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PREFACE 

This  compendium  is  the  outcome  of  two  separate,  but  related  activities  in 
which  the  authors  have  been  engaged  for  more  than  a  decade.  Reviews  of  world  literature 

and  local  studies  of  diffusion  were  undertaken  prior  to  issuing  Alberta  Environment's  first 
modelling  guideline  in  1978  and  releasing  a  new  draft  for  public  comment  in  1989.  Over 
the  years,  the  authors  often  taught  short  courses  on  dispersion  meteorology  and  modelling, 
mainly  for  professionals  in  other  scientific  and  technical  specializations. 

In  this  volume  we  have  combined  our  educational  notes  about  the 
fundamentals  of  our  science  with  the  results  of  ongoing  review  of  the  scientific  literature. 
The  purpose  of  this  document  is  to  summarize  current  information  about  plume  dispersion 
in  the  province  of  Alberta,  within  the  context  of  general  scientific  understanding  of  the 
lower  atmosphere.  Each  topic  is  introduced  with  an  explanation  of  concepts  and  a 
definition  of  technical  terms.  The  review  encompasses  virtually  all  published  Alberta 
work  up  to  the  end  of  1988;  some  more  recent  work  was  added  during  the  final  editing. 
Alberta  references  are  always  cited  directiy  in  the  text;  world  literature  references  are 
cited  in  parenthesis  following  a  statement  of  generally  accepted  scientific  understanding. 
Emphasis  is  given  to  topics  of  local  relevance. 

Meteorology  is  the  science  dealing  with  the  phenomena  of  the  atmosphere. 
This  includes  not  only  the  physics,  but  the  history,  chemistry,  geology  and  biology  of  the 

atmosphere  and  many  of  the  direct  effects  of  the  atmosphere  upon  the  earth's  surface,  the 
oceans  and  life  in  general.  The  study  of  atmospheric  processes  governing  the  behavior 
and  fate  of  airborne  chemicals  constitutes  a  specialization  called  air  quality  meteorology. 
The  atmosphere  may  be  viewed  in  different  ways:  as  a  medium  for  various  physical 
processes,  as  a  carrier  for  chemical,  geological  or  biological  substances,  or  as  a  setting  in 
which  a  number  of  geophysical,  chemical  and  biological  processes  take  place. 



This  review  is  concerned  primarily  with  the  continuous  emission  of  chemicals 
from  exhaust  stacks  (or  chimneys  as  they  are  sometimes  called).  When  the  material 
leaving  a  stack  is  visible  it  assumes  a  distinctive  featherlike  form  called  a  plume.  By 
extension  the  word  plume  is  also  used  to  describe  invisible  emissions  since  measurements 
can  still  indicate  the  presence  of  the  structure.  The  report  does  not  deal  with  accidental 
releases  of  toxic  substances,  urban  air  quality,  dense  gases,  fog  interactions,  acid  rain  or 
the  greenhouse  effect.  Its  focus  is  on  the  ground-level  concentrations  that  result  from 
plumes  in  the  atmosphere. 

Diffusion  is  defined  as  the  exchange  of  air  parcels  and  their  conservative 
properties  (such  as  heat,  moisture,  momentum)  between  neighboring  regions  of  the 
atmosphere.  The  rate  of  transfer  or  mixing  is  several  orders  of  magnitude  greater  than  that 
due  to  molecular  agitation.  To  be  rigorous  about  the  terminology  one  should  probably 
refer  to  turbulent  diffusion  or  eddy  diffusion  as  distinct  from  molecular  diffusion.  The 
above  definition  places  no  restriction  on  the  scale  of  the  fluid  motions  involved  in  the 
exchange.  Therefore,  it  can  include  the  process  commonly  called  transport,  which  is 
defined  as  the  movement  of  identifiable  air  parcels  form  one  place  to  another  in  an 
organized  manner  that  can  be  treated  by  the  equations  of  motion.  However,  when  the  term 
transport  is  used  in  this  manner,  the  term  diffusion  is  usually  restricted  to  those  jqjparently 
random  motions  of  a  scale  too  small  to  be  treated  by  the  equations.  The  dictionary  defines 
dispersion  as  the  act  or  process  of  breaking  up  and  going  in  different  directions,  spreading 
or  distributing  irregularly,  scattering  in  different  directions.  Thus  dispersion  is  a  term 
even  broader  than  diffusion  and  includes  all  processes  that  affect  the  fate  of  an  airborne 
chemical,  such  as  chemical  transformation,  rainout  and  surface  removal. 

The  primary  elements  of  air  quality  meteorology  are  three:  (1)  wind;  (2) 
temperature  stratification;  and  (3)  turbulence.  These  are  introduced  in  the  first  chapter; 
descriptions  of  measurement  methods  and  data  display  techniques  may  be  found  in  the 
jqjpendices.  The  three  elements  are  integrated  in  the  discussion  of  the  boundary  layer,  and 
the  rise  of  a  plume  into  the  atmosphere.  This  leads  directly  to  atmospheric  diffusion  over 
gende  terrain  and  a  brief  description  of  the  removal  processes.  Finally,  the  complex 
subject  of  flow  and  diffusion  over  rugged  terrain  is  surveyed.  Each  chapter  has  a  separate 
reference  list  and  a  separate  summary  section  so  that  it  can  be  read  somewhat 
independently.  The  division  of  labor  between  authors  gave  principal  authorship  of 
chapters  1,  2  and  4  to  R.P.  Angle  and  of  chapters  3  and  5  to  S.K.  Sakiyama. 

ii 



CONTENTS 

Page 

PREFACE   i 

TABLES   V 

HGURES   viii 

ACKNOWLEDGEMENTS   xiii 

L       ELEMENTS  OF  DIFFUSION  METEOROLOGY   l-I 
1.1  Wind   1-1 
1.2  Temperature  Stratification   1-22 
1.3  Turbulence   1-39 
1.4  Weather  Systems   1-78 
1.5  Summary   1-99 
1.6  References   1-101 

2.  THE  ATMOSPHERIC  BOUNDARY  LAYER   2-1 
2.1  The  Neutral  Boundary  Layer   2-1 
2.2  The  Unstable  Boundary  Layer   2-6 
2.3  The  Stable  Boundary  Layer   2-13 
2.4  The  Thickness  of  the  Planetary  Boundary  Layer   2-19 
2.5  Power  Law  Forms  of  the  Wind  Profile   2-26 
2.6  Boundary  Layer  Evolution   2-28 
2.7  Plume  Behavior   2-40 
2.8  Summary   2-54 
2.9  References   2-55 

3.  PLUME  RISE   3-1 
3.1  General  Considerations   3-1 
3.2  Plume  Rise  in  Neutral  and  Unstable  Conditions   3-4 
3.3  Plume  Rise  in  Stable  Conditions   3-8 
3.4  Final  Rise  in  Neutral  and  Unstable  Conditions   3-11 
3.5  Final  Rise  in  Stable  Conditions   3-15 
3.6  Plume  Penetration  of  Elevated  Inversions  .   3-15 
3.7  Stack  Aerodynamic  Downwash   3-18 
3.8  Behavior  of  Moist  Plumes   3-21 
3.9  Plume  Rise  from  Gas  Turbines  and  Reciprocating  Engines   .  .  .  3-22 
3.10  Summary   3-23 
3.11  References   3-24 

iii 



CONTENTS 

Page 

4.        ATMOSPHERIC  DISPERSION  OVER  GENTLE  TERRAIN   4-1 
4.1  The  Gaussian  Plume  Model   4-2 
4.2  Empirical  Systems  for  Plume  Spreads   4-9 
4.3  Plume  Spreads  from  Taylor's  Theory   4-24 
4.4  Plume  Spreads  from  Interrelated  Theories   4-29 
4.5  Averaging  Time   4-34 
4.6  Buoyancy   4-43 
4.7  Plume  Height   4-45 
4.8  Longer  Travel  Time   4-48 
4.9  Wind  Shear   4-50 
4.10  Surface  Roughness   4-51 
4.11  Along-wind  Spread   4-52 
4.12  Nonstationarity  and  Calms   4-53 
4.13  Concentration  Fluctuations   4-55 
4.14  Chemical  Transformations   4-59 
4.15  Removal   4-61 
4.16  Summary   4-64 
4.17  References   4-66 

5.       FLOW  AND  DIFFUSION  OVER  RUGGED  TERRAIN   5-1 
5.1  Wind  and  Turbulence  Effects   5-1 
5.2  Mathematical  Modelling  of  Flow  over  Ridges  and  Hills    ....  5-21 
5.3  Mathematical  Diffusion  Modelling  Over  Rugged  Terrain  ....  5-24 
5.4  The  Effect  of  Buildings  on  Plume  Dispersion   5-42 
5.5  Physical  Modelling  of  Transport  and 

Diffusion  Over  Complex  Terrain   5-55 
5.6  Summary   5-61 
5.7  References   5-63 

APPENDIX  A.       MEASUREMENT  TECHNIQUES 

A.1     Wind   A-1 
A.2     Temperature  Stratification   A-10 
A.2     Turbulence   A- 12 
A.4     Boundary  Layer  Height   A-20 
A.5     Dilution   A-22 
A.  6     References   A-24 

APPENDIX  B .  DATA  PRESENTATION  TECHNIQUES 

B.  l      Wind  Direction   B-1 
B.2     Wind  Speed   B-5 
B.3      Wind  Vector  (Speed  and  Direction)   B-5 
B.4     References   B-1 8 

iv 



TABLES Page 

1.1  Averages  of  inversion  types  for  Edmonton  '.  .  1-38 
1 .2  Joint  frequency  distribution  of  temperatme  gradient  with  wind  direction 

for  Edmonton  CBC  Tower   1-42 

1 .3  Joint  frequency  distribution  of  temperattire  gradient  with  wind  direction 
for  Calgary  Bonny  brook  Tower   1-43 

1.4  The  18-m  to  8-m  temperature  gradient  at  Ellerslie   1-44 

1 .5  Summary  of  inversion  characteristics  measured  by  minisonde  near 
Edmonton  1977  -  1982   1-45 

1.6  Key  to  stability  categories   1-66 

1.7  Frequency  of  occurrence  of  Pasquill  stability  classes   1-67 

1.8  Stability  classification  using  net  radiation   1-71 

1.9  Turbulence  classification  based  on  wind  fluctuations   1-72 

1.10  Bulk  Richardson  numbers  measured  on  91-m  towers 
in  Calgary  and  Edmonton   1  -74 

1.11  Relation  among  turbulence  typing  methods   1  -76 

1.12  Relation  between  Pasquill  class,  Monin-Obukhov  length  and  roughness  .  1-75 

1.13  Values  of  Kazanski-Monin  parameter  corresponding  to  Pasquill  classes  .  1-77 

1.14  Airmasses  and  fronts  in  the  conventional  Canadian  classification  .  .  .  .  1-80 

2.1  Summary  of  experimentally  determined  roughness  lengths   2-4 

2.2  Summary  of  equations  describing  the  neutral  atmospheric  boundary ...  2-7 

2.3  Summary  of  equations  describing  the  unstable  atmospheric  boundary  .  .  2-9 

2.4  Summary  of  equations  describing  the  stable  atmospheric  boundary  ...  2-16 

2.5  Mean  maximum  (aftemoon)  mixing  heights  at  Edmonton   2-21 

V 



TABLES Page 

2.6  Median  values  of  kink  mixing  height  at  EUerslie   2-24 
2.7  Alternative  definitions  of  the  thickness 

of  the  atmospheric  boundary  layer   2-27 

2.8  Summary  of  power  law  exponents  observed  in  Alberta   2-29 

2.9  Seasonal  hourly  values  of  mixing  height  at  Fort  McMurray   2-36 

2.10  Types  of  plume  behavior  and  associated  meteorology   2-44 

2. 1 1  Monthly  distribution  of  stability  at  Calgary   2-53 

3 . 1  Observational  studies  in  Alberta  of  buoyant  plume  rise 
in  neutral Ainstable  conditions   3-6 

3.2  Observational  studies  in  Alberta  of  buoyant  plimie  rise 
in  stable  conditions.   3-10 

3.3  Final  rise  formulations   3-13 

3.4  Observations  in  Alberta  of  final  rise  in  neutraVunstable 
conditions    3-16 

4.1  Current  working  theories  of  diffusion   4-3 

4.2  Summary  of  basis  and  scope  of  original  Pasquill-Gifford  curves  ....  4-14 

4.3  Single  power  law  j^proximations  to  the  Pasquill-Gifford  curves  ....  4-15 

4.4  BNL  plimie  standard  deviations   4-19 

4.5  TVA  diffusion  coefficients  .   4-19 

4.6  Briggs  plume  spread  formulas  for  elevated  small  releases   4-22 

4.7  Summary  of  Draxler's  equations   4-27 
4.8  Other  universal  functions   4-28 

4.9  Power  law  approximations  of  vertical  spread   4-30 

4.10  Sigma  values  from  neutral  to  unstable  using  convective  scaling   ....  4-33 

vi 



TABLES 
Page 

4.1 1  Classification  of  turbulent  diffusion  from  a  fixed 
point  source   4-37 

4.12  Summary  of  approaches  to  concentration  fluctuations   4-56 

5.1  Observation  of  up- and  down-v alley  flow  in  Alberta   5-12 

5.2  Nocturnal  valley  flow  characteristics  in  Alberta   5-14 

5.3  Summary  of  wind  field  models    5-24 

5.4  Wind  field  models  as  applied  in  Alberta   5-26 

5.5  Observational  studies  in  Alberta  on  the  applicability  of 
potential  flow   5-28 

5.6  Plume  spread  observations  in  Alberta  in  rugged  terrain   5-36 

5.7  Numerical  model  applications  for  complex  terrain  in  Alberta   5-44 

A.l     Anemometers  suitable  for  diffusion  applications   A-3 

A.2     Remote  sensors  for  winds  above  the  surface  layer   A-9 

A.3     Methods  for  measuring  temperature  stratification   A-11 

A.4     Summary  of  turbulence  data  from  aircraft  flights 
in  Fort  McMurray  area   A- 19 

A.5     Methods  of  measuring  the  thickness  of  the  boundary  layer   A-21 

A.  6     Equipment  and  design  characteristics  for  SFg  studies   A-23 

B.  1      Usual  method  of  converting  from  tens  of  degrees   B-2 

B.2     Debiasing  procedure  for  direction  frequencies   B-3 

B.3     Beaufort  wind  speed  equivalents   B-6 

B.4     Normalized  radius  of  the  percentile  circle  in  standard 
vector  deviation  roses   B-13 

vii 



FIGURES 
Page 

1.1  Mean  seasonal  (monthly)  sea  level  pressure  in  kilopascals   1-3 

1.2  Balance  between  pressure  gradient  force  and  Coriolis  force   1-5 

1.3  Balance  between  pressure  gradient  force,  Coriolis 
force  and  centripetal  force   1-5 

1 .4  Balance  of  forces  with  friction  added   1-7 

1 .5  The  Ekman  spiral  of  wind  with  height   1-7 

1.6  Wind  roses  for  selected  Alberta  stations   1-8 

1.7  Diurnal  variations  of  10-m  and  91 -m  winds  in  Calgary   1-11 

1.8  Percentage  of  wind  speed  above  a  specified  value   1-14 

1.9  Return  periods  for  extreme  wind  speeds,  Medicine  Hat   1-15 

1.10  Occurrences  of  persistent  light  winds  lasting  24  to  47  h   1-16 

1.11  Occurrences  of  persistent  light  winds  lasting  48  h  and  longer   1-17 

1.12  Duration  of  light  winds  in  Edmonton  and  Calgary   1-18 

1.13  Vector  mean  winds  over  Alberta  at  the  85-kPa  level   1-20 

1.14  Standard  vector  deviation  of  winds 
over  Alberta  at  the  85-kPa  level   1-21 

1.15  Trajectories  of  air  parcels  leaving 
the  Alberta  oil  sands  area   1-23 

1.16  Trajectories  of  air  parcels  entering  the 
Alberta  oil  sands  area   1-23 

1.17  Frequencies  of  72-h  air  parcel  motion  out  of  the 
Alberta  oil  sands  area  at  the  85-kPa  level   1-24 

1.18  Frequencies  of  72-h  air  parcel  motion  into 
the  Alberta  oil  sands  area  at  the  85-kPa  level   1-25 

1.19  Frequency  of  ground-based  inversion  at  05:00  MST   1-34 

1.20  Frequency  of  ground-based  inversion  at  17:00  MST   1-35 

viii 



FIGURES 

Page 

1.21  Seasonal  frequency  and  intensity  of  ground-based  inversions 
at  Edmonton   1-36 

1.22  Inversion  types   1-37 

1.23  Cumulative  frequency  distribution  of  temperature  gradient   1-39 

1.24  Diurnal  variation  of  temperature  gradient   1-41 

1.25  The  energy  cascade   1-51 

1.26  Spectrum  of  turbulence   .  1-51 

1.27  Autocorrelation  curve   1-55 

1.28  Conventional  presentation  of  vertical  wind  spectra   1-55 

1 .29  Wind  spectra  at  Suffield,  Alberta   1-58 

1.30  Solar  radiation  by  month,  hour  and  cloud  cover   1-69 

1.31  Stability  number  P  from  heat  flux  and  wind  speed   1-70 

1.32  Meteorological  scale  definitions   1-79 

1.33  Arctic  front  location   1-82 

1.34  Streamlines  and  zones  of  confluence   1-84 

1.35  Airmass  frequencies   1-85 

1.36  Number  of  days  with  lows   1-87 

1.37  Number  of  different  lows   1-88 

1.38  Tracks  of  lows   1-89 

1.39  Tracks  of  highs   1-90 

1.40  Number  of  days  with  highs   1-91 

1.41  Number  of  different  highs   1-92 

1 .42  Most  frequent  Alberta  weather  map  types   1-94 

1.43  Schematic  of  mountain  wind  systems   1-96 

ix 



FIGURES 
Page 

2.1  Schematic  of  the  neutral  PBL   2-2 

2.2  Schematic  of  the  unstable  PBL   2-10 

2.3  Scaling  regions  for  the  unstable  and  stable  PBL   2-11 

2.4  Schematic  of  the  stable  PBL   2-14 

2.5  Schematic  of  noctiunal  jet  formation   2-18 

2.6  Mean  maximum  aftemoon  mixing  heights   2-22 

2.7  Hourly  median  mixing  heights  at  Fort  McMurray   2-25 

2.8  Mean  breakup  and  onset  times  of  nocturnal  inversions   2-34 

2.9  Diurnal  variations  of  P  stability  and  mixing  heights   2-38 

2.10  Mean  daily  global  radiation   2-39 

2.11  Plume  behavior  types   2-41 

3.1  Depiction  of  tvurbulent  shear  zone  and  entrainment   .  3-3 

3.2  Schematic  illustrating  basic  definitions  for  plume  rise   3-3 

3.3  Depiction  of  plume  rise  in  a  stable  atmosphere   3-9 

3.4  Plume  penetration  of  elevated  inversions   3-17 

3.5  Depiction  of  stack  aerodynamic  downwash   3-20 

3.6  Modified  speed  ratio  versus  Froude  number   3-20 

4. 1  Vertical  dispersion  coefficient  as  a  function  of 
downwind  distance   4-10 

