  cause of  temperature inversion condi- 
t i o n s  is subsidence, t he  phenomenon by which 
a i r  from a higher e levat ion  i s  forced down 
i n t o  a lower l eve l ,  such a s  a va l ley .  This 
drop i n  e levat ion  warms t h e  a i r  and places a 
warm l aye r  over a va l l ey  t o  produce t h i s  
temperature inversion condit ion.  

Because of  t he  dominant e f f e c t  of  insola-
t i on ,  t he  inversion and lapse  condit ions follow 
a d iurna l  pa t t e rn ,  with lapse and neu t r a l  (no 
change i n  gradient  with height)  condit ions pre-  
va i l i ng  during the  day while t he  sun ' s  e f f e c t  
is  strong, and the  inversion condition taking 
place when the  sun i s  low during e a r l y  morning 
and evening hours o r  a t  night  ( f i g .  8 ) .  During 
cloudy overcast weather, t h e  temperature gra-  
d ient  w i l l  vary from neut ra l  t o  inversion con-
d i t i o n ,  depending on cloud dens i ty  and the  two 
o the r  gradient -af fec t ing  condit ions.  

Turbulence of  t h e  a i r  i s  a normal daytime 
phenomenon which lessens under l a t e  afternoon 
temperature inversion condit ions,  and general ly 
a l so  a t  n ight  when the  sun ' s  heating of  the 
ground i s  not  cont r ibut ing  t o  v e r t i c a l  movement 
of  t he  a i r .  I t  i s  poss ib le  t o  have turbulence 
under a s t rong temperature inversion,  but  nor-
mally t h i s  tends t o  s t a b i l i z e  t he  a i r .  Even 
more s t a b i l i z i n g  i s  f o r e s t  o r  overhead canopy. 
Here t he  temperature w i l l  f requently remain the  
same (neut ra l  with height)  t o  t h e  top of  t he  
f o r e s t  cover. The wind ve loc i ty  w i l l  be but  
a f r ac t ion  o f  t h a t  above t h e  f o r e s t  cover and 
applying an aerosol  by ground under t he  cover 
o f f e r s  a  r e a l i s t i c  approach t o  i n sec t  cont ro l .  
Normally, outs ide  (o r  above) t h e  f o r e s t  cover, 
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Figure 8. The d iurna l  va r i a t i on  i n  temperature gradient  
a f f e c t s  the  d ispers ion  of  pes t i c ide  mater ia l s .  



t h e  u s u a l  d a i l y  changes i n  t empera tu re  and 
wind g r a d i e n t s  w i l l  e x i s t ,  wi th  t empera tu re  
i n v e r s i o n s  i n  e a r l y  morning and l a t e  a f t e r n o o n  
and daytime tempera tu re  l a p s e  o f  t u r b u l e n t  
mixing on most sunny days. During t h e  n i g h t  
and under  c loudy o v e r c a s t ,  n e u t r a l  c o n d i t i o n s  
( n e i t h e r  s t r o n g  l a p s e  o r  i n v e r s i o n )  would 
l i k e l y  predominate .  

Johnstone and o t h e r s  (1949) determined 
bo th  h o r i z o n t a l  and v e r t i c a l  ( a s  d i scharged  
from an a i r c r a f t )  f o r e s t  p e n e t r a t i o n  d i s t a n c e s  
i n  terms o f  t h e  p e r c e n t  o f  d i scharged  a e r o s o l  
t h a t  p e n e t r a t e d  t h e  f o r e s t  t o  a s t a t e d  d i s -  
t ance ,  which h e  showed t o  vary  wi th  t h e  d e n s i t y  
o f  t h e  f o l i a g e  cover .  A very  dense f o r e s t  
might have a v e r t i c a l  d e n s i t y  o f  twice t h a t  
o f  i t s  h o r i z o n t a l  d e n s i t y ,  owing t o  a r range-  
ment o f  l e a v e s .  He a l s o  shows t h a t  a e r o s o l s  
a p p l i e d  above t h e  cover  and having l i t t l e  
downwind v e l o c i t y  do n o t  p e n e t r a t e  b u t  impinge 
on t h e  f o l i a g e  by h o r i z o n t a l  wind motion. 
However, t h e s e  a e r o s o l  drops do p e n e t r a t e  
h o r i z o n t a l l y  i f  d i s p e r s e d  under  t h e  cover ,  a s  
w i t h  a  ground a e r o s o l  machine. P e n e t r a t i o n ,  
however, would s t i l l  v a r y  w i t h  t h e  d e n s i t y  
o f  t h e  cover .  For example, 15-um a e r o s o l s  
r e l e a s e d  n e a r  t h e  ground under  i n v e r s i o n  
weather  c o n d i t i o n s  and 1- t o  2-mph wind ve lo-  
c i t y  gave d e p o s i t s  o f  DDT i n  t h e  open (no 
cover)  f o r  a d i s t a n c e  o f  2000 f e e t .  However, 
w i t h  l i g h t  f o r e s t  cover  t h i s  d i s t a n c e  was 
reduced t o  600 f e e t ,  and i n  dense jung le  
growth t h e  d i s t a n c e  was f u r t h e r  reduced t o  
200 f e e t  o f  e f f e c t i v e  d e p o s i t .  His  d a t a  a l s o  
shows t h a t  i n c r e a s i n g  t h e  drop s i z e  t o  200 
t o  300-pm i n c r e a s e s  t h e i r  v e r t i c a l  p e n e t r a -  
t i o n  through a f o r e s t  canopy, b u t  t h a t  most 
o f  t h o s e  drops p e n e t r a t i n g  go t o  t h e  ground. 
For mosquito l a r v a l  c o n t r o l ,  s p r a y s  o f  200 
t o  400 u m  vmd a r e  q u i t e  e f f e c t i v e  by reduc ing  
l o s s e s  t o  a e r i a l  d r i f t  and g e t t i n g  t h e  h i g h e s t  
d e p o s i t  i n  t h e  water .  F i l t r a t i o n  by r i c e  
f o l i a g e  up t o  3 f e e t  t a l l  had very l i t t l e  
e f f e c t  on t h e  p e n e t r a t i o n  o f  a 200 u m  vmd 
s p r a y .  Bioassay o f  chemicals  i n  paper  cups 
t h a t  were p laced  a t  t h e  t o p  o f  t h e  r i c e  and 
a l s o  i n  t h e  wate r  benea th  p l a n t s  showed l i t t l e  
d i f f e r e n c e ,  a l though bo th  t h e  r e c o v e r i e s  were 
unexpectedly low, vary ing  from 10 t o  45 per -  
c e n t  o f  t h e  a p p l i e d  s p r a y  ( f i e s s o n  and o t h e r s  
1972) . 

B r e s c i a  (1945) was one o f  t h e  f i r s t  
r e s e a r c h e r s  t o  t r y  t o  e v a l u a t e  downwind t r a n s -  
p o r t  and p a r t i c l e  s i z e  i n  both a d u l t  and 
l a r v a l  mosquito c o n t r o l .  H i s  t e s t s  involved 
thermal  a e r o s o l s  o f  5  pm and 16 u m  vmd. His 
r e s u l t s  showed e f f e c t i v e  l a r v a  c o n t r o l  o f  
Aedes t aen iorhynchus ,  a l s o  A.  s o l Z i c i t a n s  
and Anopheles quadrimacuZatus a t  0  . O O l  t o  
0 .002 l b / a c r e  o f  DDT t o  d i s t a n c e s  o f  2000 
f e e t  dur ing  s t r o n g  i n v e r s i o n  weather ,  and 
with g r a s s y  ground cover  b u t  no overhead 
canopy. Under a  l i g h t  f o r e s t  canopy t h i s  

e f f e c t i v e  d i s t a n c e  was reduced t o  1100 f e e t ,  
and f o r  a  dense f o r e s t ,  t o  400 t o  500 f e e t .  
For sp ray  d rops- to -adu l t  o r  a i r - t o  i n s e c t  
c o n t a c t ,  an a e r o s o l  under  10 pm vmd, a p p l i e d  
under s t r o n g  i n v e r s i o n  (bu t  wi th  a  p o s i t i v e  
low wind d r i f t ) ,  was e f f e c t i v e  t o  about  1 mi le  
d i s t a n c e  i n  t h e  open a r e a s ,  t o  around 112 mi le  
under l i g h t  f o r e s t ,  and 500 t o  1000 f e e t  under 
dense f o r e s t  c o n d i t i o n s .  I n  any a p p l i c a t i o n  
downwind, t h e  number o f  a i r b o r n e  drops and t h o s e  
depos i t ed  on t h e  ground a r e  i n c r e a s e d  by an 
i n c r e a s e  i n  t h e  a p p l i e d  dosage. Thus, t h e  
f o l i a g e  obv ious ly  h a s  a  s e l e c t i v e  f i l t e r i n g  
c a p a c i t y  and p e r m i t s  a  given p e r c e n t  o f  a e r o s o l  
t o  pass  no m a t t e r  how dense t h e  f o l i a g e  may b e .  

Kruse and o t h e r s  (1949) used engine exhaus t  
thermal  a e r o s o l  g e n e r a t o r s  on a  Stearman t y p e  
a i r c r a f t .  With drop s i z e s  o f  35 t o  40 u m  vmd, 
recovery on g l a s s  s l i d e s  p l a c e d  i n  t h e  open i n  
a 200-foot recovery swath, under  n e a r  dead calm 
c o n d i t i o n s ,  was 9 p e r c e n t  o f  t h e  d i scharged  
s p r a y ,  and t h e  peak was o n l y  12 p e r c e n t  a t  t h e  
c e n t e r  o f  t h e  swath. K r u s e t s  f o l i a g e  p e n e t r a -  
t i o n  d a t a  i s  n o t  a v a i l a b l e ,  b u t  h e  i n d i c a t e s  
t h a t  t h e  dose r e q u i r e d  f o r  heavy, t a l l  f o r e s t  
canopy would b e  10 t imes t h a t  f o r  t h e  open 
f i e l d ,  whi le  f o r  moderate low f o l i a g e  o r  g r a s s  
cover  he  suggested f i v e  t imes t h e  open a r e a  
dosage f o r  LD90 c o n t r o l .  

A wealth o f  in format ion  has  been developed, 
most ly  s i n c e  1960, on f i e l d  use  o f  t h e  organo- 
phosphorus i n s e c t i c i d e s  a p p l i e d  a s  t e c h n i c a l  
c o n c e n t r a t e s  o r  c a r r i e d  i n  n o n v o l a t i l e  petroleum 
and g lyco l  s o l v e n t s  and d i l u e n t s  i n s t e a d  o f  
v o l a t i l e  wa te r  base  e m u l s i f i a b l e  c o n c e n t r a t e s  
o f  s o l u t i o n s .  With t e c h n i c a l  o r  n e a r - t e c h n i c a l  
c o n c e n t r a t i o n s  o f  a c t i v e  i n g r e d i e n t s  o f  ve ry  
h igh  i n t r i n s i c  t o x i c i t y ,  t h e  phosphate  and 
carbamate chemicals have made p o s s i b l e  t h e  
reduc t ion  o f  l i q u i d  a p p l i e d  p e r  u n i t  o f  a r e a  
t o  ve ry  low l e v e l s  o f  1 t o  3 o z j a c r e ,  commonly 
r e f e r r e d  t o  a s  LV (low volume) and ULV ( u l t r a  
low volume) a p p l i c a t i o n s .  However, it should 
a l s o  b e  po in ted  o u t  t h a t  us ing  t h e s e  low a p p l i -  
c a t i o n  r a t e s  n e c e s s i t a t e s  small  d rop  s i z e  
(under  100 pm) t o  g ive  an e f f e c t i v e  8 t o  16 
drops p e r  i n 2  on f l a t  s u r f a c e ,  o r  under  25 pm 
t o  g i v e  a i r  volume (up t o  33 f e e t  h e i g h t )  
dosage o f  30 t o  40 drops p e r  i n 3  ( t a b l e  6 ) .  

Recent l i t e r a t u r e  s u g g e s t s  t h a t  t h e  
e f f e c t i v e  downwind range f o r  a  ground a e r o s o l  
a p p l i c a t o r  us ing  organophosphorus chemicals  
f o r  a d u l t  mosquito c o n t r o l  can be a s  f a r  a s  
2  mi les  o r  more i n  open a r e a s  (Mount and 
o t h e r s  1971) when drops o f  10 t o  15 u m  a r e  
r e l e a s e d .  Dosages o f  t e c h n i c a l  n o n v o l a t i l e  
phosphate  chemicals f o r  caged and n a t u r a l  
a d u l t  mosquito m o r t a l i t y  o f  75 t o  100 p e r c e n t  
va ry  from 0.1 t o  0.001 l b / a c r e ,  depending on 
v e c t o r  and chemical (Mount and o t h e r s  1968) .  
Recent d a t a  on t h e  e f f e c t  o f  dense and heavy 
f o r e s t  o r  jungle  growth on f i l t e r i n g  o f  



Table 7--Deposit c h a r a c t e r i s t i c s  o f  various 
s i z e s  o f  pes t i c ide  granules 

Mesh s i z e  Size  of  mesh 
(Tyler s ieve) openings 

aerosols  appl ied  e i t h e r  by ground o r  a i r c r a f t  
i nd i ca t e  t h a t  f o r  cont ro l  o f  mosquitos i n  
dense jungles an increase  of 3 o r  more times 
the  usual  dosage per  acre  i s  required f o r  
e f f e c t i v e  cont ro l .  
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Workshop Summary 

Edward M. Fussell 

The i n i t i a l  e f f o r t s  of t h i s  workshop group 
on appl ica t ion  were d i r ec t ed  toward b r i e f l y  des- 
c r ib ing  the  present  technology r e l a t ed  t o  appl i -
ca t ion  of p e s t i c i d e s .  We discussed only those 
types of equipment and techniques t h a t  have 
been i n  use over the  pas t  few years.  We con-
s idered  two groups o f  equipment because two 
bas i c  i n t e r e s t  groups were represented:  the  
f o r e s t  entomology group and t h e  mosquito con-
t r o l  group. 

For the  f o r e s t  i n sec t  work, we have fixed-
wing a i r c r a f t  ranging from single-engine equip-
ment t o  DC7's, i n  addi t ion  t o  rotary-wing a i r -
c r a f t .  A l l  o f  these  equipment systems are  
pr imar i ly  based on l i q u i d  spray. The applica- 
t i o n  r a t e s  f o r  these  systems i n  the  United 
S t a t e s  a r e  about 1 gal lon  of mater ia l  pe r  acre;  
t h i s  i s  t o t a l  volume, not ac tua l  mater ia l .  
This f i g u r e  v a r i e s  somewhat i n  the o ther  p a r t s  
of t h e  world: f o r  example, i n  Canada the  app-
l i c a t i o n  r a t e s  a r e  commonly 20 ounces per  acre .  
In  f o r e s t  i n s e c t  con t ro l ,  t he re  i s  a l s o  a  
p r e t t y  wide v a r i e t y  o f  bas i c  ground equipment, 
such a s  mis t  dus t  blowers, hydraulic sprayers,  
and backpacks. Obviously, use of ground equip- 
ment i s  l imi t ed  t o  r e l a t i v e l y  small areas.  

Equipment f o r  mosquito cont ro l  i s  a l i t t l e  
more va r i ed  than t h a t  f o r  f o r e s t  i n sec t  cont ro l .  
I t  was necessary t o  ca tegor ize  equipment, not  
only a s  a e r i a l  o r  ground types, but a l s o  a s  t o  
s u i t a b i l i t y  f o r  a d u l t i  ciding o r  la rv ic id ing . 
For mosquito l a rv i c id ing ,  fixed-wing and ro tary-  
wing a i r c r a f t  a r e  adapted f o r  appl ica t ion  of 
e i t h e r  l i q u i d  o r  dust  formulations. Fixed-
wing equipment f o r  mosquito adul t ic id ing i s  
p r imar i ly  l imi t ed  t o  l i q u i d  d ispersa l  systems. 
A few years  ago, fogging with fixed-wing a i r -
c r a f t  was a commonly used technique, especia l ly  
i n  Flor ida .  I be l i eve  it i s  not used a s  
widely today. Larviciding with fixed-wing 
a i r c r a f t  i s  p r i n c i p a l l y  the  appl ica t ion  of 
l i q u i d  o r  granular  mater ia l .  Ground equip- 
ment f o r  la rv ic id ing--here  again we use l i qu id  
o r  dry appl ica t ion-- inc ludes  hydraulic sprayers,  
mist  dus t  blowers, and backpacks. For adul t  
mosquito cont ro l  we have a va r i e ty  of equip-
ment. Mosquito abatement d i s t r i c t  i n  Cali-  
f o r n i a  a r e  j u s t  coming around t o  adul t  cont ro l .  
The d i s t r i c t s  have concentrated p r inc ipa l ly  
on l a r v a l  cont ro l  i n  the  pas t  but now a re  
looking t o  adu l t  cont ro l  through necess i ty .  

is ease Vector Ecology and Control Center, 
Alameda, Ca l i fo rn ia .  

Mosquito abatement d i s t r i c t s  i n  the Eastern and 
Southeastern United S ta t e s  have concentrated 
more heavily on adul t  cont ro l .  Adult con t ro l  
equipment includes thermal foggers, cold fog- 
gers,  mist dust blowers, and backpacks. 

I t  was generally agreed t h a t  t he re  i s  a 
r e a l  need f o r  new equipment o r  f o r  v a s t  improve-
ment i n  the present ly  ava i l ab le  equipment. 
The development of i n sec t i c ide  d i spe r sa l  equip- 
ment, f o r  a l l  p rac t i ca l  purposes, s t a r t e d  a f t e r  
World War 11. Several d i f f e r e n t  types of 
appl ica tors  were developed i n i t i a l l y  and not  
much change occurred f o r  t h e  next 20 o r  25 years .  
Now we a re  beginning t o  r e a l i z e  t h a t  what was 
once considered adequate no longer meets our  
requirements. The r e l a t i v e l y  i n e f f e c t i v e  d i s -
persa l  equipment used over t h e  pas t  years  has 
r e su l t ed  i n  a gross waste of i n s e c t i c i d e s  and 
unnecessary contamination of the  environment. 

There is a  need t o  determine median l e t h a l  
doses f o r  spec i f i c  i n sec t s .  We need add i t iona l  
information on the  mode of ac t ion  o f  i n s e c t i -
cides. We need t o  know exact ly  how i n s e c t i c i d e s  
en te r  the  insec t .  This i s  p a r t i c u l a r l y  t r u e  
of aerosols.  I t  i s  e s s e n t i a l  t h a t  we determine 
where the  drople ts  impinge and how they gain 
entrance i n t o  the  in sec t .  

One of the  most important th ings  t h a t  could 
r e s u l t  from t h i s  conference i s  t h a t  we agree 
on the  importance of the  work on determining 
droplet  s i z e  requirements and s t rong ly  support 
it. Although considerable work was done during 
the  ea r ly  f o r t i e s  on drople t  s i z e  evaluat ion ,  
only i n  recent  years have we come t o  g r i p s  
with the  problem. D r .  Himel has been studying 
t h i s  problem f o r  many years and I'm su re  he 
w i l l  agree on the importance of d rop le t  s i z e .  
Achieving the  proper drople t  s i z e  could mean 
the  d i f ference  between applying a q u a r t e r  of  
an ounce of material  per  acre  and applying a 
pound and a h a l f  per acre .  There can be t h i s  
much difference.  

We f e e l  t h a t  something should be done t o  
determine the  most e f f i c i e n t  formulation f o r  
spec i f i c  pes t ic ides  and pes t i c ide  de l ive ry  
systems. I t  i s  time insec t i c ide  manufacturers 
and formulators s t a r t e d  developing i n s e c t i c i d e s  
t h a t  f i t  a p a r t i c u l a r  type of equipment o r  
application.  The o ld  system of determining 
what is an ideal  i n sec t i c ide  has been reversed .  
The emphasis on developing long- las t ing  insec-
t i c i d e s  has changed. Now, the  point  is  not  
how long it l a s t s  but how quickly it w i l l  



break down. For t h e  aerosols ,  t he  i d e a l  insec-  
t i c i d e  could be one t h a t  would break down and 
become harmless a few hours a f t e r  app l i ca t i on .  
I f  you ' re  depending on contac t ,  a s  you would 
be wi th  an aerosol ,  once t he  i n s e c t i c i d e  
impinges on t h e  t a r g e t  and performs i t s  func- 
t i o n ,  t h e  i n s e c t i c i d e  i s  no longer of  any 
use, and t h e  sooner it breaks down the  b e t t e r .  
When put  out  i n  aerosol  form many i n s e c t i c i d e s  
break down wi th in  a mat te r  of  hours,  and t h i s  
is a c h a r a c t e r i s t i c  t h a t  can be used t o  g r ea t  
advantage. We don ' t  wish t o  imply, however, 
t h a t  aerosols  a r e  t h e  answer t o  a l l  our  prob- 
lems, because t h e r e  w i l l  always be a need f o r  
o t h e r  types  of i n s e c t i c i d e  app l i ca t i on .  

Something should be done t o  minimize l o s s  
of  t h e  i n s e c t i c i d e  t o  t h e  t a r g e t  a rea .  One of 
t h e  most important t h ings  t o  keep i n  mind i s  
t h a t  t h e r e  is no way t o  cont ro l  an aerosol  so  
t h a t  i t  s tops  a t  a c e r t a i n  l i n e .  But, maybe 
t h e r e  a r e  ways t o  compensate f o r  t h i s ,  perhaps 
by manipulating concent ra t ions  and app l i ca t i on  
r a t e s .  S o t h a t  once t he  aerosol  passes beyond 
t h a t  c e r t a i n  l i n e  t h e  concentrat ion of mater ia l ,  
and t h e  amount of  mater ia l  t he r e ,  i s  no longer 
too  s i g n i f i c a n t .  Also, when i n s e c t i c i d e s  t h a t  
break down r a t h e r  r ap id ly  a r e  being used, l o s s  
beyond t h e  t a r g e t  a r ea  i s  of l e s s  consequence. 
I be l i eve  we a l l  agree  t h a t  we're  not  on t h e  
verge o f  banning t h e  use o f  p e s t i c i d e s .  We're 
going t o  be dea l i ng  wi th  t h e s e  chemicals f o r  
decades. 

There appears t o  be a need t o  c l e a r  up 
confusion i n  t h e  use o f  terminology l i k e  " u l t r a  
low volume." M r .  Pierpont  repor ted  during t h e  
sess ion  t h a t  by EPA d e f i n i t i o n ,  ULV i s  t h e  

app l i ca t i on  o f  l e s s  than h a l f  a ga l lon  o f  t o t a l  
volume pe r  ac r e  without regard t o  i n s e c t i c i d e  
concentrat ion.  L i t e r a l l y  t h e  d e f i n i t i o n  i s  
co r r ec t  because t h e  re ference  i s  only  t o  volume. 
The problem here  i s  t h a t  we were ab l e  t o  u t i -  
l i z e  ULV app l i ca t i ons  only because concentra-
t i o n s  were increased,  sometimes t o  near- techni-  
cal-grade l eve l s .  For example, a few years  
ago we used malathion 6 percent  a s  an a d u l t i -  
c ide  f o r  mosquito con t ro l .  Now we use mala- 
th ion  95 percent  without d i l u t i o n .  Although 
the  EPA d e f i n i t i o n  may be u se fu l  t o  t h a t  
agency it i s  l i k e l y  t o  lead  t o  f u r t h e r  con- 
fus ion  f o r  those engaged i n  t h e  app l i ca t i on  
of i n sec t i c ide s .  I t  would be d i f f i c u l t  indeed 
t o  r e f e r  t o  ULV without a t  l e a s t  implying t h a t  
t h e  concentrat ion o f  t h e  i n s e c t i c i d e  had been 
increased,  sometimes markedly, because a s  you 
decrease t h e  volume you must compensate by 
increas ing  t h e  concentrat ion.  I t  is  obvious 
t h a t  we need more meaningful terminology. 
During h i s  p r e sen t a t i on  yes te rday  D r .  Himel 
suggested t he  term Ul t r a  Low Dosage. I t  c e r -
t a i n l y  seems t h a t  ULD makes more sense  than 
ULV. Af ter  a l l ,  we a r e  p r imar i l y  i n t e r e s t e d  
i n  t he  amount o f  i n s e c t i c i d e  t h a t  i s  appl ied  
t o  a given a r e a  and not  so  much i n  t he  app l i -  
ca t ion  r a t e ,  except i n  spec i a l  cases  where 
s p e c i f i c  d i spe r sa l  r a t e s  would be requi red  t o  
achieve a des i red  e f f e c t  o r  prevent  undes i rab le  
e f f e c t s .  

I t  was brought t o  t h e  a t t e n t i o n  o f  t he  
group by D r .  Akesson t h a t  t h e  World Health 
Organization has now s u b s t i t u t e d  micrometer 
f o r  micron and volume median diameter f o r  mass 
median diameter. 

Discussion 


DR. TSCHIRLEY: You mentioned t h e  need f o r  new 
equipment o r  modificat ion of  e x i s t i n g  equip- 
ment. What is the  inference  on t h i s ?  Do you 
mean t h a t  new technology i s  needed f o r  t h e  
development o f  t he  new equipment, o r  t h a t  t h e  
new technology i s  ava i l ab l e ,  bu t  it i s  simply 
economics t h a t  i s  holding i t  up? 

COMMANDER FUSSELL: I am not  s u r e  t h a t  t h e  
technology i s  ava i l ab l e .  I th ink  t h a t  what 
we a r e  going t o  have t o  do, before  we develop 
new equipment, i s  t o  determine what is needed. 
In t h e  p a s t ,  equipment was developed j u s t  t o  
spray i n s e c t i c i d e s  without  regard t o  d rop l e t  
s i z e  o r  anything o f  t h a t  na tu re .  So I th ink  
t h a t  we f i r s t  have t o  decide t h e  optimum s i z e  
f o r  t h e  t a r g e t  i n s e c t .  

DR.  TSCHIRLEY: When you a r e  t a l k i n g  about 
t h i s  new equipment, a r e  you t a l k i n g  about t h e  
spray d i s t r i b u t i o n  system o r  t h e  veh i c l e  t h a t  
c a r r i e s  t h e  d i s t r i b u t i o n  system a s  well?  

COMMANDER FUSSELL: Well, I would be more con-
cerned r i g h t  now with t h e  d i s t r i b u t i o n  system 
i t s e l f .  The veh i c l e  f o r  t h a t  system i s  an 
e n t i r e l y  d i f f e r e n t  th ing ,  and I don ' t  th ink  
i t  makes any d i f f e r ence  whether i t  is ground 
equipment o r  a e r i a l  equipment. 

MR. RANDALL: I no t iced  i n  t h e  workshop t h a t  
t h e r e  seems t o  be a complete absence of  r e f -  
erence t o  a s tandard .  I th ink  we should have 
a s tandard so lu t i on  o r  a s tandard  formulat ion 
f o r  which a l l  t h e  work could be co r r e l a t ed .  



So i f  you a r e  t a l k i n g  o f  e x i s t i n g  equipment 
o r  new equipment it should be  c a r r i e d  ou t  on 
a  s tandard  formula t ion .  

COMMANDER FUSSELL: That was one o f  t h e  com-
ments made i n  t h e  group y e s t e r d a y ,  too .  But 
I d i d  no t  mention it because I knew i t  was 
going t o  come up i n  t h e  assessment  p r e s e n t a -  
t i o n .  Everybody t h e r e  agreed t h a t  t h e r e  was 
a r e a l  need f o r  some s o r t  o f  a s t a n d a r d i z e d  
assessment  o f  s p r a y  d r o p l e t s ,  because when 
you g e t  i n t o  t h e  f i e l d  w i t h  your equipment 
you have no p r a c t i c a l  way t o  determine drop-
l e t  s i z e .  

DR. LYON: Yesterday D r .  Akesson mentioned 
t h a t  h e  thought  r o t a r y  a tomizers  were p a s s e .  
Would he  d e s c r i b e  what he means by t h a t ?  
I wonder i f  t h a t  s u b j e c t  came up i n  t h e  app-
l i c a t i o n  workshop? 

COMMANDER FUSSELL: I t  d i d  come up, on ly  
b r i e f l y  though. The comment t h a t  D r .  Akesson 
made was t h a t  on one p a r t i c u l a r  model, where 
t h e  s p e c i f i c a t i o n s  i n d i c a t e d  t h a t  it produced 
d r o p l e t s  a t  a s i z e  o f  10 microns, t h e y  a c t u a l l y  
observed d r o p l e t s  of 30 o r  40 microns.  They 
were n o t  get . t ing t h e  d r o p l e t  s i z e  t h a t  was 
a d v e r t i s e d .  

DR. ROBERTS: D r .  Akesson, do you have any 
comments t o  add t o  t h a t ?  

