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FOREWORD 

Syncrude Canada Ltd. commissioned the MEP Company 
to undertake research designed to verify predictions of the 

effect of Syncrude's planned SO2 emissions on ground level air 

quality in the Athabasca Tar Sands. This monograph consists 

of MEP's final report to Syncrude describing research undertaken 

in 1974 and 1975. 

It is Syncrude's policy to publish its consultants' 

final reports as they are received, withholding only proprietary 

technical information or that of a financial nature. Because 

we do not necessarily base our decisions on just one consultants' 

opinion, recommendations found in the text should not be con- 

strued as commitments to action by Syncrude. 

Syncrude Canada Ltd. welcomes public and scientific 

interest in its environmental activities. Please address any 

questions or comments to Syncrude Environmental Affairs, Box 5790, 

EDMONTON, Alberta, T6C 4G3,  



SUMMARY 

Th i s  p r e d i c t i v e  s tudy i s  based on t h e  r e s u l t s  o f  t he  f i r s t  year  o f  da ta  

c o l l e c t i o n  r espec t i ng  t he  me teo ro l og i ca l  f a c t o r s  t h a t  may i n f l u e n c e  t h e  

d i s p e r s i o n  o f  a tmospher ic  emissions i n  and through t h e  a i r  over  t he  

Athabasca Tar Sands reg ion  executed by MEP under c o n t r a c t  t o  She l l  

Canada L td . ,  Syncrude Canada L t d . ,  Home O i l  Company L t d . ,  and P e t r o f i n a  

Canada L td .  The i n i t i a l  o b j e c t i v e s  o f  t h a t  s tudy were: 

1 .  To o b t a i n  a  r e p r e s e n t a t i v e  sample o f  wind and temperature 

da ta  f o r  t he  Tar Sands reg ion  f o r  a  p e r i o d  o f  one year .  

2 .  To determine the  frequency o f  occurrence o f  v a r i o u s  

a tmospher ic  d i s p e r s i o n  phenomena i n s o f a r  as these can 

be i n f e r r e d  from temperature and wind da ta .  

3.  To p r e d i c t  t h e  a i r  q u a l i t y  which would have been assoc ia ted  

w i t h  t he  observed d i s p e r s i o n  c o n d i t i o n s  i f  p a r t i c u l a r  sources 

o f  emiss ion o f  e f f l u e n t s  i n t o  t he  atmosphere had been 

p resen t  i n  t h e  area.  

Rout ine d a i l y  soundings o f  the  atmosphere began l a t e  September, 

1974 a t  t h e  She l l  Canada lease  e ease C-13) ,  and i n  February ,  1975 

a t  the  Syncrude Canada Tease sy ease C -17 ) .  I n t e n s i v e  f i e l d  s t u d i e s  

i n  February and August 1975 p rov i ded  a d d i t i o n a l  i n f o r m a t i o n  regard ing  

d e t a i l e d  r eg iona l  v a r i a t i o n s  o f  t h e  me teo ro l og i ca l  v a r i a b l e s  which 

c o n t r o l  d i s p e r s i o n .  

The data were analyzed w i t h  p a r t i c u l a r  emphasis on noc tu rna l  

i n v e r s i o n  depths,  m i x i n g  he igh t s ,  w ind and v e r t i c a l  temperature 

g r a d i e n t s  i n  t he  plume l a y e r .  



The noc tu rna l  i n ve rs i on ,  which occur red  on most mornings o f  t he  s tudy  

year ,  extended t o  h i ghe r  l e v e l s  and l a s t e d  longer  i n  f a l l  and w i n t e r  

than i n  s p r i n g  and summer. The median va lue  o f  the  a f t e rnoon  m i x i n g  

h e i g h t  was 200 metres i n  w i n t e r  and i n  excess o f  1000 metres i n  

summer. There were f a r  more cases o f  t u r b u l e n t  m i x i n g  under a  

s t a b l e  l i d  i n  summer than i n  w i n t e r .  When t h i s  c o n d i t i o n  ( l i m i t e d  

m i x i ng )  d i d  occur ,  i t  g e n e r a l l y  covered t h e  e n t i r e  r eg ion .  

On most mornings, the  plume l a y e r  was s t a b l e ,  and s t a b i l i t y  was 

g r e a t e r  i n  w i n t e r  than d u r i n g  the  summer. I n  the  a f te rnoons ,  t he  

plume l a y e r  had a  n e u t r a l  lapse r a t e  on most days o f  t he  year ;  t h e  

remaining days had l a r g e l y  uns tab le  lapse  r a t e s  i n  summer and s t a b l e  

lapse r a t e s  i n  w i n t e r .  

The mean wind speed i n  t he  es t imated  plume l a y e r  was near 6 metres pe r  

second; i t  was found t o  be i n v a r i a b l e  f rom morning t o  a f t e rnoon  

and from summer t o  w i n t e r .  Very low and very  h i g h  wind speeds were 

in f requen t .  I n  t he  plume l a y e r ,  t he  wind blew p redominan t l y  

from the  southwest,  d u r i n g  summer and f a l l .  I n  w i n t e r ,  t he  wind 

d i r e c t i o n s  were e q u a l l y  d i s t r i b u t e d  over  every  o c t a n t  except 

e a s t e r l y .  I n  sp r i ng ,  winds tended t o  be e i t h e r  n o r t h e r l y  o r  

s o u t h e r l y ,  the  l a t t e r  d i r e c t i o n  be ing  r e i n f o r c e d  by t he  d ra inage  

e f f e c t .  

Regional v a r i a t i o n s  i n  t h e  p r o f i l e s  o f  w ind  and temperature were 

most pronounced i n  t he  lowest  l e v e l s  o f  t h e  atmosphere. D i f f e r e n t i a l  

hea t i ng  and c o o l i n g  and topograph ic  in f luences  produced l o c a l  

f l o w  p a t t e r n s ;  these were observed d u r i n g  t he  f i e l d  s tudy pe r i ods .  



Dur ing  t h e  s p r i n g  and summer months mean d a i l y  maximum sur face  

temperatures were h i ghe r  w i t h i n  t he  v a l l e y  than on t h e  h i ghe r  

t e r r a i n .  A t  n i g h t ,  t h e  h i ghes t  temperatures were a l s o  measured i n  

t he  v a l l e y ,  near Tar I s l and .  

Perusal  o f  su r f ace  da ta  c o l  l e c t e d  a t  M i l d r e d  Lake  e ease C-17)  d u r i n g  

t h e  pas t  f i v e  years  i n d i c a t e s  t h a t  t h e  w i n t e r  months o f  t h e  year  on 

which t h i s  s tudy  r e p o r t s  were a t y p i c a l l y  warm. I t  i s  p robab le  t h a t  

more surface-based i nve rs i ons  would occur  d u r i n g  a  c o l d e r  w i n t e r .  

The t h e o r e t i c a l  p r e d i c t i o n s  o f  a i r  q u a l i - t y  were ob ta i ned  th rough  t h e  use 

o f  a  mathematical  d i s p e r s i o n  model. E s s e n t i a l l y  a  Gaussian model, i t  

a l s o  i nco rpo ra tes  s t a t e  o f  t h e  a r t  f ea tu res  such as l i m i t e d  m i x i ng ,  

curved plume t r a j e c t o r i e s ,  s p a t i a l  v a r i a t i o n  o f  w ind,  independent cho i ce  

o f  plume w i d t h  and th ickness ,  topograph ic  e f f e c t s ,  and i n v e r s i o n  break-  

up. For  each day covered by t h e  s tudy,  t h e  observed temperature and 

wind p r o f i l e s  were used t o  s e l e c t  t h e  a p p r o p r i a t e  i npu t  parameters 

t o  t he  model. 

For a l l  h y p o t h e t i c a l  cases and c o n d i t i o n s  r e l a t i n g  t o  a  n e u t r a l  o r  s t a b l e  

s t a t e  o f  t h e  lower atmosphere analyzed i n  t h i s  s tudy,  t h e  su lphur  d i o x i d e  

ground concen t ra t i ons  were p r e d i c t e d  t o  f a l l  w e l l  below t h e  des ign  

o b j e c t i v e  s e t  f o r  Syncrude i n  1973 by t h e  Government o f  A l b e r t a .  T h i s  

des ign  o b j e c t i v e  o f  n o t  exceeding a  c a l c u l a t e d  one-ha l f  hour average 

ground l e v e l  concen t ra t  i on  o f  0.06 pprn o f  su lphur  d i o x  ide under n e u t r a l  

c o n d i t i o n s  appears f u l l y  met i n  t h a t  t h e  concen t ra t i ons  a r e  now p r e d i c t e d  

no t  t o  exceed 0.02 ppm under t h e  s t a t e d  c o n d i t i o n s .  

D i spe rs i on  p r e d i c t i o n s  f o r  some cases o f  a  s t r a t i f i e d  lower atmosphere 

revealed however, t h a t  l i m i t e d  m i x i n g  and i n v e r s i o n  break-up c o n d i t i o n s  

cou ld  be so extreme as t o  lead t o  t h e  p r e d i c t i o n  o f  somewhat l e s s  than 

100% compl iance w i t h  t h e  Clean A i r  Regu la t ions  ( ~ l b e r t a )  which were 

proc la imed on August 6, 1975. 



Th i s  t h e o r e t i c a l  s tudy,  which y e t  r e q u i r e s  v e r i f i c a t i o n  under 

ac tua l  p l a n t  o p e r a t i n g  c o n d i t i o n s  concludes t h a t  t he  g round leve l  

concen t ra t ions  o f  SO a t t e n d i n g  t h e  o p e r a t i o n  o f  the  Syncrude 2 
600 f t .  s tack  w i l l  be lower than 0 .2  ppm 99.3% o f  t he  t ime  f o r  

a  p r e d i c t e d  ac tua l  emiss ion r a t e  o f  2018 grams per  second. For  

the  pe rm i t t ed  emiss ion r a t e  o f  3363 grams per  second, compl iance 

i s  p r e d i c t e d  t o  be 98.6%. 

The smal l  number o f  cases f o r  which t h e  concen t ra t i on  was p r e d i c t e d  

t o  exceed 0.2 ppm were mos t l y  assoc ia ted  w i t h  i n v e r s i o n  breakups. These 

fumiga t ions  a r e  p r e d i c t e d  t o  be much more f requen t  i n  summer and 

sp r i ng  than i n  w i n t e r .  A l though i nve rs i ons  i n  t he  plume l a y e r  a r e  

more in tense  and more f requen t  i n  w i n t e r ,  dayt ime tu rbu lence  seldom 

reaches t o  t he  l e v e l  o f  t he  plume. These f um iga t i ons  were es t imated  

t o  l a s t  about one h a l f  hour on t h e  average and t o  a f f e c t  o n l y  a  smal l  area.  

L i m i t e d  m ix i ng  fumigat ions would a f f e c t  a l a r g e r  area and p e r s i s t  f o r  

a  longer  p e r i o d  ( t y p i c a l l y  t h r e e  hours)  bu t  they a r e  p r e d i c t e d  t o  be 

very  in f requen t  - o n l y  on t h r e e  days f o r  t he  emiss ion r a t e  s , pec i f i ed  

on t he  Permi t  t o  Cons t ruc t  issued t o  Syncrude i n  1973. 

D e f i n i t e  v e r i f i c a t i o n  o f  t h e  above p r e d i c t i o n s  w i l l  o n l y  be accompl ished 

w i t h  ac tua l  a i r  q u a l i t y  measurements under normal p l a n t  o p e r a t i n g  

c o n d i t i o n s .  A l though t he  r e l i a b i l i t y  o f  t he  p r e d i c t i o n s  i s  c o n s t a n t l y  

improving as atmospher ic sounding work con t inues ,  t h e  da ta  base f o r  t h i s  

s tudy covers  o n l y  one year  and t h e  p r e d i c t i o n s  con ta ined  i n  t h i s  r e p o r t ,  

w h i l e  r e s u l t i n g  from conse rva t i ve  i n t e r p r e t a t i o n s ,  a r e  n o t  cons idered d e f i n i t e .  



The MEP s t a f f  members who t o o k  p a r t  i n  the  P r e d i c t i o n  Study were: 

Mory S .  H i r t  B.Sc. Pres iden t  

M r .  H i r t  has ex tens i ve  exper ience i n  meteorology bo th  i n  government 

and i n  t h e  p r i v a t e  sec to r .  He i s  a c o n t r i b u t o r  t o  many p u b l i c a t i o n s  
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q u a l i t y .  Many o f  these techniques and procedures a r e  s t i l l  be ing used 

as a bas i s  f o r  research by t he  A i r  Q u a l i t y  Research Branch o f  t h e  Federal  
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D i v i s i o n  f o r  t he  Prov ince  of  On ta r i o .  He has had exper ience i n  d i f f u s i o n  

mode l l i ng ,  ope ra t i ona l  f o r e c a s t i n g  f o r  Supplemental c o n t r o l  systems, and 
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manager f o r  t he  Tar Sands Study. D r .  Murray has exper ience as an o p e r a t i o n a l  

weather f o r e c a s t e r  w i t h  t h e  Government o f  Canada,.and as a researcher  i n  

Cloud Phys ics.  More r e c e n t l y  he has been i nvo l ved  i n  env i ronmenta l  i m p a c t  
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sources a t  many l o c a t i o n s  i n  Canada and abroad. 

B o r i s  Weisman, Ph. D. 
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p r a c t i c a l  phys i ca l  models o f  a tmospher ic  d i s p e r s i o n .  
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Summer F i e l d  Program f o r  t h e  Home A i r s t r i p .  



F i g u r e  18 He igh t  o f  b a l l o o n  as a  f u n c t i o n  o f  t ime  f rom re l ease  
(determined by double  theodol  i t e  t r a c k i n g )  d u r i n g  t h e  
Summer F i e l d  Program f o r  t h e  F i na  Camp. 

F i g u r e  19 Height  o f  b a l l o o n  as a  f u n c t i o n  o f  t ime  f rom re l ease  
(determined by double  theodol  i t e  t r a c k i n g )  d u r i n g  t h e  
Summer F i e l d  Program f o r  t h e  Syncrude Lower Camp. 

F i gu re  20 Ascent Rate de te rm ina t i on  f o r  0830 sounding, J u l y  30, 1975. 

F i gu re  21 Cumulat ive frequency o f  wind speed i n  plume l aye r  a t  C - 1 3 ,  
f o r  the  p e r i o d  September 1974 t o  September 1975. 

F i g u r e  22 Wind rose  f o r  F a l l  mornings; C - 1 3 .  

F i g u r e  23 Wind rose  f o r  F a l l  a f te rnoons ;  C - 1 3 .  

F i gu re  24 Wind rose f o r  Winter  mornings; C - 1 3 .  

F i gu re  25 Wind rose  f o r  Winter  a f te rnoons ;  C-13. 

F i gu re  26 Wind roses f o r  Spr ing  mornings; C-13 and M i l d r e d  Lake. 

F i gu re  27 Wind roses f o r  Spr ing  a f te rnoons ;  C - 1 3  and M i l d r e d  Lake. 

F i g u r e  28 Wind roses f o r  Summer mornings; C - 1 3  and M i l d r e d  Lake. 

F i g u r e  29 Wind roses f o r  Summer a f te rnoons ;  C - 1 3  and M i l d r e d  Lake. 

F i g u r e  30 May maximum temperatures (OC). 

F i gu re  31 June maximum temperatures (OC), 

F i gu re  32 J u l y  maximum temperatures (OC) . 
0 

F igu re  33 August maximum temperatures ( c). 

F igu re  34 May minimum temperatures (OC). 

F i g u r e  35 June minimum temperatures (OC). 

F i g u r e  36 J u l y  m inimum temperatures (OC).  

F i g u r e  3 7  August minimum temperatures (OC) . 
F igu re  38 Computed d i s t r i b u t i o n  o f  maximum ground l e v e l  S O 2  concen- 

t r a t i o n s  ( h a l f - h o u r  average) which m igh t  have r e s u l t e d  
d u r i n g  a f ternoons o f  s tudy year had t h e  Syncrude source 
been o p e r a t i n g  a t  the  pe rm i t  emiss ion l e v e l .  

F i gu re  39 Computed d i s t r i b u t i o n  o f  maximum ground l e v e l  SO2 concen- 
t r a t  ions (ha1 f -hour  average) which m igh t  have resu l  t ed  
d u r i n g  a f t e rnoons  o f  s tudy year had t he  Syncrude source 
been o p e r a t i n g  a t  t h e  a c t u a l l y  p r e d i c t e d  emiss ion l e v e l .  
- accord ing  t o  1 im i t ed  m i x i ~ g  model 
- f o r  t h ree  i n d i c a t e d  s tack  h e i g h t s  



F igu re  40 Computed d i s t r i b u t i o n  o f  maximum ground l e v e l  SO concen- 
2  

t r a t i o n s  (ha l f -hour  average) which migh t  have r e s u l t e d  
d u r i n g  mornings o f  t h e  s tudy  year  had a Syncrude source 
been ope ra t i ng  a t  t he  p e r m i t  emiss ion l e v e l .  
- accord ing  t o  i n v e r s i o n  breakup model 
- f o r  t h r e e  i n d i c a t e d  s tack  he igh t s  

F igu re  41 Computed d i s t r i b u t i o n  of  maximum ground l e v e l  SO 
2  

concen t ra t ions  (ha1 f-hour average) which migh t  have 
r e s u l t e d  du r i ng  mornings o f  t h e  study year  had a  
Syncrude source been o p e r a t i n g  a t  t he  a c t u a l l y  p r e d i c t e d  
emiss ion l e v e l .  
- accord ing t o  i n v e r s i o n  breakup model 
- f o r  t h r e e  i n d i c a t e d  s tack  he igh t s  

F igu re  42 Est imated number o f  morning hours d u r i n g  the  s tudy year  
where maximum ground concent ra t ions  would have been 0.2 ppm 
o r  g r e a t e r  had a  Syncrude source been o p e r a t i n g  a t  the  p e r m i t  
emiss ion l e v e l .  
- as a  f u n c t i o n  o f  s t ack  h e i g h t  
- accord ing  t o  i n v e r s i o n  breakup model 

F i gu re  43 Est imated number of  morning hours du r i ng  the  s tudy year 
where maximum ground concent ra t ions  would have been 0.2 ppm 
o r  g r e a t e r  had a  Syncrude source been o p e r a t i n g  a t  the  a c t u a l l y  
p r e d i c t e d  emiss ion l e v e l .  
- accord ing  t o  i n v e r s i o n  breakup model 
- f o r  t h r e e  i n d i c a t e d  s tack  he igh t s  

F igu re  44 Computed monthly d i s t r i b u t i o n  o f  hours, as an annual per -  
centage (and as a  number), where maximum ground l e v e l  
concen t ra t i on  (ha l f - hou r  average) may have been 0.2 ppm o r  
g r e a t e r  du r i ng  s tudy year  had a  Syncrude source been ope ra t i ng .  
- accord ing  t o  i n v e r s i o n  breakup model 
- f o r  2  emission l e v e l s  
- f o r  3 i n d i c a t e d  s tack  he igh t s  
- each fumiga t ion  i s  es t imated  t o  l a s t  h a l f  an hour (see 

t e x t )  

F i gu re  45 Loca t ions  o f  computed maximum ground l e v e l  concen t ra t i on  o f  
SO2 sssoc ia ted  w i t h  i n v e r s i o n  breakup, equal t o  0.2 ppm o r  
g r e a t e r  t h a t  m igh t  have r e s u l t e d  d u r i n g  t he  s tudy year had 
a  Syncrude s tack  been e m i t t i n g  accord ing  t o  t he  parameters 
o f  Tab le  9 w i t h  an emiss ion r a t e  o f  3363 grams p e r  second. 
- based on the  a n a l y s i s  o f  190 morning soundings a t  leases 13 

and 17 
- boundaries o f  Syncrude combined leases 17 and 22 a r e  shown 

F igu re  46 A l i m i t e d  m ix i ng  s i t u a t i o n  w i t h  near c r i t i c a l  m i x i ng  h e i g h t  
and a  low wind speed 

F igu re  47 A l i m i t e d  mix ing  s i t u a t i o n  w i t h  near c r i t i c a l  m i x i n g  h e i g h t  
and moderate wind speed 



F i g u r e  48 

F i g u r e  49 

F i g u r e  50 

F igu re  51 

F i g u r e  52 

A 1 i m i t e d  m i x i ng  s i t u a t i o n  w i t h  a  ve ry  h i g h  1 i d  ( e s s e n t i a l l y  
Gaussian d i f f u s i o n )  and low wind speed. 