4.2  Horizontal  dispersion  coefficient  as  a  function 
of  downwind  distance   4-11 

4.3  Dispersion  curves  of  the  Brookhaven  National 
Laboratory  compared  with  the  Pasquill-Gifford  curves   4-18 

4.4  Briggs  rural  dispersion  coefficients  compared  to 
Pasquill-Gifford   4-23 

X 



FIGURES 
Page 

4.5  Smith's  vertical  spread  compared  to  Pasquill-Gifford   4-31 

4.6  Plimies  classified  by  observation  time   4-36 

4.7  Schematic  representation  of  a  quasi-steady  plume   4-36 

5 . 1  Channel  and  gap  winds   5-2 

5.2  Lee  waves,  cloud  and  rotor  flow   5-5 

5.3  Hydraulic  jump   5-5 

5.4  Flow  near  terrain  obstacles   5-6 

5.5  Katabatic  and  anabatic  flows   5-9 

5.6  Valley  circulations   5-10 

5.7  Hourly  percent  frequency  of  wind  directions  in  Canyon  Creek  valley  .  .  5-10 

5.8  Wind  speed  and  direction  profiles  in  Canyon  Creek  valley   5-13 

5.9  Time  series  of  potential  temperature  profiles   5-17 

5.10  Airflow  toward  a  steep  bluff   5-21 

5.11  Separation  in  strong  cross-valley  winds   5-21 

5.12  Potential  flow  streamlines  past  a  hemisphere   5-29 

5.13  Various  plume  height  adjustment  aqjproaches   5-34 

5.14  A  stable  flow  streamline  across  a  terrain  obstacle   5-38 

5.15  Idealized  stratified  flow  about  hills   5-38 

5.16  Cooling  tower  plume  outline  and  centreline  trajectory   5-40 

5.17  Dimensionless  elevation  as  a  function  of  wind  speed   5-40 

5.18  Behavior  of  plumes  emitted  directly  above  a  building   5-45 

5.19  Flow  pattern  around  a  rectangular  block   5-46 

xi 



FIGURES 

Page 

5.20  Vortex  and  venturi  effects  for  building  clusters   5-49 

5.21  Definition  and  calculation  of  minimum  descent  height   5-51 

5.22  University  of  Alberta  small  wind  tunnel   5-60 

A.  1     Atmospheric  Environment  Service  weather  stations  in  and 
near  Alberta   A-4 

A.  2     Upper  air  stations  operated  by  the  Atmospheric  Environment 
service  in  westem  and  northwestern  Canada   A-8 

B.  l      Different  types  of  wind  roses  for  Red  Deer   B-4 

B.2     WeibuU  probability  paper   B-7 

B.3      Wind  rose  with  speed  segments   B-8 

B.4     Speed-direction  frequency  diagram   B-10 

B.5      Box  plots  for  wind  vector  information   B-1 1 

B.6     Extracting  information  from  standard  vector 
deviation  wind  roses   B-14 

B.7     Polar  isopleth  diagram   B-15 

xii 



ACKNOWLEDGEMENTS 

This  work  would  not  have  been  possible  without  the  assistance  of  a  number  of 
people.  Shannon  Blechinger  typed  the  very  first  draft.  For  the  many  revisions  and  expert 
handling  of  the  word  processing  system,  we  are  deeply  grateful  to  Olivia  Hong.  The 

grzqjhs  and  figures  were  all  drawn  by  the  department's  drafting  section  under  the 
supervision  of  Terry  Zenith.  Grammar,  punctuation  and  readability  were  all  improved  by 
the  technical  editing  services  of  Conrad  Gietz  from  Word  Express.  A  special  thanks  goes 
to  Dr.  Keith  Hage  who  reviewed  the  content  from  a  scientific  perspective  and 
meticulously  checked  the  large  number  of  references  and  equations.  We  are  also 
appreciative  of  the  support  from  our  director,  Jerry  Lack,  and  the  senior  management  of 
Alberta  Environment. 

xiii 





1-1 

1 .  ELEMENTS  OF  PLUME  DISPERSION  METEOROLOGY 

One  of  the  main  objectives  of  plxime  dispersion  meteorology  is  the  prediction 
of  future  ground-level  concentrations  resulting  from  present  or  proposed  emissions  of 

chemicals  to  the  atmosphere.  Ideally,  such  "forecasts"  would  include  the  frequency 
distribution  of  ground-level  concentration  averaged  over  time  periods  consistent  with 
those  specified  in  ambient  air  quality  objectives,  and  these  distributions  would  be 
produced  as  functions  of  time  of  day  and  season  for  all  locations  of  concern.  In  practice, 
the  statistics  of  past  meteorological  conditions  must  be  used  under  the  assumption  that 
they  will  be  reasonable  estimators  of  future  weather.  Ground-level  concentrations  are 
primarily  controlled  by  three  meteorological  elements  -  wind,  temperature  stratification, 
turbulence  -  and  the  various  scales  of  temporal  and  spatial  changes  in  these  elements. 

1.1  WIND 

Wind  is  the  term  used  to  describe  air  in  motion.  The  motion  is 

three-dimensional  and  the  equivalent  term  "air  velocity"  indicates  that,  mathematically 
speaking,  wind  is  a  vector,  that  is,  a  quantity  having  both  magnitude  and  direction. 
Usually  the  vertical  component  is  disregarded  and  wind  is  considered  to  be  a 
two-dimensional  vector  specified  by  the  horizontal  wind  speed  and  direction.  By 
convention  the  wind  direction  is  identified  as  the  direction  from  which  the  wind  blows, 
and  it  is  measured  clockwise  from  true  north.  Measurement  considerations  and  techniques 
are  discussed  in  Appendix  A. 

Wind  direction  determines  where  a  plume  will  be  carried  and  which  receptors 
may  potentially  be  affected.  Wind  speed  determines  the  travel  time  from  the  source  to  the 
receptor  and  also  provides  a  measure  of  the  volume  of  air  available  for  dilution.  If  one 

visualizes  "boxes"  of  air  of  unit  dimension  the  wind  speed  indicates  how  many  such  boxes 
pass  the  stack  in  unit  time.  If,  for  example,  the  wind  speed  is  doubled  and  the  mass  of 
chemical  emitted  in  unit  time  is  constant,  each  box  will  then  contain  only  one  half  as  much 

material  as  before.  The  concentration  is  reduced  through  "stretching"  in  the  forward 
direction.  Wind  speed  is  also  a  determinant  of  the  height  to  which  a  plume  will  rise  after 
being  emitted  from  a  stack. 
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In  essence  the  wind  blows  because  of  unequal  heating  of  the  earth's  surface 
by  the  sun.  Air  moves  in  order  to  transport  heat  energy  from  regions  of  surplus  to  regions 
of  deficit.  On  a  global  scale,  energy  is  transported  poleward  in  response  to  the 
temperature  difference  between  the  tropics  and  the  poles.  Thus  it  is  often  said  that  the 
atmosphere  acts  like  a  gigantic  heat  engine. 

1.1.1        Horizontal  Forces 

Differential  heating  produces  variations  in  air  pressure  with  distance.  Such 
changes  in  space  mean  that  air  parcels  are  subject  to  a  net  force  which  tends  to  drive  them 
from  the  region  of  high  pressure  to  the  region  of  low  pressure.  Mathematically  this 
pressvure  gradient  force  is  given  by 

PGF  =  -1/p  aP/9n 

where  P  is  the  pressure,  n  is  the  distance  normal  to  the  isobars,  and  p  is  the  air  density. 
The  closer  the  isobar  spacing  on  a  surface  weather  chart,  the  stronger  the  gradient  and  the 
stronger  the  winds.  Horizontal  pressure  differences  are  usually  of  the  order  of  one 
kilopascal  per  thousand  kilometres  (Figure  1.1).  In  central  Alberta  mean  annual  air 

density  is  about  1 .2  kg/m'  (P  =  93  kPa,  T  =  l^C),  so  the  pressure  gradient  force  per  unit 
mass  is  typically  8  x  10"*  N/kg. 

Once  in  motion  under  the  influence  of  the  pressure  gradient  force,  an  air 
parcel  does  not  move  in  the  straight  line  that  one  might  expect.  Instead  it  will  curve  to  the 
right  in  the  northern  hemisphere.  The  deflection  is  caused  by  the  rotation  of  the  earth. 
Although  the  air  parcels  actually  do  move  in  straight  lines,  to  the  observer  on  the  rotating 

earth  they  £^pear  to  behave  as  if  a  "deflecting  force"  were  acting  upon  them.  This 
apparent  deflecting  force  is  called  the  Coriolis  force  and  it  is  given  by 

CF  =  2©  V  sin  (|> 

where  (O  is  the  angular  velocity  of  the  earth's  rotation,  V  is  the  speed  of  the  air  parcel  and 
<j)  is  the  latitude. 

The  magnitude  of  the  force  depends  directly  upon  the  speed  of  the  moving  air 

parcel.  In  central  Alberta  (<(>  =  54°)  an  air  parcel  moving  at  10  m/s  will  experience  a 



Figure  I.I        Mean  seasonal  (monthly)  sea  level  pressure  In  kllopascols. 
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Coriolis  force  per  unit  mass  of  1.2  x  10"'  N/kg  directed  to  the  right  of  its  direction  of  travel. 

An  air  parcel  initially  at  rest  will  first  be  accelerated  by  the  pressure  gradient 
force.  As  it  begins  to  move,  the  Coriolis  force  pushes  it  to  the  right.  The  resultant  of  the 
two  forces  is  then  not  as  great  as  that  of  the  PGF  alone  and  the  rate  of  speed  increase  will 
be  reduced  somewhat.  The  changes  in  direction  and  speed  continue  until  the  resultant 
force  on  the  air  parcel  is  zero  and  it  travels  at  constant  speed  parallel  to  the  isobars  (Figure 
1.2).  From  the  balance  of  forces,  this  speed  wUl  be  given  by 

Vg  =  -PGF/2(osin(|) 

and  is  known  as  the  geostrophic  wind.  For  central  Alberta,  with  the  order  of  magnitude 
pressure  gradient  given  earlier,  the  geostrophic  wind  would  be  about  7  m/s. 

The  magnitude  geostrophic  wind  at  a  given  level  is  proportional  to  the 
pressure  gradient  at  that  level.  The  difference  between  geostrophic  winds  at  two  levels  is 

called  the  thermal  wind.  The  thermal  wind  "blows"  parallel  to  isotherms  with  warm  air  on 
the  right.  Its  strength  is  proportional  to  the  horizontal  temperature  gradient. 

If  the  isobars  exhibit  significant  curvature  as  in  the  vicinity  of  pressure 
centres,  then  consideration  must  also  be  given  to  the  centripetal  force,  given  by 

Fc  =  -V^/R 

where  V  is  the  wind  speed  and  R  is  the  radius  of  the  circular  trajectory. 

Near  a  low  pressure  centre  the  centripetal  force  acts  in  the  same  direction  as 
the  pressure  gradient  force,  resulting  in  a  wind  somewhat  less  than  geostrophic,  whereas 
near  a  high  pressure  centre  it  acts  in  the  same  direction  as  the  Coriolis  force,  producing  a 
wind  somewhat  greater  than  geostrophic  (Figure  1.3).  The  air  motion  that  occurs  as  a 
result  of  the  balance  of  these  three  forces  is  called  the  gradient  wind.  The  centripetal 
force  is  generally  small;  except  in  systems  with  high  winds  in  tightly  curved  paths,  the 
difference  between  gradient  and  geostrophic  winds  is  insignificant. 



Figure  1.2        Balance  between  pressure  gradient  force  and  Coriolis  force. 
Airmass  responding  to  a  pressure  gradient  force  PGF  is  imagined  to  accelerote 
initially  from  rest.  Once  it  gains  velocity  v,  the  Coriolis  force  CF  deflects  it 
until  a  force  balance  is  reached  in  geostrophic  flow. 

Figure  1 .3    Balance  between  pressure  gradient  force  PGF,  Coriolis  force  CF,  and  centripetal 
force  CPF,  produces  the  gradient  wind. 
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Friction  is  the  name  given  to  the  force  brought  about  by  the  exchange  of 

momentum  between  the  atmosphere  and  the  earth's  surface.  Since  the  earth's  surface 
cannot  move,  the  net  effect  of  the  momentum  exchange  is  to  decrease  the  speed  of  the 
wind.  If  a  balance  of  forces  is  established  with  friction  acting  opposite  the  direction  of 
movement  of  the  air  parcel,  then  the  wind  will  be  turned  towards  low  pressure  (Figure 
1.4).  Altematively,  one  might  say  that  friction  slows  the  wind  and  decreases  the  CorioUs 
force,  allowing  the  pressure  gradient  force  to  move  the  air  parcel  across  the  isobars.  The 
angle  between  the  resulting  wind  direction  and  the  isobars  increases  as  the  frictional  force 
increases.  Over  relatively  smooth  surfaces  like  the  oceans  or  grasslands,  the  angle  will  be 

10  to  20°  while  over  very  rough  surfaces  like  cities  the  angle  may  be  30  to  50°.  The 
corresponding  wind  speeds  measured  at  a  height  of  10  m  above  the  ground  will  be  reduced 
to  about  0.9  and  0.5,  respectively,  of  the  geostrophic  value.  Both  the  angle  and  speed 
reduction  are  also  strongly  dependent  on  temperature  stratification,  (for  example,  Moses 
and  Hess  1976). 

The  retarding  effect  of  the  earth's  surface  is  transferred  upward  by  eddy 
viscosity  or  turbulence.  The  further  away  from  the  earth's  surface,  the  smaller  the  friction 
force.  The  balance  of  forces  requires  the  wind  direction  to  change  clockwise  with  height, 
producing  the  Ekman  spiral  (Figure  1 .5).  At  the  top  of  the  spiral  the  wind  will  be 
geostrophic.  The  layer  in  which  the  effects  of  friction  are  present  is  called  the  friction 
layer.  It  is  generally  in  the  order  of  one  kilometre  thick  but  this  depends  upon  terrain 
roughness,  temperature  stratification,  pressure  gradient  and  other  features  of  the 
large-scale  flow.  Wind  direction  and  speed  are  usually  measured  at  10  m  above  the 
ground  (Appendix  A). 

1.1.2  Wind  Direction 

Diagrams  representing  the  frequencies  of  winds  from  various  directions  at  a 
fixed  location  are  known  as  wind  roses.  The  most  common  form  consists  of  a  small  circle 

from  which  eight  or  sixteen  radii  emanate,  one  for  each  compass  point.  The  length  of  each 
line  is  proportional  to  ±e  frequency  of  wind  from  that  direction.  The  longest  line, 
corresponding  to  the  most  frequent  direction,  gives  the  prevailing  wind.  Wind  roses  for  a 
number  of  Alberta  stations  are  given  in  Figure  1.6.  Other  types  of  wind  roses  are 
discussed  in  Appendix  B. 
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Figure  1-4  Balance  between  pressure  grodient  force  PGF,  Coriolis  force  CF 

and  the  frictional  force  FF  (which  must  be  directed  opposite  to  the 
wind  velocity  v). 



Figure    1.6     Wind  iroses  for  selected  Alberta  stations  1955-1980. 
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Care  must  be  exercised  in  making  decisions  based  on  the  idea  of  a  single 
prevailing  wind  direction.  One  or  more  other  directions  may  be  almost  as  frequent.  When 
these  secondary  directions  are  removed  from  the  primary  direction  by  several  compass 
Ijoints,  ignoring  them  could  lead  to  serious  errors.  Because  chemical  concentrations  are 
dependent  upon  temperature  stratification  and  turbulence,  as  well  as  wind  speed,  the 
direction  of  greatest  plume  impact  can  only  be  ascertained  by  examination  of  joint 
frequency  distribution  (Appendix  B). 

