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PREFACE 

Pacific Northwest Laboratory's 1976 Annual Report to the ERDA Assistant Administrator for 

Environment and Safety is organized by major program categories into five Volumes, or Parts. 

Parts 1-4 are oriented to particular segments of the program supported by the Division of 
Biomedical and Environmental Research. Part 5 includes reports on projects supported by the 

Division of Safety, Standards and Compliance; Division of Technology Overview; Division of 
Environmental Control Technology; and the Office of Environmental Policy Analysis. Each 

Part consists of project reports authored by scientists from several PNL research depart- 
ments, reflecting the interdisciplinary nature of the research effort. The Parts of the 

1976 Annual Report are: 

Part 1 Biomedical Sciences 
Program Manager - W. R. Wiley R. C. Thompson, Report Coordinator 

D. L. Felton, Editor 

Part 2 Ecological Sciences 
Program Manager - B. E. Vaughan B. E. Vaughan, Report Coordinator 

J. L. Helbling, Editor 

Part 3 Atmospheric Sciences 
Program Manager - C. L. Simpson J. M. Hales, Report Coordinator 

E. L. Owzarski, Editor 

Part 4 Physical and Technological Programs 
Program Manager - J. M. Nielsen J. M. Nielsen, Report Coordinator 

G. M. Garnant, Editor 

Part 5 Control Technology, Overview, 
Safety, and Policy Analysis 
Program Managers - N. E. Carter 

D. B. Cearlock 
J. C. Fox 
D. L. Hessel 
H. V .  Larson W. J. Bair, Report Coordinator 

L. C. CountsIR. W. Baalman, Editors 



A c t i v i t i e s  o f  t h e  Environmental and S a f e t y  Research Program a t  PNL a r e  broader  i n  scope 

than  t h e  a r t i c l e s  i n  t h i s  r e p o r t  i n d i c a t e .  PNL s t a f f  members p a r t i c i p a t e  th roughou t  t h e  year  

i n  many p r o j e c t s  n o t  funded th rough  s p e c i f i c  189s. These e f f o r t s  i n c l u d e  o v e r a l l  program 

p lann ing ,  response t o  reques ts  f o r  i n f o r m a t i o n  f r o m  t h e  ERDA A s s i s t a n t  A d m i n i s t r a t o r  f o r  

Environment and S a f e t y  and o t h e r  o f f i c i a l s ,  p a r t i c i p a t i o n  on n a t i o n a l  and i n t e r n a t i o n a l  

s t a n d a r d - s e t t i  ng committees, and pub1 i c  educat ion.  Dur ing 1976, s t a f f  o f  PNL's Environmental 

and S a f e t y  Research Program: 

prepared two volumes ( F i s s i o n  and Fus ion)  o f  ERDA's Balanced Program Plan f o r  Biomedical 

and Envi ronmenta l  Research; 

c o n t r i b u t e d  t o  a number o f  env i ronmenta l  assessments and impact  s tatements,  i n c l u d i n g  t h e  

Gener ic  Environmental Statement f o r  Mixed Oxide Fuels  and t h e  C l i n c h  R i v e r  Breeder Reactor 

Statement, and p a r t i c i p a t e d  i n  hear ings  on nuc lear  issues;  

s a t  on Nat iona l  Academy o f  Sc iences/Nat ional  Research Counci l  Committees, t h e  N a t i o n a l  

Counci l  on R a d i a t i o n  P r o t e c t i o n  and Measurements, and t h e  I n t e r n a t i o n a l  Commission on 

R a d i o l o g i c a l  P r o t e c t i o n ;  

compi led and prepared t h e  f i n a l  r e p o r t s  f o r  two o f  these comni t tee  e f f o r t s ;  and 

p rov ided ,  i n  response t o  requests  f r o m  t h e  A s s i s t a n t  A d m i n i s t r a t o r  f o r  Environment and 

Sa fe ty ,  i n t e r p r e t a t i o n s  o f  research  r e s u l t s  t o  c l a r i f y  i n f o r m a t i o n  g i v e n  t o  t h e  p u b l i c  

on a number o f  i ssues .  These i n c l u d e d  t h e  Hanford M o r t a l i t y  Study f i n d i n g s ,  f a u l t y  

p u b l i s h e d  i n t e r p r e t a t i o n s  o f  da ta  on m o r t a l i t y  i n  p l u t o n i u m  workers, and severa l  o t h e r  

i ssues  concerned w i t h  n u c l e a r  power. 

W. 3 .  B a i r ,  Manager 
S. Marks, Assoc ia te  Manager 
Environmental and S a f e t y  Prsearch Program 

Prev ious  Repor ts  i n  t h i s  Ser ies:  

Annual Repor t  f o r  

1951 HW-25021, HW-25709 
1952 HW-27814, HW-28636 
1953 HW-30437, HW-30464 
1954 HW-30306, HW-33128, HW-35905, HW-35917 
1955 HW-39558, HW-41315, HW-41500 
1956 HW-47500 
1957 HW-53500 
1958 HW-59500 
1959 HW-63824, HW-65500 
1960 HW-69500, HW-70050 
1961 HW-72500, HW-73337 
1962 HW-76000, HW-77609 
1963 HW-80500, HW-81746 
1964 BNWL-122 
1965 BNWL-280, BNWL-235, Vol.  1-4 
1966 BNWL-480, Vol.  1, BNWL-481, Vol .  2, Pt .  1-4 
1967 BNWL-714, Vol .  1, BNWL-715, Vol .  2, P t .  1-4 
1968 BNWL-1050, Vol .  1, P t .  1-2, BNWL-1051, Val. 2, P t .  1-3 
1969 BNWL-1306, Vol.  1, P t .  1-2, BNWL-1307, Vol.  2, Pt .  1-3 
1970 BNWL-1550, Vol .  1, P t .  1-2, BNWL-1551, .Val. 2, P t .  1-2 
1971 BNWL-1650, Vol .  1, P t .  1-2, BNWL-1651, Vol .  2, Pt.  1-2 
1972 BNWL-1750, Vol .  1, P t .  1-2, BNWL-1751, Vol .  2, P t .  1-2 
1973 BNWL-1850, P t .  1 -4  
1974 BNWL-1950, Pt .  1-4 
1975 BNWL-2000, P t .  1-4 



FOREWORD 

Tools needed t o  descr ibe  t he  na tu re  and f a t e  o f  p o l l u t i o n  i n  t he  atmosphere a re  t h e  goal 
o f  atmospheric t r a n s p o r t  and t r ans fo rma t i on  research a t  t h e  P a c i f i c  Northwest Laboratory (PNL) . 
P o l l u t a n t s  being i n v e s t i g a t e d  a re  those r e s u l t i n g  from development and use o f  two energy 
resources:  coal  and nuc lear  power. We p l a n  f u t u r e  i n v e s t i g a t i o n s  o f  atmospheric problems 
caused by o i  1  shale technology development. 

Coal Combustion 

The behav io r  o f  a i r  p o l l u t i o n  r e s u l t i n g  f rom c o a l - f i r e d  power p l an t s ,  p a r t i c u l a r l y  t he  
phys i ca l  and chemical t rans fo rmat ions  t h a t  occur  du r i ng  t r a n s p o r t  and t he  removal o f  p o l l u t a n t s  
by wet and d r y  scavenging processes, i s  be ing  de f ined .  The re lease  o f  l a r g e  q u a n t i t i e s  o f  
s u l f u r  d i o x i d e  t o  t h e  atmosphere, i t s  t r ans fo rma t i on  t o  s u l f a t e s ,  and i t s  removal and u l t i m a t e  
d e l i v e r y  t o  b i o l o g i c a l  systems where ser ious  h e a l t h  and envi ronmenta l  consequences can r e s u l t  
a re  se r i ous  problen~s i n  coal  u t i l i z a t i o n .  The g rea tes t  emphasis i n  atmospheric t r a n s p o r t  
s t ud i es  w i l l  be placed, i n  t he  f u t u r e ,  on f o s s i l  f u e l  p o l l u t a n t  t r ans fo rma t i on  and removal.  
Th is  expanded non-nuclear research i s  be ing  conducted i n  t h e  F l u l t i -S ta te  Atmospheric Power 
Produc t ion  P o l l u t i o n  S tud ies  (IlAP3S). 

Nuclear  Energy 

Concern about  long-1 i v e d  p a r t i c u l a t e s  ( i  .e., p lu ton ium and o the r  r ad i onuc l  i des )  re leased  
t o  t he  environment from LMFBRs d i c t a t e s  t h a t  d e p o s i t i o n  and resuspension o f  these substances 
be s tud ied .  The p r imary  hazard f rom p lu ton ium i s  i n h a l a t i o n ;  t he re fo re ,  i t s  res idence i n  t he  
atmosphere must be de f ined  c l e a r l y .  Removal o f  p a r t i c u l a t e s  f rom t h e  atmosphere by depos i t i on  
(which 1  i m i t s  i n i t i a l  exposure) and any f u t u r e  resuspension from t h e  sur face  (which cont inues 
t he  p o t e n t i a l  f o r  i n h a l a t i o n )  a re  being evaluated.  

O i l  Shale 

I n  t he  f u t u r e ,  s i g n i f i c a n t  atmospheric processes connected w i t h  sha le  o i l  p roduc t i on  w i l l  
be i nves t i ga ted .  A i r  f l o w  and d i spe rs i on  i n  complex t e r r a i n  w i l l  be s t ud i ed  i n  connect ion 
w i t h  o i l  sha le  developments i n  Colorado, Utah and Wyoming. The mountainous o i l  sha le  r eg i on  
represen ts  a  p a r t i c u l a r l y  d i f f i c u l t  a i r  p o l l u t i o n  problem; a i r  i s  t rapped i n  v a l l e y s  f o r  
extended per iods  under c e r t a i n  me te ro l og i ca l  cond i t i ons ,  and thus e s p e c i a l l y  s t r i n g e n t  s i t i n g  
requi rements must be f u l f i l l e d  t o  meet S ta te  and Federal a i r  q u a l i t y  standards. Adequate 
models and f i e l d  measurements f o r  t h e  complex a i r  f l o w  and d i s p e r s i o n  cond i t i ons  o f  t h e  area 
a re  n o t  a v a i l a b l e ;  they  must be developed t o  assure acceptable s i t i n g .  Recent e f f o r t s  t o  
acce le ra te  t he  development o f  s y n t h e t i c  f u e l s  have inc reased t h e  need f o r  an i n t e r d i s c i p l i n a r y  
e v a l u a t i o n  o f  t h e  h e a l t h  and envi ronmenta l  problems assoc ia ted  w i t h  o i l  sha le  min ing  and 
r e t o r t i n g .  PNL p lans  t o  under take these eva lua t ions .  



Atmospheric t r a n s p o r t  and t r ans fo rma t i on  research i s  being conducted i n  t h e  f o l l o w i n g  
areas: 

Atmospheric Surveys and Weather M o d i f i c a t i o n  

A i r  Flow and D ispers ion  

Depos i t ion  and Resuspension 

P o l l u t a n t  Scavenging 

P o l l u t a n t  Transformat ions and I n t e r a c t i o n s  

Composite Models f o r  Atmospheric Processes 

Atmospheric models which p rov i de  t h e  means t o  es t imate  atmospheric and t e r r e s t r i a l  impact, 
g i ven  t h e  na tu re  and d i s t r i b u t i o n  o f  p o l l u t a n t  sources, a r e  a major  p roduc t  o f  t h i s  research.  
Models a re  impo r t an t  f o r  eva lua t i ng  p o l l u t a n t  impacts d i r e c t l y  a f f e c t i n g  a i r  q u a l i t y ,  p r e c i p i  - 
t a t i o n  q u a l i t y  and s u r f i c i a l  response, and i n d i r e c t l y  c o n t r i b u t i n g  t o  weather and c l i m a t e  
m o d i f i c a t i o n .  

Th i s  r e p o r t  descr ibes  progress i n  1976 f o r  each o f  these areas. A d i v i d e r  page sum- 
mar izes t he  goals  o f  each area; p r o j e c t  189 t i t l e s  which fund  research i n  t h e  area a r e  
1 i s  t e d  as b u l l  e t ed  i terns. 



CONTENTS 

( L i s t i n g  i n  paren thes is  denotes t h e  sponsor ing 
programs under which t he  research was done. ) 
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ATMOSPHERIC SURVEYS A N D  WEATHER MODIF ICATION 

To identify the most pressing air pollution problems and establish priorities for more 
detailed investigations, we are continuing surveys of effluents released to the atmosphere. 
Measurements are taken within the source areas, areas covering several states, and on 
hemispheric scales. 

Fallout measurements and evaluations identify worldwide nuclear test debris, effluents 
from nuclear power generation and the transfer of this material to the surface. Ambient 
distributions of pollutants from fossil fuel and coal facilities are also being measured. 
Atmospheric pollution from urban complexes is being measured to study the physical and 
chemical changes which occur as the pollutant plume i s  transported large distances. Measure- 
ments have begun of air pollution and energy production effects which might inadvertently 
modify weather or climate. 

RADIOACTIVE FALLOUT RATES AND MECHANISMS 

COAL CONVERSION POLLUTANT CHEMISTRY 

ARID LANDS ECOLOGY PROGRAM 



ELEMENTAL CONCENTRATIONS OF NORTHERN HEMISPHERIC 

AIR AT QUILLAYUTE, WASHINGTON 

J. 0. Ludwick, T. 0. Fox and S. R. Garc ia 

Incoming a i r  a t  Qu i l  layUte,  Washington, which i s  r ep resen ta t i ve  o f  

hemispheric aerosol  l e v e l s ,  i s  analyzed f o r  s t a b l e  elements. Resul ts  

i n d i c a t e  t h a t  n a t u r a l  m i x i ng  and c leans ing  processes have s i g n i f i c a n t l y  

reduced anthropogenic and n a t u r a l  aeroso ls  in t roduced by d i s t a n t  sources. 

The l e v e l s  measured a re  s i m i l a r  t o  those observed i n  very  remote areas 

of  bo th  t h e  no r t he rn  and southern hemispheres. 

Chemical and meteoro log ica l  i n f o rma t i on  
i s  being gathered, i n t e r p r e t e d  and docu- 
mented t o  descr ibe  source reg ions  and t h e i r  
r espec t i ve  c o n t r i b u t i o n s  t o  a i r  masses i n f l u -  
encing t h e  con t i nen ta l  Un i ted  S ta tes .  We 
have accumulated cons iderab le  s t a b l e  element 
da ta  f rom our  A i r  Reference S t a t i o n  a t  
Qu i l l a yu te ,  Washington. 

The data i n d i c a t e  t h a t  c lean  a i r  days 
whose 3-day back t r a j e c t o r i e s  do n o t  i n t e r -  
cep t  land  occur  a t  a  r a t e  o f  40 t o  50/yr ,  
o r  12% o f  t h e  t ime. Th is  means t h a t  repre -  
s e n t a t i v e  sampling o f  hemispheric values o f  
a i r b o r n e  m a t e r i a l  i s  poss i b l e  f rom a  land-  
based s t a t i o n .  The 3-day c r i t e r i o n  i s  tan-  
tamount t o  be ing  on an i s l a n d  1500 m i l e s  
f rom any o t h e r  land.  The low frequency o f  
such c lean  days, however, makes 1  ong-term 
sampling necessary. A problem w i t h  t h e  
c lean  days i s  t h a t  they  tend  t o  come i n  
groups; t h i s  does n o t  guarantee accura te  
r ep resen ta t i ve  sampling a l l  year  round. 
The averages can, t he re fo re ,  be seve r l y  
i n f l uenced  by a i r  from c l eane r  o r  more p o l -  
l u t e d  reg ions  o f  t h e  no r t he rn  hemisphere. 

I n t e r p r e t a t i o n  o f  p a r t  o f  t h e  data shows 
t h a t  t h e  ocean i t s e l f  c o n t r i b u t e s  s t a b l e  
elements t o  t h e  a i r .  Comparison o f  x - ray  
f luorescence ana l ys i s  f o r  two sampling 
per iods  shows increased oceanic components 
d u r i n g  t h e  w i n t e r ,  p robab ly  because more 

storms occur then.  A  decrease i n  c r u s t a l  and 
p o l l u t a n t  m a t e r i a l s  i s  shown i n  Table 1. I n  
e a r l y  data, z i nc  concent ra t  ions  appeared anom- 
a lous and from an unknown source. Table 1  
shows z i n c  f o l l o w i n g  t he  ocean component; i t  
may w e l l  r e s u l t  from z i nc  concent ra t ions  i n  
t h e  ocean sur face  f i l m .  I r o n  values have 
dropped t o  those observed i n  mid-ocean. 
Ove ra l l ,  t he  i n d i c a t i o n  i s  t h a t  seasonal 
v a r i a t i o n s  i n  source reg ions  occur, o r  d i f -  
f e r e n t  source reg ions  predominate i n  t h e  
w i n t e r .  Seasonal changes i n  t h e  incoming 
a i r  masses may be deduced from t h e  most 
r ecen t  data; these a re  i l l u s t r a t e d  i n  
F i gu re  1  . 

Another i n t e r e s t i n g  comparison can be made 
us i ng  t h e  s t a b l e  element data on c lean  days. 
Norma l i z ing  t h e  concent ra t ions  o f  c r u s t a l  
ma te r i a l  t o  t h a t  o f  i r o n  w i l l  r evea l  t h e  
m a t e r i a l s  f rom o t h e r  than c r u s t a l  sources. 
Table 2  i n d i c a t e s  r e s u l t s  o f  t h i s  process. 

To summarize our  conclus ions thus f a r :  

Unusual ly  h i gh  l ead  values have been 
a t t r i b u t e d  t o  anthropogenic sme l t ing  and 
combustion e f f l u e n t  e n t e r i n g  t h e  atmos- 
phere. 

Z inc may be f rom the  ocean sur face  con- 
cen t r a t i on ;  a rsen ic  may o r  may n o t  accom- 
pany z i nc .  



TABLE 1.  Ocean T r a j e c t o r y  Trace Element Comparisons 
f o r  Two Seasonal Sampling Per iods  

4/1/74 - 1113Oi74 12/1/74 -611175 TREND 

Neg 770842-2 

1974 I 
Neg 770842-3 

1975 

FIGURE 1 .  Seasonal Hemispheric A i r  Concen t ra t ion  V a r i a t i o n s  a t  Q u i l l a y u t e  
f rom Measurements o f  I n d i v i d u a l  Clean Days (ng/m3) 



TABLE 2. S t a b l e  Element Concentrat ions Normal ized 
t o  t h a t  of I r o n  Found i n  C r u s t a l  M a t e r i a l s  

CRUSTAL FRACTION 
METAL ENR l CHMENT over COMPARED TO ~ e *  

Pb (1.9 ng lm?) 300 26 x lo-d (6.6 x ng) 

AS (0.12 ng 1  m3) 130 3.6 x (9.1 x ng) 

Zn (4.24 ng) 120 1.4 x (3.5 x ng) 

v (<l nglm3) < 15 27 x (<6.8 x ngl 

*SEA I S  NOT IMPORTANT SOURCE UNLESS SURFACE CONCENTRATION 
IS IMPORTANT 

Neq 770842-1 

H igh  copper va lues may r e s u l t  f rom v o l -  Values o f  manganese and te tan ium a r e  w e l l  
c a n i c  emiss ion.  w i t h i n  those expected f rom c r u s t a l  sources 

a lone.  
Vanadium and n i c k e l  a r e  p robab ly  caused 
by oceanic  v e h i c l e  combustion o f  crude 
o i  1  p roduc ts .  

ATMOSPHERIC FALLOUT DURING 1976 

AT RICHLAND, WASHINGTON AND POINT BARROW, ALASKA 

C .  W .  Thomas 

Rad ionuc l ide  c o n c e n t r a t i o n s  i n  s u r f a c e  a i r  a r e  mon i to red  c o n t i n u o u s l y  

a t  Rich land,  Washington, and P o i n t  Barrow, Alaska. The concen t ra t ions  

were a t  t h e i r  l owes t  s i n c e  measurement began i n  1953; t h r e e  Chinese t e s t s  , 

and one Russian d e t o n a t i o n  c o n t r i b u t e d  r a d i o n u c l i d e s  t o  t h e  atmosphere, 

which w i l l  be e v i d e n t  i n  1377. 

The concen t ra t ions  o f  r a d i o n u c l i d e s  i n  through IPC f i l t e r s  a t  a  r a t e  o f  2400 l i n e a r  
s u r f a c e  a i r  a r e  measured c o n t i n o u s l y  a t  f e e t  p e r  minute.  The concen t ra t ions  of most 
Rich land,  Washington and P o i n t  Barrow, r a d i o n u c l  i des  a r e  determined d i r e c t l y  by 
Alaska, by f i l t e r i n g  l a r g e  volumes o f  a i r  gamma r a y  s p e c t r o m e t r i c  analyses,  though f o r  



c e r t a i n  r a d i o n u c l  i des ,  a  chemical separa t ion  
i s  necessary b e f o r e  e i t h e r  be ta  o r  a lpha  
c o u n t i n g  t o  determine t h e  concen t ra t ions .  
The i s o t o p e s  r o u t i n e l y  measured i n c l u d e  
r a d i o n u c l i d e s  i n  t e r r e s t r i a l  m a t e r i a l ,  r a d i o -  
n u c l i d e s  produced by cosmogenic s p a l l a t i o n  
r e a c t i o n ,  f i s s i o n  and a c t i v a t i o n  products ,  
and f i s s i l e  m a t e r i a l  f rom weapons t e s t i n g .  

Atmospheric weapons t e s t e d  i n  t h e  n o r t h e r n  
hemisphere d u r i n g  1976 were a  20 k i l o t o n  
dev ice  detonated i n  January, a  200 k i l o t o n  
dev ice  t e s t e d  i n  September, and a  l a r g e  4200 
k i l o t o n  d e v i c e  detonated i n  November, a1 1  by 
t h e  Peop le ' s  Repub l i c  o f  China, I n  a d d i t i o n ,  
measurements made i n  l a t e  1975 and e a r l y  
1976 showed t h a t  t h e  l a r g e  USSR underground 
t e s t  (6 .7  on t h e  R i c h t e r  s c a l e )  i n  October 
1975 vented t o  some degree and c o n t r i b u t e d  
t o  t h e  r a d i o n u c l i d e  c o n c e n t r a t i o n s  i n  n o r t h -  
e r n  hemispher ic  s u r f a c e  a i r .  

Dur ing  1976, t h e  concen t ra t ions  o f  r a d i o -  
n u c l i d e s  o f  s t r a t o s p h e r i c  o r i g i n  assoc ia ted  
w i t h  weapons t e s t i n g  decreased t o  t h e  lowes t  
1  eve1 recorded  s i n c e  measurements began i n  
1953. F i g u r e  1  shows t h e  '37Cs c o n c e n t r a t i o n  

i n  su r face  a i r  a t  Rich land,  Washington s i n c e  
1953. These data a r e  a  combinat ion o f  
measurements made a t  R ich land  f rom 1960 t o  
t h e  p resen t  and measurements made a t  Harwel l ,  
England f rom 1953 t o  1966 and normal ized t o  
Rich land.  A lso  shown i s  t h e  t o t a l  amount o f  
d e b r i s  i n s e r t e d  i n t o  t h e  n o r t h e r n  s t r a t o -  
sphere s i n c e  1952, a long  w i t h  t h e  y e a r l y  
s t r a t o s p h e r i c  i n v e n t o r y .  Debr i s  i n s e r t e d  
i n t o  t h e  lower  s t r a t o s p h e r e  d u r i n g  one y e a r  
w i l l  be m a i n l y  observed i n  s u r f a c e  a i r  t h e  
f o l l o w i n g  year .  The r e s i d e n t  h a l f - l i f e  was 
about  1  y e a r  f o r  s t r a t o s p h e r i c  d e b r i s  
measured from 1963 through 1967, 1971 
through 1973, and 1974 th rough  1976. 

The s t r a t o s p h e r i c  r e s e r v o i r  d u r i n g  1977 
w i l l  be composed of t h e  4.2 megaton detonated 
i n  November and a  r e s i d u a l  0 .7 megaton f rom 
t h e  1976 i n v e n t o r y ,  b u t  i t  i s  p o s s i b l e  t h a t  
due t o  t h e  ve ry  l a t e  i n j e c t i o n  t i m e  (Novem- 
b e r  17, 1976) o f  t h e  4.2 megaton t h e  con- 
t r i b u t i o n  f rom t h i s  d e b r i s  w i l l  be m inor  
d u r i n g  t h e  s p r i n g  maxima o f  1977. 

Low y i e l d  dev ices  t e s t e d  d u r i n g  January 
and September c o n t r i b u t e d  a  much l a r g e r  

lODO 1960-1976 MEASUREMENTS MADE IN AIR @ RICHLAND, WASHINGTON 
- 
- 1953 - 1960 MEASUREMENTS MADE IN AIR @ HARWELL. ENGLAND 
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FIGURE 1.  137Cs Concen t ra t ion  i n  A i r  a t  Rich land,  WA 



i n i t i a l  concent ra t ion  i n  sur face  a i r  than 
t he  h i ghe r  y i e l d  dev ice  o f  t h e  November t e s t .  
Th is  i s  because h i ghe r  y i e l d  devices produce 
s u f f i c i e n t  energy t o  i n j e c t  most o f  t h e  
d e b r i s  i n t o  t h e  st ratosphere;  i t  then 
descends r a t h e r  s l o w l y  i n t o  t h e  t roposphere 
over  a  pe r i od  o f  years.  On t h e  o the r  hand, 
a  low y i e l d  dev ice  p laces most o f  t h e  d e b r i s  
w i t h i n  t h e  troposphere. The t r a j e c t o r y  of 
t h e  d e b r i s  f rom t h e  January 1976 low y i e l d  
t e s t  c a r r i e d  most o f  t he  d e b r i s  n o r t h  o f  t h e  
USA. The concent ra t ions  o f  medium l i v e d  
r ad i onuc l  i des  such as 95Zr,  lo3Ru, 141Ce, 
( h a l f  l i v e s  o f  65, 40, 32 days) were 5 t imes 
h i ghe r  a t  P o i n t  Barrow, Alaska than a t  
Richland,  .Washington. T r a j e c t o r y  ana l ys i s  
o f  t h e  l ead ing  edge o f  t h e  r a d i o a c t i v e  
d e b r i s  f rom t h e  September 200 k i l o t o n  t e s t  
i n d i c a t e d  t h a t  i t  moved across t he  no r t he rn  
Un i ted  S ta tes  and southern Canada and t h a t  

t he  most southern p a r t  o f  t he  deb r i s  c l oud  
tu rned  southward, e n t e r i n g  a  low pressure 
area which c a r r i e d  i t  t o  t h e  G u l f  S ta tes  and 
subsequently a long t h e  eas te rn  seaboard. 
Th is  movement o f  t h e  deb r i s  c loud,  toge ther  
w i t h  heavy p r e c i p i t a t i o n  a long t h e  eas te rn  
seaboard, r e s u l t e d  i n  s i g n i f i c a n t  depos i t i on ,  
p a r t i c u l a r l y  i n  eas te rn  Pennsylvania, Connect- 
i c u t ,  Massachusetts, and New Jersey.  

The atmospheric concent ra t ion  f o r  1311 
measured i n  Richland, Washington, which was 
on t h e  southern edge o f  t h e  deb r i s  c loud,  
reached a  maximum va lue  o f  140 dpm/103M3 
du r i ng  t h e  f i r s t  c i rcumnav iga t ion  o f  t h e  
e a r t h  (October 10, 1976), bu t  due t o  t he  
h o r i z o n t a l  and v e r t i c a l  d i f f u s i o n  a t t a i n e d  
a  h i ghe r  concent ra t ion  (200 dpm/103M3) du r i ng  
t h e  second c i rcumnav iga t ion  o f  t h e  e a r t h  
(October 21, 1976). 

RADIOACTIVE FALLOUT FROM THE CHINESE NUCLEAR WEAPONS TESTS 

OF JANUARY 23, 1976, SEPTEMBER 26, 1976, AND NOVEMBER 17, 1976 

C. W. Thomas, J. K. Soldat ,  W. B. S i l k e r  and R. W .  Perk ins  

Concentrat ions o f  311 were measured a t  Richland, Washington, 

and est imated f o r  t h e  r e s t  o f  t h e  Un i ted  States,  f o r  t h r e e  above- 

ground nuc lear  t e s t s  i n  1976. These concent ra t ions  a re  much g rea te r  

than  those est imated t o  r e s u l t  f rom nuc lear  r eac to r s .  

Three above-ground nuc l ea r  weapons t e s t s  
were c a r r i e d  o u t  du r i ng  1976 by t h e  Peop le 's  
Republ ic  o f  China. The f i r s t  t e s t  was a  
20 k i l o t o n  atmospheric b u r s t  on January 23, 
1976. The t r a j e c t o r y  o f  t he  c l oud  c a r r y i n g  
t h i s  deb r i s  was ma in l y  n o r t h  o f  t h e  lower 
48 s ta tes .  Peak concen t ra t i on  o f  1311 f rom 
t h i s  d e b r i s  measured a t  Richland,  Washington 
was 0.57 dpm/103M3. 

On September 26, 1976, a  200 k i l o t o n  
weapon was detonated i n  t he  atmosphere. 
Again t h e  l ead ing  edge o f  t h e  r a d i o a c t i v e  
deb r i s  moved across t h e  no r t he rn  Un i ted  
S ta tes  and Southern Canada bu t  entered a  
low pressure  area near  t h e  Great Lakes which 
c a r r i e d  i t  t o  t h e  G u l f  S ta tes  and eas te rn  
seaboard. There was s i g n i f i c a n t  depos i t i on  
o f  s h o r t - l i v e d  r ad i onuc l i des  over  much o f  

t h e  U.S. However, because o f  t h e  t r a j e c t o r y  
taken by t h e  deb r i s  and t h e  occurrence of 
p r e c i p i t a t i o n  a long t h e  eas te rn  seaboard 
s t a tes ,  t h e  depos i t i on  was 1000 t imes g rea te r  
i n  reg ions  of p r e c i p i t a t i o n  a long t h e  eas t -  
e rn  seaboard than i n  o t he r  reg ions  o f  t he  
U.S. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  w i t h  which 
t h e  r ad i onuc l i des  were associated a t  our  
Richland, Washington mon i t o r i ng  s i t e  became 
p rog ress i ve l y  sma l l e r  w i t h  t ime f o l l ow ing  
t h e  second de tona t ion .  The concent ra t ions  
o f  r ad i onuc l i des  w i t h  r e f r a c t o r y  p recursors  
which would there fo re  be expected t o  be 
p resen t  on l a r g e  p a r t i c l e s  decreased by a 
f a c t o r  o f  up t o  two r e l a t i v e  t o  lo3Ru (which 
has a  nob le  gas p recursor  and would be 
expected t o  be p resen t  more on small  



p a r t i c l e s )  d u r i n g  one c i rcumnav iga t ion  of 
t h e  ear th ,  i n d i c a t i n g  a  depos i t i on  l o s s  o f  
a t  l e a s t  50% f rom g r a v i t a t i o n a l  s e t t l i n g .  
From 30 t o  50% o f  t h e  1311 was gaseous; t h i s  
gaseous f r a c t i o n  was d i s t r i b u t e d  i n  rough ly  
comparable amounts between i no rgan i c  and 
o rgan ic  f r a c t i o n s .  The ' 3 l I  c oncen t ra t i on  
i n  sur face  a i r  a t  R ich land  reached a  maximum 
o f  200 dpm/103/M3 du r i ng  t h e  second c i rcum- 
nav i ga t i on  (October 21, 1976). 

A  4200 k i l o t o n  weapon was t es ted  on Novem- 
ber  17, 1976. Tropospher ic  d e b r i s  f rom t h i s  
t e s t  was minor  compared t o  t h a t  f rom t h e  
September t e s t .  Most o f  t h e  deb r i s  was i n -  
se r t ed  ' i n t o  t he  s t r a t osphe re  from which i t  
w i l l  descend r a t h e r  s l o w l y  over  many years.  
A1 though r e s i d u a l  131  I from t h e  September 
t e s t  was s t i l l  p resen t  i n  su r f ace  a i r  i n  
l a t e  November, i t  i s  es t imated  t h a t  t h e  1311 
concen t ra t i on  i n  a i r  f rom t h i s  November t e s t  
was about  3  dpm/103M3. A l so  p resen t  a t  con- 
c e n t r a t i o n s  o f  3 dpm/103M3 was 237U, a  
r ad i onuc l  i d e  which r e s u l t s  f rom neutron 
r e a c t i o n  w i t h  238U i n  t h e  device;  i t s  con- 
c e n t r a t i o n  depends on t h e  type  o f  device.  

The p o t e n t i a l  r a d i a t i o n  doses t o  t h e  
popu la t i on  o f  t h e  eas te rn  U.S. seaboard 
s t a t e s  were es t imated  f rom measurements o f  
1311 concen t ra t i ons  i n  grass samples us i ng  
reasonably conserva t i ve  assumptions. The 
maximum t h y r o i d  dose t o  an i n f a n t  consuming 
one l i t e r  per  day o f  m i l k  was es t imated  t o  
be about  1  rem. The i n t e g r a t e d  popu la t i on  
t h y r o i d  dose f rom i n h a l a t i o n  and consumption 
o f  l e a f y  vegetables and m i l k  was est imated 
t o  be 2.4 x  106 man-thyroid-rem rece ived  by 
a  popu la t i on  o f  78 x  l o 6  people. The popu- 
l a t i o n  t h y r o i d  doses rece ived  i n  t h e  mid- 
western and western U.S. were much l e s s  than 
those  on t h e  eas te rn  seaboard. 

The est imated popu la t i on  t h y r o i d  dose 
f rom nuc lea r  r eac to r s  now ope ra t i ng  i s  
approximate ly  10" man-thyroid-rem. Thus, 
t he  r ecen t  Chinese nuc lear  t e s t  produced a  
p o t e n t i a l  popu la t i on  t h y r o i d  dose of about 
200 t imes t h a t  c u r r e n t l y  rece ived  each year  
from opera t ing  nuc l ea r  power r eac to r s .  

By comparison, t h e  p o t e n t i a l  per  c a p i t a  
t h y r o i d  dose due t o  1 3 l I  rece ived  f rom 
nuc lear  power r e a c t o r s  ope ra t i ng  i n  t h e  year  
2000, assuming they  comply w i t h  e x i s t i n g  
Appendix I gu ide l i nes  o f  WASH 1258, would 
n o t  be over  20 mremlyr f rom a l l  pathways o f  
exposure a t  t h e  boundary o f  a  nuc lear  r e a c t o r  
s i t e ,  and would be o n l y  0.2 mremlyr f o r  t h e  
average popu la t ion .  Assuming a  per  c a p i t a  
dose o f  0.2 mremlyr t o  t h e  t h y r o i d  and a  
popu la t i on  o f  250 x  106 i n  t h e  year  2000, 
t h e  i n t e g r a t e d  popu la t i on  dose i s  n o t  l i k e l y  
t o  exceed 5  x  l o 4  man-thyro id-remlyr .  A t  
t h i s  r a t e ,  i t  would t ake  50 years  of such 
r e a c t o r  opera t ions  t o  y i e l d  t h e  popu la t i on  
t h y r o i d  dose o f  2.4 x  l o 6  man-thyroid-rem 
t h a t  t h e  eas te rn  U.S. popu la t i on  may have 
rece ived  f rom t h i s  Chinese nuc l ea r  t e s t .  

I t  must be emphasized t h a t  t h e  ac tua l  dose 
which i s  rece ived  e i t h e r  f rom pas t  nuc lear  
t e s t s  o r  f rom nuc lea r  power r e a c t o r  opera- 
t i o n  depends on whether cows a r e  a c t u a l l y  on 
pas tu re  and t h e i r  m i l k  i s  a c t u a l l y  being 
consumed; a l so  on whether l e a f y  vegetables 
a re  being produced and consumed. We be l ieve ,  
however, t h a t  t h e  comparison between t h e  
p o t e n t i a l  exposure t o  1311 f rom nuc lea r  
power r eac to r s  and f rom t h i s  pas t  Chinese 
nuc lear  t e s t  i s  c e r t a i n l y  v a l i d  s i nce  they  
bo th  employ t h e  same assumption on 1311 
pathways. 



TRACE ELEMENT AND SULFATE CONCENTRATIONS 

DOWNWIND OF MILWAUKEE 

J. A. Young 

P o l l u t a n t  concen t ra t ions  were measured over  Lake Michigan as f u n c t i o n s  

o f  d i s t a n c e  downwind o f  Milwaukee. A  r e l a t i o n s h i p  w i l l  be developed f o r  

r a t e  o f  decrease i n  concen t ra t ions ;  t h i s  w i l l  be used t o  determine the  

e f f e c t  o f  p o l l u t a n t  sources downwind o f  S t .  Lou is  on concen t ra t ions  

f u r t h e r  away. 

INTRODUCTION 

An urban area re leases  a  wide spectrum o f  
p o l l u t a n t s ,  many o f  them t o x i c ,  i n t o  t h e  
atmosphere. These p o l l u t a n t s  a f f e c t  n o t  
o n l y  t h e  urban area i t s e l f ,  b u t  a l s o  r e g i o n s  
f a r  downwind. The e f f e c t  o f  urban p o l l u t a n t s  
upon downwind areas depends on t h e  r a t e s  o f  
a tmospher ic  m ix ing ,  wet and d r y  d e p o s i t i o n  
on t h e  e a r t h ' s  su r face ,  and chemical reac-  
t i o n s  which cause t h e  p o l l u t a n t  concentra-  
t i o n s  t o  decrease downwind o f  t h e  urban area.  
Concen t ra t ions  o f  c e r t a i n  p o l l u t a n t s  even 
inc rease  downwind o f  a  c i t y  as a  r e s u l t  o f  
chemical r e a c t i o n s .  

From measurements o f  p o l l u t a n t  concen- 
t r a t i o n s  by PNL downwind o f  S t .  Lou is  i n  
p rev ious  years,  p o l l u t a n t s  e m i t t e d  by S t .  
Lou is  a r e  e a s i l y  d e t e c t e d  i n  r u r a l  areas 
over  one hundred m i l e s  downwind. However, 
d e t e r m i n a t i o n  o f  r a t e s  a t  which atmospher ic  
m ix ing ,  wet and d r y  d e p o s i t i o n ,  and chemical 
r e a c t i o n s  changed t h e  p o l l u t a n t  concentra-  
t i o n s  downwind o f  S t .  Lou is  was compl i ca ted  
by t h e  p o s s i b i l i t y  t h a t  p o l l u t a n t  sources 
downwind o f  S t .  Lou is  s i g n i f i c a n t l y  inc reased  
t h e  p o l l u t a n t  concen t ra t ions .  Therefore,  a  
Lagrangian exper iment  was designed i n  which 
p o l l u t a n t  c o n c e n t r a t i o n s  were t o  be measured 
over  Lake Michigan as a  f u n c t i o n  o f  d i s t a n c e  
downwind of Milwaukee, where t h e r e  a r e  no 
p o l l u t a n t  sources t o  comp l i ca te  t h e  c a l c u l a -  
t i o n s .  However, d u r i n g  t h e  exper imenta l  
p e r i o d  f rom August 19 through August 30, 
1976 t h e r e  were o n l y  two days i n  which t h e  
wind was p r i m a r i l y  f rom t h e  west so t h a t  
t h e  c o n c e n t r a t i o n s  o f  Milwaukee p o l l u t a n t s  
c o u l d  be measured as a  f u n c t i o n  o f  d i s t a n c e  
over  Lake Michigan.  On t h r e e  o t h e r  days 
t h e  wind had an e a s t e r l y  component, and 

p o l l u t a n t  concen t ra t ions  were measured as a  
f u n c t i o n  o f  downwind d i s t a n c e  over  l a n d  
sur faces.  On ano ther  day t h e  wind was p r i -  
m a r i l y  f rom t h e  south and concen t ra t ions  
were measured a t  two d is tances  downwind o f  
Chicago o v e r  Lake Michigan.  

EXPERIMENTAL PROCEDURE 

Most p o l l u t a n t  c o n c e n t r a t i o n s  measurements 
were made aboard t h e  B a t t e l l e  DC-3, which 
was operated o u t  o f  Muskegon, Mich igan.  

On each sampling day measurements o f  
p a r t i c l e  c o n c e n t r a t i o n s  and lapse  r a t e  were 
used t o  determine t h e  depth o f  t h e  mixed 
l a y e r .  Then p o l l u t a n t  concen t ra t ions  were 
a t  two o r  more a l t i t u d e s  i n  t h e  mixed l a y e r  
approx imate ly  10 m i l e s  downwind o f  Milwaukee 
w h i l e  t h e  DC-3 f l e w  h o r i z o n t a l l y  perpendicu-  
l a r  t o  t h e  wind f rom one s i d e  o f  t h e  Milwaukee 
plume t o  t h e  o t h e r .  Dur ing  sampling t h e  
Global  N a v i g a t i o n  System aboard t h e  DC-3 was 
used t o  c a l c u l a t e  t h e  wind speed and d i r e c -  
t i o n .  The DC-3 then  moved downwind t h e  
d i s t a n c e  necessary t o  sample t h e  same a i r ,  
and aga in  made sampl ing t r a v e r s e s  across t h e  
plume a t  two o r  more a l t i t u d e s .  Th is  p ro -  
cedure was repeated u n t i l  e i t h e r  t h e  a i r  
passed over  a  ma jo r  p o l l u t a n t  source o r  t h e  
DC-3 r a n  s h o r t  o f  f u e l  a f t e r  7  t o  8 hours. 
On two occasions sampling was con t inued  a f t e r  
r e - f u e l i n g  t h e  DC-3. The lowes t  a l t i t u d e  
sampled was about  500 f e e t .  Samples were 
c o l l e c t e d  up t o  120 m i l e s  downwind o f  
Milwaukee. 

One sample o f  a i r  was c o l l e c t e d  i n  evacu- 
a t e d  c y l i n d e r s  d u r i n g  each t r a v e r s e  o f  t h e  
plume t o  a l l o w  l a t e r  a n a l y s i s  f o r  the  con- 
s e r v a t i v e  gases, carbon monoxide and t h e  



c h l o r f l u o r o m e t h a m e  CC1 3F. A  f l o w  m e t e r  
a l l o w e d  t h e  a i r  t o  b l e e d  i n t o  t h e  evacua ted  
c y l i n d e r  a t  a  r e l a t i v e l y  c o n s t a n t  r a t e  
d u r i n g  each  t r a v e r s e .  The r a t e  o f  dec rease  
o f  t h e  c o n c e n t r a t i o n s  o f  t h e s e  c o n s e r v a t i v e  
gases downwind o f  Mi lwaukee w i l l  be used t o  
c a l c u l a t e  t h e  r a t e  o f  d i l u t i o n  o f  t h e  M i lwau -  
kee p lume b y  a t m o s p h e r i c  m i x i n g .  

One h i g h  volume a i r  sample was c o l l e c t e d  
o n  IPC-1478 f i l t e r  pape r  d u r i n g  each t r a v -  
e r s e  o f  t h e  plume, t o  be a n a l y z e d  l a t e r  f o r  
t r a c e  e lemen ts  and s u l f a t e s  t o  d e t e r m i n e  
t h e  e m i s s i o n  r a t e s  o f  t h e s e  p o l l u t a n t s  by 
Mi lwaukee.  On two days o f  h i g h e r  w ind  
speeds and t h e r e f o r e  l o w e r  p o l l u t a n t  concen- 
t r a t i o n s ,  o n l y  one a i r  f i l t e r  sample was 
c o l l e c t e d  d u r i n g  t h e  two o r  more t r a v e r s e s  
o f  t h e  plume a t  a  g i v e n  d i s t a n c e  downwind 
o f  Mi lwaukee.  A i r  f i l t e r  samples were a l s o  
c o l l e c t e d  aboard  t h e  B a t t e l l e  Cessna-411 
above t h e  m ixed  l a y e r  and upwind o f  M i lwau -  
kee i n  t h e  m ixed  l a y e r .  The r a t e  o f  dec rease  
o f  t h e  f l u x  o f  t h e  t r a c e  e lemen ts  downwind 
o f  M i lwaukee  w i l l  be  used t o  c a l c u l a t e  t h e  
d e p o s i t i o n  v e l o c i t y  o f  p a r t i c u l a t e s  on t h e  
e a r t h ' s  s u r f a c e .  The i n c r e a s e  i n  t h e  s u l f a t e  
t o  t r a c e  e lemen t  r a t i o  w i l l  i n d i c a t e  t h e  
r a t e  o f  c o n v e r s i o n  o f  SO, t o  s u l f a t e s  i n  
t h e  a tmosphere .  S i n c e  c e r t a i n  t r a c e  m e t a l s  
a r e  b e l i e v e d  t o  c a t a l y z e  t h e  c o n v e r s i o n  o f  
SO, t o  s u l f a t e s  t h e  c o n c e n t r a t i o n s  o f  t h e s e  
m e t a l s  a r e  b e i n g  measured a l o n g  w i t h  t h e  
c o n v e r s i o n  r a t e s .  

One a i r  sample was c o l l e c t e d  a t  each 
d i s t a n c e  ( i n t e g r a t e d  o v e r  a1 1  a1 t i t u d e s )  
downwind o f  M i lwaukee  u s i n g  an a i r  f i l t e r  
sys tem s u p p l i e d  t o  us by  D r .  Lenny Neman  
o f  Brookhaven N a t i o n a l  L a b o r a t o r i e s .  T h i s  
f i l t e r  pack  c o n t a i n s  a  f i l t e r  t o  remove 
p a r t i c u l a t e s  and t h e n  a  c h e m i c a l l y  t r e a t e d  
f i l t e r  w h i c h  removes SO,. These f i l t e r s  
have been s e n t  t o  Dr .  N e m a n  f o r  s u l f a t e  and 
SO, a n a l y s i s ;  h i s  r e s u l t s  w i l l  be  compared 
w i t h  t h o s e  measured b y  B a t t e l l e .  

An a i r  sample i n t e g r a t e d  o v e r  a l l  a t  a l t i -  
t udes  was a l s o  c o l l e c t e d  a t  each d i s t a n c e  
downwind o f  M i lwaukee  o n  f l u o r o p o r e  f i l t e r  
pape r .  Some o f  t h e s e  samples have been s e n t  
t o  t h e  Argonne N a t i o n a l  L a b o r a t o r y  t o  be 
a n a l y z e d  b y  t h e  i n f r a r e d  spec t roscopy ,  and 
o t h e r s  were  s e n t  t o  t h e  Lawrence L i v e r m o r e  
L a b o r a t o r y  t o  be a n a l y z e d  b y  t h e  t e c h n i q u e  
o f  E l e c t r o n  Spec t roscopy  f o r  Chemical  Ana l y -  
s i s  (ESCA). 

C o n c e n t r a t i o n s  o f  t h e  t r a c e  gases SO,, 
NOx, and ozone were measured i n  r e a l  t i m e  
t o  d e t e r m i n e  t h e  r a t e s  o f  t h e  chemica l  
r e a c t i o n s  o f  t h e s e  gases.  The measured con- 
c e n t r a t i o n s  o f  t h e  c o n s e r v a t i v e  gases CO and 

CC1 3F w i l l  be used t o  c o r r e c t  f o r  d i l u t i o n  
due t o  a t m o s p h e r i c  m i x i n g  i n  d e t e r m i n i n g  
r e a c t i o n  r a t e s .  P a r t i c u l a t e  c o n c e n t r a t i o n s  
were a l s o  measured i n  r e a l  t i m e  and w i l l  be 
used t o  d e t e r m i n e  t h e  f r a c t i o n  o f  t h e  t i m e  
t h e  DC-3 was a c t u a l l y  i n  t h e  u r b a n  plume 
d u r i n g  t h e  c o l l e c t i o n  o f  t h e  i n t e g r a t e d  
samples,  and w i l l  i n d i c a t e  t h e  v a r i a t i o n  i n  
c o n c e n t r a t i o n  a c r o s s  t h e  plume o f  t h e  com- 
t a m i n a n t s  t h a t  a r e  i n  p a r t i c u l a t e  fo rm.  On 
some f l i g h t s  t h e  p a r t i c l e  s i z e  spec t rum was 
de te rm ined  u s i n g  Whidby and Royco a n a l y z e r s .  
I f  t r a c e  m e t a l s  p l a y  a  s i g n i f i c a n t  r o l e  i n  
c a t a l y z i n g  t h e  c o n v e r s i o n  o f  SO, t o  s u l  f a t e s ,  
t h e n  t h e  r a t e  o f  c o n v e r s i o n  o f  SO, w i l l  be  
a f f e c t e d  by  t h e  s i z e  spec t rum and t h e r e f o r e  
t h e  s u r f a c e  a r e a  o f  t h e  p a r t i c l e s  c o n t a i n i n g  
t h e  c a t a l y z i n g  m e t a l s .  

A i r  samples were  a l s o  c o l l e c t e d  a t  g round  
l e v e l  f o r  CO, CC1 ,F, SO,, s u l f a t e  and t r a c e  
e lemen t  a n a l y s i s .  Lundgren i m p a c t o r s  were 
o p e r a t e d  t o  o b t a i n  p a r t i c l e  s i z e  d i s t r i b u -  
t i o n s  o f  p a r t i c u l a t e s .  When t h e  w i n d  was 
f r o m  t h e  wes t ,  samples we re  c o l l e c t e d  a round  
a  c h a r t e r e d  f i s h i n g  b o a t  on t r a v e r s e s  a c r o s s  
t h e  plume p e r p e n d i c u l a r  t o  t h e  w i n d  a p p r o x i -  
m a t e l y  t e n  m i l e s  downwind o f  M i l a u k e e  on t h e  
same t r a c k  as t h a t  t a k e n  b y  t h e  DC-3. On 
one day a  sample was a l s o  c o l l e c t e d  20 m i l e s  
downwind. Samples we re  a l s o  c o l l e c t e d  on 
t h e  e a s t  sho re  o f  Lake M i c h i g a n  a t  t h e  l o c a -  
t i o n  where  t h e  M i lwaukee  plume c r o s s e d  t h e  
sho re .  

RESULTS 

T h i s  a r t i c l e  d i s c u s s e s  t h e  r e s u l t s  o f  
a n a l y z i n g  t h e  h i g h  volume a i r  f i l t e r s  b y  
X- ray  f l u o r e s c e n c e  f o r  s u l f a t e s  and a  few 
t r a c e  e lemen ts .  I n  t h e  f u t u r e  a t  l e a s t  some 
o f  t h e s e  f i l t e r s  w i l l  be  a n a l y z e d  b y  n e u t r o n  
a c t i v a t i o n  t o  o b t a i n  a  w i d e r  spec t rum o f  
t r a c e  e lements .  A n a l y s i s  o f  t h e  who le  a i r  
samples f o r  CO and CC13F has n o t  been com- 
p l e t e d .  The r e s u l t s  o f  t h e  a n a l y s i s  f o r  SO2, 
NOx, 0 3 ,  and p a r t i c l e  c o n c e n t r a t i o n s  w i l l  be  
d i s c u s s e d  by  o t h e r  i n v e s t i g a t o r s .  

The v e r t i c a l  p r o f i l e s  o f  p a r t i c u l a t e  
m a t e r i a l  c o n c e n t r a t i o n s  downwind o f  M i lwaukee  
d i f f e r e d  d i s t i n c t l y  o v e r  l a n d  and o v e r  t h e  
l a k e .  When t h e  w i n d  was f r o m  t h e  e a s t ,  so 
t h e  plume t r a v e l e d  o v e r  l a n d ,  t h e  concen- 
t r a t i o n s  were f a i r l y  u n i f o r m  t h r o u g h o u t  t h e  
m ixed  l a y e r ,  d e c r e a s i n g  s l i g h t l y  w i t h  a l t i -  
t u d e  ( F i g u r e  1  ) .  On August  27 t h e  w i n d  was 
f r o m  t h e  west ,  c a r r y i n g  t h e  plume o u t  o v e r  
t h e  l a k e .  The c o n c e n t r a t i o n s  g e n e r a l l y  
showed o n l y  a  s l i g h t  dec rease  w i t h  a l t i t u d e  
t e n  m i l e s  downwind o f  M i lwaukee  ( F i g u r e  2 ) ,  
b u t  b y  t h e  t i m e  t h e  plume reached  t h e  e a s t  
s h o r e  o f  Lake M i c h i g a n  80  m i l e s  downwind t h e  
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c o n c e n t r a t i o n s  had deve loped a  l a r g e  
decrease w i t h  a l t i t u d e  i n  t h e  m ixed  l a y e r  
( F i g u r e  3 ) .  I n  a d d i t i o n ,  t h e  c o n c e n t r a t i o n s  
o f  T I  and Ca on August  27 showed l a r g e  
maxima a t  2000 f t  MSL 10 m i l e s  downwind o f  
Mi lwaukee w h i c h  were s t i l l  q u i t e  e v i d e n t  
80 m i l e s  downwind. These r e s u l t s  i n d i c a t e  
t h a t  v e r t i c a l  m i x i n g  was c o n s i d e r a b l y  l e s s  
o v e r  t h e  l a k e  t h a n  o v e r  t h e  l a n d .  T h i s  i s  
expec ted  s i n c e  l a n d  s u r f a c e s  a r e  warmer 
t h a n  t h e  a i r  d u r i n g  t h e  a f t e r n o o n ,  wh ich  
promotes c o n v e c t i o n ,  w h i l e  w a t e r  s u r f a c e s  
a r e  c o l d e r  t h a n  t h e  a i r ,  i n h i b i t i n g  
c o n v e c t i o n .  

The f l u x e s  o f  s u l f u r  ( s u l f a t e s ) ,  c a l c i u m ,  
manganese, i r o n ,  z i n c ,  l e a d  and bromine i n  
t h e  m ixed  l a y e r  downwind o f  Mi lwaukee have 
been c a l c u l a t e d  f o r  t h e  l a y e r  between 
g round  l e v e l  and t h e  h i g h e s t  l e v e l  sampled. 
T h i s  l a y e r  g e n e r a l l y  i n c l u d e d  mos t  o f  t h e  
mixed l a y e r .  Da ta  on m ixed  l a y e r  d e p t h  
and p a r t i c u l a t e  c o n c e n t r a t i o n s  i n  t h e  m ixed  
l a y e r  w i l l  l a t e r  be  e x t r a p o l a t e d  t o  t h e  t o p  
o f  t h e  mixed l a y e r  t o  o b t a i n  m ixed  l a y e r  
t o t a l  f l u x e s .  When a n a l y s i s  o f  upwind 
samples i s  comp le ted  t h e  e lemen ta l  f l u x e s  
upwind o f  Mi lwaukee w i l l  be s u b t r a c t e d  f r o m  

t h e  downwind f l u x e s  t o  o b t a i n  t h e  n e t  f l u x e s  
due t o  Mi lwaukee.  

The c a l c u l a t e d  t r a c e  e lemen t  f l u x e s  down- 
w i n d  o f  Mi lwaukee v a r i e d  by  as  much as an 
o r d e r  o f  magn i tude  on d i f f e r e n t  days. The 
f l u x e s  o f  i r o n ,  ca l c ium,  and manganese, 
wh ich  a r e  g e n e r a l l y  c o n s i d e r e d  t o  be  o f  
c r u s t a l  o r i g i n ,  we re  much h i g h e r  on  days o f  
h i g h e r  w ind speed (9-14 M s e c - I ) ,  p resumably  
because t h e  h i g h e r  w inds p i c k e d  up more 
c r u s t a l  m a t e r i a l .  Ca lc ium has a l s o  been 
shown t o  be i n t r o d u c e d  i n t o  t h e  a tmosphere 
b y  t h e  c o n c r e t e  o f  a  c i t y ,  e s p e c i a l l y  a t  
h i g h e r  w ind  speeds. F l u x e s  o f  s u l f a t e s ,  
z i n c ,  l e a d ,  and bromine,  wh ich  a r e  p r i m a r i l y  
o f  an th ropogen ic  a n t h r o p o g e n i c  o r i g i n ,  d i d  
n o t  appear  t o  be c o r r e l a t e d  w i t h  t h e  w i n d  
speed. Z inc ,  l e a d ,  and b romine  f l u x e s  were 
r o u g h l y  t h e  same on a l l  days, e x c e p t  one i n  
wh ich  t h e  f l u x e s  were much h i g h e r .  The 
h i g h e r  downwind f l u x e s  on t h i s  day p r o b a b l y  
r e s u l t e d  f r o m  h i g h e r  c o n c e n t r a t i o n s  i n  t h e  
a i r  upwind o f  Mi lwaukee.  When t h e  a i r  
samples c o l  1  e c t e d  upwind o f  Mi 1  waukee have 
been ana lyzed,  t h e  u ~ w i n d  f l u x e s  o f  t h e s e  
e lements  w i l l  be s u b t r a c t e d  f r o m  t h e  down- 
w i n d  f l u x e s  t o  o b t a i n  t h e i r  n e t  r a t e  o f  
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e m i s s i o n  by  Mi lwaukee;  any e v i d e n c e  f o r  
v a r i a t i o n s  i n  t h e  e m i s s i o n  r a t e  f r o m  day t o  
day w i l l  a l s o  b e  de te rm ined .  

The r a t i o  o f  t h e  s u l f a t e  f l u x  t o  t h o s e  
o f  o t h e r  e lemen ts  g e n e r a l l y  i n c r e a s e d  w i t h  
d i s t a n c e  downwind o f  Mi lwaukee,  i n d i c a t i n g  
t h a t  SO, was b e i n g  c o n v e r t e d  t o  s u l f a t e  i n  
t h e  a tmosphere .  The f l u x  o f  t h e  s u l f a t e  
p roduced  by  SO2 c o n v e r s i o n  downwind o f  
M i lwaukee  was c a l c u l a t e d  as a  f u n c t i o n  o f  
d i s t a n c e  f o r  each day.  I t was found  t h a t  
up t o  2 /3  o f  t h e  s u l f a t e  measured downwind 

was due t o  SO2 c o n v e r s i o n  downwind o f  M i lwau -  
kee. The amount o f  s u l f a t e  r e s u l t i n g  f r o m  
downwind SO, c o n v e r s i o n  a l s o  v a r i e d  by  as 
much as an o r d e r  o f  magn i tude  f r o m  day  t o  
day, w i t h  l o w  c o n v e r s i o n  amounts b e i n g  
measured on days o f  l o w  t r a c e  e lemen t  con-  
c e n t r a t i o n s .  T h i s  wou ld  be expec ted  i f  days 
o f  l o w  downwind c o n c e n t r a t i o n s  r e s u l t e d  
f r o m  l o w  em iss ions  f r o m  Mi lwaukee.  However, 
i f  t h e  Mi lwaukee SO2 e m i s s i o n s  remained 
f a i r l y  c o n s t a n t ,  t h e n  t h e s e  r e s u l t s  wou ld  
i n d i c a t e  t h a t  t h e  r a t e  o f  c o n v e r s i o n  o f  SO, 
t o  s u l f a t e s  was s l o w e r  on days o f  l o w  t r a c e  
e lemen t  c o n c e n t r a t i o n s .  

CHARACTERIZATION OF SUBSTANCES I N  PRODUCTS, EFFLUENTS 

AND WASTES FROM SOLVENT REFINING COAL PLANT 

M. R. Pe te rsen ,  J. C .  L a u l  and P. W .  Ryan 

PNL i s  c o n d u c t i n g  a  program t o  c h a r a c t e r i z e  p r o d u c t s ,  e f f l u e n t s  and 

wastes  f r o m  c o a l  c o n v e r s i o n  p rocesses  b e i n g  t e s t e d  on a  l a b o r a t o r y  

s c a l e  and i n  p i l o t  p l a n t s .  The c h a r a c t e r i z a t i o n  program i n v o l v e s  a  

comprehens ive  a n a l y s i s  o f  i n o r g a n i c  c o n s t i t u e n t s  i n c l u d i n g  chemica l  

s p e c i e s  d e t e r m i n a t i o n  and a n a l y s i s  o f  o r g a n i c  m a t e r i a l s .  So f a r ,  we 

have i d e n t i f i e d  a b o u t  125 d i f f e r e n t  o r g a n i c  and i n o r g a n i c  compounds 

i n  p r o d u c t s ,  b y p r o d u c t s  and e f f l u e n t s  f r o m  t h e  s o l v e n t  r e f i n e d  c o a l  

(SRC) p rocess .  

Samples we re  c o l l e c t e d  f r o m  t h e  SRC p l a n t  
a t  F o r t  Lew is ,  WA d u r i n g  May, 1976; t h e y  
i n c l u d e d  t h e  f e e d  c o a l ,  SRC p r o d u c t ,  m i n e r a l  
r e s i d u e ,  r e t e n t i o n  pond sed iment ,  b y p r o d u c t  
s u l f u r ,  p rocess  w a t e r  a t  v a r i o u s  t r e a t m e n t  
s tages ,  p r o c e s s  s o l  v e n t ,  wash s o l v e n t ,  
b y p r o d u c t  l i g h t  o i l ,  o f f - g a s  samples,  and 
a e r o s o l  m a t e r i a l  c o l l e c t e d  o v e r  t h e  c o o l i n g  
p r o d u c t .  These samples were  t o  be a n a l y z e d  
t o  d e t e r m i n e  t h e i r  components. S i n c e  t h e  
SRC p l a n t  i s  a  p i l o t  o p e r a t i o n ,  o p e r a t i n g  
c o n d i t i o n s  and m a t e r i a l  s  a r e  changed f r e -  
q u e n t l y  f o r  e x p e r i m e n t a l  purposes.  The re -  
f o r e ,  a n a l y t i c a l  r e s u l t s  based on i n d i v i d u a l  
samples may v a r y  s u b s t a n t i a l l y  between p l a n t  
r u n s .  

The w a t e r  samples were  p r e s e r v e d  w i t h  
h y d r o c h l o r i c  a c i d  o r  m e t h y l e n e  c h l o r i d e  
f o r  i n o r g a n i c  and o r g a n i c  a n a l y s i s ,  r espec -  

t i v e l y .  The sed imes t  samples were  f r o z e n  
i m m e d i a t e l y  w i t h  d r y  i c e ;  t h e  o r g a n i c  l i q u i d s  
were  k e p t  unde r  r e f r i g e r a t i o n .  The sepa ra -  
t i o n  scheme w h i c h  p e r m i t t e d  q u a n t i t a t i v e  
a n a l y s i s  o f  t h e  samples f o r  some components 
c o n s i s t e d  o f  d i s s o l v i n g  t h e  sample i n  
i s o o c t a n e  and o b t a i n i n g  t h e  b a s i c ,  a c i d i c ,  
n e u t r a l ,  and p o l y n u c l e a r  a r o m a t i c  (PNA) 
f r a c t i o n s .  T h i s  was done by  e x t r a c t i n g  w i t h  
.IN HC1, 111 NaOH and f i n a l l y  t r e a t i n g  t h e  
n e u t r a l  f r a c t i o n  w i t h  d i m e t h y l s u l f o x i d e  t o  
remove t h e  PNA hyd roca rbons .  These f o u r  
f r a c t i o n s  ( b a s i c ,  a c i d i c ,  n e u t r a l ,  and PNA) 
were  t h e n  a n a l y z e d  b y  gas chromatography and 
b y  gas chromatography-mass s p e c t r o m e t r y  
(GUMS). 

The samples o f  l i g h t  o i l ,  wash s o l v e n t ,  
and p\rocess s o l v e n t  a r e  a  s e t  o f  p r o g r e s -  
s i v e l y  h i g h e r  b o i l i n g  c u t s ,  w h i c h  a r e  



d i s t i l l e d  j u s t  be fo re  recovery  o f  t h e  d i s -  
so lved so l ven t  r e f i n e d  coa l .  The d i s t r i b u -  
t i o n  o f  o rgan ic  compounds i n  these samples 
r e f l e c t s  t h i s  b o i l i n g  range. Subs t i t u t ed  
benzenes and indans predominate i n  t h e  l i g h t  
o i l ;  naphthalene and methylnaphthalenes 
a re  t he  most abundant ( a t  l e a s t  3% each) 
i n  t he  wash so l ven t ;  phenanthrene/anthracene 
a re  t h e  major  compounds i n  t h e  process 
so l ven t .  A  t o t a l  o f  about 65 aromat ic ,  25 
a l i p h a t i c ,  15 pheno l i c ,  and 15 h e t e r o c y c l i c  
compounds have been i d e n t i f i e d  i n  these 
samples. P o l y c y c l i c  a romat ic  compounds up 
through a l k y l - s u b s t i t u t e d  benzopyrenes have 
been i d e n t i f i e d .  

The un t r ea ted  process water  con ta ins  
severa l  percen t  o f  o rgan ic  mat te r ,  and t h e  
p r e l i m i n a r y  analyses i n d i c a t e  t h a t  phenols 
a re  t h e  predominant species present .  Other 
hydrocarbons, such as PNA's, a re  p resen t  
a t  t h e  ppm l e v e l .  The minera l  r es i due  and 
p roduc t  c o n t a i n  many PNA1s i n  100 ppm ranges. 
The aeroso l  m a t e r i a l  a r i s i n g  d u r i n g  coo l  i n g  
o f  t h e  p roduc t  i s  composed o f  many h i g h  
molecular-weight  PNA1s w i t h  a  d i s t r i b u t i o n  
o f  compounds s i m i l a r  t o  t h a t  o f  SRC product .  
The concent ra t ions  a re  ve r y  h i gh  s i nce  t h e  
p a r t i c u l a t e  samples were c o l l e c t e d  d i r e c t l y  
over  t he  mol ten p roduc t  as i t  cooled. 
Q u a n t i t a t i v e  data a r e  g iven  i n  Table 1  f o r  
some o f  t h e  samples f rom t h e  May 1976 
c o l l e c t i o n .  These da ta  have n o t  been cor -  
r e c t e d  f o r  losses  o f  t h e  low molecular  
we igh t  compounds, o f  l e s s  than 150 amu. 
The o rgan ic  l i q u i d s  c o n t a i n  cons iderab le  
t a r  ma te r i a l ;  e.g., t h e  process so l ven t  i s  
a t  l e a s t  60% asphal tene.  Th i s  m a t e r i a l  
p r e c i p i t a t e s  d u r i n g  t h e  p a r t i t i o n i n g  pro-  
cedure and a  s a t i s f a c t o r y  a n a l y s i s  o f  t he  
t a r  has n o t  been ob ta ined .  

A n a l y t i c a l  procedures a re  being improved 
t o  determine t h e  o rgan ics  remain ing i n  t h e  
t r e a t e d  water .  The compounds a r e  p resen t  
i n  ppm concen t ra t i ons  and tend  t o  be water  
so l ub l e .  Some a d d i t i o n a l  work i s  necessary 
t o  pe rm i t  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  
t r a c e  o rgan ic  components i n  t h e  t r e a t e d  
water .  

An impor tan t  p a r t  o f  t h e  research program 
a t  t h e  SRC p l a n t  i s  t h e  d e f i n i n g  o f  t h e  
d i s t r i b u t i o n  and chemical species o f  t h e  

t r a c e  elements. Samples of products, e f f l u -  
en ts ,  and wastes have been c o l l e c t e d  and 
analyses o f  approx imate ly  30 t r a c e  elements 
a re  being c a r r i e d  ou t .  Measurements of 
these elemental concent ra t ions  i n  t h e  coa l ,  
m inera l  res idue ,  and t he  so l ven t  r e f i n e d  
coa l  p roduc t  a re  presented i n  Table 2. The 
v a r i a b i l i t y  i n  t h e  composi t ion o f  coal  i s  
i l l u s t r a t e d  i n  t h i s  t ab l e .  On comparing 
t h e  composi t ion o f  feed coa l  and t h e  NBS 
standard coal  m i x t u r e  (columns 2  and 6 ) ,  
one f i n d s  up t o  s i x - f o l d  d i f f e r e n c e s  i n  
concent ra t ion .  Th is  v a r i a b i l i t y  o f  coal  
leads us t o  expect s i m i l a r  v a r i a b i l i t y  i n  
t h e  abso lu te  t r a c e  element con ten t  o f  p ro -  
duc ts  and e f f l u e n t s  f rom a  g iven  coal  l i q u e -  
f a c t i o n  process. However, i n  t he  SRC process, 
t h e  most s i g n i f i c a n t  observa t ion  i s  t h a t  
most o f  t h e  bromine i s  c a r r i e d  f rom t h e  coal  
i n t o  t h e  p roduc t .  A lso,  a  s u b s t a n t i a l  f r a c -  
t i o n  o f  t h e  z i nc ,  tanta lum, and chromium are 
c a r r i e d  i n t o  t h e  product .  I n  genera l ,  i t  
appears t h a t  t h e  r e f r a c t o r y  and a l k a l i n e  
meta ls  remain a lmost  e n t i r e l y  w i t h  t h e  minera l  
res idue .  

A  c l u e  as t o  t h e  minera logy i nvo l ved  and 
i t s  c o n t r i b u t i o n  t o  elemental d i s t r i b u t i o n s  
can be ob ta ined  by comparing t h e  r a r e  e a r t h  
spec t ra  i n  t h e  coal  feed, t h e  p roduc t  and 
t h e  minera l  r es i due  as shown i n  F igure  1. 
Here t h e  r a r e  e a r t h  concen t ra t i ons  a re  
normal ized t o  t h a t  which i s  be l i eved  t o  be 
t h e  composi t ion o f  t h e  p r i m o r d i a l  ea r t h .  
The coal  feed and minera l  r es i due  have s im i -  
l a r  r a r e  e a r t h  d i s t r i b u t i o n s ,  and these a re  
t y p i c a l  o f  those found i n  ma jo r  t e r r e s t r i a l  
m inera ls .  The r a r e  e a r t h  d i s t r i b u t i o n  i n  
t h e  so l ven t  r e f i n e d  coa l  p roduc t  i s  substan- 
t i a l l y  d i f f e r e n t  and i s  a c t u a l l y  s i m i l a r  t o  
t he  accessory minera l  hornblende, which 
c r y s t a l l i z e s  l a t e  i n  magmatic d i f f e r e n t i a t i o n  
processes. Thus, we b e l i e v e  t h a t  t h e  minera l  
phases i n  coal  may p rov ide  a  c l u e  t o  t h e  
p o t e n t i a l  f o r  re lease  of t o x i c  t r a c e  elements 
t o  t h e  p roduc t  o r  t h e  gaseous e f f l u e n t .  
Analyses a re  a l s o  being performed on process 
so l ven t  naphtha and l i q u i d  e f f l u e n t s  f rom 
t h e  SRC p l a n t .  Chemical spec i a t i on  measure- 
ments a re  be ing  made of such t r a c e  elements 
as a r sen i c  and mercury. We thus  expect  t o  
have i n f o r m a t i o n  on t h e  movement o f  t h e  
va r i ous  t r a c e  elements th rough t h e  process 
and t he  r e s u l t i n g  chemical forms. 



TABLE 1. Analyses o f  Samples C o l l e c t e d  a t  Solvent-Ref ined Coal 
P l a n t ,  Concen t ra t ion  (ppm) 

P a r t i c u l a t e  
L i g h t  Mash Process Raw Process Mineral Sol vent-Ref lned F l l  t e r  

PNA Fract ion  011 Solvent Solvent Yater Residue Coal (concentrat ion ug/m91 

x y l  ene 1300 
o-ethyl benzene 9800 1700 
m/p-ethyl benzene 700 
Crbenzene 3900 1500 

Cr-benzene 
indane 
methyl indane 
methyllndane 
methyl lndane 
d i m t h y l  Indane 
t e t r a l i n  
dimethyl t e t r a l i n  
6-methyl t e t r a l i n  
naphtha1 ene 
2-mthylnaphthalene 
1-mthylnaphthalene 
dimethylnaphthalene 
dimethylnaphthalene 
dlmethylnaphthalene 
dimthylnaphthalene 
2-lsopropylnaphthalene 
1-isopropylnaphthalene 
C,-naphthalene 
cyclohexylbenzene 
biphenyl 
acenaphthylene 
dlmethylblphenyl 
dlmethyl biphenyl 
dibenzofuran 
xanthene 
dlbenzothlophene 
methyldlbenzothiophene 
dlmethyldlbenzothiophene 
thloxanthene 

fluorene 
9-mthy l f luorene 
1-methylfluorene 
anthracenelphenanthrene 
mthylphenanthrene 
I-methylphenanthrene 
Ct-anthracene 
f luoranthene 
d l  hydropyrene 
pyrene 

NEUTRAL FRACTION (n-a1 kanes) 

n-octane 
n-nonane 
n-decane 
n-undecane 
n-dodecane 
n-tr idecane 
n-tetradecane 
n-pentadecane 
n-hexadecane 
n-heptadecane 
n-octadecane 
n-nonadecane 
n-eicosane 
n-heneicosane 
n-docosane 
n-tr icosane 
n-tetracosane 
n-pentacosane 
n-hexacosane 
n-heptacosane 
n-octacosane 
n-nonacosane 
n - t r i  acontane 
n-hentriacontane 
n-dotriacontane 
n - t r i  t r iacontane 

Neg 769775-7 
-- 



TABLE 2. Elemental Contents .of Feed Coal,  So lven t  Re f ined  Coal 
and M i n e r a l  Residue f rom F t .  Lewis, WA (ppm except as no ted)  

Sol v e n t  Ref ined Minera l  
Element ( a )  FeedCoa l  Coal (SRC) Residue CoalISRC 

NBS ( b )  Coal 

42 0 

0.28 

0.81 

19 

5.2 

20 

3.4 

390 

170 

10.5 

a .  Determined by i n s t r u m e n t a l  neu t ron  a c t i v a t i o n  a n a l y s i s .  Est imated e r r o r s  
based on c o u n t i n g  s t a t i s t i c s  a r e  %I-3% f o r  Na, La, Co, Fe, Sc, Br, Zn, Sb, 
Sm, Yb and As; %5% f o r  C r ,  Ce, Th, Lu, Ta, K, Ba, Eu, H f  and Rb; and %lo% 
f o r  Tb, Hg, Cs, Ni ,  Se and Sr. 

b. Abel and R a n c i t e l l i  (1975). - 
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FIGURE 1. Comparison o f  t h e  D i s t r i b u t i o n  o f  Rare Ear th  Elements 
i n  M inera l  Residue, Feed Coal and Solvent  Ref ined  Product  



HANFORD TURBIDITY DURING 1976 

N. S. Lau la inen  

So la r  r a d i a t i o n  measurements were con t inued  a t  Hanford du r i ng  1976 

us i ng  a  mu l t iwave leng th  sunphotometer. Seasonal v a r i a t i o n s  i n  aerosol  

l oad ing  a r e  apparent i n  t he  data.  

The presence o f  aerosol  i n  t he  atmosphere 
s i g n i f i c a n t l y  a f f e c t s  t h e  i n c i d e n t  s o l a r  
r a d i a t i o n .  High aeroso l  l oad ing  severe ly  
reduces i n s o l a t i o n  a t  t h e  sur face;  t h i s  
c l e a r l y  i s  impo r t an t  i n  us i ng  s o l a r  energy. 
The c l i m a t i c  e f f e c t s  o f  aeroso l  on g l oba l  
and reg i ona l  scales,  through changes o f  t h e  
apparent albedo o f  t h e  ear th ,  a r e  n o t  y e t  
f u l l y  apprec ia ted  because t h e  c r i t i c a l  
aeroso l  o p t i c a l  p r o p e r t i e s  a re  d i f f i c u l t  t o  
measure. Consequently, t o o  few r e l i a b l e  
data on these p r o p e r t i e s  a r e  now a v a i l a b l e .  
Aerosol o p t i c a l  depth measurements, combined 
w i t h  o t h e r  simultaneous o p t i c a l  measurements 
w i l l  be use fu l  i n  assessing aerosol  e f f e c t s  
on i n s o l a t i o n  and albedo. 

Mu1 t iwave leng th  aeroso l  o p t i c a l  depth 
( t u r b i d i t y )  measurements us i ng  sunphotometry 
were i n i t i a t e d  a t  t h e  Hanford Meteoro log ica l  
S t a t i o n  (HMS) i n  J u l y  1974. Frequent obser- 
va t i ons  were con t inued  du r i ng  1975 and 1976. 
Resu l ts  ob ta ined  du r i ng  t h e  l a s t  h a l f  o f  
1974 and du r i ng  1975 were summarized i n  
e a r l  i e r  r e p o r t s .  ' 5  Here we summarize 
t u r b i d i t y  data c o l l e c t e d  over  t h e  Hanford 
area on 83 days d u r i n g  1976. 

The aerosol  o p t i c a l  depth i s  der i ved  f rom 
t h e  e x t i n c t i o n  equat ion  

where 

JA i s  t h e  ac tua l  photometer read ing  f o r  
,wavelength band A,  

JAO i s  t h e  outside-the-atmosphere photometer 
read ing  o r  c a l i b r a t i o n  cons tan t  f o r  
wavelength band A ,  

F  i s  a  c o r r e c t i o n  f a c t o r  depending on 
s o l a r  d is tance,  

m i s  t h e  r e l a t i v e  airmass th ickness  i n  
u n i t s  o f  t h e  atmospheric th ickness  
through t h e  zen i t h .  

The t o t a l  o p t i c a l  depth, T , i s  t h e  sum o f  
a t t enua t i on  c o n t r i b u t i o n s  due t o  mo lecu la r  
(Rayle igh)  sca t t e r i ng ,  mo lecu la r  (usual  l y  
ozone) absorp t ion  and aerosol  s c a t t e r i n g  and 
absorpt ion;  e x p l i c i t l y  i t  i s  

+ T 
T~ = T ~ a y l e i g h  + Tozone aerosol .  ( 2 )  
The Rayle igh c o n t r i b u t i o n  i s  r e l a t i v e l y  con- 
s t a n t  and p red i c t ab l e .  The ozone c o n t r i b u -  
t i o n  i s  ma in l y  f rom s t r a t o s p h e r i c  ozone and 
v a r i e s  w i t h  t ime o f  yea r  and l a t i t u d e  by as 
much as 30%. Both these c o n t r i b u t i o n s  a r e  
assumed t o  be t h e  standard atmosphere values 
t abu la ted  by El terman3 and a re  sub t rac ted  
f rom t h e  t o t a l  o p t i c a l  depth. Simultaneous 
and independent measurements o f  ozone a re  
recommended t o  determine aerosol  e x t i n c t i o n  
accurate1 y .  

RESULTS AND DISCUSSION 

D a i l y  average t o t a l  o p t i c a l  depths were 
determined f o r  s i x  c o l o r s  f rom s o l a r  r a d i a -  
t i o n  measurements on 83 days d u r i n g  1976, 
us i ng  Equat ion (1  ) and t he  c a l i b r a t i o n  
cons tan ts  JAO f o r  each wavelength band 
( c a l i b r a t i o n  of t h e  sunphotometer i s  d i s -  
cussed e l  sewhere)." 

These o p t i c a l  depths a re  p l o t t e d  i n  F ig -  
u r e  1  as a  f u n c t i o n  o f  t ime o f  year  f o r  f o u r  
co lors--namely 448.2, 500.0, 557.8 and 
598.4 nm, r esoec t i ve l y .  To b e t t e r  assess 
any t ime t rends  o r  seasonal v a r i a t i o n s ,  
these data were f u r t h e r  analyzed by a  weighted 
mean regress ion  technique, where t h e  observa- 
t i o n s  a re  f i t  t o  an equat ion  o f  t h e  fo rm 

~ ( t )  = zi ai x i ( t )  ( 3 )  
-rA i s  t he  t o t a l  atmospheric o p t i c a l  depth 

through t h e  z e n i t h  a t  wavelength band by a  genera l i zed  leas t -square  m a t r i x  s o l u t i o n .  

A, and The x ' s  a re  t h e  r eg ress i on  v a r i a b l e s  as a  
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f u n c t i o n  o f  t h e  parameter t and t h e  a ' s  a r e  
t h e  r e g r e s s i o n  c o e f f i c i e n t s .  I n  t h i s  study, 
t h e  observa t ions  a r e  f i t  t o  t h e  equa t ion  

where R  i s  t i m e  as a  f r a c t i o n  o f  a  year ,  i n  
o r d e r  t o  d e t e c t  annual [cos (ZnR), s in (2nR) ] ,  
b iannual  [ c 0 ~ ( 4 n R ) ,  s in (4nR) ] ,  o r  1  i n e a r  [R] 
v a r i a t i o n s  o f  t o t a l  o p t i c a l  depth. 

Curves f o r  v a r i o u s  combinat ions o f  reg res -  
s i o n  v a r i a b l e s  a r e  shown i n  F i g u r e  1; t h e  
r e g r e s s i o n  c o e f f i c i e n t s  a r e  summarized i n  
Table 1, i n c l u d i n g  t h e  average. No s i g n i f i -  
c a n t  t ime  t r e n d  was found over  t h e  observa- 
t i o n  p e r i o d .  T h i s  r e s u l t  i s  expected, s i n c e  
a  minimum o f  5-10 years  i s  r e q u i r e d  t o  r e l i -  
a b l y  e s t i m a t e  t i m e  t rends .  For t h e  o t h e r  
cases, a  f i t  t o  an annual v a r i a t i o n  i s  l e s s  
s i g n i f i c a n t  than e i t h e r  a  b iannual  ( o r  annual 
and b iannual  t o g e t h e r )  v a r i a t i o n .  Based on 
t h e  r e g r e s s i o n  c o r r e l a t i o n  c o e f f i c i e n t ,  
which approaches u n i t y  f o r  a  p e r f e c t  f i t ,  
none o f  t h e  f i t s  a r e  p a r t i c u l a r l y  good. 

On t h e  o t h e r  hand, whenever t h e  uncer- 
t a i n t y  i n  a  r e g r e s s i o n  c o e f f i c i e n t  i s  l e s s  
than  t h e  c o e f f i c i e n t  i t s e l f ,  i . e .  Aai 2 a i ,  
then  t h a t  c o e f f i c i e n t  i s  o f  some s i g n i f i -  
cance and needs t o  be examined f u r t h e r .  For 
o t h e r  than  t h e  cons tan t  term, one such t e s t  
i s  t o  compare t h e  magnitude o f  t h e  c o e f f i -  
c i e n t  t o  t h e  u n c e r t a i n t y  i n  t h e  cons tan t  
term. For example, f rom Table 1  ( f i l t e r  1 )  
one f inds ,  la,! 3 hao; hence t h e r e  i s  a  
reasonable b a s i s  t o  conclude t h a t  t h e  a, 
te rm represen ts  a  r e a l  v a r i a t i o n  f rom t h e  
mean. 

The c o e f f i c i e n t s  g iven  i n  Table 1  may be 
i n t e r p r e t e d  as f o l l o w s :  

1 )  a. g i ves  a  mean y e a r l y  o p t i c a l  dep th  due 
t o  Ray le igh  s c a t t e r i n g ,  ozone a b s o r p t i o n  
and p a r t i c l e  e x t i n c t i o n  (mean values o f  
Rayle igh p l u s  ozone a r e  a l s o  l i s t e d  i n  
Table 1 f o r  each c o l o r ) .  

2) al g i v e s  a  t i m e  t r e n d  which i s  e s s e n t i a l l y  
zero. 

TABLE 1. Regression C o e f f i c i e n t s  o f  a  Leas t  Squares F i t  o f  O p t i c a l  
Depth Data Dur ing  1976 a t  Hanford t o  Equat ion 4  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ilvel -agr  0 . ? 5 5 ( C j  - 0  

2 Cons t .  b Annual 3 . 2 5 7 ( R )  - 0 .  O i 2 i i 0 )  - 0 . 0 0 9 ( 1 2 )  - 0.0.19 

(5t iG. l i  I;,;,) Cons t .  6 Biannua l  '.Is3 0 . 2 6 0 ( H )  - - 0 . 0 2 i i ; ~ l j  - O . O i l ( l i )  0 . 0 7 8  

A 1  i O . i 6 ? ( R j  - 0 .000 (10 )  - 0 . 0 0 8 ( 1 1 )  - 0 . 0 2 5 i ~  I j - 0 . 0 1 2 ( 1 1 )  0.087 

Average 

(1 Cons t .  R Annual 
0 .125 

js57.R I I I ~  i o o s t .  & f i i annua l  

A l l  

l i ve rage  

I, C o n s t .  & An~;ua; 
O . ; i 3  

(593.4 n p i )  Cons t .  R B i a n n u a l  

A1 1 

*i, s h o r l i i a n c  r o n v e n t i o i i  f o r  e x l l r e s s l r l q  s tan t i a ro  d e v i a t l o i i s  i s  used ,  e . q .  0 .331 ( 8 )  = 0.331 + 0 . 0 0 8 .  

- - .- - 



3 )  a,, a, and a,, a, g i v e  t h e  magni tudes o f  
annua l  and b i a n n u a l  v a r i a t i o n s  i n  particle 
e x t i n c t i o n ,  r e s p e c t i v e l y .  

I n  s p i t e  o f  t h e  a p p a r e n t  p o o r  f i t ,  t h e  
q u a l i t a t i v e  i n t e r p r e t a t i o n s  o f  t h e  1975 d a t a 2  
a r e  e s s e n t i a l l y  s u b s t a n t i a t e d  on a  q u a n t i t a -  
t i v e  b a s i s  i n  t h e  1976 d a t a .  Those obse rva -  
t i o n s  were :  

1 )  S p r i n g  and f a l l  show t h e  l a r g e s t  o p t i c a l  
dep ths  w h i l e  t h e  w i n t e r  and e a r l y  summer 
months show minimum va lues ,  s u g g e s t i n g  a  
b i a n n u a l  v a r i a t i o n .  The summer minimum 
i s  somewhat l a r g e r  t h a n  i n  w i n t e r ,  sug- 
g e s t i n g  a  b i a n n u a l  v a r i a t i o n  super imposed 
on  an annua l  v a r i a t i o n .  

2 )  A l l  c o l o r s  e x h i b i t  s i m i l a r  day - to -day  
o p t i c a l  d e p t h  v a r i a t i o n s ,  w i t h  t h e  magni -  
t u d e s  o f  t h e  v a r i a t i o n s  r o u g h l y  comparab le  
i n  each c o l o r .  

3 )  Even d u r i n g  t h e  seasona l  maxima, occa-  
s i o n a l  l o w  v a l u e s  ( " c l e a n "  a i r )  i n  t u r b i d -  
i t y  a r e  obse rved .  I t  i s  a l s o  a p p a r e n t  
t h a t  day - to -day  v a r i a t i o n s  can be r a t h e r  
l a r g e  (much l a r g e r  t h a n  t h e  c o e f f i c i e n t s  
f o r  t h e  p e r i o d i c  t e r m s ) .  

T h i s  l a t t e r  o b s e r v a t i o n  p o i n t s  o u t  one o f  
t h e  seve re  prob lems encoun te red  i n  i n t e r -  
p r e t i n g  o p t i c a l  d e p t h  da ta ,  as has been 
a t t e s t e d  t o  e l  sewhere. 5,6 

A number o f  o t h e r  t e s t s  t o  t h e  d a t a  
o b t a i n e d  s i n c e  1974 a t  Hanford ,  as w e l l  as 
o t h e r  l o c a t i o n s ,  have y e t  t o  be comple ted.  
These i n c l u d e  d i u r n a l  and week l y  v a r i a t i o n s ,  
as w e l l  as assessment o f  p r e v a i l i n g  me teo ro -  
l o g i c a l  c o n d i t i o n s  and a g r i c u l t u r a l  a c t i v i t y  
( w h i c h  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  
smoke and d u s t  burden o f  t h e  r e g i o n ) .  These 
t e s t s  w i l l  be  summarized i n  a  l a t e r  r e p o r t .  
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CHARACTERIZATION OF PREFRONTAL PRECIPITATION 

DURING WINTER IN EASTERN WASHINGTON 

J. M. Thorp 

P r e c i p i t a t i o n  scavenging experiments which mon i to r  changes o f  t he  

ambient aerosol  concen t ra t i on  a re  necessa r i l y  performed i n  s tagnant  

o r  s t a t i o n a r y  a i r  masses. To determine a l o c a t i o n  i n  eas te rn  

Washington which experiences f requent  s tagnant  a i r  masses i n  w i n t e r  

coupled w i t h  s u f f i c i e n t  p r e c i p i t a t i o n  f o r  exper imenta l  purposes, 

p r e c i p i t a t i o n  records f o r  s i x  eas te rn  Washington s t a t i o n s  have been 

examined. 

Conf iden t  assessment o f  p r e c i p i t a t i o n  
scavenging experiments which examine changes 
o f  ambient aeroso l  concent ra t ions ,  r equ i r es  
t h a t  t h e  a i r  mass through which t h e  p r e c i p i -  
t a t i o n  f a l l s  n o t  change d u r i n g  t h e  experiment. 
The Columbia Bas in  i n  eas te rn  Washington has 
t h e  topography conducive t o  t h e  fo rmat ion  o f  
p e r s i s t e n t  o r  s tagnant  mesoscale a i r  masses, 
b u t  o n l y  i n  w i n t e r  i s  t h e r e  s u f f i c i e n t  pre-  
c i p i t a t i o n  t o  pe rm i t  experiments t o  measure 
scavenging o f  t h e  aeroso l .  

P r e f r o n t a l  r a i n  o f  severa l  hours du ra t i on ,  
accompanied by stagnant  a i r ,  occurs w i t h  
some r e g u l a r i t y  i n  eas te rn  Washington f rom 
November through February. 

P r e c i p i t a t i o n  records  f o r  t h e  Hanford 
Meteor01 ogy S t a t i o n  (HMS) 40 km nor thwest  
o f  Rich land,  Walla Walla (ALW), and Yakima 
(YKM), have been examined f o r  November t o  
February o f  1974-75 and 1975-76. A p l o t  o f  
p r e c i p i t a t i o n  amount versus d u r a t i o n  f o r  40 
storms d u r i n g  t h e  e i g h t  months o f  data shows 
a degree o f  l i n e a r i t y  (F i gu re  I ) ,  b u t  t h e r e  
i s  cons iderab le  s c a t t e r  a t  a1 1 t h r e e  s i t e s .  
The bes t  c o r r e l a t i o n  between amount and 
d u r a t i o n  occurs a t  Hanford (h=0.90), f o l l owed  
by h=0.87 a t  Walla Wal la  and h=0.76 a t  
Yakima. The mean p r e c i p i t a t i o n  amount per  
s torm i s  0.14 i n .  a t  bo th  Hanford and Yakima; 
t h e  average storm d u r a t i o n  a t  these s i t e s  i s  
5 t o  6 h r .  Wal la  Wal la  rece ives  n e a r l y  
t w i c e  as much p r e c i p i t a t i o n  (0.29 i n .  ) ,  bu t  
t h e  average storm l a s t s  more than 9 h r .  
The average r a t e  o f  p r e c i p i t a t i o n  i s  about 
t h e  same a t  a l l  t h r e e  s i t e s  (0.02 i n . / h r  t o  
0.03 i n . / h r ) .  

For t h e  1975-76 w i n t e r  (November-February) 
t he  records  f o r  Spokane, Wenatchee and 

Pul lman were s i m i l a r l y  regressed (F i gu re  2 ) .  
Wi th  a sample s i z e  o f  o n l y  16, i t  i s  wise t o  
w i t hho ld  conc lus ions  about these data.  
The c o r r e l a t i o n  c o e f f i c i e n t  between amount 
and d u r a t i o n  d i d  equal 0.90 f o r  Wenatchee, 
b u t  was much l e s s  a t  t h e  o t h e r  two s i t e s .  
Storm d u r a t i o n  averaged $10.5 h r  a t  Spokane 
and Pullman, bo th  s i t u a t e d  j u s t  windward 
o f  t h e  Idaho mountains, and $7 tir a t  
Wenatchee, leeward o f  t h e  Cascades. Average 
storms t o t a l  a re  0.24 i n .  f o r  Wenatchee, 
0.34 i n .  f o r  Spokane and 0.42 i n .  f o r  
Pullman d u r i n g  t h e  1975-76 w in te r .  

A i r  mass s t a b i l i t y  ca tego r i es  were based 
on HMS temperature p r o f i l e s  t o  400 ft, and 
on t he  00Z and 122 radiosonde da ta  f rom 
Spokane. P r e c i p i t a t i o n  per iods  when tempera- 
t u r e  lapse  r a t e s  were l e s s  than -l°F/lOOO- 
f t  were r e j e c t e d  f rom t h e  study.  