Gaussian d i f f u s i o n  under s t a b l e  c o n d i t i o n s  and moderate 
wind speed. 

An i n v e r s i o n  breakup f um iga t i on  (mean d u r a t i o n  about 30 
minutes)  w i t h  l i g h t  wind speed. 

An i n v e r s i o n  breakup f um iga t i on  (mean d u r a t i o n  about 30 
minutes)  w i t h  moderate wind speed. 

Est imate o f  area t h a t  would have exper ienced ground 
concen t ra t  ions o f  0.17 ppm SO2 (one hour average) o r  
g r e a t e r  d u r i n g  F a l l  1974 due t o  Syncrude emissions a lone .  

F i gu re  53 Est imate o f  area t h a t  would have exper ienced ground 
concen t ra t i ons  o f  0.17 ppm SO2 (one hour average) o r  
g r e a t e r  d u r i n g  Winter  1974 due t o  Syncrude emiss ions a lone .  

F i gu re  54 Est imate o f  area t h a t  would have exper ienced ground 
concen t ra t  ions o f  0.17 ppm S O 2  (one hour average) o r  
g r e a t e r  d u r i n g  Spr ing 1975 due t o  Syncrude emissions 
a lone.  

F i gu re  55 Est imate o f  area t h a t  would have exper ienced ground 
concen t ra t i ons  o f  0.17 ppm SO2 (one hour average) o r  
g r e a t e r  d u r i n g  Summer 1975 due t o  Syncrude emissions 
a lone .  

F i g u r e  56 Est imate o f  a rea  t h a t  would have exper ienced ground 
concen t ra t  ions o f  0.17 ppm SO2 (one hour average) o r  
g rea te r  d u r i n g  t h e  e n t i r e  s tudy p e r i o d  due t o  Syncrude 
emissions a lone .  

F i gu re  57 

F i g u r e  58 

Est imated percentage o f  the  t ime w i t h  ground concen t ra t i ons  
l ess  than 0.17 ppm SO2 (one hour average) d u r i n g  F a l l  1974 
due t o  Syncrude emissions a lone .  

Est imated percentage o f  the  t ime w i t h  ground concen t ra t i ons  
l ess  than 0.17 ppm SO2 (one hour average) d u r i n g  Win te r  1974 
due t o  Syncrude emissions a lone .  

F i gu re  59 Est imated percentage o f  t h e  t ime  w i t h  ground concen t ra t i ons  
l ess  than 0.17 ppm SO2 (one hour average) d u r i n g  Spr ing  1975 
due t o  Syncrude emissions a lone.  

F i g u r e  60 Est imated percentage o f  t he  t ime  w i t h  ground concen t ra t i ons  
l ess  than 0.17 ppm SO2 (one hour average) d u r i n g  Summer 1575 
due t o  Syncrude emissions a lone.  



X i i i  

F i g u r e  61 Est imated percentage o f  t h e  t ime  w i t h  ground concen t ra t i ons  
l e s s  than 0.17 ppm SO2 (one hour average) d u r i n g  t h e  e n t i r e  
s tudy p e r i o d  due t o  Syncrude emissions a lone.  

F i gu re  62 Est imated month ly  average ground concen t ra t i ons  o f  SO2 f o r  
September 1974. 

F i gu re  63 Est imated month ly  average ground concen t ra t i ons  o f  SO f o r  
January 1975. 

2 

F i g u r e  64 Est imated month ly  average ground concen t ra t i ons  o f  SO f o r  
March 1975. 

2  

F i gu re  65 Est imated month ly  average ground concen t ra t  ions o f  SO2 f o r  
J u l y  1975. 



x i w  

LIST OF TAELES 

F r a c t i o n  o f  Mornings on Which Var ious  Layers  o f  t h e  Lower 
Atmosphere Were Isothermal  o r  More S tab le  (as measured 
by t h e  morning soundings) . 
Percentage D i s t r i b u t i o n  by Season o f  Morning P o t e n t i a l  
Temperature Lapse Rates i n  t h e  Layer 200-400 Metres 
(as measured by t h e  morning soundings).  

Percentage D i s t r i b u t i o n  by Season of  A f t e rnoon  P o t e n t i a l  
Temperature Lapse Rates i n  t h e  Layer 200-400 Metres 
(as measured by t h e  a f t e rnoon  sound i ngs) . 
Percentage D i s t r i b u t i o n  by Season o f  A f te rnoon  M ix i ng  
He igh ts  (as measured by t h e  a f t e rnoon  soundings).  

Mean Morning Wind Speeds (m/s) i n  t h e  Plume Layer f o r  
E i g h t  Compass P o i n t s  o f  Wind D i r e c t i o n .  

Mean Af ternoon Wind Speeds (m/s) i n  t h e  Plume Layer 
f o r  E i g h t  Compass P o i n t s  o f  Wind D i r e c t i o n .  

Mean Ma1 t h l y  Temperatures a t  M i  l d r e d  Lake (OF) (see t e x t ) .  

T o t a l  Month ly  P r e c i p i t a t i o n  Amounts a t  M i l d r e d  Lake 
( inches) (see t e x t ) .  

Parameters used i n  A i r  Q u a l i t y  Computations. 



I l NTRODUCT l ON 

An atmospher ic sounding program was i n i t i a t e d  i n  t he  Athabasca 

Tar Sands by the  MEP Company i n  September, 1974. The program was 

designed t o  produce a  d i s p e r s i o n  c l i m a t o l o g y  o f  t h e  area.  I t  would 

be used t o  determine a i r  q u a l i t y  e f f e c t s  o f  t he  atmospher ic emissions 

on which the  env i ronmenta l  des ign o f  t he  Syncrude P l a n t  was based, and 

would be a p p l i e d  t o  t he  env i ronmenta l  e v a l u a t i o n  o f  s tack  des ign  parameters 

f o r  e x t r a c t i o n  p l a n t s  proposed t o  be cons t ruc ted  a t  t h a t  t ime  by S h e l l ,  

Home, and P e t r o f i n a ,  a l s o  lease-ho lders  i n  t he  Tar Sands. T h i s  four-company 

d i s p e r s i o n  c l i m a t o l o g y  s tudy was coo rd i na ted  by M r .  Ralph Gorby, S t a f f  

Engineer,  She l l  Canada L im i t ed .  

Two minisonde re l ease  s t a t i o n s  were e s t a b l i s h e d  t o  c a r r y  o u t  a tmospher ic  

soundings. The C-13 ( s h e l l )  s t a t i o n  began ope ra t i ng  i n  l a t e  September, 1974, 

w h i l e  t he  C - 1 7  (syncrude) s t a t i o n  commenced re leases i n  February ,  1975. V e r t i c a l  

p r o f i l e s  o f  temperature and wind were ob ta i ned  f o r  t he  e a r l y  morning and mid- 

a f t e rnoon  a t  each s t a t i o n ,  and used t o  generate  seasonal s t a t i s t i c s  f o r  

me teo ro l og i ca l  f a c t o r s  t h a t  i n f l u e n c e  d i s p e r s i o n .  

Dur ing  the  w i n t e r ,  and t he  summer, i n t e n s i v e  f i e l d  s t u d i e s  were c a r r i e d  

o u t  by a  MEP crew and s t a f f  o f  t h e  f o u r  Tar  Sands lease-ho lders  t h a t  j o i n t l y  

fund t h i s  s tudy .  These pe r i ods  o f  i n t e n s i v e  s tudy were r e q u i r e d  t o  

e x p l o r e  t he  reg iona l  v a r i a t i o n s  i n  the  me teo ro l og i ca l  f a c t o r s  and t o  c a l i b r a t e  

b a l l o o n  ascent  r a t e s  a t  t he  C-13 and C-17 s t a t i o n s .  



T h i s  r e p o r t  p r e s e n t s  t h e  d i s p e r s i o n  s t a t i s t i c s  d e r i v e d  from t h e  t w e l v e  

month p e r i o d  o f  o b s e r v a t i o n  encompassed by t h e  s t u d y .  

I t  i s  p o s s i b l e  t o  f o r m u l a t e  a  q u a l i t a t i v e  assessment o f  p o t e n t i a l  

a i r  q u a l i t y  r e s u l t i n g  from t h e  d i s p e r s i o n  c l i m a t o l o g y .  I n  w i n t e r ,  t h e  

e a r l y  morn ing plumes a r e  l i k e l y  t o  be c o n t a i n e d  w i t h i n  a  s t a b l e  l a y e r .  As 

t h e  day p rog resses ,  a  t u r b u l e n t  l a y e r  n o r m a l l y  grows f rom t h e  ground 

t o  a  h e i g h t  s u f f i c i e n t  t o  e n t r a i n  emiss ions  f rom low l e v e l  sources,  

b u t  t o o  low t o  e n t r a i n  h i g h  l e v e l  em iss ions .  However, i n  those  few 

cases when t h e  t u r b u l e n t  l a y e r  does reach t h e  plume, i t  p r o b a b l y  

remains near  t h e  c r i t i c a l  l e v e l  - t h e  c r i t i c a l  m i x i n g  h e i g h t .  I n  

s p r i n g  and summer, t h e  e a r l y  morn ing  plumes a r e  l e s s  l i k e l y  t o  be 

c o n t a i n e d  w i t h i n  a  s t a b l e  l a y e r .  I f  t hey  a r e  t rapped ,  however, t h e y  

have a  h i g h  p r o b a b i l i t y  o f  f u m i g a t i n g  t o  t h e  ground upon i n v e r s i o n  

breakup.  A l s o ,  l i m i t e d  m i x i n g  w i l l  be common though t h e  l i d  i s  u s u a l l y  

h i g h  and t h e  v e n t i l a t i o n  s u b s t a n t i a l .  The c h a n n e l i n g  e f f e c t  o f  t h e  

Athabasca V a l l e y  i m p l i e s  t h a t  i f  d i s p e r s i o n  f a c t o r s  induce a r e d u c t i o n  

o f  a i r  q u a l i t y ,  a  n o r t h - s o u t h  c o r r i d o r  c e n t e r e d  on t h e  sou rce  w i l l  e x p e r i e n c e  

t h i s  more f r e q u e n t l y  than  a reas  t o  t h e  e a s t  and t o  t h e  west  o f  t h e  source.  

A  q u a l i t a t i v e  a n a l y s i s  i s  u s e f u l  i n  p r o v i d i n g  a  g e n e r a l i z e d  d e s c r i p t i o n  

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

sources o f  em iss ion .  The a n a l y s i s  i s  u n i v e r s a l  i n  t h a t  i t  can a p p l y  t o  
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any t ype  of  Tar Sands ope ra t i on .  I n  Chapter I X  t h e  a i r  q u a l i t y  assessment 

i s  q u a n t i f i e d  and a p p l i e d  t o  t he  s p e c i f i c  emiss ion source t o  l a y  t h e  bas i s  

f o r  the  i d e n t i f i c a t i o n  o f  p l a n t  o p e r a t i o n  s t r a t e g i e s  t h a t  m igh t  enhance t he  

compliance w i t h  a i r  q u a l i t y  standards f o r  a tmospher ic  c o n d i t i o n s  n o t  f o r e -  

seen when approva l  o f  t he  env i ronmenta l  des ign  of  t he  Syncrude M i l d r e d  Lake 

P l a n t  was g iven  i n  1973. 

Meteoro log ica l  data ,  ob ta i ned  f rom atmospher ic  soundings d u r i n g  t he  s tudy  

year, were i npu t  t o  a  r e g i o n a l  model which es t imates  ground l e v e l  concen- 

t r a t i o n s  t h a t  m igh t  have r e s u l t e d  had emiss ions occur red  d u r i n g  t he  s tudy  

year.  The reg iona l  model assumes the  gene ra l i zed  d i u r n a l  c y c l e  o f  d i s p e r s i o n  

regime which i s  summarized schema t i ca l l y  i n  F i g u r e  1 .  The F igu re  i s  i d e a l i z e d ;  

t he  p r e c i s e  sequence o f  events  depends on t h e  meteorology. A day w i t h  

ove rcas t  sk i es  and s t r ong  winds, f o r  example, may e x h i b i t  Gaussian d i f f u s i o n  

under n e u t r a l  atmospher ic s t a b i l i t y  f o r  t h e  e n t i r e  24  hour pe r i od .  

Fumigat ion and l i m i t e d  m i x i ng  cases were i n v e s t i g a t e d  i n  d e t a i l ;  these 

may produce s i g n i f i c a n t  ground l e v e l  concen t ra t i ons .  Gaussian d i f f u s i o n  

under s t a b l e  atmospher ic c o n d i t i o n s  i s  p r e d i c t e d  n o t  t o  produce ground 

l e v e l  concen t ra t i ons  i n  excess o f  t he  a i r  q u a l i t y  s tandards of  A l b e r t a .  



The p r imary  me teo ro l og i ca l  c o n t r o l s  on a i r  q u a l i t y  a r e  lapse  r a t e ,  w ind 

speed and m i x i n g  he igh t .  The combinat ion o f  a  s t a b l e  lapse  r a t e  i n  the  

plume l aye r ,  a  low wind speed, and t h e  ex i s t ence  o f  a  t u r b u l e n t  l a y e r  

between the  ground and t he  plume commonly produces measurable ground con- 

c e n t r a t i o n s  o f  emiss ions.  The t h e o r e t i c a l  f requency o f  t h i s  t y p e  o f  

occurrence (based on t h e  one-year s tudy pe r i od )  i s  r epo r t ed  i n  t he  s t a t i s t i c s .  

I f  an i n v e r s i o n  breakup should occur ,  t he  h i g h e r  ground concen t ra t i ons  a r e  

assoc ia ted  w i t h  lower wind v e l o c i t i e s .  The t h e o r e t i c a l  f requency o f  t h i s  

t ype  o f  occurrence i s  a l s o  repor ted.  

The reader should  bear i n  mind t h a t  a i r  q u a l i t y  p r e d i c t i o n s  r epo r t ed  here  

a r e  based on s i m u l a t i o n s  produced by a  mathematical  model. Though some 

measure o f  p r a c t i c a l  v e r i f i c a t i o n  has been ob ta i ned  from t h e  G.C.O.S.  

ope ra t  ion,  t h e  topography and emiss ion parameters assoc ia ted  w i t h  t h e  

Syncrude p r o j e c t  a r e  s u f f i c i e n t l y  d i f f e r e n t  from G.C.O.S.  t o  r e q u i r e  a  

separate  v a l i d a t i o n .  T h i s  must be done under ac tua l  o p e r a t i n g  c o n d i t i o n s  

be fo re  the  c u r r e n t  d i s p e r s i o n  model can be accepted as v a l i d  i n  t h e  

s c i e n t i f i c  sense. 

G.C.O.S .  d i d  n o t  p a r t i c i p a t e  i n  t he  four-company d i s p e r s i o n  c l i m a t o l o g y  

on which t h e  ex -pos t - f ac to  e v a l u a t i o n  o f  t he  Syncrude p l a n t  des ign  i s  based. 



The topographic  l o c a t i o n  o f  t he  G . C . O . S .  p l a n t  i s  so d i f f e r e n t  f rom the  

Syncrude l o c a l e  t h a t  mode l l i ng  o f  t h e  d i s p e r s i o n  o f  G . C . O . S .  emiss ions 

would have requ i r ed  t he  o p e r a t i o n  o f  a  min isonde re l ease  s t a t i o n  i n  t he  

v a l l e y  proper  o f  t he  Athabasca R i ve r  d u r i n g  t h e  year  o f  me teo ro l og i ca l  

observa t ions  on which t h i s  r e p o r t  i s  based. 

Ne i t he r  the  C - 1 7  nor  the  C - 1 3  atmospher ic soundings p rov i de  s u f f i c i e n t  

i n f o rma t i on  r espec t i ng  t he  s t a t e  o f  the  lower atmosphere over  t he  Athabasca 

Va l l ey  proper  through which t he  G . C . O . S .  emiss ions o f t e n  appear t o  be d i s -  

persed. An a n a l y s i s  o f  t h e  d i s p e r s i o n  o f  G . C . O . S .  emissions us ing  t he  

methodology a p p l i e d  t o  t h e  Syncrude p l a n t  cou ld  no t  be undertaken w i t h o u t  

l eav i ng  s u b s t a n t i a l  doubts r espec t i ng  t h e  r e l i a b i l i t y  o f  the  r e s u l t s .  

The present  s tudy r e p o r t s  t he  p r e d i c t e d  incrementa l  e f f e c t  o f  t h e  a d d i t i o n  

o f  t he  Syncrude p l a n t  over  t he  a i r  q u a l i t y  base l i ne  s t a t e  as c o n d i t i o n e d  

by t h e  ope ra t i on  o f  the  G . C . O . S .  p l a n t .  

An e v a l u a t i o n  o f  t h e  combined e f f e c t  o f  t h e  two p l a n t s  on t he  reg iona l  

q u a l i t y  o f  t h e  a i r  w i l l  have t o  awa i t  t he  comp le t ion  o f  s t u d i e s  c u r r e n t l y  

underway i n  t h e  s t r u c t u r e  o f  t h e  A l b e r t a  O i l  Sands Environmental  Study 

P rogram. 



I I TOPOGRAPHY 

F i g u r e  2  shows t h e  topography o f  t h e  s t u d y  area.  The l o c a t i o n s  o f  

t h r e e  proposed p l a n t  s i t e s ,  t h e  p r e s e n t  G.C.O.S. p l a n t ,  t h e  Syncrude 

p l a n t  c u r r e n t l y  under c o n s t r u c t i o n ,  and t h e  nearby f o r e s t r y  and 

c l i m a t o l o g i c a l  s t a t i o n s  a r e  i n d i c a t e d  on t h e  map. 

The s t u d y  r e g i o n  c e n t r e s  on F o r t  MacKay, c i r c a  55 km n o r t h  o f  F o r t  

McMurray. The S h e l l ,  Home and P e t r o f i n a  s i t e s  l i e  e a s t  o f  t h e  

Athabasca R i v e r ,  w h i l e  Syncrude i s  t o  i t s  wes t .  The G . C . O . S .  p l a n t  

i s  s i t u a t e d  w i t h i n  t h e  a c t u a l  r i v e r  v a l  l e y  ( ~ i ~ u r e  3) and a t  a  l ower  

e l e v a t i o n  than  t h e  o t h e r  p r o j e c t s .  

The Athabasca f l o w s  f r o m  sou th  t c  n o r t h  a t  an e l e v a t i o n  o f  c i r c a  

230 met res  above mean sea l e v e l .  I t s  v a l l e y  has a  bowl shape 

w i t h  s lopes  s t e e p e r  i n  t h e  sou th  than  i n  t h e  n o r t h .  A t  t h e  

l a t i t u d e  o f  t h e  S h e l l  s i t e ,  t h e  l a n d  r i s e s  g e n t l y  t o  t h e  e a s t  t o  

a  h e i g h t  o f  380 me t res  a t  a  d i s t a n c e  o f  30 km w h i l e  t o  t h e  west  

i t  r i s e s  more r a p i d l y  t o  a  h e i g h t  o f  460 me t res  a t  a  d i s t a n c e  o f  

30 km. A t  t h e  l a t i t u d e  o f  t h e  Syncrude and G . C . O . S .  p l a n t s ,  t h e  

l and  r i s e s  much more r a p i d l y  t o  t h e  e a s t  t o  an e l e v a t i o n  o f  520 

me t res  a t  25 km d i s t a n c e .  To t h e  west  t h e  r i s e  i s  s i m i l a r  t o  t h a t  

found f u r t h e r  n o r t h  ( ~ i g u r e  3 ) .  



~gur0,2 topographic map d tho study area showing the location of 4 proposed plant sibs (0) and the climate, farortry loohut. synoptk and 
wpphmmm rta(ions wpplying motoorological data (*I. Weather stations- WS: forestry kokwt  towon- LO. 
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A  number o f  s m a l l e r  r i v e r  v a l l e y s  a r e  a l s o  c u t  i n t o  t h e  landscape.  