Some  measiure  of  the  variability  of  the  wind  direction  over  periods  on  the 
order  of  a  day  is  often  useful  in  characterizing  various  types  of  pollution  events  and  the 
potential  for  such  events.  Wind  direction  persistence  refers  to  the  tendency  of  the  wind  to 
remain  in  the  same  sector  for  consecutive  time  intervals.  One  type  of  persistence  diagram 
gives  the  probability  that  the  wind,  once  having  turned  into  a  given  sector,  remains  in  that 
sector  for  consecutive  time  intervals  of  up  to  100  hours  (Slade  1968).  With  direction  data 

for  16  compass  points  each  sector  will  be  22.5°  in  width.  Similar  diagrams  can  also  show 
the  probability  that  the  wind,  once  having  turned  into  a  given  sector,  remains  within  ±1  or 
±2  compass  points. 

Persistence  frequency  has  been  found  to  obey  a  log-normal  distribution  at  two 
of  three  stations  in  India  (Shirvaikar  1972).  The  return  period  for  direction  persistences 
equal  to  or  greater  than  T  can  be  calculated  from 

T-1 
R  (T)  =  1/(1-F(T))  (Z  ifj)  (1+C/lOO) i 

where  F(T)  is  the  probability  of  occurrence  of  periods  of  less  than  T,  f  j  is  the  frequency  of 
persistence  period  i,  and  C  is  the  percentage  of  calms. 

The  sector  technique  has  a  shortcoming  in  that  the  switching  of  the  wind  from 
the  specified  sector  for  a  single  observation  will  end  the  period  of  persistence  even 
through  the  wind  may  resume  the  original  direction  immediately  thereafter.  The  range  of 
wind  directions  and  the  standard  deviation  of  wind  directions  in  a  given  period  are  logical 
parameters  to  employ.  Small  variability  means  that  a  plume  will  be  present  over  a 
particular  downwind  area  for  extended  periods,  leading  to  relatively  high  average 

concentrations.  The  tenn  "steady  wind  incident"  (SWI)  describes  such  simations  which 
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could  potentially  result  in  local  exceedances  of  ambient  air  quality  objectives  (Gorr  and 
Ehinlap  1977).  On  the  other  hand,  large  variabilities  are  often  associated  with  periods  of 
atmospheric  stagnation  which  lead  to  poor  air  quality  in  urban  centres  where  there  are  a 
multitude  of  small  pollutant  sources. 

A  consistency  index  can  be  defined  (Heidom  1978)  as 

CI  =  (100/H)  (Cn'  +  Cg^)^ 
where      =  Z  Hj  cos  0j 

Cg  =  Z  Hi  sin  ei 
H  =  ZHi 

and  Hj  is  the  number  of  hours  that  the  wind  blows  from  direction  category  i  of  which  Gj  is 
the  mid-angle.  This  index  has  the  value  zero  when  the  sum  of  the  components  in  the  N-S 
(Cq)  and  E-W  (Cg)  planes  is  zero  and  100  when  the  direction  is  constant  throughout  the 
period. 

1.1.3         Wind  Speed 

Wind  speed  is  the  magnitude  of  the  air  velocity  vector.  Calm  denotes  the 
absence  of  measurable  wind.  Therefore,  the  occurrence  of  a  calm  is  highly  dependent 

upon  the  instrument  used  to  measure  the  mean  wind.  "Dead"  calms  are  virtually 
nonexistent.  There  is  always  some  gentle  motion  of  air  and  although  this  may  be 
immeasurable  with  instruments,  visual  observations  of  smoke  or  other  visible  material 
will  reveal  the  drift. 

Wind  speeds  display  a  regular  diurnal  variation  with  maximums  in  the 
afternoon  and  minimums  near  sunrise  (except  in  stormy  periods).  This  pattem  results 
from  the  variations  in  turbulent  mixing  which  transports  momentum  downward  efficiendy 
in  the  afternoon,  but  not  in  the  early  morning.  Wind  speeds  at  higher  elevations  show  a 
reversed  pattem  for  the  same  reason.  Figure  1.7  illustrates  this  behavior. 

Wind  speeds  at  a  number  of  U.S.  stations  are  described  reasonably  well  by  a 

log-normal  distribution  (Luna  and  Church  1974).  When  the  logarithm  of  wind  speed  is 
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Figure    1.7    Diurnal  variation  of  lO-m  and  9l-«n  wind  speeds  in  Calgary. 
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plotted  against  cumulative  percent  occurrence  on  probability  paper,  a  log-normal 
distribution  appears  as  a  straight  line.  Slight  deviations  from  log-normality  were 
attributed  to  poor  anemometer  response  at  low  speeds  and  to  averaging  problems  at  high 
speeds.  The  geometric  standard  deviation  derived  from  the  first  and  third  quaftiles 
through  the  relation 

<jg=(v„/v«r'"' 

ranged  from  1.4  to  2.5  with  a  typical  value  of  1.9.  (The  geometric  standard  deviation  <Tg  is 
simply  the  standard  deviation  of  the  natural  logarithm  of  the  wind  speed).  A  log-normal 
distribution  characterized  by  the  mean  speed  and  a  geometric  standard  deviation  of  1.9 
may  not  be  universal  and  caution  is  advised  in  applying  it  to  sites  of  different  topogrjqjhy, 
climate  and  roughness. 

Other  workers  have  used  the  Weibull  distribution  (Justus  et  al.  1976,  Stewart 
and  Essenwanger  1978),  which  gives  the  probability  of  a  wind  speed  less  than  V  as 

P(<V)=l-exp[-(V/c)k] 

where  P(<  V)  is  the  cumulative  probability  that  the  wind  speed  is  less  than  V,  c  is  the 
scale  factor  and  k  is  the  shq)e  factor.  For  values  of  k  between  0  and  1  the  distribution  has 
its  mode  at  zero  and  is  a  decreasing  function.  For  k  =  1  the  distribution  is  exponential  and 
for  k  =  3.5  the  distribution  is  j^proximately  normal  (Hennessey  1977). 

A  three-parameter  Weibull  distribution  may  provide  a  better  fit  to  the  data 
than  does  a  two-parameter  Weibull  distribution  (Stewart  and  Essenwanger  1978).  The 
third  parameter,  called  the  location  reference,  enters  as  a  constant  representing  a 
translation  of  the  origin  or  zero  point  on  the  wind  speed  scale. 

A  square-root-normal  distribution  has  been  used  (Widger  1977),  but  the  fit  is 
not  good  for  tlie  lowest  speed  ranges.  The  Weibull  distribution  is  a  special  case  of  the 
generalized  gamma  distribution  which  has  also  been  applied  (Sherlock  1951).  If  the  shape 
factor  is  equal  to  two,  the  Weibull  distribution  reduces  to  the  Rayieigh  distribution  which 
has  been  used  by  some  workers  (Hennessey  1977).  The  bivariate  normal  (Gaussian) 
distribution  can  also  be  used,  but  its  requirement  for  five  parameters  makes  it  unwieldy. 
The  unimodal  two-parameter  distributions  like  the  log-normal  or  Weibull  are  much  easier 
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to  work  with  and  provide  a  reasonable  fit  to  the  data.  The  Weibull  tends  to  be  slightly 
better  than  the  log-normal  (Justus  et  al.  1976). 

Hawrelak  et  al.  (1976)  plotted  the  complementary  cumulative  distribution  for 
a  number  of  Alberta  stations  as  in  Figure  1.8.  Maarouf  and  Fraser  (1972)  used  the 
Gumbel  distribution  to  estimate  extreme  winds  for  13  Alberta  aviation  weather  stations 
and  calculated  retvun  periods  as  a  function  of  wind  direction  as  in  Figure  1.9. 

Wind  speed  persistence  refers  to  the  tendency  of  the  wind  to  remain  in  the 
same  speed  range  for  consecutive  time  intervals.  This  is  usually  presented  as  a  tabulation 
of  the  frequency  with  which  the  wind  speed  was  less  than  certain  arbitrary  values  for 
various  numbers  of  consecutive  hours.  Shaw  et  al.  (1972)  produced  maps  of  Canada 
showing  the  number  of  occurrences  of  winds  less  than  3  m/s  lasting  24  to  47  hours  and 
lasting  48  hours  and  longer  (Figures  1.10  and  1.11).  This  information  indicates  how  often 
unintermpted  periods  of  poor  volumetric  dilution  can  be  expected.  Hage  and  Longley 
(1970)  examined  the  duration  of  light  wind  periods  in  Calgary  and  Edmonton  (Figure 
1.12)  and  concluded  that  p>eriods  of  persistent  light  winds  of  a  few  days  duration  were  not 
uncommon  in  winter. 

It  has  been  found  that  the  probability  of  wind  speed  persistence  below  fixed 
reference  speeds  follows  a  composite  distribution  consisting  of  a  power  function 
distribution  for  the  initial  portion  with  a  transfer  to  a  scaled  exponential  distribution  (Sigl 

et  al.  1979).  The  mean  run  duration  in  hours  (t^yg)  for  1-h  data  can  be  estimated  from  the 
ratio  of  run  level  (V)  to  mean  wind  speed  (V^yg)  by  the  regression  equation 

log  tavg  =  0009  +  0.803  V/Vayg 
For  example,  at  Edmonton  International  Airport  the  mean  annual  wind  speed  is  3.9  m/s.  If 
the  above  relation  holds,  the  average  duration  of  winds  below  3  m/s  is  4.2  h. 

Many  of  the  equations  used  in  air  quality  meteorology  reflect  an  inverse 
dependence  on  wind  speed.  Average  conditions  should  therefore  be  defined  by  using  the 

mean  value  of  the  reciprocal  of  wind  speed,  (1/V)j^yg,  rather  than  the  reciprocal  of  the 
mean  wind  speed,  If^^yg.  Using  the  log-normal  distribution,  the  ratio  between  these  two 
quantities  for  a  given  wind  direction  is  given  by 

(lA^)avg  /  (1/Vavg)  =  «P  hiv) 



Figure   1.8      Percentage   of   wind  speeds  above  a  specified  value  (offer  Howreiak  et  al.  1976). 



Figure  1.9 Return  periods  for  extreme  wind  speeds,  Medicine  Hat 
1957-1966    (after  Maarouf  and  Fraser  1972). 



Figur*  1. 10  Numbar  of  occurrencts  of  p«rsi*t«nt  light  winds   (  <  3  m/s  )  lotting  24  to  47  h  In  y«ars 
(957  •  1966    (  Shaw  et  al.    1972  ) . 





Figure  1.12     Duration  of  light  winds  in  Edmonton  and  Calgary  (  Hage  and  Longley  1970). 
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where  a^jnv  ̂   variance  of  the  distribution  of  ln(V).  A  humped  gamma  distribution 
^plied  to  the  speed  of  the  mean  wind  or  the  component  of  the  mean  (Neumann  1977) 
gives  wind  speed  in  a  specified  direction 

( W)avg  =  l/(Vavg  [HaA^avg)']) 

where  a*  is  the  variance  of  V,  the  wind  speed. 

1.1.4  WindVectQi: 

Using  the  normal  (circular)  distribution  assumption  (Appendix  B)  Henry 
(1957)  mapped  the  vector  means  winds  and  standard  vector  deviations  of  upper  winds  in 
Canada.  The  western  portions  of  his  85-kPa  maps,  with  the  units  converted  to  SI,  are 
reproduced  in  Figures  1.13  and  1.14.  The  wind  component  in  any  direction  making  an 
angle  9  with  the  vector  mean  may  be  taken  as  normally  distributed  with  mean  value  Vj. 
cos6  and  standard  deviation  0.71a. 

Davenport  and  Baynes  (1972)  analyzed  Canadian  data  at  altitudes  of  300  m 
and  500  m  above  ground  level  for  the  period  1960  -  69  using  the  bivariate  Gaussian 
distribution  of  wind  vectors  and  the  Fisher  Ti^^tt  Type  I  distribution  for  extreme  annual 
winds.  Hie  resulting  patterns  of  vector  mean  winds  and  standard  vector  deviations  were 
broadly  similar  to  those  of  Henry  for  the  85-kPa  level  (about  1400  m  above  sea  level). 
The  contours  of  30-year  return  wind  speeds  were  similar  in  pattern  but  had  values  about 
9  m/s  larger  than  those  given  in  the  National  Building  Code  for  surface  winds. 

A  measure  of  the  variability  of  the  wind  is  provided  by  the  constancy  of  the 
wind  is  defined  as  the  ratio  of  the  mean  vector  speed  (magnitude  of  the  wind  velocity 
vector)  to  the  mean  scalar  speed  (Singer  1967), 

k  =  CVY)ayg/Vjjyg 
A  value  of  one  means  that  the  wind  direction  has  not  changed  over  the  averaging  period 
and  a  value  of  zero  suggests  a  completely  symmetrical  direction  and  speed  distribution. 
The  constancy  decreases  in  a  nonlinear  fashion  as  a  function  of  mean  angular  range.  To 
linearize  this  dependence,  steadiness  is  defined  as 

S  =  2/re  sin"'  k 



Spring Summer 

Figure   1.13       Vector  mean  winds  (m/«)  ot  »he  85-hPa  level  for  the  year*  1946-1952  (Henry  1957). 
Dashed  lines    ore   normal   geopotentiol  heights  in  metres. 



Figure    1.14       Standard  vtctor  deviation  (m/»)    of  winds  ot  th«  85-kPa  t«»el  for  th« 
years    1946  -  1952    (Henry  1957). 
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where  k  is  the  constancy.  As  a  result  of  this  transformation  a  change  of  0.1  in  S 

corresponds  to  a  deviation  of  18°.  Extreme  monthly  and  annual  values  of  S  fit  a  Fisher 
Tippet  Type  I  distribution: 

P(S)  =  exp  [-e-a<S-M)] 
where  P(S)  is  the  probability  of  the  steadiness  being  less  than  S,  M  is  the  mode  of  the 
distribution  and  a  is  the  dispersion  of  the  distribution.  Thus  recurrence  intervals  of 
persistent  winds  may  be  determined  for  planning  purposes  (Singer  and  Nagle  1970). 

If  the  horizontal  wind  field  is  known  as  a  function  of  time  and  vertical  motion 

is  neglected,  the  path  followed  by  any  individual  air  parcel  can  be  derived.  Such  air 
trajectories  can  be  constructed  manually  by  examining  conventional  weather  mi^s  in 
succession  and  assuming  that  the  wind  speed  and  direction  affecting  the  parcel  are 
constant  for  the  period  centred  on  map  time.  Forward  trajectories  (Figure  1.15)  are 
constmcted  to  determine  where  an  air  parcel  from  a  given  region  will  arrive  after  a 
specified  time  has  elapsed.  Backward  trajectories  (Figure  1.16)  are  constructed  to 
determine  the  origin  of  an  air  parcel  that  has  arrived  at  a  given  location.  Denison  (1977) 
used  surface  weather  maps  drawn  every  6  h  and  85-kPa  weather  maps  drawn  every  12  h  to 
prepare  a  climatology  of  low-level  air  trajectories  for  the  Alberta  oil  sands  area.  The 
seasonal  results  for  non-precipitation  days  are  reproduced  in  Figure  1.17  and  1.18.  Peake 
et  al.  (1985)  used  trajectories  to  explain  the  observations  of  peroxyactetyl  nitrate  at  a 
number  of  stations  in  the  Edmonton  area.  Based  on  trajectories,  Legge  (1988)  attributed 
high  ozone  concentrations  on  Fortress  Mountain  to  transport  from  British  Columbia  and 
the  state  of  Washington. 

1.2  TEMPERATURE  STRATIHCATION 

Organized  vertical  motion  in  the  lower  atmosphere  over  flat  terrain  is  caused 
by  buoyancy  forces  whose  magnitude  and  direction  are  determined  by  the  difference  in 
density  between  a  given  air  parcel  and  the  surrounding  air.  The  variation  of  density  with 
height  will  control  the  behavior  of  the  parcel  over  a  period  of  time  as  it  changes  its  altitude 
in  response  to  local  buoyancy  forces.  If  the  environment  of  the  air  parcel  is  in 
equilibrium,  the  density  is  inversely  proportional  to  the  temperature  (according  to  the  ideal 
gas  law).  Density  profiles  may  therefore  be  represented  by  temperature  profiles. 



Figur*  1.16  Trajectories   of   air  parcel*  entering  the  Alberta  oil  sand* 
orea   for  the   72-h     period    ending  Febrqary  2, 1975,  OO^OOZ 
(after  Denison    1977).  Solid  line  i*  surface  ;  dashed  line 
is  es-kPa. 



Figure   Li?       Fr«qu9nciec    of    72- h    air   parcel   motions   out  of    tt)«   Alberta  oil 
sands   areo    at  the    eS-kPa    level    (after  Oenison    1977  ). 



Flgura  1.18       Frequencies    of    72-h  olr      parcel   motions   into  the    Alberta  oil 
sands   area    at   the   8S-kPa    level    (after  Oenison    1977  ). 
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The  rate  of  change  of  temperature  with  height  is  known  as  the 
temperature  gradient.  Often  the  negative  of  the  temperature  gradient,  called  the  lapse 
rate,  is  used  to  talk  about  the  rate  of  decrease  of  temperature  with  height. 