To check f o r  p o s s i b l e  p r e f e r e n t i a l  t i m i n g  
o f  p r e c i p i t a t i o n  onset  and occurrence a t  
Hanford, Walla Walla and Yakima, t h e  day was 
d i v i d e d  i n t o  f o u r  6-hr  per iods  beg inn ing  a t  
m idn igh t .  The da ta  was segmented i n t o  these 
per iods  f o r  t h e  two w i n t e r s  o f  s tudy.  Han- 
f o r d  shows a m a j o r i t y  o f  p r e c i p i t a t i o n  events 
occu r r i ng  f rom 0600-1200 PST; Walla Walla 
and Yakima s l i g h t l y  f avo r  t h e  0000-0600 PST 
pe r i od .  Records from a l l  t h r e e  s t a t i o n s  
i n d i c a t e  t h a t  most p r e c i p i t a t i o n  events i n  
t h e  s t a b l e  a i r  mass beg in  i n  t h e  0000-0600 
PST per iod .  Based on o n l y  two w i n t e r ' s  data, 
i t  i s  u n l i k e l y  t h a t  these f i n d i n g s  a re  
conc lus ive .  

However, p r e c i p i t a t i o n  f a l l i n g  through a 
stagnant  a i r  mass i n  eas te rn  Washington 
occurs f r e q u e n t l y  enough, and w i t h  s u f f i c i e n t  
amount and d u r a t i o n  t o  p rov ide  a sa t i s f ac -  
t o r y  base f o r  aerosol  scavenging exper iments.  
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FIGURE 1. P r e c i p i t a t i o n  Amount Versus D u r a t i o n  a t  Hanford, 
Walla Walla and Yakima, WA f o r  t h e  Winters 1974-75 and 1975-76 



D U R A l l O N  OF P R E C I P I T A T I O N ,  hours 

F IGURE 2. P r e c i p i t a t i o n  Amount Versus D u r a t i o n  a t  Spokane, 
Wenatchee and Pullman, WA f o r  t h e  Winter  1975-76 



CATCH AND STORAGE CHARACTERISTICS OF THREE TYPES OF 

NONRECORDING PRECIPITATION GAUGES 

J. M. Thorp 

P r e c i p i t a t i o n  measurements on t h e  A r i d  Lands Ecology Reserve a re  

made month ly  a t  26 s i t e s .  Desp i te  an o i l  f i l m  evapora t ion  suppres- 

san t  on t h e  water  column i n  t h e  gauges, monthly losses have been 

apparent, e s p e c i a l l y  du r i ng  summer. An exper imenta l  t e s t  p l o t  of 

16 gauges was s e t  up near  t h e  8 - i n .  standard p r e c i p i t a t i o n  gauge a t  

t h e  Hanford Meteorology S t a t i o n  t o  t e s t  c o l  l e c t i o n  and s to rage  char-  

a c t e r i s t i c s  o f  t h ree  types o f  nonrecord ing r a i n  gauges. 

I n  1968, a  network o f  26 mic roc l imato -  
l o g i c a l  s t a t i o n s  was es tab l i shed  on a  75,000 
acre  study area o f  t h e  Hanford Reservat ion 
known as t he  A r i d  Lands Ecology (ALE) Reserve. 

Our p r imary  t ask  w i t h  t h e  mic roc l imato -  
l o g i c a l  network was d e f i n i n g  pa t t e rns  o f  
temperature and p r e c i p i t a t i o n  t h a t  occur  
over  t he  v a r i e d  t e r r a i n  and vege ta t i on  o f  
t h e  ALE Reserve. Budget 1  i m i t a t i o n s ,  and 
i n a c c e s s i b i l i t y  o f  some s i t e s  du r i ng  per iods  
o f  mud o r  d r i f t e d  snow f o r ced  a  month ly  
schedule o f  t a k i n g  measurements. To meet 
our  needs, p r e c i p i t a t i o n  gauges ab le  t o  
c o l l e c t  and h o l d  a  month's p r e c i p i t a t i o n ,  
o r  r eco rd  p r e c i p i t a t i o n  as i t  f a1  l s ,  have 
been e s s e n t i a l .  

I n i t i a l l y ,  2 - in .  d iameter  p l a s t i c  gauges 
were i n s t a l l e d  a t  a l l  s i t e s ;  8 - i n .  d iameter  
s tandard Weather Serv ice  type  gauges p ro -  
v ided  a  backup system a t  f o u r  s i t e s  and 
propane-heated t i p p i n g  bucket  gauges were 
p u t  a t  two s i t e s .  The t i p p i n g  bucket  gauges 
c o n s i s t e n t l y  recorded l e s s  p r e c i p i t a t i o n  
than  t h e  8 - in .  gauges and a re  n o t  considered 
i n  t h i s  s tudy.  A  5  t o  8  mm o i l  f i l m  capped 
t h e  water  column i n  a l l  t h e  s to rage  gauges 
t o  i n h i b i t  evaporat ion.  

On our  scheduled observa t ions  d u r i n g  
t h e  summer, we o f t e n  found l e s s  water  i n  
t h e  2- in .  gauges than had been observed 
a  month e a r l i e r ;  sometimes t h i s  was t r u e  
even when we had observed p r e c i p i t a t i o n  
f a l l i n g  i,n t h a t  r e g i o n  and when t h e  8 - i n .  
gauge measurement conf i rmed our  observa t ion  

Comparing severa l  types o f  s to rage  gauges 
and improving our  m i c roc l  imato l  o g i c a l  meas- 
urement program w i t h  b e t t e r  gauges where 
p r a c t i c a l  was necessary. An a r r a y  o f  16 r a i n  
gauges i n  a  4  x  4  m a t r i x  (F i gu re  1 )  was 
prepared on a  p l o t  w i t h  a  ready a c c e s s i b i l i t y .  
Each row conta ined one 2 - in .  ( f unne l  diame- 
t e r )  p l a s t i c  gauge bu r i ed  w i t h  t he  r i m  5  cm 
above t he  ground, one 2 - in .  p l a s t i c  gauge 
mounted above ground, a  s i m i l a r l y  mounted 
4 - in .  p l a s t i c  gauge w i t h  i nne r  c o l l e c t o r ,  
and a  s tandard 8 - i n .  metal p r e c i p i t a t i o n  
gauge. The r ims  o f  t h e  l a t t e r  t h r e e  types 
were 81 cm above ground. The o rde r  o f  gauge 
types was d i f f e r e n t  i n  each row and column. 
Also, rows 1  and 3 had t h e  2- in .  and 4 - i n .  
gauges i n  f u l l  sun l i gh t ;  rows 2  and 4  p ro -  
v ided  midday shade f o r  t he  2 - in .  and 4 - in .  
gauges. 

To compare ca tch  e f f i c i e n c i e s ,  measurements 
were made as soon as poss i b l e  a f t e r  p rec i p -  
i t a t i o n  occurred, b u t  t he  gauges were n o t  
emptied. Between p r e c i p t i a t i o n  events, 
measurements were made a t  i n t e r v a l s  o f  one 
t o  severa l  days t o  check f o r  evapora t ion  l oss .  

The 8 - i n .  s tandard Nat iona l  Weather 
Serv ice  t ype  gauge a t  t h e  Hanford Meteoro- 
l o g i c a l  S t a t i o n  (about  60 m f rom the  expe r i -  
mental s i t e )  was used as t h e  base re fe rence  
f o r  ca tch  e f f i c i e n c y  comparisons. Th is  
gauge i s  emptied every 24 hours i f  p r e c i p i t a -  
t i o n  has occurred. Any amount l e s s  than  
11100-inch i s  logged as a  " t r a c e "  o f  pre-  
c i p i t a t i o n .  An accumulat ion o f  such " t r aces "  
cou ld  cause s l i g h t l y  more p r e c i p i t a t i o n  t o  



LEGEND: 

0 8 - i n c h  STANDARD GAUGE 

be recorded i n  t h e  t e s t  gauges s i n c e  they  
were n o t  empt ied d u r i n g  t h e  p e r i o d  o f  t h e  
experiment. 

Seventy-one p r e c i p i t a t i o n  events were 
measured f rom October 28, 1974 t o  J u l y  8, 
1976. R e p l i c a t e  gauge samples were averaged, 
then regressed 1 )  on t h e  HMS standard and 
2 )  on each o t h e r  (Table 1 ) .  C o r r e l a t i o n  
c o e f f i c i e n t s  a r e  >0.98 f o r  a l l  comparisons 
except f o r  t h e  b u r i e d  2 - i n .  gauge a g a i n s t  
t h e  standard, and even t h a t  has 4 > 0.97. 
C o r r e l a t i o n  between t e s t  gauges i s  a l s o  
u n i f o r m l y  h igh,  though aga in  t h e  2 - i n .  
b u r i e d  gauge seems t o  be t h e  l e a s t  d e s i r a b l e  
i n s t a l l a t i o n  f o r  accura te  c a t c h  measurements. 
P r e c i p i t a t i o n  c o n s i s t i n g  o f  a l l  snow was 
exc luded f rom these comparisons; t h e  2 - i n .  
gauges b r i d g e  over  when snow f a l l s  a t  tem- 
pera tu res  <3Z°F, and t h e  amount cap tu red  i s  
reduced. 

0 4-inch PLASTIC GAUGE 
Water l o s t  f rom t h e  t e s t  gauges d u r i n g  

0 2-inch PLASTIC GAUGE extended p e r i o d s  o f  s to rage  i s  shown i n  
2-inch BURIEG GAUGE Table 2. Three s e t s  o f  measurements were 

made. Twenty-seven observa t ions ,  spanning 
f SHADED GAUGE 148 summer ( ~ u n e - ~ e p t e m b e r )  days i n  1975 and 

1976 a r e  summed i n  t h e  f i r s t  column and then  
4 UNSHADED GAUGE an average l o s s  p e r  month (30 days) i s  

c a l c u l a t e d .  S i m i l a r  measurements were made 
i n  w i n t e r  (October-May) w i t h  28 observa t ions  

FIGURE 1. P r e c i p i t a t i o n  Gauge Study P l o t  over  168 days. Loss d u r i n g  t h e  w i n t e r  i s  

TABLE 1. Comparison o f  P r e c i p i t a t i o n  Catch by Three Types o f  Nonrecord ing Gauges 

Gauge Type Regressed on Gauge Type 
Y X 

2 i n .  
2 i n .  
2 i n .  
4 i n .  
4 i n .  
8 i n .  
8 i n .  
8 i n .  
4 i n .  
2 i n .  
2 i n .  

B u r i e d  HMS 8 i n .  
Uns haded 11 

Shaded I, 

Un s haded I t  

Shaded I 1  

Bare Meta l  I 1  

Pa in ted  Meta l  I 1  

Bare Meta l  8 i n .  Pa in ted  Meta l  
Uns haded 4 i n .  Shaded 
Uns haded 2 i n .  Shaded 
B u r i e d  2 i n .  Shaded 

I n t e r c e p t  

0.0001 
-0.0072 
-0.0068 
-0.0022 

0.0005 
0.0038 
0.0052 

-0.0009 
-0.001 6 

0.0003 
0.0079 

Slope 

1.02 
0.98 
0.99 
0.99 
1.00 
0.99 
0.98 
1 .oo 
0.98 
0.98 
1.02 

C o r r e l a t i o n  
C o e f f i c i e n t  

4 

0.971 7 
0.9821 
0.9831 
0.9901 
0.9873 
0.9896 
0.9886 
0.9968 
0.9950 
0.9934 
0.9827 



TABLE 2. Storage C h a r a c t e r i s t i c s  o f  Three Types o f  Nonrecording PCPN Gauges 

Water Loss, Inches 
Summer (148 Days) Win.ter (168 Days) Summer (63 Days) No O i l  

Gauge Type To ta l  Amt130 Days To ta l  Amt130 Days To ta l  AmtI30 Days 

2 i n .  Bur ied  0.2830 0.06 0.080 0.01 1.43 0.68 
2 i n .  Unshaded 0.51 00 0.10 0.160 0.03 2.59 1.23 
2 i n .  Shaded 0.4300 0.09 0.140 0.02 2.59 1.23 
4 i n .  Unshaded 0.1650 0.03 0.037 <O. 01 0.52 0.245 
4 i n .  Shaded 0.1450 0.03 0.052 <0.01 0.52 0.245 
8 i n .  Bare Metal 0.2200 0.04 0.045 ~ 0 . 0 1  0.55 0.26 
8 i n .  Pa in ted  Metal 0.1900 0.04 0.045 cO.01 0.55 0.26 

l e s s  than 113 of t h a t  du r i ng  t h e  summer f o r  
a l l  gauges. The 2 - in .  gauge exposed t o  t h e  
sun shows t h e  maximum l o s s  f o r  a l l  seasons. 
A s h o r t  experiment (19 observat ions over  63 
days) i n  t h e  summer o f  1976 w i t h  no o i l  f i l m  
on t h e  water  gave r e s u l t s  shown i n  t h e  l a s t  
two columns of Table 2. Again t h e  2 - in .  
gauge shows t he  g rea tes t  l o ss .  These f i n a l  
va lues represen t  t h e  average o f  t h e  shaded 
and unshaded 2 - in .  and 4 - in .  gauges, and t he  
bare and pa in ted  8 - i n .  gauges. 

For s to rage  purposes, t h e  4 - i n .  p l a s t i c  
gauge w i t h  i nne r  c o l l e c t i n g  tube performs as 
w e l l  o r  s l i g h t l y  b e t t e r  than t h e  standard 
8 - i n .  gauge a t  rough ly  115 t h e  cos t .  

CONCLUSION 

A1 1 gauges c o l l e c t e d  1 i q u i d  p r e c i p i t a t i o n  
s a t i s f a c t o r i l y  regard less  o f  exposure, though 
t he  p a r t i a l l y  bu r i ed  gauges showed t he  lowes t  
c o r r e l a t i o n  w i t h  t h e  standard ( K  < 0.98). 
The 2 - i n .  gauges a re  suscep t i b l e  t o  under- 
measurement o f  f r ozen  p r e c i p i t a t i o n .  

Storage c h a r a c t e r i s t i c s  vary  between gauge 
types; t he  unshaded 2 - i n .  gauge shows t h e  
g rea tes t  evapora t i ve  losses through t h e  
suppressing o i l  f i l m  du r i ng  t h e  summer. As 
much as 0.10- in . /  month may be l o s t  du r i ng  
h o t  weather f rom t h i s  gauge. Losses du r i ng  
the  w i n t e r  i n  our  semiar id  reg ion ,  which 
experiences much c loud iness ,  70%-80% average 
r e l a t i v e  humid i t y  and a w i n t e r  maximum 
p r e c i p i t a t i o n  regime1 were, i n  general , 
i n s i g n i f i c a n t  (0.02-in./month o r  l e s s ) .  

Catch and s to rage  measurements were made The 4 - i n .  p l a s t i c  gauge and t he  8 - i n .  
on: 1 )  2 - i n .  p l a s t i c  r a i n  gau es p a r t i a l l y  s tandard metal gauge gave the  most accura te  
bur ied ,  shaded and unshaded; 27 4- in .  p l a s t i c  c o l  l e c t i o n  i n f o rma t i on  and experienced t h e  
r a i n  gauges shaded and unshaded; and 3)  8 - i n .  l e a s t  l o s s  f rom evaporat ion.  The 4 - i n .  gauge 
meta l  r a i n  gauges pa in ted  s i l v e r  and unpainted.  a t  115 t h e  c o s t  o f  t he  8 - i n .  gauge i s  espe- 

c i a l  l y  11seful where mu1 t i p l e  i n s t a l l a t i o n s  
a re  needed. 
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MICROCLIMATE AND ECOSYSTEM MODIFICATION BY SOLAR ENERGY FARMS 

J. G. Droppo, N. S. Lau la inen  and D. S. Renn6 

Large sca le  s o l a r  thermal power f a c i l i t i e s  w i l l  cause a l a r g e  r educ t i on  

i n  t h e  d i r e c t  s o l a r  and d i f f u s e  sky r a d i a t i o n  reach ing  t h e  sur face  beneath 

t h e  c o l l e c t o r  a r ray ,  bu t  w i l l  be compensated by a l a r g e  r educ t i on  i n  t h e  

n e t  ou tgo ing  longwave f l u x .  The magnitude o f  any e f f e c t  w i l l  depend on 

many envi ronmenta l  as w e l l  as design parameters, most o f  which a re  poo r l y  

known a t  present .  I n  general ,  t h e  c o l l e c t o r  a r r a y  should produce a more 

moderate, b u t  l e s s  p h o t o s y n t h e t i c a l l y  ac t i ve ,  environment a t  t h e  su r f ace  

below t h e  c o l  1  ec to r s .  

INTRODUCTION 

Many o f  t h e  eng ineer ing  designs f o r  u t i l -  
i z i n g  s o l a r  r a d i a t i o n  t o  produce e l e c t r i c a l  
energy i n v o l v e  i n s t a l  1  i n g  s o l a r  panels above 
t h e  ground t o  c o l l e c t  and r e d i s t r i b u t e  t h e  
sun's  rays .  Large sca le  s o l a r  thermal power 
i n s t a l l a t i o n s  may cover  10 t o  20 km2 o f  l and  
su r f ace  w i t h  such panels.  Besides producing 
obvious changes i n  t h e  thermal  and r a d i a n t  
balance above t h e  panels, these i n s t a l l a t i o n s  
can a l s o  produce s u b s t a n t i a l  m i c r o c l i m a t i c  
changes below t h e  panels t h a t ,  i n  c e r t a i n  
l oca t i ons ,  cou ld  b e n e f i t  a g r i c u l t u r a l  p ro -  
d u c t i v i t y  and ecosystem d i v e r s i t y .  

As now planned, most l a r g e  s o l a r  energy 
i n s t a l l a t i o n s  a r e  l i k e l y  t o  be l oca ted  i n  
semi -a r id  o r  dese r t  reg ions  such as t h e  
southwestern Un i ted  S ta tes .  Th i s  w i l l  t a ke  
advantage o f  t h e  many c l e a r ,  sunny days 
o f f e r e d  by such areas du r i ng  t h e  year .  I n  
dese r t  and semi -a r id  regions,  t h e  n a t u r a l  
ecosystem base i s  q u i t e  narrow and conse- 
quen t l y  any moderat ion o f  t h e  m i c roc l ima te  
may a l l o w  d i v e r s i f i c a t i o n  o f  t h e  ecosystem 
base. 

The m i c roc l ima te  o f  a g iven  area i s  
a l t e r e d  e s s e n t i a l l y  by changes i n  t h e  l o c a l  
energy and wate r  balance. Large s o l a r  farms 
cou ld  a f f e c t  energy and water  balance by 
changing t h e  e f f e c t i v e  su r f ace  albedo o r  
su r f ace  r e f l e c t i v i t y  o f  s o l a r  r a d i a t i o n ,  by 
inc reased shading o f  t h e  sur face  by t h e  
numerous panels, by reduced sur face  winds 
and by i n t r o d u c t i o n  o f  a d d i t i o n a l  water  f rom 
c o l l e c t o r  maintenance. Energy i s  a l s o  l o s t  

f rom t h e  farm n o t  o n l y  through t h e  usual  
advec t ion  and convec t ion  o f  a i r  heated by 
t h e  i n s t a l l a t i o n ,  bu t  a l s o  because a s i g n i f -  
i c a n t  f r a c t i o n  o f  t h e  i n c i d e n t  energy i s  
conver ted t o  o t h e r  energy forms such as e l ec -  
t r i c i t y  and t r anspo r t ed  t o  some o the r  
l o c a t i o n .  

Here we examine q u a l i t a t i v e l y  what types 
o f  changes can be expected f rom l a r g e  s o l a r  
farms and i n d i c a t e  how these changes can be 
addressed i n  a q u a n t i t a t i v e  manner. 

ENERGY BALANCE CONSIDERATIONS 

The n e t  r a d i a n t  energy balance, RN, a t  
t h e  e a r t h ' s  sur face  can be de f i ned  i n  s imp le  
terms as1 

where (S + 6 )  = i n c i d e n t  d i r e c t  s o l a r  (S) 
and d i f f u s e  sky ( 4 )  r a d i a t i o n ,  

a = albedo ( r e f l e c t i v i t y )  o f  t h e  e a r t h ' s  
sur face  

AL = ne t  longwave ( incoming sky minus ou t -  
going t e r r e s t r i a l  ) r a d i a t i o n .  

Dur ing n i gh t t ime ,  Equat ion ( 1 )  s i m p l i f i e s  t o  

where AL i s  u s u a l l y  n e g a t i v e - - p a r t i c u l a r l y  
i n  dese r t  reg ions ,  s i nce  a c l e a r  sky con- 
t r i b u t e s  very  l i t t l e  downward longwave r a d i a -  
t i o n  and does l i t t l e  t o  i n h i b i t  t h a t  r a d i a -  
t i o n  l e a v i n g  t h e  sur face.  



Whenever t h e  v a l u e  o f  RN i s  nonzero, t h e  
excess o r  d e f i c i t  o f  r a d i a n t  heat  must be 
d i s s i p a t e d  o r  s u p p l i e d  by o t h e r  heat  t r a n s -  
f e r  mechanisms--namely by s e n s i b l e  heat  
t r a n s f e r  t o  o r  f rom the  a i r  th rough  conduc- 
t i o n ,  convect ion,  and advec t ion  (H), by 
t r a n s f e r  o f  l a t e n t  hea t  t o  o r  f rom t h e  a i r  
th rough  evapora t ion  o r  condensat ion o f  water  
(E) ,  and by t r a n s f e r  of s e n s i b l e  heat  t o  o r  
f rom t h e  ground (B) .  S ince t h i s  i s  mere ly  a  
s tatement  o f  t h e  law o f  energy converva t ion ,  
t h e  n e t  r a d i a t i v e  energy f rom e i t h e r  Equa- 
t i o n  ( 1 )  o r  Equat ion ( 2 )  can be equated t o  
t h e  sum o f  each c o n t r i b u t i o n  

Since t h e  s o l a r  i n s t a l l a t i o n s  c o n v e r t  a  
s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  r a d i a t i o n  
r e a c h i n g  t h e  s u r f a c e  t o  o t h e r  energy forms, 
such as e l e c t r i c i t y ,  which i s  d ispa tched  
elsewhere, an a d d i t i o n a l  te rm C ( f o r  conver- 
s i o n )  shou ld  be added t o  t h e  r i g h t  s i d e  o f  
Equat ion (3 ) .  

I n  summary, t h e  f a c t o r s  i n f l u e n c i n g  t h e  
energy budget o f  a  s o l a r  farm are:  

A1 bedo. A  decrease r e s u l t s  i n  inc reased  
( s u r f a c e )  h e a t i n g  which must be t r a n s -  
p o r t e d  away by longwave r a d i a t i o n  and 
convec t ion .  

Sens ib le  heat .  An inc rease  leads t o  a  
h e a t  i s l a n d  e f f e c t  ( s i n c e  s e n s i b l e  hea t  
determines buoyancy and convec t ion  o f  
a i r  above t h e  farm).  

L a t e n t  heat .  A  decrease tends t o  inc rease  
s e n s i b l e  heat  and longwave t r a n s p o r t ,  
( s i n c e  evapora t ion  competes f o r  t h e  a v a i l -  
a b l e  energy) .  

S o i l  heat  f l u x :  U s u a l l y  a  small  te rm i n  
t h e  energy budget,  b u t  may be s i g n i f i c a n t  
as f a r  as t h e  l o c a l  ecology i s  concerned. 

P l a n t  e f f i c i e n c y .  As t h e  o v e r a l l  c o l l e c -  
t i o n / c o n v e r s i o n  e f f i c i e n c y  approaches 
u n i t y ,  l e s s  n e t  energy needs t o  be t r a n s -  
p o r t e d  away from t h e  farm by convec t ion ,  
longwave r a d i a t i o n ,  e t c .  

EFFECTS OF SOLAR ENERGY FARMS 

Wi th  an express ion f o r  t h e  n e t  energy 
balance, i t  i s  now p o s s i b l e  t o  e s t i m a t e  
q u a l i t a t i v e l y  t h e  change i n  t h e  heat  ba lance 
terms caused by a  l a r g e  a r r a y  o f  s o l a r  panels  
above t h e  ground. F i r s t ,  t h e  panels  would 
d r a s t i c a l l y  reduce t h e  d i r e c t  s o l a r  (S) as 
w e l l  as some o f  t h e  d i f f u s e  sky ( A )  r a d i a t i o n  
a t  t h e  ground. T h i s  would reduce substan- 
t i a l l y  t h e  t o t a l  n e t  r a d i a t i o n ,  RN, d u r i n g  

dayt ime, thus reduc ing  a l s o  t h e  requi rements 
f o r  t h e  heat  d i s s i p a t i o n  mechanisms descr ibed  
i n  t h e  p reced ing  sect ion--namely H, E, and B. 
I n  d e s e r t  reg ions ,  where t h e r e  i s  abundant 
sunshine and l i t t l e  mo is tu re ,  a  r e d u c t i o n  i n  
t o t a l  n e t  r a d i a t i o n  p r i m a r i l y  reduces t h e  
s e n s i b l e  hea t  t r a n s f e r  te rm H. T h i s  i n  t u r n  
w i l l  reduce t h e  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  
o f  t h e  area, i n c r e a s i n g  t h e  water  use e f f i -  
c iency  o f  t h e  r e g i o n .  A l though t h e  i s o l a t i o n  
a v a i l a b l e  f o r  pho tosyn thes is  i s  g r e a t l y  
reduced, t h e  heat  s t r e s s  on vege ta t ion  be- 
neath t h e  panels  i s  decreased a l s o  such t h a t  
pho tosyn thes is  e f f i c i e n c y  i s  n o t  g r e a t l y  
impai red.  These f a c t o r s  combined can b e n e f i t  
some a g r i c u l t u r a l  p roduc ts  and harm o thers .  

The n e t  longwave r a d i a t i o n ,  AL, w i l l  a l s o  
be a f f e c t e d  by t h e  i n s t a l l a t i o n  o f  s o l a r  
energy c o l l e c t o r s .  Dur ing  t h e  dayt ime, w i t h  
a  n e t  r e d u c t i o n  o f  i n s o l a t i o n  a t  t h e  ground, 
t h e  s u r f a c e  temperature w i l l  be reduced 
thereby  decreasing t h e  upward f l u x  o f  l ong-  
wave energy. A t  t h e  same t ime,  t h e  downward 
f l u x  w i l l  i nc rease ,  s i n c e  t h e  panels w i l l  
r a d i a t e  lonqwave energy a t  a  h i g h e r  tempera- 
t u r e  than  t h e  e f f e c t i v e  sky tempera tu re - - th i s  
i s  p a r t i c u l a r l y  r e l e v a n t  i n  d e s e r t  c l i m a t e s .  
These processes w i l l  make t h e  term A L  l e s s  
nega t i ve ,  which w i l l  somewhat o f f s e t  t h e  
decreased i n s o l a t i o n  d u r i n g  t h e  dayt ime hours.  
I n  d e s e r t  c l i m a t e s ,  then, i t  i s  es t imated  
t h a t  t h e  n e t  e f f e c t  o f  s o l a r  energy i n s t a l -  
l a t i o n s  on t h e  e a r t h ' s  s u r f a c e  i s  decreased 
n e t  r a d i a n t  and h e a t  balance. 

Dur ing  n i g h t t i m e  t h e  AL term i s  a l s o  
l i k e l y  t o  be l e s s  n e g a t i v e  near a  s o l a r  
energy ~ l a n t .  The panels  w i l l  r e r a d i a t e  
heat  back toward t h e  ground a t  a  temperature 
much warmer than  t h e  e f f e c t i v e  sky tempera- 
t u r e .  The panels  w i l l  a l s o  impede t h e  l o s s  
o f  longwave r a d i a t i o n  f rom t h e  ground t o  
space. Thus, a t  n i g h t  t h e  te rm RN w i l l  
i nc rease ,  perhaps even f rom a  nega t i ve  t o  a  
p o s i t i v e  va lue,  depending on t h e  thermal 
c h a r a c t e r i s t i c s  o f  t h e  panels and meteoro- 
l o g i c a l  c o n d i t i o n s .  I n  a  d e s e r t  c l i m a t e ,  
these f a c t o r s  w i l l  reduce the  f o r m a t i o n  o f  
dew [a n e g a t i v e  E  te rm i n  Equat ion (3 ) ]  and 
m a i n t a i n  a  warmer sur face temperature.  Again, 
these changes c o u l d  a f f e c t  a g r i c u l t u r a l  
p r o d u c t i v i t y  p o s i t i v e l y  f o r  some crops and 
n e g a t i v e l y  f o r  o t h e r s .  

Nonar id  s i t e s  can expect  d i f f e r e n t  changes 
than  those j u s t  mentioned f o r  a r i d  s i t e s  
s imp ly  because more wate r  f o r  l a t e n t  hea t  
t r a n s f e r  w i l l  be a v a i l a b l e .  

A i r  f l o w  over  t h e  s o l a r  farm may a l s o  be 
m o d i f i e d .  H o r i z o n t a l ,  f l a t ,  e l e v a t e d  c o l -  
l e c t o r s ,  w i t h  a  s i g n i f i c a n t  a i r  space under- 
neath, can be compared t o  a  v e g e t a t i o n  canopy, 



where r e l a t i v e l y  l o w e r  w inds  and d i f f u s i o n  
r a t e s  t h a n  i n  exposed s i t e s  p r e v a i l .  On t h e  
o t h e r  hand, i f  t h e  c o l l e c t o r s  a r e  t i l t e d ,  
h i g h l y  t u r b u l e n t  a i r  m o t i o n s  a r e  p o s s i b l e .  
Favored d e s i g n  c o n f i g u r a t i o n s 2  f o r  t h e  p a n e l s  
sugges t  t h a t  t h e  s t r u c t u r e s  w i l l  be between 
t h e s e  two ext remes,  i . e . ,  t h e  r e g i o n  under -  
n e a t h  t h e  p a n e l s  s h o u l d  have reduced c i r c u l a -  
t i o n  and t u r b u l e n c e .  F o r  ca lm  wea the r  con- 
d i t i o n s ,  a  l o w  l e v e l  t e m p e r a t u r e  i n v e r s i o n  
l a y e r  a t  t h e  h e i g h t  o f  t h e  p a n e l s  c o u l d  be 
expec ted  much o f  t h e  day and an i n v e r s i o n  
f r o m  t h e  ground upward a t  n i g h t .  The i n v e r -  
s i o n  f e a t u r e s  s h o u l d  be o f  l i t t l e  consequence 
under  moderate  t o  h i g h  winds, where t u r b u -  
l e n c e  i nduced  b y  t h e  c o l l e c t o r s  m ixes  t h e  
a i r  t o  t h e  ground s u r f a c e s .  

S i g n i f i c a n t  p e r t u r b a t i o n s  i n  h e a t  b a l a n c e  
m i g h t  a l s o  be expec ted  above t h e  c o l l e c t o r  
pane ls .  A  s o l a r  f a r m  a rea  o f  a b o u t  20 km2 
i s  s i m i l a r  i n  s i z e  t o  a  s m a l l  c i t y .  Weather 
m o d i f i c a t i o n  on  t h i s  s c a l e  i s  now o n l y  
i n c o m p l e t e l y  unders tood .  However, h e a t  
i s l a n d  e f f e c t s  o v e r  c i t i e s  have been docu- 
mented many t i m e s  and i t  i s  p l a u s i b l e  t h a t  
a  s o l a r  f a r m  c o u l d  a l s o  produce such an 
e f f e c t  because o f  t h e  g r e a t e r  h e a t  i n p u t .  
T h i s  h e a t  i s l a n d  s h o u l d  be most  pronounced 
i n  n a t u r a l l y  m o i s t  r e g i o n s .  A l t h o u g h  con- 
s i d e r a b l e  energy i s  removed f rom t h e  sys tem 
b y  t h e  c o l l e c t o r s ,  t h e  change i n  m i c r o c l i m a t e  
o f  t h e  s u r f a c e  and t h e  change i n  t h e  ene rgy  
budget  can be expec ted  t o  r e s u l t  i n  more 
n e t  h e a t  i n  t h e  atmosphere. S i n c e  t h e  c o l -  
l e c t o r s  w i l l  be g e n e r a l l y  d r y  w i t h  r e s p e c t  
t o  ambient  a i r ,  no e v a p o r a t i o n  o c c u r s  ( w h i c h  
would  be p r e s e n t  a t  t h e  s u r f a c e  w i t h  a  s o i l  
o r  v e g e t a t i o n  c o v e r )  and t h e  upward t r a n s f e r  
o f  energy t o  t h e  atmosphere from t h e  c o l -  
l e c t o r s  w i l l  be i n  t h e  f o r m  o f  s e n s i b l e  hea t .  
I f  t h e  s u r f a c e  benea th  t h e  p a n e l s  i s  cove red  
w i t h  a s p h a l t  o r  c o n c r e t e ,  a tmospher i c  h e a t i n g  
w i l l  be enhanced. Hence, i n  such a  s i t u a -  
t i o n ,  i n c r e a s e d  c o n v e c t i o n  ( h e a t  i s l a n d  
e f f e c t )  wou ld  r e s u l t .  On t h e  o t h e r  hand, i f  
t h e  s u b - c o l l e c t o r  a r e a  has a  v e g e t a t i v e  
c o v e r  w i t h  s i g n i f i c a n t  m o i s t u r e  r e t e n t i o n ,  
t h e  ene rgy  budge t  m i g h t  n o t  r e s u l t  i n  a  n e t  
i n c r e a s e  o f  s e n s i b l e  heat .  

s i n c e  some f r a c t i o n  o f  t h e  t o t a l  r a d i a n t  
ene rgy  i n t e r c e p t e d  by t h e  c o l l e c t o r s  i s  
t r a n s f e r r e d  somewhere e l s e .  E f f i c i e n c i e s  
o f  v a r i o u s  c o l l e c t o r / c o n v e r s i o n  systems a r e  
n o t  y e t  w e l l  d e f i n e d .  The p o t e n t i a l  f o r  
m i c r o c l i m a t e  m o d i f i c a t i o n  needs t o  be t i e d  
t o  t h e  o v e r a l l  c o n v e r s i o n  e f f i c i e n c y  p e r  
l a n d  a rea .  Tha t  i s ,  i f  t h e  c o l l e c t o r  a r r a y  
o n l y  i n t e r c e p t s  h a l f  o f  t h e  t o t a l  i n s o l a t i o n  
a v a i l a b l e ,  t h e  a p p r o p r i a t e  l a n d  a rea  e f f i -  
c i e n c y  f a c t o r  would  be abou t  h a l f  o f  t h e  
c o l l e c t o r / c o n v e r t e r  e f f i c i e n c y .  O v e r a l l  
e f f i c i e n c i e s  o f  s o l a r  fa rms a r e  e s t i m a t e d  
a t  5  t o  40%.2 

I n  summary, l a r g e  s o l a r  t he rma l  power 
f a c i l i t i e s  w i l l  cause l a r g e  r e d u c t i o n  i n  
d i r e c t  s o l a r  and d i f f u s e  sky  r a d i a t i o n  a t  
t h e  s u r f a c e ,  b u t  w i l l  be compensated b y  a  
l a r g e  r e d u c t i o n  i n  t h e  n e t  o u t g o i n g  longwave 
r a d i a t i o n  f l u x .  Des ign c o n f i g u r a t i o n s ,  
i n c l u d i n g  1  andscaping t h e  u n d e r l y i n g  s u r f a c e  
and o v e r a l l  c o n v e r s i o n  e f f i c i e n c y ,  w i l l  have 
an i m p o r t a n t  b e a r i n g  on t h e  magni tude o f  
ene rgy  ba lance  changes and c o u l d  be chosen 
perhaps t o  m i n i m i z e  some o f  t h e  adve rse  
e f f e c t s  ( such  as i n c r e a s e d  c o n v e c t i o n ) .  
Known q u a n t i t a t i v e  v a l u e s  o f  many e n v i r o n -  
men ta l  parameters  a r e  needed t o  f u l l y  e v a l u -  
a t e  whe the r  an i n c r e a s e  o r  dec rease  i n  n e t  
h e a t  ba lance  w i l l  o c c u r  and how d i f f e r e n t  
h e a t  d i s s i p a t i o n  mechanisms w i l l  be a f f e c t e d .  
I n  genera l ,  s o l a r  p a n e l s  s h o u l d  produce a  
more moderate ,  b u t  l e s s  p h o t o s y n t h e t i c a l  l y  
a c t i v e ,  env i ronmen t  a t  t h e  s u r f a c e .  

RECOMMENDATIONS FOR ON-SITE MONITORING 

The a d v i s a b i l i t y  o f  m o n i t o r i n g  t h e  t y p e s  
o f  changes p r e d i c t e d  i n  t h i s  d i s c u s s i o n  
canno t  be over-emphasized. T h i s  m o n i t o r i n g  
shou ld  i n c l u d e  measurement o f  i ncoming  s o l a r  
and d i f f u s e  sky  r a d i a t i o n s  a t  a  r e p r e s e n t a t i v e  
l o c a t i o n  beneath  t h e  panels ;  r e f l e c t e d  s h o r t -  
wave r a d i a t i o n  t o  d e t e r m i n e  t h e  a lbedo;  s o i l  
t empera tu re  and m o i s t u r e  a t  s e v e r a l  l e v e l s ;  
t h e  v e r t i c a l  g r a d i e n t  o f  t e m p e r a t u r e  and 
h u m i d i t y  i n  t h e  l o w e r  a tmospher i c  boundary  
l a y e r ;  and h o r i z o n t a l  w ind  speed. A l l  meas- 
urements a t  a  s i m i l a r  s i t e  some d i s t a n c e  
f rom t h e  i n s t a l l a t i o n .  

Conve rs ion  e f f i c i e n c y  o f  a  s o l a r  power 
i n s t a l  l a t i o n  s h o u l d  a1 so be cons ide red ,  
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AIR FLOW A N D  DISPERSION 

Many models have been developed to estimate the dispersion of industrial wastes to 
the atmosphere. Early emphasis in modeling and associated field experiments was on 
relatively near-source locations and relatively simple meteorological situations. Although 
reasonable confidence has been displayed in the estimates generated from these near-source 
models, there is a shortage of good quality field data for model verification. The following 
articles describe improvements and experiments associated with air flow and dispersion. 

A data volume of Hanford field diffusion experiments currently being compiled 
should add a measurable increment to the bank of quality measurements available 
for model "tuning" and evaluation. 

One study reported specifies the number of aircraft traverses of a plume which are 
necessary to obtain a selected statistical significance; this should enable more profitable 
plume sampling flights. 

The final contribution in this section outlines a series of cooperative experiments 
with Argonne National Laboratory. These experiments, entailing aircraft and ground measure- 
ments of the atmosphere, provide input data for development of models dealing with 
regional pollution. 

ATMOSPHERIC BOUNDARY LAYER STUDIES 



PREPARATION OF A DATA VOLLIME 

SUMMARIZING HANFORD FIELD 

DIFFUSION EXPERIMENTS, 1967-1 974 

P. W .  N i c k o l a  

A  volume l i s t i n g  Hanford f i e l d  d i f f u s i o n  exper imenta l  da ta  i s  i n  

p r e p a r a t i o n .  The da ta  r e s u l t  f rom 103 re leases  o f  atmospheric t r a c e r s  

d u r i n g  54 experiments. T racers  were sampled s imu l taneous ly  on as many 

as 10  a r c s  a t  d i s tances  of up t o  12.8 km f rom t h e  t r a c e r  r e l e a s e  

p o i n t .  V e r t i c a l  p r o f i l e s  were moni tored on towers d u r i n g  28 e x p e r i -  

ments i n v o l v i n g  43 t r a c e r  re leases .  

An e x t e n s i v e  d i f f u s i o n  f i e l d  g r i d  was 
f i r s t  l a i d  o u t  a t  Hanford p r i o r  t o  t h e  
Green Glow f i e l d  exper imenta l  s e r i e s  con- 
ducted i n  t h e  summer o f  1959. The Green 
Glow s e r i e s  was f o l l o w e d  by t h e  s o - c a l l e d  
"30 Ser ies "  f i e l d  t r a c e r  re leases  conducted 
f rom 1960 t o  1962. Of t h e  t o t a l  of 67 t r a -  
c e r  re leases  made d u r i n g  these two t e s t  
s e r i e s ,  21 were considered f a i l u r e s  due t o  
equipment ma l func t ion  o r  o f f - g r i d  wind 
d i r e c t i o n s .  The success fu l  exper iments were 
examined i n  a  j o u r n a l  a r t i c l e  by Fuquay, 
Simpson and Hinds1 i n  1964. The more per -  
t i n e n t  d i f f u s i o n  and meteoro log ica l  parame- 
t e r s  (such as plume c e n t e r l i n e  exposure, 
crosswind plume var iance ,  wind speed, wind 
d i r e c t i o n  va r iances  and atmospher ic  s t a b i l -  
i t y )  were t a b l e d  i n  t h a t  p u b l i c a t i o n .  

S ince 1962, many more " s u c c e s s f u l "  
f i e l d  t r a c e r  re leases  have been made a t  
Hanford--most on a  f i e l d  g r i d  more i n t e n -  
s i v e l y  inst rumented f o r  t r a c e r  sampling 
than  t h e  Green Glow g r i d .  A l l  t r a c e r  r e -  
leases  d u r i n g  t h e  Green Glow/30 Ser ies  were 
f rom ground l e v e l ;  many o f  t h e  subsequent 
re leases  were made a l o f t  f rom t h e  122 m 
Hanford m e t e o r o l o g i c a l  tower .  Most o f  t h e  
exper iments a f t e r  1962 i n v o l v e  s i m u l t a -  
neous r e l e a s e  and sampl ing o f  more than  one 
t r a c e r .  P a r t i c u l a t e  t r a c e r s  employed were 

f l u o r e s c e i n ,  rhodamine B, and f l u o r e s c e n t  
z i n c  s u l f i d e .  The i n e r t  gas t r a c e r  05Kr was 
employed i n  n i n e  re leases .  

Data r e s u l t i n g  f rom t h e  post-Green Glow/30 
Ser ies  t e s t s  have been analyzed and v a r i o u s  
f a c e t s  have been r e p o r t e d  i n  a l l  volumes 
s i n c e  1962 o f  t h i s  s e r i e s  o f  annual r e p o r t s  
t o  ERDA (AEC) . Resu l t s  and/or  da ta  have a1 so 
been presented i n  j o u r n a l s  and o t h e r  
media.2-11 However, t h e  analyses and da ta  
presented were a  more o r  l e s s  "skimming of 
t h e  cream" f o r  t h e  p a r t i c u l a r  area be ing  
s t u d i e d  a t  each s p e c i f i c  t ime .  The da ta  have 
n o t  been compiled and pub l i shed  i n  a  form 
s u i t a b l e  f o r  easy genera l  use by e i t h e r  
Hanford o r  o t h e r  researchers.  That assembly 
and p u b l i s h i n g  t a s k  i s  c u r r e n t l y  be ing  un- 
der taken  f o r  t h e  b u l k  o f  these f i e l d  e x p e r i -  
ments, which w i l l  be r e f e r r e d  t o  as t h e  
"67 S e r i e s . "  

T racer  sampling was done on a  s e r i e s  o f  
a r c  segments c o n c e n t r i c  ( o r  n e a r l y  concen- 
t r i c )  about  t h e  r e l e a s e  l o c a t i o n .  Table 1  
i n d i c a t e s  t h e  number o f  t r a c e r  re leases  f rom 
each e l e v a t i o n  and t h e  number o f  t imes  spe- 
c i f i c  sampl ing a r c s  were employed i n  moni- 
t o r i n g  these re leases .  The t a b l e  r e v e a l s  
t h a t  t h e  same group o f  sampling a r c s  was n o t  
always a c t i v a t e d  f o r  a l l  f i e l d  exper iments.  



TABLE 1. Frequency of Tracer Re1 ease and Sampling 

T O T A L  1 0 3  3 4  L 7 4  2  0 b I > ?  i 37 5 1  9 1  6 3  b 3  45 
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The spacing of samplers along an arc varied between 200 m and 3200 m from the source. 
with distance from the source, and the num- Activation of these towers provided an ad- 
ber of samplers generally increased with ditional 345 concentration measurements. 
distance from source. In a l l  but f ive of The number of times the tower sampling arcs 
the experiments, more than 300 ground- were activated and the fraction of the time 
level samplers were exposed. In some in- the towers were intercepted by tracer are 
stances vertical profiles of t racer  were l i s ted  in Table 2. 
measured on a ser ies  of 20 towers located 

TABLE 2. Frequency of Tower Sampling 
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The f o r t h c o m i n g  d a t a  volume i s  b e i n g  
p r e p a r e d  i n  a  u s e r - o r i e n t e d  f o r m a t .  The 
volume w i l l  d e s c r i b e  t h e  f i e l d  g r i d ,  f i e l d  
and assay t e c h n i q u e s ,  and t h e  m e t e o r o l o g y  
obse rved  d u r i n g  f i e l d  t r a c e r  r e l e a s e s .  The 
b u l k  o f  t h e  volume w i l l  be  composed o f  com- 
p u t e r  l i s t i n g s  o f  t h e  f i e l d  d i f f u s i o n  mea- 
surements .  T a b l e s  3 and 4 a r e  examples o f  

t h e  f o r m a t  t o  be employed i n  t h e  d i f f u s i o n  
d a t a  p r e s e n t a t i o n .  T a b l e  3 i s  a  sample 
l i s t i n g  exposures  and n o r m a l i z e d  exposures  
f o r  o n l y  two  o f  t h e  seven samp l i ng  a r c s  em- 
p l o y e d  d u r i n g  f l u o r e s c e i n  t r a c e r  r e l e a s e  
U58. T a b l e  4 d i s p l a y s  t h e  summary o f  d i f -  
f u s i o n  d a t a  f o r  a l l  a r c s  o p e r a t e d  d u r i n g  
t h a t  same r e l e a s e .  

TABLE 3. Above Background Exposures  Observed on Two Sampl ing  A r c s  
Fo l  1  ow ing  F l u o r e s c e i n  T r a c e r  Re1 ease U58 
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TABLE 4. D i f f u s i o n  Data S u n a r y  f o r  F luoresce in  Release U58 

T E S T  U 5 u  A J G J S T  24, 1 9 6 7  0415 T J  0445 P S T  
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S L ~ K C E  B E A N  D E V  S K E d  K U R T  A Z I N U T l - 1  E / ?  E U / b  C I ( E / U )  C I ( E b / L 1  --------  ----- ------ ------  - - - - - -  -------  -------- -------- - - - - - - - -  - -------  

M t l E R S  D E G  D E G  D E L  S t C / C U . Y  l / S d . n  S E C / S O . M  l / k  

? I N L I C A T t S  b N C E R T A I h T I E S  I N  D A T A .  

X  I N D I C A T E S  I N V A L I S  O R  I ~ S G M P L E T E  C A T A .  
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SPECIFICATION OF ERRORS IN ESTIMATING 

THE MEAN PLUME FROM SIMULATED AIRCRAFT TRAVERSES 

OF THE REAL PLUME 

P. W .  N i cko l a  

Data from r e a l  t ime mon i t o r i ng  o f  t r a c e r  plumes w i t h  f i x e d  samplers 

a re  used t o  develop a p ro to t ype  p r e d i c t o r  r e l a t i n g  meteorology and t h e  

number o f  a i r c r a f t  t r ave r ses  through a plume t o  t he  expected e r r o r  i n  

t h e  es t imate  o f  mean plume concent ra t ion .  An improved data base w i l l  

be used i n  developing an improved p r e d i c t o r .  

Use o f  an a i r c r a f t  t o  measure concentra-  
t i o n s  o f  p o l l u t a n t  plumes r a i s e s  t h e  ques t ion  
of how w e l l  t h e  e s s e n t i a l l y  instantaneous 
sample t ranverses  across a r e a l  plume can be 
t r a n s l a t e d  i n t o  es t imates  o f  t h e  mean plume. 
N i cko la  and C la r k1  discussed t h i s  problem 
and presented examples o f  t h e  standard e r r o r  
o f  measurement o f  two parameters o f  i n t e r e s t  
(crosswind i n t e g r a t e d  concen t ra t i on  and 
plume cen te r1  i n e  concen t ra t i on )  as a func-  
t i o n  o f  t h e  number o f  crosswind t raverses  
through t h e  plume. The example measurements 

were der ived  f rom a f i e l d  exper imenta l  r e -  
lease  o f  85Kr  t r a c e r .  Tracer  concent ra t ions  
were s imu l taneous ly  moni tored as a f u n c t i o n  
o f  t ime a t  more than 100 f i e l d  l o c a t i o n s  a t  
d is tances  up t o  1600 m f rom t h e  r e l ease  
p o i n t .  

The data base f o r  t h e  N i cko la  and C la r k  
no te  was a s i n g l e  f i e l d  experiment; t h e  
data was l a r g e l y  reduced by hand. Since 
t h a t  t ime a computer program has been de- 
ve l  oped t o  generate plume parameters o f  



i n t e r e s t ,  and seven more f i e l d  exper iments 
w i l l  soon be r e a d i e d  f o r  a n a l y s i s .  F u r t h e r  
c o n s i d e r a t i o n  has been g i v e n  t o  t h e  s t a t i s -  
t i c s  a p p l i c a b l e  i n  t h e  plume sampling p r o -  
cedure, and t o  p o s s i b l e  s imp le  meteoro log i -  
c a l  measurements t h a t  m igh t  be a p p l i c a b l e  
t o  f o r e c a s t i n g ,  a t  t h e  t i m e  o f  sampling, 
t h e  number o f  a i r c r a f t  t r a v e r s e s  necessary 
t o  ach ieve  a  d e s i r e d  con f idence  i n  
measurement. 

Perhaps t h e  b e s t  way t o  demonstrate t h e  
planned t e c h n i c a l  approach f o r  t h e  ongoing 
work i n  t h i s  area i s  t o  use some r e l a t i v e l y  
crude da ta  a l r e a d y  on hand. 

A l though t h e  case t o  be examined i n  t h e  
f o l l o w i n g  t h r e e  paragraphs dea ls  w i t h  v a r i a -  
t i o n s  i n  plume crosswind sumned concentra-  
t i o n ,  t h e  same r a t i o n a l e  a p p l i e s  t o  o t h e r  
plume parameters. 

I f  more than  one t r a v e r s e  i s  made 
through a  plume, mean crosswind summed 
c o n c e n t r a t i o n  (cws) and a  v a r i a n c e  o f  t h e  
i n d i v i d u a l  t r a v e r s e s  about  t h a t  mean 
(S2, &an be computed. A l though t h e  com- 
pute! cws i s  an unbiased e s t i m a t e  o f  t h e  
l o n g  p e r i o d m e a n  crosswind summed concen- 
t r a t i o n  (CWS)&n e s t i m a t e  i s  needed o f  t h e  
p r e c i s i o n  o f  cws as an approx imat ion  t o  
CWS. I n t u i t i v e l y  and s t a t i s t i c a l l y ,  t h e  
g r e a t e r  t h e  number o f  t r a v e r s e d N )  
th rough  t h e  plume, t h e c l o s e r  cws can be 
expected t o  f a l l  t o  CWS. 

I f  a  s e r i e s  o f  N  t r a v e r s e s  th rough  t h e  
plume i s  repeated a r e a t  number o f  t imes,  
then  t h e  computed cws v a r i a n c e  ( S 2 p )  can 
be r e l a t e d  t o  t h e  t r u e  v a r i a n c e  (a  S )  o f  
a l l  t h e  plume elements c o n t r i b u t i n g  !o t h e  
t i m e  i n t e g r a t e d  c o n c e n t r a t i o n .  T h i s  r e l a -  
t i o n s h i p  i s  es t imated  by 

S2- = uZCWS/N. 
cws 

Since each t r a v e r s e  th rough  a  plume can 
be expensive i n  terms o f  exper imenta l  t i m e  
and money, one o f  t h e  i m p o r t a n t  ques t ions  
t o  be answered i s  how many crosswind plume 
t r a v e r s e s  a r e  necessary t o  achieve a  g i v e n  
con f idence  t h a t  a  m e ~ r e d  EE i s  w i t h i n  
s p e c i f i e d  1  i m i t s  o f  CWS. I f  02CWS were 
known, then  t h e  number o f  t raverses ,  N, 
c o u l d  be s e l e c t e d  t o  br ing.SZw w i t h i n  
whatever p r a c t i c a l  bounds des i red .  But  
02cws i s  n o t  known. One i s  p laced  i n  t h e  
paradox ica l  p o s i t i o n  o f  knowing how many 
t r a v e r s e s  t o  make t o  be a b l e  t o  d e s c r i b e  
a  plume i f  he a l r e a d y  has a  complete de- 
s c r i p t i o n  o f  t h e  plume. 

The purpose of t h e  s tudy  i s  t o  suggest a  
reasonable number of t r a v e r s e s  on t h e  b a s i s  
o f  s t a t i s t i c a l  t h e o r y  and p a s t  f i e l d  e x p e r i -  
ence. The procedure b o i l s  down t o  e s t i m a t -  
i n g  t h e  v a l u e  of N  t o  employ i n  Equat ion ( 1 )  
on t h e  b a s i s  of va lues o f  u2 p r e v i o u s l y  ob- 
served under v a r i o u s  meteoro log ica l  cond i -  
t i o n s .  F igures  1  and 2  p resen t  t h e  
guidance. 

The o r d i n a t e  i n  F i g u r e  1  i s  t h e  s tandard 
e r r o r  o f  t h e  mean o f  a  s e r i e s  o f  samples of 
a  v a r i a b l e  x. The absc issa i s  t h e  number 
of t r a v e r s e s  compr is ing  one sample. The 
f a m i l y  o f  curves p e r m i t s  s e l e c t i o n  o f  t h e  
cu rve  w i t h  t h e  p o p u l a t i o n  s tandard dev ia -  
t i o n ,  ox, a p p r o p r i a t e  f o r  t h e  v a r i a b l e  x. 
T h i s  ox v a l u e  i s  d e r i v e d  f rom f i e l d  e x p e r i -  
ence. The f a m i l y  o f  curves on F i g u r e  1  
p resen ts  a  p u r e l y  s t a t i s t i c a l  r e l a t i o n s h i p .  

F i g u r e  2  g i v e s  t h e  v a l u e  ox /Y  as a  func -  
t i o n  o f  an example e m p i r i c a l  r e l a t i o n s h i p ;  
t h e  r a t i o  o f  wind speed range t o  mean wind 
speed a t  t h e  15 m e l e v a t i o n .  I n  F i g u r e  2, 
x  i s  crosswind sumned c o n c e n t r a t i o n ,  t h e  
p o i n t s  a r e  c u r r e n t  t e n t a t i v e  va lues  f rom 
e i g h t  exper iments and t h e  c u r v e  i s  a  l e a s t  
squares f i t  t o  t h e  data p o i n t s .  

0 2 4 6 8 10 12 14 

NUMBER OF TRAVERSES, N 
Neg 753125-5 

FIGLIRE 1. Curves R e l a t i n g  t h e  Normal i z e d  
Standard E r r o r  o f  t h e  Mean o f  Samples o f  
t h e  V a r i a b l e  x  t o  t h e  Number o f  Traverses,  
N, Comprising One Sample 
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FIGURE 2. Normalized True Standard D e v i a t i o n  o f  Crosswind Summed 
Concen t ra t ion  Versus an Empi r i ca l  Wind Speed R e l a t i o n s h i p  

For  example, i f  t h e  absc issa speed 
rangelmean speed r a t i o  f o r  t h e  1 - m i n  p e r i o d  
p reced ing  sampling were 1.0, ox(x = 0.7 
( l e f t  o r d i n a t e )  o r  "U cu rve"  ( r i g h t  o r d i n a t e )  
i s  p r e d i c t e d  by F i g u r e  2. Reference t o  t h e  
cu rve  U  on F i g u r e  1  revea ls ,  f o r  i ns tance ,  
t h a t  under t h e  e x i s t i n g  meteoro log ica l  con- 
d i t i o n s ,  s i x  plume t r a v e r s e s  would be r e -  
q u i r e d  t o  b r i n g  t h e  expected s tandard e r r o r  
o f  cws down t o  a  va lue  o f  30% o f  cws. One 
t r a v e r s e  would have l e f t  t h e  s tandard e r r o r /  
mean r e l a t i o n s h i p  a t  67%. 

C u r r e n t  p lans  a r e  t o  i n c o r p o r a t e  t h e  r e a l  
t i m e  c o n c e n t r a t i o n  data f rom e i g h t  f i e l d  t r a -  
c e r  re leases  and t h e  accompanying meteoro- 
l o g i c a l  measurements i n t o  a  s e r i e s  o f  em- 
p i r i c a l  p r e d i c t i v e  graphs s i m i l a r  t o  F i g u r e  2 
The e m p i r i c a l  p r e d i c t o r s  w i l l  be d e r i v e d  f rom 
r e l a t i v e l y  e a s i l y  observable parameters such 
as wind speed, wind speed range, wind d i r e c -  
t i o n ,  wind d i r e c t i o n  range, and v e r t i c a l  tem- 
p e r a t u r e  p r o f i l e s .  The p r e d i c t e d  v a r i a b l e s  
w i l l  i n c l u d e  crosswind i n t e g r a t e d  concentra-  
t i o n ,  r e a l  plume c e n t e r 1  i n e  concen t ra t ions  
and mean plume c e n t e r l i n e  c o n c e n t r a t i o n .  
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PLANETARY BOUNDARY LAYER AIRCRAFT PROFILE STUDIES 

UNDER [MVERSION CONDITIONS 

J. G. Droppo 

The PNL Cessna 411 a i r c r a f t  was used i n  a  s tudy o f  mu1 t i p l e  i n v e r -  

s i o n  l a y e r s  w i t h i n  t h e  P lane ta ry  Boundary Layer. Th i s  was a  coopera t i ve  

e f f o r t  w i t h  Argonne Nat iona l  Labora to ry  i n  t h e  1976 Sagamon Experiment 

over  farmland i n  I l l i n o i s .  V e r t i c a l  p r o f i l e s  o f  ozone, condensation 

n u c l e i ,  temperature, r e l a t i v e  humid i t y ,  dew p o i n t ,  and p e r t i n e n t  a i r  

speed and l o c a t i o n  va r i ab l es  were obta ined.  

INTRODUCTION 

The o b j e c t i v e  o f  t h e  Sagamon Experiments 
i s  t o  p rov i de  i n p u t  data f o r  numerical models 
o f  r eg i ona l  s ca l e  p o l l u t i o n  f rom power p ro -  
duc t ion .  Th i s  i s  a  coopera t i ve  experiment 
w i t h  Argonne Na t i ona l  Labora to ry .  The PNL 
Cessna 411 i s  used w i t h  t h e i r  ground based 
e f f o r t  i n c l u d i n g  t e t r oon ,  radiosonde, and 
acous t i c  soundings. The 1976 f i e l d  expe r i -  
ments examined severa l  p o o r l y  understood 
aspects o f  phys i ca l  mechanisms r e l a t e d  t o  
i n v e r s i o n  f o rma t i on  i n  t he  P lane ta ry  Bound- 
a r y  Layer (PBL). 

EXPERIMENTS 

PNL prov ided  an a i r bo rne  p l a t f o r m  f o r  de- 
t e rm in i ng  p o l l u t a n t  and meteoro log ica l  p ro -  
f i l e s  f rom near su r f ace  (20 m) t o  t he  t o p  
o f  t h e  i nve r s i on  l a y e r  i n  t h e  Sagamon 
Experiments by dep loy ing  t h e  Cessna 411 
a i r c r a f t .  P r o f i l e s  o f  ozone, condensation 
n u c l e i ,  temperature, r e l a t i v e  humid i t y ,  dew 
p o i n t  temperature, he igh t ,  and s t a t i o n  l oca -  
t i o n s  were recorded on d i g i t a l  tape a t  a  

r a t e  o f  about one complete s e t  every  5  m 
v e r t i c a l  he i gh t .  These data were a l s o  v i su -  
a l l y  moni tored du r i ng  t h e  f l i g h t s .  

The i n t e r e s t  i n  t he  1976 Sagamon Expe r i -  
ment was f o r  t h e  development o f  i n v e r s i o n  
l a y e r  du r i ng  evening hours. S i x  evening runs 
o f  1  t o  4  h r  d u r a t i o n  were made i n  conjunc-  
t i o n  w i t h  t h e  ground based Argonne e f f o r t .  
I n  add i t i on ,  two e x t r a  f l i g h t s  were made j u s t  
a f t e r  dawn t o  c h a r a c t e r i z e  t h e  morning pro-  
f i l e  cond i t i ons .  Morning c o n d i t i o n s  were 
t h e  t o p i c  o f  t h e  1975 Sagamon Experiments i n  
which a i r c r a f t  t r ansec t s  were n o t  made. 

The v e r t i c a l  a i r c r a f t  p r o f i l e s  were coor -  
d ina ted  w i t h  t h e  Argonne t e t r o o n  and r a d i o -  
sonde f l i g h t s  t o  p rov i de  common data p o i n t s  
f o r  comparison o f  r e s u l t s .  The data acqu i -  
s i t i o n  technique used was s p i r a l i n g  i n  a  
reasonably t i g h t  c i r c l e  over  t h e  s i t e .  
M u l t i p l e  passes were made through i n v e r s i o n  
l a y e r s  when they  were detected.  The communi- 
c a t i o n  v i a  r a d i o  w i t h  t h e  Argonne ground 
crew was p a r t i c u l a r l y  use fu l  i n  l o c a t i o n  o f  
t he  l a y e r i n g  i n  t h e  P lane ta ry  Boundary Layer. 



One s e t  o f  evening experiments were i n  con- 
j u n c t i o n  w i t h  an EPA a i r  p o l l u t i o n  mon i t o r i ng  
he1 i copter .  

DISCUSSION 

Based on p r e l i m i n a r y  i nspec t i on ,  da ta  
ob ta ined  demonstrate severa l  e f f e c t s  o f  
i n t e r e s t :  

' Development o f  m u l t i p l e  i n v e r s i o n  l a y e r s ,  

' Strong  c o r r e l a t i o n s  between po l  1  u t a n t  
and meteoro log ica l  p r o f i l e s .  

' Cons is ten t  temporal d e f i n i t i o n  o f  v e r t i -  
c a l  s t r u c t u r e .  

The data i s  c u r r e n t l y  being processed and 
analyzed. The i n t e r p r e t a t i o n  w i l l  be i n  
con junc t i on  w i t h  t h e  concurrent  Argonne 
da ta  on t h e  same l aye rs .  

' E f f e c t s  o f  v e r t i c a l  source-s ink d i s t r i b u -  
t i o n  .on p o l l u t a n t s  and t h e i r  v e r t i c a l  
d i spe rs i on  r a te ,  



DEPOSITION AND RESUSPENSION 

Deposition of airborne particles and gases is an important natural air cleaning 
mechanism, one that must be considered when evaluating the impact on man and the 
environment of toxic materials released from nuclear power plants and fossil fuel systems. 
Once such particles are deposited on soil surfaces, wind stress may be sufficient to resuspend 
particles of soil and the deposited material. Our principle objectives are to identify the 
controlling parameters in deposition and resuspension, and develop theoretical models which 
describe these processes. The models will then be justified with laboratory and field 
experiments, and sensitivity analyses will be made to determine the relative importance of 
the variables. These studies will be vital in environmental impact assessment of many 
sources of contamination. 

The experimental and theoretical work accomplished in 1976 improved our under- 
standing of deposition and resuspension. These studies are contributing much to the under- 
standing of deposition and resuspension, yet much remains to be learned about the physical 
processes governing these mechanisms. 

Deposition velocity data obtained in field experiments for gas and particles (especially 
those containing sulfur) are reviewed and summarized. The accuracy of such measurements 
was evaluated. We found that deposition velocities are of limited use when measured too 
near the source. 

Wind tunnel data on deposition of particles to coarse gravels improved predictive 
correlations for surface mass transfer resistance. Wind erosion data were reviewed for 
possible application to contamination resuspension. 

Resuspension experiments were directed toward studies of Rocky Flats plutonium 
resuspension on large particles, the resuspension of a tracer particle in a controlled field 
plot, and the resuspension of fallout isotopes in forest fires. Other investigations included 
observations on the depletion of a resuspension source due to weathering. Availability of 
particles for release continues for much longer periods than others have reported. 

ATMOSPHERIC BOUNDARY LAYER STUDIES 

RADIOISOTOPES AS PARTICLES AND VOLATILE5 

PARTICLE RESUSPENSION AND TRANSLOCATION 



SUMMARY OF FIELD DATA ON DRY REMOVAL RATES 

OF GASES AND PARTICLES FROM THE ATMOSPHERE 

J. G. Droppo 

T h i s  r e p o r t  c i t e s  l i t e r a t u r e  va lues f o r  d r y  removal r a t e s  o f  v a r i o u s  

gases and p a r t i c l e s .  I n c l u d e d  a r e  b o t h  r a d i o a c t i v e  and n o n - r a d i o a c t i v e  

m a t e r i a l s ;  i od ine ,  SO2, 03,  NOx, NO, p a r t i c l e s .  Th is  summary incorpo-  

r a t e s  r e c e n t  PNL SO, and s u l f u r  ae roso l  r e s u l t s .  

INTRODUCTION 

Obta in ing  va lues f o r  t h e  a c t u a l  r a t e s  o f  
d r y  removal o f  f o s s i l  f u e l  p o l l u t a n t s  i s  a  
t o p i c  o f  c u r r e n t  concern. These va lues a r e  
needed t o  model t h e  f a t e  o f  p o l l u t a n t s  on a  
r e g i o n a l  s c a l e  and i n  e f f o r t s  aimed a t  de- 
f i n i n g  r e c e p t o r  p o l l u t a n t  l o a d i n g  l e v e l s .  

As p a r t  o f  t h e  Boundary Layer  Program, 
which cons iders  d i r e c t l y  measuring d r y  dep- 
o s i t i o n  of these  p o l l u t a n t s ,  l i t e r a t u r e  
va lues  o f  d r y  removal r a t e s  have been sum- 
marized. These summaries a r e  g iven here; 
t h e y  i n c l u d e  a  v a r i e t y  o f  substances t o  
i l l u s t r a t e  t h e  v a r i a t i o n s  i n  removal r a t e s  
b o t h  between p o l l u t a n t s  and f o r  t h e  same 
p o l l u t a n t .  

DEPOSITION VELOCITY 

The d e p o s i t i o n  v e l o c i t y  concept i s  w i d e l y  
used. Th is  r e l a t i o n s h i p  f o r  d r y  removal 
r a t e  o f  d e p o s i t i o n  (G) i s  assumed t o  be 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  ambient a i r  
c o n c e n t r a t i o n  ( x )  a t  a  d e f i n e d  h e i g h t  over  
t h e  s u r f a c e  ( 2 ) .  The cons tan t  o f  p ropor -  
t i o n a l  i t y  i s  t h e  " d e p o s i t i o n  v e l o c i t y "  (Vd) l .  

The equa t ion  i s :  

w i t h  t h e  h e i g h t  t r a d i t i o n a l l y  assumed t o  be 
1  m. 

The d e p o s i t i o n  v e l o c i t y  has been a  frame- 
work f o r  much o f  t h e  research  and most o f  
t h e  a p p l i c a t i o n s  i n  d r y  d e p o s i t i o n  and w i l l  
be used i n  t h i s  summary. 

GASES 

Table 1  summarizes d r y  d e p o s i t i o n  ve loc -  
i t y  d a t a  f o r  v a r i o u s  gases on d i f f e r e n t  
sur faces.  Iod ine ,  SO2, 03: NO2 and HF a l l  
have reasonably  h i g h  d e p o s i t i o n  v e l o c i t y  
va lues.  The l i m i t e d  data on NO i n d i c a t e  a  
much lower  va lue.  The h i g h  and low r e l a t i v e  
d e p o s i t i o n  r a t e s  o f  NO, and NO a r e  suppor ted 
by t h e  i n t e r m e d i a t e  va lue  f o r  NO . These 
s t u d i e s  of d e p o s i t i o n  demonstrat6 t h a t  v a r i -  
ous processes may be l i m i t i n g  under d i f f e r i n g  
c o n d i t i o n s  and t h a t  a  range o f  d e p o s i t i o n  
v e l o c i t i e s  r e s u l t .  

The e f f e c t  o f  v e g e t a t i v e  canopies on dep- 
o s i t i o n  i s  n o t  c l e a r l y  de f ined .  For  example, 
i nc reased  s u r f a c e  roughness and area a r e  
expected t o  cause h i g h  d e p o s i t i o n  r a t e s .  
A l thouqh t h i s  i s  g e n e r a l l y  t r u e  f o r  SO2, t h e  
rougher  s u r f a c e  ( p i n e  f o r e s t )  has a  lower  
d e p o s i t i o n  v e l o c i t y  than o t h e r  canopies and 
sur faces,  sugges t ing  t h a t  o t h e r  f a c t o r s  
l i m i t  d e p o s i t i o n .  The e f f e c t  o f  a tmospher ic  
d e l i v e r y  i s  obv ious i n  t h e  da ta  t h a t  i n c l u d e  
groupings by atmospher ic  s t a b i l  i t y .  

Several s t u d i e s  have cons idered  t h e  pene- 
t r a t i o n  o f  m a t e r i a l  s  i n t o  canopies. Markee2 



TABLE 1. Summary o f  Depos i t ion  V e l o c i t i e s  f o r  V a r i o u s  G a s e s  

D e p o s i t i o n  V e l o c i t y  Type o f  Sur face /  
Substance (cm/sec ) Number o f  Exoer iments ( ) Methodology and Reference 

~ o d i n e ( ~ )  Range: 1.1 - 3.7 Grass ( 7 )  
Mean: 2.1 

I o d i n e  Range: 0.3 - 1.3 C l o v e r  leaves  ( 4 )  
Mean: 0.75 

I o d i n e  Range: 0.6 - 2 .0  Paper leaves  ( 4 )  
Mean: 1.3 

I o d i n e  Range: 0.3 - 0.9 F i l t e r  oaoer ( 5 )  
Mean: 0.62 

I o d i n e  Range: 0.09 - 2.43 Grass (19)  
Mean: 0.87 

F i e l d  exper iments '  9 "  

F i e l d  e ~ p e r i m e n t s ~ . ~  

I o d i n e  Range: 0.6 - 0.7 Carbon (12)  7 . 2 , 8  
Mean: 6 .5  

so2 2.8 A l f a l f a  canopy i n  chambers Windspeed: 1.8 t o  2.2 m / ~ , ~  

so 2 Range: 1.0 - 2.06 Grass (14)  
Mean: 1.3 

Range: 0.5 - 2.6 Grass ( 3 )  
Mean: 1.3 

0 .5  Water ( 1 )  

Range: 0.27 - 1.5 Grass ( 5 )  
Mean: 0.76 

1.3 Grass ( 1 )  

Sur face  f l u x  d e t e r m i n a t i o n  f o r  

R a d i o a c t i v i t y  l a b e l e d  SO, r e l e a s e  used 
as t r a c e r  i n  f i e l d  exper iments .  

R a d i o a c t i v i t y  l a b e l e d  SO, r e l e a s e  used 
as t r a c e r  i n  f i e l d  exper iments .  l o  

Surface f l u x  d e t e r m i n a t i o n  f o r  SO.,I2 

so 2 1.8 S h o r t  g rass  Sur face  f l u x  ( r a d i o a c t i v e  t r a c e r ) .  l3 

so2 (0.84) 1 . 3  Medium grass  

Bare  ca lca reous  s o i l  

Fresh wate r  (pH = 8 )  

F o r e s t  p i n e  

Lapse 
N e u t r a l  
S t a b l e  

Lapse 
N e u t r a l  
S t a b l e  

Lapse 
N e u t r a l  
S t a b l e  

A l l  su r faces  

A l f a l f a  canopy 

Over g rass  l4  

Snow 

Water 

No t  a  f i e l d  r e s ~ l t , ' ~ ~ l ~  

I n  s p e c i a l  chambers, 

NOx 0.5 A l f a l f a  and o a t s  Der i ved  f rom d a t a  i n 1 " I R  

A1 f a 1  f a  canopy Spec ia l  chamber, 

A l f a l f a  Fumiga t ion  w i t h  c o n s t a n t   concentration^,'^ 

3.1 F i e l d  c rops  Fumiga t ion  w i t h  c o n s t a n t  c o n c e n t r a t i o n s  

03 Range: 0.7 - 1.7 Severa l  Review o f  research  by s e v e r a l  au thors .  
Mean: 1.13 2 0 . 2 1 9 2 2 9 2 3 1 2 4 9 2 5  

03 0 .6  - 1.8 S o i l ,  peat ,  g rass  Wind t u n n e l  exper iments,  l3 

03 1 . 4  - 6.3 Severa l  Decay r a t e  exper iment  i n  b o x , I 3  

03 1.7 A l f a l f a  canopy Snec ia l  chambers, 



considered t he  d r y  depos i t i on  o f  i o d i n e  as 
a  f u n c t i o n  o f  l e a f  su r face  area f o r  low can- 
opies.  He found t h a t  depos i t i on  increased 
w i t h  i nc reas i ng  l e a f  area. The absorp t ion  
o f  gaseous a i r  p o l l u t a n t s  by a l f a l f a  canopies 
and r e s u l t a n t  p r o f i l e s  were s t ud i ed  i n  an 
environmental growth chamber3. Hydrogen 
f l u o r i d e ,  SO2 and NO2 p r o f i l e s  suggested 
e f f i c i e n t  removal by bo th  t h e  upper and 
i n t e rmed ia te  sur face  vege ta t ion .  P r o f i l e s  
o f  NO i n d i c a t e d  a  much l e s s  e f f i c i e n t  r e -  
moval r a t e .  A l though no t  s t r i c t l y  a  f i e l d  
r e s u l t  t h e  depos i t i on  v e l o c i t i e s  de r i ved  
f rom t h i s  s tudy a re  inc luded i n  Table 1. 

Dry depos i t i on  o f  p a r t i c l e s  depends on 
t h e  d e l i v e r y  r a t e  i n  t h e  atmosphere and on 

sur face  i n t e r a c t i o n s .  (Large p a r t i c l e s  t h a t  
depos i t  by g r a v i t a t i o n a l  f o r ces  a re  n o t  con- 
s idered  here. ) T ranspor t  i n  t h e  atmosphere 
i s  a  f u n c t i o n  o f  t h e  atmospheric tu rbu lence .  
A t  t h e  sur faces t h e  p r i n c i p l e  processes a re  
impact ion and mo lecu la r  d i f f u s i o n .  E l e c t r i -  
c a l  f o r ces  may a l s o  be impor tan t ,  depending 
on t h e  m o b i l i t y  and charges o f  t h e  p a r t i c l e s  
and t h e  e l e c t r i c a l  f i e l d .  I n  a d d i t i o n ,  
concurrent  mass and heat  f l u x e s  may i n f l u e n c e  
t he  d r y  depos i t i on  r a t e  when molecular  
processes a re  impor tan t .  

The wide range o f  f i e l d  data values f o r  
d r y  depos i t i on  o f  va r ious  p a r t i c l e s  i s  sum- 
marized i n  Table 2. Inc luded  are r e s u l t s  
from t h e  l i t e r a t u r e  as w e l l  as r e s u l t s  o f  
c u r r e n t  experiments a t  PNL. 

TABLE 2. Dry Depos i t ion  o f  Various P a r t i c l e s  

Deposition Velocity Type of Surface/ 
Substance (cm/sec) Number of Experiments Methodology dnd Reference 

Fission Products 0.07 Gumed Paper Surface activity measurements particles 
are formed by an electric corez6 

0.9 Water (5) Field release test mea~urements2~ 
0.04 Soil (15) 
0.2 Grass (21) 
0.2 sticky 'naner (117) 

2.3 Water (9) 
0.4 Soil (16) 
0.6 Grass (20) 
0.4 Sticky paper (8) 

93Zr, 95Nb 5.7 Water (6) 
2.9 Soil (6) 
1.4 Sticky paper (10) 

lqlCa 0.7 Sticky paoer 

lZ7Te, Iz9Te 0.7 Sticky oaper (8) 

Pb 0.13 Dilute HC1 Solution Plastic pluviometerZ8 

Industrial-derived 0.4 to 0.3 Deposition olates Field 
Trace Elements 

Soi 1 -derived 0.3 to 1.0 Oenosition plates 
Trace Elements 

Zinc Sulfide 0.5 Saqebrush Stable atmos~heric conditions30 
(2.5 pm diameter) 

Particles of 0.2 to 9.2 Desert 
0.1 um 

Natural Particu- 0.8 to 7.6 (7) Great Lakes (water) 3 *  
late Material 

Fallout 0.2 to 3.4 Fallout Collectors Honthly v a l u e ~ 3 ~  

Fallout 0.51 and .75 Fallout Collectors Annual Values 

Total Sulfur 0.1 to 0.3 Sagebrush (3) Surface flux t e ~ h n i ~ u e 3 ~  
Aerosol 



SOURCES OF VARIABILITY 

A p p l i c a t i o n  o f  these r e s u l t s  r equ i r es  
i n p u t  on t h e  source o f  t h e  v a r i a b i l i t y  i n  
d r y  depos i t i on  v e l o c i t i e s .  The wide range 
o f  va lues may have two o r i g i n s .  F i r s t ,  
l a r g e  v a r i a t i o n s  a r e  expected f rom s i t u a t i o n  
t o  s i t u a t i o n  as d i f f e r e n t  processes d i s -  
cussed above become v a r i o u s l y  1 i m i  t i n g .  
Secondly, v a r i a t i o n s  can be p a r t i a l l y  t he  

r e s u l t  o f  experimental u n c e r t a i n t i e s ,  which a 
a re  gene ra l l y  r e l a t i v e l y  l a r g e  i n  d r y  removal 
r a t e  experiments. 

I n  c u r r e n t  d r y  depos i t i on  e f f o r t s ,  t he re  
i s  an a t tempt  t o  separate these two f a c t o r s  
by es t ima t i ng  exper imenta l  accuracy f o r  each 
data value obtained. I n i t i a l  est imates show 
t h a t  t h e  experimental accuracy o f  values 
va r i es  w ide l y  f rom case t o  case r e f l e c t i n g  
t h e  r e l a t i v e  r e l i a n c e  t h a t  may be p laced  on 
each case. 
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INTRODUCTION 

PROOF TEST OF A  SYSTEM TO MEASURE THE DRY DEPOSITION 

OF SULFUR AEROSOLS I N  THE PLLIME FROM A  

NORTHWEST FOSSIL FUEL POWER PLANT 

J. G. Droppo 

An i n s t r u m e n t a t i o n  sys tem des igned  t o  p r o v i d e  " i n  s i t u "  d e t e r m i n a t i o n s  

o f  s u l f u r  a e r o s o l  d r y  d e p o s i t i o n  remova l  r a t e s  i s  t e s t e d  i n  s i x  e x p e r i -  

ments  on t h e  H a n f o r d  R e s e r v a t i o n .  The r e s u l t s  i n d i c a t e  t h a t  t h e  t e c h n i q u e  

i s  wo rkab le .  Removal r a t e s  a r e  o b t a i n e d  c o r r e s p o n d i n g  t o  d e p o s i t i o n  

v e l o c i t i e s  on t h e  o r d e r  o f  a  f ew  t e n t h s  o f  a  c e n t i m e t e r  p e r  second. 

These a r e  c o n s i s t e n t  w i t h  p r o j e c t e d  w i n d  tunne l -based  measurements o f  

s i m i l a r  s i z e d  a e r o s o l s .  

E v a l u a t i o n  o f  a c t u a l  and p o t e n t i a l  impac ts  
o f  use  o f  f o s s i l  f u e l s  i s  t h e  impe tus  f o r  
c u r r e n t  e f f o r t s  a t  d e f i n i t i o n  o f  r e g i o n a l  
s c a l e  p o l l u t a n t  budgets .  Data  a r e  needed 
on t h e  d r y  remova l  r a t e  o f  s u l f u r  and o t h e r  
a e r o s o l s .  T h i s  r e p o r t  p r e s e n t s  r e s u l t s  o f  
p r o o f  t e s t s  o f  a  sys tem des igned  t o  measure 
" i n  s i t u "  d r y  d e p o s i t i o n  o f  a e r o s o l s .  

DRY REMOVAL DETERMINATION MODEL 

The model uses combined eddy f l u x -  
g r a d i e n t  methodo logy.  S i n c e  t h e  b a s i s  o f  
t h e  model has been p r e v i o u s l y  documented, 1 - 5  
o n l y  t h e  e lemen ts  o f  method a r e  p r e s e n t e d  
he re .  

From m i c r o m e t e o r o l o g i c a l  and p o l l u t a n t  
measurements i n  t h e  s u r f a c e  l a y e r  t h e  
d e p o s i t i o n  v e l o c i t y ,  Vda f o r  a  g i v e n  p o l l u t -  
a n t ,  a, w i t h  a i r  c o n c e n t r a t i o n  xa i s  g i v e n  
b y  

where Kaz i s  t h e  eddy d i f f u s i v i t y  f o r  t h e  
p o l l u t a n t  a t  h e i g h t  z  and Axa i s  t h e  change 
i n  p o l  1  u t a n t  c o n c e n t r a t i o n  o v e r  t h e  v e r t i c a l  
d i s t a n c e  Az, g e o m e t r i c a i l y  c e n t e r e d  a t  
h e i g h t  z .  

EXPERIMENTAL ACCURACY 

By r e f e r r i n g  t o  E q u a t i o n  ( 1  1, t h e  r e -  
s t r a i n t s  on t h e  a c c u r a c y  may be b e t t e r  
r e a l i z e d .  The e x p e r i m e n t a l  a c c u r a c y  o f  t h e  
d e p o s i t i o n  v e l o c i t y  depends p r i m a r i l y  on t h e  
a c c u r a c y  o f  eddy d i f f u s i v i t i e s  and p o l l u t a n t  
p r o f i l e s .  B a t t e l l e  s t u d i e s  i n d i c a t e  t h a t  
e i t h e r  o r  b o t h  o f  t h e s e  e x p e r i m e n t a l  accu-  
r a c i e s  may l i m i t  t h e  a c c u r a c y  o f  t h e  r e s u l t s 1  
E q u a t i o n  ( 1 )  c l e a r l y  shows t h a t  t h e  p o l l u t a n t  
p r o f i l e  a c c u r a c y  depends on t h e  a c c u r a c y  o f  
t h e  f r a c t i o n a l  change i n  c o n c e n t r a t i o n .  
The r e l a t i v e  a c c u r a c y  between p o l l u t a n t  
c o n c e n t r a t i o n  v a l u e s  c o n t r o l s  t h e  a c c u r a c y  
o f  t h e  d e p o s i t i o n  v e l o c i t y  r a t h e r  t h a n  t h e  
a b s o l u t e  c o n c e n t r a t i o n  accu racy .  

F o r  m a t e r i a l s  w h i c h  d e p o s i t  a t  a  r e l a -  
t i v e l y  s l o w  r a t e ,  t h e  v e r t i c a l  changes i n  
c o n c e n t r a t i o n  w i l l  be  c o r r e s p o n d i n g l y  
s m a l l e r .  Based on a n t i c i p a t e d  a e r o s o l  d r y  
d e p o s i t i o n  r a t e s ,  t h e  e x p e r i m e n t a l  d e f i n i t i o n  
o f  t h e  a e r o s o l  c o n c e n t r a t i o n  p r o f i l e  was 
deemed necessa ry  w i t h i n  a  +1% p r o f i l e  
accu racy .  

The r e l a t i v e  a c c u r a c y  i n  t h e  a e r o s o l  p r o -  
f i l e  i s  a  f u n c t i o n  o f  t h e  s a m p l i n g  p rocedu re ,  
t h e  a n a l y s i s  accu racy ,  and t h e  f l o w  r a t e  
d e t e r m i n a t i o n .  

The d e s i g n  o f  t h e  samp l i ng  p r o c e d u r e  r e -  
f l e c t s  t h e  a i r r  o f  o b t a i n i n g  t h e  b e s t  r e l a t i v e  



va lues .  F low r a t e s  were g r e a t  enough 
($2 x  10-3 m3/s)  t o  i n s u r e  i s o k i n e t i c  sam- 
p l i n g  f o r  p a r t i c l e s  i n  t h e  s i z e  range o f  
combus t i on -de r i ved  s u l f u r  p a r t i c l e s .  I n  
a d d i t i o n ,  c o n s i s t e n t  samp l ing  e r r o r s  w i l l  
o f t e n  n o t  appear  as r e l a t i v e  e r r o r s  i f  t h e  
samp l ing  p rocedures  a r e  i d e n t i c a l .  Hence, 
i d e n t i c a l  f i l t e r  h o l d e r s ,  sample 1  i n e s ,  a i r  
pumps, c a l i b r a t e d  o r i f i c e s ,  and f l o w  me te rs  
were used f o r  each o f  t h e  sample h e i q h t s .  

A t e c h n i q u e  t o  max imize t h e  r e l a t i v e  
a n a l y s i s  accu racy  o f  c o n c e n t r a t i o n s  o f  mate- 
r i a l  c o l l e c t e d  on  nuc leopore  f i l t e r s  was 
deve loped i n  p r e v i o u s  s t u d i e s ' .  These t e s t s  
i n d i c a t e d  t h a t  t h e  r e q u i r e d  +1% was o b t a i n e d  
i n  t h e  a n a l y s i s  o f  r e l a t i v e  c o n c e n t r a t i o n s  
on  t h e  f i l t e r s .  

The e a r l i e r  s t u d i e s  i n d i c a t e d  t h e  l i m i t i n g  
f a c t o r  was t h e  accu racy  o f  t h e  f l o w  r a t e  
d e t e r m i n a t i o n .  The emphasis i n  t h e s e  p r o o f  
t e s t s  was t o  demons t ra te  t h a t  t h e  necessa ry  
p r o f i l e  accu racy  c o u l d  be o b t a i n e d ,  p r i m a r i l y  
by  u p g r a d i n g  t h e  r e l a t i v e  f l o w  r a t e  d e t e r m i -  
n a t i o n s .  

PROOF TESTS 

S i x  t e s t s  were made n e a r  622R, PNL's 
A tmospher i c  Sc iences  L a b o r a t o r y ,  a t  Han fo rd  

The f i e l d  system c o n s i s t e d  o f  a  17 m 
tower  i n s t r u m e n t e d  a t  t h r e e  h e i g h t s  w i t h  
g i l l  anemometers, thermometers ,  and n u c l e -  
Dore f i l t e r  sample i n t a k e  l i n e s .  

The ground c o v e r  f o r  t h e s e  t e s t s  i s  a  
r e l a t i v e l y  l o w  d r y  cove r  w i t h  o c c a s i o n a l  
sagebrush. The a e r o s o l  c o n c e n t r a t i o n s  were 
expec ted  t o  be n e a r  backqround, p a r t i c u l a r l y  
f o r  s u l f u r .  

T a b l e  1  summarizes t h e  c o n d i t i o n s  d u r i n g  
t h e  s i x  t e s t s .  A l l  t e s t s  o c c u r r e d  d u r i n g  
w i n t e r  w i t h  u n s t a b l e  a tmospher i c  c o n d i t i o n s .  
T e s t s  1  and 3 a r e  under  c o n d i t i o n s  t h a t  
most c l o s e l y  met t h e  c r i t e r i a  f o r  a p p l i c a -  
t i o n  o f  t h i s  methodology.  T e s t  2  l a s t e d  
l o n g e r  t h a n  t h e  i d e a l  t ime ,  and had sev- 
e r a l  p e r i o d s  o f  bad f e t c h  ( n o t  shown i n  
T a b l e  1 ) .  T e s t  4 was f o r  a  v e r y  l o w  wind.  
T e s t  p e r i o d s  5 and 6  e x h i b i t e d  s i g n i f i c a n t  
changes i n  c o n d i t i o n s ,  mak ing a p p l i c a t i o n  
o f  t h e  methodology d o u b t f u l .  

A l t h o u g h  o u r  a n a l y s i s  i n d i c a t e s  t h a t  t h e  
r e q u i r e d  l e v e l  o f  accu racy  was o b t a i n e d  i n  
each s t a g e  o f  t h e  s u l f u r  a e r o s o l  p r o f i l e  
d e t e r m i n a t i o n ,  t h e  r e a l  p r o o f  o f  t h e  accu racy  
i s  t h e  v e r t i c a l  c o n s i s t e n c y  o f  t h e  p r o f i l e s  
and t h e  p r e d i c t i o n  o f  reasonab le  and c o n s i s -  
t e n t  d r y  removal r a t e s .  

TABLE 1. Summary o f  T e s t s  

TEST DURATI ON i (17m)  i (17m)  
DATE NO. STARTTIME (MINI (mls) (OC) R I  - -  

12-5-75 1 1216 109 1.13 2.95 -1.15 



F igures  1-4 c o n t a i n  semi- log p l o t s  o f  
t h e  wind speed, temperature, and p o l l u t a n t  
c o n c e n t r a t i o n  p r o f i l e s  f o r  t h e  f i r s t  fou r  
t e s t s .  S ince t h e  p r o f i l e  accuracy i s  n o t  
known, t h e  e r r o r  bars a r e  p l o t t e d  t o  i n d i -  
c a t e  il% c o n c e n t r a t i o n  p r o f i l e  r e l a t i v e  
accuracy f o r  i n s p e c t i o n  o f  t h e  v e r t i c a l  
cons is tency  o f  t h e  p r o f i l e s .  The m i d d l e  
temperature a s p i r a t i o n  system was f a u l t y  
and t h i s  data p o i n t  i s  n o t  inc luded .  The 
p r o f i l e  expected f o r  t h e  wind speed and 
(by  t h e  analogy processes ) t h e  p o l l u t a n t  
p r o f i l e s  o f  t r a n s p o r t  a r e  a  v e r y  near l i n e a r  
f i t  o f  t h e  da ta  p o i n t s  t o  an exponen t ia l  
p r o f i l e .  A s l i g h t  c o n c a v i t y  downward i s  
a n t i c i p a t e d  t o  r e f l e c t  t h e  e f f e c t  o f  t h e  
u n s t a b l e  c o n d i t i o n s  d u r i n g  these t e s t s .  

Tests  1  and 3  show t h e  b e s t  f i t  and 
cons is tency  between wind speed and p o l l u t a n t  
concen t ra t ions .  The requi rement  f o r  +I% 
c o n c e n t r a t i o n  p r o f i l e s  appears t o  be met 
by these t e s t s .  These produce d e p o s i t i o n  
v e l o c i t y  va lues o f  0.10 and 0.27 cm/s 
r e s p e c t i v e l y  based on a  momentum eddy d i f -  
f u s i v i t y  analogy. 

Tests  2  and 4, a l though  n o t  meet ing t h e  
c r i t e r i a  f o r  appl  i c a t i o n  of t h e  methodology, 
a r e  i n t e r e s t i n g  t e s t s .  Tes t  2  c o n t a i n s  bad 
f e t c h  per iods  which i n c l u d e  t h e  i n f l u e n c e s  
o f  nearby b u i l d i n g s  and p a r k i n g  l o t s .  The 
s i m i l a r  d e v i a t i o n  o f  wind speed and concen- 
t r a t i o n  va lues f rom an exponen t ia l  p r o f i l e  
r e f l e c t s  t h e  i n t e r - r e l a t i o n s h i p  o f  p r o f i l e s .  
Tes t  4  was made d u r i n g  v e r y  low winds. The 
G i l l  anemometer da ta  can be i n  s e r i o u s  e r r o r  
under such c o n d i t i o n s .  The aeroso l  concen- 
t r a t i o n  p r o f i l e  was v e r y  near v e r t i c a l - -  
w e l l  w i t h i n  a  +1% f i t .  A r e a l  ze ro  v e r t i c a l  
change i n d i c a t e s  ze ro  f l u x .  Using t h e  
p r o f i l e  accuracy va lue  of +1% a lone  w i t h  
t h e  computed momentum eddy d i f f u s i v i t y  a  
range o f  about  k .05 cm/s i s  ob ta ined  f o r  
t e s t  4. I n c l u s i o n  o f  t h e  e r r o r  i n  t h e  eddy 
d i f f u s i v i t y  can e a s i l y  inc rease  t h i s  range 
by  a  f a c t o r  o f  2  o r  3. Hence, t h e  occurence o f  
a  "ze ro"  p r o f i l e  does n o t  n e c e s s a r i l y  i n d i c a t e  
an i n s i g n i f i c a n t  f l u x  r a t e .  