The deepest  ( c i r c a  60 m) i s  t h a t  o f  t h e  MacKay R i v e r ,  wh ich  j o i n s  

t h e  Athabasca a t  F o r t  MacKay. 

2  2 
McLe l land ( c i r c a  40 km ) and K e a r l  ( c i r c a  15 km ) Lakes a r e  t h e  

ma jo r  bod ies  o f  s t a n d i n g  w a t e r  i n  t h e  s t u d y  a r e a  ( F i g u r e  2 ) .  A l l  

d r a i n a g e  o f  t h e  s t u d y  a r e a  i s  t r i b u t a r y  t o  t h e  Athabasca R i v e r .  On 

t h e  average,  t h i s  r i v e r  f reezes  o v e r  on  November 2nd and break-up o c c u r s  

on A p r i l  2 1 s t .  

The m e s o c l i m a t i c  phenomena and t h e  a s s o c i a t e d  d i s p e r s i o n  c h a r a c t e r -  

i s t i c s ,  wh ich  a r e  t h e  s u b j e c t  o f  t h i s  r e p o r t ,  a r e  l a r g e l y  c o n t r o l l e d  

by t h e  l o c a l  topography.  



I l l  CLIMATOLOGY 

1 .  I n t r o d u c t i o n  

The macroscale c l i m a t e  i s  c o n t r o l l e d  by t h e  s o l a r  heat  i n p u t  

( i . e .  l a t i t u d e  and season) and by t he  uneven d i s t r i b u t i o n  o f  

con t i nen t s  and oceans. These f a c t o r s ,  a long  w i t h  t he  f u r t h e r  i n f l u e n c e  

o f  mountain b a r r i e r s  and ocean c u r r e n t s ,  c r e a t e  low and h i g h  p ressure  

c e l l s  t h a t  c o n t r o l  t he  f l o w  o f  a i r  and r e s u l t  i n  t he  f o rma t i on  

o f  a i r  masses. A i r  masses a re  l a r g e  bodies o f  a i r  which have common 

temperature and hum id i t y  c h a r a c t e r i s t i c s  throughout  and range i n  

a r e a l  ex ten t  f rom t h a t  o f  a  p rov i nce  t o  t h a t  o f  h a l f  a  c o n t i n e n t .  

The movement o f  t he  a i r  masses and t h e i r  c o l l i s i o n s  r e s u l t  i n  l a r g e  sca le  

weather p a t t e r n s  which a re  descr ibed  i n  terms o f  temperature,  pressure,  

humid i t y ,  p r e c i p i t a t i o n ,  wind speed and d i r e c t i o n ,  e t c .  S t a t i s t i c s  

gathered over  a  p e r i o d  o f  20 years  can desc r i be  t he  macroc l imate  o f  a  

reg ion .  These s t a t i s t i c s  a re  based on weather obse rva t i ons  made a t  

w i d e l y  spaced s t a t i o n s ;  they app l y  t o  areas as l a r g e  as an average p rov i nce .  

Local  v a r i a b i l i t y  o f  t he  c l i m a t e  i s  n o t  desc r ibed  by t h e  macroc l imate.  

The i n f l u e n c e  o f  a  range o f  h i l l s ,  a  r i v e r  v a l l e y  o r  geographic  c o n c e n t r a t i o n  

o f  i n d u s t r i a l  a c t i v i t y  can o n l y  be determined from obse rva t i ons  made on 

a  more c l o s e l y  spaced g r i d  o f  measurement s t a t i o n s .  Mesoc l imat i c  s t a t i s t i c s  

descr ibe  such s i t u a t i o n s .  



2. Macroscale C l imato loav  

Only a  summary o f  t he  macroc l imate  o f  n o r t h e r n  A l b e r t a  i s  inc luded  

i n  t h i s  r e p o r t .  Several re fe rences  p r o v i d e  a d d i t i o n a l  d e t a i l  1,2 

A i r  Masses 

The Athabasca R i ve r  V a l l e y  i s  i n f l uenced  by t h r e e  separate  a i r  

masses; t he  c o n t i n e n t a l  A r c t i c ,  the  m a r i t i m e  P a c i f i c  and i n f r e q u e i n t l y  

the  ma r i t ime  T r o p i c a l .  The c o n t i n e n t a l  A r c t i c  a i r  mass o r i g i n a t e s  

over  t he  g i a n t  land  mass t o  t h e  n o r t h  and i s  d r y ,  s t a b l e  and c o l d .  

Ma r i t ime  P a c i f i c  a i r  o r i g i n a t e s  f rom over  t h e  waters  o f  t he  P a c i f i c  

and i s  mo i s t  and uns tab le  g i v i n g  r i s e  t o  r a i n  and thunderstorms. Less 

f r e q u e n t l y ,  the  m a r i t i m e  T r o p i c a l  a i r  mass pene t ra tes  i n t o  t he  

Athabasca W l l e y  f rom t h e  d i r e c t i o n  o f  t h e  G u l f  o f  Mexico p roduc ing  

ho t ,  humid and moderate ly  uns tab le  weather.  

Win te r  

Dur ing the w i n t e r ,  n o r t h e r n  A l b e r t a  i s  dominated by c o l d  c o n t i n e n t a l  

A r c t i c  a i r .  Occas iona l l y ,  t he  weather i s  m o d i f i e d  by t he  i n t r u s i o n  

o f  somewhat m i l d e r  m a r i t i m e  P a c i f i c  a i r .  The A r c t i c  a i r  produces 

c l e a r  sk ies ,  ve ry  low temperatures,  and l i g h t  winds. Once t h i s  a i r  

mass has moved i n t o  a  r e g i o n  i t  i s  ve ry  d i f f i c u l t  t o  d is lodge .  

The d i s p e r s i o n  c h a r a c t e r i s t i c s  o f  A r c t i c  a i r  a r e  l a r g e l y  determined 

by t h e  s t r ong  and deep noc tu rna l  i n ve rs i ons ,  which r e s u l t  from 

r a d i a t i v e  c o o l i n g  o f  the  ground. Dur ing  t he  w i n t e r ,  these i n v e r s i o n s  

can p e r s i s t  f o r  severa l  days a t  a  t ime.  



I n  genera l ,  t he  w i n t e r  A r c t i c  a i r  mass i s  conducive t o  a i r  q u a l i t y  

a t  ground l e v e l  i f  emiss ion sources a r e  e leva ted .  Plumes e m i t t e d  from 

h i g h  s tacks i n t o  an i n v e r s i o n  undergo ve ry  l i t t l e  v e r t i c a l  d i s p e r s i o n  and 

t r a v e l  long d i s t ances  w i t h o u t  reach ing  t he  ground. Except ions would occur  

over  t e r r a i n  which r i s e s  s u f f i c i e n t l y  above the  s tack  tops t o  meet t he  

plumes a t  some downwind d i s t ance .  

The i n v e r s i o n  can be broken up by h e a t i n g  o f  the sur face,  which i s  

a  slow, i n e f f e c t i v e  process d u r i n g  t h e  w i n t e r .  I n  t h i s  case, a  

sha l low ground-based, t u r b u l e n t  l a y e r  o f  a i r  i s  formed i n  which r a p i d  

v e r t i c a l  movements produce a  thorough m ix i ng .  P o l l u t a n t s  e m i t t e d  i n t o  

t h i s  l a y e r  a r e  mixed through i t ,  r e s u l t i n g  i n  an inc rease  i n  ground 

l e v e l  concen t ra t i ons .  Dur ing  t h i s  season, o n l y  t h e  p o l l u t a n t s  from 

l ow- l eve l  sources such as automobi les ,  r e s i d e n t i a l  chimneys o f  

apartment b u i l d i n g s  and s h o r t  i n d u s t r i a l  s tacks  commonly c o n t r i b u t e  

t o  t h e  r e d u c t i o n  o f  a i r  q u a l i t y  under c i rcumstances o f  sha l l ow  l i m i t e d  m i x i ng .  

Summer 

Ma r i t ime  P a c i f i c  a i r  dominates the  area d u r i n g  t h e  summer months. I t s  

c h a r a c t e r i s t i c s  imply  a  p o t e n t i a l  f o r  h i ghe r  ground l e v e l  concen t ra t i ons  o f  

p o l l u t a n t s  f rom e leva ted  sources. As t h i s  a i r  mass subsides ove r  t he  eas te rn  

s lopes  o f  the  Rockies, i t  warms, g i v i n g  r i s e  t o  a  subsidence i n v e r s i o n  

which w i l l  lower as t h e  a i r  mass p e r s i s t s  ove r  t h e  r eg ion .  W i t h  l i g h t  winds and 

a  r e l a t i v e l y  low l i m i t  t o  v e r t i c a l  m i x i n g  as c o n t r o l l e d  by t he  subsidence 

i nve rs i on ,  t h e  d i s p e r s i v e  c a p a b i l i t y  i s  l i m i t e d ;  t he  p r o b a b i l i t y  o f  occur rence  

o f  e l eva ted  ground l e v e l  concen t ra t i ons  i s  thus enhanced. 



U n l i k e  t he  w i n t e r  i n v e r s i o n ,  t he  noc tu rna l  i n ve rs i ons  o f  summer a r e  

commonly broken up by su r f ace  hea t i ng .  The i n v e r s i o n  break-up b r i n g s  

e f f l u e n t s ,  p r e v i o u s l y  e m i t t e d  i n t o  t h e  i n v e r s i o n  l a y e r ,  t o  t he  ground, 

9 causing a  f um iga t i on  ep isode . 

3 .  Mesoscale C l imato logy  

When sk i es  a re  c loudy ,  t h e r e  i s  l i t t l e  d i f f e r e n t i a l  hea t i ng  and 

l o c a l  temperature g r a d i e n t s  a re  weak. The mesoscale f l o w  p a t t e r n s ,  

c o n t r o l l e d  by temperature d i f f e r e n c e s ,  a re  weak as w e l l .  

When sk i es  a re  c l e a r ,  as when a  h i g h  p ressure  system dominates t h e  

area, d i f f e r e n t i a l  hea t i ng  across t he  reg ion  c rea tes  h o r i z o n t a l  

temperature g r a d i e n t s .  For  example, i n  a  v a l l e y  where one s l ope  i s  

heated more s t r o n g l y  than t h e  o t h e r ,  c i r c u l a t i o n s  as shown i n  F i g u r e  4 

can be es tab l i shed .  The warm a i r  on t he  heated s l ope  r i s e s  by day as an 

upslope v a l l e y  wind. A t  n i g h t ,  the  s l ope  i s  r a p i d l y  coo led,  and a  downslope 

mountain wind can r e s u l t .  Around mid-day, when s o l a r  hea t i ng  i s  in tense ,  

the  v a l l e y  f l o o r  i s  h o t t e r ,  by v i r t u e  o f  i t s  lower e l e v a t i o n ,  than t h e  

h i ghe r  ground. Th i s  produces l o c a l  d i f f e r e n c e s  i n  d i s p e r s i o n  c h a r a c t e r i s t i c s .  

The h i ghe r  temperatures induce h i ghe r  m i x i ng  h e i g h t s  over  t he  v a l l e y  

(see F igu re  7 ) .  Thus, g r e a t e r  d i l u t i o n  o f  emissions and lower ground con- 

c e n t r a t i o n s  r e s u l t .  

A t  n i g h t  under c l e a r  sk i es ,  t he  ground r a d i a t e s  heat  i n t o  space. 



Figure  4 C i r c u l a t i o n  pa t te rns  a r i s i n g  from 
d i f f e r e n t i a l  heat ing  i n  a  v a l l e y  

------- 

Figure 5 Ideal  ized representat  ion  o f  t he  
c i r c u l a t i o n  t h a t  might be expected 
i n  a  t y p i c a l  v a l l e y  on a  c l e a r  n i g h t  

F igure  6 Channel i ng  o f  t he  wind by a  v a l l e y  



The a i r  near the  ground becomes coo le r ,  thus heav ie r ,  and f l ows  

downslope and downval ley ( ~ i g u r e  5 ) .  Noc tu rna l  r a d i a t i v e  c o o l i n g  

cou ld  lead t o  the  es tab l i shment  o f  a  temperature i n v e r s i o n ;  the  

accumulat ion o f  c o l d  a i r  commonly makes t h e  i n v e r s i o n  deeper and 

more in tense  over  t he  v a l l e y  f l o o r  than a t  h i ghe r  e l e v a t i o n s  ( ~ i g u r e  8 ) .  

Emissions o r i g i n a t i n g  from sources a t  lower e l e v a t i o n s  i n  t he  v a l l e y  

a re  more l i k e l y  t o  be con ta ined  w i t h i n  t h e  i n v e r s i o n  and may c o n t r i b u t e  

t o  a  r i s e  i n  ground concen t ra t i ons  o f  p o l l u t a n t s ,  should  t h e  i n v e r s i o n  be 

broken up. However, s u f f i c i e n t l y  buoyant emiss ions from a  h i g h  s tack  

a t  a  h i ghe r  e l e v a t i o n  may r i s e  above t he  i n v e r s i o n  and escape entrapment;  

no f um iga t i on  would then occur  upon breakup o f  t he  i n v e r s i o n .  

Q u i t e  independent o f  v a l l e y  e f f e c t s  assoc ia ted  w i t h  d i f f e r e n t i a l  

hea t i ng ,  t h e r e  o f t e n  occurs  a  topograph ic  channe l ing  o f  t h e  s y n o p t i c  

wind a long t he  l i n e  o f  t h e  v a l l e y .  The channel ing e f f e c t  i s  most 

pronounced i n  the lowest l e v e l s  o f  t h e  atmosphere where winds may va ry  

markedly f rom the  upper w i n d . ( f i g u r e  6 ) .  For t h i s  s tudy ,  su r f ace  

winds have been ob ta ined  f rom 12 metre  towers and the  upper winds 

have been determined by b a l l o o n  techniques.  

F i n a l l y ,  t he  water  temperature o f  t h e  Athabasca R i v e r  may a f f e c t  t h e  

l o c a l  c i r c u l a t i o n  p a t t e r n s ,  p a r t i c u l a r l y  when t h e  upper winds a r e  

l i g h t .  Dur ing t he  day, coo l  a i r  f rom over  t he  wa te r  may move i n l a n d  

t o  rep lace  t he  r i s i n g  warmer a i r  over  t h e  land .  The c i r c u l a t i o n  

may then be completed by a  r e t u r n  f l o w  o f  warm a i r  a t  h i g h  l e v e l s .  
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A t  n i g h t ,  when the  land i s  c o o l e r  than t h e  wate r ,  t he  process i s  reversed 

w i t h  the  es tab l i shment  o f  a  land t o  wa te r  f l o w  a t  low l e v e l s .  A l though  

such c i r c u l a t i o n s  a r e  norma l l y  assoc ia ted  w i t h  l a r g e  bodies o f  wa te r ,  

broqd r i v e r s  can generate  s i m i l a r  c i r c u l a t i o n s ,  though they a r e  more 

l o c a l  i zed  and weaker. As an example,  lasse en' found t h a t  s l ope  winds 

i n  t he  v a l l e y  a t  Edmonton d ra ined  down t o  the  r i v e r  edge, then began t o  

r i s e  i n  a  two -ce l l  fash ion ,  

4. Sources o f  C l i m a t i c  Data 

The s t a t i o n s  from which me teo ro l og i ca l  and c l i m a t i c  da ta  were ob ta i ned  

f o r  t h i s  s tudy a r e  dep i c t ed  i n  F i g u r e  2.  They i nc l ude  t h e  c l i m a t o l o g i c a l  

s t a t i o n s  ( temperature and p r e c i p i t a t i o n )  a t  M i l d r e d  Lake (operated by 

Syncrude Canada L i m i t e d )  and Tar  I s l a n d  (operated by G.c .o .S . ) ,  t h e  

synop t i c  s t a t i o n  ( h o u r l y  me teo ro l og i ca l  observa t ions )  a t  F o r t  McMurray, 

t he  Fores t  Lookout s t a t i o n s  ( tempera tu re  and p r e c i p i t a t i o n  i n  t he  summer 

months o n l y ) ,  and t h e  supplemental s t a t i o n s  a t  C-13 ( S h e l l )  and C-17 (Syncrude).  

Both supplemental s t a t i o n s  have 12 met re  ins t rumented towers f o r  wind 

measurements, and i ns t r umen ta t i on  f o r  temperature,  h u m i d i t y ,  p r e c i p i t a t i o n ,  

pressure and sunshine measurements. 



I V  R E V I E W  OF METEOROLOGICAL PARAMETERS AFFECTING 

THE DISPERSION CHARACTERISTICS OF THE ATMOSPHERE 
- 

The d i s p e r s i o n  p o t e n t i a l  o f  t h e  l ower  atmosphere i s  c o n t r o l l e d  by 

t h e  v e r t i c a l  d i s t r i b u t i o n  o f  a i r  t empera tu re  and a i r  movements, i . e .  

by  t h e  tempera tu re  and t h e  w ind  p r o f i l e .  The tempera tu re  a t  a  

p a r t i c u l a r  l e v e l  above t h e  s u r f a c e  i s  n o t  s i g n i f i c a n t  by i t s e l f ;  

t h e  change o f  t empera tu re  ve rsus  h e i g h t ,  o r  t h e  tempera tu re  l a p s e  r a t e ,  

de te rm ines  whether t h e  atmosphere i s  s t a b l e ,  n e u t r a l ,  o r  u n s t a b l e .  These 

t h r e e  terms d i s t i n g u i s h  between t h r e e  b a s i c  s t a t e s  o f  t h e  atmosphere.  I n  

a  s t a b l e  atmosphere, a  p a r c e l  o f  a i r ,  i f  moved upward by whatever  cause,  

has a  tendency t o  r e t u r n  t o  i t s  f o rmer  l e v e l .  I n  a  n e u t r a l  atmosphere such 

a  p a r c e l  has a  tendency t o  s t a y  a t  t h e  l e v e l  t o  w h i c h  i t  was r a i s e d .  I n  

an u n s t a b l e  atmosphere, however, t h e  p a r c e l  once s e t  i n t o  m o t i o n  w i l l  

c o n t i n u e  moving i n  t h e  d i r e c t i o n  o f  t h e  d i sp lacemen t .  

Any v e r t i c a l  m o t i o n  o f  a i r  p a r c e l s  i n  t h e  atmosphere w i l l  t r i g g e r  compensat ing 

m o t i o n s  i n  t h e  o p p o s i t e  d i r e c t i o n .  I n  an u n s t a b l e  atmosphere,  a  downward 

movement o f  a i r  p a r c e l s  o c c u r s  i n  response t o  r i s i n g  the rma ls  ( o r  thermal  

a i r  c u r r e n t s ) .  The r e s u l t  i s  v e r t i c a l  m i x i n g .  

The c a p a c i t y  o f  t h e  lower  atmosphere t o  d i s p e r s e  p o l l u t a n t s  i s  

r e l a t e d  t o  t h e  l a p s e  r a t e  ( o r  t h e  decrease i n  tempera tu re  p e r  u n i  t o f  

h e i g h t ,  i n  CO p e r  100 m) .  A  tempera tu re  i n v e r s i o n  e x i s t s  when t h e  

l a p s e  r a t e  i s  n e g a t i v e ,  i . e .  when t h e  a i r  t empera tu re  i nc reases  w i t h  h e i g h t .  

A  r a p i d  decrease o f  t empera tu re  w i t h  h e i g h t  c h a r a c t e r i z e s  an u n s t a b l e  atmosphere 



As a i r  r i s e s ,  i t  c o o l s  and expands. A i r  t h a t  i s  n o t  sa tu ra ted  w i t h  

0 
water vapour c o o l s  a t  a  known cons tan t  r a t e  o f  0.98 C per 100 m 

o f  atmospher ic r i s e .  T h i s  lapse r a t e  i s  commonly r e f e r r e d  t o  as 

t h e  n e u t r a l  o r  d r y  a d i a b a t i c  lapse r a t e .  