DR.  AKESSON: I d o n ' t  b e l i e v e  t h a t  I s a i d  t h e  
r o t a r y  a tomizers  were passe .  Rather ,  t h e  p o i n t  
I was t r y i n g  t o  make was t h a t  t h e s e  dev ices ,  
sp inn ing  a t  h igh  speeds,  a r e  more s u b j e c t  t o  
breakdown and a r e  much more expensive t h a n  
p r e s s u r e  n o z z l e  systems. The drop-s ize  s p e c t r a  
they  produce i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
from t h a t  o b t a i n e d  w i t h  t h e  s i m p l e r  p r e s s u r e  
nozz les .  

However, I would l i k e  t o  t a k e  t h i s  oppor-
t u n i t y  t o  t a k e  Commander F u s s e l l  t o  t a s k .  I 
g o t  t h e  impression y e s t e r d a y  t h a t  you f e l t  t h e  
s p r a y  a p p l i c a t i o n  equipment i n d u s t r y  was n o t  
p rov id ing  a s  much i n  t h e  way o f  new equipment 
and a p p l i c a t i o n  techniques  a s  i t  should  be .  
I  would s u g g e s t  t h a t  i t  i s n ' t  s o  much a m a t t e r  
o f  n o t  having new equipment produced, a s  i t  i s  
a  l ack  o f  communication between many o f  o u r  
b i o l o g i s t s  who c o n t r o l  o u r  s p r a y  programs and 
t h e  people  who manufacture t h e  equipment. I n  
o t h e r  words, t h e  b i o l o g i s t s  r e q u e s t  t o  equip-
ment manufacturers  may b e  mechanical ly i l l o g i -  
c a l ,  w h i l e  t h e  machines t h a t  a r e  b e i n g  o f f e r e d  
may appear  t o  t h e  b i o l o g i s t s  t o  be  a n t i q u a t e d  
and imposs ib le  t o  use  f o r  t h e  job t o  be  done. 
Again, I would sugges t  t h a t  communication i s  
t h e  b a s i c  problem. A s  f a r  a s  I can t e l l ,  t h e r e  
a r e  no a p p l i c a t i o n  machines on t h e  market today 
t h a t  h a v e n ' t  been around, a t  l e a s t  i n  b a s i c  
des ign ,  f o r  a t  l e a s t  25 y e a r s .  However, i n  an 

a t tempt  t o  meet t h e  sometimes nebulous demands 
o f  t h e  b i o l o g i s t ,  t h e  equipment manufacturer  
h a s  produced some very  f a n c i f u l  dev ices ,  and 
a l l  t o o  f r e q u e n t l y  h e  a l s o  makes c la ims  f o r  
t h e s e  machines t h a t  s t r a n g e l y  enough sound 
e x a c t l y  l i k e  t h e  reques ted  performance. 

Take, f o r  example, t h e  p r e s e n t  enchantment 
w i t h  co ld  a e r o s o l s  o r  co ld  foggers ,  p a r t i c u l a r l y  
t h e  ones t h a t  add ULV t o  t h e  s p e c i f i c a t i o n s .  
If you go i n t o  t h e  l i t e r a t u r e  and examine t h e  
work o f  Randall L a t t a ,  Al f red  Yeomans and o t h e r s  
o f  t h e  e a r l y  194OVs, you w i l l  f i n d  t h a t  t h e  use  
o f  a e r o s o l s ,  both c o l d  and thermal ,  was wide ly  
d i scussed ,  and e x t e n s i v e  exper imenta t ion  was 
c a r r i e d  o u t ,  t h e  depth and q u a l i t y  o f  which has  
no t  been approached s i n c e  then,  w i t h  perhaps  
t h e  except ion o f  t h e  b i o l o g i c a l - t y p e  r e s e a r c h  
be ing  done today a t  t h e  USDA G a i n e s v i l l e  S t a t i o n .  

However, I n o t e  t h a t  i n  a g r e a t  d e a l  o f  
b i o l o g i c a l  work, such a s  s c r e e n i n g  t e s t s  o f  
var ious  chemicals,  and t e s t s  o f  t h e  g e n e r a l  
r e s u l t s  of each machine on a d u l t  o r  l a r v a e  
c o n t r o l ,  b a s i c  parameters  of weather ,  machine 
opera t ion ,  and sometimes p r o p e r  b i o l o g i c a l  
s t a t i s t i c s  a r e  omi t ted  o r  ignored .  These a r e  
mighty poor  examples o f  r e s e a r c h ,  and t o  c la im 
t o  r e p o r t  on popula t ion  c o n t r o l  wi thout  s p e c i -
f y i n g  o r  i d e n t i f y i n g  t h e  many v a r i a b l e s  i n -
volvedÃ‘physica1 chemical and biological- is  
t o o  f r e q u e n t l y  o n l y  adding confusion and was t ing  
good journa l  space.  

Obviously t h i s  s t a t e  o f  t h i n g s  i s  e a s i l y  
descr ibed ,  b u t  much more d i f f i c u l t  t o  do any-
t h i n g  about .  However, I would aga in  s u g g e s t  
t h a t  t h e  b i o l o g i c a l  and p h y s i c a l  s c i e n c e  i n t e r -  
face-the r e l a t i o n s h i p  between t h e  i n s e c t  
popula t ion  e f f e c t s  and t h e  chemical,  t h e  mode 
o f  a c t i o n ,  type  o f  a p p l i c a t i o n ,  a p p l i c a t i o n  
machine, geographical  t e r r a i n ,  and meteoro- 
l o g i c a l  p a r a m e t e r s ~ s h o u l d  be cons idered  and 
c a r e f u l l y  eva lua ted  i f  sound r e s e a r c h  on such 
t h i n g s  a s  v e c t o r  c o n t r o l ,  f o r e s t  i n s e c t  con-
t r o l ,  and o f  course a g r i c u l t u r a l  economic 
i n s e c t  c o n t r o l ,  i s  being a t tempted .  

T h i s  t o t a l  approach i s  be ing  c a l l e d  s y s -
tems c o n t r o l  o r  i n t e g r a t e d  c o n t r o l ,  and o f  
course c u l t u r a l ,  s a n i t a t i o n ,  and b i o l o g i c a l  
c o n t r o l ,  i n c l u d i n g  p r e d a t o r - p a r a s i t e  f u n c t i o n s ,  
must be  included.  

Another f a c e t  o f  o u r  s c i e n c e  r e s e a r c h  
i n t e r f a c e  is t h e  problem o f  communication i n  
mathematical terminology.  I t  is ,  I r e a l i z e ,  
very s i m p l i s t i c  f o r  me a s  a p h y s i c a l  s c i e n t i s t ,  
t o  p o i n t  a t  t h e  b i o l o g i s t  and s a y  t h a t  what 
he  needs is more number-oriented d a t a ~ s t a t i s -
t i c s ,  computer a n a l y s i s ,  modeling s t u d i e s ,  and 
i n  g e n e r a l ,  a t i g h t e n i n g  up o f  d a t a  a n a l y s i s .  
We must recognize t h a t  t h e  computer, f o r  
example, i s  a very powerful t o o l  and no amount 
o f  deroga tory  s t o r i e s  about  i t s  inhumanity 
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and s t u p i d i t y ,  especia l ly  i n  r e l a t i o n  t o  our  
charge accounts with a l a rge  department s t o r e ,  
is going t o  de t r ac t  from i ts  tremendous capa- 
b i l i t i e s  i n  r a t i ona l i z ing  the  type of  research 
and da ta  analys is  t h a t  we a l l  need i n  our work. 

I  hope t h a t  I am not minimizing t h e  t r e -  
mendous e f f o r t s  and very valuable work being 
done by many of t h e  b io logica l  s c i e n t i s t s  
involved i n  pes t  control  work. Rather, I 
would hope t h a t  my speaking out  here  today 
w i l l  h e lp  t o  open a  route of  information ex- 
change and research col labora t ion  which w i l l  
b ene f i t  us a l l ,  both as researchers and as 
c i t i z e n s .  

The work associa ted  with p a r t i c l e  s i z e ,  
whether o f  spray o r  dry p a r t i c l e s ,  has always 
been s i g n i f i c a n t  i n  r e l a t i o n  t o  pes t  cont ro l .  
Back i n  t he  DDT days, a l o t  of  e f f o r t  was 
devoted t o  determining the  s i z e  of  drople t  
t h a t  would do t h e  bes t ,  most e f f i c i e n t  job f o r  
s p e c i f i c  i n sec t  cont ro l .  Unfortunately, t he  
researchers  then got t o  t he  same place our 
people have reached today, t he  only d i f ference  
being t h e  chemicals used. Basical ly,  t he  
aerosol  s i z e  drops t h a t  Drs. Himel, Weidhaas, 
Mount, and o thers  have found t o  be most e f fec-  
t i v e  i n  cont ro l led  appl ica t ion  s tud ie s ,  both 
labora tory  and f i e l d ,  a r e  not (1) e a s i l y  pro- 
duced, o r  (2)  e a s i l y  counted and s ized ,  o r  
(3) e a s i l y  used under t h e  condit ions of  prac- 
t i c a l  appl ica t ion  work. I s  t h i s  not ,  i n  p a r t  
a t  l e a s t ,  a lack of  communication between 
physical  and b io logica l  s c i e n t i s t s ?  The 
physical  s c i e n t i s t  perhaps e r r s  i n  h i s  i n s i s t -  
ence on using e a s i l y  managed, large-drop- 
s i z e ,  r ap id ly  f a l l i n g  sprays,  but equally 
incons idera te  i s  t h e  b io logica l  s c i e n t i s t ' s  
i n s i s t ence  t h a t  i f  h i s  cont ro l led  t e s t s  prove 
c e r t a i n  f a c t s ,  ex t rapola t ion  t o  f i e l d  appl i -  
ca t ions  should be automatical ly and e a s i l y  
accomplished i f  t he  equipment people would 
simply buckle down and do t h e i r  end o f  t he  
job. 

submit t o  t he  b io log i s t s  t h a t  t h i s  
s i t u a t i o n  i s  extremely unproductive and I 
would beg of  you t o  give g rea t e r  considerat ion 
t o  such means of  approach a s  in tegra ted  o r  
systems cont ro l ,  not a f t e r  your decisions a s  
t o  r a t e s ,  drop s i z e ,  and i n s e c t  response work 
has a l l  been done, but r i g h t  from t h e  time of 
t h e  first chemical screening work which shows 
t h a t  a chemical formulation has promise f o r  
a  p a r t i c u l a r  job. I shouldn' t  expect t h a t  
miracles a r e  going t o  suddenly occur from such 
in t eg ra t ion  of  research e f f o r t ,  but we cer-
t a i n l y  have l i t t l e  t o  l o se  and perhaps much 
t o  be gained by giving it a t r y .  

COMMANDER FUSSELL: Thank you D r .  Akesson. 

I  don' t  think there  was any i n t e n t  t o  imply 
t h a t  the  study of  aerosols  only s t a r t e d  i n  
t h e  l a s t  decade. We would not  want t o  d is -  
c r e d i t  Yeomans o r  Latta o r  any o thers .  Many 
assumptions have been made regarding aerosols ,  
p a r t i c l e  s i z e ,  impingement and things of  t h i s  
s o r t ,  and I  think tha t  some of  these assump- 
t i ons  are  without bas i s .  So the  time has 
come t o  update t h i s  information and use t ha t  
a s  a  bas i s .  

DR. KIETHLY: I t  seems t o  me we have s tudied  
the  l i t e r a t u r e  q u i t e  a  l o t  on what people 
have done, but  how do we put i t  t o  use? 

COMMANDER FUSSELL: Something should be done. 
I t  might be something f o r  government t o  con-
s i d e r  o r  it might be something f o r  indus t ry  
o r  a  combination of  both t o  consider. 

DR. TSCHIRLEY: I  would l i k e  t o  re turn  t o  my. 
or ig ina l  question and ask D r .  Akesson, i n  l i g h t  
of t h i s  discussion,  whether o r  not t h e  tech- 
nology i s  ava i lab le  now t o  do what we want 
with these spray systems, o r  do we need more 
research t o  def ine  t h i s ,  o r  i s  t he re  a  need 
t o  make the  equipment t h a t  w i l l  produce what 
we want? 

DR. AKESSON: I think t h a t  t he  technology i s  
there ,  but I  do be l ieve  t h a t  t he  key t o  t h i s  
is  the  need t o  get  t h e  equipment and t h e  bio- 
logica l  requirements l i ned  up and corre la ted .  
And again I would say,  yes, t h e  technology is 
there ,  i t  is a development process.  I  work 
i n  ag r i cu l tu ra l  engineering, and where does 
our information come from? We get  i t  from 
"space1' people, mechanical engineers,  c i v i l  
engineers, s a n i t a r y  engineers and o thers ,  and 
apply it t o  ag r i cu l tu re .  There you have a 
tremendous background and source of  technology. 
I f  we can f ind  the  information we need i n  
these  areas and bring it  t o  bear,  t h i s  i s  t h e  
general plan tha t  we follow. I  th ink  t h a t  
the  technology i s  avai lab le  but we do need 
tha t  s p e c i f i c  r e l a t i onsh ip .  

DR. LILIJDAHL: I do not see how you can say 
t h a t  we have t h e  technology avai lab le .  A t  
l e a s t  one important p a r t  of  t h e  technology 
required,  i f  drople t  s i z e  i s  important, i s  
t h e  a b i l i t y  t o  produce--in p r a c t i c a l  q u a n t i t i e s  
and i n  p r a c t i c a l  s i t u a t  ions--reasonably uniform 
spray drople ts  of  a  des i red  s i z e .  Now, a s  f a r  
as I  know, t he re  i s  only one process ava i l ab l e  
f o r  doing t h a t  i n  a  p r a c t i c a l  s i t u a t i o n  i n  t h e  
f i e l d .  That is  the  one t h a t  we have developed, 
t ha t  Dallas has worked on a t  College S t a t i on ,  
and t h a t  I  am working on again now. That has 
three  important l im i t a t i ons .  F i r s t ,  it w i l l  
not go below 75 microns; secondly, it i s  not 
good i f  you have suspended mater ia ls  i n  wet- 
t ab l e  powders; and t h i r d ,  nobody knows f o r  



s u r e  i f  i t  w i l l  work i n  high speed a i r  streams. 
Chances a r e  it w i l l  no t .  Consequently we do 
not  have a method of  producing spray  d rop le t s  
below 75 o r  maybe 50 microns of  reasonable 
uniformity, t h a t  i s ,  something t h a t  has a 
coe f f i c i en t  of  va r i a t i on  o f ,  say,  l e s s  than 
20 percent  o r  even l e s s  than 50 percent .  
Most of  t h e  a i r  atomizing nozzles t h a t  we use  
f o r  f i n e  sprays a r e  t e r r i b l e ,  when you con-
s i d e r  t h e i r  c o e f f i c i e n t s  of  v a r i a t i o n .  I do 
not  s ee  how we can cons ider  those  t o  be  uni-  
form sprays .  When we a r e  r e l ea s ing  these  
very f i n e  sprays,  who knows how many drops 
we a re  producing t h a t  a r e  l e s s  than 2 microns 
--drops t h a t  we can not  even measure. I do 
not th ink  we have t h e  technology ava i l ab l e .  

DR. AKESSON: The problem t h a t  Lou is br inging  
out ,  and again I  agree with 100 percent ,  i s  
t h a t  o f  t r y i n g  t o  produce t h e  t o o l s  t h a t  we 
need t o  do t h e  research .  We do not  have those ,  
l e t  alone t h e  p r a c t i c a l  type th ings  t h a t  we 
could t ake  i n t o  t he  f i e l d .  I d e n t i f i c a t i o n  of  
small p a r t i c l e s  i s  g r e a t l y  improved. We a r e  
doing q u i t e  a  b i t  of  work with a scanning e lec-  
t ron  microscope now, and we can i d e n t i f y  sub- 
micron p a r t i c l e s  now, bu t  it is not  easy. 

DR. LILIJDAHL: I thought t h a t  Fred Tschi r ley  
was r e f e r r i n g  t o  whether t h e  information and 
technology was ava i l ab l e  t o  design and ac tua l ly  
mass-produce such a machine. I do not  think 
we have t h a t  technology. 

DR. AKESSON: We have t h e  f i r s t - s t e p  o r  f i r s t -
genera t ion  equipment, a s  i t  were, t o  do t h e  
research  work. Agreed, we can not go i n t o  
t h e  f i e l d  with such a machine a t  t h i s  da te .  

MR. RANDALL: Can I  ask a quest ion a t  t h i s  
po in t ?  Are you r e f e r r i n g  t o  d rop le t  generators? 

DR. AKESSON: Yes, both a s  labora tory  types 
and f i e l d  types .  

DR. LILIJDAHL: Now I am not t a l k i n g  about 
labora tory  genera tors .  I was t a l k i n g  about 
p r a c t i c a l  f i e l d  equipment. 

MR. RANDALL: There i s  one poin t  I  would l i k e  
t o  br ing  t o  t h e  a t t e n t i o n  of  t h e  group here  
and I  am su re ,  Ed, you a r e  probably f ami l i a r  
with i t .  Laboratory d rop le t  generators have 
been produced a t  S u f f i e l d  f o r  t h e  Defense 
Research Board, and pub l i ca t ions  descr ib ing  
t h i s  equipment a r e  ava i l ab l e .  A s  f o r  d rop le t  
genera tors  out  i n  t h e  f i e l d ,  t h e  problem, I 
f e e l  i s  t h a t  t h e r e  a r e  too  many of  them and 
the re  is no c o r r e l a t i o n  between one machine 
and t h e  next  one, mainly because of t h e  lack 
of  a  s tandard  so lu t ion ,  which was a DDT-
Vels icol - fue l  o i l  combination. Of course 
t h e  DDT was the  s tandard  i n s e c t i c i d e  and we 

compared everything t o  t h a t  p a r t i c u l a r  insec-  
t i c i d e ;  t h e  aromatic f u e l  o i l  formulat ion was 
our standard l i qu id ,  s o  t h a t  we could compare 
a l l  new formulations aga ins t  t h i s  s tandard .  
In t h i s  way we had some co r r e l a t i on  between 
the  various years t h a t  we d id  our  work. But 
i f  we d id  one th ing  a t  t h i s  meeting, it would 
be t o  come up with a standard so lu t ion ,  so  
t h a t  everybody would use t h a t  one formulat ion 
o r  one l i qu id ;  then t h e  next time we meet we 
would a t  l e a s t  have t h a t  one th ing  i n  common. 
The da t a  could be i n t e rp re t ed  by everybody. 
Now even i f  t h e  work was done with d rop le t  
generators,  o r  done i n  t h e  f i e l d ,  we would 
have some means of  comparing our work o r  da t a .  

DR. MAKSYMIUK: I  would l i k e  t o  add t o  Randal l ' s  
comment on t h e  need t o  develop s tandard  formu- 
l a t i o n s  o r  so lu t ions  i n  o rde r  t o  compare our  
labora tory  and f i e l d  r e s u l t s .  A t  t h e  same 
time, we a l s o  need t o  s tandardize  ou r  metho- 
dology. Despite t h e  f a c t  t h a t  some e x i s t i n g  
methods f o r  determining spray  atomization and 
assess ing  spray depos i t  a r e  comparable, addi-
t i ona l  s tandardiza t ion  and common acceptance 
of  methods a r e  needed i n t e r n a t i o n a l l y .  

I  would l i k e  t o  comment on t h e  t h r e e  
areas  r e l a t e d  t o  t h e  a e r i a l  app l i ca t ion  spray  
equipment : 

1. Coverage: surface area o f  foliage vs. 
surface area of  land -- The amount o f  p e s t i c i d e  
de l ivered  by various kinds of  spray  equipment 
is cu r r en t ly  expressed p e r  ac re  o f  land a rea ,  
disregarding t h e  va r i ab l e  amount o f  t h e  su r -  
face  a r ea  of  f o l i a g e  p e r  a c r e .  For example: 
how many ac re s  of  sur face  a r ea  o f  f o l i a g e  a r e  
t he re  i n  an ac re  o f  land? We ought t o  con-
s i d e r  hor izonta l  and v e r t i c a l  v a r i a t i o n  i n  
vegetat ion (cabbage f i e l d ,  Douglas-f ir  f o r e s t ,  
oak f o r e s t ,  e t c . ) .  Therefore, it would be 
more r e a l i s t i c  t o  express t h e  coverage i n  
terms o f  a r ea  o f  fo l i age  (@a, o r  amount of 
p e s t i c i d e  pe r  u n i t  su r f ace  a r ea  of  fo l i age )  
i n s t ead  of  a s  t r a d i t i o n a l l y  expressed p e r  
u n i t  sur face  a r ea  o f  land (gpa, pounds p e r  
acre ,  e t c . ) .  This concept, i f  used i n  t h e  
f i e l d ,  w i l l  provide more r e l i a b l e  determina- 
t i o n s  and comparisons of  f i e l d  dosages and 
w i l l  r e s u l t  i n  b e t t e r  r ep roduc ib i l i t y  o f  
i n s e c t  opera t ional  cont ro l  programs. 

2. Microbial i-nsecticides -- We under- 
est imated i n  t h i s  workshop t h e  importance 
and need o f  spray equipment f o r  de l ive r ing  
microbial  i n s e c t i c i d e s .  These b io log ica l  
i n sec t i c ides  (bac t e r i a ,  v i ruses)  a r e  appl ied  
a s  suspensions whereas most chemicals insec-  
t i c i d e s  a r e  appl ied  a s  so lu t ions .  The major 
problem i s  t h a t  suspended i n s e c t  pathogens 
s e t t l e  out ,  i n  spray  formulation mixing 
equipment, i n  a i r c r a f t  tanks ,  and i n  sp ray  



de l ive ry  systems. An acute problem i n  t h e  
s to rage  o f  microbial  suspensions i s  t h e  
sedimentat ion and agglomeration o f  p a r t i c l e s .  
This leads  t o  va r i ab l e  de l ive ry  of  pathogen 
concent ra t ions ,  with e r r a t i c  f o l i a g e  coverage, 
and i n  turn ,  va r i ab l e  and unreproducible 
r e s u l t s  i n  i n s e c t  mor t a l i t y  by p l ace  and time. 

We el iminated t h i s  problem by working a s  
a team with engineers i n  conceiving, designing, 
and f a b r i c a t i n g  spec i a l  spray  mixing and loading 
equipment and an a i r c r a f t  spray  system. This 
equipment provides f o r  t h e  continuous r e c i r -
c u l a t i o n  o f  sp ray  formulat ion i n  t h e  spray  
tanks and spray booms (on t h e  ground o r  i n  
f l i g h t )  without i n j u r y  t o  t h e  pathogens e i t h e r  
by mechanical sources o r  hea t .  Developed 
technology i s  being app l i ed  i n  t h e  f i e l d  
research experiments. Hopefully, i t  w i l l  be 
t r ans fe r r ed  t o  t h e  opera t ional  use  a s  soon 
a s  microbial  i n s e c t i c i d e s  can be used opera- 
t i o n a l l y .  

3 .  Aerial appl icat ion o f  pes t ic ides  -- We 
have d i f f i c u l t  problems i n  a e r i a l  app l i ca t ion  
of p e s t i c i d e s  i n  f o r e s t r y  mainly because we can-
not  con t ro l  v a r i a b l e  meteorological and topo- 
graphic condi t ions .  Therefore, t h e  spray equip- 
ment must have v e r s a t i l i t y  f o r  obta in ing  the  
des i r ed  spray  atomization (drop s i z e  spec t r a )  
and app l i ca t ion  r a t e s  (volumes of  l i qu ids )  f o r  
achieving s p e c i f i c  pes t  cont ro l  ob j ec t ives  
s a f e l y  and e f f e c t i v e l y  under a wide range of  
physical  and b io log ica l  f i e l d  condit ions.  

DR. TSCHIRLEY: Formulations were mentioned a s  
a need, too ,  i n  terms o f  f u r t h e r  research .  
Two ques t ions  on t h i s :  What i s  t h e  l e v e l  of  
e f f o r t  i n  developing new formulations now and 
was the re  any d iscuss ion  of  t h e  group's  
f e e l i n g s  a s  t o  whether t h i s  was t he  responsi-  
b i l i t y  o f  t h e  pub l i c  o r  t h e  p r i v a t e  s ec to r?  

COMMANDER FUSSELL: We r e a l l y  d i d n ' t  delve 
deeply i n t o  t h a t  p a r t  o f  i t .  I t  i s  d i f f i c u l t  
t o  say  a t  t h i s  po in t  who w i l l  be respons ib le .  
The government probably does most of  t h e  
research ,  but  t h e  people from Dow, MGK, 
Chemagro, e t c . ,  might argue about t h a t  s ince  
they do a tremendous amount of  research  them- 
se lves .  This fu tu re  research  might not  be 
ass igned t o  any p a r t i c u l a r  group, but  it i s  
work t h a t  should be done, t o  develop formula- 
t i o n s ,  d i f f e r e n t  concent ra t ions ,  o r  d i f f e r e n t  
c a r r i e r s .  We have obtained some very i n t e r -  
e s t i n g  r e s u l t s  with some o f  our  work with 
emulsions. And t h i s  s o r t  of  t h ing  should be 
explored more f u l l y .  

DR. ROBERTS: I t  seems t o  me t h a t  we have 
been t a l k i n g  about t h e  need f o r  s tandards  of  
techniques and procedures but  we have not 
pointed a f i nge r  a t  who is going t o  organize 

t h i s .  We should organize some s o r t  of  
governing body now so  t h a t  we can ass ign  
committees and begin t he  t a sk  o f  def in ing  
standards and techniques. Otherwise, we 
w i l l  r e tu rn  t o  our l abo ra to r i e s ,  and next  
year  w i l l  come back t o  t h i s  workshop and 
t h e  same c r i t i c i s m  and comments w i l l  be made 
about t h e  lack o f  s tandards o r  means o f  com-
paring data.  So l e t  us organize ourselves 
here  and now so  we can s t a r t  on t h i s  problem 
of s tandardiz ing  our  methods and techniques.  

DR. MAKSYMIUK: I  understand EPA has a com-
mit tee  on s t anda rd i za t ion  and nomenclature 
pe r t a in ing  t o  pes t i c ides .  I t a lked  t o  t h e  
head man j u s t  a few weeks ago. A t  a meeting 
somewhere i n  Phi ladelphia ,  severa l  engineers 
walked in ,  and they were f e e l i n g  uneasy 
because they couldn ' t  p a r t i c i p a t e .  But t h e  
chairman asked t h e  engineers t o  form a 
committee and assigned them t h e  task  of  work- 
i n g  on the  s t anda rd i za t ion  of  methodology 
and nomenclature. I don ' t  know whether a 

r epo r t  t r ansp i r ed  from t h a t  o r  no t .  Perhaps 
some of  t h e  engineers he re  now know what t h e i r  
colleagues a r e  doing. 

DR. ROBERTS: Are we t a l k i n g  about t h e  same 
thing,  Bohdan? I am t a l k i n g  about an i n t e r -  
na l  organiza t ion  composed of t h e  people t h a t  
a r e  doing t h e  work. I understand t h a t  t he re  
has t o  be some f ede ra l  r egu la t i ons  e s t ab l i shed  
by EPA. 

DR. MAKSYMIUK: Once such procedures a r e  
accepted by EPA, then they a r e  mandatory t o  
use. I t  is very important t h a t  we p a r t i c i -  
pa t e  on t h a t  committee s o  t h a t  t h e  nomen- 
c l a t u r e  and s t anda rd i za t ion  a r e  t h e  kind t h a t  
we would l i k e .  I urge t h a t  we pursue t h i s  
matter  and ge t  i n  touch with them, then i f  
the  need a r i s e s  we provide s i zeab le  input .  
I t  would be  a good idea  a l s o  t o  s o l i c i t  such 
input ,  maybe i n  an advisory capacity,  from 
t h e  Canadians and anybody e l s e  who would l i k e  
t o  con t r ibu t e .  

DR. ROBERTS: D r .  Tschi r ley ,  I  would l i k e  t o  
hear  your comments on t h a t .  Do you have any 
he'lp o r  information on t h i s  matter? 

DR. TSCHIRLEY: What t h e  gentleman r e f e r s  t o  
I th ink  i s  a cu r r en t  e f f o r t  by ASTM, The 
American Society f o r  Tes t ing  Mater ia ls .  They 
have had seve ra l  meetings now, wi th  some 
di f ference  o f  opinion a s  t o  j u s t  what t h e  
st imulus o f  t h i s  was. But, presumably, what 
they a r e  t o  come up with a t  some po in t  i n  
t he  fu tu re  i s  a s t anda rd i za t ion  methodology 
f o r  information t h a t  EPA needs i n  t h e  p e s t i -  
c ide  r e g i s t r a t i o n  process .  Now t h e  nomencla- 
t u r e  I th ink  i s  a p a r t  of  t h i s ,  and t h i s  i s  
something t h a t  would come f a i r l y  easy. But 



o the r  than t h a t ,  i t  is t h e  methodology of 
the  t e s t  t h a t  i s  requi red  f o r  t he  r e g i s t r a -
t i o n  o f  t h e  mater ia ls  t h a t  they a re  looking 
a t ,  i n s o f a r  a s  I know anyway, r a t h e r  than 
anymethodologythat is involved i n  t h e  
development of t he  equipment f o r  de l ive r ing  
p e s t i c i d e s .  According t o  t h e  new p e s t i c i d e  
l e g i s l a t i o n ,  t h i s  does not  cover the  r eg i s -
t r a t i o n  of t he  appl ica t ion  equipment i t s e l f .  
Of devices f o r  p e s t  cont ro l ,  yes,  and of t h e  
pes t i c ides  themselves, yes,  but not  t he  equip-
ment f o r  de l ive r ing  it. So what you suggest ,  
Richard, t h a t  a group get  together  t o  
s tandardize  some o f  t h e  parameters t h a t  you 
have t o  deal  with day a f t e r  day, i s  an 
exce l l en t  suggestion.  