The two t e s t s  (1  and 3)  t h a t  b e s t  met t h e  
c r i t e r i a  f o r  a p p l i c a t i o n  o f  t h e  methodology 
a r e  a l s o  t h e  two t e s t s  t h a t  i n d i c a t e  t h e  
methodology works. The e x c e l l e n t  f i t  o f  t h e  
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FIGURE 3. Semi-Log P l o t  o f  Wind Speed, 
Temperature, and P o l l u t a n t  Concen t ra t ion  
P r o f i l e s  f o r  Test  3, December 17, 1975 

s u l f u r  ae roso l  c o n c e n t r a t i o n  p r o f i l e s  i n  
F igures  1  and 3  and t h e  reasonable d r y  
d e p o s i t i o n  v e l o c i t i e s  computed f o r  these 
cases a r e  ve ry  encouraging. 

RESISTANCE VALUES 

Tab le  2 c o n t a i n s  p r e l i m i n a r y  r e s u l t s  f o r  
t e s t s  1  and 3  i n  terms o f  t h e  r e s i s t a n c e  
va lues  as d iscussed i n  p rev ious  r e p o r t s 3 .  
RT i s  t h e  i n v e r s e  o f  t h e  d e p o s i t i o n  v e l o c i t y ,  
Ra i s  t h e  atmospher ic  r e s i s t a n c e  (computed 
as equal t o  t h e  momentum r e s i s t a n c e ) ,  and 
RS i s  t h e  e f f e c t i v e  s u r f a c e  r e s i s t a n c e  
computed as t h e  d i f f e r e n c e  between t h e  t o t a l  
and s u r f a c e  r e s i s t a n c e s .  The l a s t  cotumn 
i s  t h e  mean wind speed a t  17 m. 

As f a r  as we a r e  aware, these  p r e l i m i n a r y  
da ta  p r o v i d e  t h e  f i r s t  va lues t h a t  d i r e c t l y  
assess s u l f u r  c o n t a i n i n g  p a r t i c l e  removal 
r a t e s  i n  t h e  f i e l d  w i t h i n  reasonable accuracy.  
The range o f  va lues i s  encouraging. These 
a r e  p o s i t i v e  r e s u l t s  i n  t h e  f i r s t  s tages o f  
t h i s  developing methodology. 

0 1 2 1 . 5  -1.0 -05  4.4 4.5 4.6 
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FIGURE 4 .  5emi-Log P l o t  o f  Wind Speed, 
T G j G E h r e ,  and Pol 1  u t a n t  Concen t ra t ion  
P r o f i l e s  f o r  Tes t  4, December 18, 1975 

TABLE 2. Summary o f  Resu l t s  f o r  Dry 
D e p o s i t i o n  o f  S u l f u r  Aerosols  

Vd R~ Ra R~ i (17m)  
Tes t  (cmls )  (s l cm)  (s lcm) (s l cm)  (m ls )  ------ 

1  0.10 10.0 2.3 7.7 1.13 

3  0.27 3.7 0.44 3.3 1.28 

ADDITIONAL PROFILES 

Based on t h e  above encouraging r e s u l t s ,  
a d d i t i o n a l  ae roso l  p r o f i l e  f i e l d  da ta  have 
been ob ta ined  and a r e  p r e s e n t l y  under ana ly -  
s i s  f o r  s u l f u r  and a d d i t i o n a l  species.  
These i n c l u d e  s i x  s e t s  o f  p r o f i l e s  over  a  
co rn  canopy i n  I l l i n o i s  d u r i n g  a  coopera t i ve  
e f f o r t  w i t h  Argonne N a t i o n a l  Labora to ry  
d u r i n g  J u l y  1977 and severa l  s e t s  o f  add i -  
t i o n a l  p r o f i l e s  t h i s  f a l l  f rom t h e  p r o t o t y p e  
system b e i n g  t e s t e d  a t  Hanford f o r  exper iments 
i n  t h e  plumes f rom f o s s i l  f u e l  p l a n t s .  



FUTURE PLANS 

The p r o t o t y p e  system a t  Hanford be ing  
used f o r  two purposes. F i r s t ,  systems a r e  
be ing  t e s t e d  f o r  s t u d i e s  i n  t h e  plume f rom 
f o s s i l  f u e l  f a c i l i t i e s .  Second, a  da ta  
base f o r  d r y  removal o f  p o l l u t a n t s  as a  
f u n c t i o n  o f  a  range o f  ambient c o n d i t i o n s  
a t  near background concen t ra t ions  i s  be ing  
compi 1  ed. 

An open q u e s t i o n  w i t h  t h e  c u r r e n t  p o l l u t -  
a n t  p r o f i l e  method i s  t h e  a p p l i c a b i l i t i e s  
o f  momentum and hea t  eddy d i f f u s i v i t i e s  t o  
p o l l u t a n t  f l u x e s .  S tud ies  a r e  underway t o  

determine p o l l u t a n t  eddy d i f f u s i v i t i e s  
d i r e c t l y  by s imul taneous eddy f l u x  and 
p r o f i l e  de te rmina t ions .  

A  s e r i e s  o f  exper iments a r e  p lanned t o  
a t tempt  t o  determine t h e  f l u x  o f  p a r t i c l e s  
i n  d i s c r e t e  s i z e  ranges d i r e c t l y  by eddy 
f l u x  compulat ion based on l a s e r  measurements. 
T h i s  i s  a  c o o p e r a t i v e  e f f o r t  w i t h  G. Sehmel. 
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LIMITATIONS ON THE DETERMINATION 

OF DEPOSITION VELOCITIES 

J. C .  Doran 

The cons tan t  f l u x  c o n d i t i o n  necessary f o r  t h e  proper  measurement of 

d e p o s i t i o n  v e l o c i t i e s ,  vd, may n o t  be r e a l i z e d  c l o s e  t o  l o c a l i z e d  sources 

Measurements i n  t h i s  area may l e a d  t o  erroneous va lues o f  vd, as i s  

e v i d e n t  f rom an examinat ion o f  s o l u t i o n s  t o  a  s imp le  a d v e c t i o n - d i f f u s i o n  

model. 

The p roper  s p e c i f i c a t i o n  o f  boundary 
c o n d i t i o n s  i s  impor tan t  i n  model ing t h e  
t r a n s p o r t  and d i f f u s i o n  o f  a  d e p o s i t i n g  
substance. Whi le  mechanisms o f  removal a t  
t h e  s u r f a c e  a r e  v a r i e d  and complex, t h e i r  
e f f e c t  may o f t e n  be descr ibed  i n  terms o f  a  
d e p o s i t i o n  v e l o c i t y  vd,' where 

Here, F i s  t h e  v e r t i c a l  f l u x  o f  t h e  p o l l u t -  
a n t  a t  some h e i g h t ,  z, and C i s  t h e  
c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t  a t  t h a t  same 
he igh t .  A t  smal l  d i s tances  above t h e  sur -  
face, vd depends upon t h e  p r o p e r t i e s  o f  t h e  
v i scous  sub layer  and does n o t  change r a p i d l y  
w i t h  he igh t ,  a l though  i t  may a l s o  aepend 
s t r o n g l y  on f a c t o r s  such as mo is tu re ,  p a r t i -  
c l e  s ize,  s u r f a c e  composi t ion,  e t c .  A t  some- 
what l a r g e r  d is tances ,  e.g., &10 cm, t h e  
d e p o s i t i o n  v e l o c i t y  i s  a f f e c t e d  by t h e  t u r -  
b u l e n t  eddy s t r u c t u r e  o f  t h e  atmosphere which 
i s ,  i n  t u r n ,  a  f u n c t i o n  o f  h e i g h t .  If v d ( z ~ )  
i s  some known " i n t r i n s i c "  va lue  which i s  
approached as z  -t a  , then  vd(z )  may a l s o  
be c a l c u l a t e d  as a  \ u n c t i o n  o f  he igh t . '  

I n  t h i s  approach, t h e  assumption i s  made 
t h a t  t h e  f l u x  i s  cons tan t  over  t h e  v e r t i c a l  
r e g i o n  o f  i n t e r e s t .  Whi le  vd may always be 
d e f i n e d  as i n  Equa t ion  ( I ) ,  t h e  q u a n t i t y  so 
d e r i v e d  can n o t  be u n i q u e l y  r e l a t e d  t o  vd (zL)  
un less  t h i s  c r i t e r i o n  i s  met. The f o l l o w i n g  
d i s c u s s i o n  shows t h a t  t h e  r e q u i r e d  c o n d i t i o n  
may n o t  be t r i v i a l l y  s a t i s f i e d ,  and t h a t  
t h e  r e s u l t s  of c e r t a i n  experiments designed 
t o  measure vd must be regarded w i t h  c a u t i o n .  

A  two-dimensional d i f f u s i o n  equa t ion  o f  
t h e  form 

was assumed, where C i s  t h e  c o n c e n t r a t i o n  
per  u n i t  area, u  i s  t h e  v e l o c i t y  i n  t h e  
x - d i r e c t i o n ,  S  i s  a  c o n t i n u o u s l y  e m i t t i n g  
l i n e  source, and d i f f u s i o n  a long t h e  down- 
wind d i r e c t i o n  has been neglected.  Whi le  
t h e  use o f  a  g r a d i e n t  d e s c r i p t i o n  o f  t h e  
d i f f u s i o n  process i s  assoc ia ted  w i t h  a  
number o f  d i f f i c u l t i e s  i n  p r i n ~ i p l e , ~  i n  
p r a c t i c e  i t  has been shown capable o f  
y i e l d i n g  s u r p r i s i n g l y  s a t i s f a c t o r y  r e s u l t s  
by Lamb, e t  a1 . 4  T h e i r  K (z )  p r o f i l e  f o r  a  
s l i g h t l y  uns tab le  case was adopted, and 
j o i n e d  t o  t h a t  desc r ibed  by Businger, 
e t  a1. below approx imate ly  10 m. 
(The l a t t e r  p r o f i l e  was ad jus ted  s l i g h t l y  
t o  produce a  smoother match where they  
j o i n e d .  ) 

Equat ion ( 2 )  was so lved  n u m e r i c a l l y  us ing  
a  m o d i f i e d  approach o f  Runca and Sardei6.  A  
l o g a r i t h m i c a l l y  v a r y i n g  g r i d  spacing was 
used f o r  approx imate ly  t h e  f i r s t  60 m above 
t h e  ground, w i t h  cons tan t  i n t e r v a l s  t h e r e a f t e r .  
The s m a l l e s t  increment was 20.02 m. An 
i n v e r s i o n  l i d  was assumed near 500 m. 

S o l u t i o n s  were ob ta ined  f o r  two separate 
v e l o c i t y  p r o f i l e s ,  one i n  which u ( z )  was 
u n i f o r m  w i t h  h e i g h t ,  and another  i n  which 
u ( z )  was a  f o u r t h  o r d e r  po lynomia l  i n  z  



between 13 and 150  meter^,^ cons tan t  above 
150 m  and matched t o  t h e  v e l o c i t y  p r o f i l e  
f rom Monin and Yaglom7 below 13 m. Th is  
second case was approximated i n  t h e  numeri-  
c a l  s o l u t i o n  by  a  s t e p  f u n c t i o n  w i t h  7  
d i s c r e t e  va lues.  

The lower  boundary c o n d i t i o n  f o r  d i f -  
f u s i o n  was g i v e n  by  

where z l  %0.02 m, and z l  = z1/2. 
Equa t ion  ( 3 )  i s  t h e  f i n i t e  d i f f e r e n c e  approx- 
i m a t i o n  t o  

ac 
V d ( ~ L )  C b L )  = K k L )  az z=zL ( 4  

when K(z=O) = 0. 

A f t e r  comp le t ion  o f  t h e  d e s i r e d  number o f  
advec t ion  and d i f f  s i o n  s teps,  t h e  d e p o s i t i o n  
v e l o c i t y  a t  t h e  jtK v e r t i c a l  g r i d  p o i n t  was 
determined f rom 

F i g u r e  1  shows t h e  v a r i a t i o n  of vd (z  = 
1  m) w i t h  t ime  a f t e r  r e l e a s e  of t h e  p o l  
l u t a n t  f o r  t h e  u n i f o r m  wind p r o f i l e ,  w i t h  
v d ( z ~ )  = 0.01 m/s and a  r e l e a s e  h e i g h t  o f  
10 m. A t  t - -, v  ( z )  approaches an 
asymptot ic  va lue  o? 0.007 m/s, which agrees 
w e l l  w i t h  t h a t  c a l c u l a t e d  by Sehmel and 
H ~ r s t , ~  b u t  a t  s m a l l e r  t imes t h e  depar tu res  
f rom t h i s  r e s u l t  can be s i g n i f i c a n t .  I f  an 
e q u i l i b r i u m  t i m e  t,, i s  d e f i n e d  by t h e  t i m e  
r e q u i r e d  f o r  vd (z )  t o  reach  95% o f  i t s  
asympto t i c  value, then  t,, may be p l o t t e d  as 
a  f u n c t i o n  o f  vd (zL) ;  t h e  r e s u l t s  a r e  shown 
i n  F i g u r e  2  f o r  zref 7 1  and 10 m. C l e a r l y  
a  f i n i t e  t ime  i s  r e q u i r e d  t o  e s t a b l i s h  a  
cons tan t  f l u x  c o n d i t i o n ,  and t h i s  t ime  
increases w i t h  i n c r e a s i n g  h e i g h t  over  which 
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FIGURE 1. Depos i t i on  V e l o c i t y  a t  z  = 1  m  as a  Func t ion  o f  
Time A f t e r  Release. Source h e i g h t  = 10 m; vd (zL)  = 0.01 mls .  



FIGURE 2. t q s  as a  Func t ion  o f  v  ( z  ) f o r  a  Source He igh t  o f  10 m. 
The upper cu rve  corresponds t o  z l b  m; the  lower  cu rve  i s  f o r  
z  = 1  m. The l i n e s  a r e  l e a s t  square q u a d r a t i c  f i t s  t o  t h e  p o i n t s  
shown, w h i l e  t h e  e r r o r  b a r s  f o r  t g s  a r e  due t o  u n c e r t a i n t i e s  a r i s i n g  
f rom t h e  numer ica l  i n t e g r a t i o n  of Equat ion 2. 

t h e  f l u x  i s  presumed cons tan t .  Measurements 
b e f o r e  t h i s  t ime,  o r  measurements made t o o  
c l o s e  t o  t h e  source, may i n t r o d u c e  e r r o r s .  

For t h e  w ind  p r o f i l e  which i s  v a r i a b l e  i n  
t h e  v e r t i c a l ,  vd (z )  may be p l o t t e d  as a  
f u n c t i o n  o f  downwind d is tance ,  a f t e r  s u f f i -  
c i e n t  t i m e  has e lapsed f o r  s teady s t a t e  
c o n d i t i o n s  t o  be e s t a b l i s h e d .  Th is  has been 
done i n  F i g u r e  3, which shows t h a t  vd(z = 1  m) 
o n l y  reaches 95% o f  i t s  asymptot ic  v a l u e  a t  
%14 km downwind f rom t h e  r e l e a s e  p o i n t .  

I t  i s  i m p o r t a n t  t o  d i s t i n g u i s h  between 
exper imenta l  measurements and numer ica l  o r  
t h e o r e t i c a l  model ing i n  assess ing t h e  i m p l i -  
c a t i o n s  o f  these r e s u l t s .  I n  t h e  l a t t e r  case, 

t h e  concept o f  d e p o s i t i o n  v e l o c i t y  i s  s t i  11 
v a l i d ,  p rov ided  t h a t  i t  i s  a p p l i e d  a t  s u f -  
f i c i e n t l y  small  d i s tances  f rom t h e  surface. 
T h i s  i s  t r u e  regard less  o f  whether a  cons tan t  
f l u x  l a y e r  has been e s t a b l i s h e d  up t o  some 
a r b i t r a r y  r e f e r e n c e  h e i g h t .  I n  t h e  former 
case, however, c a r e  must be exerc ised  i n  t h e  
i n t e r p r e t a t i o n  o f  r e s u l t s .  A g r a d i e n t  method 
o f  de te rmin ing  v d  cou ld  g i v e  erroneous 
r e s u l t s  i f  t h e  source o f  t h e  measured p o l l u t -  
a n t  i s  t o o  c l o s e  t o  t h e  measuring apparatus.  
S i m i l a r l y ,  a  v d ( z )  ob ta ined  from d i r e c t  f l u x  
measurements m i g h t  n o t  be r e a d i l y  e x t r a p o l a t e d  
t o  z  = z ~ ,  un less  some assurances can be 
p rov ided  t h a t  t h e  d e o o s i t i o n  f l u x  i s  indeed 
cons tan t  th rough  some l a y e r .  
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FIGURE 3. Depos i t i on  V e l o c i t y  a t  z = 1 m as a Func t ion  o f  
Downwind Dis tance,  f o r  t h e  Case o f  a Nonuniform V e l o c i t y  
P r o f i l e  i n  t h e  V e r t i c a l .  Source h e i g h t  = 10 m; v ( z  ) = 
0.01 m/s. d L 
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REDUCTION I N  ANNUAL AVERAGE AIR CONCENTRATIONS 

DUE TO THE DEPOSITION-RESUSPENSION PROCESS 

T. W .  H o r s t  

S i m u l a t i o n  o f  t h e  d i f f u s i o n - d e p o s i t i o n - r e s u s p e n s i o n  p rocess  w i t h  a  

n u m e r i c a l  model has shown t h a t  t h e  n e t  e f f e c t  o f  t h e  d e p o s i t i o n -  

r e s u s p e n s i o n  sequence i s  a  r e d u c t i o n  i n  t h e  annua l  ave rage  s u r f a c e  

a i r  c o n c e n t r a t i o n .  T h i s  i s  because d e p o s i t i o n  o c c u r s  p r e d o m i n a n t l y  

d u r i n g  p e r i o d s  o f  l o w  a tmosphe r i c  d i s p e r s i o n  and h i g h  a i r  c o n c e n t r a t i o n s  

and t h e  subsequent  r e s u s p e n s i o n  o c c u r s  d u r i n g  p e r i o d s  o f  h i g h  w ind  

and consequent  h i g h  d i s p e r s i o n .  

The e s t i m a t i o n  o f  t h e  i m p a c t  o f  p l u t o -  
n ium and o t h e r  a c t i n i d e s  i n  t h e  env i ronmen t  
i s  c o m p l i c a t e d  by  t h e i r  v e r y  l o n g  r a d i o a c -  
t i v e  h a l f - l i v e s .  S i n c e  t h e s e  m a t e r i a l s  a r e  
c o n t i n u a l l y  a v a i l a b l e  f o r  u p t a k e  by  man, an 
assessment o f  t h e  r e s u l t i n g  a i r b o r n e  contam- 
i n a t i o n  must  c o n s i d e r  n o t  o n l y  t h e i r  atmos- 
p h e r i c  d i f f u s i o n  and d e p o s i t i o n ,  b u t  a l s o  
t h e i r  p o s s i b l e  subsequent  r e s u s p e n s i o n  and 
c o n t i n u e d  a t m o s p h e r i c  d i s p e r s a l .  

C a l c u l a t i o n  o f  t h e  exposu re  due t o  r e s u s -  
p e n s i o n  i s  a  c o m p l i c a t e d  p r o c e d u r e  due t o  
t h e  h o r i z o n t a l  d i s t r i b u t i o n  o f  t h e  d e p o s i t e d  
c o n t a m i n a t i o n .  F u r t h e r ,  t h e  r e s u s p e n s i o n  
r a t e s  w h i c h  d e t e r m i n e  t h e  e f f e c t i v e  s o u r c e  
s t r e n g t h  a r e  known v e r y  p o o r l y .  Hence, i t  
i s  d e s i r a b l e  t o  somehow r e l a t e  t h e  exposu re  
caused by r e s u s p e n s i o n  t o  t h e  exposu re  
caused by  t h e  o r i g i n a l  d e p o s i t i n g  plume, 
because t h e  l a t t e r  can  be c h a r a c t e r i z e d  w i t h  
more ease and c o n f i d e n c e .  

H o r ~ t l ' ~  has compared t h e  s u r f a c e  a i r  
c o n c e n t r a t i o n s  o f  t h e  resuspended plume Cr 
t o  t h o s e  o f  t h e  o r i g i n a l  d e p o s i t i n g  plume 
Cd. Assuming a  s t e a d y  s t a t e  s i t u a t i o n  
d u r i n g  c o n s t a n t  a tmosphe r i c  c o n d i t i o n s  ( i  . e., 
w i n d  speed, w i n d  d i r e c t i o n  and a t m o s p h e r i c  
s t a b i l i t y )  and a l s o  assuming t h a t  a l l  depos- 
i t e d  m a t e r i a l  i s  a v a i l a b l e  f o r  r esuspens ion ,  
i t  i s  r e a d i l y  a p p a r e n t 1  t h a t  t h e  t o t a l  a i r  
c o n c e n t r a t i o n  Cd + Cr i s  equa l  t o  C  , t h a t  
w h i c h  wou ld  be c a l c u l a t e d  w i t h  n e i  t!er 
d e p o s i t i o n  n o r  resuspens ion .  The s u r f a c e  
c o n t a m i n a t i o n  due t o  d e p o s i t i o n  i n c r e a s e s  
u n t i l  t h e  r e s u s p e n s i o n  f l u x  e x a c t l y  ba lances  
t h e  d e p o s i t i o n  f l u x .  A t  t h i s  t i m e  s teady -  

s t a t e  i s  a c h i e v e d  and Cd t Cr = Co because 
t h e  n e t  v e r t i c a l  f l u x  a t  t h e  s u r f a c e  i s  ze ro .  

H o r s t 2  has a1 so c a l c u l a t e d  t h e  annua l  
ave rage  v a l u e  o f  Cd, Cr and C  s u b j e c t  t o  t h e  
c l i m a t o l o g i c a l  d i s t r i b u t i o n  o? w ind  speed, 
w ind  d i r e c t i o n  and a tmosphe r i c  s t a b i l i t y  f o r  
a  t y p i c a l  y e a r  o f  d a t a  f r o m  t h e  Han fo rd  
M e t e o r o l o g i c a l  Tower. The r e s u l t s  may be 
seen i n  F i g u r e  1, w h i c h  a g a i n  i n c l u d e s  t h e  
assumpt ion  t h a t  a l l  d e p o s i t e d  m a t e r i a l  i s  
a v a i l a b l e  f o r  r esuspens ion .  By compar ing t h e  
resuspended a i r  c o n c e n t r a t i o n  Cr w i t h  t h e  
r e d u c t i o n  due t o  d e p o s i t i o n ,  Co - Cd, i t  may 
be seen t h a t  s u r p r i s i n g l y ,  Cd t Cr < Co: 
t h e  n e t  e f f e c t  o f  t h e  d e p o s i t i o n - r e s u s p e n s i o n  
p rocess  i s  a  r e d u c t i o n  i n  t h e  annua l  ave rage  
s u r f a c e  a i r  c o n c e n t r a t i o n .  Thus a  conse rva -  
t i v e  e s t i m a t e  o f  t h e  t o t a l  a i r  c o n c e n t r a t i o n  
may be made by  i g n o r i n g  d e p o s i t i o n  and 
r e s u s p e n s i o n  a l t o g e t h e r .  

Research d u r i n g  t h e  p a s t  y e a r  has l e d  t o  
an u n d e r s t a n d i n g  o f  t h e  reason  f o r  t h i s  
unexpected r e s u l t .  C a l c u l a t i o n s  o f  C  , Cr 
and Co have been made f o r  a  v a r i e t y  o! cases 
w i t h  a  s i n g l e  w ind  speed and a tmosphe r i c  
s t a b i l i t y  and w i t h  a  u n i f o r m  w ind  rose ,  i . e . ,  
t h e  w i n d  i s  e q u a l l y  l i k e l y  t o  b l o w  f r o m  any 
d i r e c t i o n .  W i t h i n  t h e  accu racy  o f  t h e  com- 
p u t a t i o n s  t h e  r e s u l t  i s  i d e n t i c a l  t o  t h a t  
f o r  a  s i n g l e  w i n d  d i r e c t i o n ,  Cd + Cr = Co: 
t h e  r e s u s p e n s i o n  ba lances  t h e  l o s s  due t o  
d e p o s i t i o n .  The r e d u c t i o n  i n  t h e  annua l  
ave rage  s u r f a c e  a i r  c o n c e n t r a t i o n  wh i ch  
f o l l o w s  f r o m  t h e  d e p o s i t i o n - r e s u s p e n s i o n  
sequence, then,  i s  due p r i m a r i l y  t o  t h e  m i x  
o f  w i n d  speeds and a tmosphe r i c  s t a b i l i t i e s  
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FIGURE 1. Annual Average A i r  Concentrat ions 
Due t o  Depos i t i on  and Resuspension 

found i n  a  c l i m a t o l o g i c a l  average and i s  n o t  
a  consequence o f  t h e  v a r y i n g  wind d i r e c t i o n .  

The annual average va lue  o f  Cq  i s  found 
as t h e  sum o f  t h e  a i r  c o n c e n t r a t ~ o n s  f o r  
each combinat ion o f  a tmospher ic  s t a b i l i t y ,  
wind speed and d i r e c t i o n  w i t h  each c o n t r i -  
b u t i o n  weighted by i t s  p r o b a b i l i t y  o f  
occurrence.  For  most c l i m a t o l o g i e s  t h i s  
sum w i l l  be dominated by t h e  c o n t r i b u t i o n s  
d u r i n g  s t a b l e  atmospheric c o n d i t i o n s  because 
o f  t h e  assoc ia ted  h i g h  a i r  concen t ra t ions ,  
as shown i n  F i g u r e  2 .  These h i g h  a i r  con- 
c e n t r a t i o n s  a r e  due t o  t h e  minimal t u r b u l e n t  
m i x i n g  d u r i n g  s t a b l e  c o n d i t i o n s  and a l s o  
due t o  t h e  low wind speeds which a r e  a  
p r e r e q u i s i t e  f o r  s t a b l e  c o n d i t i o n s .  Corre-  
spondingly ,  t h e  r e d u c t i o n  o f  t h e  annual 
average s u r f a c e  a i r  c o n c e n t r a t i o n  due t o  
d e p o s i t i o n ,  Co : Cd, i s  a l s o  dominated by 
t h e  l a r g e  c o n t r i b u t i o n  d u r i n g  s t a b l e  
c o n d i t i o n s .  

FIGURE 2 .  Typ ica l  A i r  Concentrat ions Dur ing  
S p e c i f i e d  Atmospheric Cond i t ions  

Resuspension, on t h e  o t h e r  hand, occurs 
predominant ly  d u r i n g  p e r i o d s  o f  h i g h  winds 
which produce n e u t r a l  atmospheric s t a b i l i t y .  
Consequently t h e  contaminant,  which has 
been depos i ted  p redominan t l y  d u r i n g  a  t i m e  
o f  h i g h  s u r f a c e  a i r  c o n c e n t r a t i o n ,  i s  resus-  
pended d u r i n g  a  t i m e  when t h e  d i s p e r s i v e  
capabi 1  i t y  o f  t h e  atmosphere i s  c o n s i d e r a b l y  
g r e a t e r .  I f  i n s t e a d  t h e  resuspension i s  
independent o f  wind speed, t h e  contaminant  
i s  resuspended d u r i n g  a  c l i m a t o l o g i c a l  mix  
o f  s t a b i l i t i e s ,  which on t h e  average a l s o  
produces lower  a i r  concen t ra t ions  than  those  
d u r i n g  which t h e  b u l k  o f  t h e  d e ~ o s i t i o n  
occurred.  Only i f  t h e  m a t e r i a l  depos i ted  
d u r i n g  each combinat ion o f  wind speed and 
s t a b i l i t y  were resuspended d u r i n g  i d e n t i c a l  
atmospheric c o n d i t i o n s  would t h e  inc rease  
i n  su r face  a i r  c o n c e n t r a t i o n  due t o  resus-  
pension Cr make up f o r  t h e  decrease due t o  
d e p o s i t i o n  Co  - Cd. 
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INTRODUCTION 

IMPROVED PARTICLE DEPOSITION MODEL 

G. A. Sehmel and W. H. Hodgson 

Recent  e x p e r i m e n t a l  d e p o s i t i o n  v e l o c i t i e s  f r o m  w ind  t u n n e l  e x p e r i -  

ments  were  i n c o r p o r a t e d  w i t h  p r e v i o u s l y  used d a t a  t o  improve  s u r f a c e  

mass t r a n s f e r  r e s i s t a n c e  c o r r e l a t i o n s .  The new d a t a  were  a1 1  d e p o s i t i o n  

v e l o c i t i e s  measured f o r  3.8 t o  5.1 cm g r a v e l .  P r e d i c t i o n  f r o m  t h e  

c o r r e l a t i o n s  show d e v i a t i o n s  f r o m  p r e v i o u s  models .  P r e d i c t e d  minimum 

d e p o s i t i o n  v e l o c i t i e s  f o r  r o u g h  s u r f a c e s  a r e  l e s s  t h a n  p r e d i c t e d  from 

p r e v i o u s  models .  

P a r t i c l e  d e p o s i t i o n  v e l o c i t i e s  a r e  a  
f u n c t i o n  o f  many v a r i a b l e s  i n c l u d i n g  s u r f a c e ,  
p a r t i c l e ,  and m e t e o r o l o g i c a l  pa rame te rs .  
L i m i t e d  d e p o s i t i o n  v e l o c i t y  measurements i n  
t h e  f i e l d  have n e v e r  been c o r r e l a t e d  i n t o  
any p r e d i c t i v e  model .  P o s s i b l y  no f i e l d -  
based p r e d i c t i v e  model e x i s t s  because e x p e r i -  
men ta l  c o n d i t i o n s  i n  t h e  f i e l d  c a n n o t  be 
c o n t r o l l e d .  Indeed,  even d e p o s i t i o n  v e l o c -  
i t y  measured i n  w i n d  t u n n e l s  have been some- 
what  d i f f i c u l t  t o  c o r r e l a t e 1 - ' + .  However, 
d e p o s i t i o n  v e l o c i t i e s  measured i n  c o n t r o l  l 6 d  
expe r imen ts  i n  w i n d  t u n n e l s  do show t h e  
g r e a t e s t  p r o m i s e  f o r  d e v e l o p i n g  p r e d i c t i v e  
mass t r a n s f e r  o r  d e p o s i t i o n  v e l o c i t y  
c o r r e l a t i o n s .  

I n  t h i s  on -go ing  s tudy ,  p a r t i c l e  d e p o s i t i o n  
v e l o c i t i e s  have been d e t e r m i n e d  i n  w ind  
t u n n e l  e x p e r i m e n t s  f o r  t h e  r a n g e  o f  v a r i a b l e s  
shown i n  T a b l e  1 .  I n  t h e s e  expe r imen ts ,  t h e  
d e p o s i t i o n  v e l o c i t y ,  K1, i s  d e f i n e d  as t h e  
d e p o s i t i o n  f l u x  d i v i d e d  b y  t h e  a i r  concen- 
t r a t i o n  1  cm above t h e  d e p o s i t i o n  su r face .  

Thus, K1 i s  an i n d e x  o f  t h e  s u r f a c e  mass 
t r a n s f e r  r e s i s t a n c e .  A l l  d e p o s i t i o n  d a t a  
w i t h  t h e  e x c e p t i o n  o f  t h e  g r a v e l  d a t a  were 
i n c o r p o r a t e d  i n t o  p r e d i c t i o n  models  e a r l i e r 1 .  

The p r e s e n t  o b j e c t i v e  was t o  i n c o r p o r a t e  
t h e  d e p o s i t i o n  v e l o c i t y  d a t a  a c q u i r e d  i n  
1975-76 f o r  3.8 t o  5.1 cm " d i a m e t e r "  g r a v e l  
i n t o  ~ r e d i c t i v e  c o r r e l a t i o n s 1  f o r  s u r f a c e  
mass t r a n s f e r  r e s i s t a n c e .  T h i s  g r a v e l  had 
t h e  l a r g e s t  aerodynamic  s u r f a c e  roughness o f  
any  s u r f a c e  e x t e n s i v e l y  s t u d i e d  t o  d a t e .  
D imens ion less  c o r r e l a t i o n s  i n c l u d i n g  t h e s e  
more r e c e n t  d a t a  s h o u l d  more a d e q u a t e l y  p r e -  
d i c t  d e p o s i t i o n  v e l o c i t i e s  f o r  even more 
complex d e p o s i t i o n  s u r f a c e s .  

The f o r m  o f  t h e  p r e d i c t i v e  e q u a t i o n s  w i l l  
be  t h e  u s u a l  s t e a d y  s t a t e  a p p r o x i m a t i o n  o f  
t h e  a t m o s p h e r i c  d e p o s i t i o n  boundary  c o n d i -  
t i o n s .  However, once a t m o s p h e r i c  t r a n s p o r t  
e q u a t i o n s  s t a r t  t o  a p p r o x i m a t e  n o n e q u i l i b r i u m  
c o n d i t i o n s ,  t h e  p r e d i c t i v e  c o r r e l a t i o n s  a r e  
deve loped  t o  s t i l l  d e s c r i b e  s u r f a c e  mass 
t r a n s f e r  r e s i s t a n c e  i m m e d i a t e l y  a d j a c e n t  t o  
t h e  d e p o s i t i o n  s u r f a c e .  



TABLE 1. Experimental Range o f  Var iab les  Used i n  
Developing I n t e g r a l  Resis tance C o r r e l a t i o n  

Range o f  V a r i a b l e s  Used i n  Developing 
INT C o r r e l a t i o n  

Depos i t ion  S u r f a c e  P a r t i c l e  F r i c t i o n  Roughness 
Dimensions, Diameter ,  V e l o c i t y ,  u t ,  He igh t ,  zo, 

TYPe an u m  cm/sec cm 

B r a s s  shim 
s t o c k  

A r t i f i c i a l  
g r a s s  

"smooth" 

0.7 h e i g h t  

0.5 t o  1 . 6  
Grave l  

" d i m e  t e r n  
0.03 t o  26 22 t o  133 0 . 1 3 ' t o  0 . 1 8  

Wave Height 
Water 

t o  2 .5  cm 
0.03 t o  29 11 t o  122 0.001 t o  0.002 

Gravel  3.8 t o  5 .1  
"d iameter"  

MODEL c o r r e l a t i o n s  were developed f o r  c o n s t a n t  

R e l a t i n g  measured d e p o s i t i o n  v e l o c i t i e s  
t o  su r face  mass t r a n s f e r  r e s i s t a n c e  r e q u i r e s  
equat ions r e l a t i n g  t h e  d i f f e r e n t  v a r i a b l e s .  
The p a r t i c l e  d e p o s i t i o n  v e l o c i t y  i n  terms 
o f  an a i r b o r n e  c o n c e n t r a t i o n  a t  any h e i g h t  
( r a t h e r  than  1  cm) i s  descr ibed  by t h e  
equat ion,  

T h i s  equa t ion  i n d i c a t e s  t h e  lower  l i m i t  of 
d e p o s i t i o n  v e l o c i t i e s  t o  be t h e  g r a v i t y  
s e t t l i n g  v e l o c i t y .  However, as t h e  t e r m i n a l  
s e t t l i n g  v e l o c i t y  decreases, mass t r a n s f e r  
i s  a s s i s t e d  by Brownian and eddy d i f f u s i o n .  
U l t i m a t e l y  as p a r t i c l e  d iameter  approaches 
mo lecu la r  s i z e ,  mass t r a n s f e r  i s  c o n t r o l  l e d  
by Brownian d i f f u s i o n .  The term a i s  a  
model -der ived express ion  c o n t a i n i n g  a  
g roup ing  o f  mass t r a n s f e r  r e s i s t a n c e :  

I n t  i s  
term. 
e l e c t r  

an i n t e g r a l  mass t r a n s f e r  r e s i s t a n c e  
Obvious ly ,  I n t  i s  r e l a t e d  t o  a  s imp le  

4 c a l  analog r e s i s t a n c e  R  by, 

Vt exp ( _ ~ n t )  
R = L =  1  - 

K  Vt ( 3 )  

Two d imensionless model ing approaches 
were used t o  c o r r e l a t e  I n t  c a l c u l a t e d  f rom 
Equat ion  ( 3 )  and measured d e p o s i t i o n  
v e l o c i t i e s  K1. One o f  these  i s  i d e n t i f i e d  
as t h e  model A c ~ r r e l a t i o n , ~ ~ ~  t h e  o t h e r ,  as 
t h e  model B  c o r r e 1 a t i o n . l  I n  b o t h  cases, 

p a r t i c l e  d e n s i t y  o f  1.5 ' /cm3, a i r  v i s c o s i t y  
o f  1.78 x  lo-' '  g/(cm.secq, and a i r  d e n s i t y  
o f  1.2 x  g/cm3. Both c o r r e l a t i o n s  were 
r e c a l c u l a t e d  t o  i n c l u d e  t h e  range o f  v a r i a b l e s  
shown i n  Table 1, which i n c l u d e s  t h e  more 
r e c e n t  g r a v e l  data.  

The model A(1976) c o r r e l a t i o n  i s :  

Each te rm i s  d imensionless.  S i m i l a r l y ,  t h e  
1976 model B  c o r r e l a t i o n  i s  

In tB-1g76  = exp I -  208.153 

t I n  ScL17.41 - 0.41195 I n  Sc 

d  - 0.03327 
0 



I n  b o t h  c o r r e l a t i o n s  a l l  terms a r e  s t a t i s -  
t i c a l l y  s i g n i f i c a n t  a t  t h e  99% l e v e l  and t h e  
m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  0.92.. 
There appears t o  be no s t a t i s t i c a l l y  s i g n i -  
f i c a n t  d i f f e r e n c e  between f i t t i n g  t h e  d a t a  
w i t h  e i t h e r  Equat ion ( 4 )  o r  ( 5 ) .  

PREDICTED DEPOSITION VELOCITIES 

Depos i t i on  v e l o c i t i e s  were p r e d i c t e d  
u s i n g  t h e  mass t r a n s f e r  r e s i s t a n c e s  f rom 
b o t h  c o r r e l a t i o n s  combined w i t h  t h e  meteor- 
o l o g i c a l  mass t r a n s f e r  r e s i s t a n c e s  f rom 1  cm 
t o  1  m  h e i g h t s .  These d e p o s i t i o n  v e l o c i t i e s ,  
K ~ - M ,  a r e  re fe renced  t o  t h e  a i r b o r n e  con- 
c e n t r a t i o n  1  m  above t h e  sur face .  Depos i t i on  
v e l o c i t i e s  were p r e d i c t e d  as a  f u n c t i o n  o f  
p a r t i c l e  d iameter ,  f r i c t i o n  v e l o c i t y ,  s u r f a c e  
roughness, and p a r t i c l e  d e n s i t y .  P a r t i c l e  
d e n s i t y  changes a f f e c t  v  , b u t  I n t  i n  
equat ions ( 2 )  through (55 i s  assumed inde-  
pendent o f  o a r t i c l e  d e n s i t y  ( i  .e . ,  use 
1.5 g/cm3). 

P r e d i c t e d  K1-M f rom t h e  two models a r e  
shown i n  F igures  1, 2, 3, and 4  f o r  a  
f r i c t i o n  v e l o c i t y  o f  30 cm/sec, aerodynamic 
roughness h e i g h t s  f rom 0.001 t o  10 cm, and 
p a r t i c l e  d e n s i t i e s  o f  1, 4, and 11.5 g/cm3. 
P r e d i c t i o n s  i n  F i g u r e  1  and 2  a r e  f rom 
model A  (1974) and model B  (1975), whereas 
p r e d i c t i o n s  from t h e  1976 v e r s i o n  o f  t h e  two 
models a r e  shown i n  F igures  3  and 4. For 
a l l  p r e d i c t i o n s ,  d e p o s i t i o n  v e l o c i t i e s  a r e  
g r e a t e r  than t h e  t e r m i n a l  s e t t l i n g  ve loc -  
i t y  v t .  The main d i f f e r e n c e s  between 
p r e d i c t i o n s  a r e  va lues o f  t h e  minimum depo- 
s i t i o n  v e l o c i t i e s  f o r  each roughness h e i g h t .  

Minimum d e p o s i t i o n  v e l o c i t i e s  a r e  l e s s  
s e n s i t i v e  t o  s u r f a c e  roughness f o r  model A  
i n  t h e  1976 vers ion .  Model A(1976) p r e d i c -  
t i o n s  compared t o  model A(1974) p r e d i c t i o n s  
i n d i c a t e :  ( 1 )  comparable va lues f o r  a  z, 
o f  0.1 cm, ( 2 )  lower  va lues f o r  z0 o f  3  and 
10  cm, and ( 3 )  h i g h e r  va lues f o r  a  z  o f  
0.001 cm. I n  c o n t r a s t ,  model ~ ( 1 9 7 6 9  p re -  
d i c t i o n s  show a  n e a r l y  u n i f o r m  decrease i n  
t h e  minimum d e p o s i t i o n  v e l o c i t y .  

When comparing models, model A(1976) and 
model B(1976) p r e d i c t  n e a r l y  t h e  same depo- 
s i t i o n  v e l o c i t i e s  f o r  a  s u r f a c e  roughness 
o f  0.1 cm. Model p r e d i c t i o n s  show g r e a t e r  
d e v i a t i o n s  f o r  o t h e r  s u r f a c e  roughness. 

CONCLUSIONS 

C o r r e l a t i o n s  t o  p r e d i c t  s u r f a c e  r e s i s t a n c e  
f o r  p a r t i c l e  d e p o s i t i o n  v e l o c i t i e s  were 
p r e v i o u s l y  developed u s i n g  l e a s t  squares 
techniques and d imensional  a n a l y s i s .  The 
da ta  base f o r  t h e  c o r r e l a t i o n s  was expanded 
by i n c l u d i n g  our  d e p o s i t i o n  v e l o c i t y  da ta  
f o r  3.8 t o  5.1 d iameter  crushed g r a v e l .  

T h i s  s u r f a c e  had t h e  l a r g e s t  aerodynamic 
s u r f a c e  roughness s t u d i e d  t o  da te  i n  con- 
t r o l l e d  wind tunne l  experiments. S ince t h e  
data base was s i g n i f i c a n t l y  increased,  c o r -  
r e l a t i o n s  were developed t o  i n c l u d e  t h e  
r e c e n t  data.  

Attempts t o  i n c l u d e  a d d i t i o n a l  r e l a t i o n s h i p s  
between nondimensional model terms i n d i c a t e d  
t h e  pub1 i shed  models (A and B) i n c l u d e d  a l l  
s t a t i s t i c a l l y  s i g n i f i c a n t  terms. Only t h e  
c o r r e l a t i o n  cons tan ts  were changed by 
i n c l u d i n g  t h e  crushed g r a v e l  data.  

Depos i t i on  v e l o c i t y  p r e d i c t i o n s  show 
c l o s e r  agreement between model A(1976) and 
model B(1976) than agreement between the  
o r i g i n a l  models, A(1974) and B(1975), However, 
b o t h  models (1976) a re  e q u a l l y  v a l i d  f rom a  
s t a t i s t i c a l  sense. Fu tu re  model improvements 
may be based upon p h y s i c a l  r a t h e r  than  dimen- 
s i o n a l  analyses.  

NOMENCLATURE 

a  = p a r t i c l e  r a d i u s ,  cm 

d  = p a r t i c l e  d iameter ,  cm 

D  = Brownian d i f f u s i o n  c o e f f i c i e n t  cm2/sec, 
see Eq.  6  

I n t  = I n t e g r a l  mass t r a n s f e r  r e s i s t a n c e  
n e x t  t o  su r face ,  d imensionless 

k = Bol tzmann's  cons tan t ,  1.32 x  1 0 - l 6  
erg/  (mol ecu l  e  OK) 

p  = pressure,  cm o f  mercury, (76 .0  cm used) 

Sc = Schmidt number, w/D 

T  = temperature, "K,(296"K used) 

u, = f r i c t i o n  v e l o c i t y ,  cm/sec 

v t  = monodispersed p a r t i c l e  g r a v i t y  s e t t l i n g  
v e l o c i t y ,  cm/sec 

zo = aerodynamic s u r f a c e  roughness, cm 

u  = a i r  v i s c o s i t y ,  g/(cm.sec) , [ 1 . 7 8 ~ 1 0 - ~  
g/(cm.sec) used] 

w = k inemat i c  v i s c o s i t y ,  VIP 

p = a i r  d e n s i t y ,  g/cm3,(1 . 2 ~ 1 0 - ~ g / c m ~  used) 

p _  = p a r t i c l e  d e n s i t y ,  g/cm3 (1.5 g/cm3 used) 
IJ 

p d2 u , ~  
T+ = d imensionless r e l a x a t i o n  time,P - 

18u w 

where Brownian d i f f u s i v i t y  was c a l c u l a t e d 5  
f rom 



10- 10- 1 10 1 10 

PARTICLE DIAMETER.  urn PARTICLE DIAMETER,  urn 

Neg . 7601 58-1 1  Neg. 7601 88-1 1  

FIGURE 1. Model A(1974) P r e d i c t e d  D e p o s i t i o n  FIGURE 2. Model B(1975) P r e d i c t e d  D e p o s i t i o n  
V e l o c i t i e s  a t  1  m f o r  u, = 30 cm/sec and Par- V e l o c i t i e s  a t  1  m f o r  u, = 30 cm/sec and Par- 
t i c l e  D e n s i t i e s  o f  1, 4  and 11.5 g/cm3 t i c l e  D e n s i t i e s  o f  1, 4  and 11.5 g/cm3 

1 10 

P A R T I C L E  D I A M E T E R .  urn 

Neg. 771 152-5 

FIGURE 3. Model A(1976) P r e d i c t e d  D e p o s i t i o n  
V e l o c i t i e s  a t  1  rn f o r  u, = 30 cm/sec and Par- 
t i c l e  D e n s i t i e s  o f  1, 4  and 11.5 g/cm3 

PARTICLE OIAMITIR. urn 
Neg. 771 152-6 

FIGURE 4. Model B(1976) P r e d i c t e d  Deposi t i o n  
V e l o c i t i e s  a t  1  m  f o r  u, = 30 cm/sec and Par- 
t i c l e  D e n s i t i e s  o f  1, 4  and 11.5 g/cm3 
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AIRBORNE PLUTONIUM TRANSPORT OF NONRESPIRABLE PARTICLES 

G. A. Sehmel 

A i r b o r n e  n o n r e s p i r a b l e  p a r t i c l e s  were  c o l l e c t e d  w i t h  r o t a t i n g  cowl 

sys tems n e a r  U-Pond on t h e  H a n f o r d  R e s e r v a t i o n ,  and e a s t  o f  t h e  Rocky 

F l a t s ,  Co lorado,  p l a n t .  B o t h  2 3 8 P ~  and 2 3 9 P ~  were t r a n s p o r t e d  on non- 

r e s p i r a b l e  p a r t i c l e s .  A i r b o r n e  f l u x e s  f o r  2 3 8 P ~  ranged  f r o m  t o  

uCi /m2/day and 2 3 9 P ~  f l u x e s  ranged  f r o m  t o  vCi/m2/day. 

These a r e  t h e  f i r s t  r e p o r t e d  v a l u e s  f o r  a i r b o r n e  p l u t o n i u m  f l u x e s  on 

n o n r e s p i r a b l e  p a r t i c l e s .  A i r b o r n e  p l u t o n i u m  c o n c e n t r a t i o n s  ranged  f r o m  

a b o u t  up t o  l o b 4  u C i / g  o f  a i r b o r n e  n o n r e s p i r a b l e  s o l i d s .  The a i r -  

b o r n e  s o l i d s  a t  Rocky F l a t s  were  s i z e d  i n t o  12  i n c r e m e n t s  f r o m  10  t o  

230 um. P l u t o n i u m  was f o u n d  on a l l  s i z e  i n c r e m e n t s .  

INTRODUCTION i n a t e d  w i t h  p l u t o n i u m .  I n  most  p r e v i o u s  
r e s u s p e n s i o n  r e s e a r c h  r e p o r t e d  by  o t h e r  

Wind w i l l  r esuspend  p l u t o n i u m  a t t a c h e d  w o r k e r s  as  w e l l  as i n  a i r  m o n i t o r i n g  a c t i v -  
t o  h o s t  s o i l  p a r t i c l e s  f r o m  s u r f a c e s  contam- i t i e s ,  a i r b o r n e  c o n c e n t r a t i o n s  o f  p a r t i c l e s  



have been measured w i t hou t  regard  f o r  
p a r t i c l e  s i zes  present .  However, o n l y  r es -  
p i r a b l e  o r  nea r - r esp i r ab l e  s i z e  p a r t i c l e s  
a re  f r e q u e n t l y  measured s i nce  t h e  usual a i r  
sampling techniques do no t  c o l l e c t  l a r g e r ,  
nonresp i rab le  p a r t i c l e s .  

I n  t h i s  research, a i r b o r n e  p a r t i c l e s  
were separated i n  t h e  sampling process i n t o  
two main f r a c t i o n s .  One o f  these con ta ined  
p a r t i c l e s  c o l l e c t e d  by g r a v i t y  s e t t l i n g  i n  
t h e  i n l e t  s e c t i o n  o f  t h e  sampler. The 
second f r a c t i o n  con ta ined  those p a r t i c l e s  
passing through t h e  i n l e t  s e c t i o n  and c o l -  
l e c t i n g  on t h e  stages o f  a  h i gh  volume 
cascade impactor. 

The smal les t  p a r t i c l e s  c o l l e c t e d  i n  t h e  
i n l e t  s e c t i o n  were about 10 um i n  diameter; 
t he  f r a c t i o n  c o l l e c t e d  i n  t h e  i n l e t  sec t i on  
i s  termed "nonresp i rab le . "  Th is  f r a c t i o n  
was assayed f o r  238Pu and 239Pu. I n  some 
cases, p a r t i c l e s  i n  t h i s  f r a c t i o n  were 
f u r t h e r  separated i n t o  sma l le r  s i z e  f r a c t i o n  
and these f r a c t i o n s  a l s o  assayed f o r  238Pu 
and 239Pu. 

.e SYSTEM 
SUPPORT 

A R M  

SAMPLER DESCRIPTION 

Nonresp i rab le  a i r bo rne  p a r t i c l e s  were 
c o l l e c t e d  us ing  t h e  r o t a t i n g  cowl system 
shown i n  F igure  1. Th is  dev ice  c o l l e c t e d  
nonresp i rab le  p a r t i c l e s  by g r a v i t y  s e t t l i n g  
w i t h i n  t h e  cowl body. Since t h e  cowl was 
always d i r e c t e d  i n t o  t he  wind by t h e  wind 
vane, a  reasonably accura te  sample o f  a i r -  
borne nonresp i rab le  p a r t i c l e s  was obta ined.  
There was no p a r t i c l e  sampling d i r e c t i o n a l  
e r r o r .  The f o l l o w i n g  f l u x  c a l c u l a t i o n s  
assume t h a t  non resp i r ab l e  p a r t i c l e s  a re  so 
l a r g e  t h a t  they  con t inue  i n  a  s t r a i g h t  t r a -  
j e c t o r y  w h i l e  approaching t h e  i n l e t ,  and 
t h e i r  mot ion  i s  n o t  i n f l uenced  by t h e  presence 
o f  t h e  cowl. From t h e  c ross  sec t i ona l  area 
of t h e  cowl i n l e t ,  t o t a l  sampling t ime, and 
t h e  t o t a l  p lu ton ium c o l l e c t e d  w i t h i n  t h e  
cowl, t h e  a i r bo rne  p lu ton ium f l u x  can be 
c a l c u l a t e d  f o r  non resp i r ab l e  p a r t i c l e s .  
I f  t h e  t o t a l  weight  o f  p a r t i c l e s  c o l l e c t e d  
i s  determined, t h e  p lu ton ium per  gram o f  
a i r bo rne  s o i l  can be ca l cu l a ted .  - CASCADE IMPACTOR 

0 / S P I N R E  EXTENSION 

W I N D  ORIENTATION 

W I N D  
DIRECTION 
SENSITIVE 
ROTATING 
COWL 

I 

SAMPLE INLET 

COWL BODY 

Neg. 744581 -12 

FIGURE 1. Ro ta t i ng  Cowl and Impactor 



SITES INVESTIGATED 

P l u t o n i u m  a s s o c i a t e d  w i t h  a i r b o r n e  non- 
r e s p i r a b l e  p a r t i c l e s  was c o l l e c t e d  a t  Rocky 
F l a t s ,  Co lo rado ,  and on  t h e  H a n f o r d  Reserva-  
t i o n .  A t  Rocky F l a t s ,  a i r b o r n e  samples had 
been c o l l e c t e d  i n  J u l y  1973 and a n a l y z e d 1  
f o r  r e s p i r a b l e  p a r t i c l e s ;  however,  t h e  o r i g -  
i n a l  e x p e r i m e n t  d i d  n o t  a n a l y z e  n o n r e s p i r a b l e  
p a r t i c l e s  f o r  p l u t o n i u m .  

Samples were o b t a i n e d  a t  t h r e e  Rocky F l a t s  
s i t e s .  S i t e  A  was a l o n g  t h e  e a s t e r n  s e c u r i t y  
f e n c e ,  s i t e  B  was a l o n g  t h e  c a t t l e  f ence ,  
and s i t e  AB was between s i t e s  A  and B. A t  
t h e s e  s i t e s ,  n o n r e s p i r a b l e  p a r t i c l e s  were  
c o l l e c t e d  a t  s e v e r a l  h e i g h t s .  I n  t h e  o r i g -  
i n a l  expe r imen t ,  some o f  t h e  samples had 
been s e p a r a t e d  i n t o  d i f f e r e n t  s i z e  f r a c t i o n s  
w h i l e  o t h e r  samples were  n o t  so  s e p a r a t e d  
because o f  t h e  s m a l l  q u a n t i t i e s  o f  p a r t i c l e s  
c o l l e c t e d .  Those samples r e t a i n e d  f r o m  t h e  
o r i g i n a l  e x p e r i m e n t  were  a n a l y z e d  f o r  2 3 8 P ~  
and 2 3 9 ~ ~ .  

The Hanford  s i t e  was n e a r  U-pond w i t h i n  
200-West a r e a  o f  t h e  H a n f o r d  R e s e r v a t i o n .  
A i r b o r n e  n o n r e s p i  r a b l  e  p a r t i c l e s  were  c o l -  
l e c t e d  wes t  o f  U-pond as w e l l  as e a s t  o f  
U-pond f r o m  F e b r u a r y  t o  November, 1975. The 
d i s t a n c e  between s a m p l i n g  s i t e s  was 480 m. 
P r e v a i l i n g  w inds  were f r o m  wes t  t o  e a s t .  

A l l  samples were  a n a l y z e d  f o r  p l u t o n i u m  b y  
a  p r o c e d u r e  w h i c h  i n v o l v e d  t o t a l  d i s s o l u t i o n ,  
r a d i o c h e m i c a l  s e p a r a t i o  e l e c t r o p l a t i n g ,  
c o u n t i n g  u s i n g  a  F r i s c h l d )  g r i d  and p u l s e  
h e i g h t  a n a l y s i s .  

AIRBORNE PLUTONIUM FLUXES 

N o n r e s p i r a b l e  a i r b o r n e  p l u t o n i u m  f l u x e s  
were c a l c u l a t e d  f o r  b o t h  2 3 8 P ~  and 2 3 9 ~ ~ .  
The Rocky F l a t s  d a t a  a r e  shown i n  F i g u r e s  2  
and 3. I n  F i g u r e  2, h o r i z o n t a l  a i r b o r n e  
n o n r e s p i r a b l e  239Pu f l u x e s  a r e  shown as a  
f u n c t i o n  o f  d i s t a n c e  f r o m  s i t e  A. A i r b o r n e  
n o n r e s p i r a b l e  f l u x e s  were g r e a t e s t  n e a r  t h e  
o r i g i n a l  o i l  s t o r a g e  a r e a  ( s o u r c e  o f  con tam i -  
n a t e d  l eakage ) -and  n e a r  g round  l e v e l .  F l u x e s  
ranged f r o m  1 0  up t o  uCi/m2/day. I n  . 
c o n t r a s t ,  f l u x e s  o f  238Pu  ranged  f r o m  10-8 
t o  10-5 pCi/m2/day, as i s  shown i n  F i g u r e  3. 

N o n r e s p i r a b l e  a i r b o r n e  p l u t o n i u m  f l u x e s  
a round  U-pond on t h e  H a n f o r d  R e s e r v a t i o n  a r e  
shown i n  F i  u r e  4 .  The 2 3 8 P ~  f l u x  was l e s s  2 t h a n  t h e  2 3  PU f l u x .  T h i s  dec rease  i s  s i m i -  
l a r  t o  t h e  Rocky F l a t s  d a t a .  However, t h e  

U-pond d a t a  show t h e  n o n r e s p i r a b l e  p l u t o n i u m  
f l u x  ex tends  a t  l e a s t  up  t o  30 m  above 
ground l e v e l .  A l s o ,  t h e r e  was a  g r e a t e r  
a i r b o r n e  p l u t o n i u m  f l u x  e a s t  o f  U-pond t h a n  
wes t  o f  U-pond. T h i s  i s  t o  be expec ted  
s i n c e  p r e v a i l i n g  w inds  a r e  f r o m  t h e  west .  

A t  U-pond, t h e  a i r b o r n e  2 3 8 P ~  f l u x  ranged 
f r o m  t o  pCi/m2/day, w h i c h  i s  w i t h i n  
t h e  m id range  o f  t o  a b o u t  10-5  pCi /m2/day 
measured a t  Rocky F l a t s .  S i m i l a r l y ,  t h e  
239Pu f l u x  a t  U - ~ o n d  ranged f r o m  a b o u t  
t o  10-5 uCi/m2/day, w h i c h  i s  w i t h i n  t h e  
t o  uCi /m2/day measured a t  Rocky F l a t s .  
The b r a c k e t i n g  o f  t h e  a i r b o r n e  n o n r e s p i r a b l e  
p a r t i c l e  f l u x  n e a r  U-pond and a t  Rocky F l a t s  
even w i t h i n  two  t o  t h r e e  o r d e r s  o f  magn i tude  
i s  c o n s i d e r e d  e n t i r e l y  c o i n c i d e n t a l  s i n c e  
s u r f a c e  sou rces  and o t h e r  f a c t o r s  a r e  p e c u l i a r  
t o  each s i t e .  

PLIJTONIUM CONCENTRATION PER GRAY OF AIRBORNE 
s0: lL  - 

N o n r e s p i r a b l e  s o i l s  c o l l e c t e d  a t  0.3 m  
above ground l e v e l  a t  Rocky F l a t s  were  
s i z e d  i n t o  12  s i z e  i nc remen ts .  Each s i z e  
i n c r e m e n t  was a n a l y z e d  f o r  2 3 8 P ~  and 2 3 9 P ~ .  
P l u t o n i u m  c o n c e n t r a t i o n s  were n o r m a l i z e d  
( u C i / g )  t o  t h e  grams o f  s o i l  c o l l e c t e d  w i t h i n  
each s i z e  i n c r e m e n t .  R e s u l t s  a r e  shown i n  
F i g u r e  5  f o r  238Pu as  a  f u n c t i o n  o f  p a r t i c l e  
s i z e  a t  s i t e s  A  and AB. P lu ton ium-238  was 
a s s o c i a t e d  w i t h  a l l  p a r t i c l e  s izes ,  The 
maximum c o n c e n t r a t i o n  was a b o u t  1 0  p C i / g  
f o r  p a r t i c l e  s i z e s  between 1 0  and 20 Dm. F o r  
p a r t i c l e  d i a m e t e r s  up t o  230 um, c o n c e n t r a t i o n s  
t ended  t o  dec rease  w i t h  i n c r e a s i n g  p a r t i c l e  
d i a m e t e r .  C o n c e n t r a t i o n s  a t  S i t e  A  were 
g r e a t e r  t h a n  a t  s i t e  AB. T h i s  was expec ted  
s i n c e  s i t e  A  was c l o s e r  t o  t h e  o r i g i n a l  o i l  
s t o r a g e  a r e a  a t  w h i c h  l e a k a g e  o f  p l u t o n i u m  
o c c u r r e d .  

S i m i l a r l y ,  a i r b o r n e  239Pu c o n c e n t r a t i o n s  
a r e  shown i n  F i g u r e  6 f o r  n o n r e s p i r a b l e  as 
we1 1  as r e s p i r a b l e  p a r t i c l e  d i a m e t e r s .  The 
d a t a  f o r  r e s p i r a b l e  a r t i c l e s  have been 
r e p o r t e d  p r e v i o u s l y .  ? s 2  P lu ton ium-239  con-  
c e n t r a t i o n s  were l a r g e r  a t  s i t e  A  t h a n  a t  
s i t e  AB. C o n c e n t r a t i o n s  were a g a i n  f o u n d  on 
a l l  p a r t i c l e  s i z e s  ana l yzed .  P lu ton ium-239  
c o n c e n t r a t i o n s  ranged  f r o m  t o  a b o u t  

~ C i / g .  

P l u t o n i u m  c o n c e n t r a t i o n s  on  n o n r e s p i r a b l e  
p a r t i c l e s  c o l l e c t e d  n e a r  U-pond were a n a l y z e d  
f o r  t o t a l  p l u t o n i u m  w i t h i n  each c o l l e c t e d  
sample r a t h e r  t h a n  as  a  f u n c t i o n  o f  sample 

( a )  LFE Env i ronmen ta l  L a b o r a t o r i e s ,  
Richmond, C a l i f o r n i a  
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FIGURE 2. Decrease w i t h  D is tance  o f  T o t a l  239Pu 
F l u x  on Nonresp i rab le  P a r t i c l e s  a t  Rocky F l a t s  
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0 EAST 51 DE OF U-POND 

4 WEST SIDE OF U-POND 
480 SITE SEPARATION 

2 3 8 ~ u  <+> 239~u 
lo L I M I T S  1 

10- 1f7 10- 
2 

A M R A G E  AIRBORNE PLUTONIUM FLUX, pCil(m day) 

FIGURE 4. 238Pu and 239Pu A i rborne  Fluxes on Nonresp i rab le  
P a r t i c l e s  a t  U-Pond Dur ing  February 27-November 10, 1975 
( P a r t i c l e s  Co l l ec ted  i n  Cowls) 

p a r t i c l e  s i z e  increments. Normalized r e s u l t s  
a re  shown i n  F i gu re  7. Concentrat ions o f  
238Pu ranged f rom about  10 t o  pCi/g. 
These r e s u l t s  a r e  i n  t h e  same range repo r t ed  
i n  F i gu re  5 f o r  238Pu a t  Rocky F l a t s .  S im i -  
l a r l y  239Pu concent ra t ions  r a n  ed f rom about  8 t o  10-5 pCi /g.  Again, 2 3  PU concen- 
t r a t i o n s  a re  i n  t h e  same range repo r t ed  i n  
F i gu re  6 f o r  Rocky F l a t s .  The comparable 
magnitude o f  t h e  f l u x e s  i s  e n t i r e l y  
c o i n c i d e n t a l .  

CONCLUSIONS 

Wind s t resses  can resuspend p lu ton ium 
from contaminated sur faces .  Resuspended 
p lu ton ium i s  a t tached t o  non resp i r ab l e  as 

we1 1 as r e s p i r a b l e  p a r t i c l e s .  Hence, 1 arge 
s o i l  p a r t i c l e s  may c o n t r i b u t e  s i g n i f i c a n t l y  
t o  downwind concent ra t ions  o f  p lu ton ium and 
represen t  one mechanism f o r  t r a n s p o r t i n g  
p lu ton ium t o  surrounding land.  

The data r epo r t ed  a re  t h e  f i r s t  r e s u l t s  
t o  q u a n t i f y  t h e  range o f  non resp i r ab l e  a i r -  
borne l u t on i um f l uxes .  A spread f rom 10 
t o  Ill-! uCi/m2/day b racke ts  t h e  range of 
f l u x e s  a t  Rocky F l a t s  and U-pond. It i s  
c o i n c i d e n t a l  t h a t  t h e  f l u x e s  a r e  even t h i s  
s i m i l a r .  Ground con tamina t ion  on non resp i r -  
a b l e  p a r t i c l e s  a t  bo th  s i t e s  i s  p o o r l y  
def ined,2 hence, t h e  data can a t  p resen t  n o t  
be analyzed t o  r e f l e c t  resuspension r a t e s  
o r  a resuspension f a c t o r .  
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FIGURE 5. Decrease i n  2 3 8 ~ ~  Concentrat ion on A i rborne  
S o i l  as a Func t ion  o f  P a r t i c l e  Diameter 
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FIGURE 6. Decrease i n  2 3 9 ~ u  Concen t ra t ion  on A i r b o r n e  
S o i l  as a Func t ion  o f  P a r t i c l e  Diameter 



AVERAGE PLUTONIUM CONCENTRATION ON AIRBORNE SOIL. wC11q 

Neg. 761 11 56-1 

FIGURE 7. A i r b o r n e  N o n r e s p i r a b l e  2 3 8 ~ u  and 2 3 9 ~ u  F l u x e s  a t  U-Pond 
D u r i n g  Feb rua ry  27-November 10, 1975 ( P a r t i c l e s  Col l e c t e d  i n  Cowls) 
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WIND-CAUSED PARTICLE RESUSPENSION RATES 

G. A. Sehmel and F. D. L loyd  

Wind-caused t r a c e r  resuspension r a t e s  were measured expe r imen ta l l y  

and ca l cu l a ted .  They ranged f rom l o - "  t o  f r a c t i o n  resuspendedlsec 

f o r  r e s p i r a b l e  p a r t i c l e s .  Resuspension r a t e s  f o r  non resp i r ab l e  p a r t i -  

c l e s  were on t h e  o rder  of l o - "  f r a c t i o n  resuspendedlsec. Resp i rab le  

p a r t i c l e s  resuspension r a t e s  increased as t h e  4.8th power o f  wind speed. 

Resuspension r a t e s  were independent o f  weather ing t ime.  

Rad ioac t i ve  p a r t i c l e s  deposi ted on sur -  
faces can be resuspended by wind and mechan- 
i c a l  a c t i v i t y .  These resuspended p a r t i c l e s  
a r e  t r anspo r t ed  downwind and, i n  s u f f i c i e n t  
concent ra t ion ,  cou ld  become a p o t e n t i a l  
r a d i o l o g i c a l  hazard t o  man. Resuspension 
mechanisms a r e  p o o r l y  understood and, con- 
sequent ly ,  resuspension r a t e s  and p o t e n t i a l  
a i r bo rne  i n h a l a t i o n  hazards cannot be ade- 
qua te l y  p red i c t ed .  The need f o r  such 
p r e d i c t i o n s  i s  n o t  new: resuspension has 
l ong  been known t o  occur  where r a d i o a c t i v e  
m a t e r i a l s  a re  re leased  t o  t h e  environment. 

Resuspension r e l ease  r a t e s  a re  needed 
f o r  source terms i n  c a l c u l a t i n g  t o t a l  down- 
wind d i f f u s i o n  and t r a n s p o r t  o f  resuspended 
p a r t i c l e s .  Only r e c e n t l y  i n  t h i s  research  
have p a r t i c l e  resuspension r a t e s  been d i r e c t l y  
measured. Exper imenta l  va lues o f  wind-caused 
resuspension r a t e s  o f  t r a c e r  p a r t i c l e s  f rom 
envi ronmenta l  su r faces  have been determined 
f rom mass balance techniques.  

Some data were i n i t i a l l y  ob ta ined  us ing  
8 um aerodynamic equ i va l en t  d iameter  (AED) 
ZnS p a r t i c l e s  and average wind speeds f rom 
1 t o  5 mlsec. Average resuspension r a t e s  
f o r  ZnS p a r t i c l e s  were measured f o r  resus-  
pension f rom an aspha l t  su r face2  and a 
cheat  grass sur face.  For average wind 
speeds o f  1 t o  4 mlsec, wind resuspension 
r a t e s  f rom an aspha l t  su r face  ranged from 
5 x t o  6 x f r a c t i o n  resuspended1 
sec. For average wind speeds o f  1 t o  5 mlsec, 
wind resuspension r a t e s  f rom a cheat  grass 
sur face  ranged f rom 1 x 10 t o  
resuspendedlsec. 

EXPERIMENTAL 

Wind-caused resuspension was measured f o r  
submicrometer CaMo04 t r a c e r  p a r t i c l e s  depos i ted  
i n  a l i g h t l y  vegetated area on t h e  Hanford 
Reservat ion.  The t r a c e r  p a r t i c l e s  were 
depos i ted  i n  t h e  area o f  a 23-m r a d i u s  around 
t h e  a i r  sampling tower shown i n  F i gu re  1. 
Resuspended p a r t i c l e s  were measured a t  t h e  
tower as a f u n c t i o n  o f  wind speed increments 
f o r  r e s p i r a b l e  p a r t i c l e  d iameters and f o r  
nonrespi  r a b l e  p a r t i c l e s  a t  a1 1 wind speeds. 
Respi rable p a r t i c l e s  were c o l l e c t e d  w i t h i n  
p a r t i c l e  cascade impactors w h i l e  non resp i r ab l e  
p a r t i c l e s  were c o l l e c t e d  by impac t ion  and 
g r a v i t y  s e t t l i n g  w i t h i n  r o t a t i n g  cowls. 
"Resp i rab le "  p a r t i c l e s  as used i n  t h i s  r e p o r t  
c o n s i s t  l a r g e l y  o f  p a r t i c l e s  10 um and smal le r ,  
a l though some l a r g e r  p a r t i c l e s  w i l l  be c o l -  
l e c t e d  on t h e  f i r s t  impactor  stage, which 
has an e f f e c t i v e  50% aerodynamic equ i va l en t  
d iameter  c u t - o f f  o f  7.7 um. 

RESULTS 

Wind-caused resuspension r a t e s  f o r  r e s p i r -  
a b l e  p a r t i c l e s  a re  shown i n  F i gu re  2 as a 
f unc t i on  of wind speed. As wind speed 
increased, resuspension r a t e s  inc reased f rom 
about 10 - I  t o  1 0-7 f r a c t i o n  resuspendedlsec. 
D i f f e ren t  f u n c t i o n a l  dependencies o f  resus-  
pension r a t e s  on wind speed can be ob ta ined  
from these data, deoending upon which s e t  
o f  wind speed increments a r e  used. Dur ing  
January t o  February t h e  a i r  was sampled 
d u r i n g  t h ree  r a t h e r  l a r g e  wind speed increments, 
w h i l e  i n  subsequent experiments wind speed 
increments a c t i v a t i n g  se l ec ted  samplers were 
sma l le r .  The l e a s t  squares s t r a i g h t  l i n e s  
shown i n  F i gu re  3 were c a l c u l a t e d  f o r  a l l  
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FIGURE 3. "Average" Wind Caused Resuspension Rates 
(Lightly Vegetated Deser t  on Hanford Reserva t ion )  

t imes corresponding t o  t h e  t o t a l  t i m e  t h a t  
cascade impactors were i n  t h e  f i e l d  ( i  .e., 
t i m e  i n c l u d e d  f o r  winds l e s s  than 1 and l e s s  
than 4 mlsec)  . 
CONCLUSIONS 

Resuspension r a t e s  a r e  needed as source 
terms i n  atmospheric d i f f u s i o n  and t r a n s p o r t  
equat ions;  however, atmospheric t r a n s p o r t  
model p r e d i c t i o n s  a r e  no b e t t e r  than  t h e  
u n c e r t a i n t y  i n  t h e  source data.  U n c e r t a i n t i e s  
i n  resuspension r a t e s  a r e  ve ry  l a r g e .  Much 
research  i s  needed t o  develop resuspension 
models which p r e d i c t  p a r t i c l e  resuspension 
r a t e s  f o r  any s i t u a t i o n .  

The change i n  a i r b o r n e  c o n c e n t r a t i o n  o f  
a  p o l l u t a n t  as a f u n c t i o n  o f  t ime  i s  o f t e n  
a t t r i b u t e d  t o  a weather ing h a l f - l i f e ,  t h e  
f i x a t i o n  o f  t h e  p o l l u t a n t  p a r t i c l e  i n t o  t h e  
ground s u r f a c e  s o i l .  For r a d i o a c t i v i t y ,  
t h e  weather ing h a l f - l i f e  has been determined 
by o t h e r s  t o  be on t h e  o r d e r  o f  35 days. 
I n  c o n t r a s t ,  weather ing h a l f - l i v e s  f o r  
r e s p i r a b l e  t r a c e r  p a r t i c l e s  a r e  now es t imated  
i n  t h e  c u r r e n t  s tudy  as be ing  on t h e  o r d e r  
o f  years.  P r e d i c t i o n s  u s i n g  weather ing 
h a l f - l i v e s  o f  months versus years c o u l d  have 
a s i g n i f i c a n t  i m p l i c a t i o n  i n  environmental 
hazards e v a l u a t i o n s .  C r e d i t  f o r  decreased 
a i r b o r n e  r a d i o a c t i v i t y  f rom resuspension 
i s  now a t t r i b u t e d  t o  a weather ing h a l f - l i f e  



o f  months. I f  a  weather ing h a l f - l i f e  o f  A d d i t i o n a l  exper imenta l  d a t a  a r e  needed t o  
years  were a p p l i c a b l e ,  t h e  p o t e n t i a l  down- determine t h e  c o r r e c t  wea ther ing  h a l f - l i f e  
wind i n h a l a t i o n  hazard f rom resuspended t o  be used i n  hazards e v a l u a t i o n s .  
p a r t i c l e s  would be s i g n i f i c a n t l y  increased.  
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APPLICATION OF SOIL EROSION DATA TO PARTICLE WIND RESUSPENSION 

M. M. O r g i l l  

An a p p r a i s a l  o f  W. S. C h e p i l ' s  r e s e a r c h  work  i n  f i v e  a reas  o f  w ind 

e r o s i o n  has been made as i t  r e l a t e s  t o  p a r t i c l e  w i n d  r e s u s p e n s i o n  

r e s e a r c h .  H i s  r e s e a r c h  on dynamics o f  w ind  e r o s i o n  and i n f l u e n c e  of  

s o i l  p r o p e r t i e s  o n  w i n d  e r o s i o n  i s  r e l e v a n t  t o  o u r  prob lem.  However, 

t h e  w i n d  e r o s i o n  e q u a t i o n  as f o r m u l a t e d  has l i m i t e d  a p p l i c a t i o n  t o  

p a r t i c l e  w i n d  r e s u s p e n s i o n  prob lems,  and a  more g e n e r a l  and a p p l i c a b l e  

e q u a t i o n  needs t o  be f o r m u l a t e d .  

INTRODUCTION 

Much d a t a  c o n c e r n i n g  w i n d  e r o s i o n  and 
t r a n s l o c a t i o n  has been o b t a i n e d  t h r o u g h  
w i n d  e r o s i o n  s t u d i e s  i n  a g r i c u l t u r a l  f i e l d s .  
T h i s  i n f o r m a t i o n  has and may s t i l l  p r o v i d e  
i m p o r t a n t  i n s i g h t s  i n t o  t h e  p rob lem o f  
p a r t i c l e  resuspens ion ,  e s p e c i a l l y  where sub- 
m i c r o m e t e r  r a d i o a c t i v e  p a r t i c l e s  become 
a t t a c h e d  t o  h o s t  s o i l  p a r t i c l e s  p r i o r  t o  
resuspens ion .  

A  p ro1  i f i c  c o n t r i b u t o r  t o  e r o s i o n  s t u d i e s  
has been D r .  W. S. C h e p i l  o f  t h e  A g r i c u l t u r a l  
Research S e r v i c e ,  Manhat tan,  KS. He has 
w r i t t e n  61 o r  more r e s e a r c h  pape rs  on t h e  
s u b j e c t  o f  w i n d  e r ~ s i o n . l - ~ l  A l t h o u g h  t h e  
ma in  goa l  o f  h i s  r e s e a r c h  was a  p r a c t i c a l  
w ind  e r o s i o n  e q u a t i o n  f o r  d e t e r m i n i n g  annua l  
p o t e n t i a l  s o i l  l o s s  f r o m  a g r i c u l t u r a l  f i e l d s ,  
a  p o r t i o n  o f  h i s  b a s i c  r e s e a r c h  i s  g e n e r a l l y  
fundamenta l  f o r  p a r t i c l e  w i n d  resuspens ion .  6 2  

H i s  m a j o r  c o n t r i b u t i o n s  range  f r o m  1939 
t o  1965, and can be c l a s s i f i e d  i n t o  f i v e  
c a t e g o r i e s :  ( 1 )  dynamics o f  w ind  e r o s i o n ;  
( 2 )  s o i l  p r o p e r t i e s  t h a t  i n f l u e n c e  w ind  
e r o s i o n ;  ( 3 )  sed imen ta ry  c h a r a c t e r i s t i c s  o f  
d u s t  s torms;  ( 4 )  w i n d  e r o s i o n  c o n t r o l ;  and 
( 5 )  t h e  w i n d  e r o s i o n  e q u a t i o n .  Survey pape rs  
on w ind  e r o s i o n  were w r i t t e n  i n  19439, 196359, 
and 1965. 6 1  

S tudy  methods used b y  C h e p i l  i n c l u d e  w i n d  
t u n n e l  expe r imen ts ,  l a b o r a t o r y  t e c h n i q u e s  
and some f i e l d  measurements.  A  s i g n i f i c a n t  
sha re  o f  h i s  r e s e a r c h  was a n a l y z i n g  s o i l  
p r o p e r t i e s  t h a t  h i n d e r e d  o r  f a v o r e d  s o i l  
e r o s i o n ,  and d e s i g n i n g  and i m p l e m e n t i n g  
methods t o  c o n t r o l  t h e  l o s s  o f  f e r t i l e  s o i l  
i n  t h e  Grea t  P l a i n s .  

T h i s  r e p o r t  c o n t a i n s  a  f a i r l y  comp le te  
l i s t  o f  C h e p i l  ' s  r e s e a r c h  c o n t r i b u t i o n s  ( see  
r e f e r e n c e s )  and a p p r a i s e s  t h i s  i n f o r m a t i o n  
i n  r e l a t i o n  t o  p a r t i c l e  w i n d  r e s u s p e n s i o n  
r e s e a r c h .  I n  t h i s  s h o r t  summary t h e  p r i n c i p a l  
emphasis i s  t o  e v a l u a t e  b r i e f l y  t h e  f i v e  
c a t e g o r i e s  o f  w i n d  e r o s i o n  r e s e a r c h  t o  w h i c h  
C h e p i l  c o n t r i b u t e d ,  and i n d i c a t e  some p o s s i -  
b l e  r e s e a r c h  t h a t  m i g h t  e x t e n d  t h e  a p p l i c a -  
t i o n  o f  t h i s  i n f o r m a t i o n  f o r  p a r t i c l e  w ind  
r e s u s p e n s i o n  r e s e a r c h .  One o f  t h o s e  aspec ts  
i s  t o  c o n s i d e r  t h e  p o s s i b i l i t y  o f  d e v e l o p i n g  
a  more g e n e r a l  w i n d  e r o s i o n  e q u a t i o n  ( o r  
e q u a t i o n s )  f o r  p r e d i c t i n g  s o i l  o r  p a r t i c l e  
t r a n s l o c a t i o n .  

DYNAMICS OF WIND EROSION 

C h e p i l  c o n t r i b u t e d  much t o  u n d e r s t a n d i n g  
e q u i l i b r i u m  f o r c e s  on s o i l  g r a i n ~ ' + ' + . ~ 0  d u r i n g  
w i n d  movement, wh i ch  i s  p e r t i n e n t  t o  p a r t i c l e  
w i n d  resuspens ion .  I n  a  t u r b u l e n t  w i n d  he 
has shown t h a t  t h e  t h r e s h o l d  d r a g  p e r  u n i t  
h o r i z o n t a l  a rea  o f  a  s o i l  bed i s :  

; c = 0 .66 g  Dpl t a n  $ n ( l  + 

0 .75 t a n  $ )T ,  

where t h e  mean t h r e s h o l d  d r a g  r e q u i r e d  t o  
move t h e  t o p  s o i l  g r a i n s  ( T c )  i s  i n f l u e n c e d  
b y  g r a v i t y  ( g ) ,  d i a m e t e r  o f  s o i l  g r a i n s  (D),  
t h e  immersed d e n s i t y  o f  t h e  g r a i n s ,  ( p ' ) ,  
a n g l e  o f  r epose  o f  t h e  g r a i n s ,  ( $ ) ,  c l oseness  
o f  p a c k i n g  o f  t o p  g r a i n s  on t h e  s o i l  bed, ( n ) .  
and t h e  r a t i o  o f  maximum t o  mean l i f t  and 
d r a g  on t h e  s o i l  g r a i n s  e x e r t e d  b y  t h e  t u r b u -  
l e n t  w ind,  ( T ) .  The mean c r i t i c a l  t h r e s h o l d  
d r a g  can be r e l a t e d  t o  c r i t i c a l  t h r e s h o l d  
v e l o c i t y ,  i . e . ,  a  v e l o c i t y  t h a t  j u s t  s t a r t s  
t h e  most  e r o d i b l e  g r a i n s  i n  m o t i o n  by :  



and 

where V, i s  t h e  d r a g  v e l o c i t y ,  Cd i s  a  d r a g  
c o e f f i c i e n t  wh ich  v a r i e s  w i t h  aerodynamic 
s u r f a c e  roughness, p i s  t h e  d e n s i t y  o f  a i r ,  
V z  i s  w ind  v e l o c i t y  a t  h e i g h t  Z; k  i s  an 
i n d e x  o f  t h e  aerodynamic s u r f a c e  roughness. 
These r e l a t i o n s h i p s  i m p l y  t h a t  a  t h r e s h o l d  
v e l o c i t y ,  V t ,  a t  any h e i g h t  Z  i s  

U 

~ ( 1  + 0.75 t a n  m ) ~ ] l 1 2  i n  - 

When t h e  w i n d  v e l o c i t y  exceeds t h e  t h r e s h -  
o l d  v e l o c i t y ,  t h e n  t h e  most  e r o d i b l e  g r a i n s  
w i l l  s t a r t  t o  move, and  as t h e  w inds  i n c r e a s e ,  
t h e  w i n d  shear  n e a r  t h e  ground w i l l  a l s o  
i n c r e a s e  t h e  l i f t  on s o i l  g r a i n s  c a u s i n g  
them t o  jump i n t o  t h e  a i r  and e v e n t u a l l y  f a l l  
t o  d i s l o d g e  o t h e r  g r a i n s .  T h i s  t y p e  o f  
movement i s  s a l t a t i o n .  Impac ts  f r o m  t h e  
most  e r o d i b l e  g r a i n s  mov ing i n  s a l t a t i o n  
cause t h e  movement o f  l a r g e r  and s m a l l e r  
p a r t i c l e s  c a l l e d  s u r f a c e  c reep  and suspens ion,  
r e s p e c t i v e l y .  

The t h r e s h o l d  v e l o c i t y  a t  1  ft ( 3 0  cm) 
f o r  a  s o i l  may v a r y  f r o m  4  t o  1 3  ms I, 
depending on s o i l  t y p e  and c o n d i t i o n s .  
E q u a t i o n  ( 4 )  does n o t  r e f l e c t  a l l  t h e  f a c -  
t o r s  t h a t  c o u l d  d e t e r m i n e  t h e  t h r e s h o l d  
v e l o c i t y .  The e f f e c t s  o f  m o i s t u r e  and o t h e r  
p r o p e r t i e s  o f  t h e  s o i l  a r e  n o t  p resen t ,  and 
t h e  c o n t r i b u t i o n  o f  c o n v e c t i v e  t u r b u l e n c e  t o  
t h e  l i f t  and d r a g  on s o i l  g r a i n s  has been 
i g n o r e d .  F u r t h e r  s t u d y  and e v a l u a t i o n  o f  t h e  
e q u i l i b r i u m  f o r c e s  on s o i l  g r a i n s  i s  i m p o r t a n t  
f o r  p a r t i c l e  w i n d  resuspens ion  resea rch .  

SOIL PROPERTIES THAT INFLUENCE WIND EROSION 

When t h e  w i n d  v e l o c i t y  exceeds t h a t  
r e q u i r e d  b a r e l y  t o  move t h e  s o i l  g r a i n s ,  t h e n  
t h e  r a t e  o f  s o i l  movement ( t o t a l  w e i g h t  o f  
s o i l  m a t e r i a l  moved p a s t  a  u n i t  w i d t h  normal  
t o  t h e  d i r e c t i o n  o f  movement and o f  u n l i m i t e d  
h e i g h t  p e r  u n i t  t i m e )  f o r  d r y  c o n d i t i o n s  i s  

E q u a t i o n  ( 5 )  shows t h a t  t h e  r a t e  o f  s o i l  
movement v a r i e s  d i r e c t l y  w i t h  t h e  square 
r o o t  o f  t h e  average e q u i v a l e n t  d iamete r ,  De, 
and t h e  cube o f  t h e  d r a g  v e l o c i t y ,  Vk, where 

V'  = - Vt . 
z ( 6 )  5.75 I n  

The average e q u i v a l e n t  d i a m e t e r  i s  g i v e n  by  

i n  wh ich  pe i s  t h e  b u l k  d e n s i t y  o f  t h e  
e r o d i b l e  s o i l  p a r t i c l e s ,  and D  i s  t h e i r  diam- 
e t e r  as de te rm ined  by d r y  s i e v i n g .  Cs i s  a  
c o e f f i c i e n t  t h a t  v a r i e s  g r e a t l y  w i t h  t h e  
v a r i o u s  s o i l  p r o p e r t i e s .  T h i s  c o e f f i c i e n t  
c o v e r s  a  m u l t i t u d e  of  f a c t o r s  and v a r i e s  w i t h  
t h e  s i z e  d i s t r i b u t i o n  o f  t h e  e r o d i b l e  p a r t i -  
c l e ~ , ~  t h e  p r o p o r t i o n  o f  f i n e  d u s t  p a r t i c l e s  
p r e s e n t  i n  t h e  s o i l  m i x t u r e , 1 3  t h e  p r o p o r t i o n  
and s i z e  o f  n o n e r o d i b l e  f r a c t i o n s , 2 0  p o s i t i o n  
i n  t h e  f i e l d , "  and t h e  amount o f  m o i s t u r e  i n  
t h e  s o i l .  3 4  O t h e r  f a c t o r s  o f  impor tance  a r e  
t h e  s o i l  t e x t u r e , 2 7  w a t e r - s t a b l e  s t r u c t ~ r e , ~ ~  
o r g a n i c  ~ n a t t e r , ~ ~ , ~ ~  s o i l   microorganism^^^ 
and v a r i o u s  p r o d u c t s  o f  o r g a n i c  m a t t e r  decom- 
p o s i t i o n ,  c a l c i u m  ca rbona te ,  2 9  w a t e r - s o l  u b l e  
s a l t s ,  and s o i l  c o l l o i d s .  

C h e p i l  spen t  c o n s i d e r a b l e  t i m e  and ene rgy  
a n a l y z i n g  t h e s e  d i f f e r e n t  s o i l  p r o p e r t i e s  as  
expressed i n  t h e  c o e f f i c i e n t  CS. Some s o i l  
p r o p e r t i e s ,  and e r o d i  b i  1  i ty  by  w ind  have 
been c o r r e l a t e d  b y  s t a t i s t i c a l  d a t a  and 
s i m p l e  ma themat i ca l  r e l a t i o n s h i p s  have been 
found.  Yet ,  i t  appears  t h a t  c o n s i d e r a b l e  
r e s e a r c h  i s  s t i l l  needed t o  d e t e r m i n e  t h e  
complex ma themat i ca l  r e l a t i o n s h i p s  t h a t  
r e l a t e  t h e  b a s i c  s o i l  p r o p e r t i e s  t o  w i n d  
e r o s i o n .  

SORTING, COMPOSITION AND SIZE OF SOIL PARTICLES 
I N  DUST STORMS 

The w i n d  e r o s i o n  p rocess  i s  composed o f  
two m a j o r  phases," s o r t i n g  v a r i o u s  p r i m a r y  
and secondary  s o i l  f r a c t i o n s ,  and d i s i n t e g r a -  
t i o n  o f  t h e  secondary  f r a c t i o n s  t o  t h e  p r i m a r y  
p a r t i c l e s  by  t h e  a b r a s i v e  a c t i o n  o f  w ind -  
eroded g r a i n s .  

The r e s p i r a b l e  f r a c t i o n  ( <  5u) o f  w i n d  
eroded s o i l  p a r t i c l e s  i s  o f  p a r t i c u l a r  i n t e r -  
e s t  i n  p a r t i c l e  w i n d  resuspens ion .  C h e p i l  3 7  
showed t h a t  s o i l  m a t e r i a l  t r a n s p o r t e d  by  
w i n d  i n  a  s i n g l e  w i n d  s t o r m  i s  c h a r a c t e r i z e d  
by  a  predominant  o r  peak d i a m e t e r  ( %  50 IJ) 
o f  d i s c r e t e  p a r t i c l e s .  The peak d i a m e t e r  
v a r i e s  f r o m  one graded m a t e r i a l  t o  a n o t h e r  
depending on t h e  p h y s i c a l  c o m p o s i t i o n  o f  t h e  
s o i l  and o t h e r  f a c t o r s .  Depending on s o i l  
c l a s s ,  g e n e r a l l y  31 t o  78% o f  p a r t i c l e s  
s m a l l e r  t h a n  100 pm ( d i a m e t e r )  a r e  suspended 
i n  a  w ind  s torm.  However, o f  t h e s e  o n l y  10  
t o  20% may be i n  t h e  r e s p i r a b l e  s i z e  range.  

C h e p i l ' s  d a t a  on a i r b o r n e  s o i l  p a r t i c l e  
s i z e s  nea r  t h e  r e s p i r a b l e  s i z e  r a n g e  i s  l i m i t e d  
s i n c e  h i s  p r i m a r y  i n t e r e s t  was t h e  a n a l y s i s  
o f  s o i l  p r o p e r t i e s  and o t h e r  f a c t o r s .  He 
does emphasize s a l t a t i o n  as t h e  p r i m a r y  w i n d  



e r o s i o n  process. The suspension o f  s o i l  
p a r t i c l e s  o f  t h e  r e s p i r a b l e  s i z e  range i s  
t h e  d i r e c t  r e s u l t  o f  s a l t a t i o n ,  s u r f a c e  
creep, and t h e  a b r a s i z e  a c t i o n  o f  smal l  s o i l  
g r a i n s  on secondary s o i l  f r a c t i o n s .  Sus- 
pension i s  p r i m a r i l y  t h e  p r i n c i p a l  v i s u a l  
e f f e c t  o f  t h e  s a l t a t i o n  mechanism. Research 
i s  underway a t  PNL and o t h e r  research labo-  
r a t o r i e s  t o  determine p a r t i c l e  s i z e  d i s t r i -  
b u t i o n s  i n  d u s t  storms and t o  e v a l u a t e  t h e  
r o l e  o f  s a l t a t i o n ,  su r face  creep and abras ion  
i n  caus ing  suspension o f  s o i l  p a r t i c l e s .  

WIND EROSION CONTROL 

S o i l  s t a b i l i z a t i o n  proceeds under n a t u r a l  
c o n d i t i o n s  o r  i s  accomplished by man, u s u a l l y  
i n  these major  success ive stages; (1)  t r a p p i n g  
o f  moving s o i l  p a r t i c l e s ;  ( 2 )  consol i d a t i o n  
and ag r e g a t i o n  o f  t rapped  s o i l  p a r t i c l e s ;  
and (37 r e v e g e t a t i o n  of t h e  s u r f a c e . 5 4  

Emergency methods o f  s t i l l i n g  wind e r o s i o n  
a r e  known, b u t  t h e i r  e f f e c t s  a r e  o n l y  tempo- 
r a r y .  Once e r o s i o n  i s  s t i l l e d ,  p l a n t  cover  
must be e s t a b l i s h e d  o r  p l a n t  r e s i d u e s  must 
be ma in ta ined  f o r  more permanent c o n t r o l .  