I f  a  pa rce l  o f  a i r  were l i f t e d  f rom t h e  ground t o  any h e i g h t  i n  

an atmosphere i n  which a  d r y  a d i a b a t i c  lapse  r a t e  e x i s t s ,  i t s  temperature 

would be i d e n t i c a l  t o  t h a t  o f  t h e  su r round ing  a i r  a t  t h a t  e l e v a t i o n .  

That i s ,  t h e  parce l  would be n e i t h e r  warmer nor c o l d e r  than  t h e  sur rounding 

a i r ,  and consequent ly  i t  would n e i t h e r  r i s e  nor f a l l  due t o  a  d i f f e r e n c e  

i n  dens i t y ;  i t  would behave n e u t r a l l y .  

P o t e n t i a l  temperature !J i s  a  use fu l  measure o f  s t a b i l i t y .  I t  i s  

de f ined  here  as t h a t  temperature which an a i r  pa r ce l  a t  any h e i g h t  

would have i f  i t  were lowered t o  t h e  ground i n  d r y  a d i a b a t i c  f ash ion .  

I n  o t h e r  words, an a i r  pa rce l  a t  h e i g h t  H w i t h  temperature T  would 

have a  p o t e n t i a l  temperature o f  T+0,0098H s i nce  0.0098 i s  t he  d r y  

0 
a d i a b a t i c  lapse r a t e  i n  u n i t s  o f  C per metre,  

The p o t e n t i a l  temperature remains cons tan t  w i t h  h e i g h t  i n  a  l a y e r  o f  

n e u t r a l  s t a b i  1 i t y .  When t h e  p o t e n t i a l  temperature i n c r e a s e s  w i t h  h e i g h t  

( p o t e n t i a l  temperature i n v e r s i o n ) ,  t h e  atmospher ic l a y e r  i s  s t a b l e .  A 

decrease o f  p o t e n t i a l  temperature w i t h  h e i g h t  c h a r a c t e r i z e s  an uns tab le  l a y e r .  



When the  l a y e r  o f  atmosphere between the  ground and a  plume f a l l s  

i n t o  t h e  uns tab le  category ,  emissions w i l  1 be mixed down t o  t h e  ground. 

When i t  f a l l s  i n t o  t he  s t a b l e  ca tegory ,  v e r t i c a l  m i x i n g  i s  suppressed 

and emissions w i l l  n o t  reach t he  ground i n  any s i g n i f i c a n t  concen t ra t i on .  

F igures  9 and 10 e x p l a i n  t h e  r e l a t i o n s h i p  between lapse r a t e  and 

s t a b i l i t y  i n  g raph i ca l  f ash ion .  The d r y  a d i a b a t i c  lapse r a t e  i s  

shown on a  p l o t  o f  temperature versus h e i g h t  (F i gu re  9) and p o t e n t i a l  

temperature versus h e i g h t  (F i gu re  10) .  As F i g u r e  10 shows, any p o t e n t i a l  

temperature lapse r a t e  i s  u n s t a b l e  i f  i t  has a  nega t i ve  s lope,  and s t a b l e  

i f  i t  has a  p o s i t i v e  s lope. A temperature a t  any h e i g h t  i n  t he  atmosphere 

can be conver ted t o  i t s  e q u i v a l e n t  p o t e n t i a l  temperature by f o l l o w i n g  

a  n e u t r a l  lapse r a t e  l i n e  drawn through t h a t  graph p o i n t  t o  the  ground." 

Two t y p i c a l  temperature soundings o f  t he  lower atmosphere a re  shown 

i n  F igures  11 and 12.  They a r e  t he  morning and a f t e rnoon  sounding r e s u l t s  

o f  February 8, 1975 ob ta i ned  a t  C - 1 3 .  The morning sounding shows a  ve ry  

s t a b l e  lapse r a t e  based a t  t he  ground. Emissions from the  chimney dep i c t ed  

i n  F i gu re  11 would r e s u l t  i n  low ground l e v e l  concen t ra t i ons ,  i f  any. By 

l a t e  a f te rnoon ,  however, an uns tab le  lapse r a t e  developed i n  t he  lowest  

l aye rs  due t o  su r face  h e a t i n g  ( ~ i g u r e  12) .  I n  t h i s  case m ix i ng  would 

occur  f rom the  ground t o  280 metres ( t h e  e l e v a t i o n  o f  t he  top  o f  t h e  t u r b u l e n t  

l a y e r )  and resu l  t i n  measurable increases i n  ground l e v e l  concen t ra t  i ons .  

AThe s t r i c t  d e f i n i t i o n  o f  p o t e n t i a l  temperature r equ i r es  t h a t  t he  l i n e  extend 
t o  t he  1000 m i l l i b a r  p ressure  su r f ace  r a t h e r  than t o  t he  ground. For 
comparison purposes w i t h i n  a  s p e c i f i c  r eg ion  however, i t  i s  more convenient  
t o  re fe rence  t o  ground l e v e l .  



temperature cOc) 

F i g u r e  9. Atmospheric l apse  r a t e s  and mix ing on a  p l o t  
o f  temperature vs h e i g h t  



potential temperature ( 2 )  
Figure ' lOAtmospher ic  lapse ra tes  and mix ing  on a  p l o t  o f  p o t e n t i a l  

temperature vs he igh t  



Wind p r o f i l e s  a r e  a l s o  shown i n  these F igu res .  The wind i s  po r t r ayed  

as b low ing  i n  t h e  d i r e c t i o n  a long  t he  wind ar row away from t h e  barb;  

t he  bottom o f  t h e  page would be south,  t he  t op  n o r t h ,  e t c .  A northerly::* 

wind blows i n  a  downward d i r e c t i o n  and a  w e s t e r l y  wind blows towards 

t he  r i g h t .  Wind speeds a r e  i n d i c a t e d  by t he  barb on t h e  wind arrow. 

A wind barb i s  3-7 m/s and a  l a r g e  barb i s  8-12 m/s. For example, 

the  wind a t  1300 metres i n  F i gu re  12 i s  f rom 300° a t  13 m/s. The wind 

p r o f i l e s  demonstrate how winds i n  t he  Nor thern  Hemisphere g e n e r a l l y  

veer (swing i n  a  c l ockw i se  sense) and inc rease  i n  magnitude as h e i g h t  increases.  

**The s tandard me teo ro l og i ca l  conven t ion  o f  l a b e l i n g  wind d i r e c t i o n  by 
the  compass p o i n t  f rom which t h e  w ind  blows i s  f o l l owed .  



Figure 11 Variation of potential temperature with height: 
morning (0930) sounding at C-13 on February 8, 1975. 



Potential temperature (OC)  

Figure 12 Variation of potential temperature with height: 
afternoon (1545) sounding at C-13 on February 8, 1975. 



V DATA ACQUISITION 

Th i s  s e c t i o n  descr ibes  the sources o f  t h e  da ta  used i n  t h i s  r e p o r t ,  namely: 

( 1 )  t he  d a i l y  min isonde re l ease  program; 

and ( 2 )  the w i n t e r  and summer f i e l d  s t u d i e s .  

1 )  D a i l y  Minisonde Release Program 

The minisonde i s  a  dev ice  c o n s i s t i n g  o f  a  m i n i a t u r e  r a d i o  t r a n s m i t t e r  w i t h  

an ins t rument  t o  measure temperature a t tached  t o  i t .  I t  i s  sent  a l o f t  i n t o  

t he  atmosphere i n  a  smal l  b a l l o o n  so t h a t  record ings  o f  observed temperature 

can be t r a n s m i t t e d  t o  t he  ground by means o f  r a d i o  s i g n a l s .  I n  t h e  s tandard 

procedure f o r  minisonde re leases ,  a  s i n g l e  b a l l o o n  i s  i n f l a t e d  w i t h  he l ium 

t o  the  a p p r o p r i a t e  l i f t i n g  f o r c e  and, w i t h  min isonde t r a n s m i t t e r  a t tached ,  

t he  b a l l o o n  i s  re leased and t racked  by one man w i t h  a  t h e o d o l i t e ,  a su rvey ing  

ins t rument  used t o  measure v e r t i c a l  and h o r i z o n t a l  s i g h t i n g  angles w h i l e  

a  second person operates t h e  r e c e i v e r / r e c o r d e r .  The da ta  ob ta i ned  by 

t h e o d o l i t e  t r a c k i n g  o f  the  b a l l o o n  y i e l d  i n f o r m a t i o n  on wind d i r e c t i o n  

and s p e e d  a t  va r i ous  a l t i t u d e s .  Whenever o n l y  one ope ra to r  i s  a v a i l a b l e ,  

two ba l l oons  a r e  re leased sepa ra te l y .  The f i r s t ,  a  b a l l o o n  w i t h o u t  payload, 

i s  t racked  by t h e o d o l i t e .  The second b a l l o o n  c a r r i e s  t he  min isonde t r a n s m i t t e r  

a l o f t ,  and i t s  t ransmiss ions  a r e  recorded by t he  same ope ra to r .  I n  o r d e r  t o  

o b t a i n  t h e  same r a t e  o f  ascent  f o r  bo th  ba l l oons ,  more he l ium i s  used f o r  t he  

second re lease .  A l t e r n a t i v e l y ,  d i f f e r e n t  r a t e s  o f  ascent  cou ld  be used i n  

t he  temperature and wind computat ions.  The t h e o r e t i c a l  r e l a t i o n s h i p  

between the  b a l l o o n  l i f t  and i t s  ascent  r a t e  
6 

i s  used t o  determine a l t i t u d e s .  

For a  more d e t a i l e d  d i s c u s s i o n  o f  t he  da ta  c o l l e c t i o n  procedures,  see Appendix 1 .  



Once t he  re l ease  i s  completed, t h e o d o l i t e  readings a r e  t r a n s c r i b e d  

f rom t h e  c a s s e t t e  tape  recorder ,  and vo l t ages  f o r  computing temperature 

a r e  read a t  a p p r o p r i a t e  i n t e r v a l s  on t h e  o u t p u t  v o l t a g e  t r a c e .  These 

f i e l d  da ta  were sent  t o  t h e  MEP o f f i c e  i n  Calgary  f o r  check ing,  computer 

cod ing,  key-punching and process ing.  The computer o u t p u t  comprises 

temperatures and winds a t  l e v e l s  up t o  2000 metres and d e r i v e d  q u a n t i t i e s ,  

such as m i x i ng  h e i g h t s  and lapse r a t e s .  

The Syncrude s i t e ,  where me teo ro l og i ca l  data  a r e  c o l l e c t e d ,  i s  shown 

i n  F igures  13,and 14. 

am 
2) F i e l d  S tud ies  

tm The f i e l d  s t u d i e s  had two o b j e c t i v e s .  They were designed t o  p r o v i d e  

d e t a i l e d  i n f o r m a t i o n  rega rd i ng  t h e  reg iona l  v a r i a t i o n s  o f  t he  me teo ro l og i ca l  

~r f a c t o r s .  And, e q u a l l y  impo r tan t ,  a  check on t h e  c a l c u l a t e d  cons tan t  

b a l  loon ascent r a t e s  f o r  t h e  c-13 and c-17 ( s i n g l e  theodol  i t e )  soundings 
L. 

had t o  be ob ta i ned  t o  v e r i f y  t h e  accuracy o f  t h e  da ta  ob ta i ned  from t h e  

d a i l y  soundings. rr 

b A. Win te r  F i e l d  Study 

The w i n t e r  f i e l d  s tudy  comprise two pe r i ods .  The f i r s t  l a s t e d  from 
Ir 

February 5-10, 1975 d u r i n g  which a  three-man crew employed double  

theodol  i t e  t r a c k i n g  techniques.  The second l a s t e d  f rom February  18-21, 
Irr 

1975, d u r i n g  which a two-man crew u t i l i z e d  s i n g l e  t h e o d o l i t e  techniques.  

am 



Figure 13 Technician reading meteorological  instruments a t  Syncrude Camp. 

F igure 1 4  Syncrude Meteorological  s t a t  ion,  f l u i d  coker i n  background. 



For double t h e o d o l i t e  t r a c k i n g  o f  t h e  b a l l o o n ,  two t h e o d o l i t e s  a r e  

s e t  up a long a  base1 i n e  o f  known l eng th .  ( ~ l  though a  long base1 i ne  

i s  p r e f e r a b l e ,  i t  i s  n o t  always p r a c t i c a l ,  s i nce  t h e r e  must be a  

c l e a r  l i n e  o f  s i g h t  f rom one t h e o d o l i t e  t o  t h e  o t h e r ) .  From the  

two se ts  o f  s imul taneous t h e o d o l i t e  read ings ,  wind speed and d i r e c t i o n  

and t h e  exac t  h e i g h t  o f  t he  b a l l o o n  above t he  t e r r a i n  a t  any p o i n t  

i n  t ime  can be determined us i ng  v e c t o r  a n a l y s i s .  S ince t he  double  

t h e o d o l i t e  t r a c k i n g  method a l l ows  one t o  dispense w i t h  t h e  use o f  

a  c a l c u l a t e d  cons tan t  ascent r a t e ,  i t  pe rm i t s  a  c a l i b r a t i o n  o f  

ascent  r a t e  assumptions used f o r  s i n g l e  t h e o d o l i t e  soundings. 

Double t h e o d o l i t e  work was performed a t  t h e  proposed P e t r o f i n a  

s tack  l o c a t  ion ,  t h e  She1 1 (c-13) Camp and the  Home Camp (F igu re  2) . 
Extremely c o l d  weather d u r i n g  t he  f i r s t  p a r t  o f  t h e  f i e l d  s tudy 

i ncapac i t a t ed  one o f  t h e  t h e o d o l i t e s  f o r  some t ime; severa l  o f  t he  

re leases were thus c a r r i e d  o u t  w i t h  one t h e o d o l i t e .  The maximum 

base l i ne  l eng th  which would (1) p r o v i d e  a  c l e a r  l i n e  o f  s i g h t  between 

t h e o d o l i t e s ,  and ( 2 )  no t  approach t o o  c l o s e  t o  the  t r e e s  o r  o t h e r  

o b s t r u c t i o n s  t h a t  cou ld  i n t e r f e r e  w i t h  o p t i c a l  t r a c k i n g  o f  t h e  

b a l l o o n ,  was used i n  a l l  cases. 

Dur ing  t he  second p a r t  o f  the  w i n t e r  f i e l d  s tudy,  temperature and 

wind p r o f i l e s  were ob ta ined  a t  t he  Syncrude Lower Camp on t h e  shore 

o f  the  Athabasca R i ve r  t o  probe t he  e f f e c t  o f  the  v a l l e y  on t h e  d i s p e r s i o n  

c l i m a t o l o g y  o f  t h e  area.  A d a i l y  i n t e n s i v e  r e l ease  sequence was completed 

a t  the  Home Camp d u r i n g  t h i s  p a r t  o f  t h e  s tudy .  



I n  a d d i t i o n  t o  t h e  r o u t i n e  two rn in isonde r e l e a s e s  p e r  day c a r r i e d  o u t  

a t  C-13 and C - 1 7 ,  two e x t r a  r e l e a s e s  were made d u r i n g  each day o f  

t h e  w i n t e r  f i e l d  s t u d y .  A t  a t h i r d  s i t e  ( a l t e r n a t i v e l y  P e t r o f i n a ,  

Home, o r  Syncrude Lower Camp) f o u r  d a i l y  r e l e a s e s  were made d u r i n g  

t h e  s tudy .  These soundings were t a k e n  a t  s u n r i s e ,  l a t e  morn ing,  

e a r l y  a f t e r n o o n  and l a t e  a f t e r n o o n .  

3) Summer F i e l d  Study 

The summer f i e l d  s t u d y  l a s t e d  f rom J u l y  28 t o  August  8 ,  1975, and 

i n v o l v e d  a  three-man crew u s i n g  doub le  t h e o d o l i t e  t r a c k i n g  techn iques  

a t  t h r e e  s i t e s .  Once a g a i n ,  t h e  maximum p o s s i b l e  b a s e l i n e  l e n g t h  was used.  

I d e a l l y ,  t h e  summer s i t e s  wou ld  have been i d e n t i c a l  t o  those  o f  t h e  

w i n t e r  s t u d y .  Due t o  access d i f f i c u l t i e s ,  o t h e r  s i t e s  had t o  be 

s e l e c t e d  on t h e  Home and P e t r o f i n a  Leases,  however. The new s i t e s  

were t h e  Home A i r s t r i p  and t h e  F i n a  Camp. Program r e s u l t s  were n o t  

a f f e c t e d  by t h i s  change, as  no s i g n i f i c a n t  t o p o g r a p h i c  d i f f e r e n c e s  

e x i s t  between t h e  summer and w i n t e r  s i t e s .  

A  photograph showing t h e  sound ing s i t e  a t  Syncrude lower  camp d u r i n g  

t h e  summer f i e l d  s tudy  i s  shown i n  F i g u r e  1 5 .  



Figure 15 Technician releasing minisonde balloon. 



I V  RESULTS OF INTENSIVE FIELD STUDIES 3 

i' 
1 .  Regional  V a r i a t i o n s  

1 

The m ix i ng  h e i g h t  parameter s t a t e s  t h e  h e i g h t  above t he  ground o f  t h e  9 
13 

upper boundary o f  t h e  zone o f  v igo rous  t u r b u l e n t  m ix ing .  For  a  plume t h a t  

i s  t rapped w i t h i n  a  t u r b u l e n t  l aye r ,  lower m i x i n g  h e i g h t s  r e s u l t  i n  h i ghe r  
4 

ground l e v e l  concen t ra t i ons  o f  p o l l u t a n t s  f rom an emiss ion source o p e r a t i n g  

a t  a  cons tan t  r a t e .  1 
d 

The v a l l e y  e f f e c t  on m i x i ng  he igh t s  was determined t o  have been min imal  * 
1 

d u r i n g  t h e  w i n t e r  f i e l d  s tudy  pe r i od ,  presumably because near -su r face  4 

temperature g r a d i e n t s  a r e  smal l  when t he  ground i s  snow-covered. M i x i n g  
3 

he igh t s  d i d  no t  va ry  r e g i o n a l l y ,  a l though  some l o c a l  e f f e c t s  cou ld  be demonstrated. J 

3 
The reg ion  was found t o  have been homogeneous i n  dayt ime d i s p e r s i v e  I 

charac te r  du r i ng  t he  summer f i e l d  s tudy p e r i o d ,  some sho r t - t e rm  v a r i a t i o n s  

excepted. On summer n i g h t s ,  however, l o c a l  i n d u s t r i a l  a c t i v i t y  i s  thought  

t o  have in f luenced  temperatures demonstrably.  T h i s  was p a r t i c u l a r l y  

suggested by t h e  C - 1 7  and t h e  Syncrude Lower Camp da ta ,  which show h igher  

minimum temperatures than a t  t he  s i t e s  east  o f  t he  Athabasca R i v e r .  

A t  e l e v a t i o n s  g r e a t e r  than 200 metres above ground, the  wind d i r e c t i o n  

was t he  same a t  each s i t e .  Loca l  l ow- leve l  v a r i a t i o n s ,  however, a r e  

i n t e r p r e t e d  as r e f l e c t i n g  t h e  v a l l e y  c i r c u l a t i o n  p a t t e r n s  descr ibed  i n  

Sec t i on  I V .  I n  w i n t e r ,  t h e  predominant v a l l e y  c i r c u l a t i o n  p a t t e r n  

was the  downslope mountain wind which r e s u l t s  f rom r a p i d  c o o l i n g  o f  ? 

t h e  s lopes. T h i s  o f t e n  was assoc ia ted  w i t h  a  d ra inage  wind down t h e  l e n g t h  .i 
o f  t h e  v a l l e y .  Dur ing  summer, t he  dayt ime ups lope f l o w  predominated. 

V a l l e y  channel ing was ev i den t  du r i ng  summer and w i n t e r  as demonstrated by 

s t ronger  l ow - l eve l  winds measured a t  C - 1 7  than a t  C - 1 3 .  The v a l l e y  i s  

broader near t he  l a t t e r  l o c a t i o n  ( ~ i g u r e  3 ) .  