1.2.1  Hydrostatic  Stability 

When  a  parcel  of  air  is  forced  upwards  in  the  atmosphere  it  will 
encounter  lower  pressure,  expand  and  cool.  Assuming  (a)  there  is  no  heat  exchange 
with  the  environment,  (b)  the  parcel  maintains  its  identity,  (c)  there  are  no 
compensating  motions  in  the  environment  and  (d)  there  is  no  phase  change  of  the 
water  vapor  in  the  parcel,  the  rate  of  cooling  can  be  calculated  to  be  close  to 
O.OPC/m.  This  is  known  as  the  dry  adiabatic  lapse  rate  and  it  constitutes  a 
convenient  reference  for  the  classification  of  atmospheric  temperature  stratification. 

When  an  air  layer  has  a  dry  adiabatic  lapse  rate,  displaced  parcels  will 
always  have  the  same  temperature  (density)  as  their  environment  and  hence  will  tend 
to  remain  at  whatever  level  they  find  themselves.  Such  a  condition  is  said  to  be 
neutral  because  vertical  motion  is  neither  encouraged  nor  discouraged. 

When  the  temperature  in  an  air  layer  decreases  more  r£q}idly  than 
O.OPC/m  the  layer  has  a  superadiabatic  lapse  rate.  A  parcel  displaced  upwards  will 
be  warmer  (less  dense)  than  its  environment.  Buoyancy  forces  will  tend  to  accelerate 
the  upward  motion.  Similarly,  a  parcel  displaced  downward  will  be  cooler  (more 
dense)  than  its  environment  and  (negative)  buoyancy  forces  will  tend  to  accelerate  the 
downward  motion.  Since  vertical  motion  in  both  directions  is  encouraged,  such  a 
condition  is  said  to  be  unstable.  Small  changes  in  air  parcel  temperature  can  result  in 
large  vertical  movements. 

When  the  temperature  in  an  air  layer  decreases  more  slowly  than 

O.Ol^C/m,  the  layer  has  a  subadiabatic  lapse  rate.  A  parcel  of  air  displaced  upward 
will  be  cooler  (more  dense)  than  the  environment.  The  buoyancy  force  will  oppose 
this  motion  and  tend  to  return  the  parcel  to  its  original  level.  Similarly  a  downward 
displaced  parcel  will  be  warmer  (less  dense)  than  the  environment  and  buoyancy  wUl 
act  to  restore  the  parcel  back  to  its  original  height.  Because  vertical  motion  is 



1-27 

inhibited,  such  a  condition  is  said  to  be  stable.  Small  changes  in  air  parcel  temperature 
will  produce  only  small  movements  to  equilibrium  heights  where  parcel  and 
environment  temperatures  are  equal.  Two  special  situations  can  be  identified: 

( 1 )  Where  the  lapse  rate  is  zero,  an  air  layer  is  said  to  be  isothermal 

(2)  Where  the  lapse  rate  is  negative  and  temperature  increases  with  height,  an 
inversion  layer  is  said  to  be  present.  Vertical  motion  is  strongly 

suppressed. 

The  potential  temperature  gradient  is  often  a  more  convenient  index  of 
hydrostatic  stability.  Potential  temperature  is  defined  as  the  temperature  which  a  parcel 
of  air  would  have  if  brought  adiabatically  from  the  its  original  pressure  in  the  atmosphere 
to  sea  level  (actually  100  kPa).  The  potential  temperature  gradient  equals  the  temperature 
gradient  plus  the  dry  adiabatic  lapse  rate.  A  hydrostatically  neutral  layer  wiU  have  a 
potential  temperature  gradient  of  zero;  a  hydrostatically  unstable  layer,  a  negative  value; 
and  a  hydrostatically  stable  layer,  a  positive  value. 

If  an  air  parcel  is  moist,  upward  displacement  and  expansion  may  cool  it 
below  the  dewpoint.  Condensation  will  then  occur  and  latent  heat  will  be  released.  TTius 
tiie  temperature  decrease  will  be  less  than  for  dry  air.  The  moist  adiabatic  lapse  rate,  also 
called  the  wet  adiabatic  lapse  rate,  the  saturated  adiabatic  lapse  rate  and  the  saturated 
pseudo-adiabatic  lapse  rate  is  not  a  constant,  but  is  a  function  of  temperature  and 
pressure.  In  the  lowest  kilometre  of  the  atmosphere  the  moist  adiabatic  lapse  rate  ranges 
from  about  0.009°C/m  at  -30°C  to  about  0.004°C/m  at  +20°C.  The  moisture  consideration 
leads  to  a  somewhat  more  complicated  classification  of  hydrostatic  stability.  If  y  is  the 
environmental  lapse  rate,     is  the  dry  adiabatic  lapse  rate  and    is  the  moist  adiabatic 
lapse  rate,  then  an  air  layer  is  said  to  be: 

absolutely  stable  for  Y<yg 
saturated-neutral  for  y  =  yg 
conditionally  unstable  for  ys<y<y<j 
dry-neutral  for  y  =  y^j 
absolutely  unstable  for  y  >  y^ 
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If  an  entire  layer  of  air  moves  in  the  vertical,  the  stability  of  the  layer  with 
respect  to  parcel  displacements  will  be  modified.  If  the  layer  is  unsaturated  both  before 
and  after  the  altitude  change,  ascent  will  cause  the  lapse  rate  to  £q)proach  dry  adiabatic 
while  descent  wtQ  make  the  lapse  rate  depart  more  from  dry  adiabatic.  In  otherwords, 
lifting  a  dry  layer  destabilizes  it  while  sinking  stabilizes  it  with  respect  to  parcel 
displacements. 

If  an  initially  unsaturated  layer  is  lifted  until  it  becomes  saturated  its  stability 
depends  upon  the  gradient  of  equivalent  potential  temperature.  Equivalent  potential 
temperature  is  defined  as  the  potential  temperature  that  an  air  parcel  would  have  if  all  the 
water  vapor  were  condensed  out  and  the  latent  heat  used  to  warm  the  air.  If  this  gradient 
is  equal  to  zero,  the  layer  is  convectively  neutral;  if  greater  than  zero,  convectively  stable; 
if  less  than  zero,  convectively  unstable.  Sometimes  convective  stability  is  referred  to  as 
potential  stability. 

In  the  conditionally  unstable  case,  the  layer  is  stable  with  respect  to  upward 
movements  of  saturated  (moist)  air  parcels.  If  an  initially  unsaturated  air  parcel  is  forced 
upward  it  will  first  cool  at  the  dry  adiabatic  rate  until  it  reaches  the  lifting  condensation 
level.  It  will  then  cool  at  the  moist  adiabatic  rate  until  at  some  point  its  temperature  will 
equal  that  of  the  environment.  Above  this  level  of  free  convection  the  parcel  will 
experience  a  positive  buoyant  force  that  will  accelerate  it  upward. 

The  foregoing  discussion  has  referred  to  hydrostatic  stability  as  determined  by 
the  parcel  method,  that  is,  by  considering  the  state  of  equilibrium  of  a  sample  air  parcel 
displaced  a  short  distance  from  its  initial  position.  If  the  displaced  parcel  is  subject  to 
restoring  forces,  the  layer  is  termed  stable,  if  it  is  subject  to  forces  which  accelerate  it, 
unstable;  if  subject  to  no  net  force,  neutral.  Hydrostatic  stability,  also  called  static 
stability,  thermal  stability,  vertical  stability,  and  convectional  stability,  describes  a  state  of 
the  atmosphere.  It  does  not  express  any  particular  motion  of  an  air  parcel,  nor  does  it 
imply  existence  or  the  nature  of  any  forces  that  may  cause  parcel  displacements;  it  only 
suggests  the  probable  effect  on  an  air  parcel. 
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The  parcel  method  does  not  allow  for  compensating  motions  to  take  place  in 
the  environment  of  a  moving  parcel,  an  assumption  which  is  invalid  on  continuity 
grounds.  Only  if  the  ascending  parcel  is  very  small  and  isolated  will  the  descending 
motion  of  the  environment  be  small  enough  to  be  neglected.  Compensating  motions  can 
be  accounted  for  in  a  procedure  called  the  slice  method. 

The  concept  of  hydrostatic  stability  is  based  on  two  key  assumptions:  (1) 
hydrostatic  equilibrimn  exists,  in  other  words,  there  is  a  balance  between  all  vertical 
forces  and  there  is  no  acceleration  of  air  in  the  vertical,  and  (2)  individual  air  parcels 
maintain  their  identity  and  do  not  mix  with  their  surroundings.  The  first  is  a  reasonable 
approximation  since  vertical  accelerations  are  usually  small  compared  with  gravity.  The 
second  must  be  qualified  because  observations  indicate  that  entrainment  occurs. 

Use  of  the  term  "stability",  by  itself  with  no  adjectives,  has  caused 
considerable  confusion  in  the  field  of  plume  dispersion  meteorology.  When  a  weather 

forecaster  speaks  of  "stability"  he  usually  means  "convective  stability",  especially  as  it 
relates  to  cumulus  cloud  development.  When  speaking  of  turbulence,  the  word  "stability" 
has  quite  a  different  meaning  (section  1.3.4). 

1.2.2  pQrmatiQn  pf  Elgvatgd  Inversions 

A  number  of  different  situations  can  produce  inversion  layers  not  connected 
to  the  earth's  surface: 

(1)  Differential  advection  (horizontal  motion)  -  Overrvmning  by  warm  air  and 
undercutting  by  cold  air,  singly  or  together  produces  a  statically  stable 
layer.  The  frontal  inversion  that  occurs  at  the  interface  between  two 
airmasses  is  of  this  type.  The  chinook  inversion  forms  when  warm  Pacific 
air  crosses  the  mountains  and  overlays  cold  Arctic  air  near  the  ground. 

(2)  Differential  vertical  motion  -  ff  a  statically  stable  air  layer  descends  and 
the  descent  is  accompanied  by  a  horizontal  outflow,  then  a  subsidence 
inversion  forms.  The  inversion  then  becomes  strongest  not  where  the 
largest  descent  occurs,  but  where  the  vertical  shrinking  is  the  greatest. 
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The  most  significant  subsidence  inversions  are  associated  thi  the 

semipermanent  anticyclones  located  near  30°N  and  30°S  latitude.  The  air 
between  about  500  and  5000  m  descends  at  a  rate  of  about  1000  m  per  day 
in  these  subtropical  anticyclones,  giving  inversion  bases  that  can  vary 
from  300  m  to  a  few  thousand  metres  above  ground,  with  a  thickness 
ranging  from  500  to  1000  m. 

Ascending  motion  combined  with  lateral  divergence  and/or  sinking  of  the 
environment  can  also  lead  to  stabilization.  If  an  air  parcel  rises  through 
the  condensation  level  it  cools  at  the  moist  adiabatic  lapse  rate  whereas 
the  compensating  downward  motion  in  the  environment  is  accompanied 
by  heating  at  the  dry  adiabatic  rate.  The  result  is  the  formation  of  a 
cloud-base  inversion. 

The  sinking  of  air  in  advance  of  a  front  can  lead  to  a  small  inversion 
below  the  frontal  inversion,  which  for  obvious  reasons  is  called  a 

pre-frontal  subsidence  inversion  (Sweeney  1979). 

(3)  Differential  radiation  -  Qouds  radiate  energy  as  blackbodies.  If  the  air 
above  them  is  relatively  dry,  upward  radiation  escapes  and  the  cloud  top 
cools  while  the  air  above  remains  unaffected.  Therefore  the  layer  above 
the  cloud  is  stabilized  and  possibly  becomes  an  inversion.  A  similar 
situation  occurs  when  a  dry  stratum  lies  above  a  moist  one  or  above  a  haze 
layer.  In  order  to  obtain  such  a  moisture  discontinuity  in  the  first  place  a 
stable  layer  would  likely  have  to  be  present.  Thus  differential  radiational 
cooling  is  generally  most  effective  in  strengthening  or  maintaining 
existing  inversions. 

(4)  Differential  mixing  -  If  a  statically  stable  layer  is  subjected  to  strong 
mixing,  the  upper  portion  cools  and  the  lower  portion  warms.  This  may 
make  the  upper  portion  of  the  mixed  layer  cooler  than  the  layer 
immediately  above  or  the  lower  portion  warmer  than  tiie  layer 
immediately  below.  In  either  case  a  turbulence  inversion  is  formed. 
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(5)     Differential  evaporation  and  condensation  -  As  warm  moist  air  rises  in 
rain  clouds,  condensation  occurs  releasing  latent  heat  which  adds  to  the 
warmth  and  to  the  upward  motion.  As  cool  dry  air  sinks  to  replace  the 
warm  air,  some  rain  may  eve^rate  into  it,  causing  additional  cooling. 
The  resulting  temperature  differences  can  be  large. 

1.2.3  Formation  of  Qrovmd-Pased  Inversions 

Inversion  layers  extending  upward  from  the  surface  are  created  by  two 
main  mechanisms: 

(1)  Radiation  cooling  -  At  night  the  surface  of  the  earth  radiates  energy.  If  the 
sky  is  clear  a  large  amount  of  heat  is  lost  to  space.  The  air  in  immediate 
contact  with  the  surface  is  also  cooled  and  mixing  extends  this  cooling 
upward,  creating  the  nocturnal  inversion.  However,  if  the  mixing  is  too 
strong  the  downward  heat  transfer  prevents  inversion  formation.  Light 
winds,  cloudless  skies  and  long  nights  favor  the  development  of  deep, 
strong  radiation  inversions.  Extreme  cooling  over  the  snow-covered 
regions  of  northern  Canada  during  long  polar  nights  produces  the  Arctic 
inversion  which  can  extend  to  a  height  of  1000  m. 

(2)  Contact  or  advective  cooling  -  If  warm  air  moves  over  a  cold  surface  as 
with  the  ̂ roach  and  passage  of  a  warm  front,  heat  is  removed  from  the 
air  in  contact  with  the  surface.  Mixing  extends  the  cooling  upward  and 
leads  to  the  formation  of  an  advection  inversion.  Cold  water  bodies  or 
melting  snow  can  act  as  such  heat  sinks.  Evaporation  of  rainwater  from 
the  ground  is  also  effective  in  producing  a  cold  surface.  If  a  warm 
airstream  is  retarded  near  the  ground  and  progressively  warmer  air  is 
brought  in  aloft,  an  inversion  can  also  be  formed,  even  though  there  has 
been  no  loss  of  heat  from  the  air. 

1.2.4  The  Significance  of  Inversions 

Although  "inversion"  has  come  to  be  synonymous  with  pollution  problems, 
this  is  a  misleading  generalization.  In  reality  the  base  height,  thickness  and  strength  of  the 
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inversion  relative  to  the  source  of  pollutants  must  be  considered.  For  example,  a 
ground-based  inversion  a  few  hundred  metres  thick  certainly  creates  a  potential  air 
pollution  situation  in  an  urban  area  where  most  sources  of  pollutants  are  at  or  near  ground 
level.  However,  the  plumes  from  even  moderately  tall  stacks  are  likely  to  rise  above  the 
inversion  and  disperse  in  the  less  stable  air  above.  The  ground-based  inversion  will  then 
effectively  block  any  industrial  pollution  from  reaching  the  ground.  With  thick 
ground-based  inversions,  the  plumes  from  tall  stacks  may  become  embedded.  Strong 
inversions  with  large  potential  temperature  gradients  greatly  reduce  plume  rise.  Because 
there  is  little  vertical  mixing  the  pollutants  diffuse  downward  slowly,  eventually  reaching 
ground  level  at  some  large  distance.  This  situation  also  sets  up  the  potential  for  a 

"fumigation"  should  the  inversion  layer  be  broken  up  quickly  as  by  strong  solar  heating 
(section  2.7). 

Elevated  inversions  are  responsible  for  reducing  the  dispersion  of  pliunes 
from  tall  stacks.  If  the  base  of  the  inversion  lies  slightly  above  the  level  of  the  plume,  then 
the  volume  of  air  available  for  dilution  is  severely  limited.  The  elevated  inversion  acts  as 
a  lid  restricting  mixing  in  the  vertical,  reducing  dilution  and  increasing  ground-level 
concentrations. 

An  elevated  inversion  is  characterized  by  a  base  height,  a  thickness  and  a 
potential  temperature  difference  through  the  layer.  These  parameters  can  be  combined  in 
various  ways  to  represent  the  influence  of  the  inversion  on  air  pollution  by  means  of  a 
single  numerical  value.  An  index  for  the  California  subsidence  inversion  has  been  defined 
(Stanford  Research  Institute  1958)  as 

I  =  (Ae/AZ)  Ae/z 

(AG)^ ZAZ 

where  I  is  an  index  representing  the  "intensity"  of  the  inversion,  A6  is  the  potential 
temperature  difference  across  the  inversion  of  thickness  AZ  and  Z  is  the  height  of  the 
inversion  base.  Large  values  of  I  indicated  conditions  most  effective  in  suppressing  the 
upward  dispersion  of  pollution.  In  practice  a  constant  was  added  to  the  denominator  to 
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allow  for  "leakage"  through  the  inversion.  Such  composite  variables  permit  simple 
tabulations  of  frequency  and  persistence.  If  the  index  is  significantly  correlated  with 
pollutant  concentrations,  then  it  is  also  useful  in  calculating  or  predicting  concentrations. 