Chepi l  and h i s  co-workers d i d  cons iderab le  
research  on t h i s  phase o f  wind e ro -  
s ion40 ,45 ,49*55 ,60  and a l though  t h e  concepts 
a p p l y  m a i n l y  t o  a g r i c u l t u r e  many o f  t h e  
ideas should be u s e f u l  i n  most wind e r o s i o n  
problems t h a t  r e q u i r e  s t a b i l i z a t i o n  o f  t h e  
s o i l .  

THE WIND EROSION EQUATION 

The development o f  t h e  wind e r o s i o n  
equa t ion  r e s u l t e d  f rom 30 years  o f  research  
by Chepi l  and h i s  assoc ia tes .  The equa t ion  
embodies t h e  major  p r imary  f a c t o r s  t h a t  
govern wind e r o d i b i l i t y  o f  l a n d  sur faces  
and was designed t o  determine p o t e n t i a l  
e r o s i o n  f rom a  p a r t i c u l a r  f i e l d ,  and t h e  
f i e l d  c o n d i t i o n s  o f  s o i l  c lodd iness ,  
roughness, v e g e t a t i v e  cover ,  and s h e l t e r i n g  
by  b a r r i e r s  necessary t o  reduce p o t e n t i a l  
e r o s i o n  t o  a  t o 1  e r a b l  e  amount. 

The wind e r o s i o n  equa t ion  c o n t a i n s  11 
p r imary  v a r i a b l e s  known t o  govern s o i l  
e r o d i b i l i t y ;  they  a r e  reduced t o  5 equiva-  
l e n t  v a r i a b l e s .  The genera l  f u n c t i o n a l  
r e l a t i o n s h i p  i s :  

E = f ( I 1 ,  C ' ,  K ' ,  L ' ,  V), 

where E  i s  t h e  p o t e n t i a l  average annual s o i l  
l o s s  i n  tons  per  acre,  I' i s  a  s o i l  
e r o d i b i l i t y  index;  C '  i s  a  c l i m a t i c  f a c t o r ;  
K '  i s  a  s o i l  r i d g e  roughness f a c t o r ;  L '  i s  
a  f i e l d  l e n g t h  a long  t h e  p r e v a i l i n g  wind 
e r o s i o n  d i r e c t i o n ;  and V i s  e q u i v a l e n t  
q u a n t i t y  o f  v e g e t a t i v e  cover. D e t a i l s  o f  
t h e  wind e r o s i o n  equa t ion  have been rev iewed 
by Chepi l  59 ,  Woodruff  and  idd do way^^ and 
Skidmore. 6 4  

The wind e r o s i o n  equa t ion  has been a  use- 
f u l  gu ide t o  wind e r o s i o n  c o n t r o l  f o r  
a g r i c u l t u r a l  f i e l d s .  Some o t h e r  uses have 
been: ( 1  ) de te rmin ing  spacing f o r  wind 
breaks, ( 2 )  e s t i m a t i n g  f u g i t i v e  d u s t  emmission, 
(3 )  p r e d i c t i n g  h o r i z o n t a l  s o i  1  f l u x e s ,  and 
( 4 )  e s t i m a t i n g  e f f e c t s  o f  wind e r o s i o n  on 
p r o d u c t i v i  t y .6 "64  

The wind e r o s i o n  equa t ion  i n  i t s  p r e s e n t  
format  i s  n o t  ve ry  u s e f u l  f o r  p a r t i c l e  wind 
resuspension.  A  number o f  changes t o  improve 
t h e  equa t ion  have been suggested: 6 4  
( 1 )  mod i fy  t h e  equa t ion  so i t  can be a p p l i e d  
t o  s i n g l e  wind storms, (2 )  m o d i f y  o r  a d j u s t  
t h e  equa t ion  so i t  i s  a p p l i c a b l e  on a  l a r g e r  
s c a l e  than  an a g r i c u l t u r a l  f i e l d ,  ( 3 )  t r y  
t o  i n c l u d e  t ime dependency i n  t h e  va r ious  
s o i l  and meteoro log ica l  parameters, and 
( 4 )  extend i t s  a p p l i c a t i o n  t o  a  v a r i e t y  o f  
s o i l  and c l i m a t i c  c o n d i t i o n s .  

CONCLUSIONS 

The research  c o n t r i b u t i o n s  o f  W. S. Chepi l  
on wind e r o s i o n  have been b r i e f l y  examined 
as they  may a p p l y  t o  p a r t i c l e  wind resus-  
pension.  A  c e r t a i n  amount o f  h i s  bas ic  
research  i s  p e r t i n e n t  t o  t h e  p a r t i c l e  wind 
resuspension ~ r o b l e m ,  e x p e c i a l l y  t o  t h e  
dynamics of wind e r o s i o n  and t h e  i n f l u e n c e  
of s o i l  p r o p e r t i e s  on wind e ros ion .  

The wind e r o s i o n  equat ion,  because o f  i t s  
d e t e r m i n i s t i c  and c l i m a t o l o g i c a l  aspects, 
has 1  i m i t e d  a p p l i c a b i l i t y  t o  t h e  p a r t i c l e  
wind resuspension problem and w i l l  need 
cons iderab le  m o d i f i c a t i o n  and a d d i t i o n a l  
research  i n  o r d e r  f o r  i t  t o  be u s e f u l  f o r  a  
wide range o f  s o i l  and c l i m a t i c  c o n d i t i o n s .  

There i s  a  need f o r  a  more general wind 
e r o s i o n  equa t ion  o r  equa t ion  which c o u l d  
be a p p l i e d  t o  a  v a r i e t y  of s o i l  and c l i m a t i c  
c o n d i t i o n s  f o r  p a r t i c l e  wind resuspension 
problems. Present  o v e r a l l  research  i n  t h i s  
f i e l d  i s  d i r e c t e d  toward t h a t  goa l .  
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WEATHERING OF SURFACES AS MEASURED BY AIRBORNE RADIOACTIVE 

PARTICLE CONCENTRATIONS ON THE HANFORD RESERVATION 

G. A. Sehmel 

Resp i rab le  a i r  c o n c e n t r a t i o n  ranges measured between 1972 and 1975 a t  

resuspension s tudy  s i t e s  a r e  summarized and compared w i t h  f a l l o u t  l e v e l s  

measured a t  t h e  Hanford Reserva t ion  boundary. Resu l t s  i n d i c a t e d  t h a t  

maximum a i r b o r n e  c o n c e n t r a t i o n s  were s u b s t a n t i a l l y  l e s s  than  t h e  maximum 

p e r m i s s i b l e  a i r b o r n e  c o n c e n t r a t i o n  (MPC) f o r  uncon t ro l  1  ed areas. The 

weather ing h a l f - l i f e ,  determined i n  t h i s  study, was 5 months i n  one area 

f o r  137Cs, b u t  much l o n g e r  than  5 months f o r  a  second area. These 

r e d u c t i o n s  w i t h  t ime  a r e  much s lower  than  da ta  r e p o r t e d  by o t h e r s  showing 

a i r b o r n e  concen t ra t ions  decreasing w i t h  a h a l f - l i f e  o f  35 t o  40 days. 

INTRODUCTION 

Resuspension occurs when wind b low ing  
over  a s u r f a c e  moves p a r t i c l e s  f rom t h a t  
s u r f a c e  up i n t o  t h e  a i r  and t r a n s p o r t s  them 
downwind. Resuspension occurs a t  r a d i o -  
a c t i v e l y  contaminated s i t e s  on t h e  Hanford 
Reserva t ion .  S i t e s  o f  l o w - l e v e l  waste d i s -  
posal where resuspension was measured i n c l u d e  
U-pond area, S-16 area, and Z-19 d i t c h  lead-  
i n g  i n t o  U-pond, a l l  o f  which a r e  w i t h i n  o r  
near  200-West Area; t h e  B-C C r i b  area sou th  
of t h e  200-East Area; t h e  Gable Mountain 
Pond area; and an area c l o s e  t o  t h e  Hanford 
Meteor01 o g i c a l  S t a t i o n  (HMS) Tower, near 
200-West Area. The s tudy  r e p o r t e d  here 
observed t h e  a i r b o r n e  c o n c e n t r a t i o n s  as a 
f u n c t i o n  o f  t i m e  over  t h r e e  years .  One 
o b j e c t i v e  o f  these exper iments was t o  d e t e r -  
mine weather ing r a t e s .  

EXPERIMENTAL PROCEDURE 

The e a r l i e s t  and s i m p l e s t  exper iments 
were performed a t  Gable Mountain Pond and 
near  t h e  HMS Tower. L a t e r  i n  t h e  s tudy  more 
e x t e n s i v e  exper iments w i t h  more s o p h i s t i c a t e d  
ins t ruments  were conducted a t  t h e  rema in ing  
areas. I n  these exper iments meteoro log ica l  
sensing ins t ruments  were used t o  a c t i v a t e  
a i r  samplers a u t o m a t i c a l l y  as f u n c t i o n s  o f  
wind speeds and d i r e c t i o n .  These experiments 
were designed t o  c o l l e c t  and measure increased 
a i r b o r n e  r a d i o a c t i v i t y  c o n c e n t r a t i o n s  a t  
h i g h e r  wind speeds, determine resuspension 
phys ics,  and ga ther  da ta  f o r  e s t i m a t i n g  a 

mass balance across a contaminated zone. 
Upwind a i r b o r n e  concen t ra t ions  were s imul -  
taneous ly  measured w i t h  downwind a i r b o r n e  
concen t ra t ions  t o  determine whether resus-  
pension inc reased  a c t i v i t y  l e v e l s  between 
upwind and downwind a r r a y s  o f  a i r  sampling 
towers. I n  i n i t i a l  experiments, a i r  samples 
were c o l l e c t e d  and t o t a l  r a d i o a c t i v i t y  was 
determined. I n  l a t e r  experiments, a i r  
f i l t e r s  were weighed be fo re  use. A f t e r  
sample c o l l e c t i o n ,  a i r  f i l t e r s  were aga in  
weighed, making i t  p o s s i b l e  t o  determine t h e  
amount o f  a i r b o r n e  s o i l  p a r t i c l e s  p resen t  
and thus t o  c a l c u l a t e  t h e  r a d i o a c t i v i t y  con- 
c e n t r a t i o n  p e r  gram o f  a i r b o r n e  s o l i d  
c o l  1  ected.  

RESULTS 

Ex tens ive  da ta  were ob ta ined  on a i r b o r n e  
r a d i o a c t i v i t y  c o n c e n t r a t i o n s  around t h e  
resuspension s i t e s  s tud ied .  The concentra-  
t i o n s  were expressed bo th  i n  uCi/cm3 o f  
a i r  and pC i /g  o f  a i r b o r n e  s o l i d s .  Data 
have been summarized1 w i t h o u t  d e t a i l i n g  
t h e  a i r b o r n e  c o n c e n t r a t i o n  p r o f i l e s  measured 
i n  each exper iment .  Th is  r e p o r t  summarizes 
some weather ing  da ta  by showing ranges of 
measure a i r b o r n e  137Cs and p lu ton ium concen- 
t r a t i o n s  as a f u n c t i o n  o f  t i m e  between 1972 
and 1975. 

A i r b o r n e  37Cs c o n c e n t r a t i o n s  were meas- 
ured a t  U-pond, B-C C r i b ,  Z-19, S-16, and 
HMS Tower areas. Resu l t s  o f  these e x p e r i -  
ments a r e  summarized i n  F i g u r e  1. A i rborne  
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FIGURE 1. Range of  "Downwind" A i rborne  1 3 7 ~ s  Concentrat ions a t  
Resuspension S i t e s  Compared t o  Fa1 l o u t  Levels  

137Cs concent ra t ions  a re  shown i n  pCi/cm3 
as a  f u n c t i o n  o f  t ime  f rom 1973 t o  1975. 
These concent ra t ions  a re  compared w i t h  300 
Area f a l l o u t  l e v e l s 2 ,  shown by h o r i z o n t a l  
dashed l i n e s .  Measured a i r b o r n e  concentra-  
t i o n s  a t  t h e  d i f f e r e n t  s i t e s  a r e  a l l  above 
f a l l o u t  l e v e l s .  The data symbols f o r  each 
experiment a re  p l o t t e d  t o  represen t  t h e  
range o f  measured a i r bo rne  concent ra t ions  
and t h e  t ime  over  which t h e  experiment was 
conducted. The maximum a i r bo rne  l 3 7 ~ s  
concen t ra t i on  was 3  x  10 l3 l ~ c i / c m ~ ,  which 
i s  more than two o rders  o f  magnitude g rea te r  
than f a l l o u t  l e v e l s  b u t  s i g n i f i c a n t l y  l e s s  
than t h e  MPC40HR3 o f  6  x  pCi/cm3. 

A i r bo rne  concent ra t ions  a t  U-pond de- 
creased f rom 1973 through mid-1974. On t h e  
average, a i r  concent ra t ions  decreased about 
50% over  5  months. Th is  i s  much g rea te r  
than  t h e  35 t o  40 days weather ing ha l f - t ime  
o f t e n  quoted i n  resuspension 1 i t e r a t u r e .  
B-C C r i b  a i r  concen t ra t i on  data do n o t  show 
any such s h o r t  f i x a t i o n  h a l f - 1  i f e .  A i rborne  
concent ra t ions  a t  B-C C r i b  were cons tan t  
f rom May 1973 t o  June 1974, suggest ing a  
l ong  f i x a t i o n  h a l f - l i f e .  

A i r bo rne  p lu ton ium concen t ra t i on  ranges 
f o r  bo th  2 3 8 P ~  and 2 3 9 P ~  measured i n  these 
resuspension experiments a r e  shown i n  

F i gu re  2, and a re  compared w i t h  300 Area 
f a l l o u t  l e v e l s .  A i r bo rne  peak p lu ton ium 
concent ra t ions  a t  resuspension study s i t e s  
were s i g n i f i c a n t l y  g r e a t e r  than 300 Area 
f a1  l o u t  l e v e l s ,  and a i r bo rne  2 3 9 P ~  concen- 
t r a t i o n s  i n  general were q rea te r  than  a i r -  
borne 23*u concent ra t ions .  Al though 
resuspension was o c c u r r i n g  a t  these s i t e s ,  
measured a i r b o r n e  concent ra t ions  were 
s i g n i f i c a n t l y  l e s s  than MPC. 

A f t e r  1972, p lu ton ium concent ra t ions  were 
measured o n l y  a t  U-pond. Any decrease i n  
a i r bo rne  concent ra t ions  w i t h  t ime was n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t .  Concent ra t ions  
were t oo  near f a l l o u t  l e v e l s ,  thus  p rec l ud i ng  
a  w e l l  de f i ned  weather ing h a l f - t i m e .  The 
i n d i c a t i o n  i s  t h a t  t h e  weather ing h a l f - t i m e  
i s  long .  

CONCLUSIONS 

Wind resuspension o f  2 3 8 P ~ ,  2 3 9 ~ ~ ,  2 4  lAm, 
90Sr, and 137Cs occurred1 a t  t h e  study s i t e s  
du r i ng  t h e  1972-1975 s tudy  pe r i od .  A i r  con- 
c e n t r a t i o n s  near s i t e s  o f  resuspension 
exceeded f a l l o u t  l e v e l s  measured a t  t h e  
300 Area d u r i n g  t h e  same t ime i n t e r v a l s ,  
b u t  were s t i l l  f a r  below occupat iona l  maxi- 
mum pe rm iss i b l e  a i r  concen t ra t i ons  (MPC) . 
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FIGURE 2. Range o f  A i rborne  Pu Concen t ra t ion  a t  Resuspension 
S i t e s  Compared t o  F a l l o u t  Leve ls  

Resu l t s  o f  t h e  s t u d i e s  r e p o r t e d  here a i r b o r n e  e f fec ts  o f  s u r f a c e  contaminat ion.  
i n d i c a t e  t h e  weather ing  h a l f - l i f e  i s  f rom The l o n g e r  wea ther ing  t imes  found i n  t h i s  
5  months t o  a  v e r y  l o n g  t ime.  Knowledge s tudy  a r e  suppor ted by r e s u l t s  o f  r c e r  
o f  t h i s  i l l - d e f i n e d  h a l f - l i f e  i s  i m p o r t a n t  s t u d i e s  i n  an area near  t h e  U-pond j a3 
i n  model ing e f f o r t s  t o  descr ibe  l o n g  te rm 

( a )  See "Wind-Caused Resuspension Rates", 
t h i s  annual reDor t .  
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RADIOACTIVITY IN  FOREST FIRE SMOKE PLUMES 

G. A. Sehmel and M. M. O r g i l l  

Smoke f rom two f o r e s t  l ogg ing  s l ash  burns was sampled w i t h  an a i r  

f i l t e r  mounted on a  Cessna 411 a i r p l a n e .  R a d i o a c t i v i t y  concent ra t ions  

i n  t he  smoke plumes were compared t o  concent ra t ions  i n  background a i r  

o u t s i d e  these smoke plumes. I n  bo th  smoke plumes, 137Cs concen t ra t i on  

was h i ghe r  than i n  background samples. I n  one plume t h e  137Cs was 

11 t imes g r e a t e r  than background. Concentrat ions o f  o t h e r  f i s s i o n  

p roduc t  nuc l i des  i n  t h e  plumes was equal t o  o r  l e s s  than background 

concen t ra t i ons .  Th is  observa t ion  supports  a  hypothesis  t h a t  su r face  

a i r  o f  low concen t ra t i on  i s  drawn i n t o  t he  smoke plume. Conf i rmat ion  

o f  t h i s  exp lana t i on  was n o t  poss i b l e  w i t h  t he  l i m i t e d  data.  

INTRODUCTION 

I n  an e a r l i e r  s tudy,  smoke plumes f rom 
c rop  l a n d  f i r e s 1  and one f o r e s t  l ogg ing  
s l ash  burn2 were sampled f o r  a i r bo rne  r a d i o -  
a c t i v e  p a r t i c l e s .  Resu l ts  f rom those expe r i -  
ments i n d i c a t e d  t h a t  r a d i o a c t i v e  p a r t i c l e s  
concen t ra t i ons  w i t h i n  t h e  smoke plume were 
g r e a t e r  than i n  ambient background a i r ,  
showing t h a t  r a d i o a c t i v e  su r f ace  contamina- 
t i o n  from p r i o r  depos i t i on  cou ld  be resus-  
pended by t h e  f i r e .  Release r a t e s  cou ld  n o t  
be c a l c u l a t e d  f rom t h e  measured a i r  concen- 
t r a t i o n s  s i nce  t h e  e n t i r e  smoke plume was 
n o t  sampled. The maximum r a t i o  o f  concen- 
t r a t i o n  i n  smoke t o  concen t ra t i on  i n  back- 
ground a i r  was ob ta ined  f o r  137Cs. I n  t h i s  
case, t h e  measured 37Cs concen t ra t i on  i n  
t h e  smoke plume was 22 t imes t h e  ambient 
background a i r  concent ra t ion .  Consequently, 
a d d i t i o n a l  smoke plumes were sampled t o  
determine t he  v a r i a b i l i t y  o f  a i r  concen t ra t i on  
w i t h i n  smoke plumes versus ambient background 

a i r  concent ra t ions .  Th is  paper presents 
t h e  r e s u l t s  o f  these a d d i t i o n a l  measurements. 

EXPERIMENTAL PROCEDURE 

Smoke f rom two f o r e s t  l o g g i n g  s l ash  burns 
i n  Idaho were sampled us i ng  a  Cessna 411 
a i r p l a n e  t o  o b t a i n  IPC f i l t e r  paper samples. 
For each sample, approx imate ly  1.5 x  l o 5  f t3  
(4 .3  x  l o 3  m3) o f  a i r  were f i l t e r e d .  

The f i r s t  f i r e  was near t h e  No r t h  Fork of 
S l a t e  Creek approximate ly  20 m i l e s  (30  km) 
sou th  o f  G rangev i l l e ,  Idaho. I g n i t i o n  
occurred about 1000 PDT, October 8, 1976, 
and t h e  f i r e  burned some 70 acres of o l d  
l ogg ing  s l ash  on a  s teep sou th - f ac i ng  s lope .  
A  dense smoke plume was p resen t  by 1130 and 
was moving toward t h e  nor theas t ,  ex tend ing  
some 20 m i l e s  (50 km). The smoke plume, 
sampled between 1135 and 1408, was app rox i -  
mate ly  300 m  above t he  t e r r a i n .  The t o p  o f  
t he  smoke plume v a r i e d  between 7000 f t 



(21 34 m) and 8000 f t  (2438 m) MSL. The 
smoke sample was t a k e n  between 7000 f t  
(2134 m) and 7300 f t  (2225 m) MSL. A f t e r  
smoke sampl ing,  a background a i r  f i l t e r  
sample was o b t a i n e d  a p p r o x i m a t e l y  10 m i l e s  
(15  km) wes t  o f  t h e  f i r e  s i t e  and o v e r  t h e  
Salmon R i v e r  between 1531 and 1800. The 
sample was t a k e n  a t  a round  6500 f t  (1981 m) 
MSL. T o t a l  sample volume was de te rm ined  
w i t h  a vane anemometer w h i c h  i n t e g r a t e d  
t o t a l  f l o w s .  

The second f i r e  sampled o c c u r r e d  on 
Oc tobe r  12, 1976, abou t  15 m i l e s  (25  km) 
n o r t h - n o r t h w e s t  o f  K e l l o g g ,  Idaho.  The f i r e  
bu rned  s m a l l  b u l l d o z e d  s l a s h  p i l e s  wh ich  
r e l e a s e d  r e l a t i v e l y  sma l l  amounts o f  smoke. 
The r e s u l t a n t  smoke plume extended app rox -  
i m a t e l y  5 m i l e s  ( 8  km) t o  t h e  n o r t h  and 
e a s t .  The plume was sampled between 1500 
and 1728 PDT. The a l t i t u d e  o f  samp l ing  
was between 500 f t  (152 m) and 2000 f t  
(609  m).  A background f i l t e r  was t a k e n  
p r i o r  t o  smoke plume samp l ing  abou t  5 m i l e s  

( 8  km) t o  t h e  west  o f  t h e  f i r e  s i t e  between 
1056 and 1332 PDT, a t  about  6500 f t  (1981 m) 
MSL. A f l o w  r a t e  o f  1026 f t 3 / m i n  (29.1 m3/ 
m i n ) ,  wh ich  i s  a t y p i c a l  average samp l ing  
r a t e ,  was used t o  c a l c u l a t e  t o t a l  volume 
sampled. 

R a d i o a c t i v e  n u c l i d e s  on f i l t e r  samples 
were measured by  m u l t i c h a n n e l  gamma c o u n t i n g .  

R a t i o s  o f  smoke sample c o n c e n t r a t i o n  t o  
background c o n c e n t r a t i o n  a r e  shown i n  
T a b l e  1 f o r  e i g h t  r a d i o n u c l  i d e s .  A i r b o r n e  
c o n c e n t r a t i o n s  o f  some o f  t h e s e  r a d i o n u c l i d e s  
may have been i n f l u e n c e d  by  t h e  f a l l o u t  
plume f r o m  a Chinese n u c l e a r  t e s t  t h a t  had 
o c c u r r e d  on September 26, 1976. 

F o r  t h e  S l a t e  Creek f i r e ,  t h e  concen t ra -  
t i o n  r a t i o  was c o r r e c t e d  f o r  t h e  t i m e  t h e  
a i r p l a n e  was n o t  i n  t h e  smoke plume d u r i n g  
t h e  smoke plume samp l ing  p e r i o d .  Fo r  t h i s  

TABLE 1. R a t i o  o f  C o n c e n t r a t i o n  o f  Smoke Plume t o  t h a t  
i n  Background A i r  

(Background- 
C o r r e c t e d  Smoke Sample)/  ( a )  ( T o t a l  Smoke Sample)/  ( b )  

(Background Sample) (Background Sample) 
S l a t e  Creek S l a t e  Creek K e l l o g g  

I s o t o p e  10-8-76 10-8-76 
1 10-12-76 

a .  C o r r e c t e d  smoke sample has background c o l l e c t i o n  when o u t s i d e  
t h e  smoke s u b t r a c t e d  f rom t o t a l  smoke plume sample. 

b .  T o t a l  smoke sample i n c l u d e s  r a d i o a c t i v i t y  c o l l e c t e d  w h i l e  
o u t s i d e  t h e  smoke plume. 

c . Background sample was l e s s  t h a n  13'Cs r a d i o c h e m i c a l  d e t e c t i o n  
l i m i t .  



c a l c u l a t i o n ,  amb ien t  a i r  c o n c e n t r a t i o n s  
i m m e d i a t e l y  a d j a c e n t  t o  t h e  smoke plume 
were assumed equa l  t o  a i r  c o n c e n t r a t i o n s  i n  
t h e  backg round  f i l t e r  r u n .  T h i s  seems t o  
have been a  r e a s o n a b l e  assumpt ion  f o r  t h e  
S l a t e  Creek f i r e ;  however, f o r  t h e  K e l l o g g  
f i r e ,  a  c o r r e c t i o n  f a c t o r  wou ld  have i n d i -  
c a t e d  n e g a t i v e  a i r  c o n c e n t r a t i o n s  f o r  some 
o f  t h e  i s o t o p e s  i n  t h e  smoke plume. Conse- 
q u e n t l y ,  a  c o r r e c t e d  r a t i o  i s  n o t  shown f o r  
t h e  K e l l o g g  f i r e  i n  t h e  t a b l e .  

C o n c e n t r a t i o n  r a t i o s  i n  T a b l e  1  range  
f r o m  0 . 2  t o  11.0 .  F o r  s i x  o f  t h e  r a d i o a c t i v e  
i s o t o p e s ,  t h e  a i r b o r n e  c o n c e n t r a t i o n  i n  t h e  
smoke plume was l e s s  t h a n  i n  t h e  background 
a i r  sample.  Based upon t h e s e  d a t a ,  one 
h y p o t h e s i s  i s  t h a t  r e l a t i v e l y  c l e a n  a i r  
( dec reased  c o n c e n t r a t i o n  o f  r a d i o i s o t o p e s  ) 
was e n t r a i n e d  f r o m  l o w  l e v e l s  b y  t h e  smoke 
plume. The r e l a t i v e l y  c l e a n  a i r  a t  g round  
l e v e l  c o u l d  have been caused e i t h e r  by  p r i o r  
d e p o s i t i o n ,  a n d / o r  b y  f i s s i o n  p r o d u c t  n u c l i d e s  
a t  a i r  s a m p l i n g  l e v e l s  f r o m  t h e  Ch inese  
n u c l e a r  t e s t  a i r  p lume. The d a t a  a r e  i n s u f -  
f i c i e n t  t o  d e t e r m i n e  which,  i f  e i t h e r ,  o f  
t h e s e  two  e x p l a n a t i o n s  i s  v a l i d .  Had t h e s e  
r e s u l t s  been a n t i c i p a t e d ,  a d d i t i o n a l  a i r  
samples a t  o t h e r  e l e v a t i o n s  m i g h t  have he1 ped 
c l a r i f y  e x p e r i m e n t a l  r e s u l t s .  

7Be c o n c e n t r a t i o n s  i n  t h e  smoke plume 
were e  u a l  t o  t h e  amb ien t  background l e v e l ,  9 b u t  l3 Cs was 11 t i m e s  t h e  amb ien t  back -  
g round  l e v e l .  E q u a l i t y  o f  7Be c o n c e n t r a t i o n s  
i n  b o t h  smoke and amb ien t  a i r  m i g h t  be 
expec ted  s i n c e  7 ~ e  i s  a  r e l a t i v e l y  s h o r t -  
l i v e d  cosmic - ray  i n d u c e d  r a d i o i s o t o p e .  A t  
t h e  K e l l o g g  f i r e ,  137Cs was a l s o  r e l e a s e d  
b u t  t h e  r a t i o  c a n n o t  be shown s i n c e  t h e  
background sample was b e l o w  r a d i o c h e m i c a l  
d e t e c t i o n  l i m i t s .  

CONCLUSIONS 

S u r f a c e  d e p o s i t e d  137Cs can be r e l e a s e d  
by  b u r n i n g  v e g e t a t i o n .  O t h e r  i s o t o p e s  may 
a l s o  be r e l e a s e d .  However, r e p o r t e d  d a t a  
may have been i n f l u e n c e d  b y  a i r b o r n e  f i s s i o n  
p r o d u c t s  f r o m  a  Chinese a t m o s p h e r i c  n u c l e a r  
t e s t .  The c o n c e n t r a t i o n  r a t i o  d a t a  a r e  
c o n s i s t e n t  w i t h  a  h y p o t h e s i s  t h a t  r e l a t i v e l y  
c l e a n  a i r  n e a r  g round  l e v e l  i s  e n t r a i n e d  
i n t o  t h e  smoke plume. 

A d d i t i o n a l  r e s u l t s  t o  b e  o b t a i n e d  from 
t h e s e  samples i n c l u d e  c o n c e n t r a t i o n s  o f  
a i r b o r n e  p l u t o n i u m .  Samples a r e  c u r r e n t l y  
b e i n g  a n a l y z e d  f o r  o l u t o n i u m .  
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THE CROSSWIND DIS'TRIBUTION OF CONTAMIFIATION 

RESUSPENDED FROM A SURFACE AREA  SOURCE(^) 

T. W .  H o r s t  

The c r o s s w i n d  d i s t r i b u t i o n  o f  a t m o s p h e r i c  c o n t a m i n a t i o n  due t o  r e s u s -  

p e n s i o n  f r o m  a  s u r f a c e  a r e a  sou rce  may be a d e q u a t e l y  p r e d i c t e d  f r o m  t h e  

c o n t a m i n a t i o n  d i r e c t l y  upwind o f  t h e  r e c e p t o r  a l o n e ,  i f  t h e  s u r f a c e  

d i s t r i b u t i o n  has r o u g h l y  t h e  same e x t e n t  i n  a l l  d i r e c t i o n s .  T h i s  i s  

demons t ra ted  w i t h  a  h y p o t h e t i c a l ,  Gauss ian d i s t r i b u t i o n  o f  s u r f a c e  con-  

t a m i n a t i o n ,  and w i t h  a  r e a l  d i s t r i b u t i o n ,  t h e  BC-Cr ib  c o n t r o l l e d  a r e a .  

Research has been conduc ted  t o  d e v e l o p  
s i m p l e  methods o f  e s t i m a t i n g  t h e  a i r  concen- 
t r a t i o n s  o f  s u r f a c e  c o n t a m i n a t i o n  resuspended 
b y  t h e  w i n d .  App rox ima te  r e l a t i o n s  have 
been r e p o r t e d 1  w h i c h  p r e d i c t  t h e  c r o s s w i n d -  
i n t e g r a t e d  a i r  c o n c e n t r a t i o n  C (x , z )  f o r  a  
g e n e r a l i z e d  a rea  source,  based o n  t h e  e x a c t  
r e s u l t  f o r  a  u n i f o r m  a r e a  sou rce .  T h a t  
t h e s e  same e q u a t i o n s  can  i n  many p r a c t i c a l  
cases a l s o  be used  t o  p r e d i c t  t h e  c r o s s w i n d  
d i s t r i b u t i o n  o f  t h e  resuspended c o n t a m i n a t i o n  
has been ~ e r i f i e d . ~  T h i s  i s  done u s i n g  t h e  
s u r f a c e  c o n t a m i n a t i o n  d i s t r i b u t i o n  G(x,y) 
d i r e c t l y  upwind o f  t h e  r e c e p t o r  a s  i n p u t ,  
r a t h e r  t h a n  t h e  c r o s s w i n d - i n t e g r a t e d  s u r f a c e  
c o n t a m i n a t i o n  G ( x ) ,  and i s  based o n  t h e  f a c t  
t h a t  o n l y  sou rces  w i t h i n  a  nar row,  d i f f u s i o n -  
plume-shaped upwind s e c t o r  c o n t r i b u t e  s i g n i f i -  
c a n t l y  t o  t h e  a i r  c o n c e n t r a t i o n  a t  a  g i v e n  
p o i n t .  

SENSITIVITY STUDY 

The l i m i t s  o n  s o u r c e  c o n f i g u r a t i o n  and 
r e c e p t o r  l o c a t i o n  necessa ry  f o r  t h i s  a p p r o x i -  
m a t i o n  t o  be v a l i d  have been i n v e s t i g a t e d  b y  
compar ing t h e  resuspended a i r  c o n c e n t r a t i o n s  
p r e d i c t e d  b y  b o t h  t h e  a p p r o x i m a t i o n  and b y  
a  n u m e r i c a l  s o l u t i o n  o f  t h e  e x a c t  e q u a t i o n s  
f r o m  w h i c h  i t  was d e r i v e d .  A  h y p o t h e t i c a l  
Gauss ian d i s t r i b u t i o n  o f  s u r f a c e  c o n t a m i n a t i o n  
was used; 

[-;;;02 - $1 G(x,y) = Go exp  - 

( a )  T h i s  r e s e a r c h  was p a r t i a l l y  s u p p o r t e d  
b y  t h e  A t l a n t i c  R i c h f i e l d  H a n f o r d  

F i g u r e  1  shows t h e  r e s u l t s  f r o m  one such s e t  
o f  c a l c u l a t i o n s ,  f o r  P a s q u i l l  D  a tmosphe r i c  
c o n d i t i o n s .  He re  t h e  a i r  c o n c e n t r a t i o n  C, 
n o r m a l i z e d  b y  t h e  mean w i n d  speed u, t h e  
r e s u s p e n s i o n  r a t e  A and t h e  peak s u r f a c e  
c o n t a m i n a t i o n  Go, i s  p l o t t e d  as  a  f u n c t i o n  
o f  downwind d i s t a n c e  f r o m  t h e  c o n t a m i n a t i o n  
peak x-xo.  Curves a r e  shown f o r  two s u r f a c e  
c o n t a m i n a t i o n  d i s t r i b u t i o n s :  one symmet r i c  
a b o u t  t h e  peak, ol = a2, and t h e  o t h e r  e l o n -  
g a t e d  i n  t h e  downwind d i r e c t i o n ,  ol = IOU,. 
Sepa ra te  c r o s s  s e c t i o n s  pa ra1  l e l  t o  t h e  down- 
w i n d  d i r e c t i o n  a r e  shown a t  t h e  peak, y = 0, 
and a t  d i s t a n c e s  o f  one, two and t h r e e  s t a n -  
d a r d  d e v i a t i o n s  c r o s s w i n d  o f  t h e  peak. The 
a n a l y t i c a l  a p p r o x i m a t i o n ,  shown a s  d i s c r e t e  
p o i n t s ,  a p p l i e s  t o  b o t h  s u r f a c e  c o n t a m i n a t i o n  
d i s t r i b u t i o n s .  

F i g u r e  1  shows t h a t  f o r  o1  = o 2  t h e  ana- 
l y t i c a l  a p p r o x i m a t i o n  i s  good, e s p e c i a l l y  
upwind o f  and d i r e c t l y  downwind o f  t h e  peak. 
As o 2  dec reases  t h e  agreement  d e t e r i o r a t e s ,  
e.g., o l  = loo, i n  F i g u r e  1 .  The approx ima-  
t i o n  i s  s t i l l  good upwind o f  t h e  peak, b u t  
d e t e r i o r a t e s  r a p i d l y  downwind o f  t h e  peak. 
However, as  u2 becomes g r e a t e r  t h a n  ol, t h e  
a i r  c o n c e n t r a t i o n s  a t  c r o s s w i n d  d i s t a n c e s  o f  
two and t h r e e  t i m e s  u2 approach t h e  c l o s e  
match w i t h  t h e  n u m e r i c a l  s o l u t i o n  d i s p l a y e d  
a t  y = 0  f o r  ol = 02. 

S i n c e  t h e  a p p r o x i m a t i o n  i s  based o n  t h e  
s u r f a c e  c o n t a m i n a t i o n  d i s t r i b u t i o n  d i r e c t l y  
upwind o f  t h e  r e c e p t o r ,  t h e  agreement  w i t h  
t h e  n u m e r i c a l  s o l u t i o n  depends on t h e  e f f e c -  
t i v e n e s s  o f  t h e  c r o s s w i n d  d i f f u s i o n .  The 
l e a s t  l a t e r a l  d i f f u s i o n  o c c u r s  f o r  P a s q u i l l  F, 

Company 



A N A L M I  CAL APPROXIMATION 

NUMERICAL SOLUTION 

! 

Neg. 73374-1 

FIGURE 1. Comparison o f  Resuspension Models f o r  
Gaussian D i s t r i b u t i o n s  of Sur face Contamination 

and hence f o r  u1 = u2 = l o 3  m  t he  a i r  con- 
c e n t r a t i o n s  a t  crosswind d is tances  o f  two 
and t h r e e  t imes u2 match t h e  p r e d i c t i o n s  as 
w e l l  as f o r  y  = 0. There i s  a l s o  a  modest 
improvement f rom P a s q u i l l  D  i n  t h e  match 
f o r  u2 = l o 2  m, e s p e c i a l l y  f o r  y  = 0  and 
y  = u2. On t h e  o t h e r  hand t h e  match f o r  
P a s q u i l l  A  and u1 = a2 = l o 3  m  i s  cons ider -  
a b l y  poorer  a t  y  = 2a2 and y  = 302 than f o r  
P a s q u i l l  D. The p r e d i c t i o n s  a t  3a l  down win^' 
o f  t h e  peak a r e  low by  f a c t o r s  o f  r ough l y  
1.5 and 2.5, r e s p e c t i v e l y .  Ca l cu l a t i ons  
were a l s o  made f o r  01 = l o 2  m, 0 2  = l o 2  m  
and 02 = 10 m  w i t h  r e s u l t s  very  s i m i l a r  t o  
those f o r  ul = 103 m, 02 = 103 m  and 0 2  = 
l o 2  m. 

BC-CRIB CONTROLLED AREA 

F igu re  2 shows t h e  crosswind d i s t r i b u t i o n  
o f  resuspended a i r  concen t ra t i on  p r e d i c t e d  
f o r  t h e  BC-Crib c o n t r o l l e d  area, an area of  
l ow - l eve l  su r face  con tamina t ion  on t h e  Han- 
f o r d  Reservat ion.  Ca l cu l a t i ons  were made by 
bo th  methods f o r  two downwind d is tances :  
x = 900 m, t h e  peak o f  t h e  c rosswind- in tegra ted  
d i s t r i b u t i o n ,  and x = 2000 m, t he  downwind 
edge o f  t he  d i s t r i b u t i o n .  The meteoro log ica l  
c o n d i t i o n s  a re  aga in  P a s q u i l l  D, and t he  
e f f e c t  o f  depos i t i on  has been i nc l uded  w i t h  
a  d e p o s i t i o n  v e l o c i t y  vd equal t o  10 u. 
A t  900 m  t h e  approx imat ion  agrees e x c e l l e n t l y  
w i t h  the  numer ica l  s o l u t i o n .  A t  2000 m t h e  
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FIGURE 2. Comparison o f  Resuspension-Deposit ion 
Models f o r  BC-Crib C o n t r o l l e d  Area 

agreement i s  poorer ,  w i t h i n  about  50% a t  
wors t ,  b u t  i n  most cases w i t h i n  15%. The 
approx imat ion u n d e r p r e d i c t s  wors t  n o r t h  o f  
t h e  peak where x  = 2000 m  i s  d i s t a n t  f rom 
t h e  s u r f a c e  con tamina t ion  d i r e c t l y  upwind 
b u t  where t h e  r e c e p t o r  i s  on t h e  n o r t h  edge 
o f  t h e  c e n t r a l  con tamina t ion  p a t t e r n .  

CONCLUSION 

I n  summary, t h e  a n y l y t i c a l  approx imat ion  
i s  adequate t o  p r e d i c t  t h e  suspended a i r  
concen t ra t ions ,  based o n l y  on t h e  contami- 
n a t i o n  d i r e c t l y  upwind o f  t h e  recep to r ,  t o  
w i t h i n  severa l  tens  o f  pe rcen t  i f  t h e  d i s -  

t r i b u t i o n  has r o u g h l y  t h e  same e x t e n t  i n  
a l l  d i r e c t i o n s .  The peak a i r  c o n c e n t r a t i o n  
i s  p r e d i c t e d  w i t h  an e r r o r  o f  l e s s  than 10%. 
The percen t  e r r o r s  inc rease  w i t h  i n c r e a s i n g  
d i s t a n c e  f rom t h e  peak o f  t h e  su r face  d i s -  
t r i b u t i o n ,  b u t  t h e  a i r  c o n c e n t r a t i o n  i s  a t  
t h e  same t i m e  decreasing w i t h  d i s t a n c e  f rom 
t h e  peak. The e r r o r  may be g r e a t e r  than a  
f a c t o r  o f  two beyond a  d i s t a n c e  o f  about  
t h r e e  s tandard  d e v i a t i o n s  f rom t h e  peak, 
e s p e c i a l l y  f o r  uns tab le  atmospheric cond i -  
t i o n s ,  b u t  where t h i s  occurs t h e  a i r  concen- 
t r a t i o n  i s  u s u a l l y  l e s s  than 10% o f  t h e  
peak concen t ra t ion .  
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POLLUTANT SCAVENGING 

The removal of atmospheric pollutants by clouds and precipitation can largely 
determine budgets of pollutants distributed on a regional scale. The amounts and patterns 
of pollutants delivered by precipitation to sensitive ecosystems, as well as the distributions 
remaining in the air as inhalation hazards, can only be estimated realistically with knowledge 
gained by a thorough investigation of precipitation scavenging processes. 

During this reporting period the entire precipitation scavenging program at PNL has 
been reoriented to meet the goals of the Multistate Atmospheric Power Production Pollution 
Study (MAP3S), a major research program of ERDA's Division of Biomedical and Environ- 
mental Research. The scavenging program is now primarily focused on these two areas: 
incloud scavenging in frontal and convection storms; and development and management 
of a precipitation chemistry network. 

The reports in this section describe the theoretical and computational modeling 
efforts as well as the field experiments run to provide the data needed for verification and 
improvement of the incloud scavenging models. A synergistic balance between the utilization 
of diagnostic models and field experiments i s  the goal of this research. The establishment 
of the four station operational network of precipitation chemistry stations in the northeastern 
United States, the analysis procedures for the samples and the rapid turnaround of 
computer-printed analyses reports were significant accomplishments during this reporting 
period. Such results demonstrate that the cooperation needed for success in MAP3S is 
achievable. 

PRECIPITATION SCAVENGING IN MAP3S 



PRECIPITATION SCAVENGING PROGRAM 

DESIGN FOR FY 1977 

6. C. S c o t t  

A  genera l  o v e r v i e w  o f  t h e  p r e c i p i t a t i o n  scaveng ing  program i s  

p resen ted  i n c l u d i n g  a  d e s c r i p t i o n  o f  t h e  b a s i c  scaveng ing  hypothe-  

s i s  t o  be i n v e s t i g a t e d  d u r i n g  t h e  w i n t e r  o f  1976-1977. The 

m o d e l i n g  and f i e l d  expe r imen ts  t o  be conducted d u r i n g  t h e  coming 

y e a r  a r e  a l s o  d e s c r i b e d .  

INTRODUCTION 

The o v e r a l l  o b j e c t i v e s  o f  t h e  p r e c i p i t a -  
t i o n  scaveng ing  program a r e  t o  d e t e r m i n e  
those  p r e c i p i t a t i o n  mechanisms w h i c h  e f f e c -  
t i v e l y  remove power p l a n t  p o l  1  u t a n t s  f r o m  
t h e  atmophere, and t o  p r o v i d e  t h e  necessa ry  
f i e l d  d a t a  f o r  comput ing t r a n s f o r m a t i o n  o f  
p o l l u t a n t s  i n t o  d i f f e r e n t  chemica l  c o n f i g u -  
r a t i o n s .  I n  s u p p o r t  o f  t h e  MAP3S program, 
a  m a j o r  goa l  o f  t h e  scaveng ing  program i s  
d e t e r m i n i n g  t h o s e  e v e n t s  c a u s i n g  t h e  removal 
and t r a n s f o r m a t i o n  o f  SO2 and SO4-' by  c l o u d  
systems. A l t h o u g h  t h e  f o l l o w i n g  d i s c u s s i o n  
emphasizes the- removal  and t r a n s f o r m a t i o n  
o f  SO2 and SO4-, t h e  program i s  n o t  l i m i t e d  
t o  i n v e s t i g a t i n g  s u l f u r  compounds. The 
e f f e c t i v e n e s s  o f  p r e c i p i t a t i o n  i n  remov ing  
o t h e r  i n d u s t r i a l  and power p l a n t  p o l l u t a n t s  
such as NH3, NOx, 03 ,  e t c . ,  w i l l  a l s o  be 
examined. 

The f i e l d  program f o r  t h e  w i n t e r  o f  
1976-77 has been des igned  p r i m a r i l y  t o  de- 
t e r m i n e  i f  a  Lake M i c h i g a n  s i t e  i s  adequate  
f o r  a c c o m p l i s h i n g  t h e  o v e r a l l  o b j e c t i v e s  o f  
t h e  scavenging program. I s  t h e  f i e l d  s i t e  
a c c e s s i b l e  f o r  a i r c r a f t  f l i g h t s  and ground 
crews, a r e  t h e  snow s torms s u f f i c i e n t l y  
p r e d i c t a b l e  t o  enab le  f r e q u e n t  and p e r i o d i c  
p rob ing ,  and a r e  t h e  amb ien t  c o n c e n t r a t i o n s  
o f  gaseous power p l a n t  p o l l u t a n t s  and t r a c e  
m e t a l s  s u f f i c i e n t  f o r  t h e i r  t r a n s f o r m a t i o n  

and removal t o  be observed w i t h i n  t h e  ex-  
p e r i m e n t a l  t i m e  f rame? 

SCAVENGING HYPOTHESIS 

Our b a s i c  h y p o t h e s i s ,  t o  be examined 
d u r i n g  t h e  w i n t e r  expe r imen ts  o f  1976-77, 
i s  t h a t  most  o f  t h e  scavenging o f  SO4' and 
SO2 i n  c o l d  c l o u d  s torms ( p r e c i p i t a t i o n  
e i t h e r  reaches t h e  s u r f a c e  as snow o r  m e l t s  
j u s t  above t h e  s u r f a c e )  o c c u r s  by  r i m i n g  i n  
t h e  l o w e r  p o r t i o n s  o f  t h e  c l o u d s .  The hy-  
p o t h e s i s  assumes t h a t  most  SO2 and SO4= 
e n t e r s  t h e  c l o u d  t h r o u g h  c l o u d  base ( i  .e., 
o n l y  a  sma l l  f r a c t i o n  o f  t h i s  m a t e r i a l  i s  
e n t r a i n e d  t h r o u g h  t h e  s i d e s  o f  t h e  c l o u d s ) .  
T h e r e f o r e ,  u n d e r s t a n d i n g  p r e c i p i t a t i o n  scav-  
eng ing  r e q u i r e s  adequate  d e s c r i p t i o n s  o f  t h e  
n u c l e a t i o n  p rocess  and o f  t h e  h i s t o r i e s  o f  
t h e  c l o u d  d r o p l e t s  n u c l e a t e d  a t  c l o u d  base. 

The c l o u d  d r o p  s i z e  d i s t r i b u t i o n  i s  known 
t o  be de te rm ined  by t h e  u p d r a f t  v e l o c i t y  and 
t h e  maximum c l o u d  s u p e r s a t u r a t i o n  w i t h i n  t h e  
f i r s t  100 me te rs  above c l o u d  base. A f t e r  
t hese  t i n y  c l o u d  d r o p l e t s  have r i s e n  4 t o  
5 m in  ( a b o u t  200 m  above c l o u d  base)  t h e y  
w i l l  have grown l a r g e  enough (by  condensa- 
t i o n )  t o  be c a p t u r e d  b y  l a r g e  f a l l i n g  i c e  
p a r t i c l e s .  T h i s  c a p t u r e  ( o r  r i m i n g )  p rocess  
t h e n  p r e v e n t s ,  t h r o u g h  f r e e z i n g ,  any f u r t h e r  - 
SO2 t o  SO4- t r a n s f o r m a t i o n  w i t h i n  o r  on  t h e  
s u r f a c e  o f  t h e  f a l l i n g  i c e  p a r t i c l e .  Thus 



most o f  t h e  s u l f a t e  con ta ined  w i t h i n  those 
c l o u d  d r o p l e t s ,  which eventual  l y  c o n t r i b u t e  
wa te r  mass t o  t h e  s u r f a c e  p r e c i p i t a t i o n  f rom 
c o l d  c l o u d  storms, i s  e i t h e r  p resen t  a t  nu- 
c l e a t i o n  o r  i s  transformed f rom SO2 w i t h i n  
t h e  f i r s t  few hundred meters o f  c l o u d  base 
( 4  t o  5 min a f t e r  d r o p l e t  n ~ c l e a t i o n ) . ~  
S i m i l a r l y  a d s o r p t i o n  o r  d e s o r p t i o n  o f  SO2 
by t h e  c l o u d  d r o p l e t s  must occur  w i t h i n  t h e  
f i r s t  few minutes o f  d r o p l e t  l i f e t i m e  i f  SO2 
i s  t o  be removed f rom t h e  c loud  by f a l l i n g  
i c e  p a r t i c l e s .  

To t e s t  t h i s  hypo thes is  and t o  develop 
b e t t e r  hypotheses r e l a t i n g  p r e c i p i t a t i o n  
scavenging t o  aeroso l  and gas c h a r a c t e r i s -  
t i c s ,  t o  p r e c i p i t a t i o n  i n t e n s i t y  and types,  
and t o  c loud  c h a r a c t e r i s t i c s ,  we hope t o  
conduct a  m u l t i - y e a r  s tudy  c l o s e l y  c o l l a b o -  
r a t i n g  between model ing and sys temat i c  f i e l d  
experiments. 

MODELING EFFORTS 

Dur ing  t h e  f i r s t  year ,  mesoscale model ing 
o f  t h e  a i r f l o w  o v e r  Lake Mich igan  w i l l  be 
done w i t h  t h e  Lavo ie  model. T h i s  model pre-  
d i c t s  1  ) convergence and d ivergence assoc i -  
a t e d  w i t h  t h e  mesoscale f l ow f i e l d s ,  and 
2 )  depth and s p a t i a l  d i s t r i b u t i o n  o f  t h e  
m i x i n g  l a y e r .  The model o u t p u t  should a l s o  
be v a l u a b l e  f o r  d e t e r m i n i n g  op t ima l  l o c a t i o n s  
o f  s u r f a c e  sampl ing s t a t i o n s  and a i r c r a f t  
sampl ing t r a c k s .  The o u t p u t  w i l l  be i n p u t  
f o r  a  convec t i ve  s c a l e  model t o  be developed 
i n  s tages over  t h e  n e x t  few years .  T h i s  
c o n v e c t i v e  s c a l e  model w i l l  i n c l u d e  d e t a i l e d  
i c e  and wate r  c l o u d  mic rophys ics  and should 
enable c a r e f u l  examina t ion  o f  t h e  r e l a t i o n -  
s h i p s  between p r e c i p i t a t i o n  scavenging and 
c l o u d  dynamics and mic rophys ics .  Observa- 
t i o n s  o f  t h e  c o n v e c t i v e  a c t i v i t y  ob ta ined  
f rom t h e  f i e l d  exper iments a t  Lake Mich igan  
w i l l  determine i f  t h e  model w i l l  be k i n e -  
m a t i c  o r  t ime  dependent, and one o r  two 
d imensional .  

FIELD MEASUREMENTS 

F i e l d  exper iments a r e  p lanned t o  c o i n c i d e  
w i t h  t h e  occurrence o f  snow a t  t h e  surface. 

a Some so4= aeroso l  may a l s o  be a t tached  by 
o t h e r  c a p t u r e  processes d u r i n g  t h i s  t i m e  
i n t e r v a l ,  and some c l o u d  d r o p l e t s  may es- 
cape cap tu re  by i c e  p a r t i c l e s  and grow by 
coalescence t o  l a r g e  c l o u d  drops which 
subsequent ly  f r e e z e  and f a l l  ou t .  Our 
t h e o r e t i c a l  s t u d i e s  w i l l  e s t i m a t e  t h e  mag- 
n i t u d e  o f  these assumed secondary sources 
o f  scavenged m a t e r i a l  a t  t h e  su r face .  

Snowflakes and i n d i v i d u a l  c r y s t a l s  w i t h i n  
t h e  f l a k e s  o f t e n  p r o v i d e  cons iderab le  i n f o r -  
mat ion  about  t h e i r  l i f e  h i s t o r i e s .  For  ex- 
ample, t h e  shape o f  c r y s t a l s  growing by dep- 
o s i t i o n  i s  determined p r i m a r i l y  by c l o u d  
temperature. Thus, by knowing t h e  tempera- 
t u r e  p r o f i l e  i n  t h e  c l o u d  ( e i t h e r  as a  r e s u l t  
o f  d i r e c t  observa t ions  o r  th rough  model p re -  
d i c t i o n s )  a  n u c l e a t i o n  r e g i o n  ( i n  terms o f  
h e i g h t  above t h e  s u r f a c e )  f o r  c r y s t a l s  o f  
p a r t i c u l a r  shapes can be e s t a b l i s h e d .  I n  
a d d i t i o n ,  i c e  c r y s t a l s  must a l s o  grow t o  a  
c r i t i c a l  s i z e  b e f o r e  they  can beg in  t o  ac- 
c r e t e  c l o u d  water .  Again, by knowing t h e  . 
c l o u d ' s  thermal s t r u c t u r e ,  t h e  t i m e  i n t e r v a l  
f o r  c r y s t a l  growth by d e p o s i t i o n  may be com- 
puted. Once t h e  c r y s t a l s  o b t a i n  t h e i r  c r i t -  
i c a l  r i m i n g  s i z e ,  t h e  a c c r e t i o n  o f  c l o u d  
water ,  which a l r e a d y  c o n t a i n s  p o l l u t a n t s ,  
becomes t h e  dominant c a p t u r e  mechanism. The 
degree o f  r i m i n g  i n d i c a t e s  t h e  mass o f  p o l -  
l u t a n t  o b t a i n e d  by t h e  a c c r e t i o n  mechanism 
and i s  dependent upon c l o u d  wate r  c o n t e n t  
and d r o p l e t  s i z e  d i s t r i b u t i o n ;  b o t h  param- 
e t e r s  w i l l  be measured by a i r c r a f t .  

C l e a r l y  none o f  these  g rowth  and cap tu re  
mechanisms can be d i s t i n g u i s h e d  w i t h  samples 
o f  l i q u i d  p r e c i p i t a t i o n .  Thus, c a r e f u l  ex- 
amina t ion  o f  t h e  p r e c i p i t a t i o n  i n  w i n t e r t i m e  
snowstorms should p r o v i d e  a  unique oppor tu -  
n i t y  t o  unrave l  many o f  t h e  d e t a i l s  o f  pre-  
c i  p i  t a t i o n  scavenging. 

L i t t l e  i s  known about  t h e  m i c r o p h y s i c a l  
and dynamical d e t a i l s  o f  t h e  l a k e  e f f e c t  
snowstorms ( i  . e. , those  snowstorms t h a t  
occur  on t h e  l e e  shore o f  Lake Mich igan) .  
F i g u r e  1  shows t h e  main dynamical f e a t u r e s  
expected d u r i n g  these snowstorms. As c o l d  
p o l a r  a i r  moves o v e r  t h e  warm l a k e ,  eddy 
f l u x e s  t r a n s p o r t  hea t  and m o i s t u r e  i n t o  t h e  
m i x i n g  l a y e r  and thereby  i n c r e a s e  i t s  t h i c k -  
ness. Small c o n v e c t i v e  c louds  a r e  expected 
over  t h e  l a k e  i n  t h e  r e l a t i v e l y  sha l low 
m i x i n g  l a y e r  near  t h e  windward shore, b u t  
as t h e  depth o f  t h e  m i x i n g  l a y e r  inc reases ,  
convec t i ve  a c t i v i t y  i s  expected t o  i n t e n s i f y  
and become more ex tens ive .  By t h e  t i m e  t h e  
p o l a r  a i r  reaches t h e  l e e  shore, t h e  m i x i n g  
l a y e r  i s  expected t o  be 3 t o  4  km deep and 
t o  c o n t a i n  one o r  more bands o f  c loud iness .  
Each band i s  expected t o  be composed of 
severa l  areas o f  i n t e n s e  a c t i v i t y  w i t h  each 
area c o n t a i n i n g  severa l  a c t i v e  c o n v e c t i v e  
c e l l s .  We do n o t  expec t  t o  f i n d  any a b r u p t  
downwind edge t o  these  bands o f  p r e c i p i t a -  
t i o n .  Rather  we a n t i c i p a t e  t h a t  t h e  c l o u d s  
g l a c i a t e  a t  t h e i r  downwind edges and e j e c t  
s t reamers o f  i c e  c r y s t a l s  which advect  t o  
t h e  east .  These i c e  c r y s t a l s  a r e  expected 
t o  c o n t i n u e  t o  grow even though t h e  wate r  
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FIGURE 1. A n t i c i p a t e d  Dynamic and Mic rophys ica l  Features o f  a  Lake Michigan Snowstorm 

c l  oud has compl e t e l  y  evaporated and t h e  
environment i s  subsa tu ra ted  w i t h  respec t  t o  
water .  I f  a  l a k e  e f f e c t  snowstorm should 
occur  a t  our  f i e l d  s i t e ,  e x t e n s i v e  p rob ing  
w i t h  r a d a r  and a i r c r a f t  w i l l  be at tempted.  

S ince t h i s  y e a r ' s  f i e l d  work has been 
delayed by a i r c r a f t  engine f a i l u r e ,  i t  i s  
l i k e l y  t h a t  a  l a k e  e f f e c t  snowstorm w i l l  n o t  
occur  d u r i n g  o u r  scheduled sampl i n g  i n t e r v a l  
(February-March). Dur ing  t h i s  l a t e  w i n t e r  
per iod ,  t h e  i n t e n s i t y  and d u r a t i o n  o f  snow 
a t  the  surface depends s t r o n g l y  on t h e  o r i -  
e n t a t i o n  o f  e x t r a t r o p i c a l  cyc lones r e l a t i v e  
t o  t h e  observer .  The p r e c i p i t a t i o n  i n  these 
e x t r a t r o p i c a l  cyc lones i s  dominated by em- 
bedded p r e c i p i t a t i n g  bands; t h e  heav ies t  
p r e c i p i t a t i o n  being assoc ia ted  w i t h  mesocale 
areas o f  convec t i ve  a c t i v i t y  w i t h i n  these 
bands. F i g u r e  2 i l l u s t r a t e s  t h e  s p a t i a l  
o r i e n t a t i o n  o f  t h e  major  p o l l u t a n t  removal 
reg ions  i n  an e x t r a t r o p i c a l  cyc lone .  I f  
our  f i e l d  s i t e  l i e s  i n  reg ions  B o r  C  o f  
F igure  2 d u r i n g  February and March, snow i s  
l i k e l y  t o  be observed a t  t h e  su r face .  As 
i s  t h e  case f o r  a  l a k e  e f f e c t  snowstorm, 
such per iods  o f  snow w i l l  p r o v i d e  d e t a i l e d  
records o f  t h e  1  i f e - h i s t o r y  of i n d i v i d u a l  
n r e c i p i  t a t i n g  p a r t i c l e s .  However, as i s  
e v i d e n t  i n  F i g u r e  2, t h ~  e x t r a t r o p i c a l  cy  - 
c lone  p rov ides  a  much la r tqe r  v a r i a t i o n  i n  
space and t ime s c a l e s  f o r  scavenging than  
does t h e  s i m p l e r  l a k e  e f f e c t  snowstorm. One 
goal o f  our  1977 f i e l d  s t u d i e s  w i l l  be t o  

determine i f  i n t e n s e  mesoscale areas can be 
i d e n t i f i e d  and probed independent1 y  f rom t h e  
sur round ing  l i g h t e r  p r e c i p i t a t i o n  areas.  

Th is  y e a r ' s  f i e l d  work w i l l  be l i m i t e d  
p r i m a r i l y  t o  a  c h a r a c t e r i z a t i o n  s tudy o f  
those Michigan snowstorms t h a t  occur  d u r i n g  
our  sampling per iod .  A i r c r a f t  measurements 
o f  ae roso ls  and gases w i l l  be taken w i t h  our  
DC-3 upwind, below c l o u d  base, and downwind 
o f  major  snow produc ing  bands. These " c l e a r  
a i r "  measurements w i l l  i n c l u d e  d e t e r m i n a t i o n  
o f  concen t ra t ions  o f  SO2, NH3, NO , O,, 
s i z i n g  and chemical c h a r a c t e r i z a t f o n  o f  
ae roso ls ,  d e t e r m i n a t i o n  o f  t h e  de l iquescen t  
n a t u r e  o f  t h e  l a r g e r  aeroso ls ,  and measure- 
ment o f  t h e  CCN spectrum. H o p e f u l l y  these 
measurements can be supplemented w i t h  b u l k  
water  samples ob ta ined  d i r e c t l y  f rom w i t h i n  
t h e  c louds.  Cloud l i q u i d  wa te r  c o n t e n t  w i l l  
be measured near c l o u d  base, near  c l o u d  top ,  
and a t  t h e  m idd le  o f  t h e  c loud .  Cloud drop-  
l e t  s i z e  d i s t r i b u t i o n s  w i l l  be taken near  
c loud  base. 

A t  t h e  s u r f a c e  two sequen t ia l  sampling 
s i t e s  w i l l  be e s t a b l i s h e d  on a  l i n e  approx- 
i m a t e l y  normal t o  t h e  p r e c i p i t a t i n g  band. 
A t  one s u r f a c e  s i t e  a  m u l t i - s t a g e  impac to r  
w i l l  r u n  c o n t i n u o u s l y  f o r  5 t o  7  days a t  a  
t ime.  A t  b o t h  s i t e s  sequen t ia l  samples o f  
snow w i l l  be c o l l e c t e d  a t  f i x e d  i n t e r v a l s  
and l a t e r  analyzed f o r  So4', HS03-, SO3' 
and o t h e r s .  The snow w i l l  be c h a r a c t e r i z e d  
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FIGURE 2. Removal Regions i n  an E x t r a t r o p i c a l  Cyclone 

accord ing  t o  p r i m a r y  growth h a b i t ,  degree o f  A d d i t i o n a l  suppor t  w i l l  be ob ta ined  f rom 
aggrega t ion  and r i m i n g ,  p r e c i p i t a t i o n  r a t e ,  t h e  PPI and RHI d i s p l a y s  f rom a  LWR 74C 
e tc .  Formvar r e p l i c a s  o f  t h e  f a l l i n g  snow weather r a d a r  a t  Muskegon ( range o f  230 k m ) ,  
w i l l  be obta ined.  I f  p o s s i b l e ,  c o r e  samples and f rom t h e  v i s u a l  and IR  synchronous and 
o f  snow w i l l  be ob ta ined .  nonsynchronous sate1 1  i t e  d a t a  r e c e i v e d  a t  

D e t r o i t .  



THE MAP3S PRECIPITATION CHEMISTRY NETWORK 

M. T e r r y  Dana, D. R. Drewes, D. W. Glover ,  J .  M. Hales 

and J. E. Ro the r t  

A  p r e c i p i t a t i o n  chemist ry  sampling network, w i t h  four  i n i t i a l  s i t e s ,  

i s  ope ra t i ng  i n  the  nor theas te rn  Un i ted  S ta tes .  Samples a re  c o l l e c t e d  

on a  p r e c i p i t a t i o n  event  bas is  by l o c a l  cooperat ing o rgan iza t ions ,  and 

sen t  t o  Richland f o r  chemical ana l ys i s .  Samples a re  be ing  analyzed f o r  

a l l  t he  expected i o n i c  p o l l u t a n t  species, us ing  automated wet chemical,  

i o n  chromatography, and atomic absorp t ion  spectrophotometry methods. 

Ana l ys i s  r e s u l t s  a re  p r i n t e d  o u t  i n  s tandard form and d i s t r i b u t e d  

month ly  t o  i n t e r e s t e d  p a r t i e s .  

An impor tan t  component o f  t he  M u l t i - s t a t e  
Atmospheric Power Produc t ion  P o l l u t a n t  Study 
(MAP3S) i s  t h e  c o l l e c t i o n  o f  r e l i a b l e  pre-  
c i p i t a t i o n  chemis t ry  data a t  c a r e f u l l y  se- 
l e c t e d  s i t e s  i n  t he  nor theas te rn  Un i ted  
States.  These data w i l l  be used t o  i d e n t i f y  
t r ends  i n  p r e c i p i t a t i o n  q u a l i t y  over  t h e  
r eg i on  as power p roduc t ion  us ing f o s s i l  f u e l s  
increases;  t h e  data w i l l  a l so  a i d  i n  devel -  
oping and v e r i f y i n g  models o f  r eg i ona l  t rans-  
p o r t ,  d i f f u s i o n  and depos i t ion .  The network 
i s  one t ask  o f  t h e  MAP3S P r e c i p i t a t i o n  
scavenging program; t he  r e s p o n s i b i l i t i e s  o f  
B a t t e l l e  i n c l ude  coo rd i na t i on  o f  f i e l d  op- 
e r a t i o n  ( s e l e c t i n g  and equipping s i t e s  , 
s p e c i f y i n g  sampling methods, and p r o v i d i n g  
sampling and sh i pp i ng  m a t e r i a l s ) ,  l a b o r a t o r y  
ana lys is ,  and da ta  d issemina t ion .  

FIELD OPERATION 

Bat te l le -deve loped wet depos i t i on  c o l l e c -  
t o r s 1  have been i n s t a l l e d  a t  t h e  f o u r  i n i t i a l  
network s i t e s ,  and sampling began i n  October 
1976. The c o l l e c t i o n  area ( o f  about  450 cm2) 
i s  covered by a  mechanized l i d  du r i ng  f a i r  
weather, and i s  exposed au toma t i ca l l y  when 
a  p r e c i p i t a t i o n  sensor i s  ac t i va ted .  A  
funnel  and b o t t l e  arrangement can c o l l e c t  
as much as 2  1 (4.4 cm o f  p r e c i p i t a t i o n )  
per  sample. The c o l l e c t o r s  a re  designed t o  
accommodate a  mechanism f o r  immediate f r eez -  
i n g  o f  t h e  c o l l e c t e d  p r e c i p i t a t i o n ,  b u t  a l l  
samples a re  now be ing  handled as l i q u i d s  
u n t i l  a f t e r  ana lys is .  

The f o u r  present  s i t e s  and coopera t ing  
o rgan iza t ions  a re  l i s t e d  i n  Table 1. Local  
personnel (graduate s tudents )  a t  each s i t e  
c o l l e c t  samples on a  p r e c i p i t a t i o n  even t  
bas is ,  b u t  t h e  minimum sample c o l l e c t i o n  
t ime i s  now 24 h r .  The samples a re  weighed 
and t h e  pH taken be fo re  being d i v i d e d  i n t o  
p o r t i o n s  f o r  l o c a l  ana l ys i s  and f o r  sh ip -  
ment t o  t he  B a t t e l l e  l abo ra to r y  i n  Richland,  
Washington. P r e c i p i t a t i o n  gauge data and 
sample pH and volume measurements a re  logged 
and a  copy i s  sen t  t o  B a t t e l l e  a long w i t h  
the  samples. 

CHEMICAL ANALYSIS 

Table 2  l i s t s  chemical species analyzed 
and methods used a t  t he  network l abo ra to r y .  
Th is  l i s t  encompasses e s s e n t i a l l y  a l l  o f  t h e  
i o n i c  species expected t o  be i n  t h e  samples. 
To ta l  c o n d u c t i v i t y  and a c i d i t y l a l  k a l i n i  t y  
measurements are a l s o  made t o  check t he  
completeness o f  t h e  analyses f o r  i n d i v i d u a l  
p o l l u t a n t s .  The samples, sent  by a i r  f r e i g h t  
i n  i n s u l a t e d  con ta iners ,  a re  kep t  a t  a  tem- 
pera tu re  o f  4°C u n t i l  ana l ys i s  i s  completed; 
the  remain ing volumes a re  s t o red  i n  a  
f r eeze r  a t  -18OC. 

DATA DISSEMINATION 

An impor tan t  o b j e c t i v e  o f  t h e  study i s  
r a p i d  ana l ys i s  and d issemina t ion  o f  analy-  
s i s  data t o  network p a r t i c i p a n t s  and o t h e r  
i n t e r e s t e d  p a r t i e s .  A  computer program has 



TABLE 1. MAP3S Prec i  p i  t a t i o n  Chemistry Network S i t e s  

S i t e  Number L o c a t i o n  C o o p e r a t i n g  O r g a n i z a t i o n  

1 W h i t e f a c e  M o u n t a i n ,  NY A tmospher i c  Sc iences  Research C e n t e r  
S t a t e  U n i v e r s i t y  o f  New York a t  A lbany  

2 I t h a c a ,  NY S e c t i o n  o f  Eco logy  and S y s t e m a t i c s  
Corne l  1 U n i v z r s i t y  

3 S t a t e  C o l l e g e ,  PA Depar tment  o f  I.;eteorol ogy 
P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  

4 C h a r l o t t e s v i l l e ,  PA Depar tment  o f  E n v i  ronmenta l  Sc iences  
U n i v e r s i t y  o f  V i r g i n i a  

TABLE 2 .  Chemical Species Analyzed and Methods 

Spec ie  Met hod 

Cornrno Anions 
SO:-. No2-, NO3-, Cl - , I o n  Chromatography o r  Automated Wet 

~ 0 ~ 3 -  Chemist ry  

Ca t ions  
NH$' Automated Wet Chemist ry  
Ma , / 4 g 2 + , ~ + , ~ 1  3+,Ca2t Flame Emiss ion Atomic A b s o r p t i o n  

Spectrophotometry  

SO2 ( d i s s o l v e d )  Automated L!et C h e m i s t r y  
C o n d u c t i v i t y  C o n d u c t i v i t y  C e l l  
Free A c i d i t y  pH E l e c t r o d e  
A c i d i  t y / A l  k a l  i n i  t y  T i  t r a t i o n  

been developed which o rgan izes  a1 1 r e l e v a n t  ca lendar  month a r e  p r i n t e d  o u t  and d i s t r i b -  
d a t a  and p r i n t s  o u t  sunnnaries i n  a s tandard  uted.  I n  a d d i t i o n ,  a sumnary o f  each y e a r ' s  
format .  The analyses performed d u r i n g  each a c t i v i t i e s  and d a t a  wi 11 be compi led and 

i ssued  as an ERDA r e p o r t .  
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AN ALGORITHM FOR PROCESSING AND ANALYZING DATA 

FROM THE MAP3S PRECIPITATION NETWORK 

D. R. Drewes 

Computer sof tware has been w r i t t e n  which organizes and t abu la tes  

t h e  p r e c i p i t a t i o n  chemis t ry  da ta  t o  be c o l l e c t e d  f o r  t h e  MAP3S reg iona l  

scavenging program. The a l g o r i t h m  has two modes of opera t ion .  The 

f i r s t  mode analyzes raw l a b o r a t o r y  data and reduces them fo r  s to rage  on 

standard IBM cards. I n  t h e  second mode, s t o red  data a re  used as i n p u t  
and t h e  program generates t a b l e s  o f  data i n  a  fo rmat  s p e c i f i e d  by t h e  

user .  

Data management f o r  an extended p r o j e c t  
such as t h e  MAP3S p r e c i p i t a t i o n  scavenging 
network presents severa l  compl i ca t ions .  
Because of t h e  l e n g t h  of t h e  p r o j e c t ,  f u t u r e  
needs must be a n t i c i p a t e d  and i nc l uded  as 
e a r l y  as poss i b l e .  Since f u t u r e  needs can- 
n o t  always be a n t i c i p a t e d ,  t h e  data manage- 
ment system must be f l e x i b l e  enough t o  meet 
t he  needs as they  a r i s e .  Furthermore, t he  
volume of data expected r e q u i r e s  a  r a t h e r  
compact data s to rage  format .  As i n  a l l  prob- 
lems o f  t h i s  type,  c e r t a i n  t r ade -o f f s  must be 
considered i n  o rde r  t o  maximize t h e  u t i l i t y  
o f  t he  system: f l e x i b i l i t y  i s  ob ta ined  by 
i nc reas i ng  t h e  s i z e  and complex i t y  o f  t h e  
system, e t c .  

The so f tware  w r i t t e n  t o  handle t h e  p re -  
c i p i t a t i o n  network data operates i n  two 
d i f f e r e n t  modes, and has been s e t  up t o  
recognize t h e  i n p u t  data be ing  supp l ied  and 
choose t he  app rop r i a t e  mode. I n  t h e  f i r s t  
mode, raw data f rom t h e  l a b o r a t o r y  may be 
i n p u t  (e.g. t h e  values o f  % T  f rom t h e  c o l -  
o r i m e t r i c  NH4+ a n a l y s i s ) .  These data a r e  
f i r s t  fed  t o  a  subprogram which conver ts  
them t o  app rop r i a t e  u n i t s  (e.  g. concentra-  
t i o n ) ,  and then t he  conver ted data a re  
s to red  i n  an a r ray .  A f t e r  a l l  such i n p u t  
has been received,  t h e  s to rage  a r r a y  i s  

used t o  ou tpu t  t he  data i n  t a b l e s  and on 
punched cards f o r  permanent s torage.  

The second mode o f  ope ra t i on  r e s u l t s  
when the  cards produced under t he  f i r s t  mode 
are used as i n p u t .  I t a l l ows  t a b u l a t i o n  o f  
data as performed above, and a l s o  a f f o r d s  
t h e  user  t h e  o p p o r t u n i t y  t o  per fo rm any 
des i r ed  c a l c u l a t i o n s  on the  data.  Th is  i s  
done by encoding t h e  app rop r i a t e  c a l c u l a -  
t i o n s  i n  a  subprogram u n i t ,  i n s e r t i n g  i t  
i n t o  t h e  program deck, and runn ing  w i t h  an 
app rop r i a t e  data deck. 

The modular c o n s t r u c t i o n  o f  t h e  program 
a l lows  easy adap ta t i on  t o  changes i n  t h e  
a n a l y t i c a l  methods and t h e  data ou tpu t .  
For  example, s i nce  t he  r educ t i on  o f  t h e  
' r aw '  N H ~ +  data t o  N H ~ +  concent ra t ion  i s  
handled e x c l u s i v e l y  by one subrou t ine ,  a  
change f rom a  c o l o r i m e t r i c  procedure t o  an 
ion-chromatographic one would r e q u i r e  o n l y  
replacement o f  t h i s  s i n g l e  u n i t ,  and no th i ng  
e l s e  would be a f f ec ted .  The dual  na tu re  o f  
t h e  code a l l ows  i t  t o  respond t o  bo th  t he  
immediate needs o f  data r educ t i on  and s t o r -  
age and a l s o  t o  more d e t a i l e d  examinat ion 
of any p o r t i o n  o f  t h e  data base. 



APPLICATION OF A MESOSCALE MODEL FOR DETERMINING TRANSPORT 

AND SCAVENGING IN LAKE-EFFECT SNOWSTORMS 

B.  C .  S c o t t  and W. J. Eadie 

To examine t h e  i n t r i c a c i e s  o f  scavenging processes, i t  i s  necessary 

t o  r e a l i s t i c a l l y  s i m u l a t e  c l o u d  dynamics and mic rophys ics .  Such s imula-  

t i o n s  r e q u i r e  adequate knowledge about  t h e  l o c a t i o n s  and t h e  environments 

i n  which c l o u d  c l u s t e r s  a r e  l i k e l y  t o  develop.  Therefore,  an e x i s t i n g  

mesoscale model i s  be ing  m o d i f i e d  t o  meet these t h e o r e t i c a l  and e x p e r i -  

mental needs. Model c a l c u l a t i o n s  o f  m i x i n g  l a y e r  dep th  and v e r t i c a l  

v e l o c i t i e s  a r e  presented f o r  two meteoro log ica l  s i t u a t i o n s  expected t o  

occur  f r e q u e n t l y  d u r i n g  o u r  planned f i e l d  programs. 

INTRODUCTION -- 

Vast amounts o f  p r e c i p i t a t i o n  o r i g i n a t e  
from bands o f  c louds  assoc ia ted  w i t h  t h e  
convergence from f r o n t a l  mot ions,  o rograph ic  
f e a t u r e s ,  o r  t u r b u l e n t  f l u x e s  o f  hea t  and 
mo is tu re  f rom the  surface. Indeed, t h e  
t o t a l  s u r f a c e  p r e c i p i t a t i o n  a t  most mid- 
l a t i t u d e  s i t e s  i s  a lmost  e n t i r e l y  composed 
o f  p r e c i p i t a t i o n  a s s o c i a t e d  w i t h  convec t i ve  
i n s t a b i  1  i t y  (e.g. , thundershowers) o r  t r a n -  
s i e n t  e x t r a t r o p i c a l  cyc lones  (e.g. , f r o n t a l  
passages). Furthermore, t h e  p r e c i p i t a t i o n  
from these e x t r a t r o p i c a l  cyc lones  i s  domi- 
nated by embedded p r e c i p i t a t i n g  bands; t h e  
h e a v i e s t  p r e c i p i t a t i o n  w i t h i n  these  bands 
be ing  a s s o c i a t e d  w i t h  mesoscale areas o f  
convec t i ve  a c t i v i t y .  l Since t h e  u l t i m a t e  
c o n s i d e r a t i o n  i n  p r e d i c t i n g  t h e  removal o f  
p o l l u t a n t s  by p r e c i p i t a t i o n  i s  t h e  amount 
o f  wa te r  depos i ted  a t  the  su r face ,  i t  pays 
t o  c l o s e l y  examine those  c l o u d  systems con- 
t r i b u t i n g  t h e  most p r e c i p i t a t i o n ;  t h a t  i s ,  
i n d i v i d u a l  c o n v e c t i v e  c louds  o r  mesoscale 
c l u s t e r s  o f  c o n v e c t i v e  c louds.  One ob jec -  
t i v e  o f  t h e  p r e c i p i t a t i o n  scavenging s t u d i e s  
i s  t h e r e f o r e  t o  deve lop  a  model which can 
adequate ly  r e s o l v e  t h e  t i m e  and space sca les  
assoc ia ted  w i t h  t h e  at tachment  o f  p o l l u t a n t  
t o  c l o u d  wate r  w i t h i n  these convec t i ve  sys-  
tems. Such a  model w i l l  t hen  enable i n v e s t i -  
g a t i o n  o f  t h e  i n t r i c a c i e s  of t h e  scavenging 
processes and d e t e r m i n a t i o n  o f  t h e  dominant 
p o l l u t a n t  c a p t u r e  and removal processes. 

To s i m u l a t e  r e a l i s t i c  c l o u d  dynamics, 
which through a  s t r o n g  i n t e r a c t i o n  w i t h  c l o u d  
mic rophys ics  u l t i m a t e l y  determine c l o u d  
l i f e t i m e s  and p r e c i p i t a t i o n  a t  t h e  s u r f a c e ,  
one must s p e c i f y  t h e  l o c a t i o n  and t h e  en- 
v i ronment  i n  which c o n v e c t i v e  c l o u d  c l u s t e r s  
grow. To p r o v i d e  t h i s  i n f o r m a t i o n ,  we a r e  
c u r r e n t l y  adap t ing  an e x i s t i n g  mesoscale 
model t o  meet o u r  t h e o r e t i c a l  and e x p e r i -  
mental needs. 

The l a k e  e f f e c t  mesoscale model developed 
by Lavoie2 has been s e l e c t e d  t o  p r e d i c t  t h e  
w i n t e r  a i r  f l o w  p a t t e r n s ,  t h e  t h i c k n e s s  o f  
t h e  m i x i n g  l a y e r ,  and t h e  reg ions  o f  convec- 
development near  o u r  f i e l d  exper imenta l  s i t e  
i n  western Mich igan.  I n  a d d i t i o n  t o  p r o -  
v i d i n g  t h e  env i ronmenta l  parameters neces- 
s a r y  f o r  t h e  s m a l l e r  s c a l e  c o n v e c t i v e  mod- 
e l i n g ,  t h e  model should be v a l u a b l e  i n  
de te rmin ing  t r a j e c t o r i e s  o f  power p l a n t  
p o l l u t a n t s ,  v a r i a t i o n s  i n  s to rm i n t e n s i t y  
w i t h  changes i n  i n f l o w  c o n d i t i o n s ,  and f o r  
s i t i n g  f i e l d  crews. 

MODEL DESCRIPTION 

The model c o n s i s t s  o f  t h r e e  l a y e r s ;  a  
superad iaba t i c  s u r f a c e  l a y e r ,  a  n e u t r a l  
m i x i n g  l a y e r ,  and a  s t a b l e  upper l a y e r .  The 
n e u t r a l  m i x i n g  l a y e r  i s  t h e  o n l y  l a y e r  whose 
p h y s i c a l  c h a r a c t e r i s t i c s  a r e  t i m e  dependent. 
I n  t h i s  m i x i n g  l a y e r ,  responses t o  h e a t  and 
m o i s t u r e  f l u x e s  and f r i c t i o n a l  f o r c i n g  enable 



t h e  t h i c k n e s s  o f  t h e  l a y e r  t o  v a r y  i n  space 
and t ime ,  and t o  p roduce  v a r i o u s  w i n d  
a c c e l e r a t i o n s .  

The g r i d  r e s o l u t i o n  o f  t h e  model ( 1 0  km) 
i s  t o o  c r u d e  t o  r e s o l v e  i n d i v i d u a l  convec- 
t i v e  e lements .  However, s e v e r a l  schemes 
have been d e ~ e l o p e d ~ y ~ , ~  t o  p a r a m e t e r i z e  
t h e  c o n d e n s a t i o n  p rocess  and a l l o w  t h e  sub- 
sequen t  h e a t  r e l e a s e  t o  f e e d  back i n t o  t h e  
ene rgy  e q u a t i o n .  Rega rd less  o f  t h e  parame- 
t e r i z a t i o n  used, t h e  m a j o r  e f f e c t  o f  l a t e n t  
h e a t  r e l e a s e  i s  t o  more s h a r p l y  d e f i n e  and 
a m p l i f y  t h e  upward d e f o r m a t i o n  o f  t h e  i n i -  
t i a l  m i x i n g  l a y e r  t h i c k n e s s .  The t h i c k n e s s  
o f  t h e  m ixed  l a y e r  and t h e  v e r t i c a l  v e l o c i t y  
a t  t h e  t o p  o f  t h e  l a y e r  a r e  t h e  most  mean- 
i n g f u l  o u t p u t  f i e l d s  o f  t h e  model i n  i n t e r -  
p r e t i n g  t h e  l o c a t i o n  and i n t e n s i t y  o f  con- 
v e c t i v e  deve lopment .  A  s h a l l o w  m ixed  l a y e r  
i n d i c a t e s  s h a l l o w  c l o u d s  and s h o r t  c l o u d  
l i f e t i m e s ,  whereas a  t h i c k  m ixed  l a y e r  
imp1 i e s  deep c l o u d s ,  l o n g e r  c l o u d  1  i f e t i m e s ,  
and g r e a t e r  o p p o r t u n i t i e s  f o r  p r e c i p i t a t i o n  
deve lopment .  S i m i l a r 1  y ,  a  r e g i o n  of  maximum 
upward v e r t i c a l  m o t i o n  i n d i c a t e s  an a r e a  
f a v o r a b l e  f o r  c o n v e c t i v e  deve lopment  t h r o u g h  
u p s l o p e  f l o w  and /o r  convergence i n  t h e  
mesosca le  w i n d  f i e l d .  A d d i t i o n a l  o u t p u t  
f r o m  t h e  mesosca le  model w i l l  p r o v i d e  t h e  
tempera tu re ,  m o i s t u r e  c o n t e n t ,  and d i v e r -  
gence w i t h i n  t h e  mixed l a y e r - - a l l  i m p o r t a n t  
components i n  d e t e r m i n i n g  c l o u d  deve lopment .  

The case  s t u d i e s  p r e s e n t e d  be low have 
been s e l e c t e d  t o  show t h e  i n f l u e n c e  o f  
Lake M i c h i g a n  on t h e  mesosca le  a i r  mass 
f e a t u r e s  n e a r  o u r  e x p e r i m e n t a l  f i e l d  s i t e  
h e a d q u a r t e r s  a t  Muskegon. The model has 
been r u n  w i t h o u t  c o n s i d e r i n g  l a t e n t  h e a t  
r e l e a s e ,  b u t  t h e  t h i c k n e s s  o f  t h e  m i x i n g  
l a y e r  and t h e  computed v e r t i c a l  m o t i o n  can 
be c o n s i d e r e d  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  
o f  c o n v e c t i o n  and t o  t h e  l i k e l i h o o d  o f  p r e -  
c i p i  t a t i o n  deve lopment .  Thus, p r o b a b l e  
washout  l o c a t i o n s  o f  t h e  p r o j e c t e d  plumes 
a r e  expec ted  t o  be w i t h i n  50 km downwind 
from t h e  r e g i o n s  w i t h  maximum upward v e r t i -  
c a l  m o t i o n .  

RESULTS 

I n  t h e s e  case s t u d i e s ,  t h e  w a t e r  tempera- 
t u r e  o f  Lake  M i c h i g a n  was t a k e n  t o  be 0°C 

t o  s i m u l a t e  c o n d i t i o n s  i n  l a t e  w i n t e r  o r  
e a r l y  s p r i n g .  The i n i t i a l  p o t e n t i a l  tem- 
p e r a t u r e  of  t h e  m ixed  l a y e r  was assumed t o  
be -6OC. The i n i t i a l  t h i c k n e s s  o f  t h e  m ixed  
l a y e r  was t a k e n  t o  be 2  km and t h e  m ixed  
l a y e r  was assumed t o  be capped w i t h  Z°C i n -  
v e r s i o n .  R e s u l t s  a r e  p r e s e n t e d  f o r  i n i t i a l  
w i n d  d i r e c t i o n s  o f  225' and 270°, and an 
i n i t i a l  w i n d  speed o f  1 0  m  s e c - l .  

F i g u r e  1  shows t h e  s t e a d y  s o l u t i o n  ob-  
t a i n e d  w i t h  a  p r e v a i l i n g  w i n d  o f  225' f o r  
t h e  d e f o r m a t i o n  o f  t h e  i n v e r s i o n  s u r f a c e  
capp ing  t h e  m ixed  l a y e r .  No te  t h e  dep res -  
s i o n  o f  t h e  i n v e r s i o n  s u r f a c e  i n  t h e  v i c i n -  
i t y  o f  t h e  w e s t e r n  s h o r e l i n e  and t h e  upward 
d e f o r m a t i o n  o v e r  and downwind o f  t h e  e a s t e r n  
shore1 i n e .  W i t h  t h i s  s o u t h w e s t e r l y  w i n d  
d i r e c t i o n ,  l a k e - e f f e c t  snow i s  f r e q u e n t l y  
observed i n  t h e  Muskegon-Hol l a n d  a r e a Y 6  
where t h e  t h i c k n e s s  o f  m ixed  l a y e r  i s  a  
maximum. The l o c a t i o n  o f  t h e  second maximum 
i n  uppe r  M i c h i g a n  i s  f r e q u e n t  a r e a  o f  heavy 
snows. The v e r t i c a l  m o t i o n  a t  t h e  t o p  o f  
t h e  m ixed  l a y e r  i s  shown i n  F i g u r e  2.  B o t h  
t h e  subs idence  o v e r  t h e  upwind ( w e s t e r n )  
s h o r e l i n e  and upward m o t i o n s  o v e r  t h e  
e a s t e r n  s h o r e l i n e  r e v e a l  t h e  s e n s i t i v i t y  
o f  t h e  model t o  t h e  d e t a i l e d  c o n f i g u r a -  
t i o n s  o f  t h e  l a n d - l a k e  bounda r i es .  

The d e f o r m a t i o n  o f  t h e  i n v e r s i o n  o b t a i n e d  
f o r  a  p r e v a i l i n g  w i n d  o f  270" i s  shown i n  
F i g u r e  3. B o t h  t h e  s o u t h e r n  and n o r t h e r n  
M i c h i g a n  maxima i n  t h e  i n v e r s i o n  s u r f a c e  
have s h i f t e d  s o u t h  and wes t  f r o m  t h e  l o c a -  
t i o n s  o f  t h e  maxima shown i n  F i g u r e  l. The 
v e r t i c a l  m o t i o n  a t  t h e  t o p  o f  t h e  i n v e r s i o n  
s u r f a c e  f o r  t h e  270' w i n d  shown i n  F i g u r e  4 
i s  a  g r a p h i c  example o f  t h e  response o f  t h e  
model i n  t h e  d e t a i l e d  c o n f i g u r a t i o n  o f  Lake 
M ich igan .  

I n  t h e  coming months,  t h e  model w i  11 be 
ex tended  t o  i n c l u d e  t h e  e f f e c t s  o f  l a t e n t  
h e a t  r e l e a s e .  A  l i b r a r y  o f  mesosca le  mod- 
e l i n g  r e s u l t s  f o r  v a r i o u s  w i n d  d i r e c t i o n s  
w i l l  be  comp le ted  as  an a i d  i n  p l a n n i n g  
t h e  f i e l d  s t u d i e s .  I n c l u d e d  w i t h i n  t h i s  
l i b r a r y  w i l l  b e  t h e  t r a j e c t o r i e s  o f  t h o s e  
plumes e m i t t e d  f r o m  t h e  v a r i o u s  power p l a n t s  
and u rban  a reas  l o c a t e d  on t h e  sho res  o f  
Lake M ich igan .  
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FIGURE 1. I n v e r s i o n  Deformat ion (m) f rom an I n i t i a l  
He igh t  o f  2000 m f o r  a  225" Wind D i r e c t i o n  
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FIGURE 2. V e r t i c a l  Mot ion (cm s e c - l )  a t  I n v e r s i o n  
Sur face  f o r  a  225' Wind D i r e c t i o n  



FIGURE 3. I n v e r s i o n  Deformation (m) f rom an I n i t i a l  
He igh t  o f  2000 m  f o r  a  270" Wind D i r e c t i o n  
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FIGURE 4. V e r t i c a l  Mot ion (cm s e c - l )  a t  I n v e r s i o n  
Sur face f o r  a  270" Wind D i r e c t i o n  
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RESULTS OF FLARE RELEASE OF AgI AND I n  

INTO A SUPER COOLED CLOUD 

W. E. Davis and J.  M. Thorp 

I n i t i a l  analyses a re  presented o f  an i n c l o u d  t r a c e r  r e l ease  by 

f l a r e  o f  ind ium and s i l v e r  i o d i d e  i n t o  a supercooled c loud  on March 31 , 
1972, on t h e  Olympia Peninsula, Washington. The ana l ys i s  o f  su r face  

samplers revea led  g rea te r  than 12% o f  t he  ind ium was deposi ted.  A 

p r e l i m i n a r y  ana l ys i s  found values o f  s i l v e r  on l y  s l i g h t l y  h i ghe r  than 

background. 

INTRODUCTION 

From 1971 t o  1975, p r e c i p i t a t i o n  scav- o f  t he  t r a c e r  by p r e c i p i t a t i o n .  One o f  
enging f i e l d  s t ud i es  were conducted on t he  these experiments, a f l a r e  r e l ease  o f  s i l v e r  
Olympic Peninsula i n  Washington. The p r i -  i o d i d e  and ind ium i n t o  a supercooled c loud,  
mary purpose o f  these f i e l d  studiesliiJas was c a r r i e d  o u t  on March 31, 1972.192 
de te rmin ing  whether a t r a c e r  re leased  f rom 
a i r c r a f t  i n t o  f r o n t a l  storms would be r e -  EXPERIMENTAL METHOD 
moved by p r e c i p i t a t i o n  i n  s u f f i c i e n t  quan- 
t i t i e s  t o -  be measured i n  ground c o l l e c t o r s .  The t r a c e r  t e s t  on March 31, 1972, had 
Fur ther ,  t h e  t e s t s  were designed t o  i n d i c a t e  two o b j e c t i v e s :  
what atmospheric c o n d i t i o n s  enhance removal 



1. To see whether a  non-nucleat ing t r a c e r  
i n j e c t e d  s imu l taneous ly  w i t h  a  nuc l ea t i ng  
agent  i n t o  a  s t a b l e  supercooled area o f  
c loud  would be removed i n  s u f f i c i e n t  
q u a n t i t i e s  t o  be de tec ted  a t  the  ground; 

2. To p r e d i c t  a  ground t a r g e t  f o r  t he  p re -  
c i p i t a t i o n  f a l l i n g  f rom t h e  seeded area. 