2. C a l i b r a t i o n  o f  S i n g l e  T h e o d o l i t e  Ascent Rates 

Resu l t s  ob ta i ned  by s i n g l e  and double  t h e o d o l i t e  techniques a r e  

compared i n  F i g u r e  16. I n  t h i s  F i gu re ,  a  wind p r o f i l e  ob ta i ned  by 

a n a l y s i s  o f  two s e t s  o f  s imultaneous theodol  i t e  readings ( i  .e.  double 

t h e o d o l i t e  method) i s  shown a l ongs ide  a  p r o f i l e  based on a n a l y s i s  o f  

da ta  from o n l y  one t h e o d o l i t e  ( i . e .  s i n g l e  t h e o d o l i t e  method).  I n  t he  

p r o f i l e s ,  w ind d i r e c t i o n s  a t  a  p a r t i c u l a r  l e v e l  i n  t he  f i r s t  k i l o m e t r e  va r y  

0 
by a t  most 10 and the  wind speeds d i f f e r  by a  maximum o f  0.6 m/s. 

The v a l i d i t y  o f  t he  assumption o f  a  cons tan t  ascent  r a t e ,  which i s  

r equ i r ed  i n  t h e  s i n g l e  t h e o d o l i t e  de te rm ina t i on ,  i s  examined i n  F igures  

17, 18, and 19 where h e i g h t  o f  b a l l o o n  i s  p l o t t e d  a g a i n s t  t ime  from re l ease  

f o r  each o f  the  double  t h e o d o l i t e  soundings o f  t h e  summer f i e l d  program. 

These curves have a  g e n e r a l l y  cons tan t  s lope  which averages 170 metres per  

m inu te  (see a l s o  Appendix 1 ) .  

The double t h e o d o l i t e  technique i s  g e n e r a l l y  p r e f e r r e d  f o r  o b t a i n i n g  

p r e c i s e  b a l l o o n  p o s i t i o n s .  However, t h e  a d d i t i o n a l  p r e c i s i o n  was n o t  

warranted i n  t h i s  s tudy i n  l i g h t  o f  t he  increase i n  c o s t  and t h e  manner i n  

which the  da ta  a r e  employed ( i  .e. f o r  e s t a b l i s h i n g  a  c l i m a t o l o g y  o f  t h e  r e g i o n ) .  

(For a  d e t a i l e d  d i scuss ion  o f  s i n g l e  t h e o d o l i t e  p r e c i s i o n ,  see Appendix 1 ) .  

The s i n g l e  t h e o d o l i t e  technique should  be augmented by an ascent  r a t e  

c a l i b r a t i o n .  The technique i s  based on t h e  p r i n c i p l e  t h a t  t he  temperature 

p r o f i l e s  w i t h i n  a  homogeneous airmass w i l l  agree a t  h i g h  e l e v a t i o n s .  





Time from release (rnin) 

m 
F igu re  1 7  He igh t  o f  b a l l o o n  as a f u n c t i o n  o f  t ime  from re l ease  (determined by double  

t h e o d o l i t e  t r a c k i n g )  d u r i n g  t he  summer f i e l d  program f o r  t h e  Home A i r s t r i p  





Time from release (min ) 

F i gu re  19  He igh t  o f  b a l l o o n  as a  f u n c t i o n  o f  t ime  f rom re l ease  (determined by 

e double t h e o d o l i t e  t r a c k i n g )  d u r i n g  t h e  summer f i e l d  program f o r  t h e  
Syncrude Lower Camp 



I n  F i gu re  20, t he  s o l i d  cu rve  represen ts  a  double  t h e o d o l i t e  p r o f i l e  

ob ta ined  a t  t he  Home A i r s t r i p .  The long-dashed curve  represen ts  t h e  

concur ren t  C - 1 3  p r o f i l e ,  ob ta i ned  s imu l taneous ly ,  based on an assumed 

ascent  r a t e  o f  140 metres per  minute,  w h i l e  the  short-dashed curve  represen ts  

t he  same C - 1 3  p r o f i l e ,  ob ta i ned  s imu l taneous ly ,  based on an assumed ascent  

r a t e  o f  140 metres per m inu te ,  w h i l e  t h e  short-dashed curve  represen ts  the 

same C-13 p r o f i l e  f o r  a  170 metre per  m inu te  r a t e  o f  ascen t .  S ince the  

l a t t e r  cu rve  agreed w i t h  t h e  more p r e c i s e  double  t h e o d o l i t e  p r o f i l e  a t  

h i g h  e l e v a t i o n s ,  t he  c o r r e c t  r a t e  o f  ascent  f o r  t h i s  p a r t i c u l a r  sounding was 

judged t o  be 170 metres per  m inu te .  The two curves d i d  no t  o v e r l a p  i n  t he  

lowest  l a y e r  due t o  l o c a l  v a r i a t i o n s .  A l l  the  C-13 and C-17 s i n g l e  t h e o d o l i t e  - 
soundings made d u r i n g - t h e  summer f i e l d  program were c a l i b r a t e d  i n  t h i s  

way i n  o rde r  t o  v e r i f y  the  r a t e s  o f  ascent  used i n  the  a n a l y s i s .  The 

technique can o n l y  be used i f  t he  airmass i s  homogeneous ove r  t h e  area 

which was indeed t h e  case d u r i n g  the e n t i r e  summer f i e l d  program. 
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V I I  DISPERSION CLIMATOLOGY 

T h i s  s e c t i o n  o f  t h e  r e p o r t  i s  based on an a n a l y s i s  o f  t h e  f requency 

o f  occurrence o f  s p e c i f i c  va lues o f  t h e  d i s p e r s i o n  parameters f o r  

t he  e n t i r e  s tudy p e r i o d  ( ~ e p t e m b e r  1974 t o  September 1975). The 

parameters cons idered i nc l uded  i n v e r s i o n s ,  lapse ra tes ,  m i x i n g  h e i g h t s ,  

wind a t  plume l e v e l  and sur face  temperature;  t he  s t a t i s t i c s  a r e  presented 

f o r  f o u r  seasons. 

1 .  I nve rs i ons  

J 
An i n v e r s i o n  i s  a  s t a b l e  atmospher ic l a y e r  i n  which t he  temperature increases 

1 

w i t h  h e i g h t  (F igure  9 ) .  E f f l u e n t s  em i t t ed  i n t o  an i n v e r s i o n  do n o t  u s u a l l y  
d 

7  reach ground l e v e l  i n  any s i g n i f i c a n t  concen t ra t i on  . The noc tu rna l  i n v e r s i o n  

i s  a  ground based phenomenon which no rma l l y  occurs  on c l e a r  n i g h t s  w i t h  l i g h t  II 

winds when t he  r a t e  o f  hea t  l oss  f rom t h e  su r f ace  i s  maximal. Dur ing  t he  q 

J 
study pe r i od ,  and p a r t i c u l a r l y  on c loudy  w i n t e r  n i g h t s ,  t h i s  phenomenon o f t e n  

occur red  as an e l eva ted  ( n o t  based a t  t he  ground) i nve rs i on .  These e l eva ted  
* 
i 

d 

i n ve r s i ons  may i n  some cases be due t o  l o c a l  heat  sources, bu t  f o r  the  
t 

most p a r t  they a re  assoc ia ted  wi t h  f r o n t s  o r  moving weather systems. consequent lyJ  

each 200 m e t r e  l a y e r  up t o  1000 m e t r e s w a s  i n v e s t i g a t e d  as t o  i t s  p o t e n t i a l  I 

temperature lapse r a t e .  

I n  Table  1, the  f requency o f  occurrence o f  a  temperature i n v e r s i o n  ..I 

i n  each 200 metre  l a y e r  up t o  1000 metres i s  expressed as a  f r a c t i o n  o f  t he  

d 
t o t a l  number o f  morning atmospher ic  soundings. No a t tempt  has been made 

t o  separate  noc tu rna l  f rom f r o n t a l  o r  o t h e r  types o f  i n ve rs i ons  i n  t h i s  

a n a l y s i s .  Approx imate ly  two t h i r d s  o f  t he  morning i nve rs i ons  a r e  n o c t u r n a l .  
t 

I n  t h e  l a y e r  nex t  t o  t h e  ground (0-200 m.) an i n v e r s i o n  was p resen t  on most i 

mornings throughout  t he  yea r .  The r e l a t i v e l y  low f r a c t i o n  o f  ground-based i nve rs i c  3s 

rl 
f o r  t he  w i n t e r  season (0.51) i s  cons idered t o  be mis lead ing .  Equipment f a i l u r e s  
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due t o  extreme c o l d  weather a r e  most l i k e l y  t o  occur  on very  co l d ,  c l e a r  

mornings; i t  i s  p robab le  t h a t  fewer i nve rs i ons  were recorded than a c t u a l l y  

occurred.  The w i n t e r  i nve rs i ons  were ve ry  deep, however, and as many as 

44 % o f  the soundings measured i nve rs i ons  i n  t he  800-1000 metre  l a y e r .  Th i s  

percentage f e l l  t o  about 20 i n  s p r i n g  and l ess  than 3 i n  summer. The mean 

h e i g h t  o f  the  top  o f  t he  noc tu rna l  i n v e r s i o n  ranged from 800 metres i n  

w i n t e r  t o  400 metres i n  summer. I n  s p r i n g  and f a l l ,  the  mean h e i g h t  o f  t he  

top  o f  t he  noc tu rna l  i n v e r s i o n  was near 500 metres.  

C-13 and C-17 s t a t i s t i c s  o f  i n v e r s i o n  depth a r e  s i m i l a r ;  t he  e f f e c t s  

o f  any reg iona l  d i f f e r e n c e s  between t he  s i t e s  d i d  no t  show up i n  s p r i n g  

and summer ( t h e  seasons when t h e  s t a t  ions were operated contemporaneously) . 

2. P o t e n t i a l  Temperature Grad ien t  (200 t o  400 metres) 

P o t e n t i a l  Temperature Grad ien t  i s  a  f a c t o r  c o n t r o l l i n g  plume r i s e ;  a  plume 

w i l l  r i s e  h i ghe r  i n  a  n e u t r a l  o r  uns tab le  l a y e r  ( i . e .  a  l a y e r  i n  which 

p o t e n t i a l  temperature remains cons tan t  o r  f a l l s  w i t h  h e i g h t )  than i n  a  s t a b l e  

l a y e r  (where p o t e n t i a l  temperature increases wi t h  h e i g h t )  . A reduc t  i o n  i n  

plume r i s e  ( o the r  f a c t o r s  remain ing cons tan t )  induces a  r i s e  i n  ground 

concen t ra t ions  o f  emiss ions.  I n  a d d i t i o n ,  d i s p e r s i o n  i s  f a s t e r  when the  

p o t e n t i a l  temperature g r a d i e n t  i s  l ess  p o s i t i v e .  For an e l eva ted  plume more 

r a p i d  d i s p e r s i o n  makes i t  more l i k e l y  t h a t  e f f l u e n t s  w i l l  be mixed t o  ground l e v e l  

The p o t e n t i a l  temperature lapse r a t e  d i s t r i b u t i o n ,  f o r  mornings and a f te rnoons ,  

i s  t abu la ted  i n  Tables 2 and 3 f o r  the  l a y e r  between 200 and 400 metres.  

Table  2 underscores the  f i n d i n g  t h a t  on most mornings throughout  t h e  year ,  

the  200-400 metre  (plume) l a y e r  was s t a b l e ;  i t  was f r e q u e n t l y  ex t reme ly  s t a b l e .  



Neu t ra l  and uns tab le  lapse r a t e s  were i n f r e q u e n t ,  p a r t i c u l a r l y  i n  w i n t e r .  

Table  3  shows t h a t  i n  each season, t he  a f t e rnoon  lapse r a t e  was most o f t e n  

i n  t he  n e u t r a l  range ( p o t e n t i a l  temperature lapse r a t e  near  ze ro ) .  S t a b l e  

a f t e rnoon  lapse r a t e s  were f requen t  i n  w i n t e r ;  uns tab le  lapse  r a t e s  were 

common i n  t h e  summer season. 

3 .  M i x i ng  He igh t  

The m ix i ng  h e i g h t  parameter measures t he  v e r t i c a l  l i m i t  t o  v igo rous  m i x i n g  

(F i gu re  12) .  When a  plume i s  t rapped w i t h i n  a  t u r b u l e n t  l a y e r ,  lower 

8 
m i x i ng  h e i g h t s  would r e s u l t  i n  h i ghe r  ground concen t ra t i ons  o f  emissions . 
O f  spec ia l  importance i s  t he  c r i t i c a l  m i x i ng  h e i g h t .  The c r i t i c a l  m i x i n g  

h e i g h t  i s  t he  one which i s  s u f f i c i e n t l y  h i g h  t o  t r a p  a  plume y e t  low enough 

t o  severe ly  i n h i b i t  v e r t i c a l  d i s p e r s i o n .  I t s  va l ue  depends on w ind  speed, 

lapse r a t e ,  and plume c h a r a c t e r i s t i c s .  Win te r  and summer m i x i n g  h e i g h t s  
-1. 

had median va lues o f  200 metres and ove r  1000 metres r e s p e c t i v e l y .  A l though  

t he  m ix i ng  h e i g h t s  were lower i n  w i n t e r ,  l i m i t e d  m i x i ng  beneath a  s t a b l e  l i d  

i s  l ess  f r equen t  i n  t h a t  season ( i  .e. Syncrude 's  e f f e c t i v e  s t ack  h e i g h t  w i l l  

o f t e n  be above t h e  l i d ) .  I n  w i n t e r ,  t h e  m i x i n g  h e i g h t s  show t h e  i n f l u e n c e  o f  

t he  extreme s t a b i l i t y  o f  the  atmosphere, w i t h  a  median va lue  o f  around 

200 metres.  As a  r e s u l t ,  a  Syncrude plume f rom the  183 met re  chimney would 

have been above t he  mixed l a y e r  most o f  t h e  t ime d u r i n g  w i n t e r  w i t h  t he  

me teo ro l og i ca l  s cena r i o  measured d u r i n g  t h e  f i r s t  year o f  t h i s  s tudy .  

4. Wind Speeds 

A second f a c t o r  (bes ides po ten t  i a1 temperature g r a d i e n t )  c o n t r o l  1 i ng plume 

r i s e  i s  t h e  wind speed i n  the  plume l a y e r .  H igher  wind speeds tend t o  reduce 

*Ne i ther  the mean nor median va lue  o f  m i x i ng  h e i g h t  cou ld  be a c c u r a t e l y  determined 
f o r  the warm months s i nce  severa l  va lues  exceeded t he  range o f  t he  sounding. 





TABLE 3 

C-13 - 
Fa1 1 

Win te r  

Spr i ng 

Summer 

C - 1 7  - 
Spr i ng 

Summer 

Percentage D i s t r i b u t i o n  by Season o f  Morning P o t e n t i a l  Temperature Lapse Rates i n  t h e  

t h e  Layer 200-400 Metres (as measured by t h e  a f te rnoon  soundings) 

P o t e n t i a l  T e m ~ e r a t u r e  Grad ien t  ( O C / ~  00m) 

Less than -0.5 -0.5 - +0.5 +0.5 - +1.5 >l .S T o t a l  No. Soundings 





10 plume r i s e ,  bu t  on the  o t h e r  hand tend t o  enhance d i l u t i o n  . 

Mean morning wind speeds du r i ng  t h e  s tudy  pe r i od ,  f o r  each o f  t he  e i g h t  

compass p o i n t s  o f  wind d i r e c t i o n ,  a r e  g i ven  i n  Table  5. A ~ C - 1 3 ,  t he  

mean wind i n  the  plume l a y e r  d i d  no t  va r y  seasona l l y  f rom a  va lue  o f  about 

6  metres per  second. Wind speed was s l i g h t l y  h i ghe r  a t  C-17 d u r i n g  t he  

s p r i n g  and summer. 

The mean a f te rnoon  wind speeds i n  t h e  plume l a y e r ,  recorded i n  Tab le  6, 

were aga in  c l o s e  t o  6  metres per  second. F i g u r e 2 1  shows t h a t  f o r  bo th  morning 

and a f t e rnoon  soundings, wind speeds i n  t he  plume l a y e r  were r a r e l y  l ess  than 

1 o r  g r e a t e r  than 13 metres per  second. 

5. Wind D i r e c t i o n s  

A knowledge o f  w ind d i r e c t i o n  i n  t h e  plume l a y e r  i s  e s s e n t i a l  f o r  a  

de te rm ina t i on  o f  t he  p o t e n t i a l l y  a f f e c t e d  areas i n  t h e  v i c i n i t y  o f  proposed 

ope ra t i ons .  The f a l l  wind roses f rom t h e  morning soundings (F i gu re  22) 

and from t h e  a f t e rnoon  soundings (F i gu re  23)  show t h a t  winds between w e s t e r l y  

and sou thwes te r l y  dominated i n  t h a t  season. I n  w i n t e r  (F igures  24 and 25) ,  t he  

winds were f rom every  compass p o i n t  except  e a s t .  Dur ing  t he  s p r i n g  season, t h e  

f l o w  was l a r g e l y  up o r  down t h e  l e n g t h  o f  the  v a l l e y ,  i . e .  sou th  o r  n o r t h  

( ~ i ~ u r e s  26 and 27) ,  w h i l e  i n  summer, t h e  winds re tu rned  t o  t h e  sou thwes te r l y  

quadrant ( ~ i g u r e s  28 and 29 ) .  (See a l s o  Tables 5  and 6 ) .  

6. Surface Temperatures 

S p a t i a l  v a r i a t i o n s  i n  su r f ace  temperature a r e  o f  i n t e r e s t  because o f  t h e i r  

i m p l i c i t  r e l a t i o n s h i p  t o  m i x i ng  h e i g h t s ,  i n v e r s i o n  i n t e n s i t i e s  and mesoscale 



TABLE 5 

Mean Morning Wind Speeds (m/s) i n  t h e  Plume Layer :t f o r  E i g h t  Compass P o i n t s  o f  

Wind D i r e c t i o n  

N N E E S E S SW W NW Mean 

Fa1 1 6.9 6.3 - 3 .0  7.1 5.2 8.6 6.2 6.2 
Winter  5.6 4.8 - 3.5 4.3 5.7 9 .0  5.8 5.5 
Spr i ng 7.1 5.6 4 7 5.7 7.2 7.3 7.3 4.5 6 .2  
Summer 6.2 4.8 5 3 5.7 6.2 6.1 5.6 6.4 5.8 

C -  17 - 
Spr i ng 6.9 2.8 5.3 8.8 8.7 8.6 5.4 5.5 6.5 
Summer 5.9 5.0 6.3 6.3 9 .2  6.2 6.9 7.5 6.7 

;: The plume l a y e r  i s  taken  t o  be between 200 and 400 metres above ground, Th i s  i s  t he  l a y e r  i n  which 

t h e  plume w i l l  no rma l l y  be loca ted  i n  t h e  morn ing.  



TABLE 6 

Mean A f te rnoon  Wind Speeds (m/s) i n  t h e  Plume Layer f o r  E i g h t  Compass P o i n t s  

o f  Wind D i r e c t i o n  

N N E E S E S S 1J W NW Mean 

C - 1 3  - 
F a l l  6 .0  4.7 - - 5.3 6.4 5.8 6.8 5.8 
Win te r  6.0 4.3 - 5.0  4.5 4.4 9 .0  7.5 5.8 

Sp r i ng  5.7 4.3 6.0 5.9 5.9 7 - 0  6.0 4.6 5.7 
Summer 6.0 4.7 7.3 5.0 5.3 6.1 4.9 6.7 5.8 

Spr i ng 6.5 5.0 5.8 6.6 4.9 2.5 5.4 5.2 5.2 
Summer 5.6 4.0 7 .5  7.3 4.6 6.4 7.7 4.0 5.9 

;:The plume l a y e r  i s  taken t o  be between 200 and 400 metres above ground. T h i s  i s  t he  l a y e r  i n  
which t h e  plume w i l l  g e n e r a l l y  be looa ted ,  An excep t ion  would occur  under uns tab le  c o n d i t i o n s  
w i t h  ve r y  low wind speed which would c o n t r i b u t e  t o  a h i g h  plume r i s e .  
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f low pat te rns  (.see Sect ion 1 I I  - 3 ) ,  Detai  l ed  reg iona l  temperature 

v a r i a t i o n s ,  however, could be determined on l y  fo r  the l a t e  sp r ing  and 

summer seasons - the per iod  when the  Forest  Lookbut S ta t i ons  were opera t iona l .  