Munn  et  al.  (1970)  drew  maps  of  ground-based  inversion  frequencies  from 
Canadian  upper  air  data  as  shown  in  Figures  1.19  and  1.20.  At  05:00  MST  in  Alberta, 
ground-based  inversions  are  present  more  than  80%  of  the  time  in  summer  and  60%  of  the 
time  in  winter.  At  17:00  MST  the  frequencies  are  less  than  5%  in  spring  and  summer  and 
about  40%  in  winter.  Munn  and  Emslie  (1964)  showed  the  frequency  and  intensity  of 
early-morning  ground-based  inversions  at  the  old  Edmonton  Industrial  upper  air  station 
(Figure  1.21).  Median  inversion  strength  was  3°C/1000  ft.  or  0.01  °C/m  in  winter  and 
95%  of  inversions  were  less  than  13°C/1000  ft.  or  0.04  °C/m.  It  is  more  difficult  to 
analyze  elevated  inversions  because  the  temperature  profile  is  often  complex,  con^rising 
multiple  inversion  layers  of  varying  thicknesses  and  separations.  Arbitrary  but  objective 
simplications  are  required  (Holzworth  1974)  in  order  to  summarize  inversion  frequencies 
by  thickness,  base  height  and  strength.  Kociuba,  et  al.  (1977)  developed  an  inversion 
typing  scheme  for  the  Edmonton  (Stony  Plain)  soundings  (Figure  1.22).  The  frequencies 
of  ground-based  and  elevated  inversions  with  bases  below  85  kPa  are  summarized  in 
Table  1.1.  Examination  of  the  associated  weather  patterns  revealed  that  the  vast  majority 
of  elevated  inversions  with  bases  below  85  kPa  were  frontal  in  origin.  Ground-based 
inversions  were  present  70%  of  the  time  at  05:00  MST  and  15%  of  the  time  at  17:00 
MST.  Elevated  inversions  were  present  13%  of  the  time  at  05:00  MST  and  18%  of  the 
time  at  17:00  MST.  Ground-based  inversions  were  typically  240  m  deep  with  a  gradient 

of  0.073°C/m.  Elevated  inversion  were  typically  480  m  above  the  surface  and  200  m  thick 
with  a  gradient  of  0.018°C/m. 

Inversion  persistence,  despite  its  obvious  importance,  has  not  received  much 
attention  because  of  classification  problems  and  the  long  interval  (12  h)  between 
radiosonde  ascents.  Analysis  methods  based  on  occurrences  within  fixed  altitude  bands 
led  to  fragmentation  of  a  persistence  episode  when  the  inversion  oscillated  across  the 
boundaries  (Sweeney  1979).  Different  selection  criteria  can  better  follow  the  path  of  an 
inversion  through  various  atmospheric  levels;  inversions  rise  and  fall,  coalesce  and  divide, 
disappear  and  reappear,  often  without  obvious  cause. 





Autumn  (1965  -  67  )  Wint«r  ( 1966  -  68  ) 

Figure  1.20  Parcanl  frsquencies  of  ground-ba«ed  Inversions  ot  I7O0  MST.  ( Munn  et  al.  1970). 



Figure  1.21    Seasonal  frequency  of  ground-based  inversions  at  05=00  MST  Edmonton,  June  1957 to  November  I960  (Munn  and  Emslie  1964). 
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Figure  1.22     Inversion  types  (  Kociuba  et  al.  1977). 
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Cumulative  frequency  distributions  of  temperature  gradient  for  the  Edmonton 
CBC  and  Calgary  Bonnybrook  towers  are  given  in  Figure  1.23,  from  Choukalos  (1985). 

In  Calgary  95%  of  inversions  liad  gradients  less  than  0.08°C/m  while  in  Edmonton  95%  of 
gradients  were  less  than  0.07°C/m.  The  joint  distributions  of  temperature  gradient  with 
wind  direction  are  given  in  Tables  1.2  and  1.3.  Strong  inversions  are  most  frequent  with 
winds  from  the  S,  SW  or  W  in  Edmonton  whereas  in  Calgary  there  is  no  strong  directional 

preference  and  the  highest  frequency  is  associated  with  "calms".  Average  diurnal 
variations  are  depicted  in  Figure  1.24. 

The  average  temperature  gradient  measured  over  7  years  southwest  of 
Edmonton  as  reported  by  Sakiyama  and  Wong  (1987)  is  shown  in  Table  1.4.  The 
strongest  positive  gradients  occurred  near  midnight  in  December  with  an  hourly  value  of 

0.081°C/m.  The  duration  of  temperature  inversions  was  20  h  in  December  and  only  9  h  in 
June. 

The  frequency,  depth  and  strength  of  ground-based  inversions  measured  near 
Edmonton  by  minisonde  appear  in  Table  1.5.  Early-moming  inversions  are  deepest  in 
winter,  averaging  467  m  deep  with  a  gradient  of  0.035''C/m.  Early-moming  inversions  are 
shallow  in  spring,  averaging  275  m  deep  with  a  gradient  of  O.On^C/m. 

1.3  TURBULENCE 

It  is  difficult  to  give  a  satisfactory  definition  of  turbulence,  although  the 

"bumpiness"  of  an  airplane  ride  and  the  "gustiness"  of  stormy  weather  are  both  familiar 
manifestations.  This  variability  of  the  wind  is  generally  conceived  as  arising  from  a  mean 
motion  with  some  fluctuations  added.  The  mean  motion  is  described  by  the  laws  of 
mechanics,  but  the  fluctuations  are  not.  The  division  of  complicated  motion  into  these 
two  components  is  quite  arbitrary,  and  really  amounts  to  choosing  the  limit  of  useful 

detail.  Turbulence  is  the  part  of  the  motions  "containing  details  we  shaU  not  enquire  into" 
(Scorer  1978).  In  practical  terms  it  is  only  the  overall  effects  of  such  motions  that  are 
important;  hence  statistical  descriptions  of  the  population  are  sufficient. 

The  problem  of  definition  is  but  one  of  a  vast  number  that  are  encountered  in 

dealing  with  turbulent  flow  phenomena.  It  has  been  said  that  "the  one  uncontroversial  fact 
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Figure  1.23    Cumulative  frequency  distributions  of  temperature  gradients  from  91  to  lOm, 
1974-1980. 
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Figure  1.24     Diurnal  variation  of  temperature  gradient. 
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Table  1.2        Joint  frequency  distribution  of  temperature  gradient  with  wind  direction  at 
91  m  for  the  Edmonton  CBC  Tower,  1974  - 1980  (Choukalos  1985). 

TEMPERATURE  GRADIENT 
(°C/100  m) 

Wind 
direction 
to  8 
p>oints 

< 

or  = 
-1.90 

-1.90 

<TG<= 
-1.70 

-1.70 

<TG<= 
-1.50 

-1.50 

<TG<= 

-0.50 

-0.50 

<TG<= 1.50 
1.50 

<TG<= 4.00 

>4.00 
TOTAL 

Calm 0.25 0.10 0.09 0.46 0.26 0.28 0.27 1.71 

N 1.75 1.02 1.24 
5.89 2.05 0.89 0.49 

13.13 

NE 0.53 0.38 0.39 1.91 1.02 0.51 0.21 
4.93 

E 0.89 0.39 0.52 2.85 1.39 

0.84 
0.37 6.84 

SE 1.40 0.87 0.88 4.47 
3.22 

1.66 0.95 13.44 

S 1.29 0.97 0.83 2.91 3.41 3.01 2.93 15.35 

SW 0.82 0.48 0.34 1.21 1.45 2.20 
2.89 

9.18 
W 1.38 0.89 0.84 2.82 3.30 4.48 3.19 16.90 

NW 2.09 1.28 1.39 6.86 3.66 2.01 1.27 
18.54 

TOTAL 10.21 6.31 6.51 28.97 19.75 15.88 12.38 100.00 
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Table  1.3         Joint  frequency  distribution  of  temperature  gradient  with  wind  direction  at 
10  m  for  the  Calgary  Bonnybrook  Tower,  1974  -  1980  (Choukalos  1985). 

TEMPERATURE  GRADIENT 
(°C/100  m) 

Wind 
direction 
to  8 
points 

< 

or  = -1.90 

-1.90 

<TG<= -1.70 

-1.70 

<TG<= 
-1.50 

-1.50 

<TG<= 

-0.50 

-0.50 

<TG<= 1.50 
1.50 

<TG<= 4.00 

>4.00 
TOTAL 

Calm 0.98 0.14 0.19 1.69 4.32 5.72 5.38 18.40 

N 2.30 0.63 0.77 4.94 2.92 1.38 0.65 13.58 

NE 1.39 0.33 0.40 3.38 1.55 0.63 0.35 8.03 

E 2.31 0.51 0.63 4.21 1.61 0.73 0.35 10.68 

SE 2.29 0.28 0.39 2.39 
1.42 0.64 0.34 7.75 

S 2.63 0.36 0.44 3.08 1.59 
0.74 0.58 

9.44 SW 1.40 0.24 0.24 1.77 1.68 0.75 0.61 6.36 

W 2.85 0.53 0.52 3.14 
3.69 1.88 0.97 13.58 

NW 2.39 0.44 0.51 3.66 3.25 
1.59 

0.65 12.50 

TOTAL 18.55 3.47 4.10 28.27 21.71 14.08 
9.85 

100.00 
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Table  1.4        Mean  18-m  to  8-ni  temperature  gradient  (°C/100m)  at  Ellerslie, 
1979  - 1985  (Sakiyama  and  Wong  1987). 

Hour  March  June  September  December 

1 3.22 2.33 
2.44 7.48 

2 2!l8 2^03 2^35 7^10 
3 2.98 2.32 2.10 7.05 
4 3.34 2.50 1.54 6.48 
5 3.18 2.39 1.41 6.88 
6 2.73 1.58 0.73 6.85 
7 2.74 

-1.71 

0.24 6.81 8 1.38 
-4.34 

0.08 6.47 
9 

-0.12 -5.11 -3.74 

5.45 
10 

-3.26 -5.25 
-5.83 

4.82 
11 

-5.93 -5.47 
-6.67 

3.49 
12 

-6.99 -4.94 
-7.09 

1.43 
13 

-7.42 
-4.85 -7.33 -0.42 

14 
-7.56 

-4.95 -7.44 
-0.97 

15 
-7.43 

-4.75 
-7.39 -0.81 

16 
-7.18 -4.52 

-6.85 -0.14 

17 
-6.40 -3.71 

-6.31 

1.25 18 
-5.38 -4.03 -5.05 

3.16 19 -3.61 
-2.99 -3.31 

5.76 
20 

-1.04 -1.72 

0.32 6.61 
21 1.08 

-0.09 

2.28 7.35 
22 2.18 1.95 4.21 7.66 
23 2.53 3.01 3.71 7.82 24 2.68 3.62 2.81 8.06 
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Table  1 .5         Summary  of  inversion  characteristics  measured  by  minisonde  near 
Edmonton,  1977  - 1982. 

Time 
Frequency 

(%) in  m  (max) 
Mean  Temperature 
firaHient  in  °C/\  00  m vjiauidii  111    v^/  xwv  111 
(max) 

Fall 07:30 47 
382 
(895) 

2.6 

(5.6) 
09:00 37 369 

(1125) 2.2 (5.0) 

12:00 5.6 
250 

(612) 
1.5 
(2.3) 

15:00 7.9 88 

(414) 
1.2 
(2.3) 

Winter 09:00 33 467 
(1350) 3.5 (13.4) 

12:00 
19 396 

(990) 

2.7 

(5.5) 

15:00 21 350 
(1080) 

2.2 
(4.6) 

Spring 07:30 58 275 
(706) 

1.7 

(4.3) 
09:00 23 151 

(612) 

1.3 

(3.2) 
12:00 9.1 90 

(216) 
1.8 
(3.5) 

15:00 7.8 66 
(108) 

1.2 
(2.1) 

Summer 06:00 75 403 
(1080) 

2.2 
(4.9) 

09:00 3.0 24 
(36) 

1.2 
(1.5) 

12:00 4.0 45 

(108) 
1.0 
(1.1) 
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about  turbulence  is  that  it  is  the  most  complicated  kind  of  fluid  motion."  Although 
agreement  is  not  universal,  turbulence  will  generally  be  described  as  (e.g.,  Panofsky  and 
Dutton  1984): 

(1)  Irregular  -  The  motions  are  irregular  with  apparently  random  variations  in 
space  and  time.  The  behavior  of  fluid  parcels  is  chaotic  and  disorganized. 

(2)  Diffusive  -  If  one  follows  a  marked  fluid  parcel  it  will  be  observed  to  wander 
about,  making  excursions  farther  and  farther  from  its  initial  loc  Lation.  This 
transport  of  the  fluid  and  any  characteristic  attached  to  it  (such  as  heat  or 
chemical  composition)  results  in  irreversible  mixing.  Although  qualitatively 
similar  to  molecular  action,  the  rate  of  transfer  is  several  orders  of  magnitude 
larger  than  that  due  to  molecular  diffusion.  A  flow  may  seem  irregular,  but  if 
it  does  not  exhibit  spreading  of  fluid  characteristics  then  it  is  not  turbulent. 
Waves,  for  example,  can  cause  fluid  parcels  to  oscillate  in  a  seemingly 
random  fashion,  but  when  the  wave  ceases  the  parcels  return  to  their  mean 
positions.  No  mixing  has  occurred;  therefore  the  motion  is  not  turbulence. 
The  diffusivity  of  tvu:bulence  is  its  most  important  property  as  far  as 

applications  are  concerned,  so  much  so  that  turbulence  has  been  defined  as  "a 
complex  motion  which  causes  diffusion...." 

(3)  Operating  at  Large  Reynolds  Number  -  The  Reynolds  number  is  the  ratio  of 
inertia  forces  (mass  x  acceleration)  to  viscous  forces.  For  turbulence  to  occur, 
the  viscous  forces  must  be  negligible  compared  to  the  inertia  forces.  Cream  is 
easily  stirred  into  coffee  as  the  result  of  turbulence  produced  by  the  spoon; 
however,  the  same  spoon  movements  will  not  readily  homogenize  house  paint. 

(4)  Dissipative  -  Energy  is  transferred  from  larger  motions  to  smaller  and  smaller 
motions  untH  finally  the  kinetic  energy  of  the  fluid  motion  is  transformed  into 
internal  energy  of  the  fluid.  Heat  is  produced  as  work  is  done  against 
viscosity.  Random  sound  waves  (noise)  may  be  irregular  and  dispersive,  but 
they  are  not  dissipative  and  hence  not  turbulence.  To  make  up  for  viscous 
losses,  turbulence  must  have  a  continuous  supply  of  energy;  otherwise  it  will 
decay. 
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(5)     Rotational  -  Fluid  parcels  or  eddies  possess  angular  velocity,  one  half  of 
which  is  called  vorticity.  A  tube  of  vorticity  can  be  associated  with  these 

eddies.  Turbulence  has  also  been  defined  as  "chaotic  vorticity"  (Scorer 
1978).  Random  waves  on  a  water  surface  are  not  turbulence  because  they  are 
irrotational. 

(6)  Three-Dimensional  -  The  interaction  of  eddies  leads  to  the  stretching  of 
vortex  tubes,  reducing  the  cross-sectional  area  and  increasing  the  local 
vorticity  in  accordance  with  conservation  of  angular  momentum.  This 
amplification  of  vorticity  is  another  aspect  of  the  energy  transfer  from  large 
motions  to  smaller  motions.  The  vortex  stretching  mechanism  can  occur  only 
in  a  three-dimensional  flow  field.  Weather  systems  (cyclones  and 
anticyclones)  are  essentially  two-dimensional  and  are  not  considered  to  be 

"ordinary  turbulence".  They  can,  however,  be  described  by  similar  statistical 
techniques  and  are  sometimes  viewed  as  two-dimensional  turbulence. 

(7)  Part  of  a  Continuum  -  Continuum  concepts  are  applicable  because  the 
smallest  motions  are  much  larger  than  molecular  distances  or  intermolecular 

spaces. 

(8)  A  Feature  of  the  Flow  -  Turbulence  does  not  refer  to  a  property  of  a  fluid,  but 
rather  of  a  fluid  motion.  Turbulent  flows  are  governed  by  initial  conditions  as 
well  as  boundary  conditions.  Local  properties  are  not  necessarily  related  to 
local  conditions.  The  time  and  length  scales  of  the  turbulent  motion  are  as 
large  as  the  scales  of  the  distributions  of  the  properties  being  transported. 
This  is  in  sharp  contrast  to  molecular  motions  where  the  time  and  length 
scales  are  very  much  smaller  than  the  scales  of  the  property  being  transported. 

1.3.1  Origins  of  Turbulence 

Turbulence  arises  as  the  result  of  instabilities  in  an  initially  laminar  flow.  In 
laminar  flows  adjacent  layers  of  fluid  remain  distinct  and  identifiable  and  the  paths  of 
fluid  parcels  are  parallel.  In  turbulent  flows,  no  layering  can  be  discerned  and  parcel 
paths  are  intermingled  in  a  chaotic  fashion.  The  details  of  the  tr<ansition  from  laminar  to 
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turbulent  flow  are  not  well  understood.  The  criteria  for  transition  are  not  exact,  but 
usually  related  to  some  threshold  value  of  the  Reynolds  number,  defined  by: 

Re  =  (a  characteristic  flow  length) 
X  (a  charaaeristic  flow  velocity) 
-t-  (dynamic  viscosity/density) 

Laboratory  flows  with  Reynolds  numbers  greater  than  about  1000  are  usually  turbulent. 