The design o f  t h e  exper iment  c a l l e d  f o r  
a  p r e f r o n t a l  supercooled c l oud  l a y e r  w i t h  
s t a b l e  lapse  r a t e  t o  assure nuc l ea t i on  by 
t he  AgI, and steady p r e c i p i t a t i o n  a t  t he  
ground t o  min imize evapora t ion  o f  t he  seeded 
p r e c i p i t a t i o n .  

On March 31, 1972, a t  1600 PST, an oc- 
c luded f r o n t  was west o f  t h e  Olympic 
Peninsula (F i gu re  1 ) .  Rain i n  advance o f  
t h i s  s torm began on t h e  nor thwest  coas t  
be fo re  noon and con t inued  i n t o  t he  evening. 
Continuous r a i n  a t  0.01-0.02 in .110  min was 
occu r r i ng  a t  bo th  Q u i l l a y u t e  and Forks, be- 
fore, dur ing ,  and w e l l  a f t e r  t he  exper iment  
(F i gu re  2 ) .  

The assigned p o s i t i o n  o f  t h e  a i r c r a f t  f o r  
t h e  t r a c e r  re lease  was based on Q u i l l a y u t e  
radiosonde data taken a t  1500 PST (F i gu re  3 ) .  
Th i s  p o s i t i o n  was p icked  such t h a t  t he  i n i -  
t i a l  depos i t i on  was expected t o  occur  a t  o r  
near  Forks, WA (F i gu re  4 ) .  A  mean wind was 
computed f o r  the  12,000 f t  l a y e r  and an e s t i -  
mated average p r e c i p i t a t i o n  fa1  1  v e l o c i t y  

o f  %2.0 mlsec throughout  t he  l a y e r  was used. 
The p o s i t i o n  f o r  a i r c r a f t  t r a c e r  r e l ease  was 
then ca l cu l a ted .  

A t  1635 PST, t h e  U n i v e r s i t y  o f  Washington 
8-23 a i r p l a n e  i g n i t e d  f l a r e s  r e l e a s i n g  1200 g  
o f  AgI and 500 g  o f  I n  a t  12,000 f t  (MSL) 
f o r  14 min over  a  t r i a n g u l a r  t r a c k  a t  an 
atmospheric temperature o f  -6.6"C i n  t h e  
p r e f r o n t a l  c louds (F i gu re  4 ) .  

The r e s u l t  o f  t h e  seeding was t he  develop- 
ment o f  a  "ho le - in - the-c loud"  w i t h  observable 
i c e  f a l l  o ccu r r i ng  as t h e  ho le  was forming. 
Various s o l a r  o p t i c a l  phenomena were repor ted ,  
i .e . ,  a  lower tangent  arc.  V isua l  observa- 
t i o n s  and a  f o i l  sample taken by t h e  a i r -  
c r a f t  a f t e r  t r a c e r  re lease  i n d i c a t e d  t h a t  
i c e  c r y s t a l s  were i n  t h e  seeded area. 

The a i r p l a n e  made severa l  p o s i t i o n  meas- 
urements w i t h i n  t he  h o l e  and was a b l e  t o  
determine t he  d r i f t  of t h e  ho le  t o  be f rom 
2.204" t r ue .  Th i s  d r i f t  d i r e c t i o n  was as- 
sumed t o  be t h e  r e l ease  l e v e l  wind d i r e c t i o n  
and helped determine t h e  expected a r r i v a l  
p o s i t i o n  of t he  t r a c e r s  on t h e  ground. 

The n e x t  radiosonde da ta  a f t e r  t h e  r e -  
lease  a t  1653 PST (F i gu re  5) were n o t  a v a i l -  
ab le  u n t i l  n e a r l y  1700 PST. Th i s  sounding 
showed a  s h i f t  i n  t h e  wind from 240" t o  260" 
had occurred a t  t h e  re lease  he igh t  o f  
12,000 f t  s i nce  t he  1500 PST sounding. Th i s  

FIGURE 1. Sur face Ana lys is  f o r  March 31, 1972, 1600 PST 
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FIGURE 2. Ten-Minute Averages o f  P r e c i p i t a t i o n  a t  Forks 
and Q u i l l a y u t e  f o r  March 31, 1972. (Note: no da ta  
recorded f o r  Q u i l  l a y u t e  a f t e r  2100 PST) 
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FIGURE 4. Map o f  Olympic Peninsula w i t h  Tracer  Release 
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FIGURE 5. P l o t  o f  Radiosonde Data Taken a t  1653 PST March 31, 
a t  Q u i l l a y u t e ,  WA (wind speeds on r i g h t  a re  i n  kno ts )  



wind s h i f t  cou ld  have a l t e r e d  t h e  ground 
depos i t i on  p a t t e r n  cons iderab ly  from t h a t  
p red ic ted .  

ANALYSIS 

To determine t he  ground depos i t i on  pa t -  
t e r n ,  221 r a i n  samplers were s e t  o u t  a long  
roads on t he  Olympic Peninsula.  Water sam- 
p l es  f rom 85 o f  these have been analyzed f o r  
ind ium us i ng  neu t ron  a c t i v a t i o n  techniques. 

The neutron a c t i v a t i o n  ana l ys i s  revea led  
t h e  presence o f  ind ium i n  samplers west o f  
Forks, WA. Samples which con ta ined  s i g n i f i -  
can t  ind ium were then  reanalyzed f o r  s i l v e r .  
P re l im ina ry  ana l ys i s  f o r  s i l v e r  showed 
g r e a t l y  reduced amounts compared t o  ind ium 
(Table 1 )  cons i de r i ng  equal amounts o f  t h e  
two t r a c e r s  were re leased.  I t  may be s i  n i -  
f i c a n t  t h a t  Ag above background ( > I  .0  ngg 
does appear i n  areas o f  p o s i t i v e  ind ium dep- 
o s i t i o n .  Add i t i ona l  a n a l y s i s  i s  r e q u i r e d  t o  
determine t h e  d e p o s i t i o n  p a t t e r n  f o r  Ag. 

The es t imated  d e p o s i t i o n  p a t t e r n  based on 
t he  ind ium a n a l y s i s  i s  shown i n  F i gu re  6. 
Approximate ly  12% o f  t h e  ind ium re leased  was 
accounted f o r .  It i s  q u i t e  poss i b l e  t h a t  
more was deposi ted;  we cannot  t e l l  how much 
because t he  d e p o s i t i o n  p a t t e r n  extended t o  
t he  n o r t h  where t h e r e  were no samplers. Two 
samples i n  t h e  area o f  d e p o s i t i o n  have been 
removed from t h e  ana l ys i s  because o f  inad-  
v e r t e n t  d u p l i c a t i o n  o f  t h e  sample numbers. 
A t  t h i s  t ime i t  appears t h a t  t h e  removal o f  
these two samples w i l l  n o t  a f f e c t  t h e  bas i c  
depos i t i on  p a t t e r n  as shown. 

CONCLUSIONS 

The p a t t e r n  based on these analyses 
shows : 

1. A non-nucleat ing t r a c e r ,  indium, i n j e c t e d  
s imu l taneous ly  w i t h  a n u c l e a t i n g  agent, 
AgI, i n t o  a supercooled a rea  o f  a c l oud  
was removed by  p r e c i p i t a t i o n  i n  s u f f i c i e n t  

TABLE 1. Samples w i t h  >1 ng o f  I n  

Sample # Ng (In) -- Ng (Ag) Wt (grams) 

6 7 15.9 + 0.5 2.63 ? 0.63 173 

6 8 2.6 + 0.4 1.12 + 0.48 206 

6 9 23.3 ? 0.7 1.31 + 0.50 221 

7 0 4.0 ? 0.5 1.62 + 0.04 213 

7 1 10.2 + 1.1 1.92 + 0.47 188 

7 2 10.8 ? 0.6 1.42 _+ 0.54 15 9 

7 3 9.4 k 0.6 1.76 + 0.41 242 

7 4 2.1 + 0.2 1.04 ? 0.63 2 6 6 

8 1 3.3 ? 0.3 NA 162 

8 2 26.2 + 0.5 II 124 

8 3 2.6 + 0.3 I) 146 

8 4 6.8 + 0.4 I t  131 

8 5 4.2 + 0.4 148 

8 7 33.8 + 0.9 I t  12 9 

8 8 16.5 + 6.0 tu 114 

9 0 (a) <0.8 0.61 + 0.35 140 

4 13 1.18+ 0.69 flA 

a .This  sample is an example of general background. 
NA - not analyzed for AG 
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q u a n t i t i e s  t o  be de tec ted  a t  t h e  ground. 
Approx imate ly  12% o f  t h e  amount re leased  
has been accounted f o r .  

2. T a r g e t i n g  o f  t h e  p r e c i p i t a t i o n  as i n d i -  
c a t e d  by t h e  t r a c e r  a n a l y s i s  d i d  n o t  occur  
i n  t h e  Forks area, b u t  f u r t h e r  t o  t h e  
west.  T h i s  r e s u l t  i n d i c a t e s  the  c o n t i n -  
u i n g  need f o r  an expanded sampling system 
t o  cover  t h e  v a r i a b i l i t y  i n  t h e  winds 
assoc ia ted  w i t h  f r o n t a l  storms. 
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IN-FLIGHT AIRCRAFT EXHAUST AND TRACER 

SIZE DISTRIBUTION MEASUREMENTS 

B. C. S c o t t  and N. S. Lau la inen  

P r e l i m i n a r y  r e s u l t s  a r e  presented f rom an exper iment  designed t o  

determine t h e  s i z e  d i s t r i b u t i o n  and t h e  n u c l e a t i o n  a b i l i t y  o f  an euro-  

pium t r a c e r .  Large concen t ra t ions  ( 2  x  l o 4  o f  t r a c e r  aeroso l  

w i t h  d iameters - 4 . 0 4  um were produced. Whereas p rev ious  exper iments 

had i d e n t i f i e d  no t r a c e r  p a r t i c l e s  w i t h  dimensions 20.1 um, t h i s  

exper iment  i d e n t i f i e d  s i g n i f i c a n t  numbers. A  small  f r a c t i o n  o f  t h e  

europium appeared t o  a c t  as a  CCN. 

INTRODUCTION and removal mechanisms. However, t h e  a t -  
tachment o f  t r a c e r  aeroso ls  t o  c l o u d  wate r  

A  m u l t i - t r a c e r  r e l e a s e  o f  aerosol  p a r t i -  depends s t r o n g l y  on t h e  s i z e  d i s t r i b u t i o n  
c l e s  i n t o  a  p r e c i p i t a t i n g  c l o u d  system i s  and s o l u b i l i t y  o f  t h e  aeroso l .  For  example, 
an a t t r a c t i v e  way t o  compare t h e  e f f e c t i v e -  a  so luab le  aeroso l  such as ammonium s u l f a t e  
ness o f  a  v a r i e t y  o f  p o l l u t a n t  a t tachment  can be a c t i v a t e d  as a  condensat ion n u c l e i  



a t  t y p i c a l  c l o u d  s u p e r s a t u r a t i o n s ,  i f  i t s  
d imens ions  exceed some c r i t i c a l  v a l u e  
( g e n e r a l l y  0.01 t o  0.1 vm). Less  s o l u b l e  
t r a c e r s  can a1 so be e f f e c t i v e l y  i n c o r p o r a t e d  
i n t o  t h e  c l o u d  d rops  t h r o u g h  c a p t u r e  mecha- 
n isms such as Brownian and t u r b u l e n t  d i f f u -  
s i o n ,  p h o r e t i c  t r a n s p o r t ,  and i m p a c t i o n .  
I n  c o n t r a s t  t o  t h e  n u c l e a t i o n  e v e n t s  where 
a t t a c h m e n t  r a t e s  t o  c l o u d  w a t e r  a r e  essen- 
t i a l l y  i n f i n i t e ,  t h e  a t t a c h m e n t  r a t e s  f o r  
l e s s  s o l u b l e  p a r t i c l e s  a r e  h i g h l y  s i z e  de- 
pendent  and range  f r o m  0.01% h - l  f o r  p h o r e t i c  
a t t a c h m e n t  t o  a b o u t  100% h - I  f o r  i n e r t i a l  
i m p a c t i o n .  Thus, f o r  an  i n - c l o u d  t r a c e r  
r e l e a s e  e x p e r i m e n t  t o  p r o v i d e  i n f o r m a t i o n  
abou t  a t t a c h m e n t  and remova l  o f  n a t u r a l  p o l -  
l u t a n t s ,  i t  i s  a b s o l u t e l y  e s s e n t i a l  t h a t  t h e  
s i z e  d i s t r i b u t i o n  and m i c r o p h y s i c a l  cha rac -  
t e r i s t i c s  o f  t h e  t r a c e r  be known. T h i s  r e -  
p o r t  d e s c r i b e s  o u r  f i r s t  a t t e m p t  t o  c h a r a c -  
t e r i z e  one t r a c e r  t h o u g h t  t o  be we1 1  s u i t e d  
f o r  i n - c l o u d  scaveng ing  expe r imen ts .  

THE EXPERIMENT 

The expe r imen t  was pe r fo rmed  w i t h  two 
a i r p l a n e s  f l y i n g  i n  tandem; t h e  l e a d  a i r -  
p l a n e  f l y i n g  a b o u t  100 m  ahead o f  t h e  
t r a i l i n g  a i r p l a n e  and s i m u l a t i n g  a  normal  
t r a c e r  r e l e a s e  by  b u r n i n g  t h e  t r a c e r  f r o m  
Brad P a t t o n  a e r o s o l  g e n e r a t o r s .  The t r a c e r  
examined was europ ium,  an i n s o l u b l e  m a t e r i a l ,  
t h o u g h t  t o  be i n  i t s  p u r e  fo rm,  an i n e f f e c -  
t i v e  c o n d e n s a t i o n  n u c l e u s .  P r e v i o u s  r e l e a s e s  
o f  t r a c e r  m a t e r i a l s  w i t h  t hese  a e r o s o l  gen- 
e r a t o r s  had produced a e r o s o l  s  d i s t r i  h i ~ t e d  
o v e r  d imens ions  l e s s  t h a n  0.1 p ~ n . '  'The 
t r a i l i n g  a i r c r a f t  was equ iped  w i t h  a  Wh i tby  
e l e c t r i c a l  a e r o s o l  a n a l y z e r  and a  Royco op- 
t i c a l  p a r t i c l e  c o u n t e r  f o r  measu r i ng  a e r o s o i  
s i z e  d i s t r i b u t i o n ,  an  i n t e g r a t i n g  nephelom- 
e t e r  f o r  i n d i c a t i o n  o f  p a r t i c l e s  g r e a t e r  
t h a n  0 .1  um i n  d i a m e t e r ,  a  TECO rnodel 14 
a n a l y z e r  f o r  i n d i c a t i o n  o f  and m o n i t o r i n g  
o f  t h e  l e a d  a i r c r a f t ' s  exhaus t  (NO/NO ) ,  
and a  d e v i c e  f o r  c o n t i n u o u s  c l o u d  conzensa- 
t i o n  n u c l e i  (CCN) measurements. j F i  1  t e r  
samples were  a l s o  o b t a i n e d  t o  v e r i f y  t h a t  
t h e  a e r o s o l  measured was i ndeed  t h e  t r a c e r  
r e l e a s e d  b y  t h e  l e a d  a i r c r a f t .  

RESULTS 

F i g u r e  1  summarizes t h e  raw, non-normal -  
i z e d  a e r o s o l  s i z e  d i s t r i b u t i o n s  o b t a i n e d  i n  
t h e  amb ien t  a tmosphere  (26  samples) ,  i n  t h e  
env i ronmen t  c o n t a i n i n g  a i r c r a f t  exhaus t  
(10  samples) ,  and i n  t h e  env i ron r r~en t  con-  
t a i n i n g  b o t h  a i r c r a f t  exhaus t  and t r a c e r  
m a t e r i a l  ( 5  samples) .  

F i g u r e  2  i l l u s t r a t e s  t h e  a e r o s o l  s i z e  
d i s t r i b u t i o n s  a f t e r  each c u r v e  was norrnal i zed 

so t h a t  ~ h e  a e r o s o l  c o n c e n t r a t i o n s  a r e  
e q u i v a l e n t  a t  0.075 ~!m. As seen i n  F i g -  
u r e  1, t h e  0 .075 urn s i z e  i s  t h e  f i r s t  s i z e  
i n t e r v a l  where a e r o s o l  c o n c e n t r a t i o n s  a r e  
e s s e n t i a l l y  i d e n t i c a l  r e g a r d l e s s  o f  what  
was b e i n g  measured; i . e . ,  t r a c e r ,  exhaus t ,  
o r  amb ien t  a i r .  I n  a d d i t i o n ,  t h e  s e l e c t i o n  
o f  0.015 Im as a  n o r n ~ a l i z a t i o r i  s i z e  produces 
v e r y  c l o s e  cc r respondence  between a e r o s o l  
c o n c e n t r a t i o n s  o f  exhaus t  and amb ien t  a i r  
f o r  s i z e s  i 0.075 um, d e s p i t e  t h e  use o f  t h e  
Whi t b y  i n s t r u m e n t  t o  o h t a i  n  c o n c e n t r a t i o n s  
f o r  s i z e s  . 0.23 p i i  w h i l e  t h e  Royco was used 
f o r  l a r g e r  a e r o s o l  s i z e s .  The e r r o r  b a r s  
i l l u s t r a t e  t h e  v a r i a h i l  i t y  o f  t h e  concen- 
t r a t i o n s  and r e p r e s e n t  one s t a n d a r d  
d e v i a t i o n .  

Nuc lepo re  f i l t e r s  ( p o r e  s i z e  0.2 urn) were 
exposed d u r i n g  t h e  ambient ,  exhaus t  and ex- 
h a u s t  p l u s  t r a c e r  phases o f  t h e  expe r imen t .  
Because o f  t h e  s i i id l l  p o r e  s i z e ,  f l o w  r a t e s  
were t y p i c a 1 ; y  l ow- -a round  0 . 4  cfm; conse-  
q u e r t l y  few p a r t i c l e s  were a c t u a l l y  f o u n d  
on t h e  f i i t e r s .  F o r  t h i s  reason,  o n l y  p r e -  
l i m i n a r y  c i n a l : ~ s i i  c.F t h e  p a r t i c l e s  was 
a t t e m p t e d ,  

An exavnple o f  scann ing  e l e c t r o n  m i c r o -  
scope ;n i c rog raph  i s  shown i n  F i g u r e  3a and 
v i c r o q r a p h s  o f  i n r : iA~ased  magni f i c a t i o n  o f  
s e l e c t e d  a reas  o f  F ' i ?u re  3a a r e  shown i n  
F i g u r e s  3b and 3c.  Two d i s t i n c t  t y p e s  o f  
p z r i i  i! e'; a r e  seer! i n  t h e  m i c r o g r a p h s  ; one 
t y p e  i s  , i e ~ ! - l v  s p h ~ r i c a l  w h i l e  t h e  o t h e r  
t y p e  i,s irregular. O c c a s s i o n a l i y ,  some o f  
t h e  i 1- r t . 2~  l a r l y  siiapeci p a r t i c l e s  appear  as 
conglontlt.ate:; o f  s m a l l e r  s p h e r i c a l  p a r t i c l e s .  
J t  had been hoped t h a t  enough p a r t i c l e s  
wou ld  be f(!und on t h e  f i l t e r s  so t h a t  i n d e -  
pendent  .;i ze i n f o r ' t i d t i o n  c o u l d  be o b t a i n e d ,  
h u t  w i t h  so f e b  ! : a r t i c l e s  such a t t e m p t  was 
c o n s i d e r e d  f u t i l e .  

i iowever ,  one p a r t i c l e  o f  each t y p e  was 
f u r t h e r  examined t1.y X- ray  f l  uorescence.  The 
r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  F i g -  
u r e s  4a throu!ll! 4c .  where t h e  e l e m e n t a l  
s p e c t r a  o f  t h e  i r i - e g u l a r  p a r t i c l e ,  t h e  sphe r -  
i c a l  p a r t i c l e  and a  b l a n k  a r e a  o f  t h e  f i l t e r  
a rP  sh~)vir : ,  r espec t i ve1 .y .  The i r r e g u l a r  p a r -  
t i c l e  apnears  t o  be o f  c r u s t a l  o r i g i n  because 
o f  t h e  l a r g e  peaks due t o  s i l i c o n  and i r o n  
i n  i t s  spect rum.  T i l e  s p h e r i c a l  p a r t i c l e  i s  
c l e a r l y  t h e  t r a c e r ,  i u .  I t  i s  a l s o  n o t e d  
t h a t  t h e  t r a c e r  p a r t i c l e  i s  around 0 .7  um 
i n  s i z e .  The spec t rum o f  t h e  b l a n k  a r e a  
i n d i c a t e s  t h e  presence o f  z i n c  as  a  contam- 
i n a n t ,  e i t h e r  as a  r e s u l t  o f  h a n d l i n g  o r  
p r e s e n t  i n  t h e  f i l t e r  ~ n a t e r i a l  i t s e l f .  I t 
s h o u l d  a l s o  be p o i n t e d  o u t  t h a t  carbonaceous 
p a r t i c l e s ,  w h i c h  one rni y h t  e x p e c t  f r o m  t h e  
exhaus t ,  c a n n o t  be seen by  t h i s  f l u o r e s c e n c e  
t e c h n i q u e .  
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The Whitby aeroso l  a n a l y z e r  works by  
a p p l y i n g  a g i v e n  v o l t a g e ,  and then  c a p t u r i n g  
charged p a r t i c l e s  on an abso lu te  f i l t e r  and 
measuring t h e  r e s u l t a n t  c u r r e n t .  P a r t i c l e  
s i z e  d i s t r i b u t i o n s  a r e  then  ob ta ined  by 
t a k i n g  t h e  d i f fe rences  between t h e  c u r r e n t s  
ob ta ined  a t  d i f f e r e n t  vo l tages .  For  t y p i c a l  
ae roso l  c o n c e n t r a t i o n s  i n  t h e  boundary l a y e r ,  
t h e  l a r g e s t  measured c u r r e n t s  a r e  on t h e  
o r d e r  o f  0.1 PA. However, t o  reduce t h e  

- 
+ I 

n 

i n f l u e n c e  of background p a r t i c l e  concen t ra -  
t i o n s ,  t h e  exper iment  was performed a t  an 
a l t i t u d e  of approx imate ly  3.4 km. A t  t h i s  
a l t i t u d e ,  t h e  l a r g e s t  measured c u r r e n t s  due 
t o  ambient aeroso l  were on t h e  o r d e r  o f  
0.01 PA. Ins t rument  e r r o r  and n o i s e  a r e  on 
t h e  o r d e r  o f  0.001 PA. Thus, s u b t r a c t i o n  o f  
c u r r e n t  va lues i n  two success ive s i z e  i n t e r -  
v a l s  a t  these low c u r r e n t  read ings  c o u l d  
p o t e n t i a l l y  produce d i f fe rences  near  t h e  
n o i s e  l e v e l  o f  t h e  ins t rument .  However, f o r  
t h e  t r a c e r  and t h e  exhaust  samples, t h e  
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FIGLIRE 1. Aerosol Concentrat ions f o r  Ambient A i r ,  
A i r c r a f t  Exhaust and Exahust P lus Tracer .  Raw Data. 
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FIGURE 2. Aerosol Concentrations f o r  Ambient Air,  
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t r a t i o n s  Normalized to  be Equal a t  0.075 pm. 

1 i. 

uncertainty in aerosol concentrations pro- 
duced by instrument noise a re ,  f o r  a l l  Whitby 
s i z e  in te rva l s ,  l e s s  than the  natural  var i -  
a t ion ( i  . e . ,  one standard deviation) of the 
pa r t i c l e  concentrations produced as  the a i r -  
c r a f t  moved in and out of the exhaust or  
t r ace r  plume. Therefore, we can say with a 
large  degree of confidence t h a t  the d i f f e r -  
ences i n  the  three curves of Figure 2 a r e  
the  r e s u l t  of measuring three d i s t i n c t l y  
d i f fe ren t  aerosol populations. 

The exhaust from the lead a i rplane pro- 
duced aerosols with concentrations in excess 
of ambient aerosols f o r  s i zes  l e s s  than 
0.04 pm. Large concentrations (2x104 c w 3 )  
of small t r ace r  pa r t i c l e s  were produced with 
concentrations exceeding those of the exhaust 
aerosol a t  s imi lar  s i zes  by factors  of 2 t o  
5. No information could be obtained about 
the s i z e  d i s t r ibu t ion  of t r ace r  pa r t i c l e s  
with dimensions between 0.04 um and 0.36 urn 
because the  ti-acer concentrations decreased 
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s i l i c o n  

X- ray  F luo rescence  Spec t ra  o f  
S o i l  P a r t i c l e s  o f  F i g u r e  3: 

r t i c l e  showing l a r g e  peaks f o r  
and i r o n  and sma l l  peaks f o r  A l ,  

Ca, and K, 
b )  T r a c e r  p a r t i c l e  showing l a r g e  peaks f o r  

europium, 
c )  F i l t e r  b l a n k  w i t h  an  i n d i c a t i o n  o f  z i n c  

c o n t a m i n a t i o n .  

t o  be low t h a t  o f  t h e  ambient  a e r o s o l .  Unex- 
pec ted  r e s u l t s ,  however, were t h e  g e n e r a t i o n  
o f  l a r g e  t r a c e r  p a r t i c l e s  w i t h  d imens ions 
g r e a t e r  t h a n  0.36 pm. 

Observa t i ons  o f  t h e  g e n e r a t o r  b u r n e r s  
d u r i n g  t h e  f l i g h t  i n d i c a t e  t h a t  one b u r n e r  
was n o t  a t o m i z i n g  t h e  t r a c e r  s o l u t i o n  c o r -  
r e c t l y .  A d d i t i o n a l l y ,  i n  t h o s e  b u r n e r s  
a p p e a r i n g  t o  f i r e  c o r r e c t l y ,  some t r a c e r  
m a t e r i a l  was obse rved  t o  bubb le  and f i z z l e  
i n  a  s l a g  heap a t  t h e  bo t tom o f  t h e  b u r n e r s  
and t o  o c c a s i o n a l l y  f a l l  away i n  b i g  chunks. 
I t  i s  q u i t e  l i k e l y  t h a t  some o r  a l l  o f  t h e  
t r a c e r  p a r t i c l e s  g r e a t e r  t h a n  0.36 pm were 
produced f r o m  t h e s e  m a l f u n c t i o n i n g  bu rne rs .  

These f i n d i n g s  a r e  f u r t h e r  s u b s t a n t i a t e d  
from t h e  f i l t e r  a n a l y s i s ,  where a t  l e a s t  some 
o f  t h e  l a r g e  p a r t i c l e s  a r e  composed o f  t r a c e r  
m a t e r i a l .  S ince  X-ray  f l u o r e s c e n c e  a n a l y s i s  
o f  p a r t i c l e s  s m a l l e r  t h a n  0.1 urn i s  n o t  pos- 
s i b l e ,  t h e  e lemen ta l  c o m p o s i t i o n  o f  t h e s e  
smal l e r  p a r t i c l e s  can o n l y  be c o n j e c t u r e d .  

P r e l  i m i n a r y  r e s u l t s  f r o m  t h e  CCN measure- 
ments sugges t  t h a t  CCN c o n c e n t r a t i o n s  i n -  
c reased by a  f a c t o r  o f  t h r e e  d u r i n g  t h e  
t r a c e r  burn.  By assuming t h a t  a l l  o f  t h e  
b i g  ( >  0.36 urn) t r a c e r  p a r t i c l e s  a c t e d  as 
CCN, we would  accoun t  f o r  o n l y  abou t  10% o f  
t h e  CCN i n c r e a s e .  Thus, i f  t h e  CCN measure- 
ments p r o v e  t o  be r e l i a b l e  a f t e r  f u r t h e r  r e -  
d u c t i o n ,  t h e y  i m p l y  t h a t  a  sma l l  f r a c t i o n  o f  
t h e  t r a c e r  a e r o s o l  w i t h  d imens ions < 0.36 pm 
behaves as CCN. 

CONCLUSIONS 

T h i s  s i n g l e  expe r imen t  was n o t  expec ted  
t o  c o n c l u s i v e l y  d e f i n e  t h e  s i z e  d i s t r i b u t i o n  
and t h e  CCN c h a r a c t e r i s t i c s  o f  t h e  t r a c e r  
m a t e r i a l .  C l e a r l y ,  t h e  expe r imen t  must be 
r e p e a t e d  s e v e r a l  t i m e s  t o  v e r i f y  t h e  meas- 
urements.  Ra the r ,  t h i s  expe r imen t  s h o u l d  be 
c o n s i d e r e d  as a  p r o t o t y p e  t o  t e s t  t h e  f e a s i -  
b i l i t y  o f  t r a c e r  c h a r a c t e r i z a t i o n  w i t h  a i r -  
c r a f t  sampl ing.  The m a j o r  d i f f i c u l t y  w i t h  
t h e  tandem a i r c r a f t  approach was r e m a i n i n g  
i n  t h e  t r a c e r  plume l o n g  enough t o  o b t a i n  a  
r e l a t i v e l y  u n d i l u t e d  sample where a e r o s o l  
c o n c e n t r a t i o n s  were s i g n i f i c a n t l y  above back- 
ground c o n c e n t r a t i o n s .  Exper iments  f o r  t h e  
f u t u r e  a r e  des igned t o  overcome t h i s  d i f f i -  
c u l  ty  by u s i n g  a  s i n g l e  a i r c r a f t .  The t r a c e r  
g e n e r a t o r s  w i  11 be l o c a t e d  be low t h e  f u s e 1  age 
i n  t h e  main  p a r t  o f  t h e  a i r c r a f t  and t h e  
t r a c e r  m a t e r i a l  w i l l  be sampled t h r o u g h  a  
probe l o c a t e d  i n  t h e  a i r c r a f t  t a i l .  

I n  t h e  coming y e a r ,  we w i l l  c o n t i n u e  o u r  
e f f o r t s  t o  c h a r a c t e r i z e  o u r  t r a c e r  m a t e r i a l s  
i n  terms o f  s i z e  d i s t r i b u t i o n  and m i c r o p h y s i -  
c a l  p r o p e r t i e s .  I n  a d d i t i o n ,  we w i l l  a t t e m p t  
t o  d e v e l o p  t e c h n i q u e s  f o r  changing t h e  s i z e  
d i s t r i b u t i o n  and m i c r o p h y s i c a l  c h a r a c t e r i s -  
t i c s  o f  t h e  t r a c e r  m a t e r i a l s .  By b e i n g  a b l e  
t o  genera te ,  a t  w i  11 , t r a c e r s  w i t h  v a r i o u s  
m i c r o p h y s i c a l  p r o p e r t i e s ,  we w i  11 deve lop  a  
p o w e r f u l  t o o l  f o r  examin ing,  f i r s t  hand, t h e  
scavenging a b i  1  i ty o f  c l o u d s .  
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A  MICROPH'ISICAL MODEL OF SLA\'ENGTNG- 

BY ;CE PARTICLES 

B. C. S c o t t  

R e s u l t s  a r e  p r e s e n t e d  f r o m  case s t u d i e s  d e s j q n c d  t o  examine t h e  

i m p o r t a n c e  o f  p a r t i c l e  c o n f i q u r a t i o n  i n  de te ro l i r i i ! i g  t h e  r a t e  o f  u r o w t h  

and t h e  scaveng ing  a b i l i t y  o f  i c e  p a r t i c l e s .  The s i a v m n i n q  e i f e c t i v e -  

ness o f  p r e c i p i t a t i o n  p a r t i c l e s  i s  : i n k e d  ti] t h e i r -  d b i l i t y  ti' a c c r e t e  

p o l l u t i o n  c o n t a i n i n g  c l o u d  w a t e r .  P l a n a r  and co lumnar  i c e  c r y s t a l s  a r e  

f o u n d  t o  grow by  d e p o s i t i o n  f o r  s e v e r a i  m i n u t e s  b e f o r e  t!ie,v b e c i n  t o  

a c c r e t e  c l o u d  w a t e r .  C o n 3 ~ e r s i o n  t o  s p h e r i c a l  qr-ahpel t a k e s  :n a d d i t i o n a l  

9 -10  m in .  By c o n t r a s t ,  i f i f t i a l l y  s p h e r i c a l  i c e  c a r t i c l e s  a r e  a b l e  t o  

a c c r e t e  c l o u d  w a t e r  a l m o s t  i m m e d i a t e l y  a f t e r  t h e ! r  f o r m a t i o n  and a r e  

t h u s  p r e d i c t e d  t o  be t h e  more e f f e c t i v e  scavengers .  

INTRODUCTION 

U n d e r s t a n d i n g  t h e  d e t a i l s  o f  i n c l o u d  
m i c r o p h y s i c s  i s  i m p o r t a n t  i n  d e s c r i b i n g  t h e  
remova l  o f  p o l l u t a n t s  by  p r e c i p i t a t i o n .  
D e t e r m i n a t i o n  o f  t h e  t i m e  a v a i l a b l e  f o r  p o l -  
l u t a n t  t o  b e  i n c o r p o r a t e d  i n t o  t h e  c l o u d  
w a t e r  and d e t e r m i n a t i o n  o f  how much o f  t h e  
c l o u d  w a t e r  c o n t r i b u t e s  t o  p r e c i p i t a t i o n  a t  
t h e  s u r f a c e  a r e  e s s e n t i a l  f o r  d e s c r i b i n g  t h e  
c h a i n  o f  e v e n t s  t h a t  l e a d  t o  p o l l u t a n t  dep- 
o s i t i o n  a t  t h e  ground.  Numer i ca l  m o d e l i n g  
i s  n e c e s s a r y  f o r  a c h i e v i n g  t h e s e  g o a l s .  The 
model d e s c r i b e d  h e r e  i s  t h e  f i r s t  s t e ~  i n  

t h e  deve lopment  o f  a  d e t a i l e d  m i c r o p h y s i c a l ,  
E u l e r i a n  model , where t h e  e f f e c t s  o f  s e d i -  
m e n t a t i o n ,  t u r b u l e n c e ,  and p o l l u t a n t  d e p l e -  
t i o n  car1 be combined w i t h  t h e  g row th ,  c o l -  
l e c t i o n ,  and f a l l o u t  o f  hyd rome teo rs .  A  
model w i t h  t h e s e  f e a t u r e s  w i l l  be  v a l u a b l e  
i n  detei-:ci n i n g  e x p e r i m e n t a l  d e s i g n  and i n -  
t e r p r e i i  ng f i e l d  d a t a .  

The comp le ted  model w i l l  i n c o r p o r a t e  a  
v a r i e t y  o f  a t t a c h m e n t  mechanisms i n c l u d i n g  
Brownian d i f f u s i o n ,  p h o r e t i c  p rocesses ,  
i m p a c t i o n ,  n u c l e a t i o n  and a d ( d e ) s o r p t i o n .  
-The 1!1nd!?1 w i l l  e n a b l e  i n v e s t i g a t i o n  o f  t h e  



a t tachmen t  o f  a  gas o r  a  p o l y d i s p e r s e d  ae ro -  
s o l  t o  a  p o l y d i s p e r s e d  spec t rum o f  c l o u d  
p a r t i c l e s  w h i c h  may be e i t h e r  w a t e r  o r  i c e .  
The model w i l l  a l s o  compute c l o u d  s u p e r s a t -  
u r a t i o n  w h i c h  w i l l  d e t e r m i n e  i f  t h e  c l o u d  
p a r t i c l e s  a r e  e v a p o r a t i n g  o r  growing,  and 
hence, may have a  s i g n i f i c a n t  i n f l u e n c e  o n  
t h e  dominan t  a t t a c h m e n t  mechanism. The i c e  
phase w i l l  be i n c o r p o r a t e d  i n t o  t h e  model 
if p r e l i m i n a r y  m o d e l i n g  and f i e l d  s t u d i e s  
j u s t i f y  i t s  i m p o r t a n c e  as  an e f f e c t i v e  scav -  
enger .  The t i n y  c l o u d  d r o p l e t s  and i c e  p a r -  
t i c l e s  i n  t h e  model ( w h i c h  w i l l  d e v e l o p  on 
s p e c i f i e d  s i z e  d i s t r i b u t i o n s  o f  CCN) w i l l  
be a l l o w e d  t o  e v o l v e  i n t o  p r e c i p i t a t i o n  
t h r o u g h  c o n d e n s a t i o n a l  ( d e p o s i t i o n a l  ) g rowth ,  
coa lescence,  r i m i n g ,  and a g g r e g a t i o n .  

MODEL DESCRIPTION 

A t  t h i s  s t a g e  o f  deve lopment ,  t h e  model 
i s  a  k i n e m a t i c ,  Lag rang ian  model i n  w h i c h  a  
s i n g l e  a i r  p a r c e l  r i s e s  w i t h  c o n s t a n t  v e l o -  
c i t y  i n  a  m o i s t  a d i a b a t i c  env i ronmen t .  The 
p a r c e l  does n o t  e n t r a i n  s u r r o u n d i n g  e n v i  r o n -  
men ta l  a i r  and does n o t  i n t e r a c t  w i t h  p a r c e l s  
above o r  be1 ow t h r o u g h  t u r b u l e n t  eddy f l u x e s .  
The i n i t i a l  c l o u d  d r o p l e t  spec t rum i s  s p e c i -  
f i e d ,  i s  p o l y d i s p e r s e ,  and i s  a l l o w e d  t o  
e v o l v e  w i t h  t i m e  t h r o u g h  c o n d e n s a t i o n  o n l y .  
The p a r c e l  i s  assumed t o  be imbedded w i t h i n  
an e x i s t i n g  c l o u d  a t  an  i n i t i a l  t e m p e r a t u r e  
o f  -g°C. The c l o u d  s u p e r s a t u r a t i o n  i s  com- 
p u t e d  and de te rm ines  t h e  d e p o s i t i o n a l  g r o w t h  
r a t e s  o f  t h e  i c e  and w a t e r  p a r t i c l e s .  

To d e t e r m i n e  w h i c h  c l o u d  p a r t i c l e  t y p e  
grows more r a p i d l y  (and hence e f f e c t i v e l y  
c o n v e r t s  t h e  g r e a t e s t  amount o f  p o l l u t a n t  
c o n t a i n i n g  c l o u d  w a t e r  i n t o  p r e c i p i t a t i o n )  
s e v e r a l  t e s t s  were  made i n  w h i c h  an i n i t i a l  
" p r e c i p i t a t i o n "  p a r t i c l e  was assumed t o  have 
d i f f e r e n t  shapes and phases. Because o f  t h e  
m y r i a d  o f  i c e  p a r t i c l e  shape. t h a t  can  n a t -  
u r a l l y  o c c u r  i n  c l o u d s ,  t h e  s e l e c t i o n  o f  a  
r e p r e s e n t a t i v e  i c e  p a r t i c l e  shape i s  some- 
what  a r b i t r a r y .  G e n e r a l l y  t h e  c l o u d  temper- 
a t u r e  d u r i n g  t h e  d e p o s i t i o n a l  g r o w t h  phase 
de te rm ines  t h e  b a s i c  c r y s t a l  shape ( i  . e . ,  
whe the r  t h e  c r y s t a l  i s  p l a n a r  o r  co lumnar )  
w h i l e  c l o u d  s u p e r s a t u r a t i o n  and r i m i n g  s e r v e  
t o  d e c o r a t e  t h e  c r y s t a l .  Here,  however, we 
assume a  p a r t i c u l a r  c r y s t a l  shape r e g a r d l e s s  
o f  t e m p e r a t u r e  and s u p e r s a t u r a t i o n  and e x -  
amine t h e  g r o w t h  o f  t h a t  i c e  p a r t i c l e  i n  an 
env i ronmen t  w h i c h  i s  t h e  same f o r  each shape 
s e l e c t e d .  

As t h e  i c e  p a r t i c l e s  r i m e  and become more 
i r r e g u l a r  i n  shape, i t  i s  necessa ry  t o  spec- 
i f y  t h e  p a r t i c l e  d imens ions  so t h a t  p r o p e r  
fa1 1  v e l o c i t i e s ,  c a p a c i t a n c e  va lues ,  and 
c r o s s - s e c t i o n a l  c a p t u r e  a r e a s  a r e  known. 

The p r o c e d u r e  o u t l i n e d  b y  S c o t t 1  i s  used t o  
d e t e r m i n e  t h e s e  v a l u e s .  E s s e n t i a l l y ,  t h i s  
p rocedu re  assumes t h a t  t h e  l e n g t h  o f  t h e  
m a j o r  a x i s  i s  d e t e r m i n e d  o n l y  by  t h e  d e p o s i -  
t i o n a l  mass o f  t h e  i c e  p a r t i c l e .  The l e n g t h  
o f  t h e  m i n o r  a x i s  i s  t h e n  a l l o w e d  t o  s l o w l y  
i n c r e a s e  d u r i n g  r i m i n g  u n t i l  i t  e q u a l s  t h e  
m a j o r  a x i s  l e n g t h  ( i  .e. ,  t h e  p a r t i c l e  be- 
comes s p h e r i c a l )  when t h e  r i m i n g  mass e q u a l s  
seven t i m e s  t h e  d e p o s i t i o n a l  mass. 

RESULTS 

The r e s u l t s  p r e s e n t e d  h e r e  a r e  p r e l i m i n a r y  
r e s u l t s  f r o m  case  s t u d i e s  d e s i g n e d  t o  examine 
t h e  s i g n i f i c a n c e  o f  t h e  shape and phase o f  
i n d i v i d u a l  w a t e r  p a r t i c l e s  i n  d e t e r m i n i n g  
t h e  r a t e  o f  g r o w t h  t o  p r e c i p i t a t i o n  s i z e d  
p a r t i c l e s .  The p rocess  i s  t r u e l y  s t o c h a s t i c  
i n  n a t u r e ,  b u t  because o f  t h e  u n c e r t a i n t i e s  
i n v o l v e d  i n  t h e  d imens ions  and t h e  c o l l e c t i o n  
e f f i c i e n c i e s  o f  t h e  p a r t i c l e s ,  t h e  " c o n t i n u -  
ous" g r o w t h  mode due t o  c a p t u r e  has been 
assumed. The p a r t i c u l a r  p rocess  b e i n g  con-  
s i d e r e d  i s  t h e  a c c r e t i o n  o r  r i m i n g  p rocess .  
Here 1  a r g e r  p r e c i p i t a t i o n  s i z e d  p a r t i c l e s  
f a l l i n g  r e l a t i v e  t o  t h e  t i n y  c l o u d  d r o p l e t s  
( w h i c h  may c o n t a i n  l a r g e  amounts o f  p o l l u -  
t a n t s )  c o l  l i d e  w i t h  and c a p t u r e  t h e s e  s m a l l  
c l o u d  d r o p l e t s  and u l t i m a t e l y  t r a n s p o r t  
them t o  t h e  ground. L a t e r  s t u d i e s  w i l l  de- 
t e r m i n e  t h e  amount o f  p o l l u t a n t  i n  t h e s e  
c l o u d  d r o p l e t s  and w i l l  e n a b l e  a  more e x a c t  
d e t e r m i n a t i o n  o f  scaveng ing  a b i l i t y .  

F i g u r e  1  i l l u s t r a t e s  t h e  change i n  d r o p -  
l e t  s i z e  d i s t r i b u t i o n  produced b y  condensa- 
t i o n  i n  t h e  ascend ing  a i r  p a r c e l .  The i n i -  
t i a l  d r o p l e t  s i z e  d i s t r i b u t i o n  has m a r i t i m e  
c h a r a c t e r i s t i c s  and i s  b imodal  w i t h  concen- 
t r a t i o n  peaks n e a r  4.0 and 32.0 um i n  diam- 
e t e r .  The f i n a l  s i z e  d i s t r i b u t i o n ,  p roduced 
a f t e r  a b o u t  12 m i n  o f  a s c e n t  a t  1.5m/sec, 
has a s i n g l e  mode a t  a  d i a m e t e r  o f  40 urn. 
D u r i n g  t h i s  v e r t i c a l  r i s e ,  t h e  l i q u i d  w a t e r  
c o n t e n t  a s s o c i a t e d  w i t h  t h e  c l o u d  d r o p l e t s  
has i n c r e a s e d  f r o m  1.0 g  m-3 t o  1 .6  g  m-3. 
Fo r  t h e  case i l l u s t r a t e d  he re ,  r i m i n g  c o l -  
umns w i t h  a  c o n c e n t r a t i o n  o f  1  k - ]  have r e -  
duced t h e  d r o p l e t  c o n c e n t r a t i o n  f r o m  7 0  cmm3 
t o  68 ~ m - ~ .  

The f i n a l  d r o p l e t  spec t rum shown i n  F i g -  
u r e  1  i s  t y p i c a l  o f  a  d r o p l e t  p o p u l a t i o n  
g row ing  b y  c o n d e n s a t i o n  a l o n e .  I f  e n t r a i n -  
ment o f  a i r  f r o m  o u t s i d e  t h e  c l o u d  had been 
i n c l u d e d ,  t h e  f i n a l  d r o p l e t  spec t rum wou ld  
have been broadened toward  t h e  s m a l l e r  s i z e s .  
I f  coa lescence ,  v e r t i c a l  m i x i n g ,  and s e d i -  
m e n t a t i o n  had been c o n s i d e r e d ,  t h e  f i n a l  
spec t rum wou ld  have had an i n c r e a s e d  concen- 
t r a t i o n  o f  1  a r g e r  d r o p l e t s .  
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FIGURE 1  I n i t i a l  D rop le t  S ize D i s t r i b u t i o n  
(-------j and D rop le t  S ize  D i s t r i b u t i o n  a t  
700 Sec (--  --- ). 

F i gu re  2  i l l u s t r a t e s  t h e  mass growth 
r a tes  o f  i c e  p a r t i c l e s  w i t h  i n i t i a l l y  iden-  
t i c a l  masses, bu t  w i t h  t h ree  d i f f e r e n t  i n i -  
t i a l  con f i gu ra t i ons .  The charac te r  a drawn 
on t he  curves f o r  t he  p l ana r  and columnar 
c r y s t a l s  i n d i c a t e s  when t h e  c r y s t a l s  have 
grown l a r g e  enough by depos i t i on  t o  beg in  
t o  a c c r e t e  c l oud  d r o p l e t s  ( r im ing ) .  

As shown i n  F i gu re  2, t h e  column c r y s t a l s  
must grow by d e p o s i t i o n  f o r  about 2  min be- 
f o r e  they  begin t o  r ime w h i l e  t h e  p l a t e - l i k e  
c r y s t a l s  must grow f o r  5 min be fo re  r i m i n g  
commences. Once bo th  c r y s t a l s  a r e  s imu l t a -  
neously r im ing ,  they  acc re te  d r o p l e t  mass 
a t  t h e  same r a t e  enab l ing  t h e  r a t i o  o f  c o l -  
umn mass t o  p l a t e  mass t o  remain nea r l y  con- 
s t a n t  a t  1.6. The p l a t e  and column c r y s t a l s  
r ime t o  sphe r i ca l  shapes (graupel  ) w i t h i n  
2  min o f  each o the r  a f t e r  about  13 min o f  
growth. The i n i t i a l l y  sphe r i ca l  i c e  p a r t i -  
c l e s  are,  however, t h e  more e f f i c i e n t  r imers,  
and a re  a b l e  t o  acc re te  c l oud  water e a r l i e r  
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FIGURE 2. I c e  P a r t i c l e  Mass as a  Func t ion  
o f  Time f o r  (-.- ) P la tes ;  (- 
Columns; and ( - - - - -  

) 
) Spher ica l  P a r t i c l e s  

and more r a p i d l y  than e i t h e r  c r y s t a l l i n e  
p a r t i c l e .  These sphe r i ca l  i c e  p a r t i c l e s  
(assumed t o  be i n i t i a l l y  frozen d r o p l e t s )  
behave s i m i l a r l y  t o  l i q u i d  d r o p l e t s  and be- 
g i n  t o  acc re te  c l oud  water a lmost  immediate ly  
a f t e r  t h e i r  format ion.  Indeed, a f t e r  7  min 
o f  growth, each sphe r i ca l  p a r t i c l e  has ac- 
c re ted  nea r l y  10 t imes t h e  mass accre ted  by 
e i t h e r  a  r i m i n g  p l a t e  o r  column. 

The p r imary  d i f f e r e n c e  between an i c e  
phase and a  l i q u i d  phase sphe r i ca l  p a r t i c l e  
i s  t h e  r a t e  o f  depos i t i ona l  (condensat ional  ) 
mass growth. Because o f  t h e  d i f f e r e n c e  i n  
vapor pressure over  water  and i c e ,  t h e  dep- 
o s i t i o n a l  mass growth r a t e  o f  t h e  sphe r i ca l  
i c e  p a r t i c l e  i s  enhanced n e a r l y  a  f a c t o r  o f  



100 over  t h a t  o f  t h e  l i q u i d  drop. Thus, 
w i t h i n  2 min, t h e  s p h e r i c a l  i c e  p a r t i c l e  
has grown f rom i t s  i n i t i a l  d iameter  o f  8 ~ m  
t o  about 95 pm and i s  beg inn ing  t o  a c c r e t e  
s u b s t a n t i a l  amounts o f  c l o u d  d r o p l e t s .  By 
c o n t r a s t ,  a  l i q u i d  d r o p l e t  takes rough ly  
10 min t o  grow t o  t h e  same 95 pm dimension 
under s i m i l a r  env i ronmenta l  c o n d i t i o n s .  ' 
CONCLUSIONS 

These r e s u l t s  a r e  impor tan t  f o r  two 
reasons. F i r s t ,  they  demonstrate t h a t  i c e  
p a r t i c l e  shape must be considered when con- 
s i d e r i n g  growth o f  i c e  p a r t i c l e s  i n  n a t u r a l  
c louds;  and secondly, they  h e l p  t o  i d e n t i f y  
t h e  t ime sca les  a v a i l a b l e  f o r  d i f f e r e n t  a t -  
tachment mechanisms. An i c e  p a r t i c l e  grow- 
i n g  by d e p o s i t i o n  a lone i s  l i k e l y  t o  a c q u i r e  

aerosol  po l  1  u t a n t  mass p r i m a r i l y  by Brownian 
d i f f u s i o n  and i n e r t i a l  capture.  An i c e  
p a r t i c l e  growing p r i m a r i l y  by a c c r e t i o n  o f  
c loud  water  can a c q u i r e  a d d i t i o n a l  l a r g e  
amounts o f  p o l l u t a n t s ,  b o t h  s o l u b l e  and i n -  
so lub le ,  con ta ined  w i t h i n  t h e  c l o u d  water .  
That i s ,  r i m i n g  should s i g n i f i c a n t l y  enhance 
t h e  apparent scavenging a b i l i t y  o f  i c e  par -  
t i c l e s .  The r e s u l t s  i n d i c a t e  t h a t  under 
t y p i c a l  c l o u d  c o n d i t i o n s  and w i t h i n  5 min 
o f  n u c l e a t i o n ,  most i c e  p a r t i c l e s  should 
begin t o  r ime.  'The i n i t i a l l y  s p h e r i c a l  
p a r t i c l e s  w i l l  be t h e  favored  scavengers. 
However, w i t h i n  15 min o f  i c e  n u c l e a t i o n ,  
and i n  a  r e l a t i v e l y  m o i s t  c l o u d  (1 g  m-3 o f  
l i q u i d  wa te r )  a l l  i c e  p a r t i c l e s  should have 
r imed t o  quas i -spher i ca l  o r  i r r e g u l a r  shapes. 
F u r t h e r  s t u d i e s  w i l l  determine t h e  s i g n i f i -  
cance o f  d rop  s i z e  d i s t r i b u t i o n  and l i q u i d  
water con ten t  on these conc lus ions .  
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PRECIPITATION SCAVENGING OF TRITIATED WATER VAPOR: 

A  CONTROLLHELEASE FIELD EXPERIMENT 

M. T e r r y  Dana, M. A. Wolf ,  N. A. Wogman 

A  p r e c i p i t a t i o n  scavenging f i e l d  experiment, u s i n g  t r i t i a t e d  water 

vapor as t h e  t r a c e r ,  was conducted on t h e  Hanford d i f f u s i o n  g r i d .  The 

r e l e a s e  mechanism was designed t o  promote thorough evapora t ion  and 

m i x i n g  o f  t h e  vapor b e f o r e  i n t r o d u c t i o n  i n t o  t h e  humid ambient a i r .  

C o n c e n t r a t i o n . r e s u l t s  compare f a v o r a b l y  w i t h  es t imates  made f rom r e v e r s -  

i b l e  gas scavenging theory .  

Rad ioac t i ve  gaseous emissions from n u c l e a r  expressed over  t h e  e f f e c t s  o f  r e l e a s e  o f  
f a c i l i t i e s  have been t h e  s u b j e c t s  o f  cons id -  85Kr, 1311, and t h e  compounds o f  t r i t i u m  
e r a b l e  research i n  assessment o f  env i ron-  (3H); t h i s  i s  due t o  t h e  genera l  pro1 i f e r -  
mental e f f e c t s  and development o f  c o n t r o l  a t i o n  o f  f i s s i o n  power p l a n t s ,  b u t  i t  i s  
techno log ies .  I n c r e a s i n g  concern i s  be ing  a l s o  due t o  t h e  proposed expansion o f  f u e l  



reporcess ing  a c t i v i t i e s ,  and t h e  p r o j e c t e d  
use o f  c o n t r o l l e d  thermonuclear  r e a c t o r s  
(CTR) f o r  power p roduc t ion .  Cur ren t  CTR de- 
s i g n s  promise t h a t  l a r g e  amounts o f  t r i t i u m  
wi 11 be a v a i l a b l e  f o r  r e 1  ease under a c c i d e n t  
c o n d i t i o n s ,  and t h a t  r e g u l a r  emissions w i l l  
be somewhat g r e a t e r  than those f rom e x i s t i n g  
f i s s i o n  p l a n t s .  l 

The p r e c i p i t a t i o n  scavenging p r o p e r t i e s  
o f  t r i t i u m  have been t r e a t e d  i n  d e t a i l  the -  
o r e t i c a l  l y 2  and t h e  consequences o f  r e g u l a r  
r e l e a s e  and a c c i d e n t  s i t u a t i o n s  assessed. l 
There remains, however, a  p a u c i t y  o f  f i e l d  
exper imenta l  da ta  on below-cloud scavenging 
o f  t r i t i u m .  The o n l y  a v a i l a b l e  data concerns 
long-range scavenging o f  t r i t i u m  f rom bomb 
t e s t  d e b r i s .  

A  model program o f  c o n t r o l l e d - r e l e a s e  
f i e l d  exper iments was i n s t i t u t e d  as one t a s k  
o f  t h e  P r e c i p i t a t i o n  Scavenging program. 
Th is  e f f o r t  i s  an a t tempt  t o  a c q u i r e  some 
exper imenta l  da ta  which w i l l  be u s e f u l  i n  
t e s t i n g  t h e  v a l i d i t y  o f  gas scavenging 
t h e o r i e s .  

The t r i t i u m  compound chosen f o r  t h e  i n i -  
t i a l  exper iments was t r i t i a t e d  water  vapor 
(HTO). T r i t i u m  i s  expected t o  be p r i m a r i l y  
i n  t h i s  form i n  t h e  atmosphere, p a r t i c u l a r l y  
d u r i n g  r a i n y  c o n d i t i o n s .  l The exper imenta l  
d e s i g n - - d e t a i l s  o f  which w i l l  be descr ibed  
i n  a  fo r thcoming  pub1 i c a t i o n 4 - - i n v o l v e s  t h e  
r e l e a s e  o f  a  c o n t r o l l e d  amount o f  HTO (about  
0 .5 Ci  mixed w i t h  a  few mk o f  H20) f rom t h e  
Hanford Meteoro logy Tower, and c o l l  e c t i o n  
o f  p r e c i p i t a t i o n  on downwind sampling a r c s  
o f  t h e  e x i s t i n g  d i f f u s i o n  g r i d .  Samples 
c o l l e c t e d  cross-plume a t  two d is tances  down- 
wind a r e  sub jec ted  t o  s tandard r a d i a t i o n  
c o u n t i n g  techniques;  t h e  r e s u l t i n g  concen- 
t r a t i o n s  and d e p o s i t i o n  p a t t e r n s  then  may be 
i n t e r p r e t e d  i n  terms o f  scavenging r a t e s  and 
compared w i t h  t h e o r e t i c a l  es t imates .  

S ince HTO behaves s i m i l a r  t o  H20 chemi- 
c a l l y ,  t h e  r e l e a s e  must be done such t h a t  
t h e  t r a c e r  i s  comp le te ly  vapor ized on r e -  
lease,  and s u b j e c t  t o  s u f f i c i e n t  d i f f u s i o n  
so t h a t  condensat ion does n o t  occur  immedi- 
a t e l y .  Th is  i s  accomplished by i n j e c t i n g  
t h e  l i q u i d  a t  a  s low r a t e  (about  0.2 m ~ / m i n )  
f rom a  s y r i n g e  i n t o  t h e  a i r  stream f rom an 
e l e c t r i c  heat  gun. The a i r  stream i s  con- 
f i n e d  t o  a  2.5 cm d iameter  p l a s t i c  tube  l o n g  
enough t h a t  t h e  i n j e c t e d  wate r  becomes t h o r -  
ough ly  mixed and evaporated i n  t h e  h o t  d r y  
a i r  s t ream p r i o r  t o  r e l e a s e  t o  t h e  humid 
ambient atmosphere. 

d u r i n g  a  p e r i o d  o f  l i g h t  p r e f r o n t a l  r a i n .  
Meteoro log ica l  and source data a r e  1  i s t e d  
i n  Table 1, and c o n c e n t r a t i o n  r e s u l t s ,  ex- 
pressed i n  pCi/cm3 (ad jus ted  t o  t h e  volume 
o f  r a i n  c o l l  ected d u r i n g  t h e  r e l e a s e )  a r e  
l i s t e d  i n  Table 2. 

T h e o r e t i c a l  es t imates  f o r  t h e  r u n  cond i -  
t i o n s  were c a l c u l a t e d  us ing  t h e  EPAEC gas 
scavenging model desc r ibed  e l  sewhere. 9 A 
b i v a r i a t e  normal plume model was employed 
i n  t h e  model, w i t h  plume parameters d e r i v e d  
from t h e  wind r e c o r d  f o r  t h e  source h e i g h t .  
Standard d e v i a t i o n s  of plume spread were 
assumed t o  be t h e  p r o d u c t  o f  sampl ing d i s -  
tance and the  s tandard d e v i a t i o n s  o f  wind 
angles.  The exper imenta l  r e s u l t s  compared 
f a v o r a b l y  w i t h  t h e  two r e v e r s i b l e  scavenging 
l i m i t i n g  cases shown i n  Table 2. While t h e  
a c t u a l  c o n c e n t r a t i o n s  a r e  c l o s e s t  t o  t h e  
"s tagnan t  d rop"  case ( 1  i m i  t e d  1  i q u i d  phase 
mi x i  ng) , t h e  d i f f e r e n c e  between t h e  two 
cases i s  comparable t o  u n c e r t a i n t i e s  a r i s i n g  
f rom t h e  use o f  i d e a l i z e d  plume and r a i n -  
d rop  s i z e  spectrum parameters, so no con- 
c l u s i o n s  can be drawn about  t h e  p r e f e r a b i l i t y  
o f  one case o r  t h e  o t h e r .  C a l c u l a t i o n s  based 
on i r r e v e r s i b l e  scavenging, o r  p e r f e c t  s o l  - 
u b i l  i t y  o f  HTO i n  H20, l e d  t o  c o n c e n t r a t i o n  
es t imates  much l a r g e r  than those observed, 
however. 

TABLE 1. Exper imenta l  Data, Run HTO-1 

HTO Release Rate Q 3.3 x  l o - ' +  Ci /sec 

HTO Release Height  h  60 m 

Mean Wind  el o c i  ty(a) 5.4 m/sec 
Predominan Wind 

D i r e c t i o n i d )  281 degrees 
Downwing Sampling 

Dis tances x  400,800 m 

Standard Dev' t i o n  o f  
Wind ~ n g l e s l b  

E l e v a t i o n a l  a (b) 
4 

0.035 r a d i a n  

Azimuta l  ae 0.140 r a d i a n  

Ambient ~ e m ~ e r a t u r e ( ~ ) ~  11 C 

R a i n f a l l  Rate J 0.6 mm/hr 

a. A t  r e 1  ease h e i g h t  
b. Est imated 

The one exper iment  conducted t o  date,  
c a l l e d  HTO-1, was h e l d  on A p r i l  8, 1976, 



-- 
TABLE 2. Observed Concentration Results 
and EPAEC Model Estimates, R u n  HTO-1 

HTO Concentration, pCi/cm3 

Theoretical 

Sampling Distance x, Sample Gas Phase Stagnant 
m degrees -- NF(C) F ( ~ )  Controlled Drop 

a .  Bearing from source point,  r e l a t ive  to  t rue  north 
b. Corrected to  volume of rain collected during HTO re lease  and background of 

0.3 ci/cm3 
c .  Nonfreezing co l l ec to r  
d. Freezing col lec tor  (col lec tor  bo t t l e  packed in dry i c e ) .  

- - - 
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N. S. Lau la inen  

Progress o f  an experiment designed t o  measure submicron aerosol  

p r e c i p i t a t i o n  scavenging r a t e s  by mon i t o r i ng  changes i n  t h e  p a r t i c l e  

s i z e  d i s t r i b u t i o n  o f  ambient atmospheric aeroso ls  as a f u n c t i o n  o f  t ime 

du r i ng  a p r e c i p i t a t i o n  event i s  summarized. I nspec t i on  o f  some p r e l  i m i -  

nary  da ta  c o l l e c t e d  du r i ng  t he  w i n t e r  season a t  t he  Hanford Meteoro log ica l  

S t a t i o n  i n d i c a t e s  t h a t  such an experiment i s  f e a s i b l e .  

INTRODUCTION 

Th is  r e p o r t  descr ibes an experiment t o  
s tudy  p r e c i p i t a t i o n  scavenging o f  submicron 
aerosol  i n  t he  atmosphere and summarizes 
e f f o r t s  t o  da te  t o  c a r r y  o u t  t h i s  experiment. 
The experiment at tempts t o  i n f e r  scavenging 
r a tes  f rom changes i n  t h e  ambient aerosol  
s i z e  d i s t r i b u t i o n  du r i ng  p r e c i p i t a t i o n  ep i -  
sodes. P re l im ina ry  d iscuss ions  o f  t h i s  t ype  
o f  experiment have appeared elsewhere. l s 2  

E f f o r t s  so f a r  have been l a r g e l y  devoted 
t o  exper imenta l  setup, t e s t i n g  severa l  sam- 
p l i n g  and ana l ys i s  procedures and examining 
weather records f o r  frequency o f  f avo rab le  
p r e c i p i t a t i o n  events. Cont inua t ion  o f  t h i s  
e f f o r t  i s  planned f o r  t h e  w in te r  season 
1976-77, con t i ngen t  upon f avo rab le  weather 
cond i t i ons .  

The key exper imenta l  fea tu res  o f  t he  
experiments d iscussed i n  t h i s  r e p o r t  a re :  

1. Q u a n t i t a t i v e  es t imates  o f  t r u e  scavenging 
a re  made by d i r e c t  use o f  t he  c o n t i n u i t y  
equat ion.  

2 .  Improved submicron aeroso l  scavenging 
est imates a re  determined by measurement 
o f  p r imary  ( d r y )  and secondary (wet) 
p a r t i c l e  s i zes  and a p p l i c a t i o n  o f  e x i s t i n g  
scavenging theory .  

3. P r a c t i c a l  methods f o r  es t ima t i ng  scav- 
enging o f  submicron aerosol  f rom t h e  a t -  
mosphere should be a d i r e c t  r e s u l t  o f  
t h i s  study. 

The s imp les t  example o f  an experiment 
based on t he  c o n t i n u i t y  equat ion  i s  t h e  case 
o f  a s t a t i o n a r y  a i r  mass w i t h  no sources ex- 
t e r n a l  t o  t h e  sampled volume and no n e t  
i n t r o d u c t i o n  o f  p a r t i c l e s  by t r a n s p o r t .  
Stagnant a i r  parce ls ,  such as those found i n  
basins,  may represen t  an example o f  such a 
cond i t i on .  P r e f r o n t a l  overrun,  a l though 
b r i n g i n g  i n  new upper - leve l  a i r ,  i s  n o t  mixed 
w i t h  t he  t rapped pa rce l .  P r e c i p i t a t i o n  can 
descend through t he  t e s t  parce l  w i t h o u t  be ing  
d i l u t e d  o r  a l t e r e d  except  by scavenging. 
S i t u a t i o n s  s imu la r  t o  those descr ibed  occur  
f r e q u e n t l y  i n  t he  Columbia Basin area o f  
Cent ra l  Washington du r i ng  t he  w i n t e r  months. 

Only a few below-cloud scavenging expe r i -  
ments have been conducted on ambient atmos- 
phe r i c  aeroso l .  Radke e t  a1 . 4  sampled t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a plume down- 
wind f rom a Kra f t -p rocess  paper m i l  1 be fo re  
and a f t e r  a r a i n  shower. Scavenging e f f i -  
c i enc i es  as a f u n c t i o n  of  p a r t i c l e  s i z e  
were i n f e r r e d  f rom d i f f e rences  i n  t h e  two 
s i z e  d i s t r i b u t i o n s ,  a long w i t h  measurements 
o f  t he  r a i nd rop  d i s t r i b u t i o n .  Graedel and 
Franey2y5 have c a r r i e d  o u t  experiments sim- 
i l a r  t o  those d iscussed i n  t h i s  paper, t o  
i n f e r  scavenging r a t e s  du r i ng  bo th  r a i n  and 
snow events. The i r  r e s u l t s  i n d i c a t e ,  how- 
ever, t h a t  a i r  mass o r  source changes may 
have contaminated some o f  t h e i r  data.  
W i  1 l e k e  e t  a1. a1 so have repo r t ed  changes 
i n  measured aerosol  s i z e  d i s t r i b u t i o n s  
du r i ng  p r e c i p i t a t i o n  events which they  a t -  
t r i b u t e  t o  scavenging. 

EXPERIMENTAL SETUP 

A v e r s a t i l e  sampling system capable o f  
a. A more complete ve r s i on  o f  t h i s  r e p o r t  meeting t h e  requi rements imposed by t h e  

appears as BNWL-2176. 



scavenging exper iment  o u t l i n e d  above has 
been assembled and i n s t a l l e d  i n  t h e  
B a t t e l  1eIAtmospheric Sciences motor 1  abora- 
t o r y .  The motor l a b o r a t o r y  g ives  t h e  ex- 
per iment  m o b i l i t y ;  an optimum sampling l o c a -  
t i o n  can be chosen w i t h o u t  hav ing t o  p r o v i d e  
e x t e r n a l  e l e c t r i c a l  power t o  run  t h e  sampling 
i n s t r u m e n t a t i o n  s i n c e  an onboard genera to r  
i s  a v a i l a b l e .  Moreover, i t  prov ides  s h e l t e r  
f o r  t h e  equipment as w e l l  as personnel .  

Sampling L ine .  A  schematic diagram o f  
t h e  sampling m a n i f o l d  i s  shown i n  F i g u r e  1. 
The p r a c t i c a l  f e a t u r e  o f  t h i s  m a n i f o l d  i s  
t h e  a l l - g l a s s  segmented c o n s t r u c t i o n ;  sam- 
p l  i n g  p o r t  c o n f i g u r a t i o n s  may be e a s i l y  mod- 
i f i e d  by r e p l a c i n g  a  3 f t  s e c t i o n  w i t h  t h e  
d e s i r e d  s e c t i o n .  P r o v i s i o n  f o r  m o n i t o r i n g  
temperature and r e l a t i v e  h u m i d i t y  i n  t h e  
sample s t ream i s  a l s o  p o s s i b l e .  A i r  i s  con- 
t i n u o u s l y  drawn through t h e  sampling l i n e  
by a  Dayton A i r  Pump, n o m i n a l l y  r a t e d  a t  
160 cfm. 

Aerosol Samplers. Complete c h a r a c t e r i z a -  
t i o n  o f  the  ambient aeroso l  r e q u i r e s  exten-  
s i v e  p a r t i c l e  sampling us ing  a  v a r i e t y  o f  
samplers o r  sampling techniques, depending 
on t h e  type  o f  i n f o r m a t i o n  about  t h e  p a r t i -  
c l e s  des i red .  I n  t h i s  s tudy,  i n f o r m a t i o n  on 
t h e  t ime e v o l u t i o n  o f  t h e  aerosol  s i z e  spec- 
trum, as w e l l  as knowledge about t h a t  aerosol  
component which i s  a c t i v e  th rough  condensa- 
t i o n a l  growth a r e  o f  p a r t i c u l a r  i n t e r e s t .  
To m o n i t o r  aeroso l  concen t ra t ions  i n  v a r i o u s  
s i z e  c lasses,  t h e  i n s t r u m e n t a t i o n  l i s t e d  i n  
Table 1  has been chosen. With t h e  excep t ion  
of t h e  scanning e l e c t r o n  microscope, which 
w i l l  be d iscussed separa te ly ,  data c o l l e c t e d  

by these ins t ruments  a l l o w s  more o r  l e s s  
r e a l - t i m e  analyses o f  t h e  p a r t i c l e  spect ra.  

AEROSOL CHARACTERIZATION STUDIES 

Aerosol  c h a r a c t e r i z a t i o n  s t u d i e s  were 
c a r r i e d  o u t  w h i l e  assembling and t e s t i n g  t h e  
sampling system. The days d u r i n g  which both 
Whi t b y  and Royco aerosol  s i z e  d i s t r i b u t i o n  
da ta  were taken a r e  summarized i n  Table 2. 

A l l  a i r  samples, except  those taken i n  
March 1976, were taken i n  the  v i c i n i t y  o f  
t h e  622 R Meteoro logy B u i l d i n g .  E f f e c t s  o f  
l o c a l  v e h i c u l a r  t r a f f i c  were e a s i l y  seen on 
c h a r t  record ings  o f  the  CN-count. Samples 
were taken o n l y  when t h e  CN-count was near 
i t s  background l e v e l .  The March samples 
were ob ta ined  near  t h e  122 m meteoro logy 
tower, 500 m e a s t  of t h e  weather s t a t i o n .  
E f f e c t s  o f  l o c a l  t r a f f i c  were min imized t o  
some e x t e n t ,  a l though  on 12 March, t h e  sam- 
p l i n g  s i t e  was o c c a s i o n a l l y  downwind o f  a  
smoke s tack  l o c a t e d  i n  t h e  200-West area.  

As can be seen i n  Table 2, a  wide range 
o f  meteoro log ica l  c o n d i t i o n s  were encountered 
d u r i n g  t h e  sampl ing per iod .  Aerosol l o a d i n g  
and t h e  c h a r a c t e r  o f  t h e  p a r t i c l e  s i z e  d i s -  
tri b u t i o n  were a1 so q u i t e  v a r i a b l e  d u r i n g  
t h i s  same per iod ,  as i n d i c a t e d  i n  columns 6 
and 7, where dN/dlogD i s  t h e  number s i z e  
d i s t r i b u t i o n  eva lua ted  a t  a  p a r t i c l e  diam- 
e t e r  D  -1 pm and 0 '  i s  t h e  exponent o f  a  
power yaw f i t  t o  t h e  data i n  t h e  r e g i o n  
0.4 pm t o  5  pm o f  t h e  form: 
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FIGURE 1  Schematic Diagram of Sampling System, 
~nstalled i n  B a t t e l l e  Motor  Labora to ry  
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TABLE 1 .  Pa r t i c le  Measurement Instrumentation 
rype  P a r t i c l e  S i z e  Response o r  Comment 

Range . Sampling 
(urn) Time (min) 

CE Condensation C O .  01 CO.  1 
Nucleus Counter 
( O p t i c a l )  

Whitby E l e c t r o s t a t i c  0.01-0.5 
Aerosol  Analyzer 

Royco Model 220 0.5-5.0 
O p t i c a l  P a r t i c l e  
Analyzer 

I n t e g r a t i n g  Nephelo- 0.01-1.0 
meter  ( b R I )  - 
Scanning E l e c t r o n  >O. 1 
Microscope (SW) 

1-2 9  u s e f u l  s i z e  c h a n n e l s  

-1 1 2  o r  1 3  u s e f u l  s i z e  
c h a n n e l s  p l u s  t o t a l  

C O . 1  T o t a l  l i g h t  s c a t t e r  i n  
0 .1  t o  1 . 0  urn range  

10- 60 Nuclepore f i l t e r  samples 

TABLE 2 .  Summary of Sampl ing  Times, Aerosol 
Characteristic and Meteorological Condi t ions  

Date Time I n t e r v a l  No. o f  v -Range  T-Range d ~ / d l o g ~ l ~ ~ ~  

Da MO Y r  (PST) samples ( 0 )  ( O F )  ( 11/crn3) B '  

11- 0829 - 1453 3  48 - 20  43 - 50 1 . 8  - 2.0 2.0 - 0.6 
12- 0840 - 1404 6  6 8 - 4 3  2 9 - 5 0  "3.0 -1.5 
*Explained i n  t e x t .  

Comments 

c l e a r  t o  s c a t t e r e d  
C l e a r  
Fog 
Fog, o v e r c a s t  
Snowing, f o g  
Ovcrcas t  
Very c l e a n  a i r ,  windy, 

broken 
O v e r c a s t ,  XFR 0300 

Ovcrcas t 
Snowing 
Fog t o ,  c l e a r  
L i g h t  ground f o g ,  c l e a r  
C l e a r  
Overcas t  
O v e r c a s t ,  f o g  

Overcas t  
C? ea r  
High, broken 
C l e a r  t o  s c a t t e r e d  
Fog, f r e e z i n g  d r i z z l e  
Fog, o v e r c a s t  
C l e a r  

Fog 

O v e r c a s t ,  calm 
Snowing l i g h t l y ,  pm, KFB 

1555 
C l e a r  
C l e a r  

Iligh, s c a t t e r e d  
t l igh,  o v e r c a s t  
Blowing d u s t ,  pm, clcnr 
O v e r c a s t ,  KFR 1820 



Scanning E lec t r on  Microscope Ana lys is  o f  
F i l t e r  Samples 

Several experiments were conducted t o  
determine the  bes t  means o f  c o l l e c t i n g  t he  
p a r t i c l e  samples. One of  t he  goals  o f  t he  
d i r e c t  c o l l e c t i o n  approach was t o  achieve 
a t  l e a s t  some p a r t i c l e  s i z e  separa t ion  on 
the  f i l t e r s  so t h a t  g i a n t  p a r t i c l e s  o r  drop- 
l e t s  ( s i z e  < 5 urn) cou ld  be d i s t i n g u i s h e d  
from submicron p a r t i c l e s .  Another goal was 
t o  s e l e c t  a method which a l lowed a sample 
t o  be ob ta ined  i n  10-60 min. 

Of t he  severa l  methods tes ted ,  a m u l t i -  
stage Nuclepore f i l t e r  assembly w i t h  f i l t e r s  
of decreasing pore s i z e  was f i n a l l y  chosen. 
Several t e s t s  were conducted under d i f f e r e n t  
meteoro log ica l  cond i t i ons  and w i t h  d i f f e r e n t  
combinations o f  pore s izes ,  number o f  f i l t e r  
stages, and f i l t e r  types.  F i l t e r  samples 
were then analyzed w i t h  a scanning e l e c t r o n  
microscope. An exposure taken under d r y  and 
dus t y  cond i t i ons ,  on 26 A p r i l  1976, us ing  a 
t h ree  stage assembly o f  5.0 um, 0.8 and 
0.2 um Nuclepore f i l t e r s  and a sampling t ime 
o f  60 min, i s  shown i n  F igure  2. There ap- 
pears t o  be a general tendency f o r  p a r t i c l e s  
sma l le r  than ~1 urn t o  be r ough l y  sphe r i ca l  
w h i l e  those l a r g e r  than ~1 pm t o  be i r r e g u -  
l a r l y  shaped. 

The idea  o f  us i ng  nuclepore f i l t e r s  as 
crude p a r t i c l e  s i z e  c l a s s i f i e r s  i s  n o t  
unique. Spurny e t  a1. ,7 i n v e s t i g a t e d  par -  
t i c l e  d i s c r i m i n a t i o n  by t h ree  i d e n t i c a l  f i l -  
t e r s  of pore s i z e  2 urn i n  se r i es ,  each f i l t e r  
ope ra t i ng  a t  a d i f f e r e n t  face  v e l o c i t y ,  and 
found t h a t  a n e a r l y  monodisperse component 
can be ex t r ac ted  from a po lyd isperse  aerosol  
stream. They have a l s o  found t h a t  any s o r t  
o f  p a r t i c l e  d e t e c t o r  sampling t h e  aerosol  
stream be fo re  and a f t e r  passage through a 
s i n g l e  f i l t e r  a t  a  g iven  face  v e l o c i t y ,  can 
i n d i c a t e  t he  s i z e  d i s t r i b u t i o n .  

Dur ing  the  p r e l i m i n a r y  t e s t s ,  t he re  were 
a few p r e c i p i t a t i o n  episodes which may have 
been s u i t a b l e  t o  conduct a scavenging expe r i -  
ment; these events occurred be fo re  t h e  e n t i r e  
sampling system was completed. The data on 
some of  these occurances g i ve  some q u a l i t a -  
t i v e  i n d i c a t i o n  t h a t  t h e  technique cou ld  
y i e l d  scavenging r a t e s .  On 25 December 1975, 
p r e c i p i t a t i o n  occurred i n  t he  form o f  a 
l i g h t  snow (3.1 i n .  t o t a l  over  an 11 h r  
pe r i od  beginning a t  0600). Winds were ou t  
o f  t h e  NW a t  5 mph. S ize  d i s t r i b u t i o n s  
measured a t  ambient humid i t y  du r i ng  t h i s  
episode a re  shown i n  F igure  2, where a c l e a r  
decrease i n  concent ra t ions  f o r  p a r t i c l e s  
l a r g e r  than ~2 urn i s  seen over t he  t ime  i n -  
t e r v a l  o f  the  measurements. The submicron 

p a r t i c l e  concent ra t ions  show e i t h e r  no o r  
i r r e g u l a r  changes du r i ng  t he  same t ime i n -  
t e r v a l ,  t h e  l a t t e r  presumably due t o  changes 
i n  p a r t i c u l a t e  sources and/or a i r  mass change, 
perhaps by advec t i  on. 

Fog and t r a c e  f reez ing  d r i z z l e  occurred 
on 21 January 1976. A s i g n i f i c a n t  decrease 
i n  p a r t i c l e  concent ra t ion  occurred f o r  a1 1 
measured s i z e  c lasses between t he  morning 
and a f te rnoon observat ions (see F igure  3 ) .  
Because t he re  was l i t t l e  o r  no wind du r i ng  
t h a t  same i n t e r v a l ,  t h e  decrease appears t o  
r e l a t e  t o  r e l a t i v e  humid i t y  changes o r  a t -  
tachment o f  aerosol  p a r t i c l e s  t o  f og  drop- 
l e t s .  Scavenging by the  f r e e z i n g  d r i z z l e  
was p robab ly  n e g l i g i b l e .  

C lea r l y ,  these examples on1 y represen t  a 
f r a c t i o n  o f  t he  data c o l l e c t e d  and summarized 
i n  Table 2. On the  o the r  hand, t he  exaniples 
were se lec ted  t o  be r ep resen ta t i ve  o f  t he  
k inds  o f  changes o f  aerosol s i z e  d i s t r i b u -  
t i o n s  encountered du r i ng  t he  w i n t e r  months. 
For scavenging work, i t  i s  o f  course v i t a l  
t o  be ab le  t o  d i s t i n g u i s h  scavenging e f f e c t s  
from a l l  t h e  o t h e r  e f f e c t s - - a  task  which i s  
by no means t r i v i a l .  

INTERPRETATION OF SCAVENGING DATA 

A general approach t o  t he  scavenging prob-  
lem i s  t o  make use o f  a form o f  t h e  con t inu-  
i t y  equat ion,  such as 

where w i  and Gi a re  wet removal and genera- 
t i o n  r a t es ,  r espec t i ve l y ,  of aerosol  i n  the  
s i z e  range a i  t o  a i  + da. Usua l l y  wi  i s  s e t  
equal t o  + i N i ,  where +i i s  the  d i f f e r e n t i a l  
washout c o e f f i c i e n t  f o r  t h i s  s i z e  range. 
The genera t ion  term may con ta i n  mechanisms 
such as condensation, coagu la t ion  and nucle-  
a t i o n .  The divergence term inc ludes  advec- 
t i o n  and d i f f u s i o n  o f  aerosol  i n t o  and o u t  
o f  t he  s tudy  volume. 

For t he  case where t he re  a r e  no ex te rna l  
sources and no n e t  i n t r o d u c t i o n  o f  p a r t i c l e s  
by  t r a n s p o r t  i n t o  t he  sampled volume element 
as w e l l  as no condensational growth (e.g. 
growth s t a r t e d  p r i o r  t o  t h e  exper iment)  o r  
o t he r  genera t ion  du r i ng  t h e  p r e c i p i t a t i o n  
episode, Equat ion 2 reduces t o  the  f a m i l i a r y  
Equation 3. 



PARTICLE DIRMETER d, p m  

FIGURE 2 .  Aerosol Number S ize  D i s t r i b u t i o n s  
f o r  23 December 1975 

I f  some o f  t h e  preceeding r e s t r i c t i o n s  a r e  
r e l a x e d  t o  a1 low f o r  a  nonnegl i g i  b l  e  genera- 
t i o n  term, then  Equat ion 2 takes t h e  fo rm 

By u s i n g  a  know? f u n c t i o n a l  r e l a t i o n s h i p  
between W i  and d i  (e.g. Reference 3 ) ,  where 
i, i s  t h e  s i z e  o f  t h e  secondary (we t )  aero-  
s o l ,  Equat ion 4 can be used t o  v e r i f y  wi  
(gi) as w e l l  as t o  s tudy  t h e  c h a r a c t e r  o f  
G i  from measurements o f  bo th  p r i m a r y  and 
secondary aeroso l  s i z e s .  

A more genera l  s i t u a t i o n  may be examined 
i n  t h e  case where o u t s i d e  sources a r e  s i g n i -  
f i c a n t  and constant .  P r i o r  t o  t h e  p r e c i p i -  
t a t i o n  episode, a  s teady s t a t e  c o n d i t i o n  
may be assumed t o  e x i s t  such t h a t  

where some t y p e  o f  genera t ion  (e.g. photo- 
chemical )  may be o c c u r r i n g  i n  t h e  sampled 
volume. Wi th t h e  onset  o f  p r e c i p i t a t i o n ,  a  
t r a n s i e n t  mode i s  e s t a b l i s h e d  and t h e  aero-  
s o l  c o n c e n t r a t i o n  i s  governed by t h e  equa t ion  

which e x p l i c i t l y  shows t h e  e f f e c t  o f  scav- 
enging and t h e  f a c t  t h a t  more than  one t y p e  
o f  genera t ion  may be p resen t .  E v e n t u a l l y ,  
assuming steady p r e c i p i t a t i o n  c o n d i t i o n s ,  a  
new e q u i l i b r i u m  may be e s t a b l i s h e d  such t h a t  



FIGURE 3. Aerosol  Number S ize  D i s t r i b u t i o n s  
f o r  21 January 1976 

S u i t a b l e  combinat ion o f  Equat ions 5-7, a long  
w i t h  measurements o f  b o t h  p r imary  and secon- 
dary aeroso l  s i z e  spec t ra  b e f o r e  and d u r i n g  
a  p r e c i p i t a t i o n  event ,  should p r o v i d e  va lu -  
a b l e  i n s i g h t s  f o r  v e r i f y i n g  t h e  f u n c t i o n a l  
r e l a t i o n s h i p  o f  w i  ( a i )  as w e l l  as s t u d y i n g  
t h e  impor tance o f  G i  and D i  r e l a t i v e  t o  
scavenging. Procedures f o r  a n a l y z i n g  t h i s  
t ype  o f  experiment w i l l  be developed i n  a  
l a t e r  r e p o r t .  

The p o s s i b i l i t y  remains t h a t  t h e  wi a r e  
so small  f o r  submicron aeroso l  t h a t  t h e  
dNi 
-- cannot  be measured be fo re  t h e  weather 
d t  
changes. I n  t h i s  case, i t  may o n l y  be 

p o s s i b l e  t o  mon i to r  t h e  p r imary  and secon- 
dary aeroso l  under no source c o n d i t i o n s  and 
t o  t r y  t o  match t h e  measured scavenging 
r a t e s  (norma l i zed  w i t h  r e s p e c t  t o  p r e c i p i -  
t a t i o n  r a t e )  w i t h  those ob ta ined  f rom t h e o r y  
by accoun t ing  f o r  growth ( o r  a t tachment)  i n  
a  phenomenological o r  e m p i r i c a l  manner and 
i n c o r p o r a t i n g  t h e  p a r t i c l e  s i z e  changes i n t o  
t h e  theory .  By examining b o t h  p r imary  ( d r y )  
and secondary (wet)  ae roso l ,  t h e  f r a c t i o n  o f  
p a r t i c l e s  which a r e  a c t i v e  i n  t h e  growth 
processes can be est imated.  T h i s  in fo rma-  
t i o n  a l s o  can be used t o  keep t r a c k  o f  t h e  
s i z e  c lasses  t h e  p a r t i c l e s  s t a r t  o u t  f rom 
and t h e  s i z e  c lasses  f rom which t h e y  a r e  
e v e n t u a l l y  scavenged. 
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POLLUTANT 'TRANSFORMATIONS AND INTERACTIONS 

Comprehensive assessment of atmospheric pollution effects i s  not possible unless the 
pollutant transformations, both physical and chemical, which occur between source and 
receptor are known. The efficiency with which the pollutants are removed from the 
atmosphere depends on the physical and chemical state of the pollutants. Health and 
ecological hazards depend on the nature of the pollutants reaching the receptors, regardless 
of the pollutants leaving the sources. 

The primary pollutant transformation reported here is the SO2 to sulfate particulate 
transformation in power plant and urban plumes. Reports describe: a field measurement 
program in which the Milwaukee plume was sampled over Lake Michigan; measurements 
of physical characteristics such as particle size distributions, and related phenomena such 
as light scattering and turbidity; models which complement and guide field measurements; 
and hardware and software developments. We are also involved in the MAP3S program; 
contributions include airborne measurements of pollutants in the northeastern United States 
and subsequent analysis and modeling efforts. 

AEROSOL AND TRACE GAS TRANSFORMATIONS 

RESEARCH AIRCRAFT OPERATIONS 



ESTIMATION OF TRANSFORMATION RATE OF SO2 

TO SO, FROM ATMOSPHERIC CONCENTRATION  DATA(^) 

A. J. A1 kezweeny and D. C.  Powel 1  

The t r ans fo rma t i on  r a t e  o f  SO2 t o  s u l f a t e  i s  est imated from da ta  

c o l l e c t e d  by a i r c r a f t  f o l l o w i n g  a  t e t r o o n  no r t heas t  o f  St .  Louis ,  

M issour i ,  on August 10 and 11, 1975. Assuming depos i t i on  v e l o c i t i e s  

o f  1  cm s- '  and 0.1 cm s- '  f o r  SO2 and s u l f a t e ,  r e s p e c t i v e l y ,  t he  

ana l ys i s  i n c l u d i n g  90% conf idence l i m i t s ,  y i e l d s  a  r a t e  o f  
1 - 1 

0.14 2 0.04 h r -  f o r  t he  f i r s t  day, and 0.10 2 0.02 h r  f o r  t h e  second. 

The conf idence l i m i t s  do n o t  prec lude t he  1  i k e l  ihood t h a t  t h e  r a t e  was 

t he  same f o r  bo th  days, i n  which case i t  would have been 0.10 t o  0.1 h r - l .  

INTRODUCTION 

Wi th i n  t h e  l a s t  few years,  severa l  e s t i -  
mates have been made o f  t h e  t r ans fo rma t i on  
r a t e  o f  SO2 t o  s u l f a t e  i n  t h e  ambient atmos- 
shere.  Some o f  these est imates i nc l ude  a  
r a n  e  o f  an o rde r  o f  magnitude. For example, 9 Cox est imated a  t r ans fo rma t i on  r a t e  o f  0.01 
t o  0.10 h r - I  i n  an urban plume f o r  photo- 
o x i d a t i o n  w i t h  NOx and hydrocarbons, o r  
thermal o x i d a t i o n  w i t h  ozone and o l e f i n s .  
Roberts and ~ r i e d l a n d e r ~  found t he  t o t a l  
o x i d a t i o n  r a t e  t o  vary  f rom 0.012-hr-' 
t o  0.13 h r - I  i n  t h e  Los Angeles basin.  A  
r ecen t  rev iew o f  o x i d a t i o n  r a t e s 3  gave a  
r a t e  o f  0.01 6  t o  0.133 hr- '  f o r  the  homo- 
geneous gas phase r e a c t i o n  and 0  t o  0.06 h r - I  
f o r  heterogeneous c a t a l y s t  ox i da t i on .  Since 
these r a t e s  a re  a d d i t i v e ,  they  imp l y  t h a t  
t h e  t r ans fo rma t i on  r a t e  can be anywhere f rom 
0.02 t o  0.20 h r - l .  Other  i n v e s t i g a t o r s  seem 
t o  f a v o r  t he  lower  ends o f  such ranges. 
El iassen and Sal tbones4 imp l y  a  t r a n s f o r -  
mat ion  r a t e  o f  about 0.007 h r - I .  Smith and 
J e f f r e y 5  p resen t  a  graph p l o t t i n g  convers ion 

t o  s u l f a t e  as a  f u n c t i o n  o f  r e l a t i v e  humid i t y .  
I n t e r p r e t a t i o n  o f  t h e i r  graph i n d i c a t e s  
r a t e s  o f  about  0.03 h r - ' a t  75% r .h .  and 
about 0.12 h r - I  f o r  88% r .h.  Between those 
two f i g u r e s  t he  r e l a t i o n  i s  dep ic ted  as 
rough ly  l i n e a r ,  and no f i g u r e s  a r e  g iven  f o r  
lower  l e v e l s  o f  r. h. Dana, e t  a1 .6 found 
t h a t  under some circumstances, a  s i g n i f i c a n t  
p o r t i o n  o f  t h e  SO2 i n  a  power p l a n t  plume 
i s  conver ted t o  s u l f a t e  w i t h i n  0.4 km o f  t h e  
s tack  du r i ng  r a i n .  Other work on t he  t r ans -  
fo rmat ion  o f  SO2 t o  s u l f a t e  i n  urban plumes 
i s  being conducted i n  St .  ~ o u i s ~ , ~  as p a r t  
o f  t h e  EPA-MISTT program. Unfo r tuna te ly ,  
t h e  t rans fo rmat ion  r a t e  was n o t  repor ted .  

Th i s  paper presents p r e l i m i n a r y  r e s u l t s  
o f  a  f i e l d  experiment conducted near St.  
Louis ,  M issour i ,  and t he  subsequent model ing 
e f f o r t  d i r e c t e d  toward es t ima t i ng  a  t r ans -  
f o rma t i on  r a t e .  Since t he  t r ans fo rma t i on  
r a t e  i s  apparent1 y  i n f l uenced  by cond i t i ons  
i n  a manner n o t  w e l l  understood, those 
p e r t a i n i n g  t o  t h e  p a r t i c u l a r  f l i g h t s  a r e  
descr ibed  i n  d e t a i l  so t h a t  t h i s  a r t i c l e  may 
a i d  i n  b r i n g i n g  about a  f u t u r e  consensus. 

a.Atmospheric Environment i n  Press. 