Figures 30 through 32 i n d i c a t e  s i g n i f i c a n t l y  h igher  a f te rnoon temperatures 

a t  low e leva t i ons  i n  the  v a l l e y  than i n  the  h igher  t e r r a i n .  These temperature 

pa t te rns  a re  t y p i c a l  of a val  l e y  area i n  summer (see Sect i on  I I I - 3).  The 

"hot spot" i n  the  v i c i n i t y  of Tar I s l and  may be associated w i t h  l oca l  

a c t i v i t y  i n  the  area. 

The h ighest  maximum temperatures were recorded i n  Ju ly .  Th is  r e s u l t  

i s  cons is ten t  w i t h  the  h ighest  mix ing  he igh ts  i n  t h a t  month. I n  August, 

the whole region, and the h igher  t e r r a i n  i n  p a r t i c u l a r ,  began t o  cool r a p i d l y .  

I t  had been expected (Sect ion 1 1  1-3), t h a t  the coo les t  n igh t - t ime  

temperatures would occur a t  the lowest e leva t i ons  i n  the v a l l e y .  I n  a 

c l a s s i c  v a l l e y  l oca t i on ,  cool (dense) n igh t - t ime a i r  normal ly  pools a t  

the  lowest e leva t i on .  Th is  was n o t  the  case f o r  the  Tar Sands Athabasca 

v a l l e y  du r ing  the study per iod,  where warm n igh t - t ime  temperatures centered 

around Tar Is land.  (See Figures 34 through 37). I t  i s  thought t h a t  t h i s  

phenomenon may r e l a t e  t o  the G.C.O.S. a c t i v i t y .  

7. Data I n t e r p r e t a t i o n  

The r e l i a b i l i t y  o f  the s t a t i s t i c s  depends both on the  amount of  

data u t i l i z e d  and on the ex ten t  t o  which the  data a v a i l a b l e  can be termed 



































" represen ta t i ve " .  R e l a t i v e  t o  t h e  f i r s t  f a c t o r ,  i t  i s  noted t h a t  t h i s  

s tudy had made use of  atmospher ic sounding da ta  cove r i ng  about 75% o f  t h e  

days from September 1974 through September 1975, w h i l e  t he  minimum p e r i o d  

requ i r ed  f o r  a  meaningfu l  c l i m a t o l o g y  i s  no rma l l y  cons idered t o  be t h r e e  years .  

The s tudy i s  c o n t i n u i n g  th rough  1976, however, and the  r e l i a b i l i t y  o f  t he  

s t a t i s t i c s  w i l l  c o n s t a n t l y  improve. 

A t  lease C-17 a min isounding was no t  performed on 72 days because t h e  program 

operated on a f i v e  day work week. Soundings were missed on 22 occas ions 

because o f  equipment o r  e l e c t r i c a l  power problems. Severe weather prevented 

a sounding 17 t imes.  On 9 occas ions t e c h n i c a l  personnel  were u n a v a i l a b l e  

t o  perform t h e  sounding. 

The r e p r e s e n t a t i v e  n a t u r e  o f  t h e  da ta  a v a i l a b l e  i s  d i f f i c u l t  t o  

assess. One method, which u t i l i z e s  h i s t o r i c a l  da ta  f rom M i l d r e d  

Lake C l i m a t o l o g i c a l  S t a t i o n ,  i s  as f o l l o w s .  

The va lue  o f  a  parameter may be cons idered t y p i c a l  i f  i t s  d e v i a t i o n  

1 1  
f rom the  normal i s  l ess  than t h e  s tandard  d e v i a t i o n  f rom t h e  normal . 
Whether t h e  su r f ace  temperature was t y p i c a l  d u r i n g  t h e  p e r i o d  was determined 

i n  Table  7 w i t h  t h e  conc lus i on  t h a t  the  months o f  November and December were 

a t y p i c a l l y  warm. W i t h  respec t  t o  t o t a l  r a i n f a l l  (Table  8 ) ,  J u l y  and September 

were a t y p i c a l l y  wet.  

From t h i s  r a t h e r  s i m p l i s t i c  approach, one m igh t  conc lude t h a t  t y p i c a l l y ,  

t h e  w i n t e r  i s  c o l d e r  and t h e  summer i s  d r i e r  than i t  was d u r i n g  t h e  s tudy year .  

The c o l d e r  w i n t e r  would l i k e l y  have more f requen t  surface-based i n v e r s i o n s  

and thus a l cwer  p r o b a b i l i t y  o f  t h e  plume reach ing  t h e  ground. The e f f e c t  

o f  a  d r i e r  summer i s  l ess  p r e d i c t a b l e .  







V l l l  DESCRIPTION OF MEP A I R  

QUALITY MODEL 

The t h e o r e t i c a l  p r e d i c t i o n  o f  a i r  q u a l i t y  i n  the  Tar Sands r e g i o n  as 

expected t o  be a f f e c t e d  by t h e  ope ra t i ons  o f  Syncrude's M i l d r e d  Lake P l a n t  

r equ i r ed  mathematical  model ing o f  t he  d i s p e r s i o n  o f  a i r b o r n e  emissions 

f o r  a  s i n g l e  source and a l l ows  f o r  t he  i n f l u e n c e  o f  l o c a l  c o n t r o l s  such 

as topography, v a l l e y  f l ows ,  and thermal s t r a t i f i c a t i o n .  

The a r t  o f  d i s p e r s i o n  model ing i s  i n  an e a r l y  s t a t e  o f  development. 

Since e x i s t i n g  numer ica l  models were cons idered l a c k i n g  i n  

r e l i a b i l i t y ,  an a l t e r n a t i v e  program was adopted by M.E.P. t h a t  would 

a l l o w  f o r  t he  s i m u l a t i o n  o f  many o f  t he  l o c a l  c h a r a c t e r i s t i c s  i n  

a  s imp le  and d i r e c t  manner t h a t  would y i e l d  s imp ly  i n t e r p r e t a b l e  and 

u n i v e r s a l l y  accep tab le  r e s u l t s .  

The bas i s  o f  t h e  M.E.P. model i s  t he  Gaussian Plume Model. To i nco rpo ra te  

t he  m u l t i p l e  sources and the  topograph ic  c o n t r o l s ,  c a l c u l a t i o n s  a re  

performed f o r  a  f i x e d  g r i d  network o f  a r b i t r a r y  spac ing,  where the  

e l e v a t i o n  and g r a d i e n t  d i r e c t i o n  i s  s p e c i f i e d  a t  each p o i n t  o f  a  

r ec tangu la r  g r i d .  For the  Tar Sands Regional  Model, t he  g r i d  covers t he  

0 
area between 11 1 0" and 112' 7 '  30" west l o n g i t u d e  and between 

56' 39 '  30" and 57O 3 3 '  48" n o r t h  l a t i t u d e ;  a  one k i l o m e t r e  g r i d  

spacing i s  used. 

Each source i s  assumed t o  produce a  plume whose c e n t r e l i n e  descr ibes  

a  t r a j e c t o r y  i n  space which i s  determined by the  v a r i a t i o n  o f  wind 

d i r e c t i o n  a long  the  plume bo th  i n  t h e  h o r i z o n t a l  and v e r t i c a l  and by t he  



16 
i n f l uence  o f  topography i n  e l e v a t i n g  o r  depress ing plume h e i g h t  . 
The m a t e r i a l  i s  then assumed t o  be d i s t r i b u t e d  i n  a  Gaussian dependence 

i n  the  h o r i z o n t a l .  I n  t he  v e r t i c a l ,  t h e  spread i s  assumed Gaussian f o r  s i n g l y -  

s t r a t i f i e d  t u r b u l e n t  l aye rs ,  b u t  a l s o  a l l o w i n g  f o r  r e f l e c t i o n  a t  ground 

and a t  an o v e r l y i n g  s t a b l e  l a y e r .  

I n  the  plume c a l c u l a t i o n ,  plume r i s e  i s  governed by buoyancy and 

atmospher ic s t r a t i f i c a t i o n  as descr ibed  i n  t h e  t h e o r e t i c a l  development 

o f  ~ r i ~ ~ s ' ~ ,  where up t o  5 l aye rs  o f  s t r a t i f i c a t i o n  can be s p e c i f i e d .  

The f o l l o w i n g  computat iona l  c h a r a c t e r i s t i c s  a l l o w  f o r  t he  s i m u l a t i o n  

o f  r e a l i s t i c  d i s p e r s i o n  regimes: 

1) The v a r i a t i o n  o f  w ind speed w i t h  h e i g h t  can be s p e c i f i e d  

e i t h e r  by s p e c i f y i n g  a  wind speed a t  each l e v e l ,  o r  by 

18 
use of  the power law behav iour  . 

2 )  The P a s q u i l l  d i s p e r s i o n  c o e f f i c i e n t s  a re  a d j u s t a b l e  as 

d i c t a t e d  by l o c a l  obse rva t i ons .  

3 )  Gaussian D i f f u s i o n ,  L i m i t e d  M ix i ng ,  and I n v e r s i o n  Breakup 

may be s imu la ted .  

4 )  Concent ra t ions can be eva lua ted  a t  a  des i r ed  mon i t o r  

e l e v a t i o n ,  a l l o w i n g  f o r  a  mapping o f  t h e  three-d imensional  plume. 

5) The h e i g h t  o f  the  l i m i t  t o  m i x i n g  (m i x i ng  h e i g h t )  can be 

made v a r i a b l e  i n  t he  h o r i z o n t a l  d i r e c t i o n .  

6 )  Dep le t i on  o f  p o l l u t a n t  by f a l l o u t  and scavenging can be 

incorpora ted  i n  t he  computat ion.  

7) The sampl ing t ime i s  v a r i a b l e  by a p p l y i n g  t he  power law 

on the  d i s p e r s i o n  c o e f f i c i e n t s .  



The model was a p p l i e d  t o  map t he  plume s t r u c t u r e  o f  a  t h r e e  s tack  source 

as descr ibed i n  a  f u l l - s c a l e  s tudy o f  t h e  plume and accompanying 

me teo ro l og i ca l  c o n d i t i o n s  o f  a  recen t  study1'. The r e s u l t s  i n d i c a t e  

t h e  o v e r a l l  s t r u c t u r e  as w e l l  as t h e  s p e c i f i c  averaged p l ume-cen t re l i ne  

and ground l e v e l  concen t ra t i ons  a r e  w e l l  reproduced by t h e  model. 
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I X  MAXIMUM GROUND LEVEL CONCENTRATIONS OF SO,;: 

T h i s  chapter  descr ibes  t he  r e s u l t s  o f  a i r  q u a l i t y  computat ions wh ich  

es t ima te  maximum ground l e v e l  concen t ra t i ons  which would have been assoc ia ted  

w i t h  observed d i s p e r s i o n  c o n d i t i o n s  d u r i n g  t he  s tudy pe r i od ,  i f  t h e  Syncrude 

p l a n t  would have been o p e r a t i n g  d u r i n g  t h a t  t ime.  For each day covered by 

t he  s tudy,  the  observed temperature and wind p r o f i l e s  were used t o  s e l e c t  

t he  a p p r o p r i a t e  me teo ro l og i ca l  i n p u t  parameters t o  t he  model. A l l  o f  t h e  

me teo ro l og i ca l  i n p u t  was measured o n s i t e  except  f o r  t he  p e r i o d  September, 

1974 - January, 1975 p r i o r  t o  t h e  i n i t i a t i o n  o f  t he  C - 1 7  sounding program. 

The Shel l /Lease C - 1 3  p r o f i l e s  were used a long  w i t h  t he  maximum temperature 

da ta  from M i l d r e d  Lake. 

The emiss ion parameters used a r e  s t a t e d  i n  Tab le  9. Computations were done 

f o r  t h ree  d i f f e r e n t  s t ack  h e i g h t s  and two emiss ion r a t e s .  Me teo ro l og i ca l  

techniques were used t o  specu la te  on d i s p e r s i o n  c o n d i t i o n s  f o r  those days 

f o r  which no data were a v a i l a b l e .  Examinat ion o f  a v a i l a b l e  da ta  i n d i c a t e d  

t h a t  m i x i ng  h e i g h t  remains below plume l e v e l  on days w i t h  a  t r a c e  o r  m o r e o f  

p r e c i p i t a t i o n .  Hence, i t  was assumed t h a t ,  i f  da ta  were m i ss i ng  and r a i n  

repor ted  by t he  M i l d r e d  Lake c l i m a t o l o g i c a l  s t a t i o n ,  no fumiga t ion  would have 

occurred.  Days w i t h  m i ss i ng  da ta ,  b u t  no r a i n  r epo r t ed  were assumed t o  

have the  same frequency d i s t r i b u t i o n  c f  ground l e v e l  concen t ra t i ons  as 

s i m i l a r  days when min isoundings were a v a i l a b l e .  Thus, t he  s t a t i s t i c s  

were normal ized over  t he  p e r i o d  and cou ld  be expressed i n  terms o f  

:!Note t h a t  a l l  maximum ground l e v e l  concen t ra t i ons  o f  SO a r e  expressed 2 
i n  terms o f  a  h a l f  hour average, f o r  which t he  A l b e r t a  a i r  q u a l i t y  s tandard 
i s  0.2 pprn. 



seasonal and annual s t a t i s t i c s .  The computations a re  described below. 

1. L im i ted  Mix ing  Computations 

When a tu rbu len t  l aye r  e x i s t s  beneath a s t a b l y  s t r a t i f i e d  layer ,  e f f l u e n t s  

emi t ted  i n t o  the tu rbu len t  layer  w i l l  be prevented from d i f f u s i n g  upwards. 

I n  e f f e c t ,  the p o l l u t a n t  i s  trapped under the capping l i d  and the r e s u l t i n g  

l i m i t e d  volume o f  a i r  f o r  d i l u t i o n  then leads t o  increased ground l eve l  

concentrat ions.  Under these cond i t ions ,  concentrat ions a re  est imated by 

a method der ived by B i e r l y  and ~ewson~ ' .  When the capping 1 i d  i s  very 

much h igher  than the stack top, the l i m i t e d  mix ing model reduces t o  

Gaussian D i f f us ion  under unstable atmospheric cond i t ions .  

Syncrude requested t h a t ,  i n  a d d i t i o n  t o  the ac tua l  he igh t  o f  600 f t .  o f  the 

recen t l y  completed stack, maximum ground l e v e l  concentrat ions would a l s o  be 

computed fo r  t h e o r e t i c a l  s tack he igh ts  o f  400 and 800 ft. The o b j e c t i v e  

i s  t o  e s t a b l i s h  how e f f i c i e n t  an increase i n  s tack he igh t  would be i n  terms 

o f  a t t a i n i n g  100% compliance w i t h  the cu r ren t  ambient a i r  q u a l i t y  standards 

o f  the Province o f  A lber ta .  

The d i s t r i b u t i o n  o f  maximum ground l e v e l  concentrat ions as obta ined from 

the computations f o r  the l i m i t e d  mix ing  cond i t ions  i s  shown i n  F igure  38 f o r  

the emission r a t e  o f  3363 grams per second. F igure 39 shows the  r e s u l t  

f o r  an emission r a t e  o f  2018 grams per second. (Note t h a t  each o f  the  

d i s t r i b u t i o n  curves must pass through an o r d i n a t e  value o f  365 corresponding 

t o  an abscissa value o f  zero. I n  o ther  words, the  number o f  af ternoons w i t h  

zero concent ra t ion  o r  g rea ter  dur ing  the course o f  the year must be 365. The 

curves are smoothed t o  i n d i c a t e  how d i s t r i b u t i o n  curves, based on a longer 

per iod,  might appear.) 



TABLE 9 

Parameters Used i n  A i r  Q u a l i t y  Computa t ions  

S tack  H e i g h t  ( f t )  600 

SO Emiss ion  Rate (g /s )  
2 201 8/3363 

T o t a l  Gas Flow Ra e 3 
(m / s )  1082 

Gas Temperature (Ok) 502 



As bo th  F igures  demonst ra te , the number o f  i n c i d e n t s  o f  ground concen t ra t i on  

g r e a t e r  than 0.2 ppm ( h a l f  hour  average) p r e d i c t e d  t o  be assoc ia ted  w i t h  

a  400 f o o t  s t ack  i s  cons ide rab l y  l a r g e r  than expected t o  r e s u l t  f rom 

t a l l e r  s tacks .  The F igures  a l s o  i n d i c a t e  t h a t  no s i g n i f i c a n t  ga ins ,  

i n  terms o f  a  r educ t i on  o f  t he  p r e d i c t e d  number o f  occurrences o f  

events i n  excess o f  0.2 ppm, due t o  l i m i t e d  m ix ing ,  can be de r i ved  

from ex tend ing  these s tacks beyond 600 f e e t .  

The 600 f o o t  s t ack  (F i gu re  39) w i t h  t h e  lower emiss ion r a t e  would have 

c o n t r i b u t e d  t o  4 events  i n  excess o f  0.2 ppm w h i l e  t he  h i g h e r  emiss ion 

r a t e  (F i gu re  38) was assoc ia ted  w i t h  19 such occurrences.  These f i g u r e s  

a l s o  i n d i c a t e  t h a t  no s i g n i f i c a n t  r e d u c t i o n  i n  t h e  number o f  events 

w i t h  concen t ra t i ons  l a r g e r  than 0.2 ppm can be ob ta i ned  by a  r e d u c t i o n  

o f  emiss ions below c i r c a  2000 g/s o f  SO2 ( i n  t he  case o f  1 i m i t e d  m i x i ng )  

The p r e d i c t e d  occurrence of  ground concen t ra t i ons  i n  excess o f  0.2 pprn, 

assoc ia ted  w i t h  l i m i t e d  m ix ing ,  would have been e q u a l l y  d i v i d e d  among 

t he  seasons. 

Measurable ground concen t ra t i ons  r e s u l t i n g  f rom l i m i t e d  m i x i n g  would 

t y p i c a l l y  cover  a  l a r g e  area and p e r s i s t  f o r  two o r  t h r e e  hours.  Assuming 

an average t h r e e  hour  d u r a t i o n ,  t h e  Syncrude 600 f t .  s t ack  would have been 

assoc ia ted  w i t h  compl iance percentages i n  terms o f  t h e  h a l f - h o u r  average 

a i r  q u a l i t y  s tandard o f  99.8% and 99.4% o f  t he  t ime f o r  t he  lower  and h i g h e r  

emiss ion r a t e s  r e s p e c t i v e l y ,  shou ld  non-compliance have r e s u l t e d  f rom 

1 i m i  t ed  m i x i n g  c o n d i t i o n s  o n l y .  ( ~ o t e  t h a t  these percentages a r e  d e r i v e d  

by mu1 t i p l y i n g  the  a p p r o p r i a t e  number o f  occurrences by 3 hours  (average 

d u r a t i o n )  and d i v i d i n g  by 8760 - t h e  number o f  hours  i n  a  y e a r ) .  
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2 .  I nve rs i on  Breakup Fumigat ion Computations 

The i n v e r s i o n  breakup fumiga t ion  i s  a  r e s u l t  o f  a  change i n  s t a b i l i t y  

a t  plume l e v e l .  The f u m i g a t i o n  develops i n  t he  f o l l o w i n g  manner. 

Before sunr i se ,  e f f l u e n t s  e m i t t e d  i n t o  a  s t a b l e  l a y e r  w i l l  form a  narrow 

we l l - de f i ned  plume. A f t e r  sun r i se ,  t h e  hea t i ng  o f  t he  ground by t h e  sun 

c rea tes  a  t u r b u l e n t  l a y e r  o f  a i r  which can grow s u f f i c i e n t l y  i n  depth t o  

e v e n t u a l l y  e n t r a i n  the  plume. The r e s u l t a n t  m i x i ng  of  t he  plume leads t o  

h i g h  ground l e v e l  concen t ra t i ons  which a r e  g e n e r a l l y  s h o r t - l i v e d  (20-30 minutes)  

Under these c o n d i t i o n s ,  concen t ra t i ons  a r e  es t imated  by equa t ions  g i v e n  i n  

2  1 
Poo le r  . 