Atmospheric  flows  exhibit  great  variability  in  characteristic  velocities  and 
lengths,  a  variability  complicated  by  the  effects  of  temperature  stratification. 
Consequendy  the  transition  from  laminar  to  turbulent  flow  and  the  reverse  are  common  in 
the  atmosphere  above  the  boundary  layer  (Scorer  1978),  though  they  are  gradual,  taking 
place  over  many  minutes  or  hours. 

Once  initiated,  turbulence  cannot  maintain  itself  against  the  viscous 
dissipation  unless  there  is  some  source  of  energy.  Two  common  energy  sources  are: 

(1)  shear  of  the  mean  wind  (spatial  variations  of  the  average  wind  speed) 

(2)  buoyancy  (partially  organized  upward  motion  of  heated  air  parcels). 

Wind  shear  is  usually  the  result  of  frictional  retardation  near  solid 
boundaries.  Grovmd  cover  causes  wind  speed  changes  in  the  vertical,  while  large 
obstacles  such  as  buildings  can  also  cause  wind  speed  changes  in  the  horizontal.  Both 
situations  allow  turbulence  to  extract  energy  from  the  mean  airflow.  The  largest  eddies 
are  about  the  size  of  the  region  in  which  the  shear  exists,  for  exanq)le,  a  building  produces 
eddies  not  much  larger  than  its  largest  dimension.  TTie  turbulence  arising  from  shear  is 
known  as  mechanical  turbulence  and  the  surface  protmsions  (grass,  crops,  stones,  forests) 
causing  it  are  termed  roughness  elements.  Mechanical  turbulence  increases  with  wind 

speed  and  with  terrain  roughness.  Terrain  roughness  is  characterized  by  a  "roughness 
lengtii"  which  represents  the  size  of  eddies  that  can  exist  among  the  roughness  elements. 
Thus  the  size,  shape  and  spacing  of  the  roughness  elements  are  important  in  determining 
the  roughness  length.  The  wind  speed  fluctuations  associated  with  mechanical  turbulence 
have  periods  that  are  measured  in  seconds. 
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Buoyancy  usually  results  from  air  parcels  becoming  warmer  than  their 
surroundings  through  contact  with  ground  warmed  by  the  sun.  These  warm  parcels  rise 
and  eventually  organize  themselves  into  thermals,  which  may  rise  to  several  hundred 
metres  upward  from  the  surface.  This  process  is  termed  convection  and  is  accompanied 
by  a  superadiabatic  temperature  gradient  near  the  ground.  The  rising  of  the  thermals  and 
the  motion  of  the  cooler  air  descending  to  take  their  place  produces  thermal  turbulence. 
Because  of  the  dependence  on  solar  heating  thermal  turbulence  is  a  function  of  such 
variables  as  latitude,  season,  time  of  day,  altitude,  cloudiness,  surface  albedo  and  surface 
heat  properties.  Other  heat  sources  such  as  cities  and  volcanoes  also  produce  thermal 
turbulence.  The  fluctuations  associated  with  thermal  turbulence  have  periods  that  are 
measured  in  minutes. 

1.3.2         The  Cascade  of  Energy  in  Turbulence 

Turbulence  in  the  atmospheric  boundary  layer  consists  of  eddies  ranging  in 
size  from  a  few  centimetres  to  several  hundreds  of  metres.  This  wide  size  range  is 
attributed  to  a  breakdown  mechanism  whereby  large  eddies  become  unstable  and  transfer 
their  energy  to  smaller  eddies.  These  smaller  eddies,  in  turn,  become  unstable  and 
generate  stiU  smaller  eddies.  This  process  continues  until  the  kinetic  energy  is  dissipated 

into  heat  by  viscosity.  This  "energy  cascade"  is  shown  schematically  in  Figure  1.25.  This 
physical  picture  of  developed  turbulence  is  succinctly  described  in  the  often-quoted  verse 
(L.F.  Richardson): 

Big  whorls  have  little  whorls, 
Which  feed  on  their  velocity; 
And  little  whorls  have  lesser  whorls, 
And  so  on  to  viscosity 
(in  the  molecular  sense). 

In  terms  of  vorticity,  turbulence  is  viewed  as  a  tangle  of  vortex  tubes  that  are 
stretched  in  a  preferred  direction  by  the  mean  flow  and  in  a  random  direction  by  one 
another.  As  the  vortex  tube  is  stretched  its  cross-sectional  area  decreases  and  its  kinetic 
energy  of  rotation  increases  at  the  expense  of  the  kinetic  energy  of  the  velocity  component 
responsible  for  the  stretching.  The  increased  velocity  in  the  perpendicular  plane  then 
stretches  vortices  aligned  in  that  direction  and  so  on.  Each  extension  of  the  tube  in  one 
direction  decreases  the  size  and  increases  the  velocity  of  motions  in  the  other  two 
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directions.  The  net  result  is  a  progressive  transfer  of  kinetic  energy  to  smaller  and  smaller 
scales  untU  it  is  finally  converted  into  internal  (heat)  energy  by  the  viscous  action  on  the 
smallest  motions. 

A  graph  of  the  energy  associated  with  an  eddy  as  a  function  of  eddy  size  is 
called  a  spectrum  (Figure  1 .26).  Energy  enters  the  spectrum  in  large  motions  and  is 
cascaded  through  smaller  and  smaller  motions  until  it  is  dissipated.  With  each  breakdov^^n 
into  smaller  eddies,  the  orienting  effect  of  the  mean  flow  is  weakened.  For  sufficiently 

small  eddies  there  is  no  preferred  direction;  the  small  eddies  have  no  "memory"  of  the  way 
in  which  the  energy  was  fed  into  the  turbulence.  This  portion  of  the  spectrum  is  governed 
by  only  two  parameters  ~  the  mean  rate  of  energy  dissipation  and  the  kinematic  viscosity. 
This  is  known  as  the  equilibrium  range.  The  largest  eddies  that  fit  into  this  range  are 
small  compared  to  the  height  above  ground.  Viscosity  begins  to  annihilate  eddies  smaller 
than  the  Kolmogorov  microscale  which  is  in  the  order  of  1  mm  for  the  atmospheric 
boundary  layer.  At  the  large  size  end  of  the  equilibrium  or  local  isotropy  range,  viscosity 
has  little  effect  and  the  spectrum  depends  only  on  the  rate  of  transfer  of  energy.  This 
region,  where  there  is  no  production  or  dissipation  of  energy,  is  called  the  inertia! 
subrange. 

1.3.3  Statistical  Description  of  Turbulence 

The  chaotic  motions  that  comprise  turbulence  make  deterministic  predictions 
difficult.  The  state  of  the  fluid  at  a  given  time  will  be  unique  and  will  represent  but  one  of 
many  possible  states  that  could  have  occurred.  It  is  therefore  appropriate  to  adopt 
statistical  methods  that  allow  the  prediction  of  the  probability  that  a  certain  state  will 

occiu-.  The  theory  of  turbulence  is  heavily  dependent  on  the  theory  of  statistical  random 
processes. 

A  process  is  said  to  be  stationary  or  steady  if  the  statistical  properties  for  a 
time  series  do  not  vary  with  time.  Thus  the  mean  and  standard  deviation  of  the  wind 

speed  for  one  10-minute  interval  would  be  similar  to  that  for  any  other  10-minute  interval. 
Both  diurnal  and  synoptic  weather  cycles  cause  major  changes  in  the  atmospheric 
boundary  layer.  The  condition  may  be  fulfilled  approximately  for  intervals  short 
compared  with  the  diumal  cycle,  that  is,  for  a  few  hours  (when  the  large-scale  pattern  does 
not  change). 



Figure  1.26    Spectrum  of  turbulence. 
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A  process  is  said  to  be  homogeneous  when  its  statistical  properties  do  not  vary 
in  space.  A  measurement  at  a  particular  point  will  display  statistical  characteristics 
identical  to  those  taken  at  some  neighboring  point.  Horizontal  homogeneity  is  a 
reasonable  assumption  over  regions  of  similar  surface  characteristics.  Vertical 

homogeneity  cannot,  in  general,  be  achieved  because  of  the  presence  of  the  earth's  siuface 
and  the  action  of  the  forces  of  buoyancy  and  gravity. 

A  process  is  said  to  be  isotropic  when  its  statistical  properties  are  independent 
of  direction.  Owing  to  wind  shear,  the  atmospheric  boundary  layer  cannot,  in  general,  be 
isotropic.  However,  as  described  earlier,  eddies  in  the  equilibrium  size  range  will  be 
isotropic,  a  condition  which  is  usually  termed  local  isotropy. 

A  single  observation  of  the  outcome  of  a  process  is  called  a  realization.  A 
grouping  of  large  number  of  realizations  is  known  as  an  ensemble.  Statistical  laws  are 
derived  for  ensembles.  For  single  realizations  all  that  can  be  predicted  is  the  probability  of 
a  certain  outcome. 

A  process  is  said  to  be  Gaussian  if  the  frequency  distributions  of  its 
measiurable  characteristics  follow  the  familiar  normal,  bell  or  gaussian  cxu^e.  Such 
distributions  are  completely  specified  by  the  mean  and  standard  deviation.  Many 
variables  in  the  atmospheric  boundary  layer  have  been  found  to  be  approximately 
Gaussian  in  distribution. 

Turbulent  flows  are  generally  decomposed  into  a  mean  component  and  a 
fluctuating  component.  The  division  is  a  choice  which  may  be  completely  arbitrary,  a 

,  matter  of  convenience  or  based  on  some  natural  aspect  of  the  flow  such  as  geometry.  By 
convention  the  Cartesian  coordinate  system  is  oriented  so  that  the  x-axis  lies  along  the 
mean  wind  direction,  the  y-axis  lies  perpendicular  to  the  mean  wind  direction  and  the 
z-axis  extends  vertically  upward  from  the  ground.  The  instantaneous  wind  velocity  then 
has  three  components  u,  v  and  w  in  the  x,  y  and  z  directions  respectively,  which  can  be 
written  as: 

"  =  ̂avg  +  "' 
^  ~  ̂ avg    ̂  '  (^avg  =  0  by  virtue  of  the  axis  orientation) 

w  =  w^yg  +  w '  (Wgyg  =  0  for  horizontal  flows) 
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where  "avg"  represents  the  mean  components  and  the  primes  represent  the  fluctuations. 
These  deviations  from  the  mean  may  be  positive  or  negative.  They  form  a  time  series  that 
can  be  subjected  to  various  types  of  statistical  analysis. 

Turbulence  is  most  often  described  quantitatively  by  the  standard  deviations. 

au  =  V(u')^avg 

av  =  V(v')*ayg 

a^  =  V(w')*avg 

The  intensity  of  tiurbulence  is  given  by  the  ratio  of  component  standard 
deviation  to  mean  speed: 

ix  =  au/Uavg    iy^^v^^avg    'h  =  ̂vf^avg 

These  intensities  take  values  in  the  order  of  0.1  during  the  day.  Steenbergen  (1971) 
reported  turbulence  intensities  measiured  in  a  rural  area  south  of  Edmonton  in  September 

as  iy  =  0.16,  i^  =  0.08,  i^  =  0.19  with  corresponding  intensities  in  the  city  of  Edmonton  a 
factor  of  3  to  4  higher. 

Wind  fluctuations  can  be  regarded  as  arising  from  the  superposition  of 
numerous  sinusoidal  waves.  Each  such  wave  is  characterized  by: 

(1)  a  period  T(s),  the  time  required  for  one  complete  oscillation  or  cycle, 

(2)  a  frequency  n  (Hz),  the  number  of  complete  cycles  per  unit  time,  n  =  l/T, 

(3)  a  wavelength  X  (m),  the  distance  between  wave  crests  or  points  in  the  same 
phase  of  oscillation, 

(4)  an  angular  frequency  (O  (rad»s"'),  the  number  of  radians  of  rotation  in  unit 
time;  ca  =  2n/T, 
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(5)  a  wavenumber  k  (m''),  the  number  of  waves  in  unit  length;  k  =  1/T. 

(6)  an  angular  wavenumber  K  (rad«m''),  the  number  of  radians  of  rotation  in  unit 
length. 

It  is  very  difficult  to  measure  eddy  size  directiy;  most  measurements  are  made 
at  a  fixed  point  in  space  over  a  period  of  time.  Because  eddies  interact,  grow  and  decay 
with  time  such  a  time  series  may  not  be  simply  related  to  the  distribution  of  eddy  sizes.  If 
the  turbulence  is  changing  slowly  enough,  time  variations  observed  at  a  fixed  point  will  be 
nearly  identical  to  the  spatial  variations  observed  at  a  given  instant  of  time.  In  other 

words  the  turbulence  is  "frozen"  into  the  flow  and  the  wind  merely  advects  the  eddies  past 
the  observation  point.  If  such  is  the  case,  the  frequency  and  wavelength  of  each  eddy  are 
related  by  the  usual  wave  equation  n  =  uA  where  u  is  the  mean  wind,  now  also  the  phase 

or  translation  speed  of  the  waves.  Taylor's  "frozen  turbulence"  hypothesis  is  found  to  be  a 
good  approximation  for  small  eddies  and  weak  tvu-bulence  in  the  atmospheric  boundary 
layer.  In  strong  turbulence,  large  eddies  (wavelength  greater  than  100  m)  apparendy  do 
not  move  at  the  average  speed  of  the  wind. 

The  fluctuations  of  the  wind  can  also  be  described  in  terms  of  the  correlation 
between  values  at  different  times.  The  autocorrelation  coefficient  is  defined  by: 

R(t)  =  [u ' (t)  u '  (t+t)]avg/(u ' 

where  u'(t)  is  the  fluctuation  at  time  t,  u ' (t  +  x)  is  the  fluctuation  at  a  time  t  later,  and  u 
is  the  variance  over  a  suitable  time  interval. 

The  product  of  velocity  fluctuations  is  calculated  for  different  values  of  x  (the 

"lag"  time)  and  the  average  is  then  taken.  The  variance  is  assumed  constant  over  the 
interval  of  the  averaging  (stationary  turbulence).  The  value  of  R  is  close  to  1  for  short  lag 
times  and  is  expected  to  decrease  towards  zero  at  large  lag  times  (Figure  1.27).  The  shape 

of  the  curve  R  (x)  versus  x  will  depend  on  the  structvu-e  of  the  turbulence.  If  only  small 
eddies  are  present,  the  autocorrelation  coefficient  decreases  more  rapidly  than  if  large 
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Figure   1.27     Autocorrelation  curve. 

Figure    1.28     Conventional  presentation  of  vertical  wind  spectra. 
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eddies  are  present.  The  area  under  the  curve  is  therefore  a  measure  of  the  period 
associated  with  the  largest  eddies  in  the  turbulence.  The  integral  time  scale  of  turbulence 
is  thus  defined  by: 

TE  =  jR(t)dt o 

Assuming  the  frozen  turbulence  the  size  of  the  largest  eddies  is  Lg  =  uTg,  which  is  also 
known  as  the  integral  length  scale  of  turbulence. 

Since  the  variance  of  velocity  fluctuations  is  twice  the  turbulent  kinetic 
energy  per  unit  mass  of  air,  splitting  up  the  total  variance  into  contributions  from  different 
sizes  of  eddies  produces  an  energy  spectram  (Kaimal  et  al.  1968).  This  is  done  by  Fomier 
analysis,  a  technique  based  on  the  principle  that  any  time-dependent  variable  can  be 
represented  by  the  sum  of  sine  and  cosine  waves  of  different  frequencies  and  amplitudes 
(Pasquill  1974).  Each  such  wave  is  known  as  a  Fourier  component.  As  might  be 
expected,  the  energy  spectrum  and  the  autocorrelation  are  related,  in  fact  the 
autocorrelation  coefficient  and  the  power  spectral  density  are  Fourier  transforms  of  one 
another. 

Spectra  are  generally  plotted  with  normalized  energy  or  variance  on  a 
logarithmic  ordinate  scale  as  a  function  of  reduced  frequency  nzAi  on  a  logarithmic 
abscissa  scale  (Figure  1.29).  The  use  of  a  dimensionless,  (normalized)  frequency  makes 
the  spectra  nearly  independent  of  wind  speed  and  height  near  the  ground.  Two  parameters 
can  be  used  to  characterize  the  general  shape  and  position  of  the  spectra: 

(1)    The  wavelength      (or  frequency  njj^)  corresponding  to  the  peak  in  the 

spectrum:  This  defines  the  size  of  the  "most  energetic"  eddies  and  serves  as  a 
practical  scale  of  turbulence.  Its  relationship  to  the  integral  scale  depends  on 
the  shi^  of  the  spectrum.  For  the  vertical  wind  component  in  neutral 
conditions,  \^  is  £q}proximately  four  times  the  integral  length  scale  and  about 
twice  the  height.  The  horizontal  components  generally  contain  more  energy 

at  larger  wavelengths.  For  the  v-conqwnent,  "X^  is  typically  150  to  300  m  in 
neutral  conditions  showing  no  obvious  dependence  on  height.  For  the 

u-component,      appears  to  increase  slowly  with  height  taking  values  of 
several  hundred  metres. 
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(2)     The  rate  of  energy  dissipation  e,  which  corresponds  to  the  rate  of  energy 
transfer  between  eddy  sizes  in  the  cascade  process  and  defines  the  spectrum  in 

the  inertial  subrange.  Values  of  e  may  be  as  large  as  10  m*s''  close  to  the 
ground  and  vary  inversely  with  height  in  neutral  conditions.  In  unstable 
conditions  the  height  dependence  virtually  disappears. 