MR. PIERPONT: What D r .  Tschirley j u s t  s a i d  
is  co r rec t ,  and I think t h a t  D r .  Roberts'  
suggestion is a good one. A t  t h e  present  
time we a r e  pu t t ing  together  guidel ines  f o r  

the  r e g i s t r a t i o n  of pes t i c ides  i n  t h e  United 
S ta t e s .  One p a r t  of t h a t  is  the  Appendix 
which w i l l  include a l l  o f  t he  t e s t  methods 
acceptable f o r  t h e  development o f  t hese  p e s t i -  
cides.  This i s  where your input  would be very 
g rea t ly  appreciated.  

DR. ROBERTS: We have a golden opportunity here  
t o  "write our own book" so t o  speak. But who 
i s  going t o  take  t h e  i n i t i a t i v e  and w i l l  
organize t h i s  group? This is  r e a l l y  not  my 
f i e l d ,  so  I am going t o  pass t h e  buck. 

MR. RANDALL: I would l i k e  t o  t ake  t h i s  golden 
opportunity t o  pass  t h e  buck a l i t t l e  f u r t h e r .  
I think the  group t h a t  works i n  f o r e s t r y  should 
handle t h e  requirements f o r  t h e i r  a rea  and the  
group t h a t  does the  mosquito work should handle 
t h a t  p a r t i c u l a r  type of work, s o  a t  l e a s t  t he  
exper ts  would be i n  t h e i r  own f i e l d .  
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The Micrometeorology and Physics of Spray Particle Behavior 

Harrison E. cramerl Douglas G. 6oyle2  

Abstract--During 30 years of experimental programs a t  
Dugway Proving Ground, techniques were developed f o r  computer 
modeling of spray cloud behavior. Atmospheric t r anspor t  and 
d i f fu s ion  processes within f o r e s t  canopies a r e  genera l ly  q u i t e  
d i f f e r e n t  from those i n  open t e r r a i n ,  a s  i l l u s t r a t e d  by normal- 
i zed  v e r t i c a l  p r o f i l e s  of  windspeed and temperature. Deposi-
t i o n  of  a e r i a l  sprays on vegeta t ion  o r  i n sec t s  i s  apparently 
t he  r e s u l t  of  many d i f f e r en t  processes t h a t  a r e  not well under-
stood. Some da t a  on canopy penet ra t ion  has been gathered i n  
t e s t s  using Zectran. 

This d iscuss ion  summarizes t h e  techniques 
used t o  support experimental spray programs a t  
Dugway Proving Ground. The time span is 30 
years .  The spray  programs themselves were 
designed pr imar i ly  t o  evalua te  s p e c i f i c  m i l i -
t a r y  systems o r  items o f  developmental hard-
ware. For t h a t  reason, viewed h i s t o r i c a l l y ,  
they  show no con t inu i ty  of ob j ec t ives .  Con-
t i n u i t y  i s  provided, however, by t h e  recurrence 
of  t h e  same unknowns. I t  i s  r e f l e c t e d  a l s o  i n  
t h e  evolution o f  improved sensors,  assay and 
ana lys i s  techniques and, s ince  t he  l a t e  1950fs ,  
increased r e l i a n c e  on computer modeling of  
spray cloud behavior. The current  approach t o  
modeling is the  cen t r a l  theme of t h i s  paper. 
I n  t h e  development of  t h e  computational schemes 
presented,  t h e  ob jec t ive  has been and continues 
t o  be a more u se fu l  alignment between theory 
and f i e l d  experiment i n  t h e  physical  descr ip-  
t i o n  of  aerosol  and d rop le t  behavior. Atmos-
pher ic  t r anspor t  and d i f fu s ion  processes wi th in  
a f o r e s t  canopy a r e  discussed i n  a l a t e r  
s ec t ion .  The concluding sec t ion  presents  t he  
scant  da t a  generated (through 1972) under t h e  
cooperat ive agreement between Army and Forest  
Serv ice  i nves t iga to r s .  

G a r r i s o n  E .  Cramer Co., S a l t  Lake Ci ty ,  Utah. 

2 ~ e s e r e t  Test  Center, For t  Douglas, Utah. 

GENERALIZED MODEL CONCEPT 

The employment of  mathematical p r ed i c t i on  
models has proved mandatory i n  quantifying the  
atmospheric behavior of m i l i t a r y  systems, s ince  
many such systems cannot be t e s t e d .  Use of  pre-
d i c t i o n  models i s  a l s o  e s s e n t i a l  i n  t h e  design 
of f i e l d  t r i a l s  and i n  t he  i n t e r p r e t a t i o n  of  
f i e l d  measurements. The concept o f  general ized 
concentration-dosage p red ic t i on  models was f i r s t  
s t a t e d  by Milly (1958) who pointed out  t he  neces-
s i t y  f o r  separa t ing  the  e f f ec t  of  source f a c t o r s ,  
meteorological f ac to r s ,  and s i t e  f a c t o r s  i n  t h e  
ana lys i s  and genera l iza t ion  of chemical and bio-  
l og i ca l  f i e l d  t e s t  da t a .  This concept has been 
broadened and implemented i n  work a t  Deseret Test  
Center (Cramer and o the r s ,  1964; 1972) and i s  t h e  
keystone of  t h e  model formulas f o r  a e r i a l  spray 
r e l ea ses  given below. The general ized models 
a r e  intended t o  be un ive r sa l ly  appl icable ,  by 
s u i t a b l e  s e l ec t ion  of  source and meteorological 
input  parameter values,  t o  a l l  dissemination 
systems, t o  a l l  environmental regimes, and t o  
a l l  requirements. These requirements t y p i c a l l y  
include t h e  design of  f i e l d  t e s t s ,  assessment 
of  t he  r e s u l t s  of f i e l d  measurements, extrapo-
l a t i o n  of  these  r e s u l t s  t o  f i e l d  opera t ions ,  
development of dissemination systems, and hazard- 
s a f e ty  analyses,  among o the r s .  

The bas ic  general ized model format is a 
mass con t inu i ty  equation t h a t  i n  p r i n c i p l e  pro- 
v ides  a complete desc r ip t ion  of  the  t r a j e c t o r y  
and p rope r t i e s  of  an aerosol  o r  heavy p a r t i c u l a t e  



cloud, from the time of cloud stabilization 

(approximate equilibrium with ambient condi- 

tions immediately following dissemination), 

until the cloud has passed beyond the maximum 

downwind travel distance of interest. The 

terms included in the generalized model must 

therefore specify the direction and rate of 

downwind cloud travel; the alongwind, cross- 

wind and vertical cloud dimensions as functions 

of travel time and distance; the distribution 

of material within the cloud as a function of 

time and distance; and losses of material 

through decay or removal by such agencies as 

hydrometeors, gravitational settling, and 

other surfaces. The generalized model must 

also provide for the effects of variations 

in the chemical and physical properties of 

the material contained in the stabilizedcloud; 

in the mode of release and source emission 

time; and in the meteorological, terrain, and 

vegetative factors. 


The Deseret Test Center model equations 

are similar in form to the Gaussian diffusion 

model formulas first developed by A. G. Sutton 

(1953) and later extended by Pasquill (1962) 

and others. A Cartesian coordinate system is 

employed, with the origin placed at ground 

level directly below the source. The x axis 

is along the direction of downwind cloud 

travel, the y axis is normal to the alongwind 

axis in the plane of the horizon, and the 

z axis is directed along the vertical. The 

auxiliary equations for the lateral, vertical 

and alongwind cloud dimensions are expressed 

as simple power laws and contain direct 

meteorological predictors. Other distribution 

functions, coordinate systems, cloud expansion 

laws and meteorological predictors can be sub- 

stituted in the models. In addition to using 

direct meteorological predictors, the Deseret 

Test Center models also provide for the inclu- 

sion of mesoscale meteorological factors which 

control atmospheric diffusion, transport, and 

depletion processes for cloud travel distances 

in excess of 1 or 2 kilometers. The mesoscale 

factors most important in determining the 

dimensions or aerosol clouds at distances 

greater than a few kilometers downwind from 

the point of release are the depth of the 

surface mixing layer and the vertical shear 

of windspeed and azimuth wind direction in 


this layer. It follows that a choice of expres- 

sions used in the model to account for the 

effects of microscale processes, particularly 

small-scale turbulent mixing, is frequently 

not of critical importance. Other important 

innovations in the Deseret Test Center models 

include specific provisions for the effects of 

initial cloud size and source emission time on 

downwind concentration-dosage patterns. 


It should be recognized that thegeneral- 

ized model formulas are inherently interim or 

state of the art expressions reflecting the 

best available knowledge. Provision has been 

made for their refinement and improvement as 

new information becomes available. In many 

instances, the appropriate source and meteoro- 

logical information is fragmentary or almost 

completely lacking. Because of inadequacies 

in existing measurements, the amount of rigorous 

model validation that has been possible to date 

is disappointingly small. However, the exper- 

ience in model validation has demonstrated 

that the overall conceptual framework is sound 

and that the accuracy of model predictions is 

limited principally by the accuracy and adequacy 

of the source and meteorological inputs. 


Generalized Model Formulas for 

Aerial Spray Releases 


In aerial spray releases, the release of 

material to the atmosphere is completed almost 

instantly as the spray cloud generally reaches 

an approximate equilibrium with the ambient 

air flow within seconds. This approximate 

equilibrium is referred to as cloud stabili- 

zation and the source inputs used in the model 

refer to the properties of the spray cloud 

immediately after it has stabilized. These 

properties include the dimensions of the 

stabilized cloud, chemical species contained 

in the cloud, total amount of each species, 

size distributions and densities of particu- 

lates or droplets, and spatial distribution 

of each species within the stabilized cloud. 


In the generalized concentration model 

for aerial spray releases, the concentration 

of airborne spray material downwind from the 

point of cloud stabilization is given by the 

product of five terms: 


~ ( x , 
y, z, t) = (Peak Concentration Term) (Alongwind Term) (Edge Effects Term) 

(Vertical Term)(Depletion Term) 




V 

The Peak Concentration Term r e f e r s  t o  t h e  Q = t o t a l  quant i ty  of spray material  
concentrat ion a t  t he  center  of the  cloud released per un i t  length of the  
(x = u t ,  y = 0, z = H) and i s  defined by r e l ease  l i n e  
the  expression 

u = standard devia t ion  of the  alongwind 
QL concentration d i s t r i b u t i o n  

2.n ox U z  
u = standard devia t ion  of t he  v e r t i c a l  where - concentration d i s t r ibu t ion  

u = mean windspeed 

H = height of t he  center  of  the  s t a b i -  The remaining four terms, which a r e  a l l  dimen- 
l i z e d  cloud o r  e f f ec t ive  r e l ease  s ionless ,  a r e  defined a s  follows: 
height  

Alongwind Term = exp [-i '1 

H- ( v x / ~ )  (-)'IVert ica l  Term = lexp[-4 UJW 1 
where Depletion Term (Prec ip i ta t ion  Scavenging) 

= grav i t a t iona l  s e t t l i n g  ve loc i ty  ,- -
= exp [-A(: - t I)] 

H = depth of t he  surface  mixing l aye r  

where 

A = f r ac t ion  of material  by weight removed 
Depletion Term (Decay) = exp (-kt) by scavenging per un i t  time 

t '  = time a f t e r  cloud s t a b i l i z a t i o n  t h a t  
(-k t)= exp p rec ip i t a t ion  begins 

where The t o t a l  weight of heavy p a r t i c u l a t e  o r  drop- 
l e t s  deposited per  u n i t  surface area  (contami-

k = decay coe f f i c i en t  nation density)  i s  defined by the  expression 

where 



In the above expressions for contamination 

density, 


f. = fraction by weight of heavy particu- 
l 
 lates or droplets with gravitational 


settling velocity Vs 


6 = vertical diffusion coefficient of 
the order of unity 


x = vertical virtual distance 
Y 


The auxiliary model formulas used to define 

the standard deviations of the concentration 

distribution (ox,oy, oZ)-which contain the 

turbulent intensities, diffusion coefficients, 

wind velocity, and other meteorological para- 

meters~will not be presented here. A complete 
description of these formulas may be found in 

the report prepared for Deseret Test Center by 

Cramer and others (1972). 


FIGURE 1. Schematic diagram of above-canopy line release model. 




The a e r i a l  spray model j u s t  out l ined  was 
developed p r inc ipa l ly  f o r  use i n  open t e r r a i n  
and must be modified before it can be used t o  
p red i c t  concentrat ions o r  contamination den- 
s i t i e s  within f o r e s t  canopies. A s  t h e  model 
s tands,  i t  can very l i k e l y  be employed t o  ca l -  
cu l a t e  spray concentrat ions and contamination 
d e n s i t i e s  a t  t h e  top  of  a f o r e s t  canopy r e su l -  
t i ng  from a e r i a l  l i n e  source r e l ea ses .  The 
schematic diagram ( f i g .  1) shows the  spread 
of a heavy p a r t i c u l a t e  o r  drople t  cloud from 
a l i n e  source r e l ea se  above a  f o r e s t  canopy. 
The f ea tu re s  i n  t h e  diagram r e f e r  t o  some of 
the  more important model parameters. The 
i n c l i n a t i o n  of t he  alongwind a x i s  of  t he  
cloud c e n t e r l i n e  a t  an angle vi/6 t o  t he  hor i -  
zontal (where v i  i s  the  g rav i t a t i ona l  s e t t l i n g  
ve loc i ty  of a c l a s s  o r  heavy p a r t i c l e s  o r  
d rop le t s  and ii i s  t h e  mean windspeed) shows 
t h e  b a l l i s t i c  treatment of g rav i t a t i ona l  s e t -
t l i n g  i n  t he  model. The growth of t h e  cloud 
by turbulent  mixing takes  place about t h i s  
inc l ined  a x i s  r a t h e r  than about a  horizontal  
ax i s ,  a s  i n  t h e  case of  a  vapor o r  gas cloud. 

Downwind distance (m) 
FIGURE 2.  Total surface deposit ion from 

elevated crosswind l i n e  r e l ea ses ,  
a t  a  height  of  SO meters, f o r  
a  mean windspeed of 5 meters per  
second f o r  se lec ted  drop s i ze s .  

The v e r t i c a l  term ind ica t e s  the r e l a t i onsh ip  
between t h e  v e r t i c a l  dimensions of  the  cloud 
and t h e  standard devia t ion  of  the  v e r t i c a l  
concentrat ion d i s t r i b u t i o n .  Although i t  i s  
not shown i n  f i gu re  1 ,  t h e  edge e f f e c t s  term 
accounts f o r  t h e  d i l u t i o n  of  t h e  cloud t h a t  
occurs a t  t h e  crosswind ext remi t ies  (end po in t s  
of  t he  r e l ea se  l i ne )  produced by the ent ra in-  
ment and mixing of ambient a i r .  

Examples a r e  given ( f i g s .  2,  3) of ca l -  
cu la t ions  of  t he  t o t a l  deposit ion of  spray 
mater ia l ,  f o r  se lec ted  drop s i z e s  (densi ty = 
1.0),  per  u n i t  sur face  area ,  a t  a  height  of  
50 meters below the  e f f ec t ive  r e l ea se  height .  
This surface can be assumed t o  represent  t he  
top of a continuous f o r e s t  canopy. When the  
mean windspeed i s  5 m sec- l ,  a s  shown i n  
f i gu re  2,  the  t o t a l  deposit ion i s  approxi- 
mately t h e  same f o r  a l l  drops l e s s  than 100 
microns i n  diameter. A t  low mean windspeeds, -
a s  shown i n  f i g u r e  3, t h e  t o t a l  deposit ion i s  
approximately t h e  same f o r  a l l  drops l e s s  than 
40 microns i n  diameter. 

Downwind distance (m) 
FIGURE 3. Total surface deposit ion from 

elevated crosswind l i n e  r e l ea se ,  
a t  a height  of  SO meters, f o r  
a  mean windspeed of  1 meter per  
second f o r  se lec ted  drop s i z e s .  



ATMOSPHERIC TRANSPORT AND 
DIFFUSION PROCESSES WITHIN FOREST CANOPIES 

Atmospheric t r a n s p o r t  and d i f f u s i o n  
p r o c e s s e s  w i t h i n  f o r e s t  canopies  a r e  g e n e r a l l y  
q u i t e  d i f f e r e n t  from t h o s e  i n  open t e r r a i n .  
I n  dense canopies ,  t h e  meteoro log ica l  s t r u c -  
t u r e  i s  o n l y  v e r y  weakly coupled w i t h  t h e  
above-canopy meteoro log ica l  s t r u c t u r e .  The 
wind and tempera tu re  f i e l d s  t h a t  c o n t r o l  
below-canopy t r a n s p o r t  and d i f f u s i o n  conse- 
q u e n t l y  d i f f e r  s i g n i f i c a n t l y  from t h o s e  t h a t  
a p p l y  above open t e r r a i n  i n  t h e  absence o f  a 
canopy. The v e r t i c a l  p r o f i l e s  o f  mean wind- 
speed and a i r  t empera tu re  below t h e  t o p  o f  a 
f o r e s t  canopy a r e  o f  s p e c i a l  i n t e r e s t .  Nor- 
mal ized p r o f i l e s  o f  windspeed between ground 
l e v e l  and t h e  t o p  o f  s e l e c t e d  canopies  ( f i g .  4) 
were r e p o r t e d  by F r i t s c h e n  and o t h e r s  (1970) .  
We a r e  i n t e r e s t e d  p r i m a r i l y  i n  t h e  normalized 
p r o f i l e s  i n  f i g u r e  4 f o r  t h e  Douglas - f i r  f o r e s t ,  
dense c o n i f e r  s t a n d ,  and moderately dense con i -  
f e r  s t a n d .  The r e l e v a n t  f e a t u r e s  o f  t h e s e  
p r o f i l e s  a r e :  

I n  t h e  upper  t h i r d  o f  t h e  canopy, t h e r e  
i s  a  s h a r p  d e c r e a s e  i n  windspeed from 
t h e  above-canopy speed 

I n  t h e  lower t w o - t h i r d s  o f  t h e  canopy, 
t h e  windspeed i s  almost  c o n s t a n t  with 
h e i g h t ,  and i s  approximately one-quar te r  
t o  o n e - t h i r d  t h e  v a l u e  of  t h e  windspeed 
a t  t h e  t o p  o f  t h e  canopy 

An a d d i t i o n a l  f a c t  t o  b e  k e p t  i n  mind i s  t h a t  
t h e  windspeed i n  t h e . u n d i s t u r b e d  a i r  f low above 
t h e  canopy i s  approximately t w i c e  t h e  windspeed 
a t  t h e  t o p  o f  t h e  canopy. Th is  l e v e l  o f  und is -  
tu rbed  flow i s  found a t  an e q u i v a l e n t  canopy 
h e i g h t  above t h e  t o p  o f  t h e  canopy. I t  f o l l o w s  
t h a t  windspeeds i n  t h e  lowest  two- th i rds  o f  
dense f o r e s t  canopies  w i l l  r ange  from about  
5 t o  10 p e r c e n t  o f  t h e  windspeed i n  t h e  und is -  
tu rbed  f low above t h e  t o p  o f  t h e  canopy, 
Below-canopy t r a n s p o r t  speeds i n  dense f o r e s t  
canopies  t h e r e f o r e  a r e  g e n e r a l l y  o f  t h e  o r d e r  
of 0 . 5  mete rs  p e r  second (1  m i l e  p e r  h o u r ) .  

Typica l  p r o f i l e s  of  t h e  he igh t  v a r i a t i o n s  
i n  t empera tu re  t h a t  occur  between t h e  a i r  l a y e r  
above t h e  t o p  of  t h e  canopy and t h e  ground s u r -  
f a c e  below t h e  canopy a r e  shown i n  f i g u r e  5 .  
The shape o f  t h e s e  p r o f i l e s  i s  p r i n c i p a l l y  
determined by t h e  r a d i a t i o n a l  coo l ing  o r  h e a t i n g  
of t h e  t o p  o f  t h e  canopy. In  f a i r  weather ,  
t h e  t o p  o f  t h e  canopy i s  warmed by s o l a r  i n s o -  
l a t i o n  d u r i n g  d a y l i g h t  hours .  A t  n i g h t ,  t h e  
t o p  o f  t h e  canopy c o o l s  down because o f  r a d i a -  
t i o n a l  h e a t  l o s s e s  t o  t h e  a i r  l a y e r s  above t h e  
canopy. The t empera tu re  i n  t h e  lower p a r t  o f  
t h e  canopy t e n d s  t o  remain unchanged. The 
r e s u l t  i s  t h e  p roduc t ion  o f  t h e r m a l l y - s t a b l e  
l a y e r s  ( t empera tu re  i s  c o n s t a n t  o r  i n c r e a s e s  

.....--. Dense conifer understory 

- Dense hardwood jungle with understory 

--- Moderately dense conifer stand - no understory 

-- Isolated conifer stand - no understory 

-o- Dense cotton 

-- Douglas-f ir  forest 

FIGURE 4 .  Comparison o f  normalized wind 
p r o f i l e s  o f  v a r i o u s  v e g e t a t i v e  
canopies  where Z i s  h e i g h t  
above t h e  ground, H i s  t h e  
he igh t  o f  t h e  t o p  o f  t h e  canopy, 
and ii i s  t h e  windspeed. (From 
F r i t s c h e n  and o t h e r s ,  1970) 

wi th  he igh t )  above and j u s t  below t h e  t o p  o f  t h e  
canopy a t  n i g h t  and j u s t  below t h e  t o p  o f  t h e  
canopy dur ing  t h e  day.  A s  shown i n  f i g u r e  5, 
t h e  a i r  l a y e r  above t h e  t o p  o f  t h e  canopy i s  
the rmal ly  u n s t a b l e  ( t empera tu re  d e c r e a s e s  w i t h  
h e i g h t )  dur ing  t h e  day. On o v e r c a s t  days and 
n i g h t s ,  t h e  t empera tu re  t e n d s  t o  decrease  w i t h  
he igh t  throughout t h e  canopy and i n  t h e  a i r  
l a y e r s  above t h e  canopy. A s i m i l a r  c o n d i t i o n  
o f  thermal i n s t a b i l i t y  a l s o  o c c u r s  i n  f a i r  
weather dur ing  t h e  e a r l y  morning, l a t e  a f t e r -  
noon, o r  e a r l y  evening. Th is  c o n d i t i o n  i s  
t r a n s i e n t ,  and t y p i c a l l y  l a s t s  f o r  a n  hour o r  
s o  dur ing  t h e  changeover from day t o  day. The 
p resence  o f  t h e r m a l l y - s t a b l e  l a y e r s  i s  unfavorab le  
f o r  t h e  d i f f u s i o n  o f  l i g h t  p a r t i c u l a t e s  o r  
a e r o s o l s  con ta in ing  small  d r o p l e t s .  These 
m a t e r i a l s  a r e  not  a b l e  t o  p e n e t r a t e  the rmal ly -  
s t a b l e  l a y e r s ,  excep t  a s  a consequence o f  g r a v i -  
t a t i o n a l  s e t t l i n g  which i s  g e n e r a l l y  i n s i g n i f i -  
c a n t  f o r  p a r t i c l e s  o r  d r o p l e t s  with d iamete rs  
of from 1 0  t o  20 microns o r  l e s s .  The p r a c t i c a l  
s i g n i f i c a n c e  o f  t h i s  phenomenon i s  t h a t  small  



d r o p l e t  a e r i a l  s p r a y s  r e l e a s e d  above dense 
f o r e s t  canopies  w i l l  have d i f f i c u l t y  i n  pene- 
t r a t i n g  and d i f f u s i n g  wi th in  t h e  canopies  
except  during t h e  b r i e f  f a i r - w e a t h e r  change- 
over  p e r i o d s  i n  t h e  e a r l y  morning o r  l a t e  
a f te rnoon ,  o r  dur ing  o v e r c a s t  c o n d i t i o n s .  I f  
t h e  spray ing  i s  performed with a  h e l i c o p t e r  
t h a t  hovers  a t  a low a l t i t u d e  above t h e  top  
of a  dense canopy, t h e  downwash from t h e  
r o t o r s  may d r i v e  t h e  spray  m a t e r i a l  i n t o  t h e  
below-canopy reg ion .  

Another f e a t u r e  o f  below-canopy meteoro- 
l o g i c a l  s t r u c t u r e  of i n t e r e s t  i s  t h a t  t h e  t u r -  
b u l e n t  i n t e n s i t i e s  t end  t o  be q u i t e  l a r g e  com- 
pared t o  t y p i c a l  v a l u e s  above open t e r r a i n .  
Turbulent  i n t e n s i t y  i s  def ined  a s  t h e  r a t i o  o f  
t h e  root-mean-square o f  t h e  f l u c t u a t i o n s  o f  
wind v e l o c i t y  about  t h e  mean v e l o c i t y  t o  t h e  
mean v e l o c i t y .  Typical  v a l u e s  o f  t h i s  r a t i o  
above open t e r r a i n  approximate 0.10. Beneath 
f o r e s t  canopies ,  t h e  r a t i o  i s  approximately 
1 . 0 .  The explana t ion  i s  t h a t  t h e  presence o f  
t h e  low wind v e l o c i t i e s  t y p i c a l  o f  below- 
canopy regimes and l a r g e  f l u c t u a t i o n s  i n  wind 
v e l o c i t y  produced by a i r  flow around o b s t a c l e s  
l e a d  t o  high v a l u e s  o f  t h e  r a t i o  d e f i n i n g  t h e  
i n t e n s i t y  of tu rbu lence .  Because t h e  i n t e n s i t y  

CLEAR NIGHT 

of  tu rbu lence  i s  a good index o f  t u r b u l e n t  
mixing o r  d i f f u s i o n ,  t h i s  means t h a t  t h e  
d i f f u s i o n  processes  below f o r e s t  canopies  a r e  
very  e f f e c t i v e  i n  spread ing  l i g h t  p a r t i c u l a t e s  
o r  small d r o p l e t s  throughout t h e  below-canopy 
reg ion .  I t  must be po in ted  o u t ,  however, t h a t  
h o r i z o n t a l  wind t r a n s p o r t  o f  a i r b o r n e  m a t e r i a l  
i s  s e v e r e l y  r e s t r i c t e d  by t h e  low t r a n s p o r t  
speeds.  Also, because almost a l l  canopies  a r e  
open t o  t h e  sky i n  s e l e c t e d  l o c a t i o n ,  e n t r y  
and e x i t  of a i r b o r n e  m a t e r i a l  i s  most l i k e l y  
t o  occur  through t h e s e  openings which a c t  a s  
n a t u r a l  chimneys. Much of  t h i s  type  o f  v e r -
t i c a l  t r a n s p o r t  o f  m a t e r i a l  occurs  a s  t h e  
r e s u l t  o f  dynamic f o r c e s  produced by t h e  flow 
o f  a i r  above t h e  undula t ing  s u r f a c e  presen ted  
by t h e  t o p  of t h e  canopy. When t h e  above- 
canopy windspeeds a r e  of t h e  o r d e r  o f  10 m i l e s  
p e r  hour ,  t h e  below-canopy r e s i d e n c e  t ime o f  
l i g h t  p a r t i c u l a t e s  o r  small  d r o p l e t s  i s  l e s s  
than  1 hour,  u n l e s s  t h e y  a r e  depos i ted  f i r m l y  
on  v e g e t a t i v e  o r  o t h e r  s u r f a c e s  p r i o r  t o  t h a t  
t ime.  This  s h o r t  r e s i d e n c e  time i s  p r i n c i p a l l y  
caused by t h e  r a p i d  e x i t  o f  m a t e r i a l  from t h e  
canopy i n  v e r t i c a l  a i r  c u r r e n t s  t h a t  form i n  
t h e  n a t u r a l  chimneys a f forded  by c l e a r i n g s  o r  
openings i n  t h e  t o p  o f  t h e  canopy. 

CLEAR DAY CLOUDY DAY OR NIGHT 
OR 

MORNING CHANGE-OVER 

FIGURE 5 .  V e r t i c a l  temperature p r o f i l e s  (~{z})above and 
below a f o r e s t  canopy. Thermally s t a b l e  l a y e r s  
p revent  t u r b u l e n t  mixing. 