The r e s u l t s  o f  maximum ground l e v e l  c o n c e n t r a t i o n  computat ions a r e  d i sp l ayed  

i n  F igures  40 and 41 f o r  t h e  3363 and 2018 gram/sec. emiss ion ra tes .  

 o or ' t he  same reasons g i ven  i n  Sec t i on  I I 1-1, these curves must pass through 

365 a t  an absc issa va lue  o f  zero.)  F i g u r e  41 i n d i c a t e s  t h a t  even w i t h  an 

800 f o o t  s tack ,  55 occurrences (0.3% o f  t he  year ,  assuming a  30-minute 

dura t ion22)  i n  excess of  0.2 ppm migh t  be expected f o r  t h e  lower emiss ion 

r a t e .  

The p r e d i c t e d  occurrences o f  concen t ra t i ons  o f  0.2 ppm o r  g r e a t e r  as a  f u n c t i o n  

o f  s t ack  h e i g h t  a re  shown i n  F igures  42 (emiss ion r a t e  o f  3363 grams/sec.) 

and 43 (emiss ion r a t e  o f  2018 grams/sec.). For  t h e  p e r m i t t e d  emiss ion  l e v e l  

o f  3363 grams/sec., i t  can be concluded t h a t  an inc rease  o f  t he  s t a c k  h e i g h t  

b y  200 f t .  above t he  des ign  h e i g h t  would have reduced ground l e v e l  fumiga t ion  

events  as much as a  r e d u c t i o n  o f  t he  a c t u a l  s t a c k  h e i g h t  by 200 f t .  would 

have increased the  number. 



For events  o f  a  magnitude w e l l  below and w e l l  above t h e  h a l f - h o u r  average 

a i r  q u a l i t y  s tandard o f  A l b e r t a ,  no s i g n i f i c a n t  improvement can be ga ined 

f rom ex tend ing  t h e  s tack  beyond 600 f t .  

I n  t he  case o f  t he  c u r r e n t l y  p r e d i c t e d  emiss ion l e v e l  o f  2018 grams/sec, 

t he  most s u b s t a n t i a l  b e n e f i t  o f  i n c reas ing  t he  a c t u a l  s t ack  h e i g h t  by 200 f t .  

would be ga ined i n  terms o f  a  r e d u c t i o n  o f  the  number o f  p r e d i c t e d  even ts  o f  

a  magnitude o f  c i r c a  0.2 ppm and sma l l e r .  The number o f  more se r i ous  

events  would n o t  be reduced s i g n i f i c a n t l y .  

The d i s t r i b u t i o n  o f  the  p r e d i c t e d  occurrence o f  ground l e v e l  concen t ra t i ons  

i n  excess o f  0.2 ppm ( h a l f  hour average) w i t h  i n v e r s i o n  break-ups i s  shown 

i n  F i gu re  44, broken down by month. More ground l e v e l  c o n c e n t r a t i o n  events  

i n  excess o f  0.2 ppm would have occur red  d u r i n g  t h e  warm season  a arch t o  

September) than d u r i n g  t he  c o l d e r  months. The h i g h e s t  number o f  i n v e r s i o n  

break-up events ,  t h a t  would have been assoc ia ted  w i t h  s i g n i f i c a n t  ground 

l e v e l  concen t ra t i ons ,  occur red  d u r i n g  t h e  months o f  March and August. 

I n v e r s i o n  break-up f requenc ies  may peak i n  e a r l y  s p r i n g  and f a l l  s i nce  

i n  w i n t e r ,  the  number o f  break-ups i s  l i m i t e d  due t o  i n s u f f i c i e n t  s o l a r  

hea t i ng ,  w h i l e  i n  summer noc tu rna l  i n v e r s i o n  f requenc ies  a r e  low. 

The d i s t r i b u t i o n  o f  i n v e r s i o n  break-up f um iga t i on  maxima r e l a t i v e  t o  t he  600 

f o o t  Syncrude s tack  and based on soundings taken a t  t he  M i l d r e d  Lake Weather 

S t a t i o n  i s  shown i n  F i gu re  45 .  The d i s t r i b u t i o n  shows no marked p re fe rence  

f o r  any d i r e c t i o n  a l though  t h e r e  a r e  more maxima i n  t h e  n o r t h e r n  sec to r  

than i n  t h e  southern.  Over 95% o f  the  maxima f a l l  w i t h i n  15 k i l o m e t r e s  o f  

the source. 
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Maximum ground l e v e l  SO2 concent ra t ion  (ppm) 
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Figure 42. Estimated number of morning hours during the study year 
where the maximum ground concentrations would have been 
0.2 ppm or greater had a Syncrude source been operating 
at the permit emission level, 3363 g/s. 
- as a function of stack height 
- accord-ing to inversion breakup model 

Height of Stack (ft) 
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Figure 43. Estimated number of morning hours during the study year 
where the maximum ground concentrations would have been 
0.2 ppm or greater had a Syncrude source been operating 
at the actual predicted emission level. 
- as a function of stack height 
- according to the inversion breakup model 

Height of Stack (feet) 



~ i g u r e  4 4 .  Percentage (number) of  hours  p e r  month w i t h  p r e d i c t e d  
maximum ground l e v e l  concen t r a t i on  g r e a t e r  than ,  o r  
equa l  t o ,  Q . 2  ppm. 
- according t o  i n v e r s i o n  breakup model 
- for  2 i n d i c c t e d  emiss ion r a t e s  and 3 s t ack  h e i g h t s  
- each fumigation i s  e s t ima ted  t o  l a s t  4 h o u r ( s e e  t e x t )  

Emission r a t e  20i8 g/s 
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Emission r a t e  3363 g/s 



3. Gaussian D i f f u s i o n  i n  a S t a b l e  Atmosphere 

4 
Ground impingement has been observed i n  t h e  case o f  t h e  G.C.O.S.  plume . 

Whether ground impingement cou ld  occur  under s t a b l e  n i g h t - t i m e  c o n d i t i o n s ,  

i n  t he  case o f  the  e l eva ted  Syncrude s tack  was i n v e s t i g a t e d .  I t  was found 

(see Sec t ion  X)  t h a t  under s t a b l e  Gaussian d i f f u s i o n ,  concen t ra t i ons  would 

n o t  approach 0.06 ppm and were, i n  f a c t ,  g e n e r a l l y  much lower .  





X MODEL COMPUTAT I ONS;? 

The reg iona l  model was used t o  compute ground concen t ra t i ons ,  a t  

each one k i l o m e t r e  g r i d  p o i n t ,  cor responding t o  each day d u r i n g  the  

s tudy p e r i o d  on which sounding da ta  were a v a i l a b l e .  T h i s  was done i n  

o rde r  t o  i n v e s t i g a t e  t h e  s i z e  and shape o f  p o t e n t i a l l y  a f f e c t e d  areas. 

A1 1 computat ions were made f o r  t h e  pe rm i t t ed  emiss ion r a t e  of  3363 

g  rams/sec. 

1. Concent ra t ion  Pa t t e rns  

Several cases o f  t he  computed ground l e v e l  concen t ra t i on  p a t t e r n s  a r e  

discussed. The p r e d i c t e d  ground l e v e l  concen t ra t ions  assoc ia ted  w i t h  

t he  most severe case o f  l i m i t e d  m i x i n g  observed d u r i n g  t he  s tudy year i s  

shown i n  F i g u r e  46. On t h i s  day, a  l i d  h e i g h t  which i s  near t he  c r i t i c a l  

va lue  combined w i t h  a  low wind speed t o  y i e l d  a  p r e d i c t e d  p o t e n t i a l  

maximum i n  excess o f  0.5 ppm n o r t h  o f  t h e  Syncrude s tack .  The t o t a l  area 

w i t h  concen t ra t ions  i n  excess o f  .17 ppm would have been 39 square 

k i l ome t res  w i t h  t h e  b u l k  o f  t h a t  area j u s t  n o r t h  o f  t he  Syncrude s tack.  

Note t h a t  t he  0.02 ppm i s o p l e t h  f o l l o w s  t he  r i v e r  v a l l e y  t o  t he  no r th .  

0 
The abrup t  t e r m i n a t i o n  o f  t h i s  i s o p l e t h  a t  about 57 3 3 '  marks the 

no r the rn  boundary o f  t h e  g r i d .  The .02 ppm i s o p l e t h  migh t  o the rw i se  

be seen t o  extend a  f u r t h e r  15 o r  20 km no r th .  

$:Note t h a t  a l l  model computat ions o f  SO a r e  expressed i n  terms 
o f  a  one hour average, f o r  which t he  ~ l g e r t a  a i r  qua1 i t y  s tandard i s  0.17 ppm. 





The l i m i t e d  m i x i n g  c o n d i t i o n  o f  F i gu re  47 demonstrates t he  e f f e c t  

of  a  near c r i t i c a l  m i x i ng  h e i g h t  combined w i t h  moderate wind speed. 

The c r i t i c a l  m i x i ng  h e i g h t  i s  the  one which i s  h i g h  enough t o  e n t r a i n  

the  plume b u t  low enough t o  severe ly  reduce v e n t i l a t i o n .  Ground 

concent ra t ions  due t o  l i m i t e d  m i x i n g  wh ich  exceed 0.17 ppm migh t  have 

occurred on 10 af ternoons o f  the  s tudy year  o u t  o f  a  t o t a l  o f  

the  273 f o r  which s u f f i c i e n t  da ta  a r e  a v a i l a b l e  t o  perform the  

computat ion, The m a j o r i t y  o f  l i m i t e d  m ix i ng  cases w i t h  near c r i t i c a l  

m ix ing  h e i g h t  occur red  i n  t he  f a l l  and w i n t e r  o f  t he  s tudy year .  

The s p r i n g  and summer m ix i ng  h e i g h t s  were g e n e r a l l y  h igh .  

F i gu re  48 demonstrates a  case o f  l i m i t e d  m ix i ng  under a  ve ry  h i g h  l i d ;  

t h i s  i s  e s s e n t i a l l y  Gaussian d i f f u s i o n  s i nce  t he  e f f e c t s  o f  plume 

r e f l e c t i o n  would n o t  appear a t  t h e  ground f o r  a  ve ry  g r e a t  d i s t ance  downwind. 

The accompanying low wind speed c o n t r i b u t e s  t o  p r e d i c t e d  ground concen t ra t i ons  

up t o  0.19 ppm. A h i g h  l i m i t  t o  m i x i ng  w i t h  low wind speed l ead ing  t o  

ground concen t ra t i ons  i n  excess o f  0.17 ppm would have occur red  on 14 

af ternoons d u r i n g  t h e  study p e r i o d  ou t  o f  a  p o s s i b l e  273. The occurence 

o f  t h i s  type o f  event  was e q u a l l y  d i v i d e d  among t h e  seasons. 

Gaussian d i f f u s i o n  under s t a b l e  c o n d i t i o n s  would n o t  have been assoc ia ted  

w i t h  ground concent ra t ions  i n  excess o f  0.17 ppm d u r i n g  t h e  s tudy pe r i od .  

F i gu re  49 i s  an example o f  t h i s  t y p i c a l  n i g h t - t i m e  s i t u a t i o n .  

F i gu re  50 demonstrates a  s i t u a t i o n  where an i n v e r s i o n  breakup f um iga t i on  

i s  p r e d i c t e d  t o  r e s u l t  i n  ground concen t ra t i ons  as h i g h  as 1.1 ppm. 

The l i g h t  w ind  speed was a  major  f a c t o r  i n  produc ing these t h e o r e t i c a l  









concent ra t ions .  Fumigat ions p r e d i c t e d  t o  r e s u l t  i n  such h i g h  ground 

concent ra t ions  ( i . e .  1.0 ppm o r  g r e a t e r )  would have occur red  on 17 

o u t  o f  a  p o s s i b l e  251 mornings d u r i n g  t h e  s tudy pe r i od .  These 

episodes g e n e r a l l y  l a s t  f o r  30 minutes o r  less,  however. 

I n  F igu re  51, a  more common t ype  o f  i n v e r s i o n  breakup fumiga t ion  

i s  dep ic ted  - t h a t  assoc ia ted  w i t h  a  moderate wind speed. I n v e r s i o n  

breakups which may have r e s u l t e d  i n  ground concen t ra t i ons  g r e a t e r  

than 0.17 ppm occur red  on 97 mornings o u t  o f  a  p o s s i b l e  251 du r i ng  t he  

s tudy pe r i od .  They would have been most f requent  d u r i n g  t h e  s p r i n g  

and summer seasons. 

2. Reaional d i s t r i b u t i o n  o f  t he  number o f  ~ r e d i c t e d  events  

I n  o rde r  t o  assess cumula t i ve  e f f e c t s ,  t h e  number o f  occurrences o f  computed 

concen t ra t i ons  which equa l led  o r  exceeded 0.17 ppm a t  each p o i n t  i n  t he  Tar  

Sands g r i d  (spac ing = 1  km.) were summed over  3 month pe r i ods .  A l l  computa- 

t i o n s  were done assuming t he  emiss ion parameters o f  Tab le  9 and an emiss ion 

r a t e  o f  3363 grams pe r  second. The r e s u l t s  a r e  d i sp layed  i n  maps ( ~ i g u r e s  52 

through 55) which show i s o p l e t h s  o f  t h e  p r e d i c t e d  number o f  occurrences o f  

ground concent ra t ions  o f  0.17 ppm o r  g rea te r .  The area o u t s i d e  the  o u t e r  s o l i d  

l i n e  would have exper ienced no events.  The area i n s i d e  t h i s  l i n e  cou ld  have 

exper ienced one o r  more occurrences. Nine occurrences o f  a  ground concentra-  

t i o n  i n  excess o f  0.17 ppm was t he  maximum found f o r  any g r i d  p o i n t  d u r i n g  

any season. 







l s o p l e t h s  o f  t he  p r e d i c t e d  number o f  occurrences o f  0.17 ppm o r  g r e a t e r  f o r  

the  e n t i r e  twelve month s tudy a r e  shown i n  F i g u r e  56. Fourteen occurrences 

was t he  maximum found a t  any g r i d  p o i n t .  

For the  autumn season (F igu re  52) based on 54 mornings and 61 a f t e rnoon  

soundings ( i  .e. 64% o f  t he  da ta ) ,  the  area t h a t  would have exper ienced one 

o r  more i nc i den t s  o f  g r e a t e r  than 0.17 ppm would have covered 50 square 

k i l ome t res  n o r t h  and eas t  o f  t he  Syncrude s tack.  The area a f f ec ted  t o  t h e  

g r e a t e s t  e x t e n t  was a 3 square k i l o m e t r e  reg ion  n o r t h  of  the  Syncrude chimney. 

The w i n t e r  season (F igu re  53) was based on 41 morning and 48 a f t e rnoon  

soundings (49% o f  t he  d a t a ) .  More than a s i n g l e  i n c i d e n t  o f  g r e a t e r  than 

0.17 ppm would have been exper ienced over  a r e l a t i v e l y  smal l  area (about 

14 square k i  lometres) l y i n g  eas t  o f  t h e  Syncrude source. The a n a l y s i s  

of the  sp r i ng  season d i s t r i b u t i o n  ( ~ i g u r e  54) was based on 86 morning 

and 86 a f te rnoon sounding (96% o f  da ta ) .  The coverage i s  f a r  

more ex tens ive  than e i t h e r  o f  t h e  p rev ious  seasons, and the  p a t t e r n  i s  q u i t e  

complex. I n  a l l ,  an area o f  about 1200 square k i l ome t res  cou ld  have 

exper ienced ground concen t ra t i ons  i n  excess o f  0.17 ppm on more than one 

occasion. Approximately 200 square k i l o m e t r e s  cou ld  have been a f f ec ted  by 

more than t h ree  occurrences, and 13 square k i l ome t res  by seven, e i g h t ,  

o r  n i n e  occurrences. T h i s  l a t t e r  area l i e s  n o r t h  o f  the s tack.  

The summer d i s t r i b u t i o n  a n a l y s i s  (F igure  55) was based on 70 morning and 78 

a f te rnoon soundings (82% o f  da ta ) .  The area coverage i s  s im i  l a r  t o  t he  

sp r i ng  season p r e d i c t i o n  c o n s i s t i n g  o f  1200 square k i l ome t res  w i t h  ground 













8 I 

concentrat ions greater  than 0.17 ppm on more than one occasion, and 200 

square k i lometres on which concentrat ions could have exceeded 0.17 ppm on 
1 
\i I 

over seven occasions. The areas tha t  were p red i c ted  t o  be a f fec ted  t o  the 
1 

greates t  ex ten t  a re  located w i t h i n  f i v e  k i lomet res  of the  stack. , I 

b I 

The event s t a t i s t i c s  a r e  presented i n  an a l t e r n a t i v e  form, t h a t  i s ,  i n  terms 

"9 
o f  compliance percentages i n  f i g u r e s  57 through 61. These percentages were 

\ i 

ca lcu la ted  by assuming t h a t  the  du ra t i on  of invers ion  breakup and l i m i t e d  
1 

mixing events were one h a l f  hour and th ree  hours respect ive ly .  Pred ic ted  b 

ground concent ra t ionswere  less  than0.17 ppm more than 99% o f  t he  t ime 1 
b r 

a t  a l l  g r i d  po in ts .  

"1 
b I 

The r e s u l t s  should be i n t e r p r e t e d  as est imates o f  what might have ensued dur ing  
1 

the one year atmospheric sounding program. As s ta ted  e a r l i e r ,  they apply , i 

on ly  t o  those days dur ing  the  study year f o r  which atmospheric sounding data 7 
b 1 

were ava i l ab le ;  the  number o f  mornings and af ternoons included i s  ind ica ted  

on each map. 

1 
They assume p o t e n t i a l  operat ions cons i s ten t  w i t h  the  parameters o f  Table 9 b t 

w i t h  the  stack he igh t  a t  600 f e e t  and emission r a t e  o f  3363 grams per  second. ? 

, 1  

While a study of t h i s  na ture  can a s s i s t  t h e  designers of new p l a n t s  i n  t h e  1 
1 

b 4 

s e l e c t i o n  of  s t r a t e g i e s  f o r  the  c o n t r o l  and d i spe rs ion  of emissions t o  meet 
1 

regu la tory  requirements and standards, t he  Syncrude p l a n t  was subjected I '  













t o  an ex pos t  f a c t o  a n a l y s i s .  The a n a l y t i c a l  techniques used f o r  

atmospheric environmental  p r e d i c t i o n s  d u r i n g  t he  p repa ra t i on  o f  t h e  

Syncrude A p p l i c a t i o n s  haves ince  been over taken by new developments 

i n  p r e d i c t i v e  d i s p e r s i o n  c l ima to logy .  T h i s  s e c t i o n  o f  the  r e p o r t  

i n v e s t i g a t e s  t h e  ac tua l  e f f e c t s  on reg iona l  a i r  q u a l i t y  t h a t  can 

now be p red i c ted  by t he  use o f  advanced atmospheric technology. Moreover, 

i t  addresses the  ques t i on  regard ing  t he  measure i n  which ambient a i r  

q u a l i t y  mon i t o r i ng  s t a t i o n s  r e f l e c t  t h e  a c t u a l  e f f e c t s  o f  an i n d u s t r i a l  

ope ra t i on  such as the  M i l d r e d  Lake P l a n t  on reg iona l  a i r  q u a l i t y .  

Th i s  s e c t i o n  r e p o r t s  on t h e  c o n t r i b u t i o n  o f  one p r o j e c t  o n l y ,  t o  t he  

reg iona l  emission load  on t he  atmospheric systems. The base l i ne  s i t u a t i o n ,  

i n  ex is tence  s i nce  t he  Great Canadian O i l  Sands p l a n t  became ope ra t i ona l  

i s  n o t  w e l l  known. T h i s  base l i ne  had t o  be excluded from t h e  scope o f  t h i s  

s tudy s i nce  n e i t h e r  t h e ' a c t u a l ,  and v a r i a b l e  emiss ion parameters, nor  an 

adequate number o f  soundings f o r  t h e  phys i ca l  l o c a t i o n  o f  t he  p l a n t  were 

a v a i l a b l e  f o r  s tudy and process ing through t he  Tar  Sands A i r  Q u a l i t y  model. 