If  a  spectrum  extends  over  a  broad  frequency  range,  the  existence  of  any  local 
minimums  will  be  an  important  attribute.  In  the  atmosphere  it  is  sometimes  held  that  such 

a  spectral  "gap"  is  present  at  a  frequency  of  about  one  cycle  per  hour  (0.003  Hz).  It  is  then 
possible  to  represent  a  time  series  as  the  sum  of  two  random  processes,  one  slowly  varying 
(synoptic  weather  systems)  and  the  other  rapidly  varying  (ordinary  turbulence). 
Sometimes  the  former  is  called  the  macrometeorological  regime  and  the  latter  the 
micrometeorological  regime.  It  also  becomes  possible  to  determine  an  optimum 

("natural")  averaging  period  such  that  the  mean  and  variance  will  not  change  significantly 
as  the  period  is  lengthened.  It  now  appears  that  the  existence  of  the  "gap"  is  a  rather 
idealized  situation.  Wherever  there  are  local  airflows  such  as  those  induced  by 

topogrjq)hy,  there  is  likely  to  be  energy  in  what  otherwise  would  be  the  "gap".  This  is 
sometimes  called  the  mesometeorological  regime. 

Various  spectra  observed  by  Walker  (1964)  over  the  rolling  prairie  at  Suffield, 
Alberta  are  shown  in  Figure  1.29.  There  is  a  macroscale  peak  at  0.015  cycles  per  hour 
(4-day  period).  The  flat  low-energy  region  between  1  and  10  cycles  per  hour  represents  a 
spectral  gap. 

Most  atmospheric  measurements  are  obtained  from  points  fixed  in  space,  in 
what  is  called  the  Eulerian  reference  system.  The  alternative  is  to  follow  the  behavior  of  a 
single  air  parcel  as  it  moves  through  the  atmosphere.  When  the  coordinates  are  attached 
to  a  moving  parcel,  a  Lagrangian  reference  frame  is  being  used.  Although  it  is  difficult  to 
make  Lagrangian  measurements,  much  of  fluid  mechanical  theory  actually  refers  to  such  a 
moving  system.  The  relationship  between  the  two  systems  is  of  obvious  importance.  A 
Lagrangian  integral  time  scale  T^  and  Lagrangian  length  scale  can  similarly  be  defined.  It 
is  often  assumed  that  the  autocorrelations  are  related  by  B  T^^  =  T^  where  B  is  a  constant 
ranging  from  1  to  10.  This  relation  reflects  the  intuition  that  variations  are  slower  in  the 
Lagrangian  reference  frame. 
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Figure   1.29  Wind  spectra  at  Suffield  (Walker  1964 ). 
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1.3.4  The  Effect  of  Buoyancy  on  Turbulence 

In  the  atmospheric  boundary  layer,  energy  is  supplied  to  turbulence  through 
the  working  of  the  horizontal  shear  stresses.  Temperature  stratification  gives  rise  to 
buoyancy  forces  which  either  augment  or  diminish  this  energy,  depending  upon  the 
direction  of  heat  transfer. 

The  shear  stress  t,  which  is  the  force  per  unit  horizontal  area  required  to 
maintain  the  flow,  is  equal  to  the  downward  flux  of  momentimi  to  the  ground,  that  is, 

t  =  -p(u'w')avg 

where  p  is  the  density  of  air  and  (u '  w '       is  the  covariance  of  the  vertical  and 
longitudinal  wind  fluctuations  over  a  suitable  time  interval. 

The  stress  i>er  unit  density  turns  out  to  be  convenient  parameter  and,  since  it 
has  the  dimensions  of  velocity  squared,  the  so-called  ̂ /cfto/i  or  shear  stress  velocity  is 
defined  as 

u*  =  ('C/p)^ 

Shear  stress  is  approximately  constant  in  the  first  few  tens  of  metres  above  the  ground,  a 
region  known  as  the  constant  stress  or  surface  stress  layer.  It  then  decreases  steadily  to 
zero  at  the  top  of  the  friction  layer  (planetary  boundary  layer  or  Ekman  layer).  By 
convention  the  symbols  always  refer  to  surface  values  unless  otherwise  stated. 

Ignoring  the  heat  contained  in  water  vj^or,  the  sensible  heat  flux  is  given  by 

H  =  pCp(w'T')avg 

where  p  is  the  density  of  air,  Cp  is  the  specific  heat  of  air  at  constant  pressure  and 

(w '  T '  )j^yg  is  the  covariance  of  the  vertical  wind  and  temperature  fluctuations  over  a suitable  time  interval. 
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During  the  day,  the  sun  warms  the  ground  and  heat  is  transferred  upward, 

away  from  the  earth's  surface.  This  heat  flux  is  taken  to  be  positive,  consistent  with  the 
positive  direction  for  the  axis  and  the  vertical  wind  component  w.  This  buoyancy  adds 
energy  to  the  turbulence.  At  night,  the  ground  cools  by  radiation  to  space  and  the  heat  flux 
is  reversed.  In  this  situation  energy  is  extracted  from  the  turbulence.  Heat  flux  varies 

from  about  -30  W/m*  to  +  300  W/m\ 

The  energy  per  unit  time  per  unit  mass  of  the  buoyancy  forces  is  given  by 

B  =  gH/(pCp  T)  =  g/T  (w 'T ' )avg 
where  T  Ls  the  average  air  temperature  and  g  is  the  acceleration  due  to  gravity. 

The  energy  per  unit  time  per  imit  mass  of  the  shear  stress  is  given  by 

S  =  t/p  du/dz  =  (u'w')j^Ygdu/dz 
where  du/dz  is  the  gradient  of  the  longitudinal  wind. 

The  flux  Richardson  number  RF  is  then  defined  as  the  ratio  between  the 
consumption  of  turbulent  energy  by  buoyancy  forces  and  the  production  of  turbulent 
energy  by  shear  stress,  that  is,  the  negative  of  the  ratio  of  the  two  production  terms: 

Rf=-B/S 

When  Rf  is  negative,  both  buoyancy  and  shear  stress  are  adding  energy;  existing 
turbulence  tends  to  increase  and  the  atmosphere  is  said  to  be  unstable.  When  Rf  is  near 
zero,  only  shear  production  is  present;  existing  turbulence  is  unaffected  and  the 
atmosphere  is  said  to  be  neutral.  When  Rf  is  positive,  buoyancy  is  removing  energy; 
existing  turbulence  tends  to  decrease  and  the  atmosphere  is  said  to  be  stable.  It  is 
expected  that  at  some  positive  value  of  Rf  the  consumption  of  energy  by  buoyancy  forces 
becomes  so  large  that  existing  turbulence  dis^pears  altogether.  This  critical  flux 
Richardson  number  is  likely  less  than  1.0  because  a  large  portion  of  shear-produced 

energy  is  "cascaded"  down  the  spectrum  to  be  dissqiated  into  heat.  The  value  seems  to  lie 
aroimd  0.2  but  may  depend  upon  the  circumstances. 
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The  flux  Richardson  number  is  a  function  of  height  above  ground,  even  in  the 
constant  stress  layer,  due  to  the  height  dependence  of  the  wind  shear.  Above  the  surface 
layer  the  shear  stress  and  heat  flux  both  decrease  with  height  as  well;  consequently  Rf 
varies  in  some  non-linear  fashion.  At  large  heights  above  the  ground  or  with  large  heat 
flux,  shear  production  becomes  less  and  less  important,  until  at  some  level  the  flow  is 
essentially  buoyancy  driven.  In  other  words,  forced  convection  gives  way  to  free 
convection.  The  flux  Richardson  number  is  a  measure  of  the  effect  of  local  heat  flux  upon 
turbulence.  It  has  no  global  significance  like  the  Reynolds  number. 

It  is  often  assumed  that  fluxes  are  proportional  to  vertical  gradients: 

(-u'w')a^g  =  K^du/dz 

(-W  'T')avg  =  Khde/dz 

where  Kj^  is  the  eddy  diffusivity  of  heat,       is  the  eddy  diffusivity  of  momentum  and 
de/dz  is  the  potential  temperature  gradient  (to  allow  for  the  compressibility  of  air). 
Substitution  in  the  definition  of  Rf  yields 

Rf=(Kh/Kn,)  Ri 

where  the  gradient  Richardson  number  has  been  defined  as 

(g/T)  de/dz 

(du/dz)^ 
This  dimensionless  parameter  has  the  advantage  of  being  expressed  in  terms  of  vertical 
profiles  which  are  much  more  easily  measured  than  are  the  fluxes.  However,  the 
gradient  Richardson  number  has  a  different  meaning.  It  indicates  the  stability  with 
respect  to  small  external  disturbances  of  a  stratified  atmosphere  initially  without 
turbulence.  In  other  words,  it  is  a  measure  of  the  onset  of  turbulence.  If  Ri  in  an 
initially  laminar  flow  is  smaller  than  some  critical  value  Ricrit'       turbulence  is  likely 
to  occur,  if  it  is  larger  than  Ricrit'       turbulence  cannot  get  started.  In  the  absence  of 
viscosity  this  critical  value  is  found  to  be  0.25.  Once  turbulence  has  come  into 
existence  it  will  remain  until  the  flux  Richardson  number  exceeds  the  critical  value  for 

suppression.  It  is  not  clear  how  Rfgrit      ̂ rit  ̂   related,  for  turbulence  has  been 
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observed  at  practically  all  gradient  Richardson  numbers  (Plate  1971).  Recent  evidence 

seems  to  support  Richardson's  original  suggestion  that  turbulence  is  damped  for  Ri  >  1. 
It  is  entirely  possible  that  the  value  depends  upon  the  structural  details  of  the  turbulent 
flow. 

Whenever  the  gradient  Richardson  number  lies  between  these  upper  and 
lower  critical  values  the  state  of  the  atmosphere  is  determined  by  its  past  history: 
laminar  flow  remains  laminar  until  Ri  drops  below  the  lower  critical  value  and  turbulent 
flow  remains  turbulent  until  Ri  exceeds  the  upper  critical  value.  This  Richardson 
number  hysterisis  is  the  mechanism  by  which  turbulent  interfaces  in  stratified  flow  are 
kept  weU  defined  and  by  which  inversion  layers  thicken. 

The  gradient  Richardson  number  indicates  that  the  nature  of  turbulence 
depends  on  both  thermal  stability  and  wind  shear.  Turbulence  can  be  suppressed  only 
when  the  potential  temperature  gradient  is  positive,  but  that  alone  does  not  ensure 
damping.  It  is  quite  possible  for  turbulence  to  be  maintained  in  a  temperature  inversion 
by  the  action  of  wind  shear.  In  the  terminology  of  deductive  logic,  themial  stability  is  a 
necessary,  but  not  sufficient  condition  for  the  suppression  of  turbulence. 

Near  the  ground  wind  shear  is  generally  large,  so  ground-based  inversions 
are  likely  to  contain  mechanical  turbulence.  Because  the  shear  decreases  with  height 
there  may  exist  a  level  h^.^^  where  the  gradient  Richardson  number  falls  below  Ricrif 
Above  this  level  the  atmosphere  is  turbulence -free,  whereas  below,  the  atmosphere  is  in 
a  state  of  damped  mechanical  turbulence. 

In  summary,  the  gradient  Richardson  number  can  be  used  as  an  index  of 
stability,  with  the  meaning  given  below  (Panofsky  1969): 

Ri     <-0.04  thermal  turbulence  dominates 
-0.03  <  Ri  <  0  thermal  and  mechanical  turbulence 
Ri  =  0  mechanical  turbulence  only 
0  <  Ri  <  Ricrit  mechanical  turbulence  weakened  by  stratification 
Ri  >  Ricrit  turbulence  suppressed 

Although  the  gradient  Richardson  number  has  been  used  extensively,  it  has  a  number  of 
serious  limitations  as  a  representation  of  the  effects  of  buoyancy.  Current  knowledge 
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supports  the  use  of  the  Monin-Obukhov  length,  defined  by 

L  = k(gA')(w'T')avg 
where  k  is  the  von  Karman  constant  (added  for  convenience)  which  has  a  value  of  about 
0.4.  The  quantity  L  is  the  height  above  ground  where  buoyant  production  of  turbulence 
equals  mechanical  production.  Thus  L  is  independent  of  height  and  can  serve  as  a  usefiil 
length  scale.  The  stability  parameter  for  the  surface  layer  is  then  simply  the  ratio  of  height 
to  Monin-Obukhov  length  (z/L)  and  the  following  may  be  stated  (Holtslag  1984): 

z/L  <  -0.83  very  unstable 
-0.83  <  z/L  <  -0.25  moderately  unstable 
-0.25  <  z/L  <  -0.05  slighdy  unstable 
-0.05  <  z/L  <  0.05  neutral 
0.05  <  z/L  <  0.10  slightly  stable 
0. 1 0  <  z/L  <  0.25  moderately  stable 
0.25  <  z/L  <  1  very  stable 

z/L  >  1  extremely  stable 

An  immediate  inference  that  can  be  drawn  is  that  the  nature  of  turbulence  will 

change  with  height.  Close  to  the  ground  (small  z)  the  atmosphere  is  always  near  neutral 
(mechanical  turbulence  dominant).  At  height  L  the  buoyancy  forces  are  as  important  as 
the  shear  forces.  Above  L  buoyancy  effects  dominate. 

The  three  possible  stability  parameters  for  the  surface  boundary  layer  are 
related  by 

Rf  =  5L  Ri  =  ̂  
Km  M»m 

where  (j)^^  is  a  function  describing  the  wind  shear.  Of  these  z/L  is  widely  preferred  as  the 
most  basic.  L  is  independent  of  height  whereas  both  Rf  and  Ri  may  vary  in  complicated 
ways.  In  near-neutral  conditions  all  three  tend  to  be  equal.  In  unstable  conditions  Ri  = 
z/L  and  in  stable  conditions  Ri  is  a  variable  fraction  of  z/L. 

In  the  outer  portion  of  the  atmospheric  boundary  layer,  the  Coriolis  force 
becomes  important.  A  suitable  parameter  is  the  Kazanski  -  Monin  stability,  (Smith  1979, 
Tagliazucca  and  Nanni  1983). 

ku>ic 

fL 
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where  k  is  von  Karman's  constant  and  f  is  the  Coriolis  parameter.  The  depth  of  the 
boundary  layer  in  neutral  conditions  is  proportional  to  u*/f,  so  p.  represents  the  ratio  of 
neutral  boundary  layer  height  to  the  Monin-Obukhov  length.  The  stability  of  the  entire 
boundary  layer  is  then  (Schayes  1982): 

|i>20 10  <  M-  <  20 
-20  <  n  <  -20 
-40  <  ̂ <  -20 

\i<-40 

very  stable 
stable 
neutral 
unstable 
very  unstable 

Under  strong  solar  heating,  large  thermal  eddies  become  organized  into  well 
defined  updrafts  and  downdrafts.  Turbulence  is  found  to  scale  with  the  ratio  of  the 
convective  mixed-layer  height,  h,  to  Monin-Obukhov  length  and  is  categorized  as  (Briggs 
1988): 

-h/L  >  100  very  unstable 
20  <-h/L  <  100  moderately  unstable 
5  <-h/L  <  20  slightly  unstable 

-h/L  <  5  near  neutral 

1.3.5  Turbulence  Typing  Schemes 

Fluxes  and  gradients  are  difficult  and  expensive  to  measure;  in  the  early  years, 
the  technology  to  do  so  was  not  even  available.  Consequently  the  nature  of  turbulence 
was  inferred  either  from  simple  on-site  measurements  or  from  large-scale  meteorological 
observations.  Much  attention  was  focused  on  the  use  of  the  hourly  observations  made  at 
aviation  weather  stations,  the  advantages  being  ready  access  to  the  data,  broad  spatial 
coverage  and  the  existence  of  long  periods  of  record.  More  recently,  effort  has  been 
expended  to  devise  simple  schemes  that  do  not  require  a  human  observer  for  use  in 
site-specific  environmental  assessments.  All  typing  schemes  share  the  common  goal  of 
describing  turbulence  in  terms  of  a  small  number  of  discrete  classes  that  reflect  the 
various  combinations  of  mechanical  and  thermal  components. 

1.3.5.1       Energy  Estimation  Methods.  Since  turbulence  near  the  ground  is  controlled 
by  heat  flux  and  wind  shear,  any  related  variables  can  be  used  to  construct  a  typing 
scheme. 
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The  oldest  and  most  widely  used  typing  scheme  of  this  type  was  developed 
three  decades  ago  (PasquUl  1961).  This  system  was  introduced  as  a  practical  substitute 

for  measurements  of  tiu^bulence,  and  was  semiempirical  in  nature,  based  on  the  rather 
limited  data  available  at  the  time.  The  construction  of  the  stability  categories  implicitly 
represented  two  characteristic  properties  of  airflow  near  the  surface,  namely,  (a)  the 
restriction  of  numerically  small  values  of  the  Monin-Obukhov  length  L  (or  Richardson 
numbers  greatly  different  from  zero)  to  very  light  winds,  and  (b)  the  well-defined  diurnal 
cycle  of  the  vertical  temperature  profile  in  the  first  few  metres  above  the  surface  and  its 
dependence  on  the  state  of  the  sky  (Pasquill  1974,  p.  377  -  378).  This  scheme  is  shown  in 
Table  1.6. 