THE EXPERIMENT 

The exper iment  was conducted n o r t h e a s t  o f  
St .  Lou is ,  M i s s o u r i ,  d u r i n g  t h e  summer o f  
1975. The sampling equipment was c a r r i e d  
onboard a  DC3 a i r p l a n e ,  and t h e  measure- 
ments were made w h i l e  t h e  a i r p l a n e  was f o l -  
l o w i n g  a  0.94 m3 t e t r o o n ?  The t e t r o o n  was 
launched f rom t h e  C i v i c  Memorial A i r p o r t  i n  
A l t o n ,  I l l i n o i s ,  and rose  t o  an a l t i t u d e  o f  
900 t o  1200 m  above sea l e v e l .  The procedure 
f o r  dep loy ing  t h e  t e t r o o n  was t h a t  desc r ibed  
by Hoecker lo .  Be fo re  and d u r i n g  each f l i g h t ,  
p i b a l  da ta  were c o l l e c t e d  t o  determine wind 
speed and d i r e c t i o n .  The t e t r o o n  was launched 
an hour a f t e r  t h e  DC3 took o f f  t o  a l l o w  f o r  
i n s t r u m e n t a t i o n  c a l i b r a t i o n  and s t a b i l i z a t i o n .  

Two f l i g h t s  were i n i t i a t e d  a t  approx imate ly  
1400 CDT, one on August 10, and t h e  o t h e r  
on August 11. August 10  was c h a r a c t e r i z e d  
by c l e a r  t o  s c a t t e r e d  cumulus i n  t h e  morn- 
i n g ,  and b r i e f  s c a t t e r e d  t o  broken a l t o c u -  
mulus i n  t h e  a f te rnoon .  The mean wind speed 
was about  7  ms-l ,  and t h e  m i x i n g  depth about 
1400 m. The average temperature and r e l a t i v e  
h u m i d i t y  were 21°C and 60%, r e s p e c t i v e l y .  
The t e t r o o n  t r a v e l e d  t o  t h e  n o r t h  a t  f i r s t .  
About 1-1/2 h r  l a t e r ,  i t  d r i f t e d  t o  t h e  
n o r t h e a s t  and passed over  S p r i n g f i e l d ,  
I l l i n o i s .  August 11 was m o s t l y  c l e a r ,  w i t h  
some broken a l tocumulus  and c i r r u s  i n  t h e  
a f te rnoon .  The wind speed was about 6  ms-l  

and t h e  m i x i n g  depth was about  2400 m. The 
average temperature and r e l a t i v e  h u m i d i t y  
were 26°C and 53%, r e s p e c t i v e l y .  The f l i g h t  
p a t h  was t o  t h e  n o r t h e a s t  f o r  t h e  f i r s t  3  
h r ;  a f t e r  t h a t  t h e  t e t r o o n  p a t h  changed 
toward t h e  n o r t h .  

The SO2 c o n c e n t r a t i o n  was measured w i t h  a  
f l ame pho tomet r i c  d e t e c t o r ,  t h e  d e t e c t a b l e  
1  i m i  t be ing  about  5  ppb. P a r t i c l e s  were 
c o l l e c t e d  on IPC f i l t e r s  s u b j e c t  t o  an 
a i r f l o w  r a t e  o f  50 cfm and l a t e r  were 
analyzed by an X-ray f l uo rescence  techn ique  
t o  determine t h e  t o t a l  s u l f u r  i n  t h e  aero- 
s o l .  The SO2 measurements were considered 
t o  have a  s tandard e r r o r  o f  l o % ,  and t h e  
s u l f a t e  measurements an e r r o r  o f  8.5%. 

F i g u r e  1  g i v e s  t h e  c o n c e n t r a t i o n s  o f  
s u l f u r  i n  SO2 and s u l f u r  i n  combined SO2 and 
s u l f a t e  as a  f u n c t i o n  o f  t i m e  f o r  each o f  
t h e  two days. These c o n c e n t r a t i o n s  a r e  20- 
m in  averages. The ozone l e v e l  d u r i n g  t h e  
f l i g h t s  increased s l i g h t l y  w i t h  d is tance ,  
and i t s  c o n c e n t r a t i o n  was about 200 ppb on 
August 10 and about  250 ppb on August 11. 
The NO and NO2 l e v e l s  were below 20 ppb. 

The s u l f u r  c o n c e n t r a t i o n s  ( F i g u r e  1  ) 
shows a  decrease i n  t ime  r e f l e c t i n g  t h e  
e f f e c t s  o f  d i f f u s i o n ,  t r a n s f o r m a t i o n  and 
d e p o s i t i o n .  

\\ - .. - 
\\ SO2 8110175 

-------- TOTAL S 811CU75 
--- TOTAL S 8111175 

----------- _.--- 
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FIGURE 1 .  S u l f u r  i n  SO2 and S u l f u r  i n  Combined SO2 and S u l f a t e  as a  Func t ion  o f  Time 



A f t e r  about  3.5 h r  o f  f l i g h t  t i m e  on Aug- 
u s t  11, an inc rease  i n  t h e  SO2 c o n c e n t r a t i o n  
i n d i c a t e d  en t ra inment  o f  p o l l u t a n t  f rom a  
new source. T h i s  en t ra inment  was a l s o  
de tec ted  by a  sudden decrease o f  t h e  ozone 
l e v e l  and an inc rease  o f  t h e  NO/N02 r a t i o .  

ANALYTICAL METHOD 

The v a r i a b l e s  used i n  t h e  a n a l y s i s  a r e  
t h e  l o g a r i t h m s  o f  t h e  r a t i o s  o f  s u l f u r  i n  
SO, t o  t o t a l  s u l f u r  as a  f u n c t i o n  o f  t ime  
a long  a  p a t h  f o l l o w i n g  t h e  t e t r o o n .  These 
da ta  a r e  shown i n  F i g u r e  2. There i s  a  
l e a s t  squares r e g r e s s i o n  l i n e  th rough  the  
p o i n t s  f o r  each o f  t h e  two dates.  Here we 
assumed t h a t  t h e  p l o t  o f  p o i n t s  shows s u f -  
f i c i e n t  o r g a n i z a t i o n  t h a t  f u r t h e r  a n a l y s i s  
i s  j u s t i f i e d .  

I n  t h e  a n a l y s i s  t o  f o l l o w  we make t h e  
f o l l o w i n g  assumptions: 

1. The d i f f u s i o n  o f  t h e  SO, and t h e  s u l f a t e  
i s  t h e  same. 

2. The t r a n s f o r m a t i o n  o f  SO, t o  s u l f a t e  i s  
a  f i r s t  o r d e r  r e a c t i o n .  

3. The p o l l u t a n t  i s  even ly  d i s t r i b u t e d  
v e r t i c a l l y  th roughou t  t h e  m i x i n g  l a y e r  
a t  t h e  t imes  o f  sampling. Th is  assump- 
t i o n  seems reasonable f o r  t h e  s l i g h t l y ,  
u n s t a b l e  c o n d i t i o n s  p r e v a i l i n g  (see 
D e a r d o r f f  and W i l 1 i s ) l l .  

AUGUST 10, 1975 

X AUGUST 11, 1975 
-a 2 

- 1 . 0  I I . ;  1 
-1.2 

0 1 2 3 4 5 

Neg 764190-2 t -hours 

FIGURE 2. Logar i thms o f  t h e  R a t i o  o f  S u l f u r  
i n  SO2 t o  T o t a l  S u l f u r  as a  Func t ion  o f  Time 

The problem i s  t r e a t e d  as i f  t h e  samples 
were c o l l e c t e d  w i t h i n  t h e  same a i r  p a r c e l .  
The p e r t i n e n t  equat ions a r e  those f o r  t h e  
conserva t ion  o f  mass. 

We employ t h e  f o l l o w i n g  d e f i n i t i o n s :  

X ( t )  = mass o f  s u l f u r  i n  a  " f o l l o w e d  a i r  
pa rce l  " i n  t h e  form o f  SO, 

Y ( t )  = mass o f  t o t a l  s u l f u r  i n  a  " f o l l o w e d  
a i r  p a r c e l "  i n  t h e  form o f  s u l f a t e  
and SO , 

1  
k  = d r y  removal r a t e  f o r  SO2 ( h r -  ) 

9  
ka = d r y  removal r a t e  f o r  s u l f a t e  ( h r - ' )  

k  = t r a n s f o r m a t i  n  r a t e  o f  SO, t o  P s u l f a t e  ( h r -  ) .  

Equations f o r  t h e  conserva t ion  o f  s u l f u r  
mass a re :  

+ k ) X ( t )  and 
d t  (1  

= - k g X ( t )  - k a [ Y ( t )  - X ( t ) ] .  d t  ( 2 )  

Combining Equat ion ( 1 )  and ( 2 )  we g e t :  

where r ( t )  = X ( t ) / Y ( t ) .  Rearranging Equa- 
t i o n  ( 3 ) ,  and i n t e g r a t i n g  f rom 
t = o  t o  t = T  y i e l d s :  - 

Since t h e  o r i g i n a l  data a r e  i n  u n i t s  o f  
c o n c e n t r a t i o n ,  we wish t o  s o l v e  f o r  a  
d e s c r i p t o r  d e f i n e d  f rom concen t ra t ions .  . 
L e t  C g ( t )  and C a ( t )  be t h e  concen t ra t ions  
o f  s u l f u r  i n  SO, and s u l f u r  i n  s u l f a t e ,  
r e s p e c t i v e l y .  Then t h e  f i n a l  d e s c r i p t o r  
i s  d e f i n e d  as: 

However, s i n c e  t h e  d i f f u s i o n  i s  always 
assumed t o  be t h e  same, t h e  concen t ra t ions  
r e f e r  t o  t h e  same volume, V ( t ) ,  t h a t  i s :  

X ( t )  = C g ( t ) V ( t )  and ( 6 )  



Therefore,  

To c a l c u l a t e  k  and ka, we d i v i d e  t h e  
d e p o s i t i o n  v e l o c i ? i e s  by t h e  depth o f  t h e  
m i x i n g  l a y e r  AZ t o  g e t :  

where V g  and V a r e  t h e  d e p o s i t i o n  v e l o c i -  
t i e s  of SO an8 s u l f a t e .  S u b s t i t u t i n g  
Equat ions i 8 )  and ( 9 )  i n t o  ( 4 ) ,  we ge t :  

1  T  [I -,, d t ] ,  

0 

where k  i s  assumed t o  be independent o f  
t i m e  o r  averaged o v e r  t h e  t i m e  p e r i o d  T. 
A  s i m i l a r  equa t ion  was d e r i v e d  by Rober ts  
and Fr ied1  ander2.  

The equa t ions  f o r  t h e  l e a s t  square r e -  
g r e s s i o n  l i n e s  on F i g u r e  2  a r e  i n  t h e  fo rm 
0 f 

~ ( t )  = -a - b t ,  (11)  

where a  i s  equal t o  0.276, and 0.190 and 
b  i s  equal t o  0.150 h r - '  and 0.108 h r - '  f o r  
August 10 and 11, r e s p e c t i v e l y .  Equa- 
t i o n  (11)  i s  v a l i d  o n l y  f o r  t h e  f i r s t  3 h r  
o f  sampling t ime.  For  b o t h  days, d a t a  
p o i n t s  beyond t h e  seventh ones do n o t  f i t  
t h e  l i n e a r  regress ion .  The l a s t  two p o i n t s  
f o r  August 10 a r e  below t h e  es t imated  
d e t e c t a b l e  l i m i t  o f  t h e  ins t rument ,  t h e r e -  
f o r e ,  t h e y  a r e  n o t  expected t o  f i t .  On t h e  
o t h e r  hand, t h e  l a s t  two p o i n t s  measured on 
August 11 r e f l e c t  excess e n t r a i n e d  SO2 as 
p o i n t e d  o u t  e a r l i e r .  S u b s t i t u t i n g  Equa- 
t i o n  (11)  i n t o  (10)  and u s i n g  known va lues  
o f  a, b, t and z f o r  each day, t h e  f i n a l  
express ions f o r  k  a r e  

August 10: 

and August 11: 

where V g  and Va a r e  i n  u n i t s  o f  cm s- '  and 
k  i n  h r  l .  The equa t ions  a r e  p l o t t e d  i n  
F i g u r e  3. 
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FIGURE 3. Dependence o f  t h e  C a l c u l a t e d  Trans fo rmat ion  Rate on t h e  
V e l o c i t i e s  o f  SO2 and S u l f a t e  

D e p o s i t i o n  



RESULTS AND DISCUSSION 

F i g u r e  3  shows t h a t  t h e  c a l c u l a t e d  t r a n s -  
f o r m a t i o n  r a t e  o f  SO2 t o  s u l f a t e  depends on 
t h e  d e p o s i t i o n  v e l o c i t i e s  o f  SO, and s u l f a t e .  
A  mean d e p o s i t i o n  v e l o c i t y  o f  about 
0.8 cm s - I  was es t imated  by Owers and 
powel l12 over  t h e  B r i t i s h  I s l e s .  Smith and 
~ e f f r e y ~  have independent ly  a r r i v e d  a t  t h e  
same r e s u l t .  S ince these es t imates  a r e  f o r  
a  m i x t u r e  o f  t e r r a i n  and vege ta t ion  types, 
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  f rom St .  Lou is  
area, they  can be assumed t o  a p p l y  t o  t h e  
c o n d i t i o n s  o f  t h e  p resen t  s tudy .  Other  
es t imates  a r e  a v a i l a b l e .  Garland, e t  a l . ,  
(1974) ob ta ined  a  va lue f o r  s h o r t  grass l e s s  
than  1  cm s - l .  On t h e  o t h e r  hand, c u r r e n t  
est imates o f  t h e  d r y  removal r a t e  o f  s u l f a t e  
p l a c e  t h i s  f i g u r e  a t  about one- ten th  o f  t h e  
r a t e  f o r  SO2. 

I f  we assume a  d e p o s i t i o n  v e l o c i t y  o f  
1  cm s - I  f o r  SO2 and 0.1 cm s - I  f o r  s u l f a t e ,  
then  f rom F i g u r e  3, t h e  t r a n s f o r m a t i o n  
r a t e s  a r e  0.14 h r - I  and 0.10 h r - I  f o r  Au- 
g u s t  10 and 11, r e s p e c t i v e l y .  These f i g u r e s  
agree reasonably  we1 1  w i t h  p rev ious  e s t i -  
mates g iven  by Roberts and F r i e d l a n d e r 2  
and by Levy, e t  

The l a r g e  d i f f e r e n c e  i n  t h e  t ransforma- 
t i o n  r a t e s  between t h e  two days cannot be 
exp la ined .  Th is  i s  p a r t l y  because o f  t h e  
l i m i t e d  number o f  parameters measured 
d u r i n g  t h i s  exper iment  and p a r t l y  because 
a  dominant mechanism f o r  t h e  t r a n s f o r m a t i o n  
o f  SO2 t o  s u l f a t e  has n o t  been es tab l i shed .  
However, one can specu la te  about  t h e  
causes based on t h e  meteoro log ica l  condi -  
t i o n s .  The day w i t h  t h e  h i g h e r  t ransforma- 
t i o n  r a t e  was c h a r a c t e r i z e d  by h i g h e r  
r e l a t i v e  h u m i d i t y  and lower  temperature 
than  t h e  day w i t h  t h e  lower  t r a n s f o r m a t i o n  
r a t e .  I f  one assumes c a t a l y t i c  o x i d a t i o n  
o f  SO2 i n  t h e  plume, these r e s u l t s  a r e  i n  
agreement w i t h  t h e  dependence o f  t h e  ox ida-  
t i o n  r a t e  on t h e  temperature and r e l a t i v e  
h u m i d i t y  .I4 

Another p o s s i b l e  cause f o r  t h e  d i f -  
fe rence  i s  t h a t  t h e  exponen t ia l  f u n c t i o n  
o f  t i m e  chosen t o  model t h e  r a t i o  (see 
F i g u r e  2 )  may n o t  be appropr ia te .  

Examining Equations (10)  and (11 ) we f i n d ,  
f o r  t h e  assumed d e p o s i t i o n  v e l o c i t i e s ,  t h a t  
t h e  c a l c u l a t e d  values o f  k  a r e  dominated 
by t h e  va lue  o f  t h e  l i n e a r  r e g r e s s i o n  
s lopes b. The 90% conf idence l i m i t s  f o r  b  
a r e  c a l c u l a t e d  f rom t h e  da ta  p o i n t s  and 
found t o  be 0.150 + 0.037 h r - I  f o r  
August 10, and 0.108 2 0.021 h r - I  f o r  
August 11. The corresponding va lues o f  
k  a r e  kl = 0.14 2 0.04 h r - I  and 
k, = 0.10 ? 0.02 hr- I :  From these f i g u r e s  
we see t h a t  t h e  conf idence l i m i t s  
f o r  k  a r e  n o t  narrow enough t o  r e j e c t  t h e  
hypothesis  t h a t  t h e  t r a n s f o r m a t i o n  r a t e  
was a c t u a l l y  t h e  same on bo th  days. I n  
t h i s  case, i t  would have t o  be between 
0.10 h r - I  and 0.12 h r - I .  

The t r a n s f o r m a t i o n  r a t e s  c a l c u l a t e d  
above a r e  based on t h e  a c t u a l  data c o l -  
l e c t e d  i n s i d e  t h e  urban plume. However, 
t h e  suggest ion has been made t o  s u b t r a c t  
t h e  s u l f a t e  background f rom t h e  da ta  
b e f o r e  per fo rming  t h e  c a l c u l a t i o n .  The 
background s u l f u r  i n  aerosol  measured on 
t h e  ground was 0.875 wg/m3. Th is  va lue  
was sub t rac ted  f rom t h e  s u l f a t e  measurement 
and t h e  c a l c u l a t i o n  was then repeated. The 
t r a n s f o r m a t i o n  r a t e s  under t h e  same assumed 
d e p o s i t i o n  v e l o c i t i e s  f o r  SO2 and s u l f u r  
a r e  k, = 0.125 + 0.023 h r - l .  Here again,  i f  
we assume t h e  t r a n s f o r m a t i o n  r a t e s  a r e  t h e  
same f o r  bo th  days, i t  w i l l  be 0.093 h r - l .  

CONCLUSIONS 

Samples o f  SO2 and s u l f a t e  taken by a i r -  
c r a f t  f o l l o w i n g  t h e  t e t r o o n  n o r t h e a s t  o f  St .  
Louis ,  M i s s o u r i  , on August 10 and 11 were 
analyzed t o  y i e l d  a  t r a n s f o r m a t i o n  r a t e  o f  
SO2 t o  s u l f a t e .  The r a t e  depends on t h e  
d e p o s i t i o n  v e l o c i t i e s  used i n  t h e  c a l c u l a -  
t i o n .  Assuming d e p o s i t i o n  v e l o c i t i e s  o f  
1 cm s - I  f o r  SO2 and 0.1 cm s - l  f o r  s u l f a t e ,  
t h e  a n a l y s i s  ( i n c l u d i n g  90% conf idence 1  im- 
i t s )  y i e l d s  a  t r a n s f o r m a t i o n  r a t e  o f  
0.14 i 0.04 h r - I  f o r  t h e  f i r s t  day and 
0.10 ? 0.02 h r - l  f o r  t h e  second. The con- 
f i d e n c e  l i m i t s  do n o t  p rec lude  t h e  l i k e l i -  
hood t h a t  t h e  r a t e  was t h e  same f o r  bo th  
days, i n  which case i t  would have been 
0.10 t o  0.12 h r - l .  
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SO7 TO SULFATE CONVERSION IN AN URBAN PLUME 

A. J . A1 kezweeny 

A  p s e u d o - f i r s t  o r d e r  o x i d a t i o n  r a t e  o f  9.8% per  hour i s  c a l c u -  

l a t e d  f rom SO2 and s u l f a t e  data.  The data was c o l l e c t e d  by an 

a i r p l a n e  sampling i n  t h e  v i c i n i t y  o f  a  t e t r o o n  downwind o f  S t .  Lou is ,  

M i s s o u r i .  

An experiment made on August 17, 1975 
near S t .  Louis ,  M issour i ,  was r u n  t o  d e t e r -  
mine t h e  convers ion r a t e  o f  SO2 t o  s u l f a t e .  
The experiment was conducted i n  a  Lagrangian 
frame o f  re fe rence .  The t r a j e c t o r y  o f  an 
a i r  pa rce l  c o n t a i n i n g  t h e  p o l l u t a n t  was 
approximated by t h e  movement o f  a  cons tan t  
volume b a l l o o n .  An inst rumented DC3 a i r -  
p lane  was used t o  sample t h e  p o l l u t a n t  i n  
t h e  v i c i n i t y  o f  the  b a l l o o n .  The SO2 con- 
c e n t r a t i o n  was measured by a  f lame photo- 
m e t r i c  d e t e c t o r .  The aeroso l  p a r t i c l e s  
were c o l l e c t e d  on a  q u a r t z  f i l t e r  a t  t h e  
r a t e  o f  8.2 cfm f o r  a  p e r i o d  o f  50 min, 
and were l a t e r  analyzed f o r  s u l f a t e  by 
t u r b i d o m e t r i c  method. 

The b a l l o o n  was launched f rom t h e  C i v i c  
Memorial A i r p o r t  i n  A l t o n ,  I l l i n o i s ,  n o r t h -  
e a s t  o f  S t .  Louis ,  a t  about  1230 CDT and 
r o s e  t o  about 600 m  MSL, headed toward 
S t .  Louis .  The b a l l o o n  descended t o  300 m  
and rose  aga in  t o  1000 m  a t  about 1255 CDT. 
A t  t h i s  p o i n t ,  t h e  b a l l o o n  was near  t h e  
base o f  cumulus c louds .  A t  1300 CDT, t h e  
b a l l o o n  changed d i r e c t i o n  and headed back 
toward t h e  a i r p o r t  and south o f  i t. Then 
i t  d r i f t e d  around t h e  a i r p o r t  i n  a  coun te r -  
c l o c k  fash ion ,  ending n o r t h  o f  t h e  a i r p o r t  
a t  about  1620. Dur ing  t h i s  t i m e  the  b a l -  
l o o n  a l t i t u d e  f l u c t u a t e d  between 750 t o  
100Clm. 'The v i s i b i l i t y  was es t imated  t o  be 
i n  t h e  range o f  6  t o  16 km w i t h  s c a t t e r e d  
c louds  based a t  about  1000 m  and broken 
c louds  whose bases were a t  1100 m. The t o p  
of t h e  m i x i n g  was es t imated  a t  1300 m  MSL. 
The average temperature and r e l a t i v e  humid- 
i t y  a t  t h e  sampling l e v e l  were 23OC and 
76.3%, r e s p e c t i v e l y .  The v e r t i c a l  p r o f i l e s  
of wind speed and d i r e c t i o n  taken f rom a  
s e r i e s  o f  p i b a l  launched f rom t h e  a i r p o r t  
show a  v e r y  l i g h t  wind o f  l e s s  than 5  kno ts  
w i t h  a  v a r i a b l e  d i r e c t i o n .  

Table 1  shows t h e  concen t ra t ions  o f  SO2 
and s u l f a t e  measured d u r i n g  t h i s  f l i g h t .  
I n  t h e  t a b l e ,  R rep resen ts  t h e  r a t i o  o f  
s u l f u r  i n  SO2 t o  t h e  t o t a l  s u l f u r  i n  t h e  
fo rm o f  SO2 and s u l f a t e .  03,  NO, and NO2 
were a l s o  measured d u r i n g  t h e  f l i g h t  w i t h  
s tandard commercial i ns t ruments .  T h e i r  
average concen t ra t ions  were 250 ppb f o r  ,03, 
5  ppb f o r  NO, and 15 ppb f o r  NO2. The range 
o f  s u l f a t e  l e v e l ,  between 24.5 t o  39.7 pg/m3, 
found f o r  t h i s  area, i s  about t h r e e  t imes 
t h e  s u l f a t e  l e v e l  ( 8  t o  12 pglm3) which was 
found by t h e  EPA-CHESS program t o  have a  
s u b s t a n t i a l  r e l a t i o n s h i p  w i t h  some types  o f  
m o r b i d i t y .  

TABLE 1. SO2 and S u l f a t e  Data C o l l e c t e d  on 
August 17, 1975, Downwind o f  S t .  Louis ,  
M i s s o u r i  

5zn31e 3 
;JurrSer T i m e  (:WT S O ~ O J ~ / ~  SO 2 ( l!y/ 'm3) - 

To e s t i m a t e  t h e  t r a n s f o r m a t i o n  r a t e  o f  
SO2 t o  s u l f a t e  from t h e  da ta  i n  Tab le  1, a  
few assumptions must be made. I t  i s  assumed 
t h a t  t h e  r e a c t i o n  l e a d i n g  t o  SO2 o x i d a t i o n  
i s  a  f i r s t  o r d e r  r e a c t i o n  w i t h  r e s p e c t  t o  
SO2, and t h a t  t h e  r a t i o  o f  SO2 t o  s u l f a t e  i s  
independent o f  d i f f u s i o n .  Therefore,  t h e  
r a t e  o f  change w i t h  t i m e  o f  t h e  s u l f u r  mass 
i n  t h e  fo rm o f  SO2, X ( t ) ,  and t h e  r a t e  o f  
change o f  t o t a l  s u l f u r  Y ( t )  i n  t h e  combined 
gas and aeroso l  a re :  



and 

where k  i s  t h e  t r ans fo rma t i on  r a t e ,  and kg 
and ka a r e  t h e  removal r a t e s  o f  SO2 and 
s u l f a t e ,  r e s p e c t i v e l y .  

Combining Equat ion ( 1 )  and (2 )  and i n t e -  
g r a t i n g  f rom t ime  tl t o  t2 y i e l d s  t h e  f o l -  
l ow ing  equat ion:  

where r = X / Y .  S ince t h e  d i f f u s i o n  o f  SO 
and s u l f a t e  i s  t h e  same, t h e r e f o r e  r = R. 1 
For a  w e l l  mixed p o l l u t a n t ,  as found du r i ng  
t h i s  experiment, t h e  removal r a t e s  can be 
c a l c u l a t e d  f rom t h e  f o l l o w i n g  r e l a t i o n :  

V and V a  represen t  t h e  depos i t i on  veloc-  
i j i e s  o f  SO2 and s u l f a t e  p a r t i c l e s  and H i s  
t h e  he igh t  o f  t h e  m i x i ng  l a y e r .  Therefore, 
Equat ion ( 3 )  takes t h e  f o l l o w i n g  form: 

ka and Ra a r e  average values o f  t h e  t ime 
v  v  

pe r i od  tl and t2 

The depos i t i on  v e l o c i t y  o f  SO2 has been 
determined by severa l  i n v e s t i g a t o r s ,  and i t  
i s  gene ra l l y2  around 1.0 cm/sec, and a  t e n t h  

o f  t h i s  f o r  s u l f a t e  aeroso l .  S u b s t i t u t i n g  
t h e  app rop r i a t e  va lues f o r  t h e  parameters i n  
Equat ion ( 5 ) ,  t he  average t r ans fo rma t i on  
r a t e  between samples 2 and 3 i s  11.5% per  
hour; 8% per  hour between Samples 3  and 4. 
The f i r s t  sample was no t  used i n  t h e  c a l c u l a -  
t i o n  because between i t  and t h e  second sample 
a  new ma te r i a l  was en t r a i ned  i n t o  t he  a i r  
pa r ce l .  

The t rans fo rmat ion  r a t e s  ob ta ined  i n  ' . 
t h i s  study, gene ra l l y  agree w i t h  t h e  f i n d i n g  
o f  o t he r s  (see Table 2 ) .  For instance,  
Benar ie  e t  a1.3 es t imate  o f  t h e  r a t e  i n  t h e  
i n d u s t r i a l  Rouen reg i on  i n  France t o  be i n  
t h e  range 6  t o  25% per  hour. Roberts and 
Fr ied lander4  f i n d  t h e  r a t e  va r y i ng  f rom 1.2 
t o  13% per  hour i n  t h e  Los Angeles basin,  
Ca l i f o rn i a .  Rates o f  10 and 14% pe r  hour 
a r e  r epo r t ed  by A1 kezweeny and Powel 1' f o r  
S t .  Louis, M issour i .  

Other  r a t e s  f o r  S t .  Lou is  may be es t imated  
f rom Breeding e t  a1. data us i ng  t he  same 
above assumptions. They have found t h e  
h a l f - l i f e  t ime of SO, t o  range 2  t o  3.5 h r ,  
based on ground measurements made on A p r i l  11, 
1973, and 2.4 t o  about 6.5 h r  c a l c u l a t e d  f rom 
a i r c r a f t  data c o l l e c t e d  on A p r i l  14 and 17, 
1973. The h a l f - l i f e  t ime T  i s  r e l a t e d  t o  t h e  
combined sum o f  (k  t k )  i n  t h e  f o l l o w i n g  
manner: 9  

Therefore, K i s  i n  t h e  range o f  19.8 t o  34.7% 
pe r  hour, and 10.7 t o  28.9% per  hour  based 
on t h e  ground and t h e  a i r c r a f t  data,  respec- 
t i v e l y .  To c a l c u l a t e  kg, t h e  he igh t  o f  t he  
m i x i ng  l a y e r  i s  needed. These a r e  g iven  by 
Haagenson and M o r r i ~ . ~  They r epo r t ed  t h e  
t o p  o f  t he  m i x i nq  l a y e r  t o  be a t  1200 m  
AGL on A p r i l  11, and a t  about 600 AGL on 
A p r i l  14 and 17. Using these values,  t h e  
t rans fo rmat ion  r a t e s  w i l l  range 17.1 t o  32% 
pe r  hour and 5.3 t o  23.5% per  hour, r e s u l t i n g  
f rom t h e i r  ground and a i r c r a f t  data, 
respec t i ve1  y .  



TABLE 2 .  Comparison o f  the SO2 Transformation Rates i n  Urban 
Plumes Determined by Various I nves t i ga to rs  

k% p e r  h o u r  L o c a t i o n  Data C o l l e c t e d  a t  Reference  

6 - 25 Rouen, 
F r a n c e  

Ground E e n a r i e  e t  a 1  
(1972) 

1 7 . 1  - 32 S t .  L o u i s ,  Ground Breed ing  e t  a 1  
M i s s o u r i  (1976) * 

5 . 3  - 23.5 S t .  L o u i s ,  A i r c r a f t  Breed ing  e t  a 1  
M i s s o u r i  (1976) * 

1 . 2 - 1 3 . 0  L o s A n g e l e s ,  Ground R o b e r t s  and 
C a l i f o r n i a  F r i e d l a n d e r  

(1975) 

1 0  - 1 4  S t .  L o u i s ,  A i r c r a f t  Alkezweeny and 
M i s s o u r i  Powell  (1976) 

8 - 11.5 S t .  m u i s ,  A i r c r a f t  T h i s  work 
M i s s o u r i  

C a l c u l a t e d  from t h a t  d a t a ,  s e e  t e x t .  
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AIRBORNE MEASUREMENTS OF POLLUTANTS 

OVER URBAN AND RURAL S T T E S ( ~ )  

A.  J .  Al kezweeny and D. R. Drewes 

Trace gas measurements made du r i ng  a  f l i g h t  f rom A l t o n  t o  S p r i n g f i e l d ,  

I l l i n o i s  showed an increase i n  t h e  O 3  l e v e l  w i t h  d i s t ance  from t h e  c i t y .  

When a  power p l a n t  plume was encountered, a  sharp decrease i n  t h e  03 

1  eve1 was observed. 

Th is  no te  presents t h e  r e s u l t s  o f  s imu l -  
taneous measurements o f  t r a c e  gases and 
aeroso l  du r i ng  an a i r p l a n e  f l i g h t  from A l ton ,  
I l l i n o i s ,  t o  S p r i n g f i e l d ,  I l l i n o i s .  The 
f l i g h t  was i n i t i a t e d  on August 16, 1975, a t  
1335 CDT f rom t h e  C i v i c  Memorial A i r p o r t  i n  
A l t o n  and te rmina ted  a t  1413 CDT nor theas t  o f  
S p r i n g f i e l d .  The sampling a l t i t u d e  was 
ma in ta ined  a t  about 600 m  MSL. The sky 
c o n d i t i o n  above t h e  f l i g h t  path was charac- 
t e r i z e d  by broken c louds w i t h  bases est imated 
a t  about 1000 m  MSL. The wind speed a t  t h e  
f l i g h t  a l t i t u d e  was about 3  m  sec- I  from 
t h e  southwest, est imated by a  se r i es  o f  p i l o t  
ba l l oon  ascents a t  t h e  A l t o n  a i r p o r t .  The 
average temperature and r e l a t i v e  humid i t y  
a long  t h e  f l i g h t  pa th  were 24°C and 71%, 
r e s p e c t i v e l y .  Ground f o g  i n  t h e  morning and 
haze w i t h  l i g h t  wind throughout  t h e  day were 
r epo r t ed  f o r  A l t o n  and St .  Louis .  

Concentrat ions o f  O 3  ( w i t h  t h e  Bendix 
Ozone Mon i t o r ) ,  NO and NO2 (TECO-NOx Mon i t o r ) ,  
SO2 (AID gas chromatograph w i t h  Meloy f lame 
pho tomet r i c  d e t e c t o r ) ,  and t o t a l  aerosol  
(General E l e c t r i c  Condensation Nuc le i  Coun- 
t e r )  were measured. Except f o r  SO2, t h e  data 
were recorded con t inuous ly  a t  t h e  r a t e  o f  
5  sec- I ,  and l a t e r  reduced t o  15 sec aver- 
ages. The aerosol  da ta  were f u r t h e r  reduced 
by d i v i d i n g  each concen t ra t i on  by t h e  i n i t i a l  
concen t ra t i on  t o  e l i m i n a t e  a  r e l a t i v e  c a l i -  
b r a t i o n  u n c e r t a i n t y .  The SO2 data were taken 
a t  d i s c r e t e  i n t e r v a l s ,  and each measurement 
was made on a  5-sec sample. 

F i gu re  1  shcws t h e  concent ra t ions  o f  t h e  
var ious  p o l l u t a n t s  a long  t h e  f l i g h t  path. 
I n  general ,  t h e  concent ra t ions  o f  NO, NO2, 
SO2, and aerosol  decrease w i t h  d is tance  f rom 
t h e  c i t y  r e f l e c t i n g  t h e  e f f e c t  of phys ica l  

and chemical t rans fo rmat ions  and removal 
processes. On t h e  o the r  hand, t h e  O 3  shows 
an oppos i t e  t rend .  Th i s  should be expected 
because o f  photochemical p roduc t i on  o f  t h i s  
species, and indeed s i m i l a r  behavior  has 
been repor ted  by o the r  i n v e s t i g a t o r s .  For 
ins tance .  a i r c r a f t  measurements by G l o r i a  
e t  a l .  ,I i n  a i r  masses advected over  t h e  
P a c i f i c  Ocean show a  bu i l d -up  o f  O 3  i n  an 
aged a i r  mass. Furthermore, Cleveland and 
K le i ne r2  r epo r t ed  t h a t  ground l e v e l  O3 con- 
cen t r a t i ons  a t  s i t e s  from 27 t o  49 km 
downwind f rom an urban complex were h igher  
than a t  t he  urban s i t e .  Recent measurements 
o f  p o l l u t a n t s  by Whi te e t  a1 .3 i n  t h e  S t .  
Lou is  plume a l s o  showed t h e  bu i l d -up  o f  O3 
downwind o f  t h e  c i t y .  These measurements 
were made from an a i r c r a f t  between 460 and 
760 m  MSL across t h e  urban plume a t  va r ious  
d is tances .  They measured O3 concent ra t ions  
o f  110 ppb a t  160 km no r t heas t  o f  S t .  Louis ,  
about  h a l f  t he  va lue  from F igu re  1  f o r  about  
t he  same d is tance  and a l t i t u d e .  The d i f -  
fe rence  may be due p r i m a r i l y  t o  a  d i f f e r e n c e  
i n  wind speed, as t he  p resen t  measurements 
were made w i t h  a  3  m  sec- I  wind speed com- 
pared t o  about 13 m  sec- I  wind speed d u r i n g  
t h e i r  experiment. Low wind speed reduces t h e  
d i spe rs i on  o f  p o l l u t a n t s  which r e a c t  t o  form 
O3 i n  a  photochemical system. 

I n  conclus ion,  these l i m i t e d  data show 
c l e a r l y  t h e  inc rease  o f  O 3  w i t h  d i s t ance  
f rom an urban source under l i g h t  wind con- 
d i t i o n s .  Th is  bu i l d -up  r e s u l t s  i n  l e v e l s  
s i g n i f i c a n t l y  h igher  t han t  he 80 ppb Federal 
1 -h r  ambient a i r  s tandard f o r  ox i dan t .  
Furthermore, they  show t h e  dramat ic  decrease 
i n  t h e  O 3  l e v e l  and t he  corresponding i n -  
creases i n  SO,, NOx, and p a r t i c u l e  l e v e l s  
encountered i n  a  power p l a n t  plume. 

a.Submitted f o r  p u b l i c a t i o n  t o  t h e  Journal  
o f  Appl i e d  Meteor01 ogy. 
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FIGLIRE 1. Concentrat ions o f  03,  SO2, NO, NO2, and Aerosol 
Nor theast  o f  St .  Louis  
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REVIEW OF SO2 OXIDATION RATES IN PLUMES 

A. J. A1 kezweeny 

The SO2 o x i d a t i o n  i n  a  p o l l u t e d  atmosphere i s  d iscussed i n  l i g h t  

o f  f i e l d  observa t ions  and some r e l a t e d  l a b o r a t o r y  exper iments.  It 

i s  concluded t h a t  heterogeneous r e a c t i o n  i s  p robab ly  t h e  dominant 

mechanism f o r  t h e  o x i d a t i o n ,  w i t h  l e a d  be ing  t h e  l e a d i n g  c a t a l y s t .  

Evidence i n d i c a t e s  t h a t  t h e  r a t e  i n  a  power p l a n t  plume i s  lower  

than  an urban plume and depends on p l a n t  l o c a t i o n  and degree o f  

m i x i n g  o f  o u t s i d e  a i r  w i t h  t h e  plume. 

The o x i d a t i o n  r a t e  o f  SO2 i n  a  p o l l u t e d  
atmosphere i s  determined f rom f i e l d  observa- 
t i o n s  o r  a tmospher ic  s i m u l a t i o n  experiments 
rang ing  over  severa l  o rders  o f  magnitude. 
Several exper imenta l  d i f f i c u l t i e s  a r e  i n -  
vo lved.  The l a c k  o f  i n s t r u m e n t a t i o n  a b l e  
t o  d e t e c t  l o w - l e v e l  s u l f u r  w i t h  s u f f i c i e n t  
s e n s i t i v i t y  and t ime response i s  a  con- 
s i d e r a b l e  problem; a  p a r t i c u l a r l y  severe 
one i n  power p l a n t  plumes where a i r c r a f t  
plume t r a v e r s e  t i m e  i s  on t h e  o r d e r  o f  a  
few seconds. The da ta  c o l l e c t e d  may n o t  
represen t  t h e  a c t u a l  concen t ra t ions ,  s ince,  
f o r  i ns tance ,  ins t rumented  a i r c r a f t  a t -  
tempt ing  t o  p e n e t r a t e  t h e  plume through 
i t s  c e n t e r l i n e  may pass through t h e  edges 
o r  miss t h e  plume. Under l i g h t  and v a r i -  
a b l e  wind, i t  i s  d i f f i c u l t  t o  e s t i m a t e  t h e  
p o l l u t a n t  t r a n s p o r t  t ime.  Th is  t ime  i s  
r e q u i r e d  t o  c a l c u l a t e  t h e  o x i d a t i o n  r a t e .  
F i n a l l y ,  t h e  l i f e t i m e  o f  SO2 i n  t h e  plume, 
even a f t e r  b e i n g  c o r r e c t e d  f o r  e f f e c t  o f  
d i f f u s i o n ,  i s  c o n t r o l l e d  by t r a n s f o r m a t i o n  
t o  p a r t i c u l a t e  and removal processes. The 
l a t t e r  depend s t r o n g l y  on t h e  n a t u r e  o f  
ground sur face ,  i .e .  grass,  water ,  snow, 
e t c . ,  and may w e l l  change w i t h  d i s t a n c e  
f rom t h e  source. Even i n  e leva ted  plumes, 
t h e r e  i s  some evidence o f  s u l f a t e  p a r t i c l e s  . 
f a l l i n g  o u t  o f  t h e  plumes. l 

I n  t h e  f o l l o w i n g  sec t ions ,  t h e  o x i d a t i o n  
r a t e s  o f  SO2 i n  urban plumes w i l l  be r e -  
viewed and compared w i t h  those f rom power 
p l a n t  plumes. Then, t h e  o x i d a t i o n  mechanism 
w i l l  be d iscussed i n  t h e  l i g h t  o f  f i e l d  ob- 
s e r v a t i o n s  and some r e l a t e d  l a b o r a t o r y  
exper iments.  

F i r s t ,  l e t  us compare t h e  r a t e s  found 
i n  urban plumes. Benar ie  e t  a1. ,2 found 

t h e  conversa t ion  r a t e  o f  SO2 t o  H2S04 t o  
va ry  f rom 6 t o  25% p e r  hour ,  and t h e  aver -  
age o f  15 measurements i s  16.6% per  hour .  
The r a t e s  were c a l c u l a t e d  f rom SO2 and 
H2S04 data c o l l e c t e d  a t  seven ground s t a -  
t i o n s  i n  t h e  i n d u s t r i a l  a rea  o f  Rouen, 
France. I n  t h e  Los Angeles bas in ,  Rober ts  
and ~ r i e d l a n d e r ~  o b t a i n e d  a  r a t e  o f  1.3 t o  
13% per  hour f rom e leven  p a i r s  o f  measure- 
ments taken a t  two s i t e s ,  w i t h  an average 
v a l u e  o f  7.1% per  hour. I n  t h e i r  c a l c u l a -  
t i o n s ,  t h e y  assumed a  p s e u d o - f i r s t  o r d e r  
r a t e  cons tan t  and d e p o s i t i o n  v e l o c i t i e s  of 
0 .7 cm/sec and 0.03 cm/sec f o r  SO2 and 
s u l f a t e ,  r e s p e c t i v e l y .  From t h r e e  separa te  
a i r c r a f t  measurements o f  SO? and s u l f a t e ,  
made f o l l o w i n g  a  t e t r o o n  downwind of S t .  
Lou is ,  M issour i  , Al kezweeny and Powel 14 and 
Alkezweeny5 es t imated  t h e  r a t e s  t o  be 19, 14, 
and 9.8% p e r  hour. The removal r a t e s  were 
c a l c u l a t e d  f rom assumed d e p o s i t i o n  v e l o c i t i e s  
o f  1  cm/sec f o r  SO, and 0.1 cm/sec f o r  s u l f a t e .  
Assuming t h e  same d e p o s i t i o n  v e l o c i t i e s ,  
A1 kezweeny5 es t imated  t h e  o x i d a t i o n  r a t e s  t o  
be i n  t h e  range 5.3 t o  32% p e r  hour  i n  t h e  
S t .  Lou is  plume u s i n g  SO2 h a l f - l i f e  t i m e  
va lues  f rom Breeding e t  T h e i r  r e s u l t s  
were based on a i r c r a f t  and ground measure- 
ments o f  SO2 and o t h e r  t r a c e  gases downwind 
o f  t h e  c i t y .  

Others have a l s o  es t imated  t h e  convers ion  
r a t e  o f  SO2 t o  s u l f a t e  f rom emiss ion  data,  
a i r c r a f t  o r  ground measurements, and l o n g  
range a i r  t r a j e c t o r y  c a l c u l a t i o n s .  E l i a s s e n  
and Saltbones7 es t imated  i n  t h e  range 0.28 t o  
1.73% p e r  hour, and 1.1% per  hour  was e s t i m a t e d  
by Prahm e t  a l e  These two s t u d i e s  cover  a  
h o r i z o n t a l  e x t e n t  o f  about  1000 km over  
Europe and t h e  B r i t i s h  I s l e s .  Smith and 
J e f f r e y g  found t h e  r a t e  t o  depend on t h e  



r e l a t i v e  humid i t y .  The r a t e  i s  near  zero a t  masses i s  much lower  than  t h a t  f o r  p o l -  
60% and about 2.4% per  hour  a t  72% r e l a t i v e  l u t e d  a i r .  The former ranges 0.03 t o  0.2% 
h u m i d i t i e s .  pe r  hour.1° I n  f a c t ,  Smith and Jef f rey9 

d i d  n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  most 
o f  t h e  o x i d a t i o n  took  p l a c e  near t h e  source. 

Tab le  1  summarizes t h e  SO3 o x i d a t i o n  r a t e s  
determined by t h e  v a r i o u s  i n v e s t i g a t o r s .  The Est imates o f  t h e  o x i d a t i o n  r a t e s  i n  
f i r s t  f i v e  va lues a r e  comparable w i t h  each s tack  plumes a r e  h i g h l y  v a r i a b l e ,  and a r e  
o ther ;  t h e i r  average va lues a r e  w i t h i n  a  
f a c t o r  o f  2.5. On t h e  o t h e r  hand, t h e  l a s t  

g e n e r a l l y  much lower  than those f o r  urban 
plumes. Lower r a t e s  may be exp la ined  i n  

t h r e e  r a t e s  a r e  much sma l le r .  The d i f fe rence  
. terms of the S02 oxidation mechanisms. 

between t h e  two groups may be a t t r i b u t e d  t o  Two p o s s i b l e  r o u t e s  f o r  t h e  S020x ida t ion  
p o l l u t a n t  t r a n s p o r t  d i s tances .  I n  t h e  f i r s t  in polluted atmosphere are homogeneous 
group, t h e  da ta  were c o l l e c t e d  w i t h i n  about  
150 km f rom t h e  source; i n  t h e  second group, and/or  heterogeneous chemical r e a c t i o n s .  

t h e  t r a n s p o r t  d i s tances  ranged 400 t o  1000 km. reactions consist O f  photo- 

Therefore,  t h e  p o l l u t a n t s  which a r e  a c t i v e  i n  "2 in the presence 

t h e  o x i d a t i o n  processes may have been de- 
and hydrocarbons o r  thermal o x i d a t i o n  w i t h  

p le ted ,  r e d u c i n g  t h e  r a t e .  I t  i s  w e l l  ozone and o l e f  i n s .  l l Ozone concen t ra t ions  

known t h a t  t h e  o x i d a t i o n  r a t e  i n  c l e a n  a i r  
i n  power p l a n t  plumes a r e  u s u a l l y  much 
lower  than urban plumes, and hydrocarbons 
a r e  m o s t l y  produced by automobi les, 

TABLE 1. Conversion Rates o f  SO2 t o  S u l f a t e  i n  Urban Plumes 

- B e -  A v e r a ~ ~  L o c a t i o n  Reference 

6-25 16.6 Rouen, France Benar ie  e t  a l ,  
(1  972) 

1.2-13.0 7.1 Los Angeles, Rober ts  and 
Cal i f o r n i a  F r i r d l  ander  

(1 975) 

10-14 12 S t .  L o u i s ,  A1 kezweeny and 
N i s s o u r i  Powel 1  ( 1  976) 

8-11.5 9.8 S t .  Lou is ,  A l  kezweeny ( 1  976) 
M i s s o u r i  

5.3-32 16.4 S t .  Lou is ,  B reed ing  e t  a l ,  
M i s s o u r i  ( 1  976)(a) 

0.28-1.73 0.72 \.!?stern Europe El i assen  e t  a1 , 
( 1  975) 

1.1 Faroe I s l a n d s  & Prahm e t  a1 , (1976) 
B r i t i s h  I s l e s  

- 0 ( 6 0 %  R.H.) B r i t i s h  I s l e s  Smi th and J e f f e r e y  
3 (72% R.H.) (1975) 

a .  C a l c u l a t e d  f rom t h e i r  d a t a  by A1 kezweeny (1976) 



t h e r e f o r e  t h i s  mechanism i s  more o p e r a t i v e  
i n  urban plumes. Free r a d i c a l s  have a l s o  
been proposed as p o s s i b l e  SO, o x i d i z i n g  
agents. However, f r e e  r a d i c a l s  a r e  scav- 
enged by n i t r i c  oxide1, which i s  norma l l y  
h i g h  i n  power p l a n t  plumes. The second 
r o u t e ,  t h e  heterogeneous r e a c t i o n ,  i s  t h e  
c a t a l y t i c  o x i d a t i o n  o f  SO2 on sur faces o f  
wet o r  d r y  meta l  p a r t i c l e s .  However, some 
o f  t h e  p o t e n t i a l  c a t a l y s t s  have major  emis- 
s i o n  sources o t h e r  than  power p l a n t  coal  o r  
o i l  f u e l s .  l 3  Furthermore, t h e  presence o f  
ozone has been shown t o  inc rease  t h e  SO, 
o x i d a t i o n  i n  s o l u t i o n  d r o p l e t s .  14-15 There- 
f o r e ,  whether t h e  o x i d a t i o n  i s  homogeneous 
o r  heterogeneous, the  r a t e s  i n  urban plumes 
a re  expected t o  be h i g h e r  than  those i n  
power p l a n t  p l  umes . 

I f  t h i s  i s  t h e  case, then the  r a t e s  i n  
a  power p l a n t  plume should depend upon i t s  
l o c a t i o n ,  i .e., r u r a l  o r  urban area, and 
the  degree o f  m i x i n g  o f  t h e  plume w i t h  
ambient a i r .  Some o f  t h e  r e c e n t  plume 
s t u d i e s  seem t o  suggest t h i s .  For  ins tance ,  
the  o x i d a t i o n  r a t e  determined by t h e  Uni -  
v e r s i t y  o f  Utah group16 i n  t h e  Four Corners 
power p l a n t  plume i s  0.37% t o  0.76% per  
hour. The p l a n t  i s  f a r  away f rom l a r g e  
urban sources, t h e r e f o r e  t h e  a i r  mixed w i t h  
t h e  plume i s  r e l a t i v e l y  f r e e  o f  p o l l u t a n t s .  
Whitby e t  a1.17 r e p o r t e d  t h e  o x i d a t i o n  r a t e  i n  
t h e  Labadie power p l a n t  plume, near  St .  Louis ,  
t o  be 1.5% per  hour  a t  10  km f rom t h e  s tack ,  
and t o  i n c r e a s e  w i t h  d is tance .  A  4.9% per  
hour  r a t e  was found a t  a  d i s t a n c e  o f  45 km. 

Most o f  t h e  o x i d a t i o n  r a t e  c a l c u l a t i o n s  
a r e  based on the  assumption o f  a  f i r s t  
o r d e r  r e a c t i o n  w i t h  r e s p e c t  t o  SO,. How- 
ever ,  n o t  a l l  i n v e s t i  a t o r s  agree on t h i s .  
Stephens and McCalding8 p l o t t e d  l o g  o f  t h e  
r a t i o  o f  p a r t i c u l a t e  t o  SO2 a g a i n s t  plume 
age, and f i t t e d  t h e  data w i t h  a  s t r a i g h t  
l i n e ,  which i s  i n d i c a t i v e  o f  a  f i r s t  o r d e r  
r e a c t i o n .  T h e i r  da ta  were c o l l e c t e d  v i a  
a i r c r a f t  t r a v e r s i n g  a  power p l a n t  plume on 
t h e  G u l f  Coast, 80 m i l e s  n o r t h  o f  Tampa, 
F l o r i d a .  A d d i t i o n a l  suppor t  f o r  a  quasi -  
f i r s t  o r d e r  r e a c t i o n  was t h e  exper imenta l  
r e s u l t s  of Rober ts  and Fr ied1  ander.3 However, 
o t h e r  experiments i n d i c a t e d  t h a t  t h e  r e a c t i o n  
i s  o f  h i g h e r  o r d e r .  Newman e t  a1 .I9 made 
severa l  a i r c r a f t  measurements i n  an o i l - f i r e d  
power p l a n t  plume. They have found t h a t  a  
pseudo second-order r e a c t i o n  f i t  t h e i r  data 
q u i t e  w e l l .  Even a  complex o r d e r  r e a c t i o n  
w i t h  r e s p e c t  t o  SO2 was found i n  t h e  l a b o r -  
a t o r y  f o r  t h e  r e a c t i o n  o f  SO,, 0 3 ,  and 
olefins.,O 

L e t  us t u r n  t o  o t h e r  c o n t r o v e r s i a l  prob-  
lems. I s  t h e  SO2 o x i d a t i o n  a  homogeneous 
o r  heterogeneous r e a c t i o n ?  Hidy and 
Bur ton (1 975)21 rev iewed processes which 
l e a d  t o  aerosol  f o r m a t i o n  i n  t h e  atmos- 
phere and d iscussed r e c e n t  observa t ions  
f rom t h e  Los Angeles Basin. They concluded 
t h a t  homogeneous r e a c t i o n s  a r e  t h e  most 
s i g n i f i c a n t  f o r  t h e  p r o d u c t i o n  o f  submicron 
s u l f a t e  aeroso ls .  cox1 l es t imated  t h e  con- 
v e r s i o n  o f  SO, t o  s u l f a t e  t o  be 1 .0  t o  10% 
per  hour i n  urban plumes f o r  p h o t o - o x i d a t i o n  
w i t h  NOx and hydrocarbons, o r  thermal  o x i d a t i o n  
w i t h  ozone and o l e f i n s .  H i s  e s t i m a t e  i s  based 
on e x t r a p o l a t i o n  o f  t h e  Cox and penke t t20  
l a b o r a t o r y  experiments i n  which adding aeroso l  
o f  i r o n  o x i d e  p a r t i c l e s  d i d  n o t  s i g n i f i c a n t l y  
a f f e c t  s u l f u r i c  a c i d  format ion.  I r o n  o x i d e  
i s  a  p o t e n t i a l  c a t a l y s t  f o r  t h e  SO2 ox ida-  
t i o n .  A  r e c e n t  rev iew o f  o x i d a t i o n  r a t e s  i n  
power p l a n t  plumes by Levy e t  a1 . l "as 
g i v e n  a  r a t e  o f  1 .6 t o  13.3% per  hour f o r  
homogeneous gas phase r e a c t i o n  and 0  t o  6% 
p e r  hour f o r  heterogeneous c a t a l y t i c  r e a c t i o n .  
Cal v e r t Z 2  d iscussed severa l  p o s s i b l e  homo- 
geneous r e z c t i o n  r o u t e s ,  and a  t o t a l  poten-  
t i a l  r a t e  o f  1 .7  t o  4.7% per  hour  was 
es t imated .  However, he d i d  n o t  r u l e  o u t  t h e  
impor tance o f  heterogeneous r e a c t i o n .  

Heterogeneous r e a c t i o n s  a r e  suppor ted by 
t h e  r e s u l t s  o f  severa l  experiments. K a t ~ ' ~  
concluded f rom h i s  measurements i n  a  n i c k e l  
sme l te r  plume, near  Sudbury, Canada, t h a t  
m e t a l l i c  o x i d e  p a r t i c l e s  which a c t  as ca ta -  
l y s t s  a r e  v e r y  impor tan t  t o  t h e  SO, o x i d a t i o n .  
Furthermore, t h e  o x i d a t i o n  may t a k e  p l a c e  a t  
n i g h t  as w e l l  as i n  s u n l i g h t .  Benar ie  e t  a1 . 2  
r e p o r t e d  no c o r r e l a t i o n  between ground measure- 
ment o f  NO2 and s u l f u r i c  a c i d ,  b u t  a  s t r o n g  
c o r r e l a t i o n  ( c o r r e l a t i o n  c o e f f i c i e n t  0.72) 
between t h e  l a t t e r  and a i r b o r n e  p a r t i c l e s .  
They concluded t h a t  t h e  o x i d a t i o n  i s  domi- 
nated by c a t a l  t i c  e f f e c t  o f  s o l i d  aeroso l .  
Newman e t  a1.l ' measured t h e  o x i d a t i o n  r a t e  
i n  plumes and found no c o r r e l a t i o n  between i t  
and t h e  t ime of day. They have a l s o  p o s t u l a t e d  
c a t a l y t i c  o x i d a t i o n  on p a r t i c l e s .  G i l e s  e t .  a1 .24  

examined data f o r  s u l f u r  d i o x i d e  and smoke 
c o l l e c t e d  d u r i n g  summer and w i n t e r  months i n  
a  r e s i d e n t i a l  and i n d u s t r i a l  area i n  Great  
B r i t a i n  and found d e f i c i e n c i e s  o f  SO2 re1  a t i v e  
t o  smoke i n  w i n t e r  compared w i t h  summer. 
A f t e r  d i s c u s s i n g  severa l  p o s s i b l e  causes, 
t h e y  have suggested a d s o r p t i o n  o f  SO, on 
s o l  i d  p a r t i c l e s  fo l l owed by c a t a l y t i c  
o x i d a t i o n .  



Two i n t e r e s t i n g  expe r imen ts  were made i n  
Los Ange les  w h i c h  demons t ra te  t h e  impor tance  
o f  a e r o s o l  p a r t i c l e s  t o  t h e  SO, o x i d a t i o n  i n  
t h e  atmosphere. Robe r t s  and F r i e d l a n d e r 3  
f i l l e d  a  96 m3 T e f l o n  bag w i t h  u n f i l t e r e d  
a i r ,  and added a  sma l l  amount o f  SO2, 
1-heptene,  and NOx. The m i x t u r e  t h e n  was 
i r r a d i a t e d  w i t h  s u n l i g h t .  A  p s e u d o - f i r s t  
o r d e r  c o n v e r s i o n  r a t e  o f  21 t o  99% p e r  h o u r  
was found.  However, when t h e  e x p e r i m e n t  was 
r e p e a t e d  w i t h  t h e  a d d i t i o n  o f  SO, a l o n e  t h e  
r a t e  was up t o  11% p e r  hou r .  I n  a  s i m i l a r  
expe r imen t ,  C l a r k  e t  a1 . 2 5  f i l l e d  a  1 4  m3 bag 
w i t h  f i l t e r e d  a i r  n e a r  t h e  f reeway  and exposed 
i t  t o  s u n l i g h t .  The c o n v e r s i o n  r a t e  was 
e s t i m a t e d  t o  r a n g e  f r o m  0.55 t o  1.3% p e r  
hou r .  

C l e a r l y ,  t h e  r e s u l t s  of  s e v e r a l  e x p e r i -  
ments d i s c u s s e d  i n  t h e  p r o c e e d i n g  r e a c t i o n s  
f a v o r e d  t h e  heterogeneous c a t a l y s i s  o x i d a t i o n  
f o r  SO, i n  t h e  a tmosphere  w i t h  t h e  enhancement 
b y  t h e  pho tochemica l  r e a c t i o n  processes.  

S e v e r a l  t r a c e  m e t a l s  have been proposed as  
p o s s i b l e  c a t a l y s t s ,  such a s  V,19 Fe and Mn,26327 
c a r b o n  ( s o o t )  p a r t i c l e s 2 8  and o t h e r s .  When 
SO2 i s  o x i d i z e d  on t h e  p a r t i c l e  s u r f a c e  o r  i n  
s o l u t i o n  d r o p l e t s ,  t h e  p a r t i c l e s  wh i ch  c o n t a i n  
s u l f u r  mus t  c o n t a i n  t h e  c a t a l y s t .  T a b l e  2  
shows t y p i c a l  c o n c e n t r a t i o n s ,  and t h e  pe rcen tages  
o f  masses be low  one m i c r o n  p a r t i c l e  d i a m e t e r  
f o r  v a r i o u s  t r a c e  m e t a l s .  Each p o i n t  i s  a  
y e a r l y  ave rage  o f  t h e  d a t a  c o l l e c t e d  b y  Lee 
e t  a1 .,29 a t  s i x  c i t i e s  i n  t h e  e a s t e r n  U n i t e d  
S t a t e s .  young30 f o u n d  t h a t  96% o f  t h e  t o t a l  
mass o f  s u l f u r  a e r o s o l  c o n t a i n e d  i n  p a r t i c l e s ,  
l e s s  t h a n  one m i c r o n  i n  d i a m e t e r ,  i n  S t .  
L o u i s .  However, f r o m  T a b l e  2, o n l y  17% o f  
t h e  mass o f  i r o n  p a r t i c l e s  a r e  i n  t h i s  s i z e  
range .  The re fo re ,  based on t h e  above argument,  

TABLE 2. T y p i c a l  C o n c e n t r a t i o n s  o f  T race  
M e t a l s  i n  Urban Atmospheres 

P e r c e n t  o f  Mass C o n c e n t r a t i o n  
Spec ies  o f  S i z e  <1 um i n  ug/m3 

I r o n  17 1  .O 

Lead 68 1.9 

Z i n c  40 0 .55 

Copper 35 0.18 

Manganese 2  5  0.053 

Vanadi  um 64  0.10 

i r o n  i s  n o t  expec ted  t o  a c t  as  a  c a t a l y s t  i n  
t h e  atmosphere, n o r  a r e  z i n c ,  coppe r  and 
manganese. On t h e  o t h e r  hand, i t  i s  p o s s i b l e  
t h a t  l e a d  and vanadium a r e  e f f e c t i v e  as  
c a t a l y s t s .  S t u d i e s  o f  t h e  r e a c t i o n  o f  SO2 
w i t h  l e a d  and vanadium compounds i n  t h e  
l a b o r a t o r i e s  has shown t h a t  V205 t o  be 
i n e f f e c t i v e  i n  t h e  SOZ ~ x i d a t i o n , ~ ~ , ~ ~  

y::,33 o x i d i z e d  l e a d  gave h i g h  o x i d a t i o n  r a t e s .  
Fu r the rmore ,  l e a d  has h i g h e r  mass c o n c e n t r a t i o n  
t h a n  any  o t h e r  t r a c e  m e t a l s  ( see  T a b l e  2 )  and 
67% o f  t h i s  mass l i e s  i n  t h e  s i z e  range  be low  
0 .3  m ic rons ,30  t h e r e f o r e ,  i t  o f f e r s  a  much 
l a r g e r  s u r f a c e  a rea .  I n  a d d i t i o n ,  t h e  l e a d  
sou rces  a r e  o u t s i d e  power p l a n t  plume, and 
s i n c e  t h e  o x i d a t i o n  r a t e  i s  h i g h e r  i n  u rban  
p lume t h a n  power p l a n t  plume, l e a d  i s  a  v e r y  
s t r o n g  c a n d i d a t e  f o r  t h e  c a t a l y s t  o x i d a t i o n  
o f  SO2 i n  t h e  atmosphere. 
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THE DESIGN OF THE LAKE MICHIGAN EXPERIMENT 

A. J  . A1 kezweeny 

A s t u d y  o f  p o l l u t a n t  i n t e r a c t i o n s  i n  urban plumes was r e l o c a t e d  

f rom S t .  L o u i s  t o  Lake M ich igan .  The advantages o f  t h e  r e l o c a t i o n  

and t h e  e x p e r i m e n t a l  method a r e  d e s c r i b e d  here.  

The o b j e c t i v e  o f  t h e  Aeroso l  and T race  
Gases T r a n s f o r m a t i o n  program i s  t o  s t u d y  
p o l  1  u t a n t  i n t e r a c t i o n s  i n  urban plumes. Em- 
phas i s  i s  p l a c e d  on SO2 t o  s u l f a t e  conve r -  
s i o n ,  o x i d a t i o n  r a t e s  and mechanisms 
r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  s u l f a t e  
a e r o s o l .  The method o f  i n v e s t i g a t i o n  i s  
a  f i e l d  expe r imen t  conducted i n  a  Lag rang ian  
f rame o f  r e f e r e n c e ,  suppor ted  by  d i a g n o s t i c  
mode l i ng .  I n  t h e  pas t ,  t h e  f i e l d  o p e r a t i o n  
was l o c a t e d  i n  t h e  S t .  L o u i s  a rea  d u r i n g  
t h e  METROMEX program. The d e c i s i o n  t o  r e -  
l o c a t e  t h e  expe r imen t  o v e r  Lake M ich igan ,  
and t o  s t u d y  t h e  Mi lwaukee plume as i t  i s  
t r a n s p o r t e d  o v e r  t h e  l a k e ,  was made 
because: 

The l a k e  i s  a  s o u r c e - f r e e  r e g i o n .  No 
e n t r a i n m e n t  o f  a  new m a t e r i a l  e n t e r s  t h e  

plume f r o m  o t h e r  sources,  i n  c o n t r a s t  t o  
t h e  s e v e r a l  sources s c a t t e r e d  around S t .  
L o u i s .  

The l a k e  s u r f a c e  r e p r e s e n t s  a  u n i f o r m  
t e r r a i n .  The re fo re ,  t h e  d r y  removal o f  
p o l l u t a n t s  i s  c o n s t a n t  a l o n g  t h e  t r a n s -  
p o r t  p a t h  and depends o n l y  on t h e  p h y s i -  
c a l  and chemica l  c o m p o s i t i o n  o f  t h e  
p o l l u t a n t s .  Fur thermore,  a i r c r a f t  sam- 
p l i n g  can be made c l o s e  t o  t h e  s u r f a c e .  

The tempera tu re  o v e r  t h e  l a k e  i s  un i fo rm.  

Mi lwaukee i s  a  l a r g e  m e t r o p o l i t a n  a rea  
It i s  i s o l a t e d  f r o m  o t h e r  l a r g e  u rban  
a r e a s  when t h e  w ind  d i r e c t i o n  i s  f r o m  
o t h e r  t h a n  t h e  sou th .  



The advantages o f  t h e  l a k e  area descr ibed  
above make plume model ing much e a s i e r .  A  
d isadvantage i n  t h i s  area i s  t h e  l a k e  breeze 
c i r c u l a t i o n  ac ross  t h e  l a k e  shore. However, 
t h e  l a k e  breeze occurs o n l y  o n e - t h i r d  o f  t h e  
t ime, on t h e  west shore, d u r i n g  t h e  summer. 
Therefore,  t h e  exper iment  may be conducted on 
days w i t h o u t  l a k e  breeze; measurements may 
a l s o  be taken beyond t h e  boundary of t h e  
c i r c u l a t i o n .  

The f i r s t  experiment was conducted dur -  
i n g  3  weeks i n  August o f  1976. Four r e -  
search p l a t f o r m s  were used; t h e  BNW DC-3 
and Cessna 411 a i r p l a n e s ,  and two boats.  
The DC-3 made p e n e t r a t i o n s  through t h e  
Milwaukee plume a t  d i f f e r e n t  a1 t i t u d e s  
w i t h i n  t h e  m i x i n g  l a y e r .  Then t h e  same 
procedure was repeated a t  a  new l o c a t i o n .  
The new l o c a t i o n  was determined by t h e  wind 
speed and d i r e c t i o n  recorded  f rom i n s t r u -  
menta t ion  onboard t h e  a i r c r a f t .  Meanwhile, 
t h e  second a i r c r a f t  was c o l l e c t i n g  h i g h  
volume (H.V. ) ae roso l  samples and measuring 
SO2 upwind and o u t s i d e  t h e  plume. The 
boa ts  were s t a t i o n e d  on b o t h  s ides of the  
lake ,  w i t h i n  t h e  urban plume. Lundgren 
impactors,  H.V.  samplers, SO2 bubblers ,  and 
f r e o n  c o l l e c t i o n  b o t t l e s  were used onboard 
t h e  boats.  

The da ta  c o l l e c t e d  i n  r e a l - t i m e  onboard 
the  DC-3 a i r c r a f t  were: temperature, dew 
p o i n t  temperature, wind speed, wind d i r e c -  
t i o n ,  s tandard a i r c r a f t  parameters (a1 ti - 
tude, a i r  speed, e t c . ) ,  03,  SO2, NO, NO2, 
l i g h t  s c a t t e r i n g ,  p a r t i c l e  concen t ra t ion ,  
f l ow r a t e  o f  H.V. sampler, and a i r c r a f t  
l o c a t i o n  ( l o n g i t u d e ,  l a t i t u d e ) .  A l l  these 
data were recorded on a  magnetic tape, and 
can be d i s p l a y e d  a t  w i l l  on a  d i g i t a l  
readout .  Some.of t h e  parameters were a l s o  
recorded on a  c h a r t  recorder .  

Several b o t t l e s  were f i l l e d  w i t h  a i r  
samples f o r  l a t e r  f r e o n  a n a l y s i s .  A i r  sam- 
p l e s  were a l s o  cap tu red  i n  bags and sen t  t o  
t h e  EPA l a b o r a t o r y  f o r  hydrocarbon de te r -  
m ina t ion .  Three d i f f e r e n t  H.V. samplers 
were used t o  determine t h e  chemical com- 
p o s i t i o n  o f  ae roso l .  The f i r s t  one sam- 
p l e s  a t  t h e  r a t e  o f  50 cfm on IPC f i l t e r s .  
These f i l t e r s  w i l l  be analyzed f o r  t r a c e  

meta ls  by X-ray f l uo rescence  and neu t ron  
a c t i v a t i o n  techniques.  The second H.V. 
sampler was s u p p l i e d  by t h e  Brookhaven 
Nat iona l  Laboratory ;  i t  c o n s i s t e d  o f  t h r e e  
f i l t e r  packs which a r e  c h e m i c a l l y  t r e a t e d .  
I t s  purpose i s  t o  determine t h e  SO2 con- 
c e n t r a t i o n  and composi t ion o f  s u l f a t e  
aerosol  by wet chemis t ry  technique.  The 
t h i r d  sampler used a  47 mm f l u r o p o r e  
f i l t e r .  Some o f  these f i l t e r s  were sen t  
t o  t h e  Argonne Nat iona l  Labora to ry  t o  be 
analyzed by i n f r a r e d  spect roscopy,  and 
o t h e r s  were sen t  t o  t h e  Lawrence Berke ley  
Labora to ry  t o  be analyzed by E l e c t r o n  
Spectroscopy f o r  Chemical A n a l y s i s  (ESCA). 

Dur ing 1  week o f  t h i s  s tudy,  a  NASA 
group f l e w  t h e i r  a i r p l a n e  over  t h e  l a k e  
w i t h  a  remote CO sensor mounted onboard, 
o r i e n t e d  downward. Measurements o f  0 3 ,  
NO/NOx, and s o l a r  r a d i a t i o n  were made by 
a  group f rom t h e  U n i v e r s i t y  o f  Mich igan a t  
severa l  f i x e d  s i t e s  a long  t h e  e a s t e r n  shore 
o f  t h e  lake .  F i g u r e  1  shows t h e  v a r i o u s  
a c t i v i t i e s  d u r i n g  l a s t  summer's experiment. 

Data c o l l e c t e d  f rom these experiments 
a r e  c u r r e n t l y  be ing  analyzed, and t h e  r e -  
s u l t s  w i l l  be r e p o r t e d  l a t e r .  A l though  t h e  
experiment i s  designed t o  s tudy  t h e  t r a n s -  
f o r m a t i o n  o f  SO2 t o  s u l f a t e ,  t h e  da ta  c o l -  
l e c t e d  f rom t h e  a i r c r a f t  on t h e  s u r f a c e  
i n s t r u m e n t a t i o n  should g i v e  i n f o r m a t i o n  on 
t h e  f o l l o w i n g :  

a )  T ranspor t  and i n t e r a c t i o n  o f  o t h e r  p o l -  
l u t a n t s  such as ox idan t .  

b )  Dry removal r a t e s  o f  v a r i o u s  t r a c e  metal 
as a  f u n c t i o n  o f  p a r t i c l e  s i z e  over  
water  su r faces .  

c )  D i f f u s i o n  c h a r a c t e r i s t i c s  o f  an urban 
p l  ume. 

d )  Emission r a t e s  o f  v a r i o u s  meta ls  i n  t h e  
M i  1  waukee area.  

e )  P o s s i b l e  i n f o r m a t i o n  on meta l  c a t a l y s i s  
o x i d a t i o n  o f  SO2. 





AIRBORNE MEASUREMENTS OF HYDROCARBONS 

IN THE ST. LOUIS PLUME 

A. J. Alkezweeny and R. N. Lee 

Resul ts  a re  repor ted  f o r  two hydrocarbon sampling methods used 

d u r i n g  t h i s  s tudy  o f  t he  S t .  Louis  urban plume i n  August o f  1975. 

Samples secured i n  Ted la r  bags y i e l d e d  concen t ra t i on  data f o r  carbon 

monoxide and v o l a t i l e  organics.  Less v o l a t i l e  species were captured 

on a  s o l i d  absorbent and i d e n t i f i e d  v i a  GC/MS ana l ys i s .  

Dur ing t h e  summer o f  1975, a  f i e l d  expe r i -  
ment was conducted i n  t h e  S t .  Louis  area t o  
s tudy  SO2 t o  s u l f a t e  t r ans fo rma t i on  i n  an 
urban plume. The experiment was conducted 
i n  a  Lagrangian frame of  re fe rence  us ing  
t he  BNW DC-3 a i r c r a f t ,  and a  cons tan t  volume 
ba l l oon  ( t e t r o o n )  t o  i d e n t i f y  t h e  plume t r a -  
j e c t o r y .  The t e t r o o n  was launched from t h e  
ground t o  an a l t i t u d e  w i t h i n  t h e  plume. 
Since l a b o r a t o r y  experiments have shown 
some hydrocarbons t o  be p o t e n t i a l  con t r i bu -  
t o r s  t o  t h e  SO2 o x i d a t i o n  processes, a  few 
samples were c o l l e c t e d  f o r  l a t e r  ana l ys i s  
us i ng  ground base i ns t r umen ta t i on .  Samples 
were c o l l e c t e d  on August 6, 12, and 17, 
1975. On t he  6th,  t h e  t e t r o o n  was launched 
from Weiss A i r p o r t  and t r a v e l e d  t o  the  
southwest o f  S t .  Lou is .  On t h e  12 th  and 
17th,  t he  launch s i t e  was A l t o n  C i v i c  
A i r p o r t ,  no r t heas t  o f  t h e  c i t y .  

Two methods were used t o  cap tu re  samples 
f o r  hydrocarbon ana l ys i s .  Each o f  these 
methods was d i r e c t e d  toward a  d i f f e r e n t  
segment o f  t he  hydrocarbon spectrum. L i g h t  
p a r a f f i n s  and o l e f i n s  ( th rough C6) were 
measured q u a n t i t a t i v e l y  by gas chroma- 
t og raph i c  ana l ys i s  o f  a i r  samples c o l l e c t e d  
i n  70 !L Ted la r  bags. These samples, ob- 
t a i ned  over  pe r i ods  o f  8 t o  11 min, were 
analyzed a t  t h e  RAPS l a b o r a t o r y  i n  S t .  
Louis .  Concent ra t ion  da ta  f o r  samples c o l -  
l e c t e d  on August 12 and 17, 1975, a r e  p re -  
sented i n  Table 1.  

J 

The second technique,  focus ing  on 
heav ie r  hydrocarbons and oxygenated species, 
employed a  s o l  i d  adsorbent (chromosorb 102) 
t o  concent ra te  these components f rom an un- 
f i l t e r e d  a i r  s t ream over a  per iod  o f  
30-60 min. Ana l ys i s  o f  these samples were 

conducted by GC/MS a t  t he  Bat te l le-Columbus 
Laboratory.  Incomplete examinat ion o f  t h e  
mass spec da ta  f o r  6 samples c o l l e c t e d  on 
August 6, 1975, i n d i c a t e s  t he  presence of 
t h e  compounds l i s t e d  i n  Table 2. 

The l i m i t e d  number o f  bag samples does n o t  
ensure easy i n t e r p r e t a t i o n  o f  t he  a n a l y t i c a l  
r e s u l t s .  Indeed, any d i scuss i on  o f  t h e  r e -  
su l  t i n g  data which goes beyond s imp ly  n o t i n g  
concen t ra t i on  t rends  and specu la t i ng  reasons 
f o r  unexpected t rends  would be u n j u s t i f i e d .  
The two f l i g h t s  r e f e r r e d  t o  i n  Table 1  oc- 
cur red  on days which d i f f e r e d  s i g n i f i c a n t l y  
i n  t he  p r e v a i l i n g  meteoro log ica l  cond i t i ons .  
The g rea te r  hydrocarbon concent ra t ions  r e -  
corded f o r  August 17, a  day cha rac te r i zed  
by very weak and v a r i a b l e  winds, i s  most 
l i k e l y  due t o  t h e  dominant i n f l u e n c e  o f  a  
nearby r e f i n e r y .  On t h a t  day, a1 1  sampling 
was done w i t h i n  2  m i l e s  o f  C i v i c  A i r f i e l d .  
The f i r s t  t h ree  samples were taken downwind 
o f  t h e  r e f i n e r y  be fo re  a  wind s h i f t  b rought  
t he  cons tan t  volume b a l l o o n  back over  the  
r e f i n e r y .  The dramat ic  inc rease  i n  hydro-  
carbon concent ra t ion  i n  sample number f o u r  
i s  no doubt  due t o  f r e s h  hydrocarbon i n p u t  
f rom t h i s  source. 

General concen t ra t i on  t rends  observed f o r  
s p e c i f i c  species o r  compound c lasses  a r e  
noted i n  Table 1. The h igh ,  un i f o rm  concen- 
t r a t i o n  o f  methane i s  very  s i m i l a r  t o  ear -  
l i e r  ground l e v e l  da ta  a t  bo th  urban and 
r u r a l  s i t e s ,  and i s  i n  keeping w i t h  t h e  
absence o f  a  s i g n i f i c a n t  urban source and 
methane's r e l a t i v e l y  i n e r t  behavior .  Car- 
bon monoxide concent ra t ions  were low r e l a -  
t i v e  t o  sur face  measurements i n  t h e  
St. Lou is  m e t r o p o l i t a n  area and decreased 
w i t h  t ime,  presumably because o f  d i f f u s i o n  



TABLE 1. Hydrocarbons i n  Bag Samples, ppb C 1  

12 iigL___-~ ~ u ~ ~ 1 7  
1235 1604 1 3 5 0  1450 1600 1647 

- +  1247 -* 1612,  P 1400 * 1500 r 1600 -, 1655 

I. TOTAL HY DROCARBOllS 2120 2160 2560 2260 2130 2540 

11. CARBON MONOXIDE 830 760 1 5 3 9  470 400 550 

I I I .  SATURATED HYDROCARBONS 

A. A1 kanes i 
Methane 1700 1710 I N 0  1670 1660 1690 

Ethane 12.1 1 3 . 6 :  15.0  13.5 0.5 14 .0  

Propane 7 .9  9 . 0  30.1 21 .4  10 .3  23.1 

Isobutane 3.3 3 . 7 1  15.6 3.0 24.9 

N-Butane 5.9 7 .0 ;  58.3 40.0  16.3 64.3 

Isopentane 5.6 6 . 0  61 . 7  52.0 17.6  56.1 

N-Pentane 4.0 4 . 0  21.3  19.4 9.6 23.3 

2,2-Dimethyl butane 0.2  - 1 . 9  1 . 2  0.6 1.4 

2 ,3-Dimethy lbutane + T r a n s - 4 - ~ ~ ~ e t h y l p e n t e r i e - 2  0 .5  1  . l; F . 8  5.5 3.3 7.0 

2-Methy l  pentane 1.5  2 .9  19.5 13.5  6 .6  17.2  
I 

3 -Methy lpentane + (Hexene-7 + 2 - E t h y l ! ~ i ~ t c n e - 1 )  0.7 1  . O ;  ' 3 . 5  9.3 3 . 9  11.1 

N-Hexane 5.9 - 45.4 20.2 12.6 10.1 

B. C y c l i c  C o m p o ~ ~ n s  ! 
Cyclopentane 0.5  1 . 1  3 . 0  2.0 2.3 3.3 

Me thy l cyc lopen tane  + (3,3-Di1netI ly l  pentcr ip-1 ) 20.7 1 9 . 7  36.1 28.9 27.5 24.3 

Cyclohexane + (Cis-4-Methy l  hexet ie-2) 2 .9  - 10.0  - 12.6 12.6  

I V .  UNSATURATED COMPOUNDS 

A. O l e f i n s  

E thy lene  

P ropy l  ene 

I s o b u t y l e n e  + Butene-1 

Trans-Butene-2 

Cis-2-Butene 

3-Methyl butene-1 

Pentene-1 

2-Methyl butene-1 

2-b le thy lpentene-1 + 4-Methyl pentene-1 

2,4-Di111ethy1 pentene-2 

2 ,4 -D i~ne thy l  pentene-1 

Trans-l lexene-3 

V .  AROMATIC 

Benzene 

V I .  ACETYLENE 



TABLE 2. Organics I d e n t i f i e d  i n  t h e  Urban Plume (August 6, 1975) 
by GCIMS Data 

Sampl ing Times --* 1618 1652 1726 1759 1833 1906 - 
-1648 -1722 -1756 -1829 -1903 -1934 - -- 

Cycl open tad iene  

Cycl ohexadiene 

Eenzene 

To1 uene 

Xyl ene 

S ty rene  

Tr imethy lbenzene  

l l e t h y l  s t y r e n e  

A1 1  y l  benzaldehyde 

Eenzaldehyde 

Fhcny lacera  t e  

Acetophenone 

1:aptlthal ene 

T e r t p h t h a l  dehyde 

Phenol 

l ! ,ethylnzphthalene 

E e n z y l a l c o h o l  

C -Eenzene 5 
C2-Pkphthalene 

Giphenyl  

Acenapl l thy lene 

hnthl-acene 

1,;ethylantnracene 

x i n d i c a t e s  >0 .06  ppb ( ) t e n t a t i v e  i d e n t i f i c a t i o n  

and chemical t rans fo rmat ion .  The concen- 
t r a t i o n s  o f  ace ty lene  were a l s o  q u i t e  low 
i n  comparison t o  urban su r f ace  data, b u t  
increased w i t h  t ime.  Cont ra ry  t o  carbon 
monoxide t h e  ma jo r  source o f  ace ty lene  i s  
t h e  automobile, hence t he  inc rease  may 
r e f l e c t  entra inment  o f  su r face  a i r .  The 
concen t ra t i on  o f  p a r a f f i n s ,  o t h e r  than 
methane, shows a  s l i g h t  inc rease  w i t h  t ime  
on August 12 and a  decrease on August 17. 
Th i s  i s  t h e  oppos i te  o f  what m igh t  be 
expected from knowledge of t h e  r espec t i ve  
f l i g h t  paths. The concen t ra t i on  changes 
observed on August 12 a r e  f o r  o n l y  two 
samples w ide l y  separated i n  terms o f  bo th  

t ime  and space, and may r e f l e c t  t h e  i n f l u -  
ence o f  a  non-urban source. The progres-  
s i v e l y  lower p a r a f f i n  concent ra t ions  
observed i n  samples 1, 2  and 3, on Au- 
gus t  17 may be a t t r i b u t e d  t o  d i l u t i o n  v i a  
d i f f u s i o n .  As opposed t o  t he  somewhat 
l a r g e r  changes i n  p a r a f f i n  concent ra t ions ,  
t h e  o l e f i n  1  eve1 s  a r e  gene ra l l y  low and 
r a t h e r  uni form. Th is  observa t ion  r a i s e s  
ques t ions  r ega rd i ng  the  poss i b l e  t r ans -  
fo rmat ion  o f  these more r e a c t i v e  m a t e r i a l s  
du r i ng  t h e  p e r i o d  between cap tu re  and 
ana l ys i s .  The f o u r  most abundant o l e f i n s  
(2,4-Dimethyl pentene-1 , 2~~4 -D ime thy l  pen- 
tene-2, Trans-Hexene-3 and E thy lene)  
d i s p l a y  a  somewhat i r r e g u l a r  concen t ra t i on  
p r o f i l e .  



GC SYSTEM FOR THE ON-SITE ANALYSIS OF HYDROCARBONS 

AT AMBIENT CONCENTRATIONS 

R. N. Lee 

S o l i d  absorbent t r a p s  o f f e r  an a l t e r n a t i v e  t o  t he  use o f  bags f o r  

sampling atmospheric hydrocarbons. An a n a l y t i c a l  system c o n s i s t i n g  

o f  an adsorbent t r a p  coupled t o  a gas chromatograph has been b u i l t  

f o r  o n s i t e  concent ra t ion  and ana l ys i s  o f  ambient hydrocarbons. 

Growing i n t e r e s t  i n  the  f a t e  o f  atmos- 
phe r i c  i n j e c t i o n s  o f  SO2 has enhanced 
i n t e r e s t  i n  t h e  mechanisms o f  SO2 ox ida-  
t i o n .  Plume s tud i es  o f  t he  s u l f a t e  product  
e v o l u t i o n  have d e a l t  i n  vary ing  d e t a i l  w i t h  
t he  q u a l i t a t i v e  and q u a n t i t a t i v e  i d e n t i -  
f i c a t i o n  o f  a hos t  of p r imary  and secondary 
plume cons t i t uen t s .  These s t ud i es  have 
employed concent ra t ion  p r o f i l e s  ob ta ined  
v i a  a i  rplane-mounted inst ruments t o  revea l  
f ea tu res  o f  t h e  chemical processes oc- 
c u r r i n g  w i t h i n  t h e  plume. Al though 
i ns t r umen ta t i on  i s  a v a i l a b l e  f o r  r e a l - t i m e  
surveys o f  many plume components, ana- 
l y t i c a l  l i m i t a t i o n s  r e q u i r e  t h e  use o f  
i n t eg ra ted  sampling techniques f o r  some 
species. Labora to ry  evidence has suggested 
t h a t  some hydrocarbons may p l a y  a major 
r o l e  i n  t h e  SO2-sul fate t r ans f0 rma t i on . l  
Hydrocarbon data i s  thus essen t i a l  t o  
s t ud i es  which seek t o  r eso l ve  t h e  atmos- 
phe r i c  o x i d a t i o n  process. Furthermore, 
t h e  wide range o f  hydrocarbon concentra-  
t i o n s  and r e a c t i v i t i e s  encountered i n  
ambient a i r  r e q u i r e  t h e  a p p l i c a t i o n  o f  
sampling techniques which do n o t  a l t e r  
composit ion. 

Most i n v e s t i g a t i o n s  have employed Ted la r  
bags f o r  t he  cap tu re  and s to rage  o f  a i r  
samples p r i o r  t o  chromatographic ana l ys i s .  
Th is  procedure i nco rpo ra tes  a cryogenic 
concent ra t ion  s t ep  t o  b r i n g  t h e  sample i n t o  
the  d e t e c t i o n  range o f  t he  f lame i o n i z a t i o n  
de tec to r .  Concentrat ion i s  t y p i c a l l y  f o l -  
lowed by  ana l ys i s  us i ng  a temperature 
programmable gas chromatograph t o  pe rm i t  
e l u t i o n  o f  t h e  complex hydrocarbon m i x tu re .  
Although w ide l y  employed, t he  f o l l ow ing  
sources o f  e r r o r  must be considered s i nce  
they  a re  capable o f  obscur ing hydrocarbon 
concent ra t ion  t rends :  

Hydrocarbon l o s s  may occur du r i ng  s t o r -  
age v i a  adso rp t i on  on con ta i ne r  wa l l s .  

The hydrocarbon con ten t  may be dep le ted  
v i a  chemical r e a c t i o n  w i t h i n  t h e  bag. 
Exposure t o  s u n l i g h t ,  v a r i a b l e  tempera- 
t u res  and storage per iods  c o n t r i b u t e  t o  
a non-uniform sample h i s t o r y .  These 
f a c t o r s  may have a dominant i n f l u e n c e  
on concent ra t ion  data.  

I n  view o f  t h e  p o t e n t i a l  d i f f i c u l t i e s  
i nhe ren t  i n  t h e  use o f  p l a s t i c  bags, i t  i s  
impor tan t  t o  cons ider  a l t e r n a t i v e  approaches 
f o r  o b t a i n i n g  ambient hydrocarbon data. 
One such method employs a s o l i d  adsorbent 
f o r  the  cap tu re  o f  these ma te r i a l s .  Th is  
technique has been successful l y  employed 
t o  remove and concent ra te  o rgan ics  f rom 
water  and ambient a i r  as t h e  f i r s t  s t ep  i n  
t h e i r  q u a n t i t a t i v e  measurement. 3-4 

A system which uses t h i s  approach has 
been designed and cons t ruc ted  f o r  use i n  
a i r c r a f t  s t ud i es .  Th is  system, dep ic ted  
i n  F igure  1, can be mounted i n  t h e  a i r c r a f t  
t o  a l l ow  i n - f l i g h t  ana l ys i s .  The t r aps  may 
a l so  be used i n  t he  same way as bags and 
i n d i v i d u a l  samples analyzed w i t h  a ground 
based chromatograph. Th is  l a t t e r  procedure 
has t h e  advantage o f  exc lud ing  s u n l i g h t  and 
p rov i d i ng  a more un i f o rm  and d e f i n a b l e  sam- 
p l e  h i s t o r y  than poss i b l e  w i t h  t h e  use o f  
sample bags. 

The system descr ibed i n  F i gu re  1 cons i s t s  
o f  t h e  f o l l o w i n g  components: 

1 )  U-tube t r a p  (118- in.  O.D. x 11- in .  
s t a i n l e s s  s t e e l )  wrapped w i t h  hea t i ng  
w i r e  and packed w i t h  t he  s o l i d  
adsorbent. 



G A S  2)  S i x - p o r t  v a l v e  used t o  channel sample 
CHROMATOGRAPH f l o w  through t h e  t r a p  and c a r r i e r  gas t o  
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i o n i z a t i o n  d e t e c t o r .  
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FIGURE 1. Flow Schematic f o r  t h e  Concentra- 
t i o n  and A n a l y s i s  o f  Ambient Hydrocarbons. 
a )  Sampling Mode 
b )  Back f lush  o f  Adsorbent Trap 

This  system was c o n s t r u c t e d  by i n t e r f a c i n g  
a  Chromalyt ics  Model 1047 c o n c e n t r a t o r  
(Chromalyt ics  Corp., U n i o n v i l  l e ,  Pennsylva- 
n i a )  w i t h  an A n a l y t i c a l  Ins t rument  Develop- 
ment Model 511 gas chromatograph. A  
column b a c k f l u s h  c a p a b i l i t y  was i n t r o d u c e d  
by mounting a  f o u r - p o r t  v a l v e  t o  t h e  
i n t e r i o r  o f  t h e  column oven. 

Whi le  i t  i s  n o t  p o s s i b l e  t o  cover  a  
broad spectrum o f  a tmospher ic  hydrocarbons 
w i t h  t h i s  system, i t  does o f f e r  an oppor- 
t u n i t y  t o  e v a l u a t e  t h e  r e l a t i v e  m e r i t s  o f  
s o l i d  adsorbent  and bag sampl ing techniques 
f o r  a i r c r a f t  sampling m iss ions .  S a t i s -  
f a c t o r y  o p e r a t i o n  depends on t h e  a b i l i t y  
o f  t h e  t r a p  t o  c a p t u r e  t h e  hydrocarbons o f  
i n t e r e s t  w i t h i n  a  sha l low l a y e r  o f  t h e  
adsorbent.  Th is  f e a t u r e  i s  necessary t o  
p e r m i t  sample r e l e a s e  t o  a  smal l  volume of 
c a r r i e r  and hence, achieve e f f i c i e n t  sepa- 
r a t i o n  o f  t h e  sample components. Labora to ry  
and f i e l d  t e s t s  a r e  c u r r e n t l y  i n  progress t o  
determine t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  
o f  t h e  system. I n  a d d i t i o n  t o  c a p t u r e  and 
r e l e a s e  e f f i c i e n c y ,  these t e s t s  must con- 
s i d e r  t h e  p o s s i b i l i t y  o f  chemical t r a n s -  
fo rmat ions  accompanying i n t e r a c t i o n  w i t h  t h e  
s o l  i d  adsorbent.  
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ESTIMATING AEROSOL OPTICAL PROPERTIES FROM SIZE DISTRIBUTIONS 

MEASURED BY OPTICAL PARTICLE COUNTERS 

N. S. Lau la inen  

Mie t h e o r y  c a l c u l a t i o n s  i n d i c a t e  t h e  response o f  t h e  Royco Model 220 

o p t i c a l  p a r t i c l e  coun te r  as a  f u n c t i o n  o f  p a r t i c l e  s i z e  i s  r a t h e r  insen-  

s i t i v e  t o  t h e  r e a l  p a r t  o f  t h e  p a r t i c l e  r e f r a c t i v e  index.  However, s i z e  

measurements appear t o  be somewhat s e n s i t i v e  t o  t h e  imaginary p a r t  o f  

t h e  r e f r a c t i v e  index.  Th is  s e n s i t i v i t y  can s i g n i f i c a n t l y  a f f e c t  t h e  

c a l c u l a t i o n  o f  o t h e r  aeroso l  o p t i c a l  p r o p e r t i e s ,  such as t h e  e x t i n c t i o n  

c o e f f i c i e n t ,  when s i z e  d i s t r i b u t i o n s  determined by t h i s  technique a r e  

used as i n p u t  data.  