DEPOSITION OF AERIAL SPRAYS O N  FOREST CANOPIES 

Deposi t ion o f  a e r i a l  s p r a y s  on v e g e t a t i o n  
o r  i n s e c t s  appears  t o  occur  a s  t h e  r e s u l t  o f  
a number o f  d i f f e r e n t  p rocesses .  Current  under- 
s t and ing  of t h e  phys ics  o f  some o f  t h e s e  
p rocesses  i s  s e v e r e l y  l i m i t e d .  Also, t h e  
e f f i c i e n c y  o f  t h e  p rocesses  appears  t o  va ry  
wi th  a  number o f  meteoro log ica l ,  v e g e t a t i v e ,  
and o t h e r  f a c t o r s .  Four b a s i c  c a t e g o r i e s  o f  
d e p o s i t i o n  p rocesses  may be i d e n t i f i e d :  

G r a v i t a t i o n a l  s e t t l i n g  

I n e r t i a l  impact ion 

Turbulent  d e p o s i t i o n  o r  impact ion 

Other  p rocesses  such a s  e l e c t r o s t a t i c  
a t t r a c t i o n ,  adhesion,  and absorp t ion  

G r a v i t a t i o n a l  s e t t l i n g  would appear  t o  
b e  t h e  dominant p rocess  l ead ing  t o  t h e  depo- 
s i t i o n  o f  heavy a e r o s o l s  and p o s s i b l y ,  under 
calm a i r  c o n d i t i o n s ,  may app ly  t o  l i g h t  
a e r o s o l s  a s  w e l l .  The t ime r e q u i r e d  f o r  s p h e r i -  
c a l  p a r t i c l e s  o r  d r o p l e t s  o f  u n i t  d e n s i t y  t o  
f a l l  through v e r t i c a l  d i s t a n c e s  o f  10  mete rs  

and 50 meters  i s  shown ( f i g .  6 )  a s  a f u n c t i o n  
o f  d r o p l e t  diameter .  Note t h a t  t h e  f a l l  t imes  
f o r  20-micron d r o p l e t s  a r e  o f  t h e  o r d e r  o f  l o 3  
seconds, whereas t h e  f a l l  t imes  f o r  100-micron 
d r o p l e t s  a r e  of t h e  o r d e r  o f  l o 2  seconds.  

The i n e r t i a l  impact ion e f f i c i e n c y  E i s  
shown ( f i g .  7)  a s  a f u n c t i o n  o f  t h e  i n e r t i a l  
impaction parameter K f o r  v a r i o u s  t a r g e t  shapes .  
The t h e o r e t i c a l  b a s i s  o f  i n e r t i a l  impact ion 
c o n t a i n s  a number o f  l i s t i n g  assumptions,  one 
o f  which i s  t h e  e x i s t e n c e  o f  laminar  f low.  
Within f o r e s t  canopies ,  t h i s  assumption may 
be s a t i s f i e d  on ly  under  v e r y  s p e c i a l  c o n d i t i o n s ,  
i f  a t  a l l ,  F igure  8, a s i m p l i f i e d  v e r s i o n  o f  
f i g u r e  7 ,  shows an  envelope o f  t h e  va lues  o f  
t h e  i n e r t i a l  impaction e f f i c i e n c y  v e r s u s  t h e  
parameter K f o r  c i r c u l a r  c y l i n d e r s  a s  t h e  index  

f o r  t h e  Reynolds number o f  t h e  c y l i n d e r s  
v a r i e s  over  a wide range.  C y l i n d r i c a l  shapes 
a r e  assumed t o  be r e p r e s e n t a t i v e  o f  small  
branches, p i n e  need les ,  t h e  spruce  budworm and 
o t h e r  i n s e c t s  t h a t  a r e  t a r g e t s  f o r  some a e r i a l  
s p r a y  a p p l i c a t i o n .  The graphs ( f i g s .  9, 10) 
show t h e  range o f  minimum d r o p l e t  d iamete rs  
(assuming u n i t  d e n s i t y  o f  t h e  d r o p l e t s )  r equ i red  
t o  ach ieve  i n e r t i a l  impact ion e f f i c i e n c i e s  o f  
0.5 and 0.8 on c y l i n d r i c a l  t a r g e t s  when t h e  

FIGURE 6 .  Time i n  seconds requ i red  f o r  v a r i o u s - s i z e  d rops  of 
u n i t  d e n s i t y  t o  f a l l  50 mete rs  and 10 meters .  



FIGURE 7. I n e r t i a l  impact ion e f f i c i e n c y  E a s  a  f u n c t i o n  o f  
i n e r t i a l  impact ion parameter  K f o r  a  number o f  
d i f f e r e n t  t a r g e t  shapes. (From Golovin and Putnam 
1962) 

t a r g e t  d iamete r  v a r i e s  from 0.1 t o  0 .5  c e n t i -  
mete rs .  The g raphs  have been cons t ruc ted  by 
s o l v i n g  t h e  formula f o r  t h e  i n e r t i a l  impact ion 
parameter  K shown a t  t h e  lower l e f t  o f  f i g u r e  
7 and marking o f f  t h e  r e g i o n s  i n  which t h e  
i n e r t i a l  impact ion e f f i c i e n c y  E i s  equal  t o  
0 .5  and 0 .8  by r e f e r e n c e  t o  t h e  envelope o f  
f i g u r e  8 .  I n  f i g u r e  9,  t h e  v e l o c i t y  U i n  t h e  
formula f o r  t h e  i n e r t i a l  impact ion parameter  
K h a s  been ass igned  v a l u e s  from 0 . 1  t o  0.5 
mete rs  p e r  second. I n  f i g u r e  10,  t h e  v a l u e  
ass igned  t o  U i s  t h e  g r a v i t a t i o n a l  s e t t l i n g  
v e l o c i t y  o f  u n i t - d e n s i t y  spheres  wi th  d iamete rs  
shown on t h e  o r d i n a t e  s c a l e .  According t o  
f i g u r e s  9 and 10, i n  o r d e r  t o  ach ieve  i n e r t i a l  
impact ion e f f i c i e n c i e s  o f  80 p e r c e n t  wi th  
a e r i a l  s p r a y  d r o p l e t s ,  t h e  d r o p l e t  diameter  
must be o f  t h e  o r d e r  o f  100 microns.  

Turbu len t  d e p o s i t i o n  o r  impact ion has  
been def ined  i n  two ways, both o f  which depend 
on t h e  e x i s t e n c e  o f  l a r g e  v e l o c i t y  f l u c t u a -  
t i o n s .  Turbulent  impact ion i s  g e n e r a l l y  i n t e r -  
p r e t e d  t o  mean t h a t  an a e r o s o l  p a r t i c l e  o r  

d r o p l e t  is  p h y s i c a l l y  t r a n s p o r t e d  t o  t h e  s u r -
f a c e  o f  an o b j e c t  by a  t u r b u l e n t  eddy and 
impacts  on t h e  s u r f a c e .  Turbulent  d e p o s i t i o n ,  
on t h e  o t h e r  hand, r e f e r s  t o  t h e  f a c t  t h a t  
p a r t i c l e s  o r  d r o p l e t s  caught  i n  v o r t e x  c i r c u -  
l a t i o n  o r  wakes i n  t h e  l e e  o f  o b s t a c l e s  a r e  
brought  t o  s t a g n a t i o n  p o i n t s  o r  dead zones 
near  t h e  s u r f a c e  o f  f o l i a g e  o r  o t h e r  o b j e c t s  
where t h e  v o r t e x  c i r c u l a t i o n  van i shes  and t h e  
d r o p l e t s  o r  p a r t i c l e s  a r e  t h u s  depos i t ed  on 
t h e  s u r f a c e .  T h i s  phenomenon has  been o f f e r e d  
a s  an exp lana t ion  f o r  t h e  observed presence  o f  
small  s p r a y  d r o p l e t s  on t h e  unders ides  o f  l e a v e s  
i n  canopies  and o t h e r  o b j e c t s  which cannot  b e  
explained a s  t h e  r e s u l t  o f  e i t h e r  g r a v i t a t i o n a l  
s e t t l i n g  o r  i n e r t i a l  impact ion.  

Other  p r o c e s s e s  such a s  e l e c t r o s t a t i c  
a t t r a c t i o n ,  adhesion,  and a b s o r p t i o n  a r e  probably 
a l s o  e f f e c t i v e  under c e r t a i n  c o n d i t i o n s .  For 
example, t h e r e  i s  evidence t h a t  some i n s e c t s  
c a p t u r e  small  d r o p l e t s  o r  p a r t i c l e s  by t h e  a c t i o n  
o f  c i l i a  o r  by e x c r e t i n g  a s t i c k y  subs tance .  



K (Inert ia l  Impaction Parameter ) 

FIGURE 8. I n e r t i a l  impact ion e f f i c i e n c i e s  f o r  c i r c u l a r  c y l i n d e r s ;  
ifi = (Re'\ YK. (From Golovin and Putnam 1962) 

K (Inertial Impact Parameter) 

FIGURE 9 .  Minimum d r o p l e t  d iameters  r e q u i r e d  f o r  i n e r t i a l  
impact ion e f f i c i e n c i e s  o f  0.5 and 0.8 when u  v a r i e s  
from 10  t o  50 cm sec- , and D v a r i e s  from 0.1 t o  0.5 cm. 



FIGURE 10.  Minimum d r o p l e t  d iamete rs  r e q u i r e d  f o r  impact ion 
e f f i c i e n c i e s  o f  0 .5  and 0.8 when u = v .  and D 
v a r i e s  from 0 . 1  t o  0.5 cm. t 

A v e r y  s i m p l i s t i c  view o f  t h e  o v e r - a l l  
problem o f  t h e  optimum d r o p l e t  s i z e  f o r  a e r i a l  
s p r a y s  in tended  f o r  c o n t r o l l i n g  i n s e c t s  i n  
f o r e s t  canopies - - in  t h e  absence o f  such s p e c i a l  
phenomena a s  t h e  c a p t u r e  o f  small  d r o p l e t s  by 
c i l i a  o r  adherence t o  s t i c k y  s u r f a c e s - - i s  t h a t  
t h e  p resence  o f  small  d r o p l e t  s i z e s  (drop diam- 
e t e r s  l e s s  t h a n  20 microns) appears  t o  be  gen- 
e r a l l y  u n d e s i r a b l e  f o r  t h e  fo l lowing  reasons :  

G r a v i t a t i o n a l  s e t t l i n g  and i n e r t i a l  
impact ion a r e  not  v e r y  e f f e c t i v e  i n  
d e p o s i t i n g  d r o p l e t s  o f  t h i s  s i z e  on 
t h e  t a r g e t s  

The e f f i c i e n c y  o f  o t h e r  p rocesses  i s  
n o t  s u f f i c i e n t l y  wel l  e s t a b l i s h e d  a t  
p r e s e n t  t o  j u s t i f y  dependence on t h e s e  
p rocesses  

R e t e n t i o n  o f  small  s p r a y  d r o p l e t s  
w i t h i n  t h e  canopy i s  d i f f i c u l t  and 
t h e  problems a s s o c i a t e d  with s p r a y  
d r i f t  t o  non ta rge ted  a r e a s  a r e  
maximi zed 

COOPERATIVE PROGRAM REVIEW 

To d a t e ,  Desere t  T e s t  Cen te r  h a s  provided 
l i m i t e d  meteoro log ica l  suppor t  a s  we l l  a s  drop-  
l e t  and a e r o s o l  s i z i n g  i n  suppor t  o f  f o u r  p ro-  
grams sponsored by Region One and t h e  Missoula  
Equipment Development Denter ,  U.S. F o r e s t  
S e r v i c e .  On a l l  f o u r ,  Zectran was t h e  i n s e c t i -  
c i d e  used.  Two o f  t h e  programs involved a 
s p e c i a l  d r y  fo rmula t ion  o f  Zec t ran .  These t e s t s  
have been r e p o r t e d  by Barry and o t h e r s  (1972, 
1973) .  I n  t h e  o t h e r  two programs, Zec t ran  was 
d i l u t e d  i n  f u e l  o i l  and r e l e a s e d  from b o t h  f i x e d  
wing and r o t a r y  wing a i r c r a f t  a s  a c o a r s e  drop-  
l e t  sp ray .  The f i r s t  t e s t  invo lved  t h e  opera -  
t i o n a l  e v a l u a t i o n  o f  a p r o t o t y p e  m i l i t a r y  s p r a y  
system. T e s t i n g  was c a r r i e d  o u t  bo th  a t  ~ u g w a ~ ,  
Utah, and t h e  Lolo Nat ional  F o r e s t ,  Montana. 
Tes t  r e s u l t s  have been r e p o r t e d  by Tay lor  and 
o t h e r s  (1972). Although t h e  r e p o r t  c i t e d  i s  
p r i m a r i l y  a n  e v a l u a t i o n  o f  m i l i t a r y  hardware, 
d r o p l e t  s p e c t r a  d a t a  de r ived  from c a l i b r a t i o n  
r u n s  conducted a t  Dugway a r e  p r e s e n t e d .  The 
second o p e r a t i o n ,  under t h e  sponsorsh ip  o f  t h e  
U.S. F o r e s t  S e r v i c e  P a c i f i c  Southwest F o r e s t  
and Range Experiment S t a t i o n ,  was c a r r i e d  o u t  
n e a r  LaGrande, Oregon. The i n s e c t i c i d e  used  
was t h e  Zec t ran- fue l  o i l  mix ture  remaining 
a f t e r  t h e  Montana program. 



Canopy p e n e t r a t i o n  d a t a  ob ta ined  a r e  shown 
i n  f i g u r e s  11 and 12.  The graphs g e n e r a l l y  
fol low t h e  f o r m a t d e ~ e l o ~ e d b y  Hur t ig  and o t h e r s  
(1953) t o  e v a l u a t e  t h e  sc reen ing  e f f e c t  o f  b a l -  
sam f i r  f o l i a g e  on c o a r s e  a e r o s o l s  o f  DDT. I n  
t h e  f i g u r e s ,  t o t a l  mass beneath t h e  canopy has  
been d iv ided  by t h e  mass recovered i n  a d j a c e n t  
open a r e a s .  The mass r a t i o  has  then  been p l o t -  
t e d  f o r  each d r o p l e t  s i z e  i n t e r v a l .  Ord ina te  
v a l u e s  can t h u s  be read  d i r e c t l y  a s  pe rcen t  
p e n e t r a t i o n  f o r  a  g iven  d r o p l e t  s i z e  i n t e r v a l  
( i n t e r v a l  mid-points  a r e  p l o t t e d ) .  Figure 11 

, shows both t h e  f i r s t  Oregon t r i a l  and t h e  s i n g l e  
Montana t r i a l .  P e n e t r a t i o n  f a c t o r s  a r e  remark-
a b l y  s i m i l a r .  The t r e e  s tand  i n  Oregon was a  
dense clump o f  Douglas - f i r  surrounded by open 
meadow. Sampling ( p r i n t f l e x )  ca rds  were placed 
10 t o  12 inches  a p a r t  beneath t h e  t r e e s  and i n  
t h e  open meadow. I n  Montana, f i r  was placed 
a t  SO yard i n t e r v a l s  over  an  a r e a  o f  s e v e r a l  
square  m i l e s .  I n  Oregon, a h e l i c o p t e r  was 
used, f l y i n g  75 t o  100 f e e t  above t h e  canopy. 
I n  Montana, r e l e a s e  h e i g h t s  o f  200 f e e t  were 
reached,  with a f i x e d  wing C-47 a i r c r a f t .  Both 
o p e r a t i o n s ,  however, were daybreak o p e r a t i o n s  
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FIGURE 11.  Percen t  p e n e t r a t i o n  o f  a  
con i fe rous  canopy f o r  coarse  Zectran 
f u e l  o i l  a e r o s o l s  r e l e a s e d  under 
s i m i l a r  c o n d i t i o n s  o f  a tmospheric  
s t a b i l i t y .  
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FIGURE 12.  Percen t  p e n e t r a t i o n  o f  a  
con i fe rous  canopy f o r  c o a r s e  Zectran 
f u e l  o i l  a e r o s o l s  r e l e a s e d  under 
d i f f e r i n g  c o n d i t i o n s  o f  a tmospheric  
s t a b i l i t y .  

( n e u t r a l  atmospheric s t a b i l i t y )  and winds a l o f t  
were calm. That i s  t o  say ,  wi th  s i m i l a r  s t a -  
b i l i t y  regimes, t h e r e  i s  a marked s i m i l a r i t y  o f  
p e n e t r a t i o n  r a t i o s  f o r  q u i t e  d i f f e r e n t  o p e r a t i n g  
c o n d i t i o n s .  F igure  12 shows t h e  two Oregon 
t r i a l s .  On t h e  second, f i r  t r e e s  more s p a r s l e y  
spaced dominated t h e  sampled t r e e  s t a n d .  Also, 
t h e r e  was some unders to ry  b road lea f  growth. No 
change was made i n  spray  system paramete rs  f o r  
t h e  two Oregon t r i a l s ;  however on t h e  second 
t r i a l ,  t h e  sample c a r d s  were a r rayed  on a  s t e e p  
s lope  and t h e r e  was a  l i g h t  b u t  d e t e c t a b l e  up- 
d r a f t  a t  t h e  time o f  sp ray ing .  To t h e  observer ,  
t h e  v i s i b l e  cloud had a s l i g h t  b u t  n o t i c e a b l e  
up-slope displacement .  The 30-micron d r o p l e t s  
co inc ide .  With t h a t  excep t ion  no ted ,  t h e  s l o p e s  
o f  t h e  two l i n e s  a r e  q u i t e  d i f f e r e n t .  Such a  
small sample s i z e  cannot  be conc lus ive .  The 
d a t a  do s t r e s s ,  however, t h e  importance o f  nor -
malizing spray  t r i a l  r e s u l t s  i n  terms o f  t h e  
meteorological  s t r u c t u r e  a t  t h e  t ime o f  s p r a y  
r e l e a s e  a s  an  e s s e n t i a l  p r e r e q u i s i t e  t o  any 
eva lua t ion  designed t o  compare b i o l o g i c a l  
e f f e c t i v e n e s s  o f  p e s t i c i d e  a p p l i c a t i o n  on con- 
i f e r o u s  f o r e s t s .  
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Impaction of Zectran Particles on Spruce Budworm Larvae 
A Field Experiment 

. ~John W .  Barry Michael  Tysowsky ~ r Geoffrey F. Orr 

Robert B. ~ k b l a d ~  Richard L. ~ a r s a l i s '  William M .  c ies la6  

Abstract--The U.S. F o r e s t  Serv ice ,  supported by Desere t  
Tes t  Center ,  conducted a f i e l d  t e s t  dur ing  June 1972 i n  t h e  Lolo 
National  F o r e s t ,  Montana. The o b j e c t i v e  was t o  i n v e s t i g a t e  t h e  
impact ion o f  d r y - l i q u i d  Zectran p a r t i c l e s  on t h e  western spruce  
budworm l a r v a e  a s  a  f u n c t i o n  of  p a r t i c l e  s i z e .  A h e l i c o p t e r  was 
used a s  t h e  d i ssemina t ion  v e h i c l e  because of  t h e  downwash e f f e c t ,  
which a s s i s t s  a e r o s o l  p e n e t r a t i o n  of  t h e  f o r e s t  canopy and enhan- 
c e s  p a r t i c l e  impact ion.  Rotorod samplers and g l a s s  impaction 
s l i d e s  were used t o  o b t a i n  ae roso l  and p a r t i c l e - s i z e  d a t a .  Bud-
worms and f i r  need les  were examined, and impact ing p a r t i c l e s  were 
counted and measured. Eighty-seven percen t  o f  t h e  p a r t i c l e s  
observed on t h e  f i r  need les  were 10 microns o r  l e s s  i n  diameter ,  
and 87 percen t  o f  t h e  p a r t i c l e s  observed on t h e  budworms were 
I 5  microns o r  l e s s  i n  d iameter .  The r e s u l t s  and conclusions 
through based upon r e l a t i v e l y  l i m i t e d  d a t a ,  p rov ide  b a s e l i n e s  f o r  
p lanning  f u t u r e  experiments .  

Research work conducted by t h e  U.S. m a t e r i a l  may b e  up t o  75 p e r c e n t  l i q u i d  by 
Department o f  A g r i c u l t u r e ,  Fores t  Serv ice ,  weight and s t i l l  r e t a i n  t h e  f r e e  f lowing prop- 
P a c i f i c  Southwest F o r e s t  and Range Experi-  e r t i e s  o f  a g r a n u l a r  s o l i d .  
ment S t a t i o n  (Himel and o t h e r s  1965, Himel 
and Moore 1967, Ekblad 19711, w i t h  t h e  i n s e c -  Spandav (1944) r e p o r t e d  t h a t  s c i e n t i s t s  
t i c i d e  Zectran h a s  d i s c l o s e d  t h a t  t h e  h i g h e s t  i n  Germany were t h e  f i r s t  t o  u s e  t h e  d r y - l i q u i d  
r a t e  o f  m o r t a l i t y  o f  western spruce  budworm concept  ( o r i g i n a l l y  c a l l e d  c a r r i e r - d u s t )  a s  a  
(Chor i s toneura  o e e i d e n t a l i s  Freeman) was means f o r  employing chemical a g e n t s  which could  
achieved by c o n t a c t  with d rops  l e s s  than  n o t  be dispensed by t h e  usual  methods. These 
50 microns i n  d iameter .  I n  an  e f f o r t  t o  pro-  s c i e n t i s t s  thoroughly i n v e s t i g a t e d  t h e  u s e  o f  
duce small  drops wi th  s tandard  d i ssemina t ion  alumina g e l  and f u l l e r ' s  e a r t h  a s  c a r r i e r - d u s t s .  
equipment, a t echnique  f o r  developing a dry- I n  genera l ,  they concluded t h a t  any subs tance  
l i q u i d  p a r t i c l e  h a s  been i n v e s t i g a t e d .  Dry- could be dispensed on a  c a r r i e r  and t h a t  t h e  
l i q u i d  i n s e c t i c i d e s  a r e  composed o f  a l i q u i d  use o f  c a r r i e r s  o f f e r e d  a  new method f o r  d i s -  
fo rmula t ion  which i s  coa ted  on a s o l i d  p a r t i c l e  p e r s a l  o f  v i scous  o r  gum-like m a t e r i a l s  and 
by a s p e c i a l  b lend ing  p r o c e s s .  The r e s u l t a n t  o f  those  m a t e r i a l s  which could n o t  b e  prepared 

i n  a  f i n e l y  d iv ided  form by gr ind ing ,  such a s  
n a t u r a l l y  occur r ing  p o i s o n s a n d b a c t e r i a l  t o x i n s .  

-

l ~ e s e r e t  T e s t  Cente r ,  F o r t  Douglas, Utah. I n  1948, t h e  r e s e a r c h  begun i n  Germany 
was i n v e s t i g a t e d  by t h e  U.S. Army Chemical 

I~ C American Corp.,  Goldsboro, North Caro l ina .  Corps a t  Edgewood Arsenal ,  Maryland (Wilcox 
and Goldenson 1951, 1960).  Phys ica l  charac-  

' ~ e s e r e t  Test  Cente r ,  For t  Douglas, Utah. t e r i s t i c s  o f  c a r r i e r s  were def ined ,  and f e a -  
s i b i l i t y  o f  t h e  c a r r i e r - d u s t  technique a s  a 

4 . 
Missoula Equipment Development Center ,  means f o r  d i ssemina t ing  chemical a g e n t s  was 
F t  . Missoula, Montana. demonstrated.  

5 .Missoula Equipment Development Center ,  In  1947, o i l  s o l u t i o n s  o f  DDT were mixed 
F t .  Missoula,  Montana. with micronized d u s t  (Brooks 1947) and d i s -  

persed from an a i r c r a f t  by means o f  a d u s t -
f o r e s t  Environmental P r o t e c t i o n ,  S t a t e  5 feed  d i ssemina tor .  This  method was used t o  
P r i v a t e  F o r e s t r y ,  Missoula, Montana. i n c r e a s e  t h e  p a r t i c l e  s i z e  o f  t h e  d u s t s .  



Insec t i c ide  dus t s  were commonly used during 
the 1940's and 1950's. However, t he  dust  par-  
t i c l e s  were genera l ly  l e s s  than 10 microns i n  
diameter. Low impaction e f f i c i e n c i e s ,  lack of 
r e t en t ion  on l e a f  surfaces ,  and d r i f t  problems 
associa ted  with these  small dust  p a r t i c l e s  
r e su l t ed  i n  a  s h i f t  of t he  use of l i qu id  sprays 
cons is t ing  o f  l a r g e r  d rop le t s .  The o r i g i n  of 
the  term, dry- l iquid ,  i s  unknown although the  
term has been i n  use a t  the Edgewood Arsenal 
f o r  some time. 

The number o f  c a s u a l t i e s  from malaria and 
o the r  i n sec t  borne d iseases  i n  the  P a c i f i c  
t hea t e r  i n  World War I1  was equal t o  o r  g rea t e r  
than those from enemy ac t ion .  This f a c t  led  
the  U.S. Government t o  sponsor extensive s tud ie s  
t o  understand the in sec t i c ide  modes o f  ac t ion  
involved i n  reaching, impacting upon, and 
k i l l i n g  t h e  t a r g e t  i n s e c t s .  

The t imely a v a i l a b i l i t y  of DDT and i t s  
apparent e f fec t iveness  i n  very low concentra- 
t i o n s  compared t o  o the r  i n s e c t i c i d e s  provided 
the m i l i t a r y  with a  new chemical f o r  possible 
control  o f  d i sease  vectors .  

In order  t o  design equipment f o r  d ispers-  
ing DDT e f f i c i e n t l y ,  however, information was 
f i r s t  needed on t h e  optimum p a r t i c l e  s i z e .  
Without such information i t  would be impossible 
t o  take f u l l  advantage of the toxic  p rope r t i e s  
of  DDT, mater ia l  would be  wasted, and cont ro l  
would f requent ly  be impract ica l .  The p a r t i c l e  
s i z e  required t o  obta in  t h e  maximum e f f e c t  
would depend not only on f a c t o r s  pecu l i a r  t o  
the  i n s e c t i c i d e ,  such a s  s u s c e p t i b i l i t y  of the  
i n s e c t  t o  the  in sec t i c ide ,  i t s  mode o f  ac t ion ,  
and i t s  chemical and physical  proper t ies ,  but 
a l s o  on such external  condit ions a s  meteoro- 
l og ica l  f ac to r s ,  t e r r a i n ,  and method of 
treatment.  

The problem o f  optimum p a r t i c l e  s i z e  of 
i n s e c t i c i d e s  has been t h e  subjec t  o f  i n v e s t i -  
ga t ion  by a  number o f  workers f o r  many years 
before t h e  discovery of DDT. Smith and 
Goodhue o f  t he  U.S. Department of Agriculture 
(National Defense Research Committee 1946) 
summarized some of the  e a r l i e r  work on t h e  
r e l a t i o n s h i p  of p a r t i c l e  s i z e  t o  in sec t i c ide  
e f f i c i ency ,  and concluded t h a t  t h e  t o x i c i t y  
of so l id - type  in sec t i c ides  increased with 
decrease i n  p a r t i c l e  s i z e .  

Dry-liquid mixtures cons is t ing  of des i red  
p a r t i c l e  s i z e s  o f f e r  several  d i s t i n c t  advan- 
tages  over l i q u i d  mixtures, such as :  (1) ease 
o f  handling and s to r ing ,  (2) ease  of dissemi- 
na t ion ,  (3) s impl i c i ty  i n  labora tory  assess-  
ment, and (4) minimum evaporation. Because 
of these advantages, t he  U.S. Forest  Service 
inves t iga ted  t h e  dry- l iquid  concept and de te r -  
mined t h a t  t h e  r eg i s t e red  Zectran FS-14 

formula7 could be coated onto a  dry  p a r t i c l e  
of  se lec ted  s i z e .  