The p r e d i c t i v e  model a t tempts  t o  desc r i be  by means o f  mathematical  equa t ions  

the  phys i ca l  process o f  p o l l u t a n t  spreading i n  the  atmosphere. Many s i m p l i f y i n g  

assumptions a r e  made. To f a c i l i t a t e  s o l u t i o n  o f  these equa t ions ,  e m p i r i c a l  

cons tan ts  a r e  in t roduced.  Because these cons tan ts  were eva lua ted  i n  d i f f u s i o n  

exper iments i n  o t h e r  areas o f  t he  w o r l d  they may o r  may n o t  be a p p r o p r i a t e  t o  

t he  Tar Sands. Consequently, t he  p r e d i c t i o n  o f  compl iance percentages by t h e  

model i s  impe r fec t ,  bu t  the  bes t  which can be made g i v e n  t he  c u r r e n t  s t a t e  o f  

t echn i ca l  knowledge. Compliance percentages can be measured d i r e c t l y  by 

a  network o f  mon i to rs  over  a  p e r i o d  o f  years ,  b u t  o f  course t h i s  i s  n o t  p r e d i c -  

t i o n  and can n o t  a i d  the  p reope ra t i ona l  des ign  o f  i n d u s t r i a l  process emiss ions.  

I n v e r s i o n  breakup f um iga t i on  a f f e c t s  a  r e l a t i v e l y  smal l  area so t he  chances 

t h a t  i t  w i l l  be observed a t  a  f i x e d  mon i t o r  l o c a t i o n  a r e  smal l  un less  t h e r e  

a r e  a  l a r g e  number o f  mon i to rs .  I t  i s  es t imated  t h a t  severa l  hundred f i x e d  

mon i to rs  would be r e q u i r e d  t o  measure a l l  maximum f u m i g a t i o n  concen t ra t i ons  

t o  w i t h i n  5% accuracy.  I n  f a c t  l e ss  than ten  f i x e d  s t a t i o n s  w i l l  mon i t o r  

ground concen t ra t i ons ,  so t h a t  compl iance as measured by t h e  mon i to rs  w i l l  be 

much h i ghe r  than t he  model p r e d i c t i o n s .  

The a c t u a l  t ime  f o r  which ins tantaneous concen t ra t i ons  exceed a s tandard  

va lue  may be q u i t e  d i f f e r e n t  f rom the  d u r a t i o n  as expressed i n  terms of  moving 

averages. Accord ing t o  the  r e s u l t s  o f  t h i s  s tudy most even ts  a r e  assoc ia ted  

w i t h  i n v e r s i o n  breakup fumiga t ions  which c h a r a c t e r i s t i c a l l y  show sharp b r i e f  

peaks o f  ground concen t ra t i ons  a t  a  mon i to r .  A l though  t he  a c t u a l  d u r a t i o n  o f  

t he  even t  may be a ma t t e r  o f  a  few minutes,  i t s  e f f e c t s  would show up i n  the  

moving average f o r  some t ime a f t e r  t h e  even t  ended. 



As a  r e s u l t  o f  the  f l u c t u a t i n g  na tu re  o f  the  ground concen t ra t i ons ,  t he  

measured concen t ra t i ons  w i l l  depend upon f o r  how long a  t ime p e r i o d  sam- 

p l i n g  i s  c a r r i e d  ou t .  I n  genera l  t he  average concen t ra t i on  decreases 

w i t h  i nc reas ing  sampl ing du ra t i on .  I n  the  MEP d i s p e r s i o n  model concen t ra t i ons  

a r e  assumed t o  va ry  w i t h  t he  one f i f t h  power o f  t he  sampl ing p e r i o d .  T h i s  

assumption i s  conse rva t i ve  f o r  uns tab le  c o n d i t i o n s  where d i s c r e t e  pu f fs  o f  

e f f l u e n t  may a r r i v e  a t  t he  mon i to r  so t h a t  t h e r e  a r e  extreme f l u c t u a t i o n s  

o f  concen t ra t i on  w i t h  t ime.  The s h o r t - t e r m  concen t ra t i ons  can be 5  t o  10 

t imes the  longer  term averages whereas the  f a c t o r  i n  the  MEP model r e l a t i n g  

15 minute t o  one hour concen t ra t i ons  i s  o n l y  1.3. 

3. P red i c t ed  monthly averap-concen t ra t ion  - d i s t r i b u t i o n s  

Monthly average concen t ra t i ons  were p r e d i c t e d  a t  each g r i d  p o i n t  f o r  

September 1974 and January,  March and J u l y  1975 by adding toge ther  t he  

p r e d i c t i o n s  cor responding t o  i n d i v i d u a l  soundings. Again l i m i t e d  m i x i n g  

events  were assumed t o  p e r s i s t  f o r  t h r e e  hours and i n v e r s i o n  breakups f o r  

one h a l f  hour. 

A l b e r t a  does no t  s p e c i f y  an average maximum p e r m i s s i b l e  month ly  concen t ra t i on .  

However, t o  p u t  t he  c a l c u l a t e d  va lues i n t o  p roper  pe rspec t i ve ,  i n t e r p o l a t i o n  

between the  24 hour and annual s tandards g i ves  a month ly  average o f  0.025 ppm. 

I n  September 1974 ( ~ i g u r e  62) ,  concen t ra t i ons  i n  excess o f  0.02 ppm were 

p r e d i c t e d  t o  occur  i n  a  smal l  area 5  km. no r t heas t  o f  the  Syncrude source. 

Secondary maxima o f  g r e a t e r  than 0.005 and 0.01 ppm were p r e d i c t e d  t o  occur  

a t  20 km. t o  the  no r t h -no r t hwes t  and 3 km. sou th  r e s p e c t i v e l y .  



I n  January 1975 (F igu re  63) an area f rom 13 km. southwest t o  t he  edge o f  t he  

model g r i d  was p r e d i c t e d  t o  be i n f l uenced  by concent ra t ions  i n  excess o f  0.01 ppm. 

Small areas 2-5 km. n o r t h ,  south and nor thwest  o f  the  source were p r e d i c t e d  

t o  have concen t ra t i ons  i n  excess o f  0.01 ppm d u r i  ng March 1975 ( ~ i g u r e  64).  

A r eg ion  2-5 km. no r theas t  of  the  Syncrude s tack  was expected t o  have 

monthly average concent ra t ions  i n  excess o f  0.01 ppm du r i ng  J u l y  1975 (F igu re  65).  
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FIGURE 62 

Estimated monthly average ground concentrations of SO, for September 1974. 
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FIGURE 63 

Estimated monthly average ground concentrations of SO, for January 1975. 
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FIGURE 65 

Estimated monthly average ground concentrations of SO, for July 1975. 



4. Ambient a i r  q u a l i t y  m o n i t o r i n g  s i t e  s e l e c t i o n  

F i v e  cont inuous a i r  mon i t o r s  were s i t e d  i n  l o c a t i o n s  where a h i g h  

p r o b a b i l i t y  o f  plume impingement e x i s t e d  d u r i n g  t h e  p e r i o d  

September 1974 th rough  August 1975. The l o c a t i o n s  were determined 

on t h e  bas i s  o f  t h e  a i r  q u a l i t y  model which was descr ibed  i n  s e c t i o n  

V l l l  t oge ther  w i t h  wind and temperature p r o f i l e s  f rom soundings taken over  

a  12 month pe r i od  a t  t h e  She l l  Weather S t a t i o n  on Lease 13 and t h e  M i l d r e d  

Lake Weather S t a t i o n  a t  Lease 17. The recommended m o n i t o r i n g  s i t e s  

were loca ted  as f o l l o w s  r e l a t i v e  t o  t h e  Syncrude s tack:  

S i t e  No. Azimuth (O) D i stance (km) 

1 180 6.5 

2 315  6.5 

3 075 2.0 

4 330 14.5 

5 01 0 7.8 

The proposed mon i t o r  l o c a t i o n s  a r e  shown i n  f i g u r e  56 which a l s o  maps 

t he  number o f  events  which were p r e d i c t e d  t o  occur  annua l l y .  The Mon i t o r  

s i t e s  a r e  near p laces  where events  were p r e d i c t e d  t o  occur most f r equen t l y ,  

bu t  have been d i sp l aced  outward t o  a v o i d  t he  t a i l i n g s  pond and mined o u t  

area. 

Recommendations were made f o r  t h e  des ign  o f  a  s t a t i c  exposure c y l i n d e r  

( o r  p l a t e )  network.  The network should  cover  a  l a r g e  p a r t  o f  t h e  area 

i n  which ground c o n c e n t r a t i o n  o f  SO due t o  t he  Syncrude source, a r e  2 ' 
expected t o  exceed 0.1 ppm as a h a l f  hour average. Based on t h e  sQudy 

per iod ,  an area rough l y  enclosed by t h e  t r i a n g l e  descr ibed  below meets 

t h i s  requirement.  



Loca t i on  o f  V e r t i c e s  R e l a t i v e  t o  

Syncrude Stack 

Azimuth (O) 

31 5 

045 

160 

D i stance (km) 

2 8 

The de te rm ina t i on  o f  p r e c i s e  exposure s i t e s  w i l l  r e q u i r e  f u r t h e r  

l o g i s t i c a l  cons ide ra t i ons .  

The use o f  s u l p h a t i o n  p l a t e s  was recommended w i t h  two p l a t e s  a t  each 

o f  t he  40 exposure s i t e s  and an a d d i t i o n a l  t h r e e  p l a t e s  near 

t he  i n t a k e  o f  each cont inuous mon i t o r .  
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APPENDIX 1 

1 .  T h e o r e t i c a l  Cons idera t ions  on t h e  Ascent Rate o f  P i l o t  Ba l loons  

A b a l l o o n  f i l l e d  w i t h  a  buoyant gas t o  a  f r e e  l i f t  F w i l l  exper ience  

upward a c c e l e r a t i o n .  As i t  ascends i n t o  a  l ess  dense reg ion ,  i t  

w i l l  expand i n  d iameter ,  thus g i v i n g  r i s e  t o  g r e a t e r  drag on t h e  

ba l l oon .  Under t h e  i n f l u e n c e  o f  t he  opposing f o r ces ,  t he  b a l l o o n  

w i l l  ve ry  q u i c k l y  a t t a i n  a  n e a r l y  cons tan t  ascent  r a t e  V wh ich  

can be w r i t t e n  as 
12 

where g  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y ,  p  i s  a i r  d e n s i t y ,  d  i s  t h e  

b a l l o o n  d iameter ,  and k i s  t h e  c o e f f i c i e n t  o f  aerodynamic r es i s t ance .  

I t  can be shown t h a t  w i t h i n  t h e  f i r s t  k i l o m e t r e ,  t h e  ascent  r a t e  

w i l l ,  accord ing  t o  t h e  above formula,  i nc rease  by a t  most 5% under 

13 any atmospher ic s t r a t i f i c a t i o n  . 

I t  should be po in ted  o u t  t h a t  these c o n s i d e r a t i o n s  presuppose an 

atmosphere t h a t  i s  f r e e  o f  v e r t i c a l  mot ions t h a t  would c a r r y  t h e  

ba l  loon w i t h  them. Under such c o n d i t i o n s  (such as l ake  induced 

f r o n t s  , and pronounced va 1 1 ey c  i r c u  1 a t  i ons )  an independent way of  

e s t a b l i s h i n g  b a l l o o n  h e i g h t  must be used, f o r  example the  double  

t h e o d o l i t e  method. 



2. Exper imental  V e r i f i c a t i o n  and V a l i d a t i o n  

The constancy o f  t h e  ascent  r a t e  o f  p i l o t  ba l l oons  and t h e  va lue  o f  

t h e  ascent  r a t e  has been i n v e s t i g a t e d  by severa l  researchers .  A 

r ecen t  i n v e s t i g a t i o n  by Boatman l4 shows t h a t  under t h e  c o n d i t i o n s  

assumed i n  t he  d e r i v a t i o n  o f  t he  above formula,  a  n e a r l y  cons tan t  

ascent  r a t e  was ach ieved which agreed w e l l  w i t h  t he  t h e o r e t i c a l l y  

de r i ved  v a l u e  f o r  t h e  ascent r a t e .  

An i n v e s t i g a t i o n  by O n t a r i o  Hydro l5 a l s o  shows t h a t  t h e  cons tan t  

ascent  r a t e  a p p l i e s  q u i t e  w e l l  i n  t he  f i r s t  k i l o m e t r e  o f  ascent .  

Both s t u d i e s  show t h a t  ca re  must be exerc ised  i n  t h e  f i l l i n g  

procedure t o  ensure t h a t  t h e  same f r e e  l i f t  w i l l  app l y  f o r  a l l  

f l i g h t s ,  and a l l o w  use o f  t h e  t h e o r e t i c a l  va l ue  f o r  t he  ascent  

r a t e .  

I n  o rde r  t o  examine the  e f f e c t  o f  t h e  cons tan t  ascent  r a t e  assumption 

on t h e  wind and temperature p r o f i l e s ,  a  comparison i s  made o f  t he  

double  t h e o d o l i t e  e v a l u a t i o n  w i t h  a  s i n g l e  t h e o d o l i t e  a n a l y s i s  based 

on one o f  t h e  t h e o d o l i t e ' s  da ta  and assuming cons tan t  ascent  r a t e .  

The r e s u l t s  a r e  shown i n  F i g u r e  16. The ac tua l  ascent  r a t e  as 

determined by double  t h e o d o l i t e  v a r i e d  between 132 m/min and 246 m/mlin 

w i t h  an average r a t e  o f  186 m/min. The s i n g l e  t h e o d o l i t e  c a l c u l a t i o n  

assumed an ascent  r a t e  o f  180 m/min. I t  can be seen t h a t  t h e r e  i s  



very  good agreement b o t h  f o r  winds and temperatures,  and t h i s  

agreement would be improved a t  t h e  h i ghe r  e l e v a t i o n s  i f  an ascent  

r a t e  o f  186 m/min were used. Thus the  f l u c t u a t i o n  i n  ascent  r a t e  

o f  as much as 30% and d e v i a t i o n  f rom average r a t e  o f  ascent  by 

5% do no t  s i g n i f i c a n t l y  a f f e c t  t h e  p r o f i l e s  o f  t h e  f i r s t  k i l o m e t r e .  

15 S i m i l a r  conc lus ions  were reached by O n t a r i o  Hydro Research D i v i s i o n  . 

3 .  Opera t iona l  Cons idera t ions  

I n  us ing  t he  s i n g l e  t h e o d o l i t e  technique,  ca re  must be exe rc i sed  i n  

t he  f i 1 1  ing procedure t o  ensure u n i f o r m i t y  o f  r e s u l t s .  I n  o r d e r  

t o  eva lua te  t he  procedure used, i t  i s  a d v i s a b l e  t o  c a l i b r a t e  da ta  

ob ta ined  by s i n g l e  t h e o d o l i t e  aga ins t  double  t h e o d o l i t e  obse rva t i ons ,  

and use t h i s  i n f o r m a t i o n  t o  determine t h e  a p p r o p r i a t e  cons tan t  

ascent  r a t e  va l ue  t o  be used. 

I f  wind and temperature soundings a re  done sepa ra te l y ,  t h e  t o t a l  

e lapsed t ime between t h e  soundings should  be kep t  t o  a  minimum. 

T h i s  cons ide ra t i on  i s  impor tan t  i f  the  wind and temperature in forn ia t  i on  

i s  t o  be used j o i n t l y  t o  determine some c h a r a c t e r i s t i c s  o f  t h e  

atmospher ic mot ion such as t h e  lake-breeze regimes. Under these 

c o n d i t i o n s  a  double  t h e o d o l i t e  procedure must be employed. For 

genera l  purposes and i n  c l i m a t o l o g i c a l  work t h i s  c o n s i d e r a t i o n  i s  

no t  c r i t i c a l ,  as t he  da ta  so ob ta ined  can be cons idered as represen ta -  

t i v e  o f  t he  t ime o f  day a t  which i t  was taken. 



APPENDIX I I  

GLOSSARY OF TERMS 

D i spe rs i on  C l imato logy  - s t a t i s t i c s  o f  those parameters which c o n t r o l  
t h e  spreading o f  gases o r  smal l  p a r t i c l e s  i n  
the  atmosphere 

Double T h e o d o l i t e  
Met hod 

- a  techn ique  f o r  de te rmin ing  upper l e v e l  winds 
as w e l l  a s  t h e  r i s e  r a t e  by t r a c k i n g  a s i n g l e  
b a l l o o n  s imu l taneous ly  w i t h  two t h e o d o l i t e s  
separated by a  known d i s t a n c e  o r  b a s e l i n e  

Dry A d i a b a t i c  Lapse - t h e  c o o l i n g  r a t e  o f  a  pa rce l  o f  unsa tu ra ted  
Rate a i r  as i t  i s  l i f t e d  w i t h o u t  a d d i t i o n  o f  

e x t e r n a l  heat  ( .98°~ /1  00m) 

E f f e c t i v e  Stack He igh t  - t h e  plume r i s e  added t o  t he  phys i ca l  s t ack  
h e i g h t  

Fann i ng - behav iour  o f  plume r i s i n g  th rough  a  s t a b l e  
l a y e r  ( I t  loses buoyancy and l e v e l s  o f f  - 
see F i g u r e  1 1  ) 

Fumigat ion - a  h i g h  ground l e v e l  c o n c e n t r a t i o n  o f  e f f l u e n t s  

l nvers  i on  - an atmospher ic  l a y e r  i n  which a i r  temperature 
increases w i t h  h e i g h t  

l nvers  i on  Breakup - d e s t r u c t i o n  o f  the  i n v e r s i o n  l a y e r  by thermal  
o r  mechanical  t u rbu lence  

Isothermal  - i n v a r i a n t  i n  temperature 

Lapse Rate - t h e  r a t e  o f  decrease o f  a i r  temperature w i t h  
h e i g h t  

L i m i t e d  M ix i ng  
Cond i t  i o n  - m ix i ng  o f  e f f l u e n t s  i n  a  t u r b u l e n t  a tmospher ic  

l a y e r  "capped" by a  s t a b l e  s t r a t  i f  i e d  l a y e r  

L o f t  i ng - behav iour  o f  plume which pene t ra tes  a  ground- 
based i n v e r s i o n  and d i f f u s e s  upward b u t  i s  
prevented by the  s t a b i l i t y  below f rom d i f f u s i n g  
downward (see ~ i g u r e l 7 )  

Macroc l imato logy  - l a r g e  s c a l e  (measured i n  thousands of  square 
k i l o m e t r e s )  s t a t i s t i c s  o f  c l  imate 

Mesoc l imato logy - medium s c a l e  (measured i n  hundreds of  square 
k i  lometres)  s t a t i s t i c s  o f  c l  imate 



Mix ing  Height  - t he  h e i g h t  o f  the  su r face- lased  l a y e r  i n  
which v e r t i c a l  m i x i ng  can occur  

Neu t ra l  Layer - an atmospher ic l a y e r  i n  which the  lapse  r a t e  
i s  equal t o  the  d r y  a d i a b a t i c  lapse r a t e  

Plume Layer - the  atmospher ic  l a y e r  bounded by t h e  p h y s i c a l  
s t ack  h e i g h t  and t h e  e f f e c t i v e  s t ack  h e i g h t  

F o l l u t i o n  P o t e n t i a l  - c a p a b i l i t y  o f  t he  atmosphere t o  d i l u t e  and 
d i spe rse  e f f l u e n t s  

P o t e n t i a l  Temperature - t h e  temperature t h a t  a  pa rce l  o f  a i r  would 
have i f  i t  were brought  d r y  a d i a b a t i c a l l y  from 
any e l e v a t i o n  t o  1000 m i l l i b a r s  

P o t e n t i a l  Temperature - the  r a t e  o f  decrease o f  p o t e n t i a l  temperature 
Lapse Rate w i t h  h e i g h t  

S ing le  Theodo l i t e  - the  de te rm ina t i on  o f  upper l e v e l  w inds  w i t h  
Met hod one t h e o d o l i t e ,  where a  cons tan t  r i s e  r a t e  

f o r  t he  b a l l o o n  must be assumed 

Synopt i c  Wind - the  l a r g e  sca le  su r face  wind as can be read 
o f f  c o n t i n e n t a l  weather maps 
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