INTRODUCTION 

Recent years have seen cons iderab le  e f -  
f o r t  t o  determine t h e  p h y s i c a l  and chemical 
p r o p e r t i e s  o f  atmospheric aeroso ls ,  b o t h  o f  
n a t u r a l  and anthropogenic  o r i g i n .  The 
reasons f o r  t h i s  e f f o r t  a r e  c l e a r ;  atmos- 
p h e r i c  aeroso ls  p r o f o u n d l y  a f f e c t  p r e c i p i -  
t a t i o n  development and can s i g n i f i c a n t l y  
mod i fy  t h e  c l i m a t e  b y  a l t e r i n g  t h e  s o l a r  
r a d i a t i o n  f i e l d .  The fundamental param- 
e t e r s  which a r e  r e q u i r e d  f rom measurements 
o f  ae roso l  systems a r e  t h e  s i z e  d i s t r i -  
b u t i o n ,  complex index  o f  r e f r a c t i o n ,  
p a r t i c l e  s o l u b i l i t y  and r e l a t i v e  humid i t y ,  
and some as -ye t -unspec i f i ed  parameter 
d e s c r i b i n g  p a r t i c l e  shape. 

Many o p t i c a l  systems have been developed 
t o  measure aeroso l  s i z e  d i s t r i b u t i o n s .  
These systems t a k e  advantage o f  l i g h t -  
s c a t t e r i n g  p r o p e r t i e s  o f  ae roso ls  as a  
f u n c t i o n  o f  s i z e .  Most o f  t h e i r  s h o r t -  
comings occur  because t h e  l i g h t  s c a t t e r i n g  
i s  a l s o  s e n s i t i v e l y  dependent on p a r t i c l e  
r e f r a c t i v e  index  and shape, such t h a t  t h e  
s i z e  measurements can o n l y  be re fe renced  
t o  e q u i v a l e n t  spheres o f  known i n d e x  and 
s i z e  o f  t h e  t ype  used i n  c a l i b r a t i n g  t h e  
measurement systems. When i n f e r r i n g  t h e  
e f f e c t s  o f  p a r t i c l e s  on p r e c i p i t a t i o n  
development, a m b i g u i t i e s  i n  s p e c i f y i n g  
t h e  t r u e  s i z e  d i s t r i b u t i o n  may be unimpor- 
t a n t .  However, when s p e c i f y i n g  t h e  e f f e c t s  

o f  ae roso ls  on s o l a r  r a d i a t i o n ,  these  
a m b i g u i t i e s  must be reso lved .  An e a r l i e r  
paper1 examined t h e  i n t e r p r e t a t i o n  o f  
o p t i c a l  measurements i n  terms o f  those 
parameters which appear t o  have i m p o r t a n t  
c l i m a t o l o g i c a l  i m p l i c a t i o n s .  I n  t h i s  
paper, we address t h e  s p e c i f i c  aspect  o f  
i n t e r p r e t i n g  aerosol  s i z e  d i s t r i b u t i o n s  
measured by a  Model 220 Royco o p t i c a l  
p a r t i c l e  coun te r  and e s t i m a t i n g  v a r i o u s  
aerosol  o p t i c a l  p r o p e r t i e s  f rom these 
data.  

THEORETICAL ASPECTS 

The t h e o r e t i c a l  b a s i s  o f  s i z e  d i s t r i -  
b u t i o n  d e t e r m i n a t i o n  w i t h  t h e  Model 220 
Royco o p t i c a l  p a r t i c l e  coun te r  i s  t h e  
r e l a t i o n s h i p  between l i g h t  s c a t t e r i n g  
i n t e n s i t y  a t  a  s c a t t e r i n g  ang le  o f  ~ / 2  
(see F i g u r e  1 )  and p a r t i c l e  diameter,  
name1 y  (see f o r  example, Reference 2 )  

where o ( D  , ~ / 2 )  i s  t h e  l i g h t  sca t -  
t e r i n g  c o B f f i c i e n t  p e r  p a r t i c l e  o f  
d iameter  D  f o r  s c a t t e r i n g  ang le  n/2, 

n 0 $ i s  t h e  geometr ic  c r o s s - s e c t i o n  o f  

t h e  p a r t i c l e  w i t h  d iameter  D  and 
P '  
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FIGURE 1.  Schematic Representation of the Royco Model 220 
Optical Pa r t i c l e  Counter Detection System 

$(D ,n/2) i s  the  l i g h t  sca t t e r ing  phase 
f u n k i o n  f o r  a p a r t i c l e  of diameter D and 
sca t t e r ing  angle ~ / 2 .  P 

This re la t ionship  assumes t h a t  the  p a r t i c l e s  
a re  spherical  in shape and t h a t  the  p a r t i c l e  
r e f rac t ive  index i s  known and uniform f o r  
a l l  the  pa r t i c l e s .  Hodkinson3 a l so  d i s -  
cusses the response of opt ica l  p a r t i c l e  
counters. 

Calibration of the  optical  p a r t i c l e  
counter (OPC), while imp1 i c i t l y  using Equa- 
t ion  ( I ) ,  ac tua l ly  i s  based on the  response 
of the instrument t o  l i g h t  sca t tered  from 
la t ex  spheres of known s i z e  and re f rac t ive  
index (n = 1 . 6 ) .  The actual  shape and s i z e  
of the  l a t ex  p a r t i c l e s  i s  es tabl ished in-  
dependently by standard scanning e lec t ron 
microscopy. P a r t i c l e  s i zes  derived from 
the  OPC fo r  aerosols  whose r e f rac t ive  index 
i s  d i f f e r e n t  than n = 1.6,  a r e  then in f a c t  
referenced t o  the response the  instrument 
would have f o r  l a t ex  spheres of equivalent 
s i zes .  

The response given by Equation ( 1 )  i s  
s ens i t ive  not only t o  p a r t i c l e  r e f rac t ive  
index, but a l so  sca t t e r ing  angle and wave- 
length of l i g h t .  The actual  response of 
the  Model 220 Royco OPC i s  supposedly l e s s  

sens i t ive  t o  these parameters, pa r t i cu la r ly  
p a r t i c l e  r e f rac t ive  index, because ins t ru -  
ment responds t o  l i g h t  sca t tered  a t  angles3 
of n/2 + 0.4 rad (+24") instead of exactly 
~ / 2  and because the  instrument uses an 
incandescent bulb or  "white" l i g h t  instead 
of monochromatic source f o r  i l lumination 
of the  p a r t i c l e s .  

INSTRUMENTAL RESPONSE A N D  PARTICLE 
REFRACTIVE INDEX 

Since the  response of the OPC i s  sens i -  
t i v e  t o  p a r t i c l e  r e f rac t ive  index, sca t -  
t e r ing  angle and wavelength of the 
i l luminating l i g h t ,  we examine t h i s  
response f o r  two cases .  In the f i r s t  
case, we assume t h a t  the e f fec t ive  re-  
sponse wavelength of the system i s  
x = 0.5 um and t h a t  the instrument accepts 
l i g h t  sca t tered  exact ly  a t  n/2 and we c a l -  
cula tes  the response f o r  several p a r t i c l e  
r e f rac t ive  indices.  In the second case,  
the  same calcula t ions  a r e  made except t h a t  
the  wavelength of the i l lumination i s  
smeared out over a wide spectrum 
h = 0.5 + 3.1 um, and t h a t  a f i n i t e  so l id  
angle detection cone of + 0.1 rad (55" )  
centered a t  a sca t t e r ing  angle of  IT/^ i s  
allowed f o r  ( t h i s  choice i s  more con- 
servat ive  than t h a t  suggested by Hodkinson3). 



F o r  case  1, t h e  response  f u n c t i o n  u ( D  ,n/2) 
g i v e n  b y  E q u a t i o n  ( I ) ,  i s  shown i n  F i g -  
u r e  2  f o r  t h e  r e f e r e n c e  r e f r a c t i v e  i ndex ,  
n  = 1.6, and two  o t h e r  r e f r a c t i v e  i n d i c i e s ,  
n  = 1.5 and n  = 1.5 - O . l i ,  r e s p e c t i v e l y .  
Excep t  f o r  t h e  r e g i o n  1  t o  2  um and beyond 
7  um, t h e  response  f u n c t i o n  f o r  n  = 1.5 i s  
20 t o  30% s m a l l e r  t h a n  f o r  t h e  r e f e r e n c e  
i n d e x  n  = 1 .6 .  A l t e r n a t i v e l y ,  f o r  t h e  same 
response,  t h e  p a r t i c l e  d i a m e t e r s  f o r  n  = 1 .5  
a r e  s15 t o  20% l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  
d i a m e t e r s  f o r  n  = 1 .6 .  The i n c l u s i o n  o f  an 
a b s o r p t i v e  t e r m  ( i m a g i n a r y  p a r t  o f  t h e  
r e f r a c t i v e  i n d e x )  i n c r e a s e s  t h e  d i s c r e p a n c y  
between t h e  r e f e r e n c e  d i a m e t e r s  and t h o s e  
f o r  t h e  r e f r a c t i v e  i n d e x  n  = 1.5 - O . l i .  
These r e s u l t s  a r e  a l s o  summarized i n  T a b l e  1  
f o r  each channe l  o f  t h e  Model 220 OPC. 

The response f u n c t i o n  f o r  case 2  f o r  t h e  
same s e t  o f  r e f r a c t i v e  i n d i c i e s  as  i n  case  1  
i s  shown i n  F i g u r e  3. The b a r s  a s s o c i a t e d  
w i t h  each c u r v e  i n d i c a t e  t h e  range  o f  v a l u e s  
f o r  t h e  response when t h e  wave leng th  v a r i e s  
f r o m  0.4 t o  0.6 urn and t h e  s c a t t e r i n g  a n g l e  
v a r i e s  f r o m  85 t o  95'. The c u r v e s  a r e  
drawn t h r o u g h  t h e  median o f  each range .  I f  
a  s c a t t e r i n g  a n g l e  o f  90  2 24' i s  used i n  
t h e  c a l c u l a t i o n s ,  t h e  range  o f  v a l u e s  i s  
i n c r e a s e d  d r a m a t i c a l l y ,  a s  i n d i c a t e d  b y  t h e  

dashed b a r s  f o r  D  = 2.24 Dm. The p r a c t i -  
c a l  s i g n i f i c a n c e  !f t h e s e  r e s u l t s  i n d i c a t e  
t h a t  t h e  response  as  a  f u n c t i o n  o f  p a r t i c l e  
s i z e  i s  r o u g h l y  i ndependen t  o f  t h e  r e a l  
p a r t  o f  t h e  r e f r a c t i v e  i n d e x ,  b u t  i s  some- 
what  s e n s i t i v e  t o  t h e  i m a g i n a r y  p a r t .  Thus, 
f o r  a e r o s o l s  w h i c h  have an a b s o r p t i v e  te rm,  
s c a l i n g  o f  t h e  a c t u a l  p a r t i c l e  d i a m e t e r s  
appears  necessa ry  if t h e  measured p a r t i c l e  
s i z e  d i s t r i b u t i o n s  a r e  t o  be used i n  sub- 
sequent  c a l c u l a t i o n s  f o r  o t h e r  o p t i c a l  
pa rame te rs .  The r e s u l t s  f o r  case 2  a r e  
a l s o  summarized i n  T a b l e  1. 

DISCUSSION 

S i n c e  a tmosphe r i c  a e r o s o l s  can have a  
w i d e  range  o f  r e f r a c t i v e  i n d e x  ( n  = 1 .3 )  
f o r  w a t e r  d r o p l e t s  t o  n s 2 - i  f o r  ca rbon  
p a r t i c l e s ) ,  i t  i s  i m p o r t a n t  t o  s c a l e  t h e  
measured s i z e  d i s t r i b u t i o n s  p r o p e r l y .  
U n f o r t u n a t e l y ,  t h e  r e f r a c t i v e  i n d e x  i s  n o t  
g e n e r a l l y  known a  p r i o r i  ( i n d e e d  t h e  ob- 
j e c t i v e  o f  many expe r imen ts  i s  t o  d e t e r m i n e  
t h i s  and o t h e r  p a r a m e t e r s ) .  O f ten ,  however,  
t h e  g e n e r a l  c o m p o s i t i o n  o f  t h e  p a r t i c l e s  
can b e  de te rm ined  b y  o t h e r  means. T h i s  
i n f o r m a t i o n ,  a l o n g  w i t h  amb ien t  r e l a t i v e  
h u m i d i t y ,  can p r o v i d e  a  r e a s o n a b l e  e s t i m a t e  
o f  r e f r a c t i v e  i n d e x .  F o r  example, s u l f a t e  
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TABLE 1. P a r t i c l e  Diameters as a  Func t ion  o f  R e f r a c t i v e  Index 
Referenced t o  Latex Spheres w i t h  n=1.6 f o r  t h e  Royco Model 220 OPC 

Ref. Ca lcu la ted  P a r t i c l e  Diameter ( l ~m)  
Ch. Diameter Case 1  Case 2 

(um) n=1.5 nz1.5-O. l< No. -- -- n=1.5 n z 1 . 5 - 0 . l i  

aerosol  i s  one o f  t h e  dominant components 
i n  t h e  urban atmosphere and has a  r e a l  p a r t  
o f  t he  r e f r a c t i v e  index o f  s1.5. The 
imaginary p a r t  o f  r e f r a c t i v e  index o f  
s u l f a t e  aerosol  i s  unce r t a i n .  For ou r  
c a l c u l a t i o n s ,  we have assumed t h a t  t he  
range n  = 1.5 t o  n  = 1.5 - 0.1; i s  repre -  
sen ta t i ve .  I t  should be noted t h a t  many 
o f  t he  d i f f i c u l t i e s  mentioned i n  an 
e a r l i e r  paper1 encountered i n  c a l c u l a t i n g  
aerosol  o p t i c a l  p r o p e r t i e s  a r e  s t i l l  
present--namely t h e  problem o f  nonspher ica l  
p a r t i c l e s  and nonuni form r e f r a c t i v e  index 
( i  .e.,  d i f f e r e n t  k inds  o f  p a r t i c l e s  o r  
p a r t i c l e s  o f  complex compos i t ion ) .  

To i l l u s t r a t e  t he  e f f e c t  o f  r e f r a c t i v e  
index,  we c a l c u l a t e  t he  e x t i n c t i o n  coef-  
f i c i e n t  from a  p a r t i c l e  s i z e  d i s t r i b u t i o n  
measured over S e a t t l e  a t  2000 ft on 
18 June 1976, by assuming a )  t h a t  t h e  
measured s i z e  d i s t r i b u t i o n  i s  independent 
o f  r e f r a c t i v e  index,  and b )  t h a t  t h e  
measured s i z e  d i s t r i b u t i o n  i s  scaled ap- 
p r o p r i a t e l y  t o  t h e  r e f r a c t i v e  index, as 
d iscussed i n  the  preceding sec t ion .  

Curves f o r  e x t i n c t i o n  c o e f f i c i e n t  per  
p a r t i c l e  o(D ) as a f unc t i on  o f  p a r t i c l e  
s i z e  a t  waveyength h = 0.5 m  and r e f r a c t i v e  
i nd i ces  n  = 1.6, n  = 1.5, n  = 1.5 - O . l i  
a r e  shown i n  F i gu re  4. No t i ce  t h a t  f o r  
p a r t i c l e s  l a r g e r  than s2 um, t he  e x t i n c t i o n  
c o e f f i c i e n t  i s  p ropo r t i ona l  t o  Dp2. A lso  
no te  t h a t  s c a t t e r i n g  and t o t a l  e x t i n c t i o n  
a re  equal when t he  r e f r a c t i v e  index i s  
e n t i r e l y  r e a l .  Using these curves and t he  
r e s u l t s  o f  Table 1, t he  e x t i n c t i o n  coe f -  
f i c i e n t  per  u n i t  volume can be e a s i l y  
computed f o r  t h e  measured s i z e  d i s t r i b u t i o n ,  
accord ing t o  

where --- AN i s  t he  number o f  p a r t i c l e s  pe r  a1 ogDp 

u n i t  volume i n  s i z e  channel i o f  w i d t h  
alogDp and t h e  sum i s  over a l l  channels and 
alogDp = 1/10 f o r  t he  OPC. ( I n  t h i s  c a l -  
c u l a t i o n  we a l s o  i n c l u d e  p a r t i c l e  s i z e  
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FIGURE 4. E x t i n c t i o n  C o e f f i c i e n t  pe r  
P a r t i c l e  as a  Func t ion  Size f o r  Var ious 
R e f r a c t i v e  I n d i c i e s  

measurements made w i t h  t h e  Whitby E l e c t r i -  
c a l  Aerosol Analyzer  where ~ l o g D  = 114. 
The c o n t r i b u t i o n s  f rom those meagurements 
a r e  shown separa te ly . )  The r e s u l t s  o f  
these  computat ions a r e  summarized i n  
Table 2. 

An i n s p e c t i o n  o f  Table 2  r e v e a l s  t h a t  
t h e  c a l c u l a t i o n  f o r  n  = 1.6 and n  = 1.5 
( b o t h  cases) produces e s s e n t i a l l y  t h e  same 
e x t i n c t i o n  c o e f f i c i e n t - - e v e n  when t h e  
sca led  d iameters a re  used. However, f o r  
n  = 1.5 - O . l i  t h e  e x t i n c t i o n  c o e f f i c i e n t  

i s  much l a r g e r  f o r  t h e  scaled d iameters 
than f o r  the  r e f e r e n c e  d iameters.  A  
s i m i l a r  c a l c u l a t i o n  can be c a r r i e d  o u t  f o r  
t h e  s c a t t e r i n g  c o e f f i c i e n t  u s i n g  t h e  
sca led  d iameters;  t h e  r e s u l t  i s  
b s c a t t  = 0.28 x  m- l .  As a  p o i n t  
o f  re fe rence ,  b o t h  t u r b i d i t y  and l i g h t  
s c a t t e r i n g  c o e f f i c i e n t  ( A  = 0.525 urn) were 
a l s o  measured w i t h  mu l t iwave leng th  sun- 
photometer, and an i n t e g r a t i n g  nephelometer, 
r e s p e c t i v e l y ,  a t  t h e  same t ime t h e  s i z e  
d i s t r i b u t i o n s  were ob ta ined .  These meas- 
urements gave an e x t i n c t i o n  c o e f f i c i e n t  
bext = 0.7 + 0 .4 x  m-I and a  s c a t -  
t e r i n g  c o e f f i c i e n t  b s c a t t  = 0.4 + 0.1 x  l o m 4  
m-l, r e s p e c t i v e l y .  Whi le  t h e  measurements 
a d m i t t e d l y  have r a t h e r  l a r g e  u n c e r t a i n t i e s ,  
t h e  i n c l u s i o n  o f  an a b s o r p t i v e  ( imag inary )  
term i n  t h e  r e f r a c t i v e  index (perhaps 
unreal  i s t i c a l  l y  1  a rge)  improves the  agree- 
ment between measured and c a l c u l a t e d  
e x t i n c t i o n .  

SUMMARY 

I n  t h i s  r e p o r t ,  we have examined t h e  
e f f e c t  o f  ae roso l  r e f r a c t i v e  index on 
p a r t i c l e  s i z e  d i s t r i b u t i o n  measurements 
w i t h  o p t i c a l  p a r t i c l e  coun te rs  and on 
subsequent c a l c u l a t i o n s  o f  aerosol  o p t i c a l  
p r o p e r t i e s  u s i n g  these measured d i s t r i -  
b u t i o n s .  For  no a b s o r p t i o n  by t h e  par -  
t i c l e s ,  s i z e  d i s t r i b u t i o n s  a re  r e l a t i v e l y  
i n s e n s i t i v e  t o  p a r t i c l e  r e f r a c t i v e  index.  
On t h e  o t h e r  hand, t h e  d i s t r i b u t i o n s  
appear t o  be somewhat s e n s i t i v e  t o  t h e  
imaginary p a r t  o f  t h e  r e f r a c t i v e  index 
and thus, when p r o p e r l y  scaled, can have 
a  s i g n i f i c a n t  e f f e c t  on t h e  c a l c u l a t i o n  
o f  o t h e r  aeroso l  o p t i c a l  p r o p e r t i e s ,  
e.g. e x t i n c t i o n  c o e f f i c i e n t .  
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TABLE 2. Ca lcu la ted  E x t i n c t i o n  C o e f f i c i e n t  f o r  Several Re f rac t i ve  
I n d i c i e s  Referenced t o  Latex Spheres w i t h  n=1.6 f o r  a S ize  D i s t r i -  
b u t i o n  Measured a t  2000 f t  over  S e a t t l e  on 18 June 1976 w i t h  t he  
Whitby E l e c t r i c a l  Aerosol Analyzer (EAA) and Royco Op t i ca l  Par- 
t i c l e  Counter (OPC) 

EAA 
Ch. 
No. - 

3 
4 
5 
6 
7 
8 
9 

OPC 
Ch. 
No. 
- 

4 
5 
6 
7 
8 
9 

Ref. 
Diameter 

(um) 

0.0133 
0.0237 
0.0422 
0.075 
0.133 
0.237 
0.422 

E x t i n c t i o n  

1 Sum x 

C o e f f i c i e n t  (um2/cm3) 

I 
Sum x - -  

10 
10.64 10.79 12.63 10.54 37.9 

T o t a l  24.6 20.9 22.7 28.7 56.0 

a.Using t h e  e x t i n c t i o n  c o e f f i c i e n t  pe r  p a r t i c l e  (F i gu re  4 )  a t  t h e  r e fe rence  
d i  arne t e r s .  

b.usinq F i gu re  4 and t h e  sca led  d iameters (Case 2 o f  Table 1 ) .  



AIRBORNE MEASUREMENTS OF PARTICLE SIZE DISTRIBUTION, LIGHT SCATTERING 

AND TURBIDITY AT DIFFERENT ALTITUDES 

A. J. Alkezweeny and N. S. Lau la inen  

A i r c r a f t  measurements o f  p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  l i g h t  s c a t t e r i n g  

e x t i n c t i o n  c o e f f i c i e n t s ,  and t u r b i d i t y  over  t h e  P a c i f i c  Nor thwest  a r e  

presented. The s i z e  d i s t r i b u t i o n s  a r e  found t o  be b i -modal .  The e x t i n c -  

t i o n  c o e f f i c i e n t s  c a l c u l a t e d  f rom t h e  s i z e  d i s t r i b u t i o n  do n o t  agree w i t h  

t h a t  measured by t h e  nephelometer and t h e  sunphotometer. 

Simultaneous measurements o f  p a r t i c l e  
s i z e  d i s t r i b u t i o n s ,  l i g h t  s c a t t e r i n g  e x t i n c -  
t i o n  c o e f f i c i e n t s  and t u r b i d i t y  (aeroso l  
o p t i c a l  dep th )  over  t h e  P a c i f i c  Nor thwest  
were made i n  June 1976 u s i n g  an i n s t r u -  
mented DC-3 a i r p l a n e .  The p a r t i c l e  s i z e  
d i s t r i b u t i o n s  were measured i n  t h e  range 
o f  0.01 t o  5  um w i t h  an e l e c t r i c a l  ae roso l  
ana lyzer1  and a  Royco O p t i c a l  Sensor, 
Model 220. The o p t i c a l  sensor was i n t e r -  
faced w i t h  a  15-channel p u l s e  h e i g h t  
a n a l y z e r  and p r i n t e r .  Aerosol  l i g h t  s c a t -  
t e r i n g  da ta  were ob ta ined  w i t h  an MRI i n t e -  
g r a t i n g  nephelometer, Model 1  562.2 A  
mu l t iwave leng th  sunphotometer was employed 
t o  measure s o l a r  i n t e n s i t i e s  i n  f i v e  wave- 
l e n g t h  bands; o n l y  t h e  t u r b i d i t i e s  d e r i v e d  
f rom t h e  channel a t  x = 500 nm were used 
i n  t h i s  s tudy.  

Data were c o l l e c t e d  a t  d i f f e r e n t  a l t i -  
tudes f rom ground l e v e l  t o  10,000 f t  MSL. 
Aerosol e x t i n c t i o n  c o e f f i c i e n t s  were 
d e r i v e d  f rom sunphotometer t u r b i d i t y  meas- 
urements u s i n g  t h e  r e l a t i o n s h i p ,  

where AT  i s  t h e  d i f f e r e n c e  between t u r -  
b i d i t i e s  measured a t  h  and h  + hh. The 
i n t e g r a t i n g  nephelometer measured aeroso l  
s c a t t e r i n g  e x t i n c t i o n  c o e f f i c i e n t ,  b s c a t t ,  
d i r e c t l y , a t  wavelength x = 525 nm. For  
comparison, aeroso l  e x t i n c t i o n  c o e f f i c i e n t s  
were c a l c u l a t e d  f rom t h e  measured s i z e  d i s -  
t r i b u t i o n s  a t  each a l t i t u d e  u s i n g  t a b u l a t e d  
Mie e x t i n c t i o n  e f f i c i e n c i e s  Q ( a i  ,n) f o r  
r e f r a c t i v e  index  n  = 1.6 - O i  and a  wave- 
l e n g t h  o f  h = 500 nm f rom t h e  express ion 

where a  = nDp /A i s  t h e  s i z e  parameter and i i 
hS(Dp ) i s  t h e  measured p a r t i c l e  s u r f a c e  

i 
area (pm2/cm3) i n  t h e  geometr ic  mean par -  
t i c l e  d iameter  s i z e  c l a s s  Dp . The summa- 

i 
t i o n  i s  over  a l l  s i z e  i n t e r v a l s  f rom about 
0.04 t o  5  um. F i g u r e  1 shows t h e  p a r t i c l e  
volume d i s t r i b u t i o n s  measured over  t h e  T r i -  
C i t i e s ,  Sunnyside, and S e a t t l e ,  Washington. 
It can be seen t h a t  t h e  s i z e  d i s t r i b u t i o n s  
a r e  bi-modal w i t h  a  peak a t  0.1 - 0.2 um 
p a r t i c l e  d iamete r  and a  second peak g r e a t e r  
than 1  pm. Accord ing t o   hitb by,^ t h e  sub- 
micron mode i s  c h a r a c t e r i s t i c  o f  t h e  p o l -  
l u t e d  atmosphere w h i l e  t h e  second mode i s  
caused by mechan ica l l y  produced aeroso l  
such as resuspension and sea spray; t h e r e  
i s  no i n t e r a c t i o n  between t h e  two modes. 
The l a t t e r  can be seen e a s i l y  by comparing 
t h e  d i s t r i b u t i o n s  f rom Sunnyside and 
S e a t t l e .  Sunnyside i s  a  smal l  community 
i n  eas te rn  Washington w i t h  no ma jo r  sources 
o f  p o l l u t i o n  i n  c o n t r a s t  t o  t h e  l a r g e  
metropol  i t a n  c i t y  o f  S e a t t l e ,  where many 
sources e x i s t .  S ince t h e  f i r s t  mode i s  a  
r e s u l t  o f  chemical r e a c t i o n s ,  i t  i s  expected 
t h a t  t h e  peak o f  t h i s  mode should be h i g h e r  
f o r  S e a t t l e  than f o r  Sunnyside. On t h e  
o t h e r  hand, t h e  second mode i s  n o t  r e l a t e d  
t o  t h e  p o l l u t i o n  l e v e l  and t h e r e f o r e  t h e  
two l o c a t i o n s  ought t o  have s i m i l a r  va lues .  
A c t u a l l y ,  t h e  peak o f  t h e  second mode a t  
Sunnyside i s  h i g h e r  than  S e a t t l e ,  i n d i c a t i n g  
resuspension o f  d u s t  as a  p o s s i b l e  cause. 
On June 8, t h e r e  was a  temperature i n v e r s i o n  
over  t h e  T r i - C i t i e s  between 5000 and 6000 f t ,  
MSL, r e s u l t i n g  i n  a  r e d u c t i o n  o f  concentra-  
t i o n  of a l l  p a r t i c l e  s i z e  c lasses  above t h e  
i n v e r s i o n .  S i m i l a r  e f f e c t s  were observed i n  
S t .  Lou is  i n  1975 by  other^.^ 



. . . . 

PARTICLE DIRMETER d, pm PRRTICLE DIRMETER d, pm 

PARTICLE DIAMETER d, pm PARTICLE DIAMETER d, pm 

FIGURE 1. Aeroso l  Volume D i s t r i b u t i o n s  



Comparison o f  t h e  c a l c u l a t e d  a e r o s o l  
s c a t t e r i n g  e x t i n c t i o n  c o e f f i c i e n t s  u s i n g  
a  r e f r a c t i v e  i n d e x  o f  1.6 and t h e  measured 
e x t i n c t i o n  c o e f f i c i e n t s  o b t a i n e d  w i t h  t h e  
i n t e g r a t i n g  nephe lome te r  and t h e  sun- 
pho tome te r  a r e  shown i n  F i g u r e  2 .  I n  a l l  
cases,  t h e  c a l c u l a t e d  v a l u e s  a r e  s m a l l  e r  
t h a n  t h e  measured v a l u e s .  The p o o r  ag ree -  
ment  between measured and c a l c u l a t e d  ex -  
t i n c t i o n  was a l s o  f ound  f o r  t h e  d a t a  
o b t a i n e d  o v e r  S t .  L o u i s  d u r i n g  Augus t  1975, 
even when a  s u b s t a n t i a l  i m a g i n a r y  a e r o s o l  
r e f r a c t i v e  i n d e x  was i n c l u d e d  i n  t h e  c a l -  
c u l a t i o n s .  I n  many cases, t h e  e x t i n c t i o n  
c o e f f i c i e n t s  d e r i v e d  f r o m  t h e  sunphotometer  
measurements a r e  l a r g e r  t h a n  t h o s e  o b t a i n e d  
w i t h  t h e  nephe lometer ,  w h i c h  measures o n l y  
a e r o s o l  l i g h t  s c a t t e r i n g ,  w h i l e  t h e  sun- 
pho tome te r  o p t i c a l  d e p t h s  c o n t a i n  b o t h  
l i g h t  s c a t t e r i n g  and a b s o r p t i o n  b y  t h e  

a e r o s o l .  A1 though  t h e  measured and c a l -  
c u l a t e d  b s c a t t  do  n o t  agree,  t h e  two 
q u a n t i t i e s  a r e  w e l l  c o r r e l a t e d .  A  c o r -  
r e l a t i o n  c o e f f i c i e n t  o f  0.93 was de te rm ined  
f o r  t h i s  s e t  o f  d a t a .  Such b e h a v i o r  was 
a l s o  f o u n d  b y  Ensor,  e t  a1.,5 f o r  Los Ange les  
a e r o s o l .  The e r r o r  i n  t h e  a e r o s o l  e x t i n c t i o n  
c o e f f i c i e n t s  d e r i v e d  f r o m  t h e  sunphotometer  
t u r b i d i t y  measurements i s  v e r y  l a r g e  i n  a  
c l e a r  a i r  case  because o f  i n s t r u m e n t a l  r e s o -  
l u t i o n  and i t  i s  c o n s e q u e n t l y  d i f f i c u l t  t o  
compare them w i t h  t h e  nephe lome te r  and c a l c -  
u l a t e d  va lues .  

On t h e  b a s i s  o f  t h e s e  l i m i t e d  d a t a  and 
t h o s e  o b t a i n e d  b y  t h e  a u t h o r s  a t  S t .  L o u i s ,  
i t  i s  n o t  p r a c t i c a l  t o  d e r i v e  p a r t i c l e  s i z e  
d i s t r i b u t i o n s  f r o m  m u l t i w a v e l e n g t h  sun- 
pho tome te r  measurements a lone ;  t h e  s i t u a t i o n  
i s  p a r t i c u l a r l y  p o o r  f o r  c l e a n  a i r  case.  
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SOME ASPECTS OF THE "STATIONARY STATE" APPROXIMATION 

AND ITS USE I N  MODELING KINETIC FHENOMENA 

J. M. Hales 

'The s t a t i o n a r y  s t a t e  assumption i s  examined u s i n g  some s imp le  examples, 

and c r i t e r i a  f o r  e v a l u a t i n g  when such c o n d i t i o n s  e x i s t  a r e  presented.  A 

p r a c t i c a l  example - t h a t  o f  appl  i c a t i o n  t o  gas-scavenging c a l c u l a t i o n s -  

i s  d iscussed.  S i m i l a r  t rea tments  should app ly  b e n e f i c i a l l y  t o  r e a c t i o n  

k i n e t i c s  problems, e s p e c i a l l y  i n  s i t u a t i o n s  where d i f f i c u l t  d i f f e r e n t i a l  

equa t ions  occur. 

DESCRIPTION OF THE STATIONARY STATE 
ASSUMPTION 

The s t a t i o n a r y  s t a t e  approx imat ion  i s  an 
i m p o r t a n t  and o f t e n  u t i l i z e d  t o o l  f o r  mod- 
e l i n g  t r a n s i e n t  behav io r  i n  composite, 
c h e m i c a l l y  r e a c t i n g  systems. It was f i r s t  
a p p l i e d  i n  t h e  f i e l d  o f  chemical r e a c t i o n  
k i n e t i c s  by Bodenste in1 i n  h i s  1908 a n a l y s i s  
o f  r a t e  behav io r  o f  t h e  hydrogen-bromine 
r e a c t i o n ,  and has been employed e x t e n s i v e l y  
i n  t h e  f i e l d  o f  r e a c t i o n  k i n e t i c s  s i n c e  
t h a t  t ime .  A ma jo r  use o f  t h e  s t a t i o n a r y  
s t a t e  approx imat ion  i s  now model ing o f  
mu1 t icomponent, r e a c t i v e  plumes o f  p o l l u t -  
a n t s  i n  t h e  atmosphere. Other  atmospher ic  
a p p l i c a t i o n s  o f  l e s s e r  impor tance i n c l u d e  
model ing o f  v a r i o u s  mass- t rans fe r  phenomena. 

Some i m p o r t a n t  aspects  of s t a t i o n a r y  
s t a t e  approx imat ions can be i l l u s t r a t e d  by 
a s imp le  example. Suppose a chemical 
species (denoted here by A) i s  be ing  de- 
p l e t e d  by competing e lementary chemical 
r e a c t i o n s ,  one r e v e r s i b l e  and one 
i r r e v e r s i b l e :  



The r a t e s  o f  f o r m a t i o n  o f  A, B, and C i n  a  
w e l l  mixed system a r e  g iven  by 

These equa t ions  may be i n t e g r a t e d ,  sub- 
j e c t  t o  a p p r o p r i a t e  i n i t i a l  c o n d i t i o n s  Ao, 
Boy and C o y  t o  p r o v i d e  express ions f o r  
t h e  concen t ra t ions  A, B, and C as f u n c t i o n s  
o f  t ime.  T h i s  may be accomplished i n  a  
s t r a i g h t f o r w a r d  manner by LaPlace t r a n s -  
fo rmat ion .  Transforming ( 3 )  and ( 4 )  and 
e l i m i n a t i n g  L(B)  

which, f o r  a  system i n i t i a l l y  c l o s e  t o  
e q u i l i b r i u m ,  i .e . ,  

( 6 )  becomes 

Equat ion ( 6 )  may be i n v e r t e d  t o  o b t a i n  
t h e  r a t h e r  cumbersome express ion  

p l u s  s i m i l a r  forms f o r  B ( t )  and C ( t ) .  

A number o f  s i m p l i f y i n g  assumptions can be 
a p p l i e d  t o  reduce t h e  complex i t y  o f  Equa- 
t i o n s  (8) ,  and these  v a r i o u s  approx imat ions 
have been denoted as s t a t i o n a r y - s t a t e  
assumptions. R a d i c a l l y  d i f f e r e n t  p r e d i c -  
t i o n s  o f  k i n e t i c  behav io r  a r i s e  as conse- 
quences o f  these v a r i o u s  assumptions, as 
t h e  f o l l o w i n g  case examples i n d i c a t e :  

Case 1:  Near -Equ i l i b r ium Cond i t ions  

I n  t h i s  case r e a c t i o n s  ( 1 )  occur  so 
r a p i d l y  compared t o  ( 2 )  t h a t  t h e  c o n d i t i o n  

i s  upheld th roughou t  t h e  course o f  t h e  
r e a c t i o n ;  t h i s  i m p l i e s  t h a t  k  ,k >> k3, 
and t h e  t ransformed problem bzcorhes 

I n v e r s i o n  o f  (6b)  and subsequent rearrange-  
ment g i v e s  t h e  f o l l o w i n g ,  much s i m p l e r  s e t  
o f  express ions f o r  A, B, and C: 

exp ( - - 1  :3ieq) ; 

Severa l  i m p o r t a n t  aspects  o f  t h i s  t y p e  
o f  approx imat ion  should be emphasized. F i r s t ,  
i t  should be no ted  t h a t  i n v o c a t i o n  o f  ( 9 )  
e f f e c t i v e l y  e l i m i n a t e d  d i f f e r e n t i a l  Equa- 
t i o n  ( 4 ) ,  l e a d i n g  d i r e c t l y  t o  a  s i m p l i f i c a -  
t i o n  o f  t h e  problems; i n  f a c t ,  ( 9 )  can be 
d e r i v e d  f rom (4)  by  s e t t i n g  t h e  d e r i v a t i v e  
equal t o  zero. It i s  ex t reme ly  i m p o r t a n t  
t o  r e a l i z e ,  however, t h a t  a p p l y i n g  ( 4 )  i n  
t h i s  manner i s  n o t  e q u i v a l e n t  t o  s e t t i n g  
dB/dt  = 0. Note t h a t  t h e  f i n a l  s o l u t i o n  
(10) d i c t a t e s  t h a t  B  should indeed vary  w i t h  
t ime.  D i s r e g a r d i n g  t h i s  p o i n t  can l e a d  t o  
s e r i o u s  e r r o r s  i n  i n t e r p r e t i n g  r e a c t i o n  
phenomena. 



A  second i m p o r t a n t  aspect  o f  t h i s  example 
concerns t h e  c o n d i t i o n s  f o r  which t h e  Case 2- 
t y p e  approx imat ions a r e  v a l i d .  The t r a n s -  
formed Equat ions ( 6 )  and (6b)  p r o v i d e  spe- 
c i f i c  i n f o r m a t i o n  i n  t h i s  regard;  by i n -  
s p e c t i o n  one can deduce t h a t  t h e  c r i t i c a l  
c o n d i t i o n s  t h a t  must be s a t i s f i e d  i s  

Moreover, t h e  obv ious c o n d i t i o n  t h a t  t h e  
i n i t i a l  c o n c e n t r a t i o n s  A. and Bo must be 
c l o s e  t o  e q u i l i b r i u m  must be upheld. These 
two c o n d i t i o n s  correspond,  r e s p e c t i v e l y ,  t o  
p e r t u r b a t i o n s  on t h e  e q u i l i b r i u m  by t h e  
f o r c i n g  f u n c t i o n  k3 A  and by t h e  i n i t i a l  
c o n d i t i o n s .  I n  problems i n v o l v i n g  a i r  
p o l l u t i o n  chemis t ry ,  one u s u a l l y  can i g n o r e  
t h e  second c o n d i t i o n .  T h i s  i s  n o t  u n i -  
v e r s a l l y  t r u e ,  however, and c a u t i o n  should 
be exerc ised  t o  ensure t h a t  b o t h  c o n d i t i o n s  
a r e  upheld whenever Case 1  - type  approxima- 
t i o n s  a r e  a p p l i e d .  

C r i t e r i o n  (11)  a p p l i e s  s p e c i f i c a l l y  t o  
system ( I ) ,  and cannot  be extended d i r e c t l y  
t o  more genera l  cases. Th is  example i s  
p e r t i n e n t ,  however, i n  i t s  demonstrat ion 
t h a t  such c r i t e r i a  o f t e n  may be deduced 
more r e a d i l y  by i n s p e c t i o n  o f  t h e  t ransformed 
equat ions,  r a t h e r  than  t h e  equa t ions  o r  t h e  
s o l u t i o n s ,  themselves. 

F i n a l l y ,  i t  shou ld  be noted t h a t  t y p i c a l  
k i n e t i c s  so f tware  packages u s u a l l y  y i e l d  
Case 1  s o l u t i o n s  when steady s t a t e s  a r e  
s t i p u l a t e d .  T h i s  can be seen by n o t i n g  t h e  
system. 

Proceeding f rom ( 3 )  - (9 )  - ( 5 )  i n  a  sequen- 
t i a l  f a s h i o n  t y p i c a l  o f  Runge-Kutta o r  most 
o t h e r  a p p l i c a b l e  f i n i t e - d i f f e r e n c e  a p p r o x i -  
mat ions y i e l d s  r e s u l t s  t h a t  correspond 
d i r e c t l y  t o  Equat ions (10) .  

Case 2: N e a r - E q u i l i b r i u m  Cond i t ions  
and Low I n t e r m e d i a t e  Concen t ra t ions  

Th is  case i s  o f  l i t t l e  p r a c t i c a l  s i g n i f i -  
cance t o  r e a c t i o n  system ( 1 )  - ( 2 ) ,  b u t  i t  
i s  ex t reme ly  i m p o r t a n t  f o r  a p p l i c a t i o n  t o  

more complex systems i n v o l v i n g  s h o r t - l i v e d ,  
t r a n s i e n t  i n t e r m e d i a t e s .  The p r e v i o u s l y -  
mentioned a p p l i c a t i o n  o f  Bodenstein'  
belongs t o  t h i s  c l a s s .  

M o d i f i c a t i o n  o f  ( 3 )  - ( 5 )  corresponding 
t o  t h i s  assumption can be accomplished by 
t h e  f o l l o w i n g  s teps :  

r e p l a c e  ( 4 )  w i t h  ( 9 )  

s u b s t i t u t e  ( 9 )  i n t o  ( 3 ) .  

T h i s  p rov ides  t h e  system 

w i t h  t h e  s o l u t i o n s  

It i s  e s p e c i a l l y  i m p o r t a n t  t o  n o t e  here  
t h a t ,  even though s o l u t i o n s  (12)  a r e  based 
e s s e n t i a l l y  on assumption ( 9 ) ,  they  s t i l l  
va ry  r a d i c a l l y  f rom S o l u t i o n s  (10) .  One 
must be c a r e f u l  i n  a p p l y i n g  s t e a d y - s t a t e  
approx imat ions t h a t  Case 2  assumptions a r e  
n o t  i n a d v e r t e n t l y  a p p l i e d  when Case 1  
approx imat ions a r e  d e s i r e d .  

Case 3: Z e r o - D e r i v a t i v e  Cond i t ions  

Readdressing Equat ions ( 1 )  - ( 3 ) ,  i t  i s  
i n t e r e s t i n g  t o  cons ider  one f u r t h e r  case. 
S ince (9 )  was based on t h e  i d e a  t h a t  
k l  A  - k2 B  ( =  dB/dt )  = 0, one can a t t e m p t  
t o  examine t h e  e f f e c t  o f  r e p l a c i n g  ( 4 )  w i t h  

t o  o b t a i n  t h e  s e t  



w i t h  t h e  s o l u t i o n s  

[(- kl + k3) A,+ k2 B exp I 

Case 3  i s  t h e  o n l y  example i n  which dB/dt 
i s  a c t u a l l y  s e t  equal t o  zero.  I t makes 
l i t t l e  sense i n  a  p h y s i c a l  sense, and thus 
i t  i s  n o t  u s e f u l  f o r  p r a c t i c a l  i n t e r p r e t a -  
t i o n .  I t  i s  impor tan t ,  however, t o  recog- 
n i z e  t h a t  t h i s  t ype  o f  s u b s t i t u t i o n  can be 
made i n a d v e r t e n t l y ,  and t o  guard a g a i n s t  
t h i s  o c c u r r i n g  i n  p r a c t i c e .  

Several o t h e r  cases o f  these types can 
be considered;  and t h e  s t a t i o n a r y  s t a t e  
assumption emerges as a  c l a s s  of asympto t i c  
approx imat ions t o  behav io r  under l i m i t i n g  
c o n d i t i o n s .  Class 1  c o n d i t i o n s  a r e  of 
p r i m a r y  i n t e r e s t  t o  t h i s  d iscuss ion ,  and 
w i l l  be considered i n d i v i d u a l l y  i n  t h e  
remain ing t e x t .  

For  s i t u a t i o n s  where a n a l y t i c a l  s o l u t i o n s  
a r e  sought,  use o f  t h e  s t e a d y - s t a t e  approx i -  
mat ion  bears t h e  advantage o f  cons iderab le  
mathemat ica l  s i m p l i f i c a t i o n .  T h i s  i s  t r u e  
a l s o  f o r  numer ica l  s o l u t i o n s ;  i n  such cases 
however, a  second advantage o f  avoidance of 
s t i f f  d i f f e r e n t i a l  equa t ions  i s  u s u a l l y  
more impor tan t .  S t i f f n e s s  i n  o r d i n a r y  d i f -  
f e r e n t i a l  equations--when p r e s e n t - - i s  a  
p a r t i c u l a r l y  annoying aspect  o f  most common 
numer ica l  techniques, and i t  can o f t e n  be 
avoided by use o f  t h e  s t a t i o n a r y  s t a t e  
approx imat ion.  

The q u e s t i o n  o f  z e r o i n g  dB/dt i n  Equa- 
t i o n  ( 4 )  has l e d  t o  severa l  misconcepts i n  
t h e  pas t .  Many e s t a b l i s h e d  t e x t s 2 ¶  3 3 4 3  

suggest t h a t  a p p l y i n g  t h e  s t a t i o n a r y  s t a t e  
assumption i s  indeed e q u i v a l e n t  t o  h o l d i n g  
the  c o n c e n t r a t i o n  o f  a  s p e c i f i c  i n t e r m e d i a t e  
(B i n  t h i s  case) cons tan t .  Several r a t h e r  
involved--and o f t e r  erroneous--arguments 
have been advanced i n  suppor t  o f  t h i s  con- 
cept .  I t  has been reasoned, f o r  example, 
t h a t  t r a n s i e n t ,  i n t e r m e d i a t e  species occur  
a t  such low concen t ra t ions  t h a t  t h e i r  t i m e  
r a t e s  of change a r e  n e g l i g i b l e ,  thus a l l o w -  
i n g  t h e i r  d e r i v a t i v e s  t o  be s e t  equal t o  
ze ro  t o  formulate s t a t i o n a r y  s t a t e  r e l a t i o n -  
sh ips .  Such reasoning,  however, i s  super- 
f l uous  and unnecessary f o r  Case 1  c o n d i t i o n s .  
I t  i s  much l e s s  con fus ing  and m i s l e a d i n g  t o  
v i s u a l i z e  t h i s  t y p e  s t a t i o n a r y  s t a t e  approx i -  
mat ion s o l e l y  as an asympto t i c  approach o f  
a  r e a c t i n g  system t o  dynamic e q u i l i b r i u m  
c o n d i t i o n s .  

CRITERIA FOR VALIDITY OF THE STATIONARY 
STATE APPROXIMATION 

Granted t h e  convenience o f  t h e  s t a t i o n a r y  
s t a t e  approx imat ion,  i t  i s  o f  obv ious i n t e r -  
e s t  t o  o b t a i n  some r e l i a b l e  c r i t e r i o n  t o  
a s c e r t a i n  c o n d i t i o n s  under which t h i s  as- 
sumption i s  v a l i d .  I n  q u a l i t a t i v e  terms, 
use o f  t h i s  approx imat ion  should be accept-  
a b l e  whenever: 

1 )  t h e  r a t e  cons tan ts  o f  t h e  r e a c t i o n s  i n  
t h e  " s t a t i o n a r y  s t a t e "  process a r e  
much grea r than those i n  competing 
r e a c t i o n s j 8  and 

2 )  s u f f i c i e n t  t ime  has passed t o  a l l o w  f o r  
t h e  e f f e c t s  o f  i n i t i a l  c o n d i t i o n s  t o  
decay. 

Severa l  i n v e s t i g a t o r s  ( c f .  R ice6  ) have 
d e r i v e d  c r i t e r i a  f o r  v a l i d i t y  o f  t h e  s t a -  
t i o n a r y  s t a t e  approx imat ion,  b u t  these 
have been c o n f i n e d  l a r g e l y  t o  s imp le  w e l l -  
mixed systems where i n i t i a l  c o n d i t i o n s  were 
assumed unimpor tant .  Furthermore, no 
s e r i o u s  a t tempt  has been made t o  develop 
c r i t e r i a  u s e f u l  f o r  s w i t c h i n g  t o  o r  f rom 
t h e  s t a t i o n a r y  s t a t e  approx imat ion  a t  
i n t e r m e d i a t e  p o i n t s  i n  a  computat ional  
a l g o r i t h m .  

One method of a s c e r t a i n i n g  t h e  v a l i d i t y  
o f  s t a t i o n a r y  s t a t e  assumptions i s  t o  s o l v e  
a  g i v e n  k i n e t i c s  problem, b o t h  w i t h  and 
w i t h o u t  h e l p  o f  t h e  approx imat ion,  and 
s imp ly  compare t h e  r e s u l t s .  Th is  has been 

(a) "Competing r e a c t i o n s "  a r e  viewed here  as 
any mechanisms, p h y s i c a l  o r  chemical ,  
t h a t  may p e r t u r b  t h e  l o c a l  c o n c e n t r a t i o n .  
An example o f  a  p h y s i c a l  e f f e c t  i n  t h i s  
regard  i s  t u r b u l e n t  m ix ing .  



accomplished by p rev ious  authors,  b o t h  
a n a l y t i c a l l y  f o r  s imple systems ( c f .  
  eight on^) and n u m e r i c a l l y  f o r  more com- 
p l e x  problems ( c f .  Hecht, e t  a1 It i s  
a  somewhat u n s a t i s f y i n g  approach i n  t h a t  i t  
r e q u i r e s  s o l u t i o n  of t h e  r i g o r o u s  equa- 
t i o n s  - p r e c i s e l y  what was t o  be avoided 
i n  t h e  f i r s t  p lace .  Once such an e x e r c i s e  
has been conducted, however, c e r t a i n  i n -  
s i g h t s  a r e  gained which may be a p p l i e d  f o r  
o t h e r  problems. Thus a  s t a t i o n a r y  s t a t e  
approx imat ion  may be a p p l i e d  w i t h  reason- 
a b l e  con f idence  t o  a  subsequent b u t  s i m i -  
l a r  system once i t  has been proven a  v a l i d  
approx imat ion f o r  t h e  o r i g i n a l  problem. 

Other  c r i t e r i a  f o r  s t a t i o n a r y  s t a t e  ap- 
p l i c a t i o n  can be developed by examinat ion 
f o r  t h e  d i f f e r e n t i a l  equa t ions  themselves. 
On an i n t u i t i v e  b a s i s ,  f o r  example, i n  the  
wel l -mixed r e a c t i o n  descr ibed  by t h e  r a t e  
equa t ion  

where Rg and Rd a r e  the  g e n e r a t i o n  and 
decay r e a c t i o n s  o f  component, A  should 
be expected t o  approx imate s t a t i o n a r y  
s t a t e  behav io r  whenever 

dA/dt << 1  and 
R  

9  
Since Rg and R  e s s e n t i a l l y  r e q u i r e  so lu -  
t i o n  o f  t h e ' d i f f e r e n t i a l  equat ions f o r  
t h e i r  e v a l u a t i o n ,  however, t h i s  c r i t e r i o n  
i s  o f  l i m i t e d  va lue.  

The c r i t e r i a  d iscussed above tend t o  
a p p l y  p r i m a r i l y  t o  we l l -m ixed  systems, 
where t h e  r a t e  c o e f f i c i e n t s  a r e  cons tan t  
and t h e  o n l y  mechanism f o r  e f f e c t i n g  con- 
c e n t r a t i o n  change i s  chemical r e a c t i o n .  
They a r e  u s e f u l  f o r  e s t a b l i s h i n g  whether o r  
n o t  t o  implement a  s t a t i o n a r y - s t a t e  approx i -  
mat ion  p r i o r  t o  per fo rming  a  c a l c u l a t i o n ,  
b u t  a r e  o f  l i m i t e d  a p p l i c a t i o n  t o  problems 
where s w i t c h i n g  t o  a  s t a t i o n a r y  s t a t e  i s  
d e s i r a b l e  a t  p o i n t s  d u r i n g  t h e  course o f  
computat ion. 

More f l e x i b i l i t y  i n  t h i s  r e s p e c t  i s  pro-  
v ided  by a  somewhat d i f f e r e n t  approach, 
which u t i l i z e s  a  p a r t i a l  s o l u t i o n  t o  a  
l i n e a r i z e d  v e r s i o n  o f  t h e  r a t e  express ion.  
The procedure i s  as fo l l ows :  

Consider once aga in  

where t h e  c o n c e n t r a t i o n  o f  component A  
v a r i e s  because of r e a c t i o n s  1  and a d d i -  
t i o n a l  unspec i f i ed  competing processes ( r e -  
a c t i o n ,  mix ing, .  . . ) ,  A  r a t e  equa t ion  f o r  B  
can be w r i t t e n  as f o l  1  ows: 

S ince n o t  a l l  processes f o r  changing t h e  
concen t ra t ions  o f  A  a r e  spec i f i ed ,  we can- 
n o t  w r i t e  a  corresponding equa t ion  f o r  i t s  
r a t e  of change. For  t h e  p resen t  a n a l y s i s  
we w i l l  s imp ly  approx imate t h i s  unknown 
e n t i t y  by an a p p r o p r i a t e  cons tan t  va lue  r :  

C i f f e r e n t i a t i n g  ( 4 )  and s u b s t i t u t i n g  
dB/dt  = 5, t h e  f o l l o w i n g  form i s  ob ta ined :  

Th is  niay be i n t e g r a t e d  between t h e  1  i m i  t s  
( o , t )  and (c0,5)  t o  o b t a i n  

where c0  = kl Bo + k l  Ao, A, and Bo be ing  
t h e  i n i t i a l  concen t ra t ions .  The concentra-  
t i o n  a t  any t ime,  t, i s  ob ta ined  by i n t e -  
g r a t i n g  (21)  from 0  t o  t: 

Now, under c o n d i t i o n s  where t h e  s t a t i o n a r y  
s t a t e  approx imat ion i s  v a l i d  

A  reasonable c r i t e r i o n  f o r  approach t o  
s teady s t a t e  concen t ra t ions  i s  

thus  from (16)  and (19)  



T h i s  c r i t e r i o n  has some advantage over  
i t s  c o u n t e r p a r t s  because i t  r e f l e c t s  any 
p e r t u r b a t i o n s  caused by i n i t i a l  c o n d i t i o n s ,  
and a l s o  because i t  a l l o w s  more conven ien t  
assessment o f  n o n r e a c t i v e  mechanisms. 

Equat ion (21) ,  o r  v a r i a t i o n s  o f  it, may 
be u t i l i z e d  as p r a c t i c a l  c r i t e r i a  f o r  
de te rmin ing  v a l i d i t y  o f  t h e  s t a t i o n a r y  
s t a t e  assumptions, prov ided,  o f  course, 
t h a t  some means f o r  e s t i m a t i n g  r e x i s t s .  
Th is  i s  o f t e n  d i f f i c u l t  t o  accomplish p r i o r  
t o  computat ion, b u t  can be s a t i s f i e d  con- 
c u r r e n t l y  w i t h  many numer ica l  c a l c u l a t i o n s ,  
thus a1 1  owing t h e  poss i  b i  1  i t y  o f  s w i t c h i n g  
on o r  o f f  t h e  s t a t i o n a r y  s t a t e  approx imat ion  
d u r i n g  t h e  course o f  a  computat ion. A l -  
though t h i s  course o f  a c t i o n  would seem t o  
o f f e r  advantages i n  p r o v i d i n g  more e f -  
f i c i e n t  computat ion, i t  i s  a  p r a c t i c e  t h a t  
has n o t  been employed e x t e n s i v e l y  up t o  
now. 

A  few comments r e g a r d i n g  c r i t e r i o n  (21)  
a r e  i n  o rder .  F i r s t  i t  should be no ted  
t h a t  t h e  f i r s t  bracketed te rm i n  (18)  pro-  
v ides  t h e  t r a n s i e n t  response, b o t h  t o  t h e  
i n i t i a l  c o n d i t i o n s  and t o  t h e  f o r c i n g  
f u n c t i o n  d~  r 2 ---. 

d t  

For  small  t t h e  i n i t i a l  c o n d i t i o n s  tend 
t o  dominate t h e  t r a n s i e n t  behav io r  o f  t h e  
system. For  l a r g e r  t the  i n i t i a l  cond i -  
t i o n s  tend  t o  become unimpor tant  and i t  i s  
p r i m a r i l y  r t h a t  d i c t a t e s  t r a n s i e n t  r e -  
sponse. These f e a t u r e s  a r e  e v i d e n t  i n  
Equat ion (18)  as w e l l  as i n  t h e  c r i t e r i o n  
(21 1. 

APPLICATION OF STATIONARY STATE APPROXI- 
MATIONS TO GAS SCAVENGING COMPUTATIONS 

As has been descr ibed  i n  p rev ious  work,' 
i h e  response of p o l l u t a n t  c o n c e n t r a t i o n  i n  
a  f a l l i n g  r a i n d r o p  t o  a  corresponding gas- 
phase p o l l u t a n t  environment may be ex- 
pressed by t h e  equa t ion  

where c  and y  a r e  t h e  aqueous-phase and 
gaseous-phase p o l l u t a n t  concen t ra t ions ,  z  
i s  t h e  v e r t i c a l  l o c a t i o n  o f  t h e  drop, a  i s  
t h e  drop r a d i u s ,  v t  i s  i t s  f a l l  ve loc -  

i t y ,  ky i s  a  mass- t rans fe r  c o e f f i c i e n t ,  
and H' i s  a  s o l u b i l i t y  parameter.  L e t t i n g  
k, = 3  H '  ky /av t  and k, = 3  ky/avt  we have 

y,  on t h e  o t h e r  hand, v a r i e s  r a t h e r  i n -  
dependent ly  o f  c, and depends upon plume 
geometry, wind speed, and r a i n d r o p  f a l l  
v e l o c i t y .  Equat ion (23)  o f t e n  becomes 
ex t reme ly  s t i f f ,  and a  s t a t i o n a r y  s t a t e  
approx imat ion would f a c i l i t a t e  t h e  com- 
p u t a t i o n  process. T h i s  approx imat ion  i s  

kl c = - y  a t  s .s .  
2  

(24 

Now, t o  draw t h i n g s  i n t o  d i r e c t  c o r -  
respondence w i t h  t h e  p rev ious  d e r i v a t i o n ,  
we l e t  y  = A  and c  = B. Equat ions (23)  
and (24)  then become 

Denot ing dy/dz by r, one can use c r i -  
t e r i o n  (21)  t o  eva lua te  s t a t i o n a r y  s t a t e  
behavior .  Upon r e s u b s t i  t u t i n g  t h e  o r i g i n a l  
v a r i a b l e s  t h e  r e s u l t  i s  

I, - 

where yo and c  a r e  c o n c e n t r a t i o n s  a t  l o c a -  
t i o n  zo. A t  t i e  p resen t  t ime  a  numer ica l  
code f o r  s o l u t i o n  o f  (22)  i s  be ing  m o d i f i e d  
t o  t e s t  a u t o m a t i c a l l y  f o r  s a t i s f a c t i o n  o f  
(25)  and t o  compute t h e  subsequent concen- 
t r a t i o n  va lue  on t h e  b a s i s  o f  t h e  s t a t i o n -  
a r y  s t a t e  approx imat ion  i f  t h i s  c r i t e r i o n  i s  
s a t i s f i e d .  Otherwise t h e  procedure s h i f t s  
t o  t h e  b a s i c  p r e d i c t o r - c o r r e c t o r  a l g o r i t h m  
f o r  s o l u t i o n  o f  (22 ) .  Since t h i s  t e s t  i s  
conducted every  step, i t  i s  expected t o  
a1 low a  marked inc rease  i n  t h e  computat ional  
s tep  s ize ,  w i t h  a  corresponding sav ings i n  
computer execu t ion  t ime.  Th is  same genera l  
approach should b e n e f i t  r e a c t i o n  k i n e t i c s  
codes where s i m i l a r  problems a r e  
encountered. 
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NUMERICAL MODELING IN SUPPORT OF THE LONG RANGE 

PLUME TRANSFORMATION STUDY 

J. M. Hales 

T h i s  r e p o r t  i s  a  b r i e f ,  q u a l i t a t i v e  d e s c r i p t i o n  o f  how t h e  PROTEUS 

computer code i s  be ing  a p p l i e d  i n  e v a l u a t i o n  o f  a i r c r a f t  plume t r a n s -  

fo rmat ion  data.  Several a d d i t i o n a l  runs i n  c o n j u n c t i o n  w i t h  t h e  1976 

f i e l d  data a r e  a n t i c i p a t e d  f o r  t h e  immediate f u t u r e .  

The PROTEUS computer code, descr ibed  i n  
an e a r l i e r  r e p o r t , l  i s  now be ing  a p p l i e d  t o  
a n a l y s i s  o f  data f rom t h e  long-range plume 
t r a n s f o r m a t i o n  s tudy.  The c u r r e n t  focus o f  
t h i s  research  i s  t o  eva lua te  p o s t u l a t e d  
homogeneous thermal and photochemical 
t r a n s f o r m a t i o n  mechanisms f o r  SO2 
convers ion.  

A  schematic r e p r e s e n t a t i o n  o f  t h e  code 's  
a p p l i c a t i o n  i s  shown i n  F i g u r e  1. Here t h e  
wind and c o n c e n t r a t i o n  da ta  f rom an i n i t i a l  
a i r c r a f t  cross s e c t i o n  a r e  i n t e r p o l a t e d  t o  
g r i d  c e n t e r s  on a  Y-Z computat ion g r i d .  
These then a r e  u t i l i z e d  as boundary con- 
d i t i o n s  f o r  t h e  d i f f e r e n t i a l  equat ions of 
t h e  computer code, whose s o l u t i o n s  a r e  ap- 
prox imated numer ica l  1  y  f o r  comparison w i t h  
va lues measured by t h e  a i r c r a f t  a t  down- 
wind l o c a t i o n s .  

There have been two ma jo r  e f f o r t s  i n  
t h i s  area r e c e n t l y .  The f i r s t  e f f o r t  was 
t h e  c r e a t i o n  o f  t h e  necessary so f tware  t o  
produce magnetic tape records  o f  t h e  g r i d -  
ded data f o r  subsequent use by t h e  PROTEUS 
code. The second ma jo r  e f f o r t  was t h e  
adap t ion  o f  a  p r e v i o u s l y - d e s c r i  bed param- 
e t e r i z e d  r e a c t i o n  k i n e t i c s  sequence f o r  use 
w i t h  PROTEUS. Th is  i s  t h e  39-step lumped 
mechanism, pub l i shed  by Hecht, e t  a1. ,2 
which i s  shown f o r  r e f e r e n c e  i n  Table 1. 
I t i s  c u r r e n t l y  be ing  a p p l i e d  as a  d r i v e r  
t o  generate f r e e - r a d i c a l  c o n c e n t r a t i o n  
va lues necessary f o r  examinat ion o f  v a r i o u s  
photochemical SO2 convers ion  mechanisms. A  
number o f  t e s t  runs  i n  c o n j u n c t i o n  w i t h  t h e  
1976 a i r c r a f t  plume t r a n s f o r m a t i o n  r e s u l t s  
a r e  planned f o r  t h e  immediate f u t u r e .  





.- - - - -- 
TABLE 1. Lumped K i n e t i c  Mechanism f o r  Photochemical Smog 
Developed by Hecht, e t  a1 

NO,-NO-0, Cycle 

2 
0 4 - o ? + M + o 1 + M  

3 
01 + NO --, NO1 + 01 

Important rcactionsof O v ~ i t l i  inorganic species 
4 

O + N O + M - + N 0 2 + M  
5 

0 -I- 1.101 -+ NO 1 01 
6 

O + N O , + M +  N O ~ + M  

Chcrnistryof NO3, N20;, and t l N 0 ~  

01+ N O 2 2  K O l +  0, 
8 

NO, + NO --t 2~10, 
9 

NO8 + NO?-t NxSi 
10 

N"O..--t NO. + P102 

12 
NO + HNOs- - t  HNO, + NO, 

13 
HNO,+ i I N 0 2 - 4  H 2 0 +  2N0, 

Chemistry of t1N02 
14 

NO + NO, + H,O -+ 2Hi40, 
15 

21iN01 ---t NO + NO; f H 2 0  
1 K 

HN0: + h v  - OH + NO 

important r e a r l ~ c n s  o f  OH with l n o r ~ a n i c  species 

18 
OH .I- NO -1- M .--+ IiNO: -1- M 

1 G 
OH + CO + (0,) --* CO, + H0, 

Oxidation o f  NO t)y tiO1 

Photolysis of H,0, 21 
H201 + hv + 20t1 

Organ~c O x ~ d a i ~ o n  rteactlons: HC, = oieflns. HC, = aroln?t~cs,  
HCl = paraf f~ns,  tiC,=alrlchydcs 

22 
HC, + 0 --t ROO + QRFOO + (1 - a)HOs 

23 
a 

HCI + 01 --i RCOO + RO + HCI 
11 
0 

24 
HCI + OH + ROO + HCI 

25 
HC,-to--, R O O + O H  

25 
HC, + OH + ROO + H,O 

27 
HCI 4- 0 -4 ROO + OH 

ZB 
HCi + OH + ROO + H,O 

29 
HC, + hv + PRO0 + (2 - B)HO? 

30 
t ic1 + Ot i  -4 J2FOO + (1 - p)I 101 4- 1:.3 & 

Reactions of  organic free radicals with NO. NO,, and  Ot 
31 

ROO+ N O - - +  R O +  NO2 
32 

RCOO $ NO . I -  (02) -+ ROO + NO, -k COz 
I1 
0 

33 
RCOO + NO2-+ RCOONO, 

li 
0 

11 
0 

34 
RO + 0,- t10, + HC, 

35 
RO -k NO,---+ ROIiO, 

36 
RO -1 1.10 -+ RON@ 

Other p21oxy radical lei icl ions 
37 

1 1 0 2  1-lo2 -) Hz02 .I- 0 2  

38 
HO, + ROO -, RO + 011 4- 0, 

:? 
znna -. :nn + n. 
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AN ALGORITHM FOR ANALYZING AND DISPLAYING AEROSOL DATA 

D. R.  Drewes and N. S. Lau la inen  

Computer s o f t w a r e  has been w r i t t e n  t o  ana lyze  aerosol  da ta  recorded 

f rom t h e  Whitby E l e c t r i c a l  Aerosol Analyzer  (EAA) and t h e  Royco O p t i c a l  

P a r t i c l e  Counter (OPC). Output  i s  b o t h  p r i n t e d  and g r a p h i c a l .  

The i n c r e a s i n g  amounts o f  ae roso l  data 
c o l l e c t e d  under v a r i o u s  programs d i c t a t e d  
t h e  development o f  computer s o f t w a r e  t o  
analyze t h e  data and d i s p l a y  t h e  r e s u l t a n t  
aerosol  s i z e  d i s t r i b u t i o n s .  The a l g o r i t h m  
which r e s u l t e d  per forms b a s i c a l l y  t h e  same 
s imp le  b u t  time-consuming computat ions on 
t h e  data p r e v i o u s l y  done by hand and 
produces p r i n t e d  o u t p u t  o f  b o t h  normal- 
i z e d  and non-normalized aeroso l  number, 
su r face ,  and volume d i s t r i b u t i o n s .  I n  
a d d i t i o n ,  t h e  a l g o r i t h m  a l s o  generates 

p l o t s  o f  these v a r i o u s  d i s t r i b u t i o n s  versus 
p a r t i c l e  d iameter ,  as shown i n  F i g u r e  1.  
Th is  aspec t  o f  the  a l g o r i t h m  a l l o w s  t h e  
data t o  be viewed i n  a  much more meaningfu l  
way than t h e  s imp le  p r i n t e d  ou tpu t ,  and 
cons iderab le  e f f o r t  was spen t  i n  making t h e  
g r a p h i c a l  o u t p u t  as u s e f u l  as p o s s i b l e .  
The user  has severa l  op t ions ,  i n c l u d i n g  t h e  
use o f  d i f f e r e n t  c o l o r s  t o  d i f f e r e n t i a t e  
between data taken a t  v a r i o u s  t imes.  A  
legend i s  i n c l u d e d  t o  p resen t  o t h e r  in fo rma-  
t i o n  r e l e v a n t  t o  t h e  p l o t s .  Taken toge ther ,  
t h e  g r a p h i c a l  and p r i n t e d  o u t p u t  o f  t h e  a l -  
g o r i t h m  presen t  a  powerfu l  way t o  ana lyze  
and v iew d a t a  on aerosol  d i s t r i b u t i o n s .  

AEROSOL SIZE DISTRIBIJTION-NUMBER REROSOL SIZE DISTRIBUTION-SURFHCE REROSOL. S I ZE D l STR l BllT I ON-VOLUME 

FIGURE 1. Graphi 

PARTICLE DIAMETER d, pm PARTICLE DIAMETER d, ~m 

c a l  Output  f rom Aerosol Data A n a l y s i s  A l g o r i t h m  



AN ALGORITHM FOR PROCESSING AND ANALYZING DATA FROM THE BNW DC-3 RESEARCH AIRCRAFT 

D. R. Drewes and A. J. A1 kezweeny 

The data a c q u i s i t i o n  system aboard t h e  BNW DC-3 research a i r p l a n e  

records  data, as vo l t age  s i gna l s ,  i n  a  compact b i n a r y  format  on 7 - t r ack  

magnetic tape. Computer so f tware  has been w r i t t e n  which conver ts  these 

da ta  t o  app rop r i a t e  u n i t s  and makes them a v a i l a b l e  f o r  ana l ys i s .  The 

user has d i r e c t  c o n t r o l  over  t he  impo r t an t  aspects o f  t he  ana l ys i s ,  and 

t h e  modular na tu re  o f  t he  code a l l ows  g rea t  f l e x i b i l i t y  i n  t he  types o f  

analyses t o  be performed. I n  a d d i t i o n  t o  p r i n t e d  ou tpu t ,  g raph ic  ou tpu t  

may be generated us i ng  the  h i g h l y  v e r s a t i l e  DISSPLA graph ics  package. 

A  f l e x i b l e  a l g o r i t h m  f o r  ana lyz ing  and 
d i s p l a y i n g  data recorded by t h e  da ta  ac- 
q u i s i t i o n  system aboard t h e  BNW DC-3 a i r -  
c r a f t  was descr ibed  i n  a  p rev ious  r e p 0 r t . l  
Since t h a t  t ime, i n s t r umen t  changes and t he  
a d d i t i o n  o f  a  VLF n a v i g a t i o n  system have 
r e s u l t e d  i n  a  need t o  a l t e r  t h e  fo rmat  i n  
which t he  da ta  a r e  recorded on t he  7 - t r ack  
tape. Data a re  s t i l l  recorded i n  b i na r y  
form w i t h  1 2 - b i t  r e s o l u t i o n ,  b u t  t o  record  
more parameters, t he  number o f  seconds o f  
data pe r  tape reco rd  was reduced f rom 15 
t o  6. The 42 channels recorded each second 
under the  p resen t  c o n f i g u r a t i o n  a re  shown 
i n  Table 1. 

These changes i n  da ta  fo rmat  have r e -  
q u i r e d  some changes i n  t he  so f tware  used t o  
analyze t h e  i n f o rma t i on .  The modular form 
i n  which t he  a l g o r i t h m  was o r i g i n a l l y  w r i t -  
ten,  however, has g r e a t l y  s i m p l i f i e d  these 
adapta t ions .  The major  changes have been 
i n  t h e  subprogram u n i t s  which d i r e c t  the  
g raph i ca l  ou tpu t .  A f t e r  l o o k i n g  a t  p re -  
l i m i n a r y  p l o t s  and p r i n t o u t  o f  t he  data,  i t  
was determined t h a t  t h e  most i n f o rma t i on  
cou ld  be gained from t h e  03 ,  NOx, SO2, and 
nephelometer data,  and t h a t  temperature, 
dewpoint,  humid i t y ,  and wind data were a l s o  
impor tan t .  Accord ing ly ,  a  subrou t ine  was 
w r i t t e n  t o  compose a  page con ta i n i ng  p l o t s  
o f  these data.  When i n s e r t e d  i n t o  t h e  p ro -  
gram as a  module, i t  produces (on f i l m )  a  
d i s p l a y  o f  these da ta  f o r  any t ime  p e r i o d  
s p e c i f i e d  by t h e  user .  An example i s  shown 
i n  F i gu re  1. The VLF n a v i g a t i o n  system 
da ta  ( l a t i t u d e  and l o n g i t u d e )  have been 

TABLE 1. Data Recorded by DC-3 Data 
A c q u i s i t i o n  System 

Channel 

1  
2  
3  
4  
5 
6  
7  
8  
9  
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2  2  
23 
2  4  
2  5  
26-27 
28-29 
30- 3  1  
32-33 
34-37 
38-41 
42 

Parameter 

Day 
Month 
Time (minutes)  
Time (seconds) 
A1 t i  tude 
Ai rspeed (M8 system) 
VOR 1  
VOR 2  
DME 
Temperature 
Dewpoint 
Ozone (da ta )  
NO (da ta )  
NO2 (da ta )  
SO2 (da ta )  
Nephelometer 
H i - vo l  f l o w  
Condensation n u c l e i  ( da ta )  
Condensation n u c l e i  ( range)  
Ozone ( range)  
NOx ( range)  
SO2 (range)  
Aerosol (da ta )  
Aerosol ( range)  
H i - vo l  s t a t u s  
Ai rspeed (VLF system) 
Wind v e l o c i t y  
Wind d i r e c t i o n  
Ground speed 
L a t i t u d e  
Long i tude  
Event mark 



used t o  r e f e r  t h e  da ta  t o  a s p a t i a l  r a t h e r  has a l lowed m o d i f i c a t i o n  t o  accommodate 
than a temporal frame. The f l e x i b i l i t y  changes i n  b o t h  t h e  i n p u t  i t  rece ives  and 
o r i g i n a l l y  designed i n t o  t h e  a l g o r i t h m  t h e  o u t p u t  i t  produces. 

nATA TAKEN 8 / 2 7 \ 7 6  
f rom 1202.2 t o  1215.4 

FIGURE 1. Graphica l  Output  f rom DC-3 Data A n a l y s i s  A l g o r i t h m  
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A  VERY LOW FREQUENCY NAVIGATION SYSTEM AS A  RESEARCH TOOL 

R. F. Edwards, F.  0 .  G l a d f e l d e r  and J. R. Luga r  

To p r o v i d e  t h e  r e s e a r c h e r  w i t h  b a s i c  pa rame te rs ,  such as t i m e ,  

geog raph i c  l o c a t i o n ,  a l t i t u d e ,  a i r s p e e d ,  head ing ,  and s p e e d l d i r e c t i o n  

o f  w i n d s  a l o f t  a t  t h e  t i m e  a  p a r c e l  o f  a i r  i s  b e i n g  sampled, an ac-  

c u r a t e  method o f  o b t a i n i n g  t h i s  i n f o r m a t i o n  must  be p r o v i d e d .  T h i s  

r e p o r t  summarizes t h e  use  o f  a  G l o b a l  VLF GNS-500A N a v i g a t i o n a l  Sys- 

tem w h i c h  has been i n s t a l l e d  i n  t h e  BNW Douglas  DC-3 a i r p l a n e  t o  meet  

t h i s  need. 

The GNS-5OOA i s  a  medium and l o n g - r a n g e  
n a v i g a t i o n  sys tem i n t e n d e d  t o  p r o v i d e  a r e a  
n a v i g a t i o n  on a  w o r l d w i d e  b a s i s  b y  r e f e r e n c e  
t o  g round  f a c i l i t i e s  a t  ex t reme  d i s t a n c e s  
t h r o u g h o u t  t h e  w o r l d .  

The GNS-500A o p e r a t e s  by  phase t r a c k i n g  
v e r y  l o w  f r e q u e n c y  (VLF) communicat ions  
s i g n a l s ,  i n  a d d i t i o n  t o  OMEGA u n i q u e  f r e -  
quenc ies .  An onboa rd  compu te r  c o n t i n u a l l y  
m o n i t o r s  d i g i t a l l y  phase - l ocked  r e c e i v e r s ,  
compu t i ng  t h e  e x p e c t e d  phase a n g l e  o f  each 
s i g n a l  w i t h  r e s p e c t  t o  t h e  g e o g r a p h i c  l o c a -  
t i o n  o f  t h e  t r a n s m i t t e r s  and a i r p l a n e .  The 
d i s t a n c e  i n  m e t e r s  f r o m  each t r a n s m i t t e r  t o  
t h e  a i r p l a n e  i s  computed e v e r y  f o u r - t e n t h s  
o f  a  second. These and o t h e r  c o m p u t a t i o n s  
p r o v i d e  t h e  b a s i s  f o r  a  m u l t i t u d e  o f  f i x e s  
o f  a i r p l a n e  p o s i t i o n  and change i n  p o s i t i o n .  

A i r c r a f t  equ ipped  w i t h  VLF n a v i g a t i o n  
have g r e a t l y  s i m p l i f i e d  t h e  t r a c k i n g  o f  
p lumes.  VLF f e a t u r e s  d i g i t a l  r e a d o u t  o f  
Greenwich meant ime and d a t e ,  p r e s e n t  p o s i -  
t i o n ,  s t o r e d  w a y p o i n t  c o o r d i n a t e s ,  b e a r i n g  
t o  w a y p o i n t s ,  d i s t a n c e  and e s t i m a t e d  t i m e  
t o  w a y p o i n t ,  a i r p l a n e  d r i f t  ang le ,  g round 
speed, t r u e  a i r  speed, c r o s s  t r a c k  d i s t a n c e ,  
w i n d  d i r e c t i o n  and speed. 

The VLF sys tem p r o v i d e s  G r e a t  C i r c l e  
p o i n t  t o  p o i n t  n a v i g a t i o n ,  i ndependen t  o f  
t h e  r e q u i r e m e n t  f o r  g round-based r a d i o  
n a v i g a t i o n  a i d s  i n  t h e  s u r r 6 u n d i n g  a r e a  
o f  f l i g h t ,  t h u s  e n a b l i n g  t h e  r e s e a r c h  
a i r p l a n e  t o  sample o v e r  moun ta inous  t e r r a i n  
and l a r g e  b o d i e s  o f  w a t e r  a t  a l l  e l e v a t i o n s .  

The VLF sys tem u t i l i z e s  a  d i g i t a l  com- 
p u t e r  i n  c o n j u n c t i o n  w i t h  v e r y  l o w  f r e -  
quency (10-30 kHz) r a d i o  t r a n s m i s s i o n  t o  
p r o v i d e  g r e a t  c i r c l e  n a v i g a t i o n  c a p a b i l i t y  
f r o m  a  known p o i n t .  T r a n s m i s s i o n s  used b y  
t h e  VLF sys tem a r e  p r o v i d e d  b y  VLF U n i t e d  
S t a t e s  Nava l  Communicat ions S t a t i o n s  and 
t h e  Omega N a v i g a t i o n a l  Ne twork .  The com- 
p u t e r  a u t o m a t i c a l l y  s e l e c t s  e i g h t  s i g n a l s  
w h i c h  when used s i m u l t a n e o u s l y  w i l l  o p t i -  
m i z e  t h e  n a v i g a t i o n  a c c u r a c i e s  i n  t h e  
g e o g r a p h i c a l  a r e a  o f  f l i g h t ,  t h e r e f o r e ,  
mak ing i t  p o s s i b l e  t o  p r e c i s e l y  p i n p o i n t  
t h e  geog raph i c  l o c a t i o n s  o f  t h e  e n t r y  and 
e x i t  p o i n t  o f  t h e  plume unde r  s t u d y .  

I n  case o f  p lume d i r e c t i o n  change, t h e  
VLF sys tem can  p r o v i d e  g u i d a n c e  f r o m  i t s  
p r e s e n t  p o s i t i o n  t o  any  w a y p o i n t  s e l e c t e d ,  
c r e a t e  a  pseudo -vo r tac  a t  any  w a y p o i n t ,  o r  
t o  e s t a b l i s h  an o f f s e t  p a r a l l e l  c o u r s e .  A  
new r o u t e  o f  f l i g h t  can  be q u i c k l y  p r o -  
grammed s h o u l d  a  change o f  c o u r s e  be 
necessa ry .  

F i g u r e  1  shows how t h e  VLF sys tem a i d s  
t h e  r e s e a r c h e r  by  g i v i n g  w i n d  speed/ 
d i r e c t i o n  and p r e c i s e  c o o r d i n a t e s  o f  t h e  
p a r c e l  o f  a i r  b e i n g  sampled, t h e r e f o r e ,  
e n a b l i n g  t h e  r e s e a r c h e r  t o  d e t e r m i n e  i n  
advance where t h e  n e x t  downwind c r o s s i n g  
s h o u l d  t a k e  p l a c e .  

The VLF sys tem p r o v i d e s  u p - t o - d a t e  i n -  
f o r m a t i o n  w i t h  r e g a r d s  t o  changes i n  
d i r e c t i o n  and speed o f  w i n d s  a l o f t .  
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FIGURE 1. The VLF System Enables t h e  Research A i r p l a n e  t o  Fo l low 
t h e  Same Parcel  o f  A i r  Downwind f rom t h e  Source 

T h i s  on- the-spot  i n f o r m a t i o n  a l e r t s  t h e  r e -  
searcher t o  any changes i n  d i r e c t i o n  o r  
speed o f  t h e  a i r  p a r c e l  be ing  sampled. 

A l l  i n f o r m a t i o n  p rov ided  by t h e  VLF sys- 
tem i s  f e d  i n t o  t h e  a i r b o r n e  da ta  a c q u i s i -  
t i o n  system which c o n s i s t s  o f  a  Data General 
NOVA 1220 Processor, m u l t i p l e x e r / a n a l o g - t o -  
d i g i t a l  c o n v e r t e r  and 7 - t r a c k  i n d u s t r y -  
compat ib le  magnetic tape t r a n s p o r t .  

The NOVA processor  c o n t a i n s  8K 1 6 - b i t  
words o f  c o r e  memory. A  hardware mu1 ti p l y /  
d i v i d e  o p t i o n  p e r m i t s  r a p i d  a r i t h m e t i c  
o p e r a t i o n s  f o r  r e a l  t i m e  e n g i n e e r i n g  u n i t  
convers ion and d a t a  averaging.  

Analog parameters f rom t h e  onboard re -  
search i n s t r u m e n t a t i o n  a r e  acqu i red  v i a  a  
h i g h  l e v e l  (0-5 v o l t )  mu1 t i p l e x e r / a n a l o g - t o -  
d i g i t a l  c o n v e r t e r  (12 b i t )  which has a  
c a p a c i t y  o f  16 d i f f e r e n t  i n p u t  channels. 
The system i s  capable o f  convers ion  r a t e s  
up t o  28 kHz. 

The acqu i red  data a r e  fo rmat ted  and 
w r i t t e n  t o  7 - t r a c k  tape, which can be 
d i r e c t l y  processed on o t h e r  computer sys-  
tems. The tape  medium a l s o  serves as i n p u t  
f o r  t h e  a c q u i s i t i o n  a p p l i c a t i o n s  programs. 
The onboard t e r m i n a l  d e v i c e  w i t h  paper tape  
i n p u t  c a p a b i l i t y  ( t e l e t y p e  model ASR33) 
a l l o w s  r e a l  t i m e  examinat ion o f  t h e  da ta  
be ing  c o l  1  ected. 
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COMPOSITE MODELS FOR ATMOSPHERIC PROCESSES 

Consideration of the alternative strategies for using coal-fired electric power plants 
has caused a pressing need to evaluate the human health and ecological effects of the 
associated pollution over a multi-state area. As part of the cooperative MAP3S program, 
PNL has developed an assessment model which simulates atmospheric transport, diffusion, 
chemical transformation, dry deposition and precipitation scavenging. The model incor- 
porates the results of programs directed specifically at each of these processes, and is 
being improved and verified. 

The reports in this section reflect efforts to make the model more realistic, but at 
the same time, maintain the economy needed for long-term assessments. Significant effort 
was applied to converting the hourly precipitation data from the station file format of 
the National Climatic Center to a synoptic file format required for real time consideration 
of precipitation patterns in assessment models. Preliminary assessment work i s  reported for 
selected combinations of power plants both in the northeast and northwest United States. 

MAP3S MODELING STUDIES 

PACIFIC NORTHWEST REGIONAL ASSESSMENT PROGRAM 



A FORMULATION OF TIME-VARYING DEPTHS 

OF DAYTIME MIXED LAYER AND NIGHTTIME STABLE LAYER 

FOR USE I N  AIR POLLUTION ASSESSMENT MODELS 

D. C.  Powell  

A  d e s c r i p t i v e  t w o - l a y e r  p h y s i c a l  model o f  t h e  v e r t i c a l  enhancements 

and c o n s t r a i n t s  on m i x i n g  o f  m a t e r i a l  e m i t t e d  f rom ground-based sources 

i s  presented. The model a l l o w s  f o r  s t a b i l i t y  v a r i a t i o n  throughout  a  

mixed l a y e r  t h a t  increases i n  depth d u r i n g  t h e  dayt ime and throughout  a  

surface-based s t a b l e  l a y e r  t h a t  increases i n  depth a t  n i g h t .  Above 

these h e i g h t s  moderate ly  s t a b l e  c o n d i t i o n s  a r e  assumed t o  p r e v a i l  con- 

s t a n t l y .  For  g r i d s  on t h e  o r d e r  o f  (1000 km)2 t h e  o n l y  e f f e c t i v e  b a r -  

r i e r  t o  v e r t i c a l  p e n e t r a t i o n  i s  t h e  t o p  o f  t h e  mixed l a y e r ,  which 

vanishes as a  c o n s t r a i n t  a t  n i g h t .  I n c o r p o r a t i o n  o f  t h e  above i n t o  a  

computer model f a c i l i t a t e s  d i f f e r e n t i a t i o n  o f  t h e  v e r t i c a l  growth o f  

mass increments accord ing  t o  ( 1 )  whether o r  n o t  t h e  e f f e c t i v e  r e l e a s e  

h e i g h t  i s  i n c l u d e d  w i t h i n  t h e  c u r r e n t  depth o f  t h e  dayt ime mixed 

l a y e r  o r  n i g h t t i m e  s t a b l e  l a y e r  and ( 2 )  whether t h e  mass increment  

i s  a  new r e l e a s e  c o n f i n e d  w i t h i n  t h e  maximum d i u r n a l  mixed l a y e r  o r  

an o l d e r  r e l e a s e  t h a t  has expanded beyond t h i s  depth.  

INTRODUCTION 

Tennekesl s t a t e s  t h a t  t h e  p r i n c i p a l  v a r i -  
ab les  i n  a i r - p o l  1  u t i o n  d i s p e r s a l  over  mod- 
e r a t e l y  l o n g  d is tances  a r e  t h e  wind-speed 
v e c t o r  and t h e  h e i g h t  o f  t h e  mixed l a y e r .  
S o p h i s t i c a t e d  t r a j e c t o r y  c a l c u l a t i o n  methods 
a re  a1 ready we1 1  -known2 9 and a r e  i n c l  uded 
i n  t h e  p resen t  B a t t e l l e  Lagrangian p u f f  model. 
The change i n  behav io r  of t h e  mixed l a y e r  
depth w i t h  t i m e  has been i n c o r p o r a t e d  i n  t h e  
above model d u r i n g  t h e  p reced ing  year .  

The mixed l a y e r  h e i g h t  i s  u s u a l l y  con- 
s i d e r e d  an e f f e c t i v e  b a r r i e r  t o  v e r t i c a l  
p e n e t r a t i o n .  B u t  d i f f e r e n t  w r i t e r s  p resen t  
c o n f l i c t i n g  accounts o f  t h e  b a s i c  behav io r  
o f  t h e  mixed l a y e r  h e i g h t .  Nor ton and 

Ho ida le4  d e p i c t  t h e  mixed l a y e r  h e i g h t  as 
v a r y i n g  s i n u s o i d a l l y  i n  a  d i u r n a l  c y c l e ,  
i n c r e a s i n g  d u r i n g  t h e  dayt ime and decreasing 
a t  n i g h t ,  a l l  o f  which takes p lace  w i t h i n  
3000 t o  4000 m. On t h e  o t h e r  hand, Carson5 
d e p i c t s  t h e  mixed l a y e r  h e i g h t  as a  f u n c t i o n  
t h a t  inc reases  d u r i n g  t h e  dayt ime, f o l  l ow ing  
which i t  loses  i t s  d e f i n i t i o n .  T h i s  p i c t u r e  
i s  i n  r e l a t i v e  agreement w i t h  model ing r e -  
s u l t s  by Venkatram and V iskan ta6  and w i t h  
exper imenta l  r e s u l t s  by Kaimal , e t  a1 . 7  I f  
these l a t t e r  views a r e  c o r r e c t ,  p a r t i c u l a r l y  
i f  t h e  mixed l a y e r  i s  unde f ined  a t  n i g h t ,  
t h e r e  shou ld  be s i g n i f i c a n t  escape o f  p o l l u -  
t a n t  m a t e r i a l  beyond t h e  maximum depth o f  
t h e  mixed l a y e r ,  s i n c e  p o l l u t a n t  m a t e r i a l s  
tend  q u i c k l y  t o  become u n i f o r m l y  d i s t r i b u t e d  
through t h e  mixed 1  ayer  i n  t h e  a f t e r n o o n .  



The d i f f u s i v i  t y  p r o f i l e s  o f  Machtag i n d i c a t e  
t h a t  t h e  t r o p o p a u s e  h e i g h t  r a t h e r  t h a n  any 
h e i g h t  a s s o c i a t e d  w i t h  t h e  m ixed  l a y e r  i s  
t h e  a p p r o p r i a t e  l o c a t i o n  f o r  m o d e l i n g  a  
n u m e r i c a l  d i s c o n t i n u i t y  i n  t h e  v e r t i c a l  d i f -  
f u s i v i t y .  T h i s  i m p l i e s  t h a t  i f  t h e  m ixed  
l a y e r  i s  an e f f e c t i v e  c o n s t r a i n t  t o  v e r t i c a l  
p e n e t r a t i o n ,  i t  i s  n o t  c o n t i n u o u s l y  so. 

THE PHYSICAL MODEL 

Based on t h e  l i t e r a t u r e  c i t e d  and o u r  own 
i n s p e c t i o n  o f  r a d i o s o n d e  d a t a ,  we have de-  
ve loped  a  computer  model o f  t h e  m ixed  l a y e r  
d e r i v e d  from C a r s o n ' s  model .5  The code p u t s  
i n t o  e f f e c t  

a  m ixed  l a y e r  d e p t h  t h a t  i n c r e a s e s  d u r i n g  
t h e  day t ime ,  and w h i c h  a c t s  as a  con- 
s t r a i n t  t o  v e r t i c a l  p e n e t r a t i o n  d u r i n g  
t h e  day b u t  n o t  a t  n i g h t ;  

a a  s u r f a c e - b a s e d  s t a b l e  l a y e r  t h a t  i n -  
c reases  i n  d e p t h  a t  n i g h t ;  

an a b s o l u t e  b a r r i e r  t o  f u r t h e r  v e r t i c a l  
p e n e t r a t i o n  a t  t h e  t r opopause .  However, 
t h i s  i s  n o t  an e f f e c t i v e  b a r r i e r  s i n c e  
t h e  mass i n c r e m e n t s  a lways  wander o f f  
t h e  map b e f o r e  t h i s  sp read  i s  a t t a i n e d .  