In 1971, a f i e l d  experiment t o  inves t iga t e  
the f e a s i b i l i t y  of  using dry l i qu id ,  was con-
ducted i n  the  Nezperce National Forest ,  Idaho 
(Barry and Blake 1972). The mater ia l  dissemi- 
nated was Zectran FS-15 coated on Micro-Cel E 
with a  f luorescent  t r ace r ,  Tinopal. The f o r -  
mulation of t h i s  mixture was a j o i n t  e f f o r t  
by the U.S. Forest  Service ' s  Pac i f i c  Southwest 
Forest  and Range Experiment S ta t ion  and t h e  
Missoula Equipment Development Center.  The 
formulation consisted of 60 percent  FS-15 and 
40 percent  Micro-Cel E .  A s ing le  a e r i a l  l i n e  
re lease  was made using a  Cessna Agwagon a i r -  
c r a f t  with a  Swathmaster dispenser.  Drainage 
winds were u t i l i z e d  t o  t r anspor t  t h e  dry- 
l i qu id  aerosol  throughout t he  designated t e s t  
a rea .  Surface samplers, placed throughout 
the  t e s t  a r ea ,  indica ted  t h a t  most of  t h e  
area  was covered by the  aerosol .  However, 
very l i t t l e  reduction i n  budworm population 
was noted and very l i t t l e  p a r t i c l e  impaction 
was observed on t h e  fo l i age .  I t  was pos tu la ted  
t h a t  lack of impingement was t h e  r e s u l t  of  a 
very low impaction e f f i c i ency  associa ted  with 
t h e  small p a r t i c l e s  which made up the  ae roso l .  
Over 80 percent  of the  p a r t i c l e s ,  a s  measured 
i n  t h e  laboratory,  were 4  microns o r  l e s s  i n  
diameter and fu r the r ,  approximately one-tenth 
of the recommended r a t e  of  Zectran was 
sprayed over t he  designated sampling a rea ,  
i . e . ,  0.018 pounds of Zectran per  ac re  in s t ead  
of t h e  required 0.15 pounds. The Tinopal 
t r a c e r  was unstable i n  l i g h t ,  which made micro- 
scopic assessment d i f f i c u l t .  Also, Tinopal 
f luoresced blue,  which complicated e f f o r t s  t o  
d i f f e r e n t i a t e  i t  from n a t u r a l l y  occurring 
background mater ia l .  This experiment, however, 
c l e a r l y  demonstrated: (1) the  f e a s i b i l i t y  of  
using dry- l iquid  a s  a  means of employing 
in sec t i c ides ;  ( 2 )  t h a t  s tandard Swathmaster 
type dus t e r s  can be used t o  disseminate dry- 
l i qu id  mixtures; and (3)  t h a t  drainage winds 
i n  mountainous t e r r a i n  can be employed t o  
t r anspor t  dry- l iquid  aerosols .  

There i s  l i t t l e  information i n  the  l i t e r a -  
t u r e  on the optimum p a r t i c l e  s i z e  f o r  impaction 
on spruce budworm larvae  feeding on coniferous 
needles (except f o r  the  Himel and Moore s tudy) .  
There a r e ,  however, severa l  s tud ie s  which deal  
with impaction of p a r t i c l e s  on mosquitoes and 
with theo re t i ca l  ca l cu la t ions  of impaction o f  
various s i z e  p a r t i c l e s  a s  a  function of wind- 
speed, and of t he  s i z e  and shape of the  impac- 
t i on  t a r g e t .  

T h e  Zectran FS-15 formula i s  made o f  24 ounces 
of Zectran (4-dimethylanimo-3, 5-xylyl methyl 
carbanate) i n  so lu t ion  with one gal lon  of 
tripropylene-monomethyl glycol e t h e r  (TPM). 



Cons iderab le  e m p i r i c a l  d a t a  a r e  a v a i l a b l e  
(U.S. Department o f  A g r i c u l t u r e  1969) based 
upon U.S. F o r e s t  S e r v i c e  f i e l d  exper ience  on 
budworm k i l l  a s  a f u n c t i o n  o f  mass median 
diameter8 o f  t h e  d i ssemina ted  s p r a y .  Recent 
p i l o t  and c o n t r o l  o p e r a t i o n s  conducted by t h e  
U.S. F o r e s t  S e r v i c e  (U.S. Department o f  Agri-  
c u l t u r e  19711, under  s i m i l a r  c o n d i t i o n s  i n  
E a s t e r n  and Western United S t a t e s ,  have shown 
both  s u c c e s s  and f a i l u r e  i n  ach iev ing  t h e  
d e s i r e d  degree  o f  budworm c o n t r o l .  The mass 
median d iameter  produced by  t h e  s p r a y  systems 
used on t h e s e  t e s t s  was e s t i m a t e d  t o  be  between 
113 and 160 microns.  The U.S. F o r e s t  Serv ice /  
C-47 s p r a y  system used i n  t h e  western s t a t e s  
was c h a r a c t e r i z e d  by Deseret  T e s t  Center  
(Taylor  and o t h e r s  1972).  T h i s  system produced 
a  mass median d iameter  o f  120 microns. 

METHODS 

The o b j e c t i v e  o f  t h i s  t e s t  was t o  i n v e s -  
t i g a t e  t h e  impact ion o f  d r y - l i q u i d  p a r t i c l e s  
on t h e  western spruce  budworm l a r v a e  a s  a  
f u n c t i o n  o f  p a r t i c l e  s i z e .  

The t e s t  was a c o o p e r a t i v e  e f f o r t  between 
U.S. F o r e s t  S e r v i c e  and Deseret  T e s t  Cente r  
and was conducted i n  t h e  Kennedy Creek a r e a  
o f  t h e  Ninemile Ranger D i s t r i c t ,  Lolo Nat iona l  
F o r e s t ,  Montana, on June  28, 1972 (Barry and 
o t h e r s  1973) .  A h e l i c o p t e r  was employed t o  
d i ssemina te  a  d r y - l i q u i d  formula t ion  o f  t h e  
i n s e c t i c i d e  Zec t ran  over  two t e s t  p l o t s  i n  a  
Douglas - f i r  f o r e s t .  The t r e e s  i n  t h e  t e s t  
p l o t s  were h i g h l y  i n f e s t e d  wi th  western spruce  
budworm l a r v a e .  

The o r i g i n a l  scope o f  t h e  t e s t  inc luded  
s e v e r a l  d u p l i c a t e  r e l e a s e s  t o  compare l i q u i d  
s p r a y s  t o  d i f f e r e n t  fo rmula t ions  o f  d r y - l i q u i d  
s p r a y s ,  i n  a d d i t i o n  t o  comparing d i f f e r e n t  
t y p e s  o f  d i s s e m i n a t i n g  a i r c r a f t .  For economic 
r e a s o n s ,  however, t h e  t e s t  scope was reduced.  

S i t e  and T e s t  P l o t  

P l o t  1 c o n s i s t e d  o f  217 stems p e r  a c r e  
and P l o t  2  c o n s i s t e d  o f  97  s tems .  Each t e s t  
p l o t  was approximately 200 f e e t  wide and 
300 f e e t  long ( f i g .  1 ) .  The sampling a r r a y  
was i d e n t i c a l  on bo th  p l o t s  c o n s i s t i n g  o f  
6 3  r o t o r o d  sampler  s t a t i o n s .  A g l a s s  impac- 
t i o n  s l i d e  measuring 1 inch  by 3  i n c h e s  was 
p o s i t i o n e d  a t  each r o t o r o d  s t a t i o n .  

mass median d iameter  is ob ta ined  by 
d i v i d i n g  t h e  t o t a l  volume o f  t h e  s p r a y  i n t o  
two equa l  p a r t s ;  one h a l f  o f  t h e  mass o f  t h e  
s p r a y  i s  c o n t a i n e d  i n  d r o p l e t s  o f  s m a l l e r  
d iameter  than  t h e  mass median d iameter  and 
t h e  o t h e r  h a l f  i s  conta ined  i n  d r o p l e t s  o f  
l a r g e r  d iameter .  

I n s e c t i c i d e  Mixture 

The d r y - l i q u i d  i n s e c t i c i d e  formula t ion  con-
s i s t e d  o f  a  b lend  o f  t h e  f o l l o w i n g , b y  weight :  

Hi S i l  233 47.5 p e r c e n t  
Zectran FS-15 50.0 p e r c e n t  
Char t reuse  Pigment 720 . 2.5 p e r c e n t  

A i r c r a f t  and Disseminator  

A B e l l  G-3 h e l i c o p t e r  equipped with a 
d u s t e r  was used f o r  spray ing  t h e  d r y - l i q u i d  
mixture over  t h e  two t e s t  p l o t s .  The a i r -  
c r a f t  speed was 30 m i l e s  p e r  hour ,  and t h e  
r e l e a s e  h e i g h t  was approximately 50 f e e t  above 
t h e  canopy. 

Flight line 

Plot 2 

Meteorologic stat ion 

Figure 1. O r i e n t a t i o n  o f  P l o t  1 t o  P l o t  2  and 
H e l i c o p t e r  Disseminat ion Line .  



Biological  Sampling 

A prespray in sec t  survey was conducted 
i n  the  t e s t  area approximately 24 hours 
before t h e  spray re lease  f o r  the  purpose of 
e s t ab l i sh ing  prespray l eve l  of spruce budworm 
population.  Branch samples were obtained t o  
study p a r t i c l e  impaction of fo l i age .  

Four t r e e s  i n  each p l o t  were se l ec t ed  a s  
sample t r e e s  t o  inves t iga t e  p a r t i c l e  impaction 
on the  budworm larvae .  A p l a s t i c  drop c lo th  
was placed beneath each of the  four  t r e e s  t o  
c o l l e c t  f a l l i n g  larvae .  On the  morning 
following the  t e s t ,  approximately 100 budworm 
larvae  were col lec ted  a t  random from each 
drop c lo th  and placed i n  35-mm f i lm cans f o r  
t r anspor t a t ion  t o  the  labora tory .  

The f i r  needles and budworm larvae  were 
examined under a  d i s sec t ing  microscope equipped 
with u l t r a v i o l e t  l i g h t  f o r  the  presence of 
f luoresc ing dry- l iquid  p a r t i c l e s .  The par-  
t i c l e s  were counted and measured. 

Meteorological Instrumentation 

Instruments t o  record windspeed and 
d i r ec t ion  a t  t h e  2-meter level  were posit ioned 
near the  cen te r  of  Test P lo t  1. Wet and dry  
bulb temperature readings were taken a t  t he  
same locat ion  during the  t e s t .  

RESULTS 

a .  Eighty-seven (87) percent of  t h e  
p a r t i c l e s  observed on t h e  spruce budworm 
larvae  were equal t o  o r  l e s s  than 15 microns 
i n  diameter; 87 percent  of the  p a r t i c l e s  on 
the  f i r  needles were equal t o  o r  l e s s  than 
10 microns i n  diameter;  and, the  major i ty  of 
t h e  p a r t i c l e s  on t h e  f i r  needles were on the  
underside of t h e  needle.  Forty (40) percent  
of t h e  p a r t i c l e s  on the g l a s s  p l a t e s  were 
g rea t e r  than 33 microns ( t ab le  1-5). 

b.  The number median diameter of  t h e  
dry  - l i qu id  formulation was 1 . 3  microns and 
the mass median diameter was 37.0 microns. 

c .  Under the  condit ions o f  t he  t e s t ,  
the  swath width exceeded 200 f e e t .  

d.  Budworm mor ta l i t y  was approximately 
33 percent .  

Table 1- -Dis t r ibut ion ,  by s i ze ,  of  150 f luo res -  
cent  dry-l iquid p a r t i c l e s  found on 108 spruce 
budworm 1 arvae 

P a r t i c l e  Number of cumulative1 1 1 
s i ze  (u )  p a r t i c l e s  Percent percent by number 

Table 2- -Dis t r ibut ion ,  by s i z e ,  of 191 f luo res -  
cent  dry- l iquid  p a r t i c l e s  found on 4941 f i r  
needles from P lo t s  1 and 2 

P a r t i c l e  CumulativeN u m b e r o f l  1s i z e  (u)  p a r t i c l e s  Percent percent  by number 

Table 3--Distr ibution,  by s i z e ,  of  355 f luo res -  
cent  dry- l iquid  p a r t i c l e s  measured on 
impaction p l a t e s  

P a r t i c l e  Number of Cumulative 
s i z e  (f) p a r t i c l e s  percent  by number 



Table 4--Summary o f  percent  of p a r t i c l e  s i z e s  
observed on spruce budworm a s  a function of 
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  by number, of  
p a r t i c l e s  disseminated 

Ratio:Percent 
P a r t i c l e  disseminated/ 
s i z e  (P) percent on needles 

Table 5--Summary of percent  o f  p a r t i c l e  s i z e s  
observed on f i r  needles a s  a function of  
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  by number, of 
p a r t i c l e s  disseminated 

Ratio :Percent 
P a r t i c l e  disseminated/ 
s i z e  (P) percent  on needles 

CONCLUSIONS 

a .  I f  t h e  budworm i s  considered a cy l inder  
1/8-inch i n  diameter, t h e  major i ty  of  t h e  par-  
t i c l e s  disseminated were too small f o r  e f f i c i e n t  
impaction by i n e r t i a l  f o rces  on t h e  spruce bud- 
worm l a rvae ,  a s  i l l u s t r a t e d  by ca lcula ted  
impaction e f f i c i e n c i e s  i n  f i gu re s  2 and 3 .  
The f a c t  t h a t  small p a r t i c l e s  were observed on 
t h e  la rvae  suggests  t h a t  another mechanism o r  
combination o f  mechanisms a re  causing impac- 
t i o n  o r  depos i t ion  of  p a r t i c l e s  on the  budworms 
and f i r  needles .  

b .  S e l l  Is theory (Se l l  1931) can be used 
t o  es t imate  the  p a r t i c l e / d r o p l e t  s i z e  which 
has t h e  g rea t e s t  impaction e f f i c i ency  f o r  
var ious  ob jec t s ,  i f  the  pa r t i c l e /d rop le t  velo-
c i t y  and s i z e  o f  t h e  impaction surface i s  
known ( t ab l e  6 ,  f i g .  4 ) .  

/ Target Diameter 0 .10  inch 
/ I I I 

5 10 15 
Velocity (mph) 

Figure 2. I n e r t i a l  Impaction Eff ic iency o f  
Various Size P a r t i c l e s  on Cylinders 
of  Various Sizes  a s  a Function of  
Wind Speed Calculated from Golovin 
and Putnam (1962). 
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Velocity (mph) 

Figure 3 .  I n e r t i a l  Impaction Eff ic iency of  
Various Size P a r t i c l e s  on Cylinders 
of  Various Sizes  a s  a Function of 
Wind Speed Calculated from Golovin 
and Putnam (1962). 

c .  The p a r t i c l e  s i z e  spectrum of the  aerosol 
o r  pa r t i cu l a t e  cloud and the horizontal  and ver -  
t i c a l  wind ve loc i ty  should be measured above and 
below the  canopy i n  experiments designed t o  evalu- 
a t e  dissemination methods and t h e  e f f e c t s  of 
various s i z e  p a r t i c l e s .  

d. The use of i n sec t  mor ta l i ty  da ta  t o  
judge the ef fec t iveness  of  a new dissemination 
technique o r  system, without measuring the  
meteorological inf luences ,  should be avoided. 

e .  Helicopters  provide a means of dissemi- 
na t ing  in sec t i c ides  i n  complex mountain t e r r a i n  
with ce r t a in  advantages over fixed-wing a i r c r a f t .  
Harnessing the  downwash provides a means of 
overcoming o r  reducing unfavorable meteorological 
condit ions.  However, t o  be more e f f e c t i v e  than 
fixed-wing a i r c r a f t ,  t h e  he l i cop te r  must be 
flown a t  speeds < 40 mph and c lose  t o  t h e  canopy 
( f i g .  5) .  I t  i s  recognized t h a t  t h i s  may not  
be p r a c t i c a l  under m i y  condit ions.  

J W  1uu 1Z*) 

Drop Diameter ( p) 

Figure 4 .  Relat ive Maximum Eff ic iency of Three 
Col lec tors  a s  a Function of Wind 
Speed and P a r t i c l e  Size (According 
t o  S e l l  s Law) . 



Table 6- -Par t ic le  s i z e  assoc ia ted  with maximum 
impaction e f f i c i e n c y  ( a s  a  function of  
windspeed) on Douglas-f ir ,  budworm, and 
g l a s s  p l a t e s ,  according t o  S e l l ' s  Law 

Object Windspeed P a r t i c l e  
(width) s i z e  ( u )  

Douglas-f ir  
Needle 
(1/16 i n . )  

Budworm 
(1/8 i n . )  

P l a t e s  
(1  i n . )  

f .  I t  was beyond t h e  scope of  t h i s  t e s t  
t o  s tudy  t h e  advantages and disadvantages o f  
d ry - l i qu id s  over those o f  l i q u i d  sprays.  
However, d ry- l iqu ids ,  a e roso l s  o r  p a r t i c u l a t e s ,  
appl ied  i n  t h e  proper range of p a r t i c l e  s i z e s  
may have c e r t a i n  advantages t o  cont ro l  f o r e s t  
i n s e c t s  f o r  s p e c i f i c  app l i ca t i ons ,  such a s  
t r e e  p l an t a t i ons ,  complex mountain t e r r a i n ,  
seed t r e e s ,  and specimen t r e e s  near  r ec r ea t i on  
and summer home s i t e s .  

g. A s imple and r e l i a b l e  method i s  needed 
f o r  marking swath l i n e s  f o r  a e r i a l  spray opera- 
t i o n s  i n  f o r e s t s .  

h .  The Hercules Chartreuse 720 f l uo re s -  
cent  pigment i s  a s a t i s f a c t o r y  mater ia l  f o r  
a id ing  i n  t h e  microscopic examination o f  t h e  
d ry - l i qu id  p a r t i c l e s .  

i. Future research  should be d i r ec t ed  
a t  answering such ques t ions  a s  how many 
d r o p l e t s  (of t h e  s i z e  which has a r e l a t i v e l y  
high impaction e f f i c i e n c y  on t h e  s p e c i f i c  
t a r g e t )  a r e  necessary t o  give a high proba- 
b i l i t y  o f  con t ac t  with t h e  t a r g e t ,  and how 
many d r o p l e t s  of  t h i s  s i z e  a r e  necessary t o  
produce a l e t h a l  dose of  i n s e c t  knockdown 
i n  t h e  f i e l d .  

AXE ANGLE 

HOVERING FLIGHT 

FORWARD FLIGHT 

FORWARD SPEED (MPH) 

GROSS WT. = 2650 LB. 
. Dz37.1 FT. 

Figure 5 .  Hel icopter  Wake Angle a s  a Function 
of Forward Speed. (Source: Obtained 
from Bell  Hel icopter  Publ ica t ion  
"Helicopter Techniques f o r  Aerial  
Application," Fort Worth, Texas, 
January 1966). 
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Workshop Summary 

Robert  L. Dimmick 

I s h a l l  present  t h i s  a s  a chronology, 
because I  think t h a t  a sequence of events can 
y i e ld  information not  always v i s i b l e  i n  a 
categorized,  h i s t o r i c a l  recounting.  Actually, 
our group j u s t  got s t a r t e d  i n t o  t h e  meat 
of t h e  argument. We found ( co l l ec t ive ly )  t h a t  
we had a l o t  o f  knowledge, but  it was d i f f i -
c u l t  t o  combine and express i t  i n  a simple way 
because, su rp r i s ing ly  enough, semantics became 
a major problem. 

We s t a r t e d  by at tempting t o  def ine  beha- 
v i o r  i n  i t s  t o t a l i t y .  We sa id ,  t he re  i s  a 
source, t h e r e  i s  t h e  a i r ,  t he re  i s  a t a r g e t ,  
t he re  i s  t h e  f a t e  o f  a p a r t i c l e  ( i t  lands 
someplace), and t h e r e  i s  t h e  end r e s u l t  ( i t  
does something). Very quickly we decided 
t h i s  viewpoint was too  l a rge  t o  consider,  so  
we se l ec t ed  t h r e e  p a r t s .  One p a r t  i s  t he  
source,  one i s  t r anspor t ,  and one i s  t a r g e t .  

Source must have severa l  p rope r t i e s .  We 
decided t h a t  devices used t o  produce aerosols  
were not p a r t  of  our d iscuss ion  and t h a t  the  
production of  the  aerosol  was not p a r t  of the  
concept o f  behavior. We wanted t o  s t a r t  with 
what we f i n a l l y  c a l l e d  a " s t ab i l i zed  aerosol ."  
This immediately crea ted  semantic problems-- 
an aerosol  cannot be stabil ized--what  do you 
mean by t h a t ?  When t h e  argument was f i n a l l y  
threshed out ,  we s a i d  a p a r t i c l e  i s  emitted 
from a source, some evaporat ion ( equ i l i b ra t i on )  
occurs,  and f i n a l l y  i t s  i n i t i a l  production 
energy i s  d i s s ipa t ed  and it "hangs" i n  the  
air--an aerosol  p a r t i c l e .  We even discovered 
t h a t  we were not  su re  what we meant by aerosols  
because people ta lked  about aerosol  "clouds." 
We decided t h a t  an aerosol  i s  j u s t  a co l l ec -
t i o n  o f  a i rbo rne  p a r t i c l e s ,  and l e f t  i t  a t  
t h a t .  

We then t r i e d  t o  de f ine  what we mean by 
' source  ." We s t a r t e d  t a lk ing  about t he  s t rength  
of a  source.  Then we sa id  t h a t  "strength" i s  
not exac t ly  what we mean by "source strength" 
because t h a t  has connotat ions of how much 
a c t i v e  ingredient  i s  i n  a p a r t i c l e .  So we 
decided t o  c a l l  i t  emission r a t e :  A source 
i s  defined by t h e  emission r a t e  o f  p a r t i c l e s  
(mater ia l )  going i n t o  the  a i r  times t h e  time 
o f  spray .  

' ~ a v a l  Biomedical Research Laboratory, Naval 
Supply Center ,  Oakland, Ca l i fo rn i a .  

Now we had the  co l l ec t ion  of  p a r t i c l e s  
hanging i n  t he  a i r .  The f i r s t  parameter we 
thought of was s i z e ,  then s i z e  d i s t r i b u t i o n .  
We agreed t h a t  s i z e  d i s t r i b u t i o n  i s  approxi-
mately log normal; the  smaller  t he  p a r t i c l e  
becomes the  g rea t e r  the  number you expect  t o  
f i nd .  And t h e  apparent s i z e  depends on the  
technique used t o  measure t he  p a r t i c l e s .  I f  
you look i n t o  l i t e r a t u r e  on measurements of  
s i z e  d i s t r i b u t i o n ,  you ge t  t h e  idea  t h a t  t h e  
absolu te  labora tory  standard i s  t o  count and 
s i z e  them under t he  microscope; but  even t h a t  
has problems. 

I was involved, f o r  example, with some 
work with a pharmaceutical company t h a t  was 
making an aerosol  product. They were having 
p a r t i c l e  ana lys is  (microscopy) done by an 
i n s t i t u t e  i n  t h e  East .  The company was no t  
happy, s ince they were t r y i n g  t o  use  t he  da t a  
f o r  q u a l i t y  cont ro l ,  and it var ied  unaccountably. 
So they sent  the  i n s t i t u t e  i d e n t i c a l  samples, 
but  d id  not  l e t  them know t h a t  t he  samples were 
i d e n t i c a l .  The samples were re turned  with 
severa l  d i f f e r e n t  s i z e  es t imates .  So I  f i n a l l y  
convinced t h e  company t h a t  what they were r e a l l y  
i n t e r e s t ed  i n  was the  aerodynamic diameters;  
i . e . ,  they should consider t h e i r  product i n  
terms of i t s  behavior and not worry about t he  
ac tua l  diameter o f  t h e i r  odd-shaped p a r t i c l e s .  
I t  was how well t he  p a r t i c l e s  penetrated i n t o  
t he  lung t h a t  was t h e  important parameter. 

The panel kicked t h a t  idea  around f o r  a 
while and found we were again t a l k i n g  about a  
" s t ab i l i zed  aerosol"; you have mater ia l  and 
you produce i t  a s  an aerosol  and then i t  r e a c t s  
with t he  a i r  and comes t o  some s o r t  of i n i t i a l  
equil ibrium. We sa id ,  what e l s e  bes ides  s i z e  
a f f e c t s  t he  aerosol? Well, t he  concentrat ion 
does--and immediately t h e  quest ion arose ,  what 
do you mean by concentrat ion? Someone sa id ,  
T h e  number of p a r t i c l e s  per  u n i t  volume of 
a i r ,  t h a t  i s  t he  concentration." Someone e l s e  
s a id ,  "No, t h a t  i s  not  what we mean, we mean, 
how much ac t ive  material  is  within t h e  drople t . ' '  

How should we express concentrat ion? 
Probably, one has t o  express i t  i n  some way t h a t  
involves both of these  p rope r t i e s :  We decided 
t o  r e f e r  t o  the  formulation a s  "composition" 
and the  amount dispersed ( t he  source s t rength)  
a s  concentrat ion.  We can a l l  go home with 
d i c t i ona r i e s  and look up some of these.  
What has a l l  t h i s  t o  do with behavior? Cer ta in ly  
t he  chemical and physical  p rope r t i e s ,  and the  
composition of t he  p a r t i c l e ,  a f f e c t  t h e  even-
t u a l  behavior. 



We then  tu rned  o u r  minds t o  t h e  s u b j e c t  
of t r a n s p o r t  o f  a e r o s o l s .  We decided n o t  t o  
r e f e r  t o  a i r  a s  a v e c t o r  b u t  r a t h e r  a s  a 
p rocess  o f  t r a n s p o r t a t i o n .  There a r e  a number 
o f  f a c t o r s  involved i n  t r a n s p o r t a t i o n ,  b u t  i t  
was e v i d e n t  t h a t  a most profound f a c t o r  with 
r e s p e c t  t o  t r a n s p o r t  o f  a e r o s o l s ,  a s  you might 
guess ,  was meteoro log ica l  e f f e c t s .  A s  s e v e r a l  
speakers  d i scussed  meteoro log ica l  p r o p e r t i e s ,  
it became e v i d e n t  t h a t  some were t a l k i n g  about  
micrometeorological  e v e n t s ,  whereas o t h e r s  were 
t a l k i n g  about  macrometeorological even ts ,  and 
t h e  two were i n t e r l i n k e d .  For example, t e r r a i n  
i s  a f a c t o r  t h a t  c e r t a i n l y  a f f e c t s  t h e  t r a n s p o r t  
o f  a e r o s o l s  ( a s  i t  a f f e c t s  a i r )  and i s  con-
s i d e r e d  t o  be,  I t a k e  it, a p a r t  o f  t h e  meteoro- 
l o g i c a l  p i c t u r e - - t h a t  i s  t h e  macrometeorological 
p a r t  o f  i t .  On t h e  o t h e r  hand, some meteoro- 
l o g i c a l  e v e n t s  i n c l u d e  impaction o f  p a r t i c l e s  
on t h e  bottoms o f  twigs .  We spen t  a cons ider -
a b l e  amount o f  t ime a rgu ing  about t u r b u l e n t  
impact ion,  and I t h i n k  i f  I  may make a  pun, 
we l e f t  t h a t  ques t ion  up i n  t h e  a i r .  Perhaps 
we r e a l l y  d i d  n o t  understand how t h e  p a r t i c l e s  
g o t  t h e r e  and perhaps t h i s  i s  an a r e a  where 
somebody should do some work. 

Under " t ranspor t "  i s  inc luded  t h e  i d e a  o f  
t r a j e c t o r y .  Now, what do you mean by t r a j e c -  
t o r y ?  We f i n a l l y  s a i d  a s  I r e c a l l  it, "Well, 
depending upon t h e  t e r r a i n  and a l o t  o f  luck 
and e v e r y t h i n g  e l s e ,  t h e  a e r o s o l  e i t h e r  goes 
i n  a s t r a i g h t  l i n e  o r  it d i f f u s e s ,  o r  maybe i t  
makes a  bend; t h i s  phenomenon i s  extremely 
d i f f i c u l t  t o  p r e d i c t  ." 

That  s t a t e m e n t  i s  t y p i c a l  o f  committees, 
encompasses a l l  knowledge and cannot be r e f u t e d ;  
i t  i s  a  r e f l e c t i o n  o f  t h e  s t a t e  o f  t h e  a r t .  
However, t h e r e  a r e  a  number o f  f a c t o r s  involved 
i n  t h e  f i n a l  t r a j e c t o r y ,  and i n  a t t empts  t o  
p r e d i c t  meteoro log ica l  e v e n t s ,  one  t h i n g  t h a t  
evolved from t h e  d i s c u s s i o n  was t h a t  e v e r y  
parameterwe t a l k e d  about  seemed t o  be i n t e r -  
connected with every  o t h e r  parameter .  We t r i e d  
b u t  were unable  t o  make a r a t i o n a l  l i s t  o f  
head ings ,  subheadings,  subsubheadings and s o  
for th--something belonged o v e r  t h e r e .  
Regardless ,  I w i l l  l i s t  some o f  t h e  f a c t o r s  
we thought  might i n f l u e n c e  " t ranspor t " :  t h e  
e f f e c t  o f  l i g h t  on t h e  p a r t i c l e ,  temperature,  
humidi ty,  washout (washout, I  b e l i e v e ,  r e f e r s  
t o  fog  i n  t h e  atmosphere o r  r a i n  o r  any a c t i o n  
t h a t  reduces  e f f e c t i v e n e s s ) ,  coagula t ion ,  
p h o t o l y s i s ,  h y d r o l y s i s ,  evapora t ion ,  tu rbu lence ,  
d i f f u s i o n ,  and t ime.  F i n a l l y  someone po in ted  
o u t  t h a t ,  i n  t h e  long run,  t h e  r e a l  problem 
involved account ing  f o r  100 percen t  o f  t h e  
mass i n  making t h e s e  measurements. I f  one can 
conduct experiments  i n  such a  way t h a t  h e  can 
account  f o r  100 percen t  o f  t h e  mass, then he 
i s  i n  a  p o s i t i o n  t o  make meaningful s ta tements .  

During t h e  course  o f  t h e  conversa t ion  we 
moved from t r a j e c t o r y  and t r a n s p o r t  i n t o  
' ' t a rge t . "  For a  whi le  we were n o t  s u r e  whether 
we were t a l k i n g  about  t r a n s p o r t  i t s e l f  o r  o n l y  
about  t a r g e t .  So we def ined  t a r g e t  a s  a two-
valued word, t a r g e t  and n o n t a r g e t .  Here aga in  
semantics  came up. What do you mean by t h e  
t a r g e t ?  Take mosquitos. I s  s u r f a c e  w a t e r  
( t h a t  you pu t  i n s e c t i c i d e  on) t h e  t a r g e t ,  o r  
i s  t h e  mosquito l a r v a e  t h e  t a r g e t ?  One person 
t a l k e d  about  t h e  t a r g e t  and I was confused 
u n t i l  I r e a l i z e d  t h a t  h i s  i d e a  o f  n o n t a r g e t  
was something (e .g .  cover)  t h a t  k e p t  t h e  
a e r o s o l  from g e t t i n g  t o  t h e  t a r g e t .  There 
were a t  l e a s t  two people  t a l k i n g  about  t h e  
same word and coming up w i t h  a d i f f e r e n t  meaning. 
We wondered whether i t  is impingement o r  impac-
t i o n  when t h e  i n s e c t i c i d e  g e t s  on t h e  t a r g e t ?  
Well, i n  my vocabulary impingement i m p l i e s  
"going i n t o "  and impact ion i m p l i e s  "going onto." 
That was n o t  r e a l l y  brought  o u t  i n  t h e  d i s c u s s i o n ,  
b u t  it i s  aga in  e x p r e s s i v e  o f  an a t t i t u d e ;  we 
f e l t  we had t o  beg in  d e f i n i n g  our  terms and 
e x p l a i n i n g  ourse lves  i n  s imple  language. Because 
we a r e  i n  d i f f e r e n t  f i e l d s ,  i t  i s  almost l i k e  
speaking d i f f e r e n t  languages.  

We then  moved t o  a d i s c u s s i o n  o f  t h e  ques-  
t i o n  what a r e  t h e  important  f a c t o r s  making up 
a t a r g e t .  Well, t h e  s i z e  o f  t h e  t a r g e t ,  t h e  
shape o f  t h e  t a r g e t ,  t h e  l o c a t i o n ,  t h e  o r i e n -  
t a t i o n  o f  t h e  t a r g e t ,  and c e r t a i n l y  t h e  prob-  
lems o f  t h e  canopy e f f e c t  (which was d e f i n e d  
a s  shadow e f f e c t s  o r  a s  s h e l t e r  e f f e c t s )  and 
t h e  i d e a  o f  "bounce-off," which i m p l i e s  t h a t  
l i q u i d  p a r t i c l e s  l a r g e r  t h a n  50 microns might 
behave a s  e l a s t i c  m a t e r i a l  and, a s  b a l l s  i n  a 
game o f  pool ,  rebound t o  a  new t r a j e c t o r y .  
Mechanisms o f  g r a v i t y  impact ion and t u r b u l e n t  
impaction and o f  v e n t i l a t i o n  w i t h i n  a canopy 
a l l  have t o  do with t h e  " t a r g e t . "  

I n  summary, I f e e l  t h a t  t h e  group i n  
genera l  agreed t h a t  we need more r e s e a r c h  
i n t o  micrometeorology. One o f  t h e  e a r l i e r  
papers  i n  t h i s  symposium r e f e r r e d  t o  how t h e  
s t a n d a r d  d e v i a t i o n  o f  small  v e c t o r s  i n  a  
g iven  body of  a i r  w i l l  g i v e  one a  p r e t t y  good 
i d e a  o f  what t h e  whole c loud  i s  doing.  This  
c e r t a i n l y  involved micrometeorological  measure-
ments. Some l a b o r a t o r y  s t u d i e s  on t u r b u l e n t  
impaction should be conducted under c o n t r o l l e d  
c o n d i t i o n s .  I t h i n k  it  does n o t  make too  much 
d i f f e r e n c e  what type  o f  m a t e r i a l  you u s e  t o  
s t u d y  t u r b u l e n t  impaction a s  a  phenomenon. 
Using whatever type  o f  m a t e r i a l  is  e a s i e s t  t o  
look a t  and e a s i e s t  t o  measure could be a  
s t a r t i n g  p o i n t .  

We need more e f f e c t i v e  measurements of 
s i z e  d i s t r i b u t i o n .  I n  o u r  l a b o r a t o r y  we do 
r o u t i n e  s i z e  a n a l y s i s  and we use whatever 



technique seems t o  be most e f f ec t ive .  But it 
depends upon the  s i z e  you are  t a lk ing  about. 
I f  you a re  going t o  look a t  b i g  p a r t i c l e s  and 
you a r e  not concerned with how many o f  the  
l i t t l e  ones the re  a re ,  then maybe the  card 
method is f ine .  But i f  you want t o  know what 
i s  there ,  t o t a l  and complete, you may have t o  
apply more than one pa r t i c l e - s i z ing  method--
a card method f o r  t h e  l a rge  ones, and perhaps 
an op t i ca l - e l ec t ron ic  counting method f o r  
middle s i z e  range. For the  very t i n y  ones 
you w i l l  probably have t o  go t o  e l e c t r o s t a t i c  
p r e c i p i t a t o r s  o r  cent r i fuges .  

Finally,  we s a i d  t h a t  i t  would be n ice  i f  
we had some concept of  how t o  make aerosols  go 
where we wanted them t o  go. I f  you could ju s t  
define the  t a r g e t  and define the  nontarget ,  
and then i f  you could come up with some kind 
of a magic box which would cause p a r t i c l e s  
of  j u s t  the  r i g h t  s i z e  t o  go exact ly  where 
the  t a rge t  is  and nowhere e l s e ,  then we would 
be doing the  job. I know t h a t  sounds r a t h e r  
dreamlike, but the idea  probably ought t o  be 
kicked around before we claim t o  be exper ts  
on behavior. 

Discussion 


DR. DRUMMOND: My question probably should be 
d i r ec t ed  t o  M r .  Boyle. I was wondering i f  
h i s  turbulent  d i f fus ion  models have been proven 
experimentally o r  a r e  they j u s t  a s e t  o f  
equations we saw on t h e  board yesterday.  

DR. CRAMER: Doug Boyle i s  not  here,  so  I w i l l  
f i e l d  t h i s  question.  Model evaluation i s  a 
t e r r i b l y  d i f f i c u l t  a rea  and has been p a r t  of 
my i n t e r e s t s  f o r  the pas t  15 years o r  so.  The 
problem i s  t h a t  we hardly  ever ge t  our hands 
on enough data  of the  r i g h t  kind t o  do model 
va l ida t ion .  The number of degrees of freedom 
required f o r  s t a t i s t i c a l  s igni f icance  i s  
probably around one pe r  f i e l d  t r i a l .  So 
because o f  t he  pressing problems t h a t  were 
discussed here,  where we need answers we a r e  
proceeding i n  an evolutionary way. We a r e  
developing the  b e s t  concepts t h a t  we have. 
We check them as  we can and the  model i t s e l f  
i s  r e a l l y  very simple. I t  i s  a mass cont i -  
nu i ty  model t o  t r y  and keep t rack  of every- 
th ing .  To date ,  t h e  experience i s  t h a t  where 
we a r e  able  t o  obta in  good measurements, there  
a r e  very few su rp r i se s  i n  comparing the  measure- 
ments and t h e  predic t ions .  Actually the  model 
predic t ions  give us  a reasonably high q u a l i t y  
of i npu t  information and a r e  much b e t t e r  than 
the  measurements by and l a rge .  So I think 
the  answer i s  t h a t  we a r e  now proceeding on 
t h e  assumption t h a t  we have provided i n  t h e  
model f o r  t he  processes t h a t  do occur. There 
i s  a judgment t o  be made a s  t o  how well the  
model w i l l  a c t u a l l y  f i t  any data .  When we 
ge t  a chance t o  do t h a t  we might have con- . 
s ide rab le  confidence i n  the  modeling techniques 
t h a t  M r .  Boyle was describing.  But i t  i s  going 
t o  be a very long time before we a re  sure t h a t  
they a r e  abso lu t e ly  co r rec t .  

DR. DRUMMOND: I f  I may make a second comment 
about macrometeorology and micrometeorology. 
I t  seems t o  me t h a t  they a r e  charac ter ized  by 

j u s t  two parameters, t h e  sca l e  and the  in ten-  
s i t y  of t he  turbulence. I f  the  model works, 
why not use the  same model under t h e  canopy, 
because the  same physics a r e  applying,  only 
the  s i z e  o f  t he  parameters a r e  d i f f e r e n t .  

DR. CRAMER: Not q u i t e  r i g h t ,  I would say,  but  
t he re  i s  g rea t  mer i t  i n  what you a r e  saying.  
There i s  a l i m i t ,  below t h e  canopy problem, 
i f  t he  canopy i s  presumed t o  be a formidable 
b a r r i e r .  There i s  a d i f f e r e n t  kind of meteorol-
ogy involved i n  some of the  important d e t a i l s - -  
very low wind speeds, f o r  example, o r  t r anspor t  
speeds and some of t h e  bulk concepts t h a t  work 
t e r r i b l y  well ,  i n  the open, we w i l l  say,  have 
t o  be modified. I t  was our hope, i n  terms of 
t h i s  over-a l l  problem of r e l ease  i n t o  the  t r e e  
a i r  and going i n t o  the canopy, t h a t  t he re  has 
got t o  be an amalgamation here, but  we a r e  not 
qu i t e  sure  ye t  what you have t o  do under some 
conditions--under some canopies--to t i e  these  
two types o f  processes together .  But i n  the  
end, I am sure we w i l l  work it out .  

DR.  MOORE: I would l i k e  t o  d i r e c t  t h i s  question 
t o  D r .  Roberts. A few years ago you were doing 
some work with ruby l a s e r  holography, which i f  
I can r e c a l l  your work, w i l l  def ine  the  s i z e  
d i s t r ibu t ion ,  and the  behavior of  the  p a r t i c l e .  
I s  t h i s  process impractical  f o r  any of these  
research purposes? 

DR. ROBERTS: A t  t h i s  time the  l a s e r  holographic 
process i s  s t i l l  a lab  t o o l .  We had hopes of 
taking it i n t o  t h e  f i e l d ,  but  you have t o  s e t  
up f a i r l y  a r t i f i c i a l  condit ions t o  obta in  
r e s u l t s .  I t  i s  t rue  t h a t  you can ge t  drop 
spect ra ,  however, 1 micron i s  the  lower l i m i t  
of t he  instrumentation.  You can es t imate  drop 
s i z e  down t o  about 0.5 microns. You have t o  
keep i n  mind a l s o  t h a t  t he  depth of f i e l d  f o r  
focus on a hologram i s  the  square o f  t he  d i a -  
meter of  t he  p a r t i c l e .  So, i f  you have a 



1-micron p a r t i c l e ,  you have one micron f o r  the  
depth of  f i e l d  of  focus, o r  with a 5-micron 
p a r t i c l e  you have a 25-micron depth of  f i e l d  
o f  focus.  The o the r  poin t  t o  remember i s  t h a t  
t h e  f i e l d  of  view i s  l imi ted  t o  t he  diameter 
of t h e  l a s e r  l i g h t ,  which i s  1 cm. So t h a t  
anything t h a t  passes through t h a t  f i e l d  i s  
going t o  be photographed. With t he  ruby l a s e r ,  
which has s top-ac t ion  c a p a b i l i t i e s  of up t o  
10,000 f t / s e c ,  none of your spray p a r t i c l e s  
a r e  t r ave l ing  a t  those speeds, so any p a r t i c l e  
t h a t  i s  passing through t h i s  1-cm l i g h t  path 
w i l l  b e  photographed and/or recorded on a 
hologram. 

DR. HIMEL: In Doug Boylets  absence I want t o  
r e i t e r a t e  some th ings  t h a t  we discussed t h i s  
morning and t h a t  he  mentioned i n  passing 
yesterday and t h a t  I think a r e  extremely impor- 
t a n t .  I r e f e r  t o  h i s  statement t h a t  "on a 
mass de l ive ry  b a s i s  you d e l i v e r  t he  same mass 
with 100-micron d rop le t s  a s  you do with 20-micron 
d r o p l e t s  downwind of t h e  spray area."  Now t o  
me t h i s  i s  extremely important, because i n  t h i s  
process of  looking a t  spray de l ivery ,  you have 
two major philosophies.  One i s  g rav i ty  f a l l  
and t h a t  i s  an overs impl i f ica t ion ,  and the  o ther  
i s  atmospheric t r anspor t  and d i f fus ion  and t h a t  
i s  an overs impl i f ica t ion .  Now I do no t  want t o  
take  l i b e r t i e s  with what Doug has s a id ,  and I 
am not  qu i t e  su re  I understand a l l  he s a id  
anyway, but  t he se  two processes a r e  i n  f a c t  
i n t e r r e l a t e d .  But g rav i ty  f a l l  has been t h e  
g r e a t  philosophy and 100-micron d rop le t s  a r e  
a t  l e a s t  reasonably la rge ,  and 20-micron drop-
l e t s  a r e  reasonably small .  To have t h i s  i n -
formation--that  on a mass b a s i s  you a r e  
de l ive r ing ,  by these  t r anspor t  processes,  t h e  
same mass of i n s e c t i c i d e  downwind a t  any 
sampling s t a t i o n  with e i t h e r  s i z e  drople ts - -  
i s  very important .  The co ro l l a ry  then i s  t h a t  
i f  you a r e  i n  t h i s  aerosol  range you a re  going 
t o  d e l i v e r  downwind t h e  same mass independent 
of  drop s i z e  below 100 microns. 

MR. PILLMORE: I was i n  the  behavior workshop 
yes terday  and i n  addi t ion  t o  t he  problem we 
were having i n  semantics we a l s o  had some 
o the r  problems; d i f f e r en t  objec t ives ,  which 
I  thought accounted f o r  q u i t e  a b i t  o f  va r i a -
t i o n  when we were t ry ing  t o  de f ine  t a r g e t  
and nontarge t .  There were many d i f f e r e n t  
viewpoints. With respect  t o  w i l d l i f e  a s  
nontarge t  organisms, I  would l i k e  t o  give 
one i l l u s t r a t i o n ,  and t h a t  involves d rop le t  
s i z e  a s  an exposure mechanism which can he lp  
t o  expla in  a  l o t  of  d i f f e r ences  we may see 
i n  t h e  f i e l d  appra isa l  of i n s e c t i c i d e  e f f e c t s .  
One o f  the most i l luminat ing  experiences t h a t  
I  have had was ( i n  a s soc i a t i on  with D r .  Himel) 
examining var ious  i n s e c t s  f o r  f luorescent  
p a r t i c l e s  fol lowing the  1965 Zectran appl ica-

t i o n  i n  Montana. E a r l i e r  he s a id  t h a t  the  
d rop le t  s i z e s  of  over 100 microns were not 
important on the  spruce budwonn. Ce r t a in ly  
they  were not t h e  ones k i l l i n g  most of  the  
spruce budworm, but  from t h e  standpoint  of  
avian exposure, d rop le t s  over 100 microns 
d id  occur and could be very important because 
these were t h e  very f i r s t  i n sec t s  a f f ec t ed  
immediately following t h e  app l i ca t ion .  Con-
tamination l e v e l s  of  those f i r s t  a f f ec t ed  
a r e  the  type of sample t h a t  i s  important i n  
explaining exposure. A t  t h e  o the r  end of 
t h e  drople t  spectrum t h e  aerosols  probably 
reduce the  contamination of  t h e  food sub- 
s t r a t e ,  but  a t  the  same time r a i s e  the  ques-
t i o n  of whether o r  not  t he re  might be  increased  
r e sp i r a to ry  exposure, p a r t i c u l a r l y  of b i r d s  
i n  f l i g h t .  

DR. ROBERTS: With respect  t o  t h e  problem o f  
r e sp i r a to ry  inha l a t i on ,  D r .  Dimmick, can you 
give us information on the  i nha l a t i on  s t u d i e s  
you have conducted? 

DR. DIMMICK: I am not sure  t h a t  t h i s  i s  impor-
t an t  i n  respect  t o  behavior, simply because 
i n  our workshop we were not a b l e  t o  adequately 
def ine  the  t a r g e t .  However, I w i l l  b r i e f l y  
r e l a t e  some of our f indings .  For example, i f  
we exposed mice continuously t o  an aerosol  of  
Dibrom of around 2 micron mass-median-diameter, 
i t  took 45 minutes before  we could d e t e c t  
something wrong with the mice. We found t h e i r  
chol ines terase  l eve l  was depressed t o  t he  
poin t  where these  mice were not f e e l i n g  very 
well .  Under these  same condit ions we exposed 
Japanese qua i l  f o r  2% minutes and we observed 
100 percent  mor t a l i t y .  The r e s p i r a t o r y  
t o x i c i t y  of Dibrom i n  b i rd s  was increased about 
100-fold by inha l a t i on  compared t o  t h a t  o f  
ingest ion.  I think the  poin t  t h a t  M r .  Pi l lmore 
wanted t o  make was t h a t  of  e f f e c t i v e  inges t ion .  
Now, the e f f e c t  of  r e sp i r a to ry  exposure t o  
b i rd s ,  e spec i a l l y  i n  f l i g h t ,  which has never 
been looked a t  a s  ye t ,  i s  so  much g rea t e r  than 
t h e  inges t ion  problem t h a t  i t  probably needs 
t o  be s tudied  much more than inges t ion .  

DR. CRAMER: A t  the  r i s k  of  perhaps no t  adding 
anything t o  the  d iscuss ion ,  I  w i l l  say t h a t  it 
seems t o  me t h a t  d ive r se  i n t e r e s t s  a r e  r ep re -
sented here .  From the  poin t  of view of the  
systems engineering,  what we have t o  do is 
something l i k e  t h i s .  Describe a dispensing 
system i f  you w i l l ,  a product, an aerosol  
cloud, and take i t  u n t i l  we have accounted f o r  
a l l  the  mass f o r  a s  long a time and d is tance  
as  required,  and t h i s  w i l l  vary with t he  
wr i t t en  objec t ives .  But a f t e r  we have des-
cr ibed  the  system and what happens i n  a very 



general  sense, then the re  i s  another loop t h a t  
you have t o  go through, and then you can def ine  
what your requirements a re ,  and what you must 
know about t h i s .  You can def ine  t h e  t a r g e t  a t  
t h a t  po in t  i n  a very p a r t i c u l a r  way; then you 
go back through again and determine and per-  
haps e l iminate  some of the  f ea tu res  of t he  
opera t ion  which a r e  of no i n t e r e s t  t o  you. 
But I  think i t  i s  t h a t  second loop t h a t  you 
have t o  go through i n  the  requirements phase 
of it t h a t  i s  important, and i f  our approach 
i s  genera l ized  enough, we w i l l  be able  t o  meet 
a l l  these  requirements. But they do make a 
d i f f e rence  i n  t h e  s e t  of  parameters t h a t  you 
have t o  consider.  

DR. MAKSYMIUK: D r .  Dimmick, d i d  you have t h e  
opportunity t o  observe coalescence of d rop le t s  
i n  your aerosol  sprays? 

DR. DIMMICK: I  have, i n  a way, t o  d i squa l i fy  
myself because it became evident yesterday i n  
our workshop t h a t  when I  r e fe r r ed  t o  an aerosol  
I  was t a lk ing  about p a r t i c l e s  l e s s  than 10 
microns whereas o the r s  were considering par-  
t i c l e s  l a r g e r  than t h a t .  What l i t t l e  work we 
have done simply corroborates t h a t  reported 
i n  many publ ica t ions  on t h e  theory of small- 
p a r t i c l e  coagulation.  In  genera l ,  i f  t he re  

a r e  l e s s  than l o 6  p a r t i c l e s  per  can3, then 
coagulation i s  negl ig ib le ;  i f  the  number i s  
g rea t e r  than t h a t ,  coalescence occurs a s  a 
second-order phenomenon. I have l i t t l e  know- 
ledge of what happens with l a r g e r  p a r t i c l e s .  

DR. MAKSYMIUK: I t  might i n t e r e s t  you t h a t  i n  
the  B e l t s v i l l e  lab  it was found t h a t  we could 
not  demonstrate any coalescence of spray  drops 
i n  t h e  a i r  i n  t he  range of a medium spray .  
atomization.  We used two spray booms systems 
on t h e  a i r c r a f t .  One system contained a blue 
dye and the  o the r  one contained a yellow dye, 
and we never found green drops on our deposi t  
sample surfaces .  But t h i s  does not  apply t o  
you, s ince  your drop s i z e  was probably beyond 
t h e  range t h a t  we inves t iga ted .  

DR. HIMEL: On t h i s  question of mul t ip le-  
converging impingements, we do not  have r e a l l y  
quan t i t a t ive  da ta  on it, but  I think t h a t  our 
da ta  from t h e  la rge  spray room t h a t  I r e fe r r ed  
t o  yesterday indica ted  t h a t  t h i s  i s  a very r e a l  
f ac to r ,  but  obviously a funct ion  o f  concentra- 
t i o n .  I cannot quant i fy  t h e  concentrat ion,  
but under the  condit ions used i n  pes t  cont ro l ,  
the  coalescence and converging impingement o f  
drople ts  I think i s  a very r e a l  problem. 



ASSESSMENT 

Assessment of  Insecticide Spray Processes 

Chester M. Himel 

Abstract--A c r i t i c a l  need e x i s t s  f o r  f i e l d  methods by 
which ac tua l  de l ive ry  e f f i c i ency  of  i n s e c t i c i d e  spray methods 
can be assessed .  When t h a t  i s  accomplished, we w i l l  be ab l e  
t o  determine the  r e l a t i onsh ip  between e f f i c i ency  of sprays 
and t h e i r  d rop le t  depos i t ion  on cards,  s l i d e s  and o the r  impinge- 
ment devices.  We w i l l  have a  new b a s i s  f o r  monitoring f i e l d  
spray  app l i ca t ions .  

New a n a l y t i c a l  instruments and new t r a c e r  molecules o f f e r  
a  reasonable p o t e n t i a l  f o r  new assessment methods. Quant i ta t ive  
study of t he  i n t e r r e l a t i o n s h i p  of meteorological e f f e c t s ,  mass 
t r anspor t ,  and spray  drople t  s i z e  can be t h e  b a s i s  f o r  g r e a t  
improvement i n  our methods f o r  spray de l ive ry .  Such an increase  
i n  e f f i c i ency  i s  a l o g i c a l  approach t o  t h e  so lu t ion  of  t he  
i n s e c t i c i d e  problem. 

In t h e  app l i ca t ion  of  i n s e c t i c i d e s  t o  understood. In s p i t e  o f  t h e  economic and eco-
t a r g e t  i n s e c t s  we a r e  i n  t he  spray  de l ive ry  log i ca l  s ign i f i cance  of  i n s e c t i c i d e s ,  and t h e i r  
business,  y e t ,  t r a g i c a l l y ,  we have had no widespread use, a l l  app l i ca t ion  methods a r e  
means of measuring our  de l ive ry  e f f i c i ency .  empirical .  They a r e  empirical  because adequate, 
Our de l ive ry  systems have a l l  t he  s u b t l e t y  quan t i t a t i ve ,  a n a l y t i c a l  assessment methods have 
of  a  dump t ruck .  We worry g r e a t l y  about not been ava i l ab l e .  Applicat ion methodology was 
small amounts o f  p e s t i c i d e s  t h a t  a r e  a i r -  developed a t  a  time when e f f i c i e n c y  i n  t h e  use 
borne and may d r i f t  downwind. A t  t he  same of  i n s e c t i c i d e s ,  and i n s e c t i c i d e  res idue  prob- 
time, we v i r t u a l l y  ignore t h e  massive eco- lems, were not recognized a s  important .  Now, 
system contamination t h a t  r e s u l t s  from an we f ace  t he  absolu te  neces s i t y  of  making the  
unmeasured dump of  p e s t i c i d e s  i n t o  t h e  t a r g e t  use o f  i n s e c t i c i d e s  compatible with t h e  pro tec-  
a r ea .  Af t e r  decades of  use of  i n s e c t i c i d e s ,  t i o n  of  t he  environment. 
t he re  a r e  s t i l l  no unequivocal da t a  on area-  
r e l a t e d  mass t r anspor t .  That ecologica l ,  The e n t i r e  i n sec t i c idecon t rove r sy  i s  based 
s c i e n t i f i c ,  and economic tragedy stems d i r ec -  on t h e  empirical  na tu re  of  spray de l ive ry  
t l y  from t h e  v i r t u a l  absence o f  fundamental processes.  In t he  absence o f  q u a n t i t a t i v e  da t a ,  
assessment methods and research .  con t rove r sys t a r t ed  and continues unabated. 

Today, a l l  a g r i c u l t u r a l ,  l ega l ,  economic, and 
Insec t i c ides  a r e  de l ive red  t o  t a r g e t  ecologica l  dec is ions  a r e  based on t h e  r e s u l t s  

i n s e c t s  and e n t e r  t h e  environment by compli- of processes whose mechanisms a r e  poor ly  
cated processes whose mechanisms a r e  poorly understood. 

he t r anspor t  of  i n s e c t i c i d e s  t o  t a r g e t  
~ e ~ a r t m e n tof Entomology, Univers i ty  of  i n s e c t s  involves a  complex mixture of  meteoro- 
Georgia, Athens, Georgia 30602. l og i ca l  and physical  parameters. We need a 

b a s i s  f o r  measurement of  those parameters. 
2~cknowledgment: I am indebted t o  my col -  They include,  i n  p a r t ,  t h e  phys ics  o f  atmos- 
leagues a t  t h e  P a c i f i c  Southwest S t a t i o n  pher ic  t r anspor t ,  d i f fu s ion ,  and impingement, 
and a t  t h e  Univers i ty  of Georgia f o r  t h e i r  p lu s  meteorological  and micrometeorological 
many con t r ibu t ions  t o  t h e  research discussed e f f e c t s .  In t h i s  complex world, we have been 
here .  A t  t he  Univers i ty  of  Georgia, I have i n  a  s c i e n t i f i c a l l y  untenable pos i t i on .  We 
had t h e  ab l e  a s s i s t ance  o f  D r .  Richard have had no q u a n t i t a t i v e  f a c t s  on which t o  base  
Mayer, D r .  Solang Uk, and D r .  J .  P h i l i p  a r a t i o n a l  ana lys i s  of our  problems. 
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I t  was a s c i e n t i f i c ,  economic, and eco-
l o g i c a l  t ragedy t h a t  q u a n t i t a t i v e  assessment  
methods were not  a v a i l a b l e  i n  t h e  1950 ' s  and 
1960's  when t h e  presen t  e c o l o g i c a l  problems 
s t a r t e d .  Mi l l ions  o f  man-hours o f  r e s e a r c h ,  
government, i n d u s t r i a l ,  and l e g a l  time have 
been and a r e  being expended on t h e  p o s t a p p l i -  
c a t i o n  problems of  i n s e c t i c i d e s  and t h e i r  
ecosystem e f f e c t s .  The d e l i v e r y  system which 
causes  t h e s e  problems, and hence i s  respon-
s i b l e  f o r  a l l  t h e  time and c o s t ,  i s  l a r g e l y  
ignored .  I t s  e f f i c i a n c y  may be l e s s  than 
1 p e r c e n t ,  ye t  i t  has not  been measured! A 
s u b s t a n t i a l  i n c r e a s e  i n  e f f i c i e n c y  t o  even 
50 p e r c e n t  would v i r t u a l l y  so lve  t h e  " insec-  
t i c i d e  problem." To do t h a t ,  we need new, 
h i g h l y  s e n s i t i v e  q u a n t i t a t i v e  assessment t o  
measure t a r g e t - a r e a  mass t r a n s p o r t .  I t  i s  
t r u e  t h a t  a few years  ago, such research  was 
v i r t u a l l y  imposs ib le .  Today, however, t h e  
r e q u i s i t e  a n a l y t i c a l  ins t rumenta t ion  e x i s t s  
o r  can be  developed, and today t h e  many com- 
p l e x  meteoro log ica l  problems can be success -
f u l .  These new ins t ruments  and methods can 
g i v e  us  new f a c t s  t o  r e p l a c e  empir icism. We 
can a t t a c k  o u r  problems from an accumulation 
o f  new knowledge. The seeds  of t h e  p r e s e n t  
management c r i s i s  were sown when t h i s  was 
n o t  i m p o s s i b l e .  

I t  i s  my purpose t o  review b r i e f l y  j u s t  
where new assessment  methods w i l l  a l low us t o  
go i n  t h e  f u t u r e .  I t  i s  a l s o  my purpose t o  
show t h a t  t h e  b a s i s  f o r  e f f e c t i v e  s o l u t i o n  o f  
t h e  " i n s e c t i c i d e  problem" i s  wi th in  our  r e a c h .  
We w i l l  be  a b l e  t o  do a l l  of  those  th ings  
which w i l l  u l t i m a t e l y  be known a s  t h e  concept 
o f  u l t r a - l o w  dosage (ULD)-the concept of  
maximum e f f i c i e n c y  i n  t h e  use o f  i n s e c t i c i d e s .  
I t  i s  i n s e c t  c o n t r o l  wi th  minimum use of  
i n s e c t i c i d e s .  When we a r e  a b l e  t o  pu t  e f f i c i e n t  
c o n t r o l  sys tems  t o g e t h e r ,  our  r e s u l t s  w i l l  be 
o r d e r s  o f  magnitude b e t t e r  than those  we have 
today .  

OLDER METHODS 

In  t h e  l e s s  complex and more re laxed  e r a  
of t h e  1 9 5 0 1 s ,  assessment  o f  i n s e c t  c o n t r o l  
methods were l i m i t e d  t o  (1) a n a l y s i s  of  t a r g e t  
i n s e c t  m o r t a l i t y  and ( 2 )  s p r a y  d r o p l e t  impinge- 
ment d e v i c e s ,  such a s  s i l i c o n e  s l i d e s  and 
impingement c a r d s .  These a r e  crude,  imperfect ,  
and n o n q u a n t i t a t i v e  assessment  methods. For 
example, t h e  s imple  p h y s i c s  of impingement of  
s p r a y  d r o p l e t s  on s i l i c o n e  s l i d e s  has never  
been s t u d i e d  s e r i o u s l y ,  y e t  they  a r e  important  
f i e l d  assessment  t o o l s .  D r .  Keathiey has 
shown t h a t  t h e  f o r c e s  o f  a t t r a c t i o n  o f  a l i q u i d  
d r o p l e t - t o - s i l i c o n e  s u r f a c e  a r e  g r e a t t r  than 

t h e  sur face  tension forces  o f  t h e  impacted 
l i q u i d .  Thus, apparent  d r o p l e t  s i z e  on a 
s i l i c o n e  s l i d e  i s  a func t ion  no t  o n l y  o f  t h e  
d r o p l e t ' s  a c t u a l  s i z e  but  a l s o  i t s  v e l o c i t y  
o f  impact. F i n a l l y ,  c r i t i c a l  impingement 
v e l o c i t y  cons idera t ions  prevent  measurement 
of  spray s p e c t r a  o f  a i r b o r n e  s p r a y s  with s i l i -
cone s l i d e s  o r  impingement c a r d s .  The c o r -
r e l a t i o n  with i n s e c t i c i d e  d e l i v e r y  t o  t a r g e t  
i n s e c t s  i s  unknown. In t h e  meantime, s p r a y  
cards continue t o  be  our  most popula r  f i e l d  
assessment method. 

One of  t h e  major problems i n h e r e n t  i n  t h e  
use o f  impingement s l i d e s  and cards  i s  t h e i r  
b i a s  aga ins t  impingement of d r o p l e t s  s m a l l e r  
than t h e  range of  40 microns. In a d d i t i o n ,  
spray  drop le t s  coalesce o r  evapora te  i n  t h e  
a i r  p r i o r  t o  impaction, o r  two o r  more may 
impinge on i d e n t i c a l  a r e a s .  The problem of 
mul t ip le  converging impingement ( d r o p l e t -  
d r o p l e t  coalescence and m u l t i p l e  d r o p l e t  
impingement) i s  important.  I t  can make i m -
pingement da ta  equivocal and a r t i f a c t u a l .  
The b i o l o g i c a l  eva lua t ion  o f  m o r t a l i t y  and 
impaction measurement o f  spray  s p e c t r a  a r e  
inadequate a s  assessment methods. One o f  
t h e  c r i t i c a l  d e f i c i e n c i e s  o f  t h e  p a s t  was 
t h e  absence of  any method by which spray  
d r o p l e t s  could be t r a c e d  by s i z e  t o  t a r g e t  
i n s e c t s  i n  t h e i r  n a t u r a l  environment. 

The f i r s t  breakthrough came i n  1965 when 
Himel and coworkers a t  t h e  P a c i f i c  Southwest 
Fores t  and Range Experiment S t a t i o n  and t h e  
Univers i ty  of Georgia developed t h e  f l u o r e s -  
cen t  p a r t i c l e  spray drop le t  t r a c e  method 
(FP method) (Himel and o t h e r s  1965; Himel and 
Moore 1967, 1969; Himel 1969a, 1969b, 1969c, 
1969d) . That method was t h e  f i r s t  assessment  
method f o r  evaluat ing spray d r o p l e t s  by s i z e  
and number on t a r g e t  i n s e c t s  i n  t h e  f i e l d  and 
showed t h e  c r i t i c a l  importance o f  a i r b o r n e -  
s i z e  spray  drop le t s  i n  t h e  d e l i v e r y  o f  i n s e c -  
t i c i d e s  t o  i n s e c t s .  I t  did not  g ive  d a t a  on 
how they  were del ivered,  only t h e  f a c t  t h a t  
they  were del ivered.  The e f f e c t  o f  t h e  number 
of  f l u o r e s c e n t  p a r t i c l e s ,  and t h e i r  r e l a t i o n  
t o  d r o p l e t  s i z e ,  i s  shown i n  t a b l e  1. 

The FP method makes poss ib le  experimental  
d e t e c t i o n  of t h e  s i z e  of t h e  d r o p l e t s  t r a n s -  
por ted  t o  t a r g e t  i n s e c t s  i n  t h e i r  n a t u r a l  
environments. I f  t h e  d rop le t s  found on t a r g e t  
i n s e c t s  a r e  200 microns and l a r g e r ,  then g r a -  
v i t a t i o n a l  de l ivery  systems a r e  o p e r a t i o n a l .  
I f ,  however, only airborne-size d r o p l e t s  a r e  
found, atmospheric t ranspor t  systems a r e  t h e  

' ~ e a t h l e ~ ,J .  P h i l l i p .  1972. Unpublished d a t a .  



Table I--Number of f luorescent  p a r t i c l e s  (FP) 
i n  d rop le t s  o f  var ious  s i z e s  a t  t h r ee  
p a r t i c l e  concentrat ion l eve l s  

Concentration 
o f  FP i n  spray 
( p a r t i c l e s  per  

Microns 


c r i t i c a l  f a c t o r s  i n  de l ivery .  I f  t he  de l ivery  
of i n s e c t i c i d e  t o  t a r g e t  i n s e c t s  i s  based on 
atmospheric t r anspor t ,  then the e f f i c i ency  of 
our de l ive ry  systems can be improved by orders  
of magnitude. That improvement can el iminate 
t he  "ecological  problem of i n sec t i c ides . "  

The FP method allows absolute d i f f e r en -  
t i a t i o n  between 20- and 200-micron d rop le t s .  
Therefore it al lows absolu te  d i f f e r e n t i a t i o n  
between the  two poss ib le  t ranspor t  mechanisms. 
Because o f  i t s  p robab i l i t y  bas i s ,  d i f f e r e n t i a -
t i on  between narrow ranges of d rop le t  s i z e s  i s  
v i r t u a l l y  impossible with t he  FP method. Sus-
pension of FP i n  spray l i q u i d s  i s  d i f f i c u l t ;  
therefore  t h e  lower l i m i t  of  d e t e c t a b i l i t y  of 
drople t  s i z e s  by the  FP method i s  i n  the  range 
of 10 t o  IS microns. 

In s p i t e  of  FP method da t a  (and the  wide- 
spread use o f  p a r t i c u l a t e  meteorological t r a c e r s  
i n  meteorological  research) ,  t h e  g rea t  ento- 
mological c l i che  t h a t  "small d rop le t s  never 
ge t  downw i s  s t i l l  with us. I t  i s  s c i e n t i f i c  
and experimental nonsense, ye t  it p e r s i s t s  
and continues t o  cloud experimental f a c t s .  
Airborne spray  d rop le t s  a r e  the  predominant 
s i z e s  de l ivered  t o  t a r g e t  i n s e c t s .  They a r e  
a f f ec t ed  by meteorological f ac to r s  and by 
physical  de l ive ry  systems. When a l l  systems 
opera te  e f f e c t i v e l y ,  t a r g e t  i n sec t  cont ro l  i s  
good, and when they operate i ne f f ec t ive ly ,  
t a r g e t  i n s e c t  cont ro l  i s  low, ye t  we know very 
l i t t l e  about how those physical  and meteoro- 
l og i ca l  processes opera te .  That i s  t h e  chal -  
lenge o f  today: t o  develop quan t i t a t i ve  methods 
by which we can a s se s s  i n sec t i c ide  de l ivery  
systems and mass t r anspor t .  Data on de l ive ry  
of  i n s e c t i c i d e  spray d rop le t s  t o  t a r g e t  i n s e c t s  
a r e  given i n  t a b l e  2. 

The da t a  i n  t a b l e  2  were determined by 
i d e n t i f i c a t i o n  and counting of over 100,000 
spray d rop le t s  on t h e  t a r g e t  i n s e c t s .  There 

i s  no evidence t h a t  l a rge  d rop le t s  (g rea t e r  
than 200 microns diameter) have any s i g n i f i -  
cant  cont r ibut ion  t o  t a r g e t  i n s e c t  cont ro l  
under these  condit ions.  Because o f  t h e i r  
d ispropor t ionate  mass they a r e  t he  major f ac -  
t o r  i n  t he  environmental contamination problem. 
In the  above experiments, spray d rop le t s  
smaller  than 20 microns contained zero FP and 
were i n v i s i b l e .  

The next  major breakthrough came 5  years  
l a t e r  when Roberts and o the r s  (1971) showed 
t h a t  l a s e r  holography could be used t o  de t e r -  
mine the  mechanism of impaction o f  1 t o  5- 
micron-diameter spray d rop le t s  on i n s e c t  
s e t ae .  The da ta  a r e  extremely important and 
represent  an e legant  cont r ibut ion  t o  i n s e c t i -  
c ide  assessment research.  They show exper i -  
mentally t h a t  1-micron-diameter d rop le t s  can 
d e l i v e r  i n sec t i c ide  t o  t a r g e t  i n s e c t s ,  and 
they p lace  t he  optimum s i z e  f o r  spray d rop le t s  
i n  the  range of  5  microns. 

A s  indica ted  previously,  t he re  a r e  two 
major t heo r i e s  a s  t o  the  mechanism of de l ive ry  
of  i n sec t i c ides  t o  t a r g e t  i n s e c t s .  The f i r s t  
and most widely accepted i s  t h a t  spray drop- 
l e t s  f a l l  by g rav i ty  and impinge on the  t a r g e t  
i n s e c t ,  o r  on fo l i age  which t h e  i n s e c t  t r a -  
verses  o r  e a t s .  In s p i t e  of decades of  
research,  no unequivocal experimental da t a  
support  t h i s  theory.  The reason i s  very 
simple--al l  sprays from commercial spray  
devices contain s i g n i f i c a n t  numbers and volumes 
of  the  a i rborne  spray d rop le t s .  They a r e  
ubiquitous,  usual ly  measured, and o f t en  assumed 
t o  be absent .  In t h e i r  presence, no unequivocal 
da ta  on the mechanism of i n s e c t  cont ro l  by 
g rav i t a t i ona l  f a l l  i s  poss ib le .  A t yp i ca l  
spray spectrum i s  shown i n  f i gu re  1. 

Table 2--Size o f  d rop le t s  found on i n s e c t s  

Proportion of  d rop le t s  i n  

Target 
i n sec t  

I Percent 

Spruce budworm 

Boll weevil 
(adul t )  

Bollworm 
( la rvae)  

Cabbage looper 
(1 arvae) 



Figure 1. Typical  s p r a y  spectrum; 
mmd = mass median d i a m e t e r .  

The second and most c o n t r o v e r s i a l  t h e o r y  
o f  s p r a y  d e l i v e r y  involves  t h e  p h y s i c a l  con-
c e p t s  o f  a tmospheric  t r a n s p o r t a n d  t h e  impinge- 
ment o f  a i r b o r n e - s i z e  d r o p l e t s .  Such d r o p l e t s  
a r e  l i m i t e d  t o  l e s s  than  100 microns and a r e  
g e n e r a l l y  l e s s  than  50 microns. T h e i r  d e l i v e r y  
t o  t a r g e t  i n s e c t s  i n  a  f o l i a g e  environment 
depends on p h y s i c a l  and meteoro log ica l  para -  
mete rs  t h a t  a r e  complex and d i f f i c u l t  t o  
measure. F i n a l l y ,  t h e  e f f i c i e n c y  o f  a i r b o r n e  
spray  d r o p l e t s  i n  v e r y  small  s i z e s  i s  l i m i t e d  
by c r i t i c a l  impingement v e l o c i t y  c o n s i d e r a t i o n s  
and by v o l a t i l i t y .  In  our  l a b o r a t o r y  we have 
shown t h e  e x i s t e n c e  o f  a f o l i a g e - a i r  i n t e r -
f a c i a l  b a r r i e r  which i s  an important  f a c t o r  
i n  t h e  d e l i v e r y  of a i r b o r n e  s p r a y  d r o p l e t s  t o  
i n s e c t s  w i t h i n  a f o l i a g e  environment. I t  
means t h a t  d r o p l e t s  o f  t h i s  s i z e  must be dr iven  
i n t o  a  f o l i a g e  environment. I n  t h e  f i e l d ,  t h i s  
i s  accomplished by t h e  meteoro log ica l  e f f e c t s  
of a f l y i n g  a i r p l a n e ,  o r  by t h e  h y d r a u l i c -  
pneumatic s p r a y  from ground equipment. I f  we 
a r e  t o  understand s p r a y  processes ,  we must be 
a b l e  t o  s t u d y  t h e  p r o c e s s e s  by which t h e y  
breach  t h e  f o l i a g e - a i r  i n t e r f a c i a l  b a r r i e r .  
Some new concepts  i n  a n a l y t i c a l  methodology 
a r e  a v a i l a b l e  f o r  t h i s  purpose and w i l l  be  
o u t l i n e d  below. 

NEW METHODS 

I n  t h e  p a s t ,  s p r a y  assessment methods 
have been l a r g e l y  concerned wi th  measurement 
o f  s p r a y  d r o p l e t  s i z e .  A weight o r  mass 
ba lance  i n  t h e  t a r g e t  a r e a  h a s  been beyond 
t h e  sampling techniques  and a n a l y t i c a l  
methods a v a i l a b l e .  Most a t t e m p t s  a t  mass 
a n a l y s i s  have r e q u i r e d  i n c o r p o r a t i o n  o f  dyes  
i n t o  s p r a y s .  Most dye molecules  a r e  n o t  

designed f o r  purposes o f  p e s t i c i d e  a n a l y s i s .  
For t h i s  reason we have s t u d i e d  t h e  des ign  o f  
s p e c i a l  t r a c e r  molecules .  They must have 
known s t a b i l i t y ,  known metabolism r a t e  ( i n  t h e  
biosystem),  and known spec t roscopic  responses .  
Our g r e a t e s t  experimental  success ,  however, 
has  been with designed molecules t h a t  can be 
used with g a s - l i q u i d  chromatography (GLC) . 
The requirements  f o r  such molecules  a r e  t h a t  
they  be (1) nontox ic ,  (2 )  unique t o  t h e  
environment, and (3) adapted t o  GLC o r  mass 
spec t romet r ic  a n a l y s i s  a t  v e r y  h igh  (nanogram) 
o r  picogram) s e n s i t i v i t y .  Two t y p i c a l  examples 
o f  new i n s e c t i c i d e  t r a c e r  molecules  a r e  g iven  
i n  f i g u r e  2 .  I n  our  l a b o r a t o r y ,  we have 
s t u d i e d  a  whole range o f  ana logs  and homologs 
o f  such t r a c e r  molecules a s  new t o o l s  f o r  
t h e  s tudy  o f  mass t r a n s p o r t  o f  s p r a y s  and 
i n s e c t i c i d e  movement i n  t h e  ecosystem. 

New methods f o r  mass a n a l y s i s  o f  s p r a y  
d i s t r i b u t i o n  a r e  o f  l i t t l e  va lue  u n l e s s  
c l e a n ,  r e a d i l y  a v a i l a b l e ,  impingement d e v i c e s  
o f  known c h a r a c t e r i s t i c s  a r e  a v a i l a b l e .  We 
have, t h e r e f o r e ,  designed a  s e r i e s  o f  q u i t e  
small  g l a s s  dev ices  which we a r e  t e s t i n g  f o r  
impingement e f f i c i e n c y .  Glass  d e v i c e s  a r e  
o f  p a r t i c u l a r  s i g n i f i c a n c e  because they  a r e  
c l e a n  and c o n t r i b u t e  no b i o l o g i c a l  contami-
n a n t s  t o  m i t i g a t e  GLC o r  mass s p e c t r o m e t r i c  
a n a l y s i s .  The phys ics  and meteorology o f  
spray  impingement a r e  w e l l  known and e f f i c i e n t  
mass sampling dev ices  f o r  r e s e a r c h  a r e  w e l l  
w i t h i n  t h e  c u r r e n t  s t a t e  o f  t h e  a r t .  A simple 
and e f f i c i e n t  c a p i l l a r y  impingement device 
(CID) i s  i l l u s t r a t e d  i n  f i g u r e  3. 

Figure 2. I n s e c t i c i d e  t r a c e r  molecules  
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Figure 3. C a p i l l a r y  impingement dev ice  (CID) 
used i n  a s s e s s i n g  a i r b o r n e  c o n c e n t r a t i o n  
o f  s p r a y  t o x i c a n t .  

For s e v e r a l  y e a r s ,  we have i n v e s t i g a t e d  
t h e  f e a s i b i l i t y  o f  a c t u a l  a n a l y s i s  o f  t h e  
i n s e c t i c i d e  c o n t e n t  o f  t a r g e t  i n s e c t s .  Unfor-
t u n a t e l y ,  t h i s  i s  v e r y  d i f f i c u l t  because o f  
b i o l o g i c a l  contaminants  and because o f  t h e  
r a p i d  metabolism o f  most i n s e c t i c i d e s  i n  
i n s e c t s .  F i e l d  and l a b o r a t o r y  r e s e a r c h  w i t h  
Dursban and Thiodan have, however, been 
c a r r i e d  o u t .  The l a b o r a t o r y  r e s e a r c h  showed 
t h a t  t h e  t o x i c i t y  o f  an i n s e c t i c i d e  appears  
t o  be  independent  o f  t h e  p h y s i c a l  s t a t e  o f  
t h e  i n s e c t i c i d e  p r i o r  t o  d e l i v e r y  t o  t h e  
t a r g e t  i n s e c t .  Thus, t h e  LDsO o f  t h e s e  i n s e c -  
t i c i d e s  is s u b s t a n t i a l l y  independent  o f  
whether  they  a r e  d e l i v e r e d  t o  t a r g e t  i n s e c t s  
by ( I )  a i r b o r n e - s i z e  d r o p l e t s ,  (2) s i n g l e  
lambda-size d r o p l e t s ,  o r  (3) vapor .  I n  
e f f e c t ,  t h e n ,  i n s e c t  c o n t r o l  can o n l y  be  
ach ieved  when a  l e t h a l  dose is a c t u a l l y  
d e l i v e r e d  t o  t h e  t a r g e t  i n s e c t .  Our i n s e c t  
c o n t r o l  f a i l u r e s  a r e  caused by o u r  d e l i v e r y  
system f a i l u r e s  (Himel and Uk 1972a, 1972b). 

I n  t h e  f i e l d ,  t h e  more concen t ra ted  t h e  
s p r a y  cloud,  t h e  f a r t h e r  downwind i t  w i l l  
r e t a i n  b i o l o g i c a l  e f f e c t i v e n e s s .  Typical  
d a t a  ( t a b l e  3) were o b t a i n e d  when spray  clouds 
o f  v a r i o u s  c o n c e n t r a t i o n s  o f  Dursban were 
t e s t e d  a g a i n s t  caged h o u s e f l i e s .  The mor- 
t a l i t y  o f  t h e  f l i e s  i s  d i r e c t l y  r e l a t e d  t o  
t h e i r  Dursban c o n t e n t  (up t o  100 p e r c e n t  mor-
t a l i t y )  and t h e  d i s t a n c e  downwind f o r  100 
p e r c e n t  m o r t a l i t y  is d i r e c t l y  r e l a t e d  t o  
Dursban c o n c e n t r a t i o n  i n  t h e  i n i t i a l  s p r a y .  

We b e l i e v e  t h a t  t h e s e  d a t a  a r e  an e x p l a n a t i o n  
o f  why t h e  t y p i c a l ,  i n e f f i c i e n t  sp rays  used 
wi th  ULV s p r a y s  and u n d i l u t e d  i n s e c t i c i d e s  
a r e  s u c c e s s f u l  i n  t h e  c o n t r o l  o f  i n s e c t s .  We 
a l s o  b e l i e v e  t h a t  t h e s e  d a t a  show one method 
f o r  minimizing t h e  b i o l o g i c a l  e f f e c t s  o f  down- 
wind d r i f t ,  by l i m i t i n g  t h e  c o n c e n t r a t i o n  o f  
i n s e c t i c i d e s  i n  t h e  i n i t i a l  s p r a y .  
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Table 3. The e f f e c t s  o f  s p r a y  c o n c e n t r a t i o n  o f  ~ u r s b a n l  on t h e  d e l i v e r y  o f  i n s e c t i c i d e  t o  caged 
h o u s e f l i e s 2  p laced  downwind; maximum d r o p l e t  d iameter  15 microns. 

E f f e c t s  o f  Dursban s p r a y  concent ra t ions  o f  ...I 
1 l b / g a l  2  l b / g a l  4  l b / g a l  

Me an Me an Me an Distance 
M o r t a l i t y  Dursban M o r t a l i t y  Dursban M o r t a l i t y  Dursban 

(f t )  c o n t e n t 3  conten t  con ten t  

Percent d f l y  Percent 4 f t y  Percent ng / f ly  

100 

250 

500 

750 

1000 

Cont ro l s  

^low r a t e :  32 oz/min, 5  mph t r a n s p o r t ,  2  min; spray  formulated wi th  DOP and benzene 

Two r e p l i c a t i o n s  o f  25 f l i e s  p e r  cage were used; one r e p l i c a t i o n  was preserved  f o r  
gas  chromatographic a n a l y s i s ,  t h e  o t h e r  was t r a n s f e r r e d  t o  c lean  c o n t a i n e r s  w i t h i n  
IS min fo l lowing  d i s p e r s a l .  

'1n t h e  l a b o r a t o r y  t h e  L D 0  f o r  Dursban was determined t o  be 40 n g / f l y .  



Workshop Summary 
John A. Neisess 

The p a r t i c i p a n t s  i n  t h e  workshop were con-
cerned  wi th  a  wide range  o f  s p r a y  d e p o s i t  
assessment  problems t h a t  vary  according t o  
t y p e  o f  p e s t i c i d e  a p p l i c a t i o n .  The ob jec-
t i v e s  o f  an assessment method f o r  a r e s e a r c h e r  
a r e  n e c e s s a r i l y  d i f f e r e n t  from t h o s e  f o r  an 
o p e r a t i o n a l  program. S i m i l a r l y ,  t h e  r e q u i r e -
ments o f  a p p l i c a t i o n  f o r  f o r e s t  o r  a g r i c u l t u r a l  
purposes ,  o r  mosquito c o n t r o l ,  e t c . ,  va ry  
widely.  Therefore ,  i t  would be very  d i f f i c u l t  
t o  come up w i t h  a n i c e ,  n e a t  s tandard ized  
method s u i t a b l e  f o r  a l l .  

Very g e n e r a l l y  s t a t e d  t h e  goa l  o f  an 
assessment  method f o r  r e s e a r c h  i s  t o  provide 
t h e  i d e n t i f i c a t i o n  and maximization o f  t h e  
v a r i a b l e s  needed t o  o b t a i n  an e f f e c t i v e  con-
t r o l  program. This  method should  be s imple 
and e c o l o g i c a l l y  s a f e .  The assessment  t ech-
nique i s  t h e r e f o r e  a r e s e a r c h  t o o l  f o r  ob-
t a i n i n g  b a s i c  knowledge which w i l l  e v e n t u a l l y  
l e a d  t o  i n c r e a s e d  t a r g e t  m o r t a l i t y  r e s u l t i n g  
from more e f f i c i e n t  a p p l i c a t i o n .  

The s p e c i f i c  assessment  parameters  t h a t  
i n t e r e s t  r e s e a r c h e r s  r e l a t e  t o  t h e  b ioassay ,  
t h a t  i s ,  c o r r e l a t i n g  d e p o s i t  with m o r t a l i t y .  
They a r e  i n t e r e s t e d  i n  how much t o x i c  m a t e r i a l  
i s  i n  t h e  environment and t o  what degree t h i s  
m a t e r i a l  i s  reach ing  t h e  t a r g e t .  There was 
much d i s c u s s i o n  i n  our  workshop on d r o p l e t  
s i z e  and s i z e  v a r i a t i o n .  The r e s e a r c h e r s  want 
and need t o  know t h e  d r o p l e t  s i z e s  t h a t  most 
e f f e c t i v e l y  impact on t h e  t a r g e t ,  and what 
p a r t  o f  t h e  spray-drop-s ize  spectrum t h i s  
e f f e c t i v e  d r o p l e t  r e p r e s e n t s .  The u l t i m a t e  
assessment  method would prov ide  t h e  r e s e a r c h e r  
wi th  in format ion  on f a c t o r s  t h a t  produce drop- 
l e t s  o f  t h e  d e s i r e d  s i z e .  The assessment 
method may n o t  d i s c l o s e  t h e  mechanism by  which 
impact ion occurs ,  b u t  it can r e v e a l  t h e  e f f e c t s  
o f  such t h i n g s  a s  meteoro log ica l  c o n d i t i o n s ,  
s i t e ,  and a p p l i c a t i o n  technique  on t h e  depo- 
s i t i o n  o f  t h e  s p r a y  d r o p l e t s .  

The p r i n c i p l e s  behind o p e r a t i o n a l  programs 
d i c t a t e  d i f f e r e n t  assessment  requ i rements .  
People d e a l i n g  wi th  o p e r a t i o n a l  programs must 

' F o r e s t r y  Sc iences  Laboratory,  3200 J e f f e r s o n  
Way, C o r v a l l i s ,  Oregon. 

be a b l e  t o  a s s e s s  t h e  adequacy o f  t h e  s p r a y  
coverage r e s u l t i n g  from t h e  a e r i a l  a p p l i c a t i o n  
o f  t h e  i n s e c t i c i d e ,  f o r  t h e  enforcement o f  t h e  
a p p l i c a t i o n  c o n t r a c t s .  The assessment method 
has  t o  be f a s t  and s imple so  t h a t  t h e  f i e l d  man 
can r e q u e s t  r e s p r a y i n g  i n  a r e a s  o f  u n e f f e c t i v e  
coverage.  The people i n  r e s e a r c h  should  have 
predetermined what parameters  w i l l  determine 
e f f e c t i v e  coverage.  

People i n  t h e  f i e l d  want an assessment  
method t h a t  e v a l u a t e s  how much m a t e r i a l  r e a c h e s  
a sampling s u r f a c e ,  such a s  a  whi te  c a r d .  The 
a c t u a l  e v a l u a t i o n  may be i n  terms o f  drop s i z e s ,  
d e n s i t y  o f  d rops ,  volume o f  t o x i c  m a t e r i a l ,  o r  
combinations t h e r e o f .  I t  i s  impera t ive  t h a t  t h e  
method be s imple and inexpens ive  because t h e  
f i e l d  people do n o t  have t h e  t ime o r  f a c i l i t i e s  
t o  perform p r e c i s e  a n a l y s i s .  

Opera t iona l  personne l  a r e  a l s o  i n t e r e s t e d  
i n  r e s i d u e s ,  and t h e  p o s s i b l e  contaminat ion o f  
fo rage  c r o p s  and waterways from t o x i c  chemicals  
a p p l i e d  t o  nearby  a r e a s .  Work on t h i s  problem 
i s  u s u a l l y  conducted i n  con junc t ion  w i t h  f i s h -
e r i e s  and w i l d l i f e  departments .  Therefore ,  i t  
i s  d e s i r a b l e  t o  have an assessment  method t h a t  
e v a l u a t e s  t h e  s p r a y  d r i f t .  

Various assessment methods c u r r e n t l y  b e i n g  
used by p a r t i c i p a n t s  i n  t h e  workshop were d i s -
cussed wi th  r e s p e c t  t o  measurement o f  s p r a y  
coverage.  A. P. Randal l ,  o f  t h e  Chemical Con-
t r o l  Research I n s t i t u t e ,  Ottawa, Canada, gave 
a s h o r t  r e p o r t  on t h e  type  o f  assessment  methods 
used i n  Canada f o r  t h e  l a s t  20 y e a r s .  They 
dye t h e i r  fo rmula t ions  wi th  s o l u b l e  dyes and 
c o l l e c t  t h e  s p r a y  d e p o s i t  on g l a s s  p l a t e s  and 
whi te  Kromekote c a r d s .  The s p r a y  d e p o s i t  i s  
sampled i n  t h e  open, f o r  t h e y  have found t h a t  
t h e  d e p o s i t  sampled i n  t h e  open c o r r e l a t e d  
v e r y  wel l  wi th  t h e  d e p o s i t  found i n  t h e  t r e e s .  
They have a l s o  found t h a t  t h e  drop counts  on 
t h e  whi te  c a r d s  gave a b e t t e r  c o r r e l a t i o n  wi th  
i n s e c t  m o r t a l i t y  t h a n  t h e  volume o f  s p r a y  
removed from t h e  g l a s s  p l a t e s .  

The l i m i t a t i o n s  o f  such an  assessment  
method a r e  t h e  i n a b i l i t y  t o  count a c c u r a t e l y  
t h e  v e r y  small  d r o p l e t s  i n  t h e  0-25 micron 
range,  and t h e  f a c t  t h a t  a c a r d  o r  g l a s s  
s l i d e  does n o t  v e r y  wel l  approximate t h e  
geometry o f  an i n s e c t .  That  is, t h i s  method 



does not  allow f o r  assess ing  t h e  amount of 
t o x i c  mater ia l  o r  s i z e  of d rop le t  ac tua l ly  
de l ivered  t o  t h e  in sec t  o r  i t s  na tu ra l  environ- 
ment. The i n a b i l i t y  t o  a s ses s  t h e  small drop- 
l e t s  may be very important i n  view of the  
discussion of small d rop le t s  i n  t h i s  workshop. 
I f  t h e  small d rop le t  i s  t he  most e f f e c t i v e  
s i z e  o f  drop f o r  impacting on t h e  i n s e c t ,  a s  
repor ted  by D r .  Himel, then the  u l t imate  
assessment method should evaluate  t h i s  drop- 
l e t  s i z e .  Otherwise, we a r e  not  analyzing 
the  p a r t  o f  t h e  drop-size-spectrum t h a t  i s  of  
most i n t e r e s t  t o  t h e  researcher .  

Soluble f luorescent  t r a c e r s  have been 
used a s  a t r a c e r  system t o  evaluate  spray 
deposi t s .  The deposi t  can be sampled with 
var ious  a r t i f i c i a l  surfaces--white cards,  
aluminum p l a t e s ,  Mylar e t c .  Also, t h e  
f luorescent  t r a c e r  can be removed from t h e  
fo l i age  t o  give an es t imate  of t h e  amount 
of  t o x i c  mater ia l  reaching the  i n s e c t ' s  en-
vironment. Although t h e  method i s  f a s t ,  
inexpensive and s e n s i t i v e ,  t he re  a re  some 
problems. The f luorescent  dyes fade when 
exposed t o  sun l igh t ,  and the re  a r e  na tu ra l  
f luoresc ing contaminants which might com-
p l i c a t e  t h e  assessment f o r  t h e  fo l i age  samples. 
Because t h e  drops on t h e  white cards a re  
manually s i zed  and counted, t h e  very small 
d rop le t s  cannot be accura te ly  counted. The 
soluble  t r a c e r  a l s o  does not  provide a method 
f o r  determining the  amount of toxic  mater ia l  
reaching t h e  i n s e c t .  

Automatic counting devices a r e  ava i l ab le  
which count t h e  spray  drops co l l ec t ed  on white 
cards .  One such method i s  used a t  t h e  Deseret 
Test  Center. Photographs a re  made of t he  
white cards,  and t h e  negatives a r e  automatically 
scanned, and t h e  drops s ized  and counted. The 
spread f a c t o r  o f  t h e  spray formulation is  inc lu-
ded i n  t h e  ca l cu la t ion  of t h e  drop s i z e s .  I t  
was repor ted  t o  t h e  workshop t h a t  l imi t a t ions  
i n  t h e  photographic s t e p  r e s t r i c t  t h i s  method 
t o  the  measurement of drops g rea t e r  than 40 
microns i n  diameter.  

D r .  Himel described t h e  use of gas- l iquid  
chromotography (GLC) and mass spectroscopy a s  
research  methods f o r  deposi t  assessment. Both 
of these  instrumental  methods have been used 
i n  t h e  pas t  f o r  t h e  d i r e c t  chemical ana lys i s  
of  t h e  ac tua l  p e s t i c i d e .  D r .  Himel described 
the  use o f  t r a c e r  systems f o r  evaluat ing  t h e  
spray.  These chemical t r a c e r s  have the  advan- 
tage of being fade r e s i s t a n t ,  and there  a r e  
l i t t l e  o r  no contamination problems. However, 
t h i s  method can only  evaluate  the  t o t a l  volume 
of t h e  spray  deposited on some sampling surface .  
There i s  no provision f o r  determining t h e  
number of d rop le t s  o r  d rop le t  s i z e s .  

The use of Rotor Rod Samplers was mentioned 
by Jack Barry i n  h i s  paper deal ing  with the  

Zectran dry l i q u i d  t e s t .  These samplers, again,  
sample only the  t o t a l  spray.  This method does 
not give t h e  de l ineat ion  of the  drop-size spectrum. 

Anderson Sieve Samplers a r e  another device 
used t o  sample the  content  of spray i n  volumes 
of a i r .  By changing t h e  s i z e  of s i eves  and t h e  
volume of a i r  sucked i n t o  the  sampling devices,  
s p e c i f i c  drop-size ranges can be sampled by 
using a number of samplers together .  I t  is pos-
s i b l e  t o  evaluate t h e  e n t i r e  spectrum o f  drops 
i n  a spray cloud with respect  t o  p a r t i c l e  s i z e  
and cumulative percent  of t h e  spray i n  s p e c i f i c  
drop-size ranges. The only shortcomings of such 
a device a r e  i t s  expense and t h e  need f o r  a power 
supply--both of which would seem t o  l i m i t  t h e  
usefulness of t he  sampler i n  t h e  f i e l d .  

The only assessment method discussed i n  
our sess ion  t h a t  provided a measure o f  t h e  
amount of pes t i c ides  and t h e  s i z e  of spray drop- 
l e t s  t h a t  was de l ivered  t o  a t a r g e t  i n  i t s  
na tu ra l  environment was the  f luo rescen t -pa r t i c l e  
t r a c e r  method discussed by D r .  Himel. However, 
t h i s  method is  a research  too l  only. The d i f f i -  
c u l t y  i n  handling the  FP1s and t h e i r  cos t  make 
t h i s  method impract ica l  f o r  la rge-sca le  f i e l d  
use .  

A s  f o r  assessment methods cu r ren t ly  used 
f o r  opera t ional  programs, t h e  most f a m i l i a r  
i s  probably the  o i l - s e n s i t i v e  card  used f o r  
years on the  DDT programs. This method was 
adequate f o r  enforcing con t r ac t s ,  but  such 
methods have been shown t o  be un re l i ab le  f o r  
obtaining s a t i s f a c t o r y  co r re l a t ion  between 
the  deposi t  and i n s e c t  mor t a l i t y .  

Another assessment method, r epor t ed ly  
used with mosquito cont ro l ,  i s  t h e  use of 
caged i n s e c t s  a s  an ind ica to r  of t h e  amount 
of  deposi t .  I f  t h e  i n s e c t s  i n  t h e  cages a r e  
dead, the  ove ra l l  coverage has presumably 
been adequate t o  obta in  mor t a l i t y .  

A few new methods of assessment were d i s -
cussed f o r  use i n  research .  A new sampling 
surface  t h a t  b e t t e r  dep ic t s  the  geometry of 
the i n s e c t  was discussed.  Ult imately t h i s  
surface  could be p a r t  of  an ana ly t i ca l  assess-
ment method ins t ead  of a manual counting method. 
Such a surface  could be washed, which would a t  
l e a s t  reveal  t h e  volume of spray  impacting on 
a pseudo-insect, i f  not  t he  ac tua l  drop s i z e .  
Atomic absorption could be used t o  de t ec t  
me ta l l i c  s a l t  t r a c e r s  such a s  magnesium s u l -  
f a t e .  These t r a c e r s  would have the  advantage 
t h a t  they do not  fade.  However, t he re  might 
be contamination problems from n a t u r a l l y  
occurring s a l t s .  Electron spin  resonance (ESR) 
was a l s o  suggested a s  an ana ly t i c  tool  f o r  
cons idera t ion .  Nitroxides were reported a s  
good t r a c e r s  t o  be used with ESR. 



A new method t h a t  might be appl icable  
f o r  opera t ional  use i s  t h e  f ly ing  spot scanner, 
such a s  t h a t  used a t  t he  Deseret Test Center. 
The method provides f o r  a v isual  est imate of 
the  deposit  on the  card f o r  enforcement of 
app l i ca to r  con t r ac t s ,  but  i t  i s  a l s o  sens i -  
t i v e  enough t o  determine the  s p e c i f i c  para- 
meters o f  drop s i z e  and t h e  r e l a t i v e  numbers 
of each s i z e  drop within the  complete drop- 

. . 

s i z e  spectrum, thus providing concise in fo r -  
mation about t h e  extent  of spray coverage. 

In conclusion, i f  t he  workshop did  not  
r e s u l t  i n  anything e l s e ,  it made t h e  p a r t i -  
c ipants  aware of each o t h e r ' s  problems. 
Alternate assessment methods, new profess ional  
contacts ,  o r  whole new concepts may have been 
i n i t i a t e d  as  a r e s u l t  of  t h e  workshop. 

Discussion 


DR.  AKESSON: J u s t  a quick comment, John. I 
f ee l  t h a t  you a r e  mixing the  research i n s t r u -  
mentation and t h e  f i e l d  instrumentation;  you 
brought out  both a t  various times, and you 
never separated them. May I  suggest t h a t  we 
had b e t t e r  make a d i s t i n c t  separa t ion ,  because 
i f  we do not we a r e  going t o  confuse, confound, 
and f r u s t r a t e  t h e  f i e l d  people, e spec ia l ly  when 
we r e f e r  t o  such th ings  a s  scanning e l ec t ron  
microscopes, atomic absorption spectrophotom- 
e t e r s ,  and radiance t r i m ,  e t c .  So, i f  we a r e  
t o  continue i n  the  fu tu re ,  the  researchers  
should at tempt t o  separa te  these two a reas  be- 
cause o f  the d i f f e rences .  The f i e l d  personnel 
f requent ly  use ind ices ,  and t r a c e r s ,  where i n  
research  we at tempt t o  deal with absolute 
va lues .  

DR.  NEISESS: Right, Norm, I t r i e d  t o  make 
t h a t  c l e a r .  

MR. BOYLE: I  would l i k e  t o  c l e a r  up one point  
of  poss ib le  confusion on automated drople t  
counting equipment. The Dugway machine can 
be s e t  t o  count d rop le t s  a s  small a s  those 
f a l l i n g  between zero and 20 microns. The 
problem i s  t h a t  t h e  process i s  photographic; 
what shows on the  photograph i s  counted a s  a 
drop, and dus t  can pose problems i n  t h a t  s i z e  
range. In  p rac t i ce ,  with d rop le t s  below 
40 microns, the  operator has t o  use o p t i c a l  
magnification and count by eye t o  insure  i t  
i s  droplet  s t a i n s  t h a t  a r e  being counted. 

One o ther  comment seems i n  order .  Last year 
when the  Missoula group brought t h e i r  equip- 
ment t o  Dugway, we asked f o r  only two changes 
i n  t h e i r  standard operational  procedures. 
The f i r s t  concerned large  drops, not  small; 
overlapping drople t  s t a i n s  cannot be counted, 
and so  we flew t h e  a i r c r a f t  high enough above 
t h e  ground t o  minimize overlap o f  t h e  la rge  
drops .  The second was t o  f l y  crosswind ins tead  
o f  i n t o  the  wind, and t h i s  too was intended t o  

provide an est imate o f  the  decrease i n  average 
drople t  separation and add i t iona l ly  t o  provide 
an est imate of the decrease i n  average drople t  
s i z e  a s  t h e  downwind dis tance  increased.  
Neither change complicates t h e a n a l y s i s .  I f  
the drople t  cloud i s  thought of  a s  a s t re tched-
out cone with t h e  ground a s  i t s  base and the  
a i r c r a f t  a t  t he  ver tex ,  you can e a s i l y  pass a 
new plane c lose r  t o  t h e  a i r c r a f t ,  i n  e f f e c t ,  
put t h e  ground where you want i t ,  and t h e  
process i s  i n t e rpo la t ive ,  not ex t r apo la t ive .  

We t e s t ed  the  C-47 system over a sampling a r r ay  
covering several  square miles,  and with complete 
meteorological instrumentation.  The Dugway 
drople t  spectrum data ,  contamination dens i ty  
es t imates ,  and swath widths matched what Missoula 
had a l ready determined on a much l e s s  expensive 
program. We increased t h e  sample s i z e  tremen- 
dously but  I  do not think we added much new 
information t o  t h e  spray system cha rac t e r i za t ion .  

DR.  PIEPER: I was i n  t h e  assessment workshop 
a l s o  and I  thought there  was an i n t e r e s t i n g  
suggestion offered  t h a t  was not  mentioned here .  
That was t h e  addi t ion  of spores of Bacillus 
globigii t o  the  spray formulation. I thought 
t h i s  suggestion could be used by a g rea t  many 
people and i t  does not requi re  expensive equip- 
ment. 

DR.  MAKSYMIUK: I  be l ieve ,  John, t h a t  you men- 
t ioned t h a t  there  was a minimum s e n s i t i v i t y  on 
Kromekote cards using f luorescent  t r a c e r s  o f  
a spher ica l  drop s i z e  o f  20 microns. Our pub- 
l i shed research  shows t h a t  we can go down t o  
7 microns a s  f a r  a s  spher ica l  drop s i z e  i s  
concerned. But the spot  s i z e  on the  card i s  
around 20 microns. Now we do have s impl i f ied  
and accepted f i e l d  methods f o r  rapid  determi- 
na t ion  o f  atomization based on the  D-max 
method t h a t  I  published i n  an a r t i c l e  t h a t  i s  
being, o r  was being used rou t ine ly  over a 
number of years.  As f a r  a s  es t imat ing  gal lons  



p e r  a c r e  i n  a f o r e s t  us ing  o i l - s e n s i t i v e  red  
c a r d s  and no dye i n  t h e  sp rays ,  o r  o i l  sp rays ,  
I s l e r  and Davis a t  t h e  B e l t s v i l l e  Labora to r i es  
developed t h i s  method, fo l lowing  some Canadian 
i n p u t  by E l l i o t ,  and it was used o p e r a t i o n a l l y  
f o r  y e a r s .  I t  i s  ve ry  r a p i d  and i n s e n s i t i v e  
b u t  i t g i v e s  you go o r  no-go informat ion and 
t h i s  i s  probably enough f o r  t h e  c o n t r o l  opera-
t i o n s  and i t  t a k e s  minimum time t o  compare 
t h e  s t a n d a r d s  t o  t h e  c a r d s  i n  t h e  f o r e s t  and 
t o  e s t i m a t e  t h e  coverage.  

MR. FURLOW: I would l i k e  t o  ask your group a 
q u e s t i o n  with  r e s p e c t  t o  t h e  de te rmina t ion  o f  
a e r o s o l  d r o p l e t  s i z e s  o f  ULV sp rays ,  and t h e  
e v a l u a t i o n  o f  t h e  equipment and t h e  u s e  o f  
t h e s e  sp rays  on a day-to-day b a s i s  i n  t h e  f i e l d .  
What i s  t h e  c u r r e n t  problem on us ing  any con-
v e n i e n t  technique t h a t  g i v e s  c o n s i s t e n t  comparable 
r e s u l t s  f romone nonthermal fogger  t o  ano ther ,  t o  
g e t  r e s u l t s  t h a t  a r e  known t o  be s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  t r u e  volume mean d iamete r ,  
and do n o t  t r u l y  r e f l e c t  t h e  s i z e  o f  t h e  
p a r t i c l e s  t h a t  a r e  a c t u a l l y  more e f f e c t i v e  
i n  reach ing  and k i l l i n g  t h e  i n s e c t ?  

DR.  AKESSON: May I sugges t ,  John, t h a t  t h i s  
is  p r e c i s e l y  what I was r e f e r r i n g  t o .  You 
a r e  us ing  an  index because you a r e  not  o b t a i n i n g  
an add-value f o r  t h e  d rop  s i z e .  The p a r t  t h a t  
h u r t s  i s  when someone u s e s  a f i e l d  technique 
and does n o t  d e s c r i b e  what he  d i d  o r  t h e  r e l a -
t i o n  between t h i s  a s  an index  and t h e  add- 
v a l u e .  Then t h i s  g e t s  i n t o  t h e  l i t e r a t u r e  a s  
add-values ,  and it can r e a l l y  confuse t h i n g s .  

But i f  you do t h i s ,  and acknowledge what you 
a r e  doing, I s e e  nothing wrong a t  a l l ,  because 
t h e s e  a r e  f i e l d  techniques  which a r e  h i g h l y  
e s s e n t i a l .  

MR.  FURLOW: I s  t h a t  t h e  consensus o f - y o u r  
committee o r  group? 

MR. RANDALL: There is one p o i n t  I would l i k e  
t o  b r i n g  o u t  i n  r egard  t o  t h i s  method o f  
us ing  ca rds .  That i s ,  no one h a s  mentioned 
s t andard iz ing  t h e  c a r d s  i n  terms o f  t h e  
spread f a c t o r .  Now t h e  s o l u t i o n  you use w i l l  
depend on t h e  s i z e  o f  t h e  d rops  i n  t h e  ca rds ,  
and you have a v a r i a t i o n  o f  a  spread f a c t o r  
o f  2 t o  6 .  So t h a t  one m a t e r i a l  w i l l  have 
spread f a c t o r  o f  2 and o t h e r s  may have one 
of 6. The drop s i z e  may be i d e n t i c a l  wi th  
t h e  same k inds  o f  m a t e r i a l s ;  t h e r e f o r e ,  you 
cannot compare t h e s e  two t o g e t h e r  because 
they w i l l  n o t  have t h e  same spread  f a c t o r  a t  
a l l .  

MR.  CHATIGNY: Responding t o  t h e  p a r t i c l e  
s i z e  ques t ion ,  I th ink  t h a t  t h e  s i z e  you 
measure i s  d i r e c t l y  dependent on t h e  i n s t r u -
ment you use  t o  measure. There a r e  a v a r i e t y  
o f  ins t ruments .  However, t h e r e  a r e  obv ious ly  
some methods t h a t  a r e  s t andard ized  and some 
of t h e s e  no t  found i n  t h e  l i t e r a t u r e  o r  
connected with  t h e  d i s c i p l i n e s  o f  t h e  s c i e n -
t i s t s  p resen t  he re .  D r .  Dimmick informs me 
t h a t  t h i s  came up i n  t h e i r  s e s s i o n ,  and he  
w i l l  ampli fy  t h i s  i n  h i s  summary p r e s e n t a t i o n .  



Rapporteur Summary 

Mark A. Chatigny 

This workshop has covered a very broad 

spectrum of problems. Solutions for some are 

well in hand, others are emergent in new areas; 

all appear to have some intereffect. We have 

considered meteorological physics, water sur- 

face dispersion, leaf coverage, and the chemis- 

try, toxicity and degradation of pesticides. 

The need for close control of aerosol output, 

formulation, and particle size to control 

hazards to the target and nontarget popula- 

tions (if you will define as %ontarget" those 

organisms we do not wish to affect) has been 

discussed. Certainly the human and animal 

population and the environment have been en- 

dangered to some degree by some of the early 

pesticide applications. We have pointed out 

that there is a need for improved dose-response 

data from our insecticide applications, and 

these, of course, are going to vary as widely 

as the number of insecticides being used and 

the range of target species. There is also 

need for additional work on dispersal tech- 

niques. 


All things considered, we have a need 

for a coordinated, multidisciplinary program. 

We have entomologists, physicists, biologists, 

engineers and meteorologists, each group with 

its own idiom. Basically they work in "English" 

(though I am not always sure of that) but it 

is apparent that some of the working groups 

spent a great deal of their time just getting 

their words to mean the same things or to 

arrive at some common usage during the course 

of their sessions. This is a problem, because 

if you belong to an entomological society, you 

are not usually going to be talking to micro- 

biologists. If you attend engineering or civil 

engineering society meetings, you are probably 

not going to be talking to many agricultural 

engineers. Dr. Akesson pointed out that he 

obtains information from the mechanical engi- 

neers and the civil engineers "rather labor- 

iously." There is a strong need for inter- 

disciplinary communication. We find, for 

example, that some of the early characteriza- 

tion of spray-nozzle work was done by Japanese 

workers who were interested in spraying coal 

slurries for efficient burning. The spray 

parameters are the same, and the particle- 

size distribution from single and double fluid 

nozzles prevailed for them just as it does for 

us. What this amount to--and I think Dr. Cramer 

pointed this out quite clearly--is that we are 

in need of a systems approach to our composite 

problems. It is essential for us to get 

together as often as we can, to share language, 

share approaches, and make a systematic 

coordination of our efforts in both the field 

and laboratory. 


In this meeting we have also seen quite a 

gap in communications between researchers and 

the people in the field. Practical considera- 

tions limit the field people (in determining 

particle size) to such practices as putting out 

settling cards and saying, "That tells me right 

now what was put on, where it went and that the 

contract I had with a pest control operator to 

put out materials has been fulfilled." As 

researchers we might say, "Well, that does not 

tell you what is the effective fraction of the 

material applied." He might like to know the 

particle size, the concentration of pesticide 

in each particle, and the micro- and macro- 

meteorological conditions that affected these 

things. The control operator, although 

interested, must respond "I can't find out all 

that stuff; I just want to know, did it get 

there and did the contract get fulfilled." It 

is apparent that a systems approach, with 

measurement of many parameters, may be necessary. 


We in research are going to ask the man 

in the field to get some information for us. 

We are going to have to get that information 

fed back into research and higher technology 

areas and use it in our system model, and in 

turn, give the operator some direct answers 

that will help him then and there. We are a 

long way from that, but we have some of the 

tools at hand. 


Surprisingly enough we have more tools 

at hand than many of us are aware of. For 

example, Dr. Mort Rothenberg (Deseret Test 

Center) has some 30 years of experience in 

aerosol travel, chemical particle deposition 

rates, and micro- and macrometeorological 

effects under just about every conceivable 

condition. Much of it is tabulated and com- 

puterized and there is a veritable mountain 

of information available. We are not making 

adequate use of it; I can tell that from the 

conversations here. Some of the problems of 

particle physics described in this meeting 

were described some 25 years ago, when a 

great deal of that data such as that compiled 

by Dr. Rothenberg's group was being assembled. 

There have been offhand references to the work 

of Latta, Hochberg, LaMer, and others; many 

of these people who worked in the Office of 

Scientific Research and Development in the 

1940's formulated many of the basic equations 

and principles on which a lot if dispersion 

models were built. The work needs updating, 

but more than that, it needs to be made available 

to this community--that is, to the people doing 

research, and (in usable form) to pest control 

operators. 




I venture to say that our problems in 

application are going to get worse before they 

get any better. We are going to have increased 

pressure by the ecologists for minimal contami- 

nation of the biosphere. We are going to have 

decreased interest in development of new for- 

mulations by the chemical companies. It costs 

a great deal to develop a new chemical to be 

dispensed in small fractions of a pound instead 

of hundreds of pounds per acre and to meet 

stringent standards for nontoxicity and degra- 

dability. The manufacturers1 incentives are 

certainly being decreased. Some of the manu- 

facturers may want to take issue with me on 

that, but for our purposes it is not too far 

from the mark. We are probably moving toward 

more small-particle sprays. Much of the 

discussion centered around approximately 20 

microns as the optimal particle size. Well, 

let us use that for the moment, with the 

reservation that we may, as Dr. Himel has 

suggested, want to put out a larger particle 

size with an equivalent amount of toxic 

material in order to control coverage on the 

target. We can formulate that way, but the 

trend may be toward the small particle size. 


As Dr. Dimmick has pointed out, when we 

do that, we are getting into the respirable 

particle size range. Further, when we get 

into small-particle generation, we have the 

inevitable generation of a lot of very small 

particles. Now the very small particle 

(this may mean 0.5 to 0.8 microns and smaller) 

gets very deep into the respiratory system of 

the human or animal and is retained and 

adsorbed rapidly. When you produce an aerosol 

of a few million per cubic meter of 20-micron 

particles, you also produce 100 million or so 

per cubic meter in the 0.5 to 8 micron range. 

We have not had simple systems for measuring 

these particle sizes. If these are persistent 

pesticides, or in a carrier that is persistent, 

they are going to stay in the respiratory 

system or some other part of the human body, 

where they may, in fact, be concentrated. 

Many people are going to be asking, "What kind 

of hazard are these pest control operators 

giving us now?" And you will have to bear with 

them because they have a valid concern. While 

all this is going on, our legislators will be 

responding to public pressures and (although 

I do not want to criticize the legislators, 

who are "vox populi") they will sometimes 

respond in a manner that does not reflect the 

state of the art in control technology. They 

will simply say, "Do it!"--that is, "eliminate 

this hazardw--and we may not be prepared to 

'do it" at that time without undue loss or 

cost. There are no simple answers to these 


complex problems that I can see defined in 

these meetings. I think we have given it a 

very good try and have made good progress in 

defining our problem areas. 


Some directions are indicated. Certainly 

the voluntary communications, like this work- 

shop, work very well. I think you will all 

agree that this has been a good and successful 

meeting. Also, I think we could establish 

research programs that are more closely tied to 

applications. On the other hand, the applica- 

tions people need to come back to the researcher 

with some data and some indication of practical 

limitations. We may sit in the ivory tower and 

cook up a lovely particle-size analyzer that 

will work in the laboratory (and we need that), 

but it may be a harder task to get a simple 

piece of machinery to the man in the field so 

that he can give us back one or two parameters 

that can be fitted into our model at a given 

quantity and particle size, and what is the 

effective dose in the target area. I think we 

are not too far from this capability if we use 

the resources available to us. 


Another suggested aim is perhaps more 

immediately attainable--that is to establish 

an adhoc or protem standardization of working 

group. It certainly must be intersociety, 

interagency, interdisciplinary--or whatever 

the desired term--to cross the many disciplines 

represented here. We may need entry to several 

government agencies for this, and it has been 

suggested to Dr. Schirley that we go to the 

Federal Working Group on Pest Management for 

sanction and assistance. He has agreed that 

this is a reasonable thing. Perhaps he can 

speak on this working group to Environmental 

Protection Agency and Food and Drug Adminis- 

tration and other cognizant organizations. 

This is fine. He has suggested that he would 

be willing to go to the National Science Foun- 

dation and help us get some funding for a 

maintained working group. Dr. Rothenberg, who 

is on the committee of the National Science 

Foundation and the Research Applied to National 

Needs committee, said that he would support 

such a request. We should not underestimate 

the need for such a group or the complexity 

of their work. 


I have had some personal experience in 

standardization of aerosol procedures. Our 

laboratory participated in a tripartite working 

group (The United Kingdom, Canada, and the 

United States) on aerosols; it functioned for 

about 8 years. A great part of that time was 

spent in standardizing aerosols, equipment, 

procedures, samplers, etc., so that we could 




all so (simultaneously) at least one kind of 

experiment, or field test, in which the data 

would be directly comparable among all partic- 

cipants. One of the more elementary things 

that became a real problem was that the tempera- 

ture of one of the aerosol chambers varied by 

about half a degree Centigrade from those in 

other installations. The data received from 

this unit differed considerably from that 

received from the others. Attention to exact 

details of every aspect of the equipment and 

work was essential for good control of the 

experiments. 


Synopsis of Continents from 

Evening Dinner Session 


At the dinner meeting following the first 

day of the workshop, participants were requested 

to submit comments and questions. These were 

summarized by the Coordinating Committee. 


Several people indicated interest in 

holding the workshop annually; one person felt 

that it did not have the scope or "punch" for 


an annual affair. At least two persons said 

(1) the workshop should be extended another 

day, (2) the individual workshops were too 

short, and (3) the workshop should not be so 

large, as the number of people and lack of 

time limited the discussion. One person felt 

that the chairman of the assessment group was 

too constrictive. Another thought that one 

single theme, rather than three, would be 

more productive. 


Some general comments and suggestions 

were made. It was felt that (1) a definition 

of target and nontarget populations is needed; 

(2) too much time was devoted to drop spectrum 

and deposition analysis when there was no 

standard or basic formulation as a means of 

comparison; (3) a technique is needed to dis- 

seminate monodispersed aerosols; (4) the impac- 

tion efficiency of setae on spruce budworm 

should be investigated and environmental con- 

tamination from an assessment standpoint should 

be considered; and (5) a good reliable method 

for analyzing droplets or particles below 20 

microns is needed. 
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