Such  a  simplified  scheme  is  bound  to  be  a  rather  crude  specification  of 
turbulence.  Although  the  spread  of  fluctuation  values  within  each  class  covers  the  entire 
range  for  all  classes,  the  median  values  do  change  systematically  from  class  to  class  (Luna 
and  Church  1972,  Ludwig  and  Dabberdt  1976).  The  limitations  of  the  Pasquill  scheme 
stem  from  the  assumed  links  between  solar  radiation  and  heat  flux  and  between  wind 

speed  and  shear  stress.  Since  the  functional  dependences  of  intervening  variables  are  not 
included,  the  scheme  represents  but  one  of  numerous  possible  relationships.  Qoud 
opacity,  surface  albedo  (fraction  of  incoming  radiation  reflected),  soil  heat  transfer  and 
evapotranspiration  determine  how  much  sensible  heat  flux  results  from  a  given  solar 
input.  The  surface  roughness  determines  the  shear  stress  appropriate  for  a  given  wind 
speed.  Therefore,  the  scheme  can  be  expected  to  provide  a  good  representation  of 
turbulence  only  in  situations  where  the  assumed  relationships  hold.  Where  large 
departures  are  experienced,  the  scheme  is  unlikely  to  jjerform  well. 

Several  modifications  to  the  original  Pasquill  scheme  have  been  proposed  for 
operational  programs.  Insolation  classes  can  be  defined  quantitatively  (Hino  1968, 
Ludwig  and  Dabberdt  1976).  Using  solar  altitude  a  completely  objective  method  was 
devised  (Turner  1961, 1964)  so  that  an  electronic  computer  could  be  used  to  calculate  the 
frequency  distributions  using  routine  hourly  observations  at  airport  weather  stations.  The 
Atmospheric  Environment  Service  uses  this  method  to  produce  the  so-called  STAR 
(Stability  Atray)  analysis  for  aviation  weather  stations.  The  frequency  distributions  for 
several  Alberta  airports  are  shown  in  Table  1.7.  The  results  for  any  one  climatic  regime 
are  likely  to  be  quite  similar.  In  the  United  Kingdom  categories  A  and  B  account  for 
about  10%,  C  and  D  for  around  60%,  E  for  about  10%  and  F  for  about  20%  (Gifford 
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Table  1.6         Key  to  stability  categories  (Pasquill  1961). 

Surface  Insolation  Night 
Wind  Speed                                                     Thinly  overcast  <3/8 
(m/s)           Strong       Moderate       Slight        or  ̂   4/8  low  cloud cloud 

<2 A A-B B 
2-3 A-B B C E F 
3-5 B B-C C D E 
5-6 C C-D D D D >6 C D D D D 

(for  A-B  take  average  of  values  for  A  and  B  etc.) 

Strong  insolation  corresponds  to  sunny  midday  in  nud-summer  in  England,  slight 
insolation  to  similar  conditions  in  mid-winter.  Night  refers  to  the  period  from  one  hour 
before  sunset  to  one  hour  after  dawn.  The  neutral  category  D  should  also  be  used, 
regardless  of  wind  speed,  for  overcast  conditions  during  day  or  night,  and  for  any  sky 
conditions  during  the  hour  proceeding  or  following  night  as  defined  above. 

A  extremely  unstable 
B  moderately  unstable 
C  slightiy  unstable 
D  neutral 
E  slightly  stable 
F  moderately  stable 
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Table  1.7      Frequency  of  occurrence  of  Pasquill  stability  classes  at  selected  Alberta 
airports  (STAR  data). 

Station       Pasquill         Winter        Spring       Summer       Autumn  Annual 
Stability 
Category 

Calgary            A  0.0 
Int'l                B  1.9 
Airport            C  6.5 
1972  - 1976       D  58.0 

E  12.7 
F  20.9 

0.7 2.3 
0.4 

0.8 6.9 12.5 6.0 

6.9 

10.7 13.7 

9.4 

10.1 
55.8 46.1 47.7 51.9 
11.1 10.6 12.3 11.7 
14.9 14.8 24.2 18.7 

Grande A 0.0 0.9 
1.3 

0.2 

0.6 

Prairie B 1.8 10.0 11.1 5.6 
7.2 1972-1976 C 8.7 12.5 13.0 

9.1 

10.8 
D 48.6 46.8 48.0 49.1 48.1 
E 9.9 10.6 

9.2 9.2 9.7 F 31.0 19.3 17.4 26.8 23.5 

Medicine A 0.0 0.3 
1.3 

0.2 
0.5 

Hat B 1.5 
5.4 

10.6 4.3 
5.5 

1972-1976 C 5.5 10.6 14.8 
8.2 9.8 D 59.8 55.8 44.3 51.6 52.9 

E 14.4 11.4 11.3 13.8 12.7 
F 18.8 16.5 17.7 

21.9 18.7 

Red  Deer A 0.0 0.3 1.1 
0.1 0.4 1967-1976 B 1.1 6.3 10.0 3.0 

5.1 C 6.0 11.2 15.1 
8.9 10.3 

D 58.1 57.1 47.0 54.9 
54.3 

E 18.9 13.4 12.7 18.2 15.8 
F 15.9 11.6 14.1 

14.9 14.1 

Edmonton         A  0.0  0.4  1.2  0.0  0.4 
Int'l                B  1.3  7.0  13.5  3.4  6.3 
Airport            C  6.7  11.8  15.9  9.0  10.9 
1963-1972        D  55.9  54.6  40.2  52.9  50.8 

E  14.2  12.5  10.4  14.3  12.8 
F  21.9  13.6  18.9  20.3  18.7 
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1976).  This  is  not  greatiy  different  from  the  distributions  in  Alberta  despite  the  climatic 
differences  (maritime  as  opposed  to  continental).  However,  the  U.K.  is  at  approximately 
the  same  latitude  as  Alberta,  so  perhaps  latitude  is  the  overriding  factor. 

Another  variation  consists  of  deducing  the  heat  fluxes  from  time  of  day, 
month  and  cloud  amount  or  measured  incoming  solar  radiation,  and  calculating  the  value 

of  a  continuous  parameter  P  closely  related  to  Pasquill's  original  categories  (Smith  1972). 
This  scheme  is  shown  in  Figures  1.30  and  1.31. 

Schemes  that  use  cloud  amounts  can  only  be  used  at  aviation  weather  stations 
where  a  human  observer  is  present.  Schemes  that  use  measured  incoming  solar  radiation 
can  only  be  used  diuing  the  daylight  hours  and  only  during  the  snow-free  portion  of  the 
year.  Net  radiation  can  be  used  to  overcome  these  difficulties  (Hayashi  1977,  WUliamson 
and  Krenmayer  1980)  with  a  classification  such  as  that  in  Table  1.8. 

A  more  simplified  scheme  (Briggs  1973)  has  been  devised  for  applications  to 

"smaU"  emissions.  Moderate  insolation  is  assumed  throughout  the  day  and  about  50% 
cloudiness  is  assumed  at  night.  Thus  wind  speed  and  whether  it  is  day  or  night  will 
determine  the  category.  Under  very  cloudy  or  very  clear  skies  this  scheme  gives  values 
about  one-half  a  stability  class  lower  than  the  PasquUl  scheme.  On  an  annual  basis  the 
Briggs  scheme  overestimates  the  frequency  of  A  and  B  stability  and  underestimates  the 
frequency  of  D  and  F  stability,  as  determined  by  the  STAR  program  for  Edmonton 
International  Airport. 

1.3.5.2       Fluctuation  Methods.  Wind  direction  fluctuations  over  an  hour  as  measured 
by  an  aerovane  at  108  m  have  been  used  at  Brookhaven  National  Laboratories  (BNL)  to 

identify  "gustiness  classes"  (Singer  and  Smith  1953).  The  use  of  an  instmment  with  a 
different  sensitivity  and  chart  speed  would  necessitate  redefinition  of  the  classes  because  a 
different  portion  of  the  eddy  spectrum  would  be  displayed.  Also  the  records  were 
obtained  more  than  100  m  above  the  ground  where  the  turbulence  and  wind  speeds  are 
quite  different  from  those  near  the  ground.  Because  of  the  anisotropy  of  boundary  layer 
turbulence,  a  categorization  of  horizontal  fluctuations  may  not  be  a  suitable  representation 
of  vertical  fluctuations.  Nevertheless,  wind  direction  fluctuations  (azimuth  angle)  are 
relatively  easy  to  measure  and  data  are  often  available  (for  example,  Islitzer  and  Slade 
1968).  Table  1.9  shows  a  composite  scheme  (Mitchell  1982,  EPA  1986)  which  accounts 





Figure  1.31 Stability  number  P  from  heat  flux  and  wind  speed..  Stability  categories  A  to  G  are  prescribed  in 
terms  of  upward  heat  flux  (daytime)  or  cloud  amount  (nighttime)  and  surface  wind  speed  for 
roughness  length  lOcm  (Smith  1972). 



Table  1.8       Stability  classification  using  net  radiation  and  wind  speed  (after 
Williamson  and  Kreiuneyer  1980). 

Net  Radiation  Wind  Speed  (m/s) 
(W/m^) 

>  1.5 2 2.5 3 3.5 4 4.5 5 5.5 

>6 

>560 A A A A B B B B C C 

490 A A A B B B B C C C 

420 A A A B B B C C c C 

350 A A A B B C C C c c 

280 A A B B c c c c c D 

210 B B B C C C C D D D 

140 B B C C C D D D D D 

70 C C C D D D D D D D 

0 D D D D D D D D D D 

-14 G F F E E D D D D D 

-28 G F F E E E D D D D 

-42 G F F E E E E D D D 

-56 G F F F E E E E D D 

>  70 G F F F E E E E E E 
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Table  1.9 Turbulence  classification  based  on  wind  fluctuations  (after  EPA  1986, 
Mitchell  and  Timbre  1979). 

Stability 
Description 

Standard  Deviation  of 
the  Horizontal  Wind 
Direction  Fluctuations 
(in  degrees) 

Standard  Deviation  of 
the  Vertical  Wind 
Direction  Fluctuations 
(in  degrees) 

very  unstable 
moderately  unstable 
slightly  unstable 
neutral 
slightly  stable 
moderately  stable 
very  stable 

Greater  than  22.5° 
17.5°  to  22.5° 
12.5°  to  17.5° 
7.5°  to  12.5° 
3.8°  to  7.5° 
2.1  to  3.8° <2.1 

Greater  than  11.5° 
10.0°  to  11.5° 
7.8°  to  10.0° 
5.0°  to  7.8° 
2.4°  to  5.0° 
1.2  to  2.4° 
<  1.2 

Notes 

(1)  These  criteria  are  appropriate  for  steady-state  conditions,  a  measurement 
height  of  10  m,  level  terrain,  and  an  aerodynamic  surface  roughness  length 
of  15  cm.  Care  should  be  taken  that  the  wind  sensor  is  responsive  enough 
for  use  in  measuring  wind  direction  fluctuations. 

(2)  A  surface  roughness  factor  of  {zjl5  cm)" •^  where     is  the  average  surface roughness  in  centimetres  within  a  radius  of  1  -  3  km  of  the  source,  may  be 
jqjplied  to  the  tabulated  values. 

(3)  For  nighttime  hours  with  horizontal  wind  fluctuations  indicated  to  be 
unstable,  the  following  corrections  should  be  applied: 

If  the  indicated and  the  Wind then  the  Corrected 
Stability  Category  is Speed  at  10  m  is (itVs) Stability  Category  is 

extremely  vmstable <2.4 
very  stable 2.4  to  2.9 moderately  stable 

2.9  to  3.6 slightly  stable 

^3.6 
neutral 

moderately  imstable <2.4 moderately  stable 
2.4  to  3.0 slightly  stable >3.0 neutral 

slightly  stable <2.4 slightly  stable 

^2.4 

neutral 
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for  the  large  standard  deviations  that  often  occur  at  night  when  the  wind  meanders  (due  to 
large  quasi-two-dimensional  eddies). 

Both  the  azimuth  and  elevation  angle  fluctuations  of  a  bivane  have  also  been 
used  to  set  up  categories  (Cramer  in  Gifford  1976).  Bivane  measurements,  however,  have 
not  been  common  even  during  many  detailed  diffusion  experiments. 

1.3.5.3        Stability  Index  Estimation.  The  relationships  between  the  fluxes  of  heat  and 
momentum  and  the  vertical  profile  of  wind  and  temperature  are  now  fairly  well  known. 
The  relevant  equations  can  be  used  to  compute  values  of  Rf,  Ri  or  L  from  a  few  relatively 
simple  measurements. 

One  practical  scheme  uses  the  wind  speed  at  standard  height  and  the 
temperature  difference  between  this  height  and  some  lower  height  (Hanna  et  al.  1977, 
Wang  et  al.  1978,  Wang  1981,  Wilczak  and  Phillips  1984,  Wratt  1987,  Trombetti  et  al. 
1986,  Irwin  and  Binkowski  1981). 

The  link  to  the  stability  index  is  then  made  via  the  bulk  Richardson  number: 

B^gzAe 

eu^ where  g  is  the  acceleration  due  to  gravity  and  z  is  the  height  of  measurement  of  the  wind  u 
and  the  upper  potential  temperature  0  in  the  potential  temperature  difference  AG.  This  is  a 
more  practical  definition  than  the  one  used  by  Golder  (1972).  Because  the  factor  gz/O  is 

nearly  constant,  sometimes  the  stability  ratio  A9/u*  is  used.  Bulk  Richardson  numbers  for 
the  Edmonton  and  Calgary  tall  towers  are  given  in  Table  1.10.  Calgary  exhibits  a  larger 
range  than  Edmonton. 

Another  alternative  uses  routine  aviation  weather  observations  and  heat  flux 

estimated  from  a  detailed  energy  budget  (van  Ulden  and  Hohslag  1985,  Schayes  1982, 
Holtslag  and  van  Ulden  1983,  Berkowicz  and  Prahm  1982,  OME  1985,  Alp  et  al.  1990, 
Ning  and  Yap  1986).  Using  estimates  of  the  heat  flux  and  roughness  length,  the  profile 
equations  are  solved  iteratively  to  determine  L. 

A  third  alternative  defines  a  new  stability  length,     which  is  closely  related 
to  L,  but  uses  more  easily  measured  variables  such  as  the  net  radiation  and  the  wind  speed 
(Briggs  1982). 
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1.3.5.4       Interrelationships  and  Comparisons.  Because  the  different  typing  schemes  all 
strive  to  represent  the  mix  of  mechanical  and  thermal  turbulence,  many  workers  have 
attempted  to  establish  equivalencies  as  in  Table  1.11  (Gifford  1976,  Pasquill  and  Smith 

1971).  Observations  from  five  sites  (Colder  1972)  showed  that  Turner's  scheme  (STAR) 
differed  from  Pasquill 's  in  that  Turner  classes  spread  over  two  to  four  PasquiU  classes. 
Golder's  nomogram  relating  Pasquill  class  to  Monin-Obukhov  length  and  roughness  can 
be  fitted  numerically  (Liu  and  Durran  1977)  as  in  Table  1.12. 

The  Pasquill  class  P  and  the  Kazanski-Monin  scale  m  (also  called  the 
planetary  Richardson  number)  are  related  by  (Smith  1979): 

3.6 
P  =  

1-0.53  (^l/100)  +  4.9  (n/100)*  -2.0(^/100)' 

at  latitude  51°  N  for  neutral  and  unstable  cases.  This  has  been  extended  to  stable 
conditions  and  a  variety  of  roughness  lengths  (Tagliazucca  and  Nanni  1983)  as  shown  in 
Table  1.13.  This  information  fits  the  relationship  (Sutherland  et  al.  1986) 

P  =  3.6  exp(n/a) 

where  a  =  10  In  (7.5/Zq)  and  Zq  is  the  roughness  length  in  m. 

While  there  may  be  a  correspondence  between  median  values  in  each  class, 
the  frequency  distributions  from  different  schemes  are  often  found  to  differ  markedly 
(Smith  1974,  Skaggs  and  Robinson  1976,  Fulle  1976,  DeMarrais  1978,  Sedefian  and 
Bennett  1980,  Reiquam  1980,  BCretzschmar  and  Mertens  1979,  Atwater  and  Londergan 
1985,  Gildart  and  Chang  1983,  Draxler  1987)  more  often  than  they  are  found  to  be  similar 
(Bowen  et  al.  1983,  Mitchell  1982).  Terrain  factors  are  often  cited  as  the  cause  of  these 
differences  (Rao  and  Roffinan  1977,  Sandusky  1985,  Lalas  et  al.  1979). 

Some  workers  have  tried  to  use  temperature  gradient  alone  as  a  stability 
parameter  (US  NRC  1972,  Carpenter  et  al.  1971,  Portelli  1976).  The  results  are  sensitive 
to  the  height  interval  (Pendergast  and  Crawford  1974,  Courtney  1977,  Reynolds  1978) 
because  the  gradients  tend  to  become  dry  adiabatic  with  increasing  altitude.  Empirically 
there  is  no  relation  between  temperature  gradient  alone  and  turbulence  (Luna  and  Church 
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Table  1.11 Relations  