Such a  t r e a t m e n t  s h o u l d  be a  d i s t i n c t  ad- 
vance o v e r  m o d e l i n g  t h e  m i x e d  l a y e r  h e i g h t  
as a  c o n s t a n t  s i n c e  a l l  e f f e c t s  on concen- 
t r a t i o n s  of  t h e  j o i n t  c o r r e l a t i o n  between 
s t a b i l i t y  and m i x e d  l a y e r  h e i g h t  a r e  l o s t  
i n  such a  model .  

C a r s o n ' s  wo rkS  sugges ts  t h a t  t i m e -  
c h a n g i n g  h e i g h t s  be d e f i n e d  f o r  a d a y t i m e  
m i x e d  l a y e r  and a  n i g h t t i m e  su r face -based  
s t a b l e  l a y e r .  These wou ld  b o t h  b e  c o n t i n u -  
ous n o n - d e c r e a s i n g  f u n c t i o n s  up t o  a  t i m e  a  
f ew  hou rs  b e f o r e  d e f i n i t i o n  o f  t h e  l a y e r  i s  
l o s t ,  f o l l o w i n g  w h i c h  t h e r e  wou ld  b e  a  
s l i g h t  dec rease ,  (we a r e  n o t  s a y i n g  t h a t  
f i d e l i t y  t o  t h i s  l a s t  f e a t u r e  i s  e s s e n t i a l  
f o r  o u r  p u r p o s e s ) .  Such f u n c t i o n s  c o u l d  be 
w r i t t e n  as :  

where t h e  v a r i o u s  t ' s  a r e  t h e  f o l l o w i n g  
t i m e s  o f  day  i n  hou rs  ( r e d e f i n e d  i f  neces-  
s a r y  t o  a v o i d  a  n u m e r i c a l  d i s c o n t i n u i t y  a t  
m i d n i g h t ) :  

th c u r r e n t  t i m e  

td t i m e  when m ixed  l a y e r  b e g i n s  t o  grow 

tdf t i m e  when m ixed  l a y e r  l o s e s  d e f i n i t i o n  

tn t i m e  when s t a b l e  l a y e r  b e g i n s  t o  grow 

tnf t i m e  when s t a b l e  l a y e r  l o s e s  i t s  
d e f i n i t i o n  

and where Ld  i s  t h e  c u r r e n t  m i x e d  l a y e r  
dep th ,  Ln i s  t h e  c u r r e n t  s t a b l e  l a y e r  dep th ,  
Ldm i s  t h e  maximum m i x e d  l a y e r  dep th ,  Lnm 
i s  t h e  maximum s t a b l e  l a y e r  dep th ,  Lo i s  
t h e  i n i t i a l  m ixed  l a y e r  dep th ,  and where 
q~d and q~, a r e  s u i t a b l e  f u n c t i o n s  f o r  r e l a t -  
i n g  t h e  c u r r e n t  m ixed  l a y e r  and s t a b l e  
l a y e r  dep ths ,  r e s p e c t i v e l y ,  t o  t h e i r  m a x i -  
mum v a l u e s .  

W i t h  t h e  m ixed  l a y e r  h e i g h t  v a r y i n g  f r o m  
Lo t o  Ldm, t h e  r e l e a s e  h e i g h t  o f  a  plume 
can be e i t h e r  be low  o r  above t h e  c u r r e n t  
l e v e l  o f  Ld .  ( S i m i l a r  d i s c u s s i o n  c o u l d  be 
w r i t t e n  w i t h  r e s p e c t  t o  Ln, b u t  w i l l  be  
o m i t t e d . )  An i l l u s t r a t i o n  o f  t h e  d a y t i m e  
p h y s i c a l  s i t u a t i o n  i s  g i v e n  i n  F i g u r e  1 .  A t  
t h e  l o w e r  l e f t  a  g round  l e v e l  r e l e a s e  d i f -  
f u s e s  r a p i d l y  up t o  t h e  l i m i t i n g  h e i g h t  Ld.  
F u r t h e r  t o  t h e  r i g h t  a  s t a c k  r e l e a s e  i s  
shown f r o m  a  h e i g h t  above t h e  c u r r e n t  l e v e l  
o f  Ld, b u t  b e l o w  t h e  l e v e l  o f  Ldm. T h i s  
m a t e r i a l  d i f f u s e s  more s l o w l y  i n  t h e  v e r t i -  
c a l  because o f  t h e  p r e v a i l i n g  s t a b l e  con- 
d i t i o n s  above t h e  m ixed  l a y e r .  L a t e r  when 
Ld  r i s e s  above t h e  s t a c k  h e i g h t ,  t h e  v e r t i -  
c a l  d i f f u s i o n  o f  t h i s  plume w i l l  be  much 
more r a p i d .  The l i n e  w i t h  b o t h  d o t s  and 
dashes r e p r e s e n t s  t h e  v e r t i c a l  e x p a n s i o n  
o f  a  plume r e l e a s e d  f a r  upwind on a  p r e v i o u s  
day, and wh ich  has expanded above t h e  l i m i t  
Ldm. T h i s  plume a l s o  c o n t i n u e s  t o  expand 
a t  a  r a t e  c o m p a t i b l e  w i t h  t h e  s t a b l e  u p p e r  
l a y e r  c o n d i t i o n s .  A t  t h e  t o p  o f  t h e  f i g u r e  
t h e  t ropopause  l i m i t a t i o n  t o  a l l  v e r t i c a l  
p e n e t r a t i o n  i s  shown. 

The r a t e  o f  i n c r e a s e  o f  t h e  s t a n d a r d  
d e v i a t i o n  o f  v e r t i c a l  d i s p e r s i o n  o, i s  
modeled d i f f e r e n t l y  f o r  each o f  t h e  t h r e e  
plumes. F o r  r e c e n t l y  r e l e a s e d  p lume seg- 
ments ( w h i c h  may be s i m u l a t e d  as  p u f f s ) ,  o, 
i s  i n c r e a s e d  as an e m p i r i c a l  f u n c t i o n  o f  
t r a v e l  d i s t a n c e  and s t a b i l i t y .  F o r  t h e  r e -  
l e a s e  be low  Ld  t h e  s t a b i l  i t y  v a r i e s  w i t h  
t h e  h o u r .  F o r  t h e  r e l e a s e  above Ld  t h e  
s t a b i l i t y  r ema ins  c o n s t a n t  u n t i l  Ld  r i s e s  
above t h e  r e l e a s e  h e i g h t .  F o r  t h e  p lume 
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FIGURE 1. Plumes Under D i f f e r e n t  V e r t i c a l  
C o n s t r a i n t s  

re leased  on a  p rev ious  day o  i s  modeled t o  
inc rease  accord ing  t o  t h e  h a f f  power o f  t i m e  
and v e r t i c a l  eddy d i f f u s i t i v y .  I n  any o f  
these cases, oz i s  l i m i t e d  by an imposed 
l i d  whether i t  be Ld o r  LT. 

PARAMETERIZATION 

The va lues g i v e n  below f o r  t h e  cons tan ts  
and f u n c t i o n s  i n  ( 1 )  and ( 2 )  were d e r i v e d  
p a r t l y  f rom c o n s i d e r a t i o n  o f  va lues g iven  
i n  t h e  l i t e r a t ~ r e ~ , ~ , ~ ~  and p a r t l y  f rom t h e  
advantages o f  s i m p l i c i t y  i n  a  computer code 
t h a t  must be executed and m o d i f i e d .  The 
paramete r i za t ion  now i n  use c o n s i s t s  o f :  

t n f  = 30 ( e f f e c t i v e l y  6 )  ( 6  

rn = s i n  [b ( t h  - 18)] 18 2 th 2 30 (11)  

Other  parameter va lues used a r e  12,000 m 
f o r  LT and 5 m2/sec f o r  t h e  v e r t i c a l  eddy 
d i f f u s i v i t y .  I t  should be emphasized t h a t  
none o f  t h i s  p a r a m e t e r i z a t i o n  i s  considered 
s e t  

REMOVAL OF THE MIXED LAYER CONSTRAINT 

A t  t i m e  t d f  t h e  mixed l a y e r  h e i g h t  l o s e s  
i t s  d e f i n i t i o n  i n  t h e  model. A lso  a t  t h i s  
t ime  v i r t u a l l y  a l l  t h e  plume elements r e -  
leased d u r i n g  t h e  p rev ious  24 hours a r e  
even ly  d i s t r i b u t e d  throughout  t h e  depth o f  
t h e  mixed l a y e r .  Therefore,  a t  t i m e  t d f  
t h e  model ing o f  t h e  v e r t i c a l  expansion 
changes as f o l l o w s .  The plume elements a r e  
no l o n g e r  c o n s t r a i n e d  by t h e  m i x i n g  depth 
b u t  expand v e r t i c a l l y  as a  f u n c t i o n  o f  t ime :  

where Kz i s  t h e  v e r t i c a l  eddy d i f f u s i v i t y  
and t i s  t r a v e l  t ime .  The va lue  o f  t a t  
which t h e  d e r i v a t i v e  i s  compured i s  t h e  
same f o r  a1 1  plume e ler~ ients  re leased  f rom 
t h e  m i x i n g  depth r e s t r i c t i o n  on t h e  same 
day a t  t i m e  t d f  s ince  a l l  a r e  assumed t o  
be thorough ly  mixed and thus  have t h e  
same v e r t i c a l  d i s t r i b u t i o n  i n  s p i t e  o f  t h e i r  
d i f f e r e n t  t r a v e l  t imes.  The assumed va lue  
o f  a, a t  t i m e  t d f  i s  ~ ~ , ( 2 / 7 T ) ' / ~  s i n c e  
ground l e v e l  a i r  concen t ra t ions  computed 
assuming a  Gaussian d i s t r i b u t i o n  and t h i s  
va lue  o f  o z  a r e  t h e  same as those computed 
assuming even d i s t r i b u t i o n  through a  depth 
of Ldm. There fo re ,  f rom t h i s  t ime u n t i l  
t h e  plume e lement  wanders o f f  t h e  map, i t  
w i l l  be modeled as a  g round- leve l  r e l e a s e  
d i s t r i b u t e d  v e r t i c a l l y  i n  a  Gaussian manner 
w i t h  o  i n c r e a s i n g  accord inq  t o  (12)  f rom an 
i n i t i a f  va lue  o f  L ~ , ( z / I T ) ~ /  a t  t i m e  t d f .  

A  GRAPHIC EXAMPLE 

F i g u r e  2  shows how t h e  v e r t i c a l  dimension 
o f  a  plume can inc rease  under t h e  c o n d i t i o n s  
o f  t h e  p rev ious  s e c t i o n s .  The graph i s  f o r  
a  48-hr p e r i o d  beg inn ing  a t  1200. For  t h e  
sake o f  c l a r i t y  t h e  growth o f  o n l y  f o u r  
plume increments i s  i l l u s t r a t e d ,  and these 
a t  6-hr  r e l e a s e  i n t e r v a l s  f rom t h e  source.  
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FIGURE 2. Mixed Layer  D e f i n i t i o n  and Plume Expansion 

The heav ies t  b lack  l i n e s  a re  the  mixed 
l a y e r  depth, Ld. The d o t t e d  l i n e  o f  s i m i l a r  
shape b u t  lower h e i g h t  i s  t h e  n i g h t t i m e  
s t a b l e  l a y e r  depth. The l i g h t e r  s o l i d  l i n e s  
i l l u s t r a t e  a, a t  t imes when the  plume e l e -  
ment i s  assumed t o  be o f  Gaussian d i s t r i b u -  
t i o n  i n  t h e  v e r t i c a l .  A t  o t h e r  t imes when 
t he  l i d  forms t h e  c o n s t r a i n t ,  t he  d i s t r i b u -  
t i o n  i s  assumed t o  be even. 

The computat ion o f  a, as a  f u n c t i o n  o f  
t r a v e l  d i s t ance  and s t a b i l i t y  was f a c i l i -  
t a t e d  by  us ing  formulae by E imut is  and 
Konicek. l l Since separate formulae a re  
g i ven  f o r  each o f  t h e  s i x  P a s q u i l l  G i f f o r d  
s t a b i  1  i t y  c lasses,  an h o u r l y  s t a b i l i t y  vec- 
t o r  was i n s e r t e d  i n t o  t he  program t o  be 
used i n  a  d i u r n a l  c y c l e  f o r  re leases  a t  
he i gh t s  l e s s  than  t h e  c u r r e n t  va lue  o f  Ld 
o r  Ln. The v e c t o r  may be g i ven  as: 

F F F F F F  D D D D C C  C C B B C D  

E E E E E E .  

Th i s  means t h a t  s t a b i l i t y  F  i s  assumed t o  
p r e v a i l  f rom 0000 t o  0600, t h a t  s t a b i l i t y  D  
i s  assumed t o  p r e v a i l  from 0600 t o  1000 and 
f rom 1700 t o  1800, e t c .  

The f i g u r e  i 1 l u s t r a t e s  how plume elements 
re leased  from the  source a t  d i f f e r e n t  t imes 
a re  q u i c k l y  mapped i n t o  c l u s t e r s  o f  t he  same 
v e r t i c a l  d i s t r i b u t i o n .  Considerable com- 
p u t e r  economy r e s u l t s  from t h i s  f ea tu re ,  
e s p e c i a l l y  s i nce  t h e  t ime i n t e r v a l  between 
re leases  i s  u s u a l l y  n o t  every 6 hours, b u t  
hou r l y .  Therefore,  many more plume elements 
a re  mapped i n t o  t h e  same v e r t i c a l  d i s t r i b u -  
t i o n  than i s  apparent f rom the  f i g u r e .  
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COMPLITATIONAL ECONOMY MEASURES APPLIED 

TO THE GAUSSIAN PLUME MODEL 

WITH RESTRICTED VERTICAL MIXING 

D. C.  Powell 

The computat ion o f  ground l e v e l  concent ra t ions  accord ing  t o  t h e  

Gaussian plume model f o r  a plume. spreading between two h o r i z o n t a l  su r -  

face  b a r r i e r s  i n vo l ves  an extended summation o f  exponent ia l  terms account- 

i n g  f o r  c o n t r i b u t i o n s  due t o  m u l t i p l e  r e f l e c t i o n s .  C r i t e r i a  a re  g iven f o r  

avo id i ng  t h e  summation s u b j e c t  t o  an accep t i b l e  e r r o r  l e v e l  when t he  

plume d i s t r i b u t i o n  approaches e i t h e r  o f  two asymptot ic  l i m i t  cond i t i ons - -  

(1  ) u n r e f l e c t e d  Gaussian d i s t r i b u t i o n  and (2 )  even d i s t r i b u t i o n .  

Consider a plume em i t t ed  f rom a source concent ra t ion  a t  a downwind p o i n t  (x,y,O) 
w i t h i n  t he  mixed l a y e r  de f i ned  by a h e i g h t  L. i s  g iven  by 
The Gaussian plume equat ion  f o r  ground l e v e l  



s u b j e c t  t o  an a c c e p t i b l y  low va lue  o f  
e r r o r  E, g iven  by 

where H i s  t h e  e f f e c t i v e  s t a c k  h e i g h t  and 
a l l  t h e  o t h e r  symbols have t h e i r  conven- 
t i o n a l  meanings. 

The d i s c u s s i o n  i s  concerned o n l y  w i t h  t h e  
v e r t i c a l  d i s t r i b u t i o n  f a c t o r  Z. There a r e  
two asympto t i c  cases t o  be considered.  
Where oz i s  smal l  compared t o  L, t h e  e n t i r e  
summation over  k  may be neg lec ted  i n  com- 
p a r i s o n  t o  t h e  i n i t i a l  term, except  p o s s i -  
b l y  t h e  f i r s t  h a l f  o f  t h e  f i r s t  term i n  t h e  
summation i f  H i s  n e a r l y  as l a r g e  as L .  
Where oz i s  m a t h e m a t i c a l l y  l a r g e  compared t o  
L,  t h e  sumnation i s  w a s t e f u l  because many 
terms a r e  r e q u i r e d  b e f o r e  t h e  c o n t r i b u t i o n s  , 
o f  f u r t h e r  terms becomes n e g l i g i b l e .  Here 
t h e  p h y s i c a l  s i t u a t i o n  b e i n g  modeled i s  
t h a t  which approaches even d i s t r i b u t i o n  i n  
t h e  v e r t i c a l  as an asympto t i c  l i m i t  and f o r  
which t h e  v a l u e  o f  Z i s  L - l .  I n  o t h e r  words, 
when can we use e i t h e r  

z = L - '  ( 3 )  

s u b j e c t  t o  an a c c e p t i b l e  l e v e l  o f  e r r o r ?  

Suppose we r e w r i t e  Z  as 

Z = A + B  ( 4  

where A i s  t h a t  p a r t  o f  Z  g iven  i n  ( 2 )  and 
B  i s  t h e  rema in ing  summation. We want t o  
use 

Z = A  (5 

I t  can be shown t h a t  ( 2 )  o r  ( 5 )  may be used 
f o r  Z  s u b j e c t  t o  an e r r o r  l e v e l  l e s s  than  E 
p rov ided  t h a t  

. , -  

I f  a  10% e r r o r  i s  a c c e p t i b l e ,  we s u b s t i t u t e  
0.1 f o r  E, and t h e r e  r e s u l t s  

The o t h e r  asympto t i c  case i s  t h a t  i n  
which oz i s  l a r g e  and a  c r i t e r i o n  i s  needed 
f o r  s u b s t i t u t i n g  ( 3 )  f o r  Z  as i n  ( 1 ) .  It 
has been found e m p i r i c a l l y  t h a t  f o r  c a l c u l a -  
t i o n  o f  ground l e v e l  c o n c e n t r a t i o n s  as i n  
( 1 )  t h e  use o f  ( 3 )  f o r  Z  i s  a c c u r a t e  w i t h i n  
11% prov ided  t h a t  

H ( a )  f o r  0  2 r 5 0.5 

H ( b )  f o r  0.5 5 5 1.0 ( 9  

The advantages o f  t h e  c r i t e r i a  f o r  sim- 
p l e r  express ions a r e  i l l u s t r a t e d  i n  F i g -  
u r e  1. The f u n c t i o n  g i v e n  by ( 8 )  i s  shown 
by dots; t h e  f u n c t i o n  g i v e n  by ( 9 )  i s  shown 
by crosses.  The c l e a r  area o f  t h e  f i g u r e  
represen ts  t h e  j o i n t  range o f  oZ/L and H/L 
f o r  which t h e  approx imat ion  Z = L - l  i s  
s u f f i c i e n t .  The area w i t h  one-way d iagona l  
l i n e s  i n d i c a t e s  t h a t  j o i n t  range f o r  wh ich  
t h e  f i r s t  te rm Gaussian approx imat ion  ( 2 )  
i s  s u f f i c i e n t .  The rema in ing  a rea  crossed 
by d iagona ls  i n  two d i r e c t i o n s  i n d i c a t e s  
t h e  j o i n t  range f o r  which t h e  more extended 
express ion  f o r  must be used. I n  t h i s  case 
use o f  the  f i r s t  te rm i n  t h e  summation 
( k  = 1 )  i s  s u f f i c i e n t .  
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FIGURE 1. Ranges o f  oZ/L f o r  Which 
Asymptot ic D e f i n i t i o n s  Apply 

PRECIPITATION DATA BASE MANIPULATION FOR USE 

IN  REGIONAL TRANSPORT AND REMOVAL MODELS 

T. D. Fox and L. L. Wendell 

A procedure i s  be ing  developed t o  prepare l a r g e  amounts o f  hou r l y  

p r e c i p i t a t i o n  da ta  f o r  i n p u t  t o  r eg i ona l  atmospheric t r anspo r t  and 

removal models. The o r i g i n a l  data a re  conta ined on magnetic tape i n  

year-1 ong t ime s e r i e s  o f  hou r l y  p r e c i p i t a t i o n  f o r  each o f  approxi  - 
mate ly  3000 U.S. s t a t i o n s .  These data are converted, through a s e r i e s  

o f  s o r t i n g ,  recombining and s p a t i a l  averaging steps,  t o  a r r ays  o f  

g r idded  hou r l y  p r e c i p i t a t i o n  f o r  use i n  t h e  t r a n s p o r t  models. 

INTRODUCTION 

The importance o f  
f i e l d s  o f  p r e c i p i t a t  
t o l o g i c a l  l y  averaged 

t i o n  was tes ted2  f o r  a 20-day data i n t e r v a l ,  
us ing  p r i n t e d  data f rom t h e  Na t i ona l  C l i m a t i c  

us ing  t ime-changing Center  a t  A s h v i l l e ,  Nor th  Caro l ina .  The data 
i o n  r a t h e r  than c l ima-  were conver ted t o  computer punch ca rd  data 

p r e c i p i t a t i o n  data i n  f o r  use i n  t h a t  t e s t .  Th i s  method o f  data 
r eg i ona l  t r a n s p o r t  and removal models has p repara t ion ,  a l though s a t i s f a c t o r y  f o r  a 
been demonstrated. l A procedure producing t e s t  case over  a s p e c i f i c  r eg i on  f o r  a s h o r t  
r eg i ona l  hou r l y  maps o f  g r idded  p r e c i  p i  t a -  t ime pe r i od ,  i s  q u i t e  i n e f f i c i e n t  and 



t i m e - c o n ~ u m i n g . ' ~ )  I t  i s  n o t  s u i t e d  f o r  
g e n e r a l  a p p l i c a t i o n  on a  r o u t i n e  b a s i s .  

The d a t a  a r e  a l s o  a v a i l a b l e  f r o m  A s h v i l l e  
on magne t i c  t apes .  However, t h e  tapes  con- 
t a i n  l o n g  t i m e  s e r i e s  ( a  f u l l  y e a r ' s  w o r t h )  
o f  d a t a  f o r  each o f  t h e  a p p r o x i m a t e l y  3000 
U.S. r e p o r t i n g  s t a t i o n s .  The s o r t i n g  and 
merg ing  o f  t h e s e  d a t a  t o  o b t a i n  s i m u l t a -  
neous p r e c i p i t a t i o n  i n f o r m a t i o n  f o r  a l l  
s t a t i o n s  wh ich  i s  a p p r o p r i a t e  f o r  use by 
p o l l u t a n t  t r a n s p o r t  and removal models a r e  
t h e  o b j e c t i v e s  o f  t h e  work d i scussed  here.  

PROCEDLIRE 

There a r e  t h r e e  s t e p s  i n v o l v e d  i n  t h e  
p r e p a r a t i o n  o f  t h i s  d a t a .  F i r s t ,  t h e  coded 
i n f o r m a t i o n  f o r  s p e c i f i e d  s t a t e s  i s  ex -  
t r a c t e d  from t h e  sou rce  tapes ,  and w r i t t e n  
i n  b i n a r y  f o r m  t o  i n t e r m e d i a t e  tapes  o r  
permanent f i l e s .  Second, a  SORT r o u t i n e ,  
u s i n g  s t a n d a r d  CDC SORT/MERGE s o f t w a r e 3  i s  
employed t o  g roup  t o g e t h e r  t h e  h o u r l y  p r e -  
c i p i t a t i o n  r e p o r t s  from a l l  o f  t h e  s t a t i o n s  
f o r  each day. The d a t a  w i t h i n  t h e s e  groups 
a r e  a r r a n g e d  a c c o r d i n g  t o  s t a t i o n  number. 
The d a i l y  groups themselves a r e  t h e n  a r -  
ranged c h r o n o l o g i c a l l y .  These d a t a  a r e  
t h e n  w r i t t e n  t o  a  second i n t e r m e d i a t e  t a p e  
o r  d i s k  f i l e .  

The f i n a l  s t e p  employs t h e  random- to -g r i d  
p rocess  d e s c r i b e d  i n  Re fe rence  2  i n  a  p r o -  
gram comb in ing  t h e  p r e p a r e d  d a i l y  p r e c i p i t a -  
t i o n  d a t a  w i t h  s t a t i o n  l o c a t i o n  and t i m e  
zone i n f o r m a t i o n  f r o m  t h e  c a r d  i n p u t .  Se- 
q u e n t i a l  a r r a y s  o f  h o u r l y  g r i d d e d  s p a t i a l l y  
averaged p r e c i p i t a t i o n  f o r  use i n  t h e  
t r a n s p o r t  models a r e  produced. 

A u x i l i a r y  programs i n c l u d e  one wh ich  w i l l  
combine f i l e s  o f  d a t a  f r o m  d i f f e r e n t  groups 
o f  s t a t e s ,  wh ich  have a l r e a d y  been s o r t e d  
and grouped by  day. Use o f  t h i s  program r e -  
duces t h e  huge amounts o f  d i s k  and c o r e  
space r e q u i r e d  by  t h e  SORT/MERGE s o f t w a r e  
t o  e x t r a c t  each d a y ' s  p r e c i p i t a t i o n  f r o m  t h e  
y e a r - l o n g  d a t a  s t r i n g s .  

Ano the r  program produces a  compacted s e t  
o f  t h e  l o c a t i o n  and t i m e  zone c a r d  i n p u t  
d a t a  f o r  a  s p e c i f i e d  r e g i o n ,  w h i c h  i s  used 
b y  t h e  g r i d d i n g  program. These d a t a  a r e  
e x t r a c t e d  f r o m  a  base s e t  o f  t h i s  i n f o r m a -  
t i o n  wh ich  has been p repa red  f o r  t h e  e n t i r e  
U.S. 

SOURCE DATA AVAILABILITY 

C u r r e n t l y  t h e  sou rce  d a t a  f r o m  A s h v i l l e  
a r e  on hand a t  Brookhaven N a t i o n a l  L a b o r a t o r y ,  
and a r e  a c c e s s i b l e  t h r o u g h  t h e  B a t t e l l e -  
No r thwes t  computer t e r m i n a l  t o  t h e  CDC 7600 
t h e r e .  Data  a r e  a v a i l a b l e  f o r  t h e  e n t i r e  
U n i t e d  S t a t e s ,  e x c l u d i n g  A laska ,  f o r  1972, 
1973 and 1974. Canadian h o u r l y  p r e c i p i t a -  
t i o n  d a t a  w i l l  be added t o  t h i s  i n f o r m a t i o n  
soon. 

PRESENT STATUS OF PROJECT 

a . I t  was necessa ry  t o  punch a p p r o x i m a t e l y  
7,000 c a r d s  f o r  t h e  p r e c i p i t a t i o n  d a t a  f r o m  
t h a t  20-day p e r i o d  i n  t h e  n o r t h e a s t e r n  U.S. 
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SOME EFFECTS OF ISENTROPIC VERTICAL MOTION 

SIMULATION IN A  REGIONAL SCALE QUASI LAGRANGIAN 

AIR QUALITY MODEL 

W. E. Davis and L. L. Wendell 

I s e n t r o p i c  cons idera t ions  a re  inc luded i n  developing a  p r a c t i c a l  way 

t o  s imu la te  v e r t i c a l  mot ion i n  a  m u l t i l e v e l  r eg i ona l  sca le  a i r  q u a l i t y  

model. Average p o t e n t i a l  temperatures o f  12 h r  observa t ions  i n  f o u r  

l a y e r s  a re  computed a t  radiosonde s t a t i o n s  i n  t he  nor theas te rn  Un i t ed  

S ta tes  f o r  A p r i l  1974. These data a re  used t o  produce g r idded  mean 

p o t e n t i a l  temperature f i e l d s  i n  each o f  t he  l aye r s .  The mean p o t e n t i a l  

temperature f i e l d s  a re  used w i t h  t he  l a y e r  averaged h o r i z o n t a l  f l o w  t o  

determine t he  v e r t i c a l  mot ion  o f  plume segments. Examples a re  presented 

o f  t h e  changes i n  model-generated plume pa t t e rns  t h a t  r e s u l t  from i n c l u -  

s i o n  o f  v e r t i c a l  motions. 

INTRODUCTION 

I n  r ecen t  years,  t h e  suspected r eg i ona l  
t o  l ong  range t r a n s p o r t  o f  t h e  combustion 
products o f  su l f u r - bea r i ng  f o s s i l  f u e l s  has 
s t imu la ted  t he  development o f  assessment 
models. Such models s imu la te  t h e  i n t e r a c -  
t i o n  o f  t r anspo r t ,  d ispers ion ,  chemical 
t r ans fo rma t i on  and wet and d r y  removal. 
Cons idera t ion  o f  t h e  complex i t y  o f  these 
processes and t h e i r  i n t e r a c t i o n s  has p re -  
vented a p p l i c a t i o n  o f  t ime  dependent numeri- 
c a l  s o l u t i o n  techniques t o  t h e  problem. 
Pa r t  o f  t he  t r a n s p o r t  process, namely the  
t r a n s p o r t  and mo is tu re  budget, has been 
modeled;' t h i s  model p r e d i c t s  th ree-  
dimensional v e l o c i t y  f i e l d s  i n  f r o n t a l  
storms as w e l l  as wet removal by p r e c i p i t a -  
t i o n  scavenging. However, t h e  computer 
t ime i t  requ i r es  prec ludes use o f  t h i s  
model f o r  assessment. I t s  va lue i s  t he  i n -  
s i g h t  and guidance p rov ided  i n  developing 
more p r a c t i c a l  d i agnos t i c  models. 

The predominant t ype  o f  d i agnos t i c  model 
used t o  s tudy atmospheric t r a n s p o r t  and d i s -  
pers ion  c a l c u l a t e s  atmospheric t r a j e c t o r i e s  
from synopt i c  meteoro log ica l  data.  T ra jec -  
t o r i e s  a re  generated d i f f e r e n t l y  i n  t h e  
var ious  a i r  q u a l i t y  models. Some use winds 
determined a t  a  s p e c i f i c  pressure l e v e l  ,2 
e.g., 850 mb; t h i s  i s  convenient  when a  
l a r g e  area o f  ocean i s  i n vo l ved  and standard 

l e v e l  Na t iona l  Meteoro log ica l  Center  analyses 
a re  a v a i l a b l e .  Over land  areas where r a d i o -  
sonde da ta  a re  ava i l ab l e ,  some  model^^-^ use 
winds averaged through a  l aye r ,  e.g.,  100- 
1000 m above t he  sur face.  Ne i t he r  o f  these 
approaches considers t h e  v e r t i c a l  component 
o f  a i r  motion. I s e n t r o p i c  t r a j e c t o r i e s  
which do i n c l u d e  t h e  v e r t i c a l  component o f  
a i r  mot ion have been used i n  de te rmin ing  
p o l l u t a n t  t r a n s p o r t  f o r  case s t ud i es .  7 -10  

I s e n t r o p i c  ana l ys i s  has n o t  been used i n  
l ong  term assessment model ing f o r  two rea-  
sons. F i r s t  t h e  s t a t i s t i c a l  na tu re  o f  t h e  
r e s u l t s  seemed t o  reduce t he  need f o r  t he  
more accura te  i n d i v i d u a l  t r a j e c t o r i e s  ca lcu-  
l a t e d  us i ng  i s e n t r o p i c  ana l ys i s ,  e s p e c i a l l y  
i n  view o f  t h e  more complex and expensive 
c a l c u l a t i o n  needed. Second, t he  d i a b a t i c  
e f f e c t s  near t h e  e a r t h ' s  sur face  t h rea ten  
t h e  v a l i d i t y  o f  t h e  analyses. Condensation 
o f  water  vapor a l s o  adds complex i t y  and ex- 
pense t o  t h e  ana l ys i s  technique; t h i s  con- 
densa t ion  and subsequent removal o f  p o l l u -  
t a n t s  by p r e c i p i t a t i o n  scavenging have 
s t imu la ted  new i n t e r e s t  i n  more r e a l i s t i c  
a i r  t r a j e c t o r i e s  i n  l ong  term assessments. 

I n  t h e  midd le  l a t i t u d e s  o f  t h e  no r t he rn  
hemisphere, f r o n t a l  storms p rov i de  e f f e c t i v e  
c leans ing  o f  most power p l a n t  po l  l u t a n t s .  fl , I2  
The p r e c i p i t a t i o n  pa t t e rns  assoc ia ted  w i t h  
these storms a r e  q u i t e  v a r i a b l e  i n  space and 



t ime.  To r e a l i s t i c a l l y  e v a l u a t e  t h e  e f f e c t  
o f  p r e c i p i t a t i o n  scavenging, t h e  placement 
o f  p o l l u t a n t - l a d e n  a i r  i s  impor tan t ,  p r i -  
m a r i l y  f o r  models u s i n g  r e a l  t i m e  p r e c i p i t a -  
t i o n  as opposed t o  models u s i n g  average 
p r e c i p i t a t i o n  o r  none a t  a l l .  

The purpose o f  t h i s  work i s  t o  add i s e n -  
t r o p i c  c o n s i d e r a t i o n s  t o  t h e  t r a n s p o r t  sec- 
t i o n  o f  an e x i s t i n g  r e g i o n a l  s c a l e  a i r  
qua1 i t y  model . These cons idera t ions .  a r e  t o  
be added so t h e y  p r o v i d e  a  p r a c t i c a l  method 
o f  s i m u l a t i n g  t h e  i s e n t r o p i c  f l o w  which 
c o u l d  be used i n  long- te rm assessment runs.  
The method should a l s o  be f l e x i b l e  enough 
t o  accept  m o d i f i c a t i o n  t o  handle d i a b a t i c  
e f f e c t s  as t h e i r  impor tance becomes c l e a r e r  
th rough  model t e s t i n g .  T h i s  t e s t i n g  i s  t o  
c o n s i s t  o f  comparisons o f  t h e  t r a n s p o r t  r e -  
s u l t s  f rom t h e  i s e n t r o p i c  v e r s i o n  o f  t h e  
model w i t h  t h e  c o n s t a n t  l a y e r  v e r s i o n  as 
w e l l  as r e s u l t s  f rom more conven t iona l  
i s e n t r o p i c  t r a j e c t o r y  c o n s t r u c t i o n  techniques.  

MODEL FORMULATION 

The v e r s i o n  o f  t h e  a i r  q u a l i t y  model se- 
l e c t e d  was designed t o  examine simultaneous 
plume t r a n s p o r t  i n  severa l  l a y e r s .  ' 3  For 
t h i s  reason, a  m u l t i l a y e r  averag ing  technique 
was devised t o  p r o v i d e  l a y e r  averaged winds, 
p o t e n t i a l  temperature,  and m i x i n g  r a t i o  a t  
each a v a i l a b l e  rad iosonde s i t e  w i t h i n  t h e  
reg ions  o f  i n t e r e s t .  For each map t ime,  
t h e  l a y e r  averaged va lues a t  randomly spaced 
da ta  l o c a t i o n s  were i n t e r p o l a t e d  t o  regu-  
l a r l y  spaced g r i d  p o i n t s ,  u s i n g  an i n v e r s e  
square o f  d i s t a n c e  f o r  t h e  we igh t ing .  l 4  
These g r idded  f i e l d s  f o r  each o f  t h e  l a y e r s  
were then ready f o r  use i n  t h e  t r a n s p o r t  
s e c t i o n  o f  t h e  a i r  q u a l i t y  model. The h o r i -  
z o n t a l  k inemat i c  a d v e c t i o n  scheme o f  t h e  
model r e q u i r e d  no changes. Each s e q u e n t i a l l y  
re leased  p a r t i c l e ,  a long  t h e  plume c e n t e r -  
1  ine ,  was moved w i t h  a  wind ob ta ined  by a  
t i m e  i n t e r p o l a t i o n  between maps and a  space 
i n t e r p o l a t i o n  i n  t h e  g r i d .  

The ma jo r  a d d i t i o n  t o  t h e  model was a  f e a -  
t u r e  which p u t s  each p a r t i c l e  i n  t h e  l a y e r  
w i t h  t h e  most c l o s e l y  matching p o t e n t i a l  
temperatures a t  each a d v e c t i o n  s t e p  a long  
t h e  t r a j e c t o r y .  T h i s  f e a t u r e  i n t r o d u c e s  a  
s t a i r - s t e p  approx imat ion  t o  t h e  v e r t i c a l  
m o t i o n  th rough  " i s e n t r o p i c "  c o n s i d e r a t i o n s .  
The crudeness o f  t h i s  approx imat ion  w i l l  de- 
pend somewhat on t h e  r e s o l u t i o n  ob ta ined  
w i t h  t h e  s e l e c t e d  th ickness  o f  t h e  l a y e r s .  
The m i x i n g  r a t i o  i s  used t o  t e s t  f o r  satu-  
r a t i o n  i n  cases o f  upward v e r t i c a l  mot ion.  

a long  w i t h  observed p r e c i p i t a t i o n  measure- 
ments a t  t h e  su r face ,  t o  e s t i m a t e  whether 
scavenging o f  p o l l u t a n t s  i s  i n - c l o u d  o r  
below-cloud. Second, s a t u r a t i o n  i n d i c a t e s  
t h e  . re lease o f  l a t e n t  heat ,  which means 
v e r t i c a l  mot ions should be based on equiva-  
l e n t  p o t e n t i a l  temperatures.  A t  p resen t ,  
t h i s  i s  t h e  o n l y  d i a b a t i c  e f f e c t  accounted 
f o r  i n  t h e  model. 

Some s i g n i f i c a n t  d i a b a t i c  e f f e c t s  have 
y e t  t o  be examined i n  t h i s  model; most p re -  
dominant a r e  t h e  e f f e c t s  o f  r a d i a t i o n a l  
h e a t i n g  and c o o l i n g ,  as w e l l  as m i x i n g  i n  
t h e  lower  l a y e r s .  The magnitude of these  
e f f e c t s  w i l l  v a r y  w i t h  t h e  season, c loud  
cover ,  wind shear, temperature s t r u c t u r e ,  
and h u m i d i t y .  These e f f e c t s  cause concern 
because t h e y  can i n t r o d u c e  v a r y i n g  degrees 
o f  e r r o r  i n  t h e  v e r t i c a l  mot ion  determina-  
t i o n s .  Work i s  c o n t i n u i n g  t o  e s t a b l i s h  
techniques t o  account  f o r  t h e  d i a b a t i c  e f -  
f e c t s  determined t o  be a f f e c t i n g  model r e -  
s u l t s  s i g n i f i c a n t l y .  I n i t i a l l y ,  t h e  o n l y  
a t tempt  t o  reduce t h e  impact  of t h e  near- 
s u r f a c e  d i a b a t i c  e f f e c t s  was t o  beg in  t h e  
lowes t  l a y e r  100 m  above t h e  sur face .  T h i s  
was i n  keeping w i t h  t h e  f a c t  t h a t  t h e  con- 
ce rn  o f  t h e  a i r  q u a l i t y  model i s  w i t h  emis- 
s ions  from t h e  t a l l  s tacks  o f  power p l a n t s .  

MODEL TESTING 

I n i t i a l  S p e c i f i c a t i o n s  and Data 

For  t h e  i n i t i a l  t e s t i n g  o f  t h e  model, f o u r  
l a y e r s  were se lec ted .  These l a y e r s  were 
bounded by t h e  f o l l o w i n g  l e v e l s  above t h e  
sur face ;  100 m, 500 m, 1000 m, 1500 m, and 
3000 m. For  these t e s t s ,  a l l  t r a n s p o r t  was 
c o n s t r a i n e d  t o  remain between 100 m  and 
3000 m. The geographica l  area i n  which these 
t e s t s  were conducted was a  1500 km by 2000 km 
area o f  t h e  n o r t h e a s t  U n i t e d  S t a t e s .  The 
m e t e o r o l o g i c a l  da ta  used i n  t h e  t e s t i n g  was 
radiosonde da ta  w i t h i n  and sur round ing  t h e  
t e s t e d  area. 

Comparisons w i t h  Constant Layer  T ranspor t  

The a i r  q u a l i t y  model which was m o d i f i e d  
t o  i n c l u d e  i s e n t r o p i c  c o n s i d e r a t i o n s  was de- 
s igned f o r  mu1 t i  p l e  sources.  T h i s  p rov ided  
a  conven ien t  means t o  compare, w i t h i n  a  s i n -  
g l e  run,  t h e  t r a n s p o r t  i n  a  c o n s t a n t  l a y e r  
w i t h  t r a n s p o r t  i n c l u d i n g  i s e n t r o p i c  con- 
s i d e r a t i o n s .  T h i s  was accomplished by de- 
f i n i n g  two sources a t  t h e  same geographica l  
l o c a t i o n  and s imp ly  c o n s t r a i n i n g  t h e  h o u r l y  
re leased  p a r c e l s  f rom one o f  t h e  sources t o  
move i n  t h e  l o w e s t  l a y e r .  

The c o n d i t i o n  o f  s a t u r a t i o n  was mon i to red  
f o r  two reasons.  F i r s t ,  i t  m i g h t  be used, 
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sources were l oca ted  near  St .  Louis ,  M issour i ,  
and P i t t sbu rgh ,  Pennsylvania. From these l o -  
ca t ions ,  hou r l y  marker p a r t i c l e s  were r e -  
leased and used t o  d e f i n e  plume c e n t e r l i n e s .  
A t  12-hr  i n t e r v a l s ,  computer p l o t s  were 
generated, showing t h e  p o s i t i o n s  o f  t h e  
" i s e n t r o p i c "  and cons tan t  l a y e r  plumes f rom 
each o f  t he  two sources. Sa tu ra t i on  o f  t he  
a i r  assoc ia ted  w i t h  t he  marker p a r t i c l e s  i s  
i n d i c a t e d  on t h e  p l o t s  by an a s t e r i s k .  
Sample p l o t s  a r e  shown i n  F igures  1  and 2. 
F ron ta l  p o s i t i o n s  and areas o f  observed p re -  
c i p i t a t i o n  a re  a l s o  shown f o r  t he  t imes 
i nd i ca ted .  Note i n  F igure  1  t ha t ,  a f t e r  
t h e  f i r s t  12 h r  o f  re lease,  t h e  plumes f rom 
St .  Lou is  a re  n e a r l y  t h e  same, whereas t h e  
P i t t s b u r g h  plumes a r e  e x a c t l y  superimposed. FIGURE 2. Plume Comparison a t  OOZ A p r i l  2, 
Superimposed i s e n t r o p i c  and cons tan t  l a y e r  1974. Plumes a re  shown a f t e r  24 h r  o f  
'pl umes i n d i c a t e  t h a t  t h e  marker p a r t i c l e s  r e1  ease. (Dashed plumes a r e  cons tan t  1  ayer  
d i f i n i n g  t h e  i s e n t r o p i c  plumes a r e  e i t h e r  and so l  i d  plumes a re  i s e n t r o p i c .  Sa tu ra ted  
n o t  l e a v i n g  t he  f i r s t  l a y e r  o r  (a l e s s  l i k e l y  a i r  pa r ce l s  denoted by*. ) 
p o s s i b i l i t y )  t h a t  t he  winds i n  t h e  d i f f e r e n t  
l a y e r s  a re  t he  same. The dramat ic  d i f f e r -  
ence i n  t h e  S t .  Lou is  plume p o s i t i o n s  shown 
i n  F igure  2  r e f l e c t  t he  v e r t i c a l  movement Ana lys is  o f  t r a n s p o r t  d i f f e rences  be- 
over  t h e  f r o n t .  We can a l s o  observe i n  tween cons tan t  l a y e r  and i s e n t r o p i c  consid-  
F i gu re  2  bo th  t h e  sa tu ra ted  and unsa tu ra ted  e r a t i o n  cons is ted  o f  t a b u l a t i n g  t he  separa- 
p o r t i o n s  o f  t he  S t .  Lou is  plume i n  t he  ob- t i o n  between t h e  f i r s t  hour marker p a r t i c l e s  
served r a i n  areas. P l o t s  o f  t h i s  t ype  were a t  12 and 24 h r .  The r e s u l t s  a re  shown i n  
produced f o r  a  t o t a l  o f  45 r e l ease  per iods  Table 1. 
du r i ng  t h e  month f o r  comp i l a t i on  and analyses.  

General ly ,  Table 1  shows t h a t  t he  plumes 
f rom the  two models behaved s i m i l a r l y  when 
f r on t s  were n o t  encountered. Th is  can be 
seen f rom the  number o f  end p o i n t s  which 
have a  separa t ion  d i s t ance  o f  < I00  km ( ~ 6 3 %  
a f t e r  24 h r ) .  On some occasions, r i s i n g  
mot ions were i n d i c a t e d  i n  t he  i s e n t r o p i c  
model when no f r o n t s  were present .  Th i s  
was p robab ly  due t o  the  l a c k  o f  an es t imate  
o f  r a d i a t i o n  coo l ing .  Also, s ince  the  a i r  
parce l  was n o t  a l lowed t o  s i n k  below t he  
lowes t  l a y e r ,  t h e  a i r  parce l  i n  t he  lowes t  
l a y e r  was f o r ced  t o  move w i t h  t h e  cons tan t  
l a y e r  f l o w  when r a d i a t i o n  hea t i ng  occurred 
w i t h o u t  mod i f y i ng  t h e  a i r  p a r c e l ' s  p o t e n t i a l  
temperature. These d i f f i c u l t i e s  would be 
a l l e v i a t e d  by compensation i n  t h e  model f o r  
t h i s  d i a b a t i c  e f f e c t .  

Table 1  a l s o  shows t h e  i nc rease  over  t ime, 
o f  t h e  number o f  marker p a r t i c l e s  w i t h  end 

FIGURE 1. Plume Comparison a t  122 A p r i l  1, p o i n t  separa t ion  > I00  km and o f  t h e  number 
1974. Plumes a re  shown a f t e r  12 h r  o f  o f  assoc ia ted  a i r  pa r ce l s  reach ing  sa tu ra -  
re1  ease. (Dashed plumes a r e  cons tan t  t i o n .  I n  approximate ly  25% o f  t he  cases, 
l a y e r  and s o l i d  plumes a r e  i s e n t r o p i c .  The a t  12 h r  end p o i n t  separat ions were > I00  km. 
s t i p p l e d  areas i n d i c a t e  observed A t  24 h r  37% o f  t he  cases showed end p o i n t  
p r e c i p i t a t i o n .  ) separat ions > I00  km. Th i s  i s  a  12% inc rease  

i n  12 h r .  For S t .  Louis  and P i t t s b u r g h  com- 
bined, t he  t o t a l  number o f  cases i n  which a i r  
pa r ce l s  a re  sa tu ra ted  increased f rom 13% a t  
12 h r  t o  26% a t  24 h r .  



. . - 
TABLE 1. Comparison o f  Constant Layer t o  I s e n t r o p i c  T r a j e c t o r y  End Po in ts  

S t .  Louis ,  MO P i t t sbu rgh ,  PA 
Number o f  T r a j e c t o r i e s  Number o f  T r a j e c t o r i e s  

1. Dis tance Separated 12 h r  24 h r  - - 12 h r  24 h r  - - 
<I00 km 34 23 

100-200 km 5  2  

200-300 km 2  4  

300-400 km 2  2 

>400 km 2 6 

O f f  Map 0  5  

Dropped due t o  m iss ing  data 0  3 

TOTAL 4  5  4  5  4  5  4  5  

2. Saturated 7  12 5  7  

I n  about 30% o f  t he  cases, examined a i r  
assoc ia ted  w i t h  t h e  marker p a r t i c l e s  from 
St .  Lou is  and P i t t s b u r g h  were i n d i c a t e d  i n  
t h e  model t o  cross o r  move a long  a  f r o n t  
du r i ng  36 h r  o f  t r a v e l  t ime.  Seventy per-  
cen t  o f  these a i r  pa r ce l s  were sa tu ra ted  
a f t e r  24 h r .  

Ana lys is  o f  t h e  45 cases has shown t h a t  
i s e n t r o p i c  cons i de ra t i ons  i n  t he  t r a n s p o r t  
sec t i on  o f  t h e  model can cause s i g n i f i c a n t  
d i f f e r e n c e s  i n  plume p o s i t i o n s  when they  
a re  i n  t he  area o f  a  f r o n t a l  storm. These 
cons idera t ions  a l s o  p rov i de  i n f o rma t i on  
w i t h  regard t o  s a t u r a t i o n  o f  t h e  a i r  i n  a  
plume segment. However, t h e  r a t h e r  uncon- 
ven t i ona l  method o f  us i ng  layer-averaged 
p o t e n t i a l  temperatures quest ions t h e  r e -  
l i a b i l i t y  o f  t h e  t r a n s p o r t .  To t e s t  t he  
r e l i a b i l i t y  o f  t h e  method, a  comparison was 
made w i t h  t r a n s p o r t  de r i ved  by t h e  more con- 
ven t i ona l  method us i ng  f l o w  on i s e n t r o p i c  
sur faces.  

Comparisons Using I s e n t r o p i c  T r a j e c t o r i e s  

O f  t he  45 cases analyzed, t h ree  cases 
showing l a r g e  end p o i n t  separa t ion  between 
t h e  i s e n t r o p i c  and cons tan t  l a y e r  plumes 
were se lec ted .  For each o f  these, t h e  i n i -  
t i a l  p o t e n t i a l  temperature a t  t h e  source 
l o c a t i o n  was used i n  t h e  c o n s t r u c t i o n  o f  
f l o w  f i e l d s  on i s e n t r o p i c  sur faces.  The 
f l o w  f i e l d s  were generated f rom the  same 
radiosonde i n f o rma t i on  used i n  t he  model. 
T r a j e c t o r i e s  were computed by hand analyses 
f rom these f l o w  f i e l d s  f o r  comparison w i t h  
bo th  types o f  model generated marker par -  
t i c l e  t r a j e c t o r i e s .  The r e s u l t  was t h a t  

f o r  t h e  hand analyses versus t he  i s e n t r o p i c  
model, t h e  average d i f f e r e n c e  i n  t r a j e c t o r y  
end po in t s  f o r  t h e  t h ree  cases was a100 km 
a t  12 h r  and a250 km a t  24 h r .  Compare 
t h i s  t o  t he  average d i f f e r e n c e  i n  end p o i n t s  
between t he  hand analyses and cons tan t  l a y e r  
t r a j e c t o r i e s  o f  a275 km a t  12 h r  and a875 km 
a t  24 h r .  We see f rom t h i s  comparison t h a t  
t h e r e  i s  some separa t ion  between end p o i n t s  
o f  t r a j e c t o r i e s  o f  t h e  i s e n t r o p i c  model and 
o f  t he  hand analyses. However, these d i f -  
ferences a r e  cons iderab ly  l e s s  than those 
between end p o i n t s  o f  t r a j e c t o r i e s  o f  t he  
cons tan t  l a y e r  model and o f  t h e  hand analyses. 
From t h i s  l i m i t e d  sample, i t  appears t h a t  t h e  
model w i t h  " i s e n t r o p i c "  cons i de ra t i ons  i s  
p r o v i d i n g  an acceptable es t ima te  o f  i sen -  
t r o p i c  f low.  

I n  a l l  t h ree  o f  t h e  cases examined, a i r  
parce ls  associated w i t h  t h e  marker p a r t i c l e s  
were sa tu ra ted  a f t e r  24 h r  o f  t r a n s p o r t .  
However, i n  t he  examinat ion o f  t h e  hand- 
analyzed t r a j e c t o r i e s ,  o n l y  one a i r  parce l  
was sa tu ra ted  a t  the  end o f  24 h r .  Th i s  
i n d i c a t e s  t h a t  t h e  upper l a y e r  (1500 m  t o  
3000 m) i s  t o o  t h i c k .  The use o f  a  l a y e r  
o f  t h i s  depth causes ove r -es t ima t i on  o f  t he  
v e r t i c a l  movement. Th is  problem can be 
a l l e v i a t e d  by i nc reas i ng  t h e  r e s o l u t i o n  o f  
t h e  model, through the  use o f  t h i n n e r  l a y e r s ,  
over  t h e  same depth. 

SUMMARY AND CONCLUSIONS 

A f t e r  mod i fy ing  t h e  t r a n s p o r t  phase of 
t h e  cons tan t  l a y e r  assessment model t o  i n -  
c lude  i s e n t r o p i c  approximat ions and do ing  
some p r e l i m i n a r y  t e s t i n g ,  we f i n d  t h e  i sen -  
t r o p i c  method t o  be f e a s i b l e .  We have shown, 



i n  case s tud ies ,  t h a t  i n  f r o n t a l  storms 
l a r g e  d isc repanc ies  between t he  i s e n t r o p i c  
and t h e  cons tan t  l a y e r  models can occur i n  
plume p o s i t i o n  es t imates  and i n  the  sub- 
sequent l o c a t i o n  and occurrence o f  wet r e -  
moval, bo th  i n - c l oud  and below-cloud. I n  
a l i m i t e d  comparison, t he  model i n c l u d i n g  
i s e n t r o p i c  cons idera t ions  was shown t o  
reasonably approximate t r a j e c t o r i e s  on i sen -  
t r o p i c  sur faces.  

Quest ions s t i l l  remain concern ing r eso lu -  
t i o n  o f  t h e  l aye r s  t o  more accu ra te l y  de f ine  
t he  s a t u r a t i o n  o f  a i r  pa r ce l s  as w e l l  as t h e  
i n c l u s i o n  o f  est imates o f  d i a b a t i c  e f f e c t s .  
Another v i t a l  ques t ion  y e t  t o  be answered 
i s  whether t h e  successfu l  i n c l u s i o n  o f  t he  
i s e n t r o p i c  model wi  11 be necessary f o r  long-  
te rm assessment. 
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COMPARISON OF TWO CONSTANT LEVEL 

TRAJECTORY MODELS(~) 

W. E. Davis and L. L. Wendell 

INTRODUCTION 

T r a j e c t o r i e s  o f  p a r t i c l e s  re leased  a t  6-hr i n t e r v a l s  were c a l c u l a t e d  

us i ng  cons tan t  1  ayer  models developed by A i r  Resources Labora to ry  (ARL) , 
S i l v e r  Spr ings,  MD, and B a t t e l  l e y  P a c i f i c  Northwest Labora to r ies  (PNL), 

Rich1 and, WA. The l a b o r a t o r i e s  exchanged t r a j e c t o r y  se ts  c a l c u l a t e d  

f o r  common months o f  data f o r  comparison. A  s t a t i s t i c a l  comparison 

o f  t h e  sepa ra t i on  d is tances  a t  3-hr i n t e r v a l s  a long  t h e  t r a j e c t o r i e s  

i n d i c a t e d  d isc repanc ies  o f  5 t o  10%. Th i s  i s  good agreement cons ider -  

i n g  t h e  d i f f e r e n c e  i n  t r a j e c t o r y  c o n s t r u c t i o n  techniques. The t ime-  

averaged a i r  concen t ra t i on  pa t t e rns  produced by t h e  models f o r  the  

30-day pe r i od  w i t h  s i m i l a r  removal parameters a l s o  compared q u i t e  

f avo rab l y .  

A  comparison o f  t h e  U.S. s ca l e  t r a n s p o r t  
d i spe rs i on  and removal models o f  ARL1 and 
PNL2y3 was c a r r i e d  n e a r l y  t o  complet ion.  
Both models u t i l i z e d  standard radiosonde 
da ta  t o  produce a  l a y e r  average wind a t  
each measurement s i t e ,  b u t  used d i f f e r e n t  
techniques o f  t r a j e c t o r y  c o n s t r u c t i o n  and 
somewhat d i f f e r e n t  techniques i n  sampling 
t h e  re leased  m a t e r i a l  t o  produce average 
a i r  concent ra t ions  a t  ground l e v e l .  The 
d i f f e r e n c e s  i n  t he  models have r e s u l t e d  
f rom t h e i r  d i f f e r e n t  sources. The ARL 
model evolved f rom models designed t o  handle 
g l oba l  sca le  t r anspo r t ,  whereas the  PNL 
model i s  an adap ta t i on  o f  a  mesoscale model. 
The major  d i f f e r e n c e  t h i s  has caused i s  i n  
t h e  t ime and space i n t e r p o l a t i o n  processes. 
The ARL model had t o  be r e f i n e d ,  w h i l e  t h e  
r e s o l u t i o n  o f  t he  PNL model was l e s s  than  
t h a t  r e q u i r e d  by t h e  mesoscale. The purpose 
of t h e  comparison b r i e f  1  y  descr ibed be1 ow 
was t o  determine i f  t h e  models were produc- 
i n g  d i f f e r e n t  r e s u l t s  and t o  p rov ide  a  bas is  
f o r  t h e  s e l e c t i o n  o f  a  model f o r  per fo rming  
t h e  r e l a t i v e  d i f f u s i o n  c a l c u l a t i o n s  and de- 
p o s i t i o n  c a l c u l a t i o n s  f rom f i v e  r eg i ona l  
s i t e s .  

a.This work was sponsored by t h e  Environmen- 
t a l  E f f e c t s  Program--Savannah R i ve r  LWR. 

TRAJECTORY COMPARISON 

The PNL model under normal c i rcumstances 
has a  re lease  r a t e  o f  one p a r t i c l e  per  hour 
and uses a  1 -h r  advec t ion  step.  A  copy o f  
t h e  model was mod i f i ed  t o  produce punched 
cards which conta ined 3 -hour ly  p o s i t i o n s  
a long  the  t r a j e c t o r i e s  o f  p a r t i c l e s  re leased  
every  6  h r .  Th is  was done t o  match t h e  f o r -  
mat o f  t h e  cards rece ived  f rom ARL. The ARL 
model has been used t o  produce 6 -hour ly  t r a -  
j e c t o r i e s  f o r  t h e  month o f  A p r i l  1974. 

The fundamental d i f f e r e n c e  i n  t r a j e c t o r y  
c o n s t r u c t i o n  i n  t h e  two models i s  i n  the  
technique t o  o b t a i n  t he  wind a t  each p a r t i -  
c l e  p o s i t i o n .  The ARL model i n t e r p o l a t e s  
d i r e c t l y  f rom t h e  randomly spaced wind mea- 
surement l o c a t i o n s  t o  t h e  p a r t i c l e  p o s i t i o n  
a t  each t ime s tep .  The PNL model i n t e r p o -  
l a t e s  f rom the  randomly spaced s t a t i o n s  t o  
p o i n t s  on a  r e g u l a r  r ec tangu la r  g r i d .  The 
winds a t  t he  p a r t i c l e  p o s i t i o n  a re  then ob- 
t a i ned  through a  b i l i n e a r  i n t e r p o l a t i o n  i n  
space and a  l i n e a r  t ime i n t e r p o l a t i o n  between 
maps. Th is  method i s  l e s s  expensive f o r  
cases i n  which many p a r t i c l e s  a re  on t h e  g r i d  
a t  one t ime, bu t  a  c e r t a i n  amount o f  accuracy 
i s  s a c r i f i c e d .  

A  s t a t i s t i c a l  comparison o f  t he  p a r t i c l e  
separat ions a t  successive t imes a l ong  t h e  
t r a j e c t o r i e s  i s  shown i n  Table 1. For  t he  
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TABLE 1. Comparison Between ARL and PNL T r a j e c t o r i e s  

Time A f t e r  
Release 

( h r )  
No. o f  
Cases 

11 1 

11 1 

111 

111 

111 

110 

106 

97 

88 

78 

72 

65 

6 1 

58 

57 

5 2 

47 

44 

4 1 

38 

3 6 

35 

3 3 

3 2 

2 9 

2 9 

2 6 

2 5 

24 

2 1 

20 

19 

19 

17 

15 

15 

14 

14 

12 

12 

No. o f  Cases o f  
Grea te r  D is tance  

 raveled ( a )  

6 9 

6 6 

63 

57 

5 5 

52 

53 

44 

3 9 

3 1 

3 0 

26 

23 

20 

17 

11 

10 

9 

10 

11 

9 

9 

9 

8 

8 

8 

9 

8 

8 

7 

7 

6 

6 

5 

4 

5 

4 

4 

3 

3 

Avg. Separa t ion  
( N a u t i c a l  M i l e s )  

8.82 

10.20 

14.89 

16.52 

20.43 

23.33 

25.80 

26.29 

30.94 

33.18 

34.47 

36.86 

40.38 

41.61 

44.06 

46.68 

46.25 

49.64 

56.63 

57.52 

61.79 

65.65 

70.44 

74.34 

75.57 

78.45 

77.32 

68.99 

71.54 

43.43 

43.19 

43.37 

45.65 

47.64 

49.86 

53.02 

53.99 

56.84 

64.22 

69.37 

Std. D e v i a t i o n  
( N a u t i c a l  M i l e s )  

6.34 

10.34 

15.05 

15.70 

16.98 

17.53 

18.12 

17.74 

23.93 

27.04 

27.17 

27.81 

30.00 

28.42 

30.96 

32.43 

33.60 

38.36 

44.47 

49.12 

58.16 

65.17 

75.99 

83.04 

91.42 

98.33 

108.32 

102.11 

107.93 

20.88 

21 .23 

22.85 

23.43 

24.37 

25.53 

33.63 

29.77 

31.48 

33.06 

44.42 

Avg . 
Separa t ion /  

D is tance  
Trave led  

0.24 

0.14 

0.13 

0.11 

0.10 

0.10 

0.09 

0.09 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.09 

0.09 

0.09 

0.09 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.09 

0.08 

0.08 

0.06 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

1). 05 

a.  T h i s  compares t o t a l  l e n g t h s  o f  t r a j e c t o r i e s  and t h e  number i n d i c a t e s  how many o f  t h e  PNL 
t r a j e c t o r i e s  t h a t  were g r e a t e r  i n  t o t a l  d i s t a n c e  t r a v e l e d  than  t h e  ARL t r a j e c t o r i e s .  



q u a n t i t y  "average sepa ra t i on l d i s t ance  
t r ave led "  t h e  d iscrepancy i s  about 10% f o r  
t h e  f i r s t  3 days; then  drops t o  about 5%. 
The i n i t i a l  e r r o r  o f  24% cou ld  be caused 
by a wind s t a t i o n  near  t h e  source which 
would be weighted much more h e a v i l y  by t he  
ARL model. S ince these models a r e  be ing  
evaluated f o r  t h e i r  performance on a r e -  
g iona l  t o  U.S. scale,  t h i s  near  source 
d iscrepancy i s  p robab ly  n o t  se r ious .  Con- 
s i d e r i n g  t he  u n c e r t a i n t y  of t h e  t r a j e c t o r i e s  
due t o  l a y e r  average assumption, t he  d i s -  
crepancies between t h e  t r a j e c t o r i e s  pro-  
duced by t h e  two models would seem t o  be 
i n s i g n i f i c a n t .  Examples o f  these t r a j e c -  
t o r y  comparisons a r e  shown i n  t he  t r a j e c -  
t o r y  p l o t s  i n  F i gu re  1. 

COMPARISON OF AVERAGE CONCENTRATION FIELDS 

The major concern i n  t h e  dose ca l cu l a -  
t i o n s  i s  t he  r e l i a b i l i t y  o f  t h e  average 

concent ra t ion  f i e l d s .  The concen t ra t i on  
c a l c u l a t i o n s  were accomplished w i t h  bo th  
models runn ing  i n  t h e i r  des ign  mode us i ng  
t h e  same meteor01 og i ca l  cond i t i ons  , source 
r a te ,  d r y  removal r a t e ,  and same average 
r a i n f a l l .  The models use a d i f f e r e n t  formu- 
l a t i o n  f o r  t he  d i spe rs i on  c o e f f i c i e n t s  and 
d i f f e r e n t  sampling techniques.  

Time average concen t ra t i on  f i e l d s  were 
produced by each model f o r  t h e  month o f  
A p r i l  1974. I n  s p i t e  o f  t he  d i f f e r e n c e s  i n  
t he  models , t h e  r e s u l t i n g  pa t t e rns  were 
q u i t e  s i m i l a r  i n  shape and magnitude. 

VERIFICATION AGAINST MEASURED DATA 

Measurements o f  12-hour ly  average con- 
cen t r a t i ons  o f  85Kr a t  I nd i anapo l i s ,  Ind iana,  
and D e t r o i t ,  Michigan, were a v a i l a b l e  by ARL 
du r i ng  t he  month o f  A p r i l  1975. Three-hour ly  
averaged values o f  t h e  source te rm were a l s o  

FIGURE 1. Comparison o f  T r a j e c t o r i e s  Ca lcu la ted  w i t h  Two D i f f e r e n t  
Advect ion Techniques. The s o l i d  l i n e s  and symbols were generated w i t h  
t he  PNL model. The dashed 1 i nes  and symbols were generated w i t h  t he  
ARL model. The symbols a long  each t r a j e c t o r y  a re  separated by a 6-hr  
t ime i n t e r v a l .  



used t o  t r y  t o  s imu la te  t he  12-hour ly  aver-  
age concent ra t ions  a t  t he  measurement l o ca -  
t i o n s .  Because o f  t he  v a r i a b i l i t y  and un- 
c e r t a i n t y  o f  t h e  source term as we l l  as 
some meteoro log ica l  compl i ca t ions  due t o  a 
f r o n t a l  system, i t  would be premature t o  
draw f i r m  conclus ions w i t h o u t  f u r t h e r  i n -  
v e s t i g a t i o n  o f  these cases. 

CONCLUSIONS AND RECOMMENDATIONS 

From t h e  comparison o f  t he  PNL and ARL 
models conducted a t  PNL, we ~ o u l d  conclude 
t h a t ,  desp i t e  some d i f f e r e n c e s  i n  t h e i r  
s t r uc tu re ,  they produce ve r y  s i m i l a r  r e s u l t s  
when compared under t he  same con f i gu ra t i ons ,  
e.g., l a y e r  averaged f low,  homogeneous aver-  

age p r e c i p i t a t i o n  cond i t i ons ,  e t c .  Th i s  
f a c t  may be comfor t ing ;  however, i t  does n o t  
prove ve r y  much about t h e  accuracy w i t h  which 
t h e  r e s u l t s  approximate r e a l i t y .  The com- 
par ison  w i t h  r e a l  measurements may be p ro -  
gress i n  t h i s  d i r e c t i o n .  

Fu r t he r  e f f o r t  should be expended on com- 
pa r i ng  t h e  r e s u l t s  f o r  t he  A p r i l  case w i t h  
r e s u l t s  f rom a model i n co rpo ra t i ng  i sen -  
t r o p i c  p r i n c i p l e s  as w e l l  as t he  ac tua l  t ime  
and space d i s t r i b u t i o n  o f  t he  p r e c i p i t a t i o n  
over  t h e  per iod .  Th i s  should h e l p  r e f i n e  
t he  wet depos i t i on  est imates as w e l l  as sug- 
ges t  methods f o r  i n c l u d i n g  p r e c i p i t a t i o n  
s t a t i s t i c s  i n t o  the  s imp le r  models. 
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AN IMPROVED COMPUTER CODE FOR REACTIVE PLUME 

TRAJECTORY CALCULATIONS 

J.  M. Hales 

A  p rev ious  model has been improved s u b s t a n t i a l l y  t o  p r o v i d e  more 

d e t a i l e d  es t imates  o f  plume t r a n s p o r t ,  r e a c t i o n  and d e p o s i t i o n .  T h i s  

new code i s  expected t o  be u t i l i z e d  e x t e n s i v e l y  i n  f u t u r e  MAP3S model- 

i n g  e f f o r t s .  

A r e a c t i v e  plume model has been m o d i f i e d  
and improved f o r  u s e - i n  MAP3S t r a j e c t o r y  
model ing e f f o r t s .  B a s i c a l l y ,  t h e  model i s  
ob ta ined  by per fo rming  an i n t e g r a l  m a t e r i a l  
ba lance o v e r  a  s l i c e  o f  plume, f o r  each o f  
t h e  r e a c t i v e  species,  as shown i n  F i g u r e  1. 

= t i m e  r a t e  o f  change o f  p o l l u t a n t  mass i n  
macroscopic volume e lement  

where 

ci = c o n c e n t r a t i o n s  o f  i t h  plume component 

v  = t h e  wind speed, and 

Gi = t h e  r a t e  o f  p r o d u c t i o n  o f  t h e  i t h  
component w i t h i n  t h e  volume element 
by r e a c t i o n ,  scavenging and d e p o s i t i o n .  

D e s c r i b i n g  scavenging i n  terms o f  washout 
c o e f f i c i e n t s  and d r y  d e p o s i t i o n  i n  terms o f  
d e p o s i t i o n  v e l o c i t i e s ,  Gi may be w r i t t e n :  

The model u t i l i z e s  t h e  s teady s t a t e  
assumption, and presumes t h a t  t h e  shapes o f  
a l l  plumes can be represen ted  by e i t h e r  

1  ) t h e  b iva r ia te -norma l  d i s t r i b u t i o n  p l u s  
a  cons tan t  background 

2)  t h e  l i m i t e d  m i x i n g - h e i g h t  d i s t r i b u t i o n  
p l u s  a  c o n s t a n t  background. 

The model accepts source and m e t e o r o l o g i c a l  
data,  and per forms numer ica l  i n t e g r a t i o n s  o f  
(1  ) t o  p r o v i d e  c o n c e n t r a t i o n s  o f  plume con- 
s t i t u e n t s  as a  f u n c t i o n  o f  downwind p o s i t i o n .  
Most o f  t h e  parameters i n  t h e  model can 
change w i t h  p o s i t i o n  and t ime.  T h i s  i s  made 
p o s s i b l e  by subrou t ines  g i v i n g :  

Wind v e l o c i t i e s  

D i s p e r s i o n  parameters and m i x i n g  h e i g h t s  

Source s t r e n g t h s  
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FIGURE 1. Schematic Illustration of Plume Material Balance 

Scavenging and deposition parameters 

Reaction kinetics. 

Reaction kinetics can be as complex as the 
user desires, within the constraints of 
computer memory and time. The model is set 
up to produce concentrations resulting from 
mu1 tiple plumes driven across a region by 
arbitrary wind fields, if executed by an 
appropriate calling program. 

The original model has been modified to 
enable more streamlined operation and to 
perform some of the more sophisticated cal- 
culations anticipated for future use. The 
most important of these are listed as 
f 01 1 ows : 

The inclusion of stationary states (in 
the reaction-kinetics sense) has been 
provided. 

A user may now pick an arbitrary number 
of components and constrain their con- 
centration behavior to match that of 
measured substances. This is an impor- 
tant option when the code is used in a 
diagnostic mode. 

Gas scavenging (reversible washout) cal- 
culations are now possible. 

Concentrations of components involving 
only f i rst -order reactions may now be 
computed analytically outside of the 
finite-difference portion of the code. 

Behavior of single plumes now can be 
calculated without the use of a complex 
wind-field program. This is accomplished 
by means of a relatively simple calling 
program for this purpose. 

A result of an example calculation using 
this code is shown in Figure 2. These re- 
sults were obtained by executing the program 
with the Penkett-Cox2 SO2 conversion mech- 
anism which was adapted using the reactions 

Olefin + O3 - Intermediate 
Intermediate + SO2 - SO; . 
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FIGURE 2. Resu l t s  o f  Sample C a l c u l a t i o n  Using t h e  Code 
Penket-Cox2 Conversion Mechanism 

Rate express ions  assoc ia ted  w i t h  these r e -  
a c t i o n s  a r e  [ c f  (2 ) ] ,  

rN02 = kl [NO1 L O 3 ]  - k2 [NO2] 

r o l  e f  i n = -155 [ o l e f i n ]  [03] 

155 [ o l e f i n ]  [03] [SO2] - - - 
r ~ ~ 2  [SO2] t 2 . 8 6 ~ 1 0 - l 1  

'so; = -rso2 
where r denotes r e a c t i o n  r a t e  i n  moles/cm3 
sec and [ ] denotes c o n c e n t r a t i o n  i n  
moles/cm3. 

Source s t r e n g t h s  and background concen- 
t r a t i o n s  f o r  t h e  v a r i o u s  components a r e  
l i s t e d  as f o l l o w s :  

Background 
Source S t r e n g t h  Concen t ra t ion  

Component mol es/sec p a r t s  p e r  b i l l i o n  

NO 3 0 0 

Washout and d r y  d e p o s i t i o n  were neg lec ted  
i n  t h i s  example. 

A l though t h i s  example c a l c u l a t i o n  i s  n o t  
by any means expected t o  p resen t  a v a l i d  
c a l c u l a t i o n  o f  SO2 o x i d a t i o n  k i n e t i c s  (Cox 's  
and P e n h e t t ' s  mechanism i s  o n l y  one o f  many 
t h a t  have been proposed), i t  does g i v e  some 
idea  o f  t h e  model ' s  a b i  1 i t y  t o  cope w i t h  
complex n o n l i n e a r  systems. I n  t h e  f u t u r e  
we expect  t o  u t i l i z e  t h i s  model e x t e n s i v e l y  
i n  c o n j u n e c t i o n  w i t h  h i s t o r i c a l  wind d a t a  t o  
compute r e g i o n a l  impact  o f  f o s s i l  f u e l  de- 
velopment f o r  t h e  MAP3S program. 
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AIR QUALITY SECTOR OF THE ENERGY-RELATED 

NORTHWEST REGIONAL ASSESSMENT PROGRAM 

D. S. Renne and D. L. E l l i o t t  

The goal o f  t he  Reqional Assessment Program a t  PNL i s  t o  assess 

t h e  environmental and socioeconomic impacts o f  a1 t e r n a t i v e  energy 

development scenar ios i n  t he  P a c i f i c  Northwest. Th i s  r e p o r t  descr ibes 

t h e  a c t i v i t i e s  o f  t h e  a i r  q u a l i t y  sec to r  o f  t h i s  program, i n c l u d i n g  

model ing e f f o r t s ,  workshops, and f u t u r e  p lans .  

The a i r  q u a l i t y  sec to r  o f  the  Regional 
Assessment Program i s  assessing t h e  impact  
on a i r  q u a l i t y ,  and t h e  depos i t i on  o f  p o l l u -  
t a n t s  on to  t he  t e r r e s t r i a l  environment, 
caused by a l t e r n a t i v e  energy development 
scenar ios i n  t h e  P a c i f i c  Northwest. Dur ing  
FY76 we app l i ed  a r eg i ona l  sca le  t r anspo r t ,  
t r ans fo rma t i on  and removal model t o  a near  
te rm probable c o a l - r e l a t e d  energy develop- 
ment scenar io  i n  t h e  P a c i f i c  Northwest, as- 
suming genera t ing  f a c i l i t i e s  w i l l  em i t  p o l -  
l u t a n t s  a t  a  r a t e  equ i va l en t  t o  t h e  New 
Source Performance Standards f o r  coal  - f i r e d  
power p l an t s .  Th i s  e f f o r t  r e s u l t e d  i n  a 
r e p o r t  showing r eg i ona l  ground l e v e l  a i r  
concent ra t ions  and su r f ace  depos i t i on  p a t -  
t e r n s  f o r  t h i s  scenar io .  An example o f  t h i s  
ou tpu t  i s  shown f o r  SO2 concent ra t ions  i n  
F igure  1. Th i s  t ype  o f  e f f o r t  w i l l  con t inue  
d u r i n g  FY77 w i t h  f u r t h e r  a p p l i c a t i o n  o f  t h e  
r eg i ona l  model t o  d i f f e r e n t  c o a l - r e l a t e d  
scenar ios i n  t h e  west, as a component o f  t h e  
Coal U t i l i z a t i o n  Assessment, and t o  energy 
development scenar ios i n  t h e  nor thwest  as 
p a r t  o f  PNL's Regional Assessment Program. 
I n  add i t i on ,  we w i l l  be app l y i ng  d i f f e r e n t  
types o f  a i r  q u a l i t y  d i f f u s i o n  models t o  
var ious  development scenar ios t o  assess t he  
" c l ose - i n "  impacts of a1 t e r n a t i  ve develop- 
ments. These model i n g  e f f o r t s  w i l l  con t i nue  

t o  p rov i de  i n f o rma t i on  on t h e  e f f e c t  r egu la -  
t o r y  c o n s t r a i n t s  w i l l  have on energy develop- 
ment. They w i l l  a l so  p rov i de  i n f o r m a t i o n  t o  
o the r  sec to rs  o f  t h e  Regional Assessment 
Program, such as t h e  ecosystems e f f o r t ,  f o r  
an i n t e g r a t e d  assessment o f  a1 t e r n a t i v e  
energy development scenar ios.  

Dur ing t h e  s p r i n g  o f  1976 PNL hosted a 
workshop on a i r  q u a l i t y  and meteoro log ica l  
assessments as a p a r t  o f  the  Regional Assess- 
ment P r ~ g r a m . ~  Th i s  workshop opened up i n -  
t e r l a b o r a t o r y  d ia logue  on t h e  k inds  o f  models 
t h a t  can be app l i ed  t o  assessments such as 
these, and on how t h e  l abs  can combine r e -  
sources t o  improve t h e  q u a l i t y  and e f f i c i e n c y  
o f  t h e  environmental assessment process. Ad- 
d i t i o n a l  i n t e r a c t i o n  by t he  workshop p a r t i c i -  
pants occurred i n  subsequent meetings o f  t he  
a i r  q u a l i t y  work ing group o f  t he  Coal U t i l i -  
z a t i o n  Assessment. I t  i s  in tended t h a t  i n t e r -  
ac t i ons  such as these w i l l  con t inue  a t  an i n -  
c reas ing  l e v e l  o f  t e c h n i c a l i t y  d u r i n g  FY77. 

An assessment was made o f  s t r i p p a b l e  and 
underground low s u l f u r  coal  reserves i n  
Montana and Wyoming3 t o  determine how t he  
New Source Performance Standards f o r  c o a l -  
f i r e d  power p l a n t s  promulgated by t h e  Envi ron-  
mental P r o t e c t i o n  Agency cou ld  impact  t h e  



FIGURE 1. Annual Average Ground-Level A i r  Concentrat ions o f  SO2 
f rom E x i s t i n g  and Proposed Coa l -F i red  Power P l a n t s  i n  t h e  Nor th -  
west  Us ing  New Source Performance Standards and a Regional Scale 
T ranspor t ,  T rans fo rmat ion  and Removal Model 

development o f  these resources.  A l though as e a s t e r n  coa l .  As a r e s u l t ,  43% o f  t h e  
t h e  s u l f u r  c o n t e n t  o f  t h e  coa l  i s  g e n e r a l l y  t o t a l  recoverab le  resources i n  t h e  two s t a t e s  
l e s s  than  I%, t h e  lower  B tu  c o n t e n t  o f  t h e  would s t i l l  r e q u i r e  s u l f u r  c o n t r o l s  when 
coa l  r e q u i r e s  t h a t  a g r e a t e r  amount be u t i l i z e d  i n  e l e c t r i c  g e n e r a t i n g  f a c i l i t i e s .  
burned t o  ach ieve  t h e  same thermal o u t p u t  
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INTRODUCTION 

A MULTI-SOURCE COMPARISON OF THE EFFECTS OF REAL TIME 

VERSUS TIME AVERAGED PRECIPITATION DATA 

ON SO AND SULFATE PARTICULATE REMOVAL ---2 
I N  THE REGIONAL ASSESSMENT MODEL 

L. L. Wendell and D. C. Powell 

The reg iona l  sca le  atmospheric t r anspo r t ,  d i f f u s i o n  and removal 

model was exerc ised  t o  produce ground- level  a i r  concent ra t ion  and 

depos i t i on  pa t t e rns  f o r  SO2 and s u l f a t e  p a r t i c u l a t e  f o r  a  29-day 

per iod ,  w i t h  emiss ion est imates f rom 30 power p l a n t  sources i n  the  

nor theas te rn  Un i ted  S ta tes .  The model was r un  tw i ce  w i t h  i d e n t i c a l  

parameter s p e c i f i c a t i o n s  and i n p u t  data; i n  one run  t h e  h o u r l y  g r i d -  

ded p r e c i p i t a t i o n  was used, as i t  occurred, f o r  wet removal computa- 

t i o n s ,  and i n  t he  o the r  r un  t h e  29-day average p a t t e r n  was app l ied .  

More than  t w i c e  t h e  wet removal o f  SO2 was observed f o r  t h e  t ime- 

averaaed p r e c i p i t a t i o n  as f o r  t h e  r e a l  t ime p r e c i p i t a t i o n .  The SO2 

n o t  removed i n  t h e  r e a l  t ime p r e c i p i t a t i o n  case was a v a i l a b l e  f o r  

t r ans fo rma t i on  i n t o  s u l f a t e  p a r t i c u l a t e  and r e s u l t e d  i n  h i ghe r  ground 

l e v e l  a i r  concent ra t ions  o f  s u l f a t e  p a r t i c u l a t e  by about a f a c t o r  

o f  2, as w e l l  as more deposi ted s u l f a t e  and s i g n i f i c a n t l y  more s u l -  

f a t e  escaping t h e  computat ional  area. 

The reg i ona l  sca le  atmospheric t r anspo r t ,  
d i f f u s i o n  and depos i t i on  model under deve l -  
opment a t  PNL f o r  t he  M u l t i - s t a t e  A i r  Po l l u -  
t i o n  Power Product ion Study (MAP3S) has been 
descr ibed and t es ted  f o r  a  s i n g l e  source 
near St .  Louis, M issour i .  S ince t h e  u l t i -  
mate goal o f  t h i s  work i s  t o  assess t h e  e f -  
f e c t  o f  expanded use o f  coal  as a  f u e l  f o r  
power p l a n t s  i n  t h e  nor theas te rn  Un i ted  
States,  t h e  model was developed w i t h  a  
mu l t i - source  c a p a b i l i t y .  The model w i l l  
accept  t he  l o c a t i o n s  and source s t reng ths  
f o r  up t o  10 sources i n  any one run .  The 
t ime i n t eg ra ted  concen t ra t i on  f i e l d s  and 
depos i t i on  amounts may be s t o red  and com- 
b ined l a t e r  w i t h  t h e  r e s u l t s  f rom o the r  
c o l l e c t i o n s  o f  sources. I n  t h i s  way, an 
assessment can be performed w i t h  any number 
and combination o f  h i s t o r i c a l  o r  p ro j ec ted  
source i nven to r i es .  

The 18-day s i n g l e  source assessment i n d i -  
cated t h a t  t h e  use o f  hou r l y  p r e c i p i t a t i o n  
data i n  t h e  p r e c i p i t a t i o n  scavenging ca lcu-  
1  a t i o n s  removed 1  ess than ha1 f t h e  SO2 .as 
was removed us i ng  t ime averaged p r e c i p i t a - '  
t i o n  data. '  More SO2 was a v a i l a b l e  f o r  
t r ans fo rma t i on  t o  s u l f a t e  p a r t i c u l a t e  i n  t h e  
l a t t e r  case. The most s t r i k i n g  d i f f e rence ,  
however, was i n  t h e  s p a t i a l  d i s t r i b u t i o n s  
o f  deposi ted s u l f a t e .  

This  r e p o r t  discusses whether any s i g n i f i -  
cant  d i f f e r e n c e s  occur  when many sources a re  
considered s imul taneously .  Wi th t h e  coopera- 
t i o n  o f  t h e  MAP3S p r o j e c t ,  o t he r  Lagrangian 
t ype  models have been t es ted  us i ng  r e a l  t ime 
p r e c i p i t a t i o n  data.  These models te rmi  - 
nated t r a j e c t o r i e s  when they  encountered a  
p r e c i p i t a t i o n  r a t e  g rea te r  than some speci -  
f i e d  amount. The PNL model removes m a t e r i a l  
f rom t h e  plume as a  f u n c t i o n  of t h e  p re -  
c i p i t a t i o n  r a t e .  l 



DATA DESCRIPTION As shown i n  Table 1, t h e  use o f  average 
p r e c i p i t a t i o n  causes wet removal o f  over  

The source d a t a  f o r  t h i s  comparison was t w i c e  as much SO2 as does t h e  use o f  r e a l  
ob ta ined  f rom t h e  Federal Power Commission t i m e  p r e c i p i t a t i o n .  T h i s  occurs because 
i n v e n t o r y  o f  power p l a n t  emiss ions f o r  t h e  t i m e  averaged p r e c i p i t a t i o n ,  though 
1971 .'+ Only power p l a n t s  which showed non- smal l  i n  magnitude, i s  c o n t i n u o u s l y  removing 
t r i v i a l  amounts o f  SO2 emiss ions were se- m a t e r i a l  f rom t h e  plumes. The r e a l  t i m e  
l e c t e d .  Power p l a n t s  i n  t h e  same c o u n t i e s  p r e c i p i t a t i o n ,  however, occurs s p o r a d i c a l l y  
were combined t o  become one power p l a n t  and m a t e r i a l  i s  removed f rom a  plume o n l y  
source f o r  t h e  county.  E i g h t y - n i n e  u t i l i t y  when a  plume segment i s  l o c a t e d  i n  a  p o r t i o n  
sources were e s t a b l i s h e d  w i t h  emiss ions o f  t h e  g r i d  where p r e c i p i t a t i o n  i s  o c c u r r i n g .  
t o t a l i n g  14,056 k i l o t o n s  o f  SO2. Since t h e  
l a r g e s t  30 sources accounted foi-  71% o f  t h e  As a l s o  seen f rom Table 1, approx imate ly  
t o t a l  emissions, these were s e l e c t e d  f o r  13% more o f  t h e  t o t a l  r e l e a s e d  SO2 i s  con- 
t h e  comparison t e s t s .  E f f e c t i v e  h e i g h t s  v e r t e d  t o  s u l f a t e  p a r t i c u l a t e  f o r  t h e  r e a l  
f o r  a l l  sources were assumed t o  be 400 m. t i m e  case than f o r  t h e  t ime averaged case. 

However, o n l y  an a d d i t i o n a l  1% o f  t h e  t o t a l  
The wind da ta  used f o r  t h i s  e x e r c i s e  SO2 re leased  was depos i ted  w i t h i n  t h e  bounda- 

were d e r i v e d  f rom 12 h o u r l y  rad iosonde da ta  r i e s  o f  t h e  computat ional  g r i d ,  w h i l e  an ad- 
f o r  a  29-day p e r i o d  i n  A p r i l  1974. The p r e -  d i t i o n a l  12% escaped. T h i s  p robab ly  occur red  
c i p i t a t i o n  da ta  f rom 777 s t a t i o n s  o f  t h e  because bo th  wet and d r y  removal c o e f f i c i e n t s  
NOAA h o u r l y  c o o p e r a t i v e  observ ing  network f o r  s u l f a t e  p a r t i c u l a t e  were an o r d e r  o f  
and about  35 Canadian s t a t i o n s  were g r idded  magnitude l e s s  than f o r  SO2. 
w i t h  a  p r e v i o u s l y  descr ibed  technique f o r  
t h e  same p e r i 0 d . l  The t r a n s f o r m a t i o n  and The t o t a l  budget c o n s i d e r a t i o n s  a r e  o n l y  
removal parameters f o r  t h i s  comparison were p a r t  o f  t h e  p i c t u r e .  The s p a t i a l  d i s t r i b u -  
s p e c i f i e d  t o  be t h e  same as i n  t h e  s i n g l e  t i o n s  o f  t h e  average a i r  c o n c e n t r a t i o n s  f o r  
source comparison. SO2 and s u l f a t e  p a r t i c u l a t e  a r e  shown i n  

F i g u r e  1  and t h e  d e p o s i t i o n  p a t t e r n s  a r e  
RESULTS shown i n  F i g u r e  2. The p a t t e r n s  o f  ground 

l e v e l  s u l f a t e  c o n c e n t r a t i o n s  i n  t h e  f i g u r e s  
The mass budget f o r  t h e  SO2 re leased  a r e  s i m i l a r ,  b u t  they  show t h a t ,  over  most 

d u r i n g  t h e  p e r i o d  i s  summarized i n  Table 1. o f  t h e  g r i d ,  u s i n g  r e a l  t i m e  p r e c i p i t a t i o n  
The ma jo r  d i f f e r e n c e  i n  t h e  r e s u l t s  shown da ta  r e s u l t s  i n  c o n c e n t r a t i o n  l e v e l s  about a  
i n  t h i s  t a b l e  and those f o r  t h e  s i n g l e  f a c t o r  o f  2  g r e a t e r  than those produced f rom 
source a t  S t .  Lou is ,  i s  t h a t  much h i g h e r  t h e  model r u n  w i t h  t ime  averaged p r e c i p i t a t i o n .  
percentages o f  t h e  o r i g i n a l  SO2 escaped t h e  
computat ional  g r i d  i n  t h e  form o f  SO2 and Al though t h e  d i f f e r e n c e  i n  t h e  amount o f  
s u l f a t e  p a r t i c u l a t e  f o r  t h e  30 source re lease .  s u l f a t e  depos i ted  i s  smal l  Y t h e r e  i s  much 
Th is  occurs because t h e  S t .  Lou is  source i s  g r e a t e r  c o n t r a s t  i n  t h e  d e p o s i t i o n  p a t t e r n s .  
t h e  c l o s e s t  o f  t h e  30 sources t o  t h e  upwind I n  t h e  r e a l  t i m e  p r e c i p i t a t i o n  case, shown 
boundary o f  t h e  g r i d .  The m a t e r i a l  f rom i n  F i g u r e  2, t h r e e  l o c a l  maximum d e p o s i t i o n  
t h i s  source i s ,  on t h e  average, s u b j e c t  t o  l o c a t i o n s  may be observed. The most d ramat i c  , 

removal mechanisms l o n q e r  than t h a t  f rom any c o n t r a s t s  between t h e  t ime averaged and r e a l  
o f  t h e  o t h e r  sources. t i m e  p r e c i p i t a t i o n  da ta  a r e  seen i n  upper 

Michigan, Maine and Nor thern  New Jersey.  

- 

TABLE 1  Fa te  o f  SO2 Released f o r  29 Days f rom 30 Sources 
(units% o f  t o t a l  SO2 re leased)  

Transforma-  L e f t  i n  a i r  D e p o s i t e d  o n  T r a n s p o r t e d  
i o n  R a t e  P r e c i p .  o v e r  g r i d  s u r f a c e  o f  g r i d  beyond g r i d  

%hr-1 Cond . SO2 S u l f a t e  SO2 S u l f a t e  SO2 S u l f a t e  

5  29-day 1 . 2  1 . 9  53 .0  8 . 1  6 .2  29 .6  
a v e r a g e  

5  R e a l  1 . 6  2 . 3  3 5 . 5  9 . 3  9 . 5  4 1 . 8  
t i m e  



FIGLIRE 1  Ground Level  A i r  Concen t ra t ion  Pat- 
. m ( m  w 3 )  f o r  SO2 and S u l f a t e  P a r t i c u -  
l a t e s  R e s u l t i n g  f rom a  29-Day Per iod  o f  Re- 
leases f rom 30 Source Loca t ions .  Wet removal 
computat ions were based on t h r e e  modes o f  
p r e c i p i t a t i o n  r e p r e s e n t a t i o n ,  a )  d ry ,  b)  t i m e  
averaged over  t h e  29 days and c )  r e a l  t i m e  
( h o u r l y  p a t t e r n s  used i n  sequence). The 
c i r c l e s  i n d i c a t e  t h e  r e l a t i v e  magni tudes and 
l o c a t i o n s  o f  t h e  sources. The l a r g e s t  c i r c l e s  
r e p r e s e n t  sources e m i t t i n g  SO2 a t  a  r a t e  o f  
about  600 k i  1  otons yr - I  . 



FIGURE 2 .  Ground Level  D e p o s i t i o n  Amounts 
p ~ r - ~ )  f o r  SO2 and S u l f a t e  P a r t i c u -  
l a t e s .  For d e t a i l  see F i g u r e  1. 



The d i f f e r e n c e s  i n  amounts o f  m a t e r i a l  i s  underway w i t h  a v a i l a b l e  c o n c e n t r a t i o n  
removed by  t h e  two types  o f  p r e c i p i t a t i o n  measurements and a more complete source i n -  
d a t a  can be reduced s i g n i f i c a n t l y  by  reduc- ven to ry .  T h i s  should more p o s i t i v e l y  i n d i -  
i n g  t h e  removal c o e f f i c i e n t .  T h i s  a c t i o n  c a t e  t h e  impor tance o f  r e a l  t i m e  p r e c i p i t a -  
w i l l  no t ,  however, improve t h e  d i f f e r e n c e s  t i o n  da ta  i n  v a r i o u s  t ypes  o f  assessments. 
i n  t h e  d e p o s i t i o n  p a t t e r n s .  V e r i f i c a t i o n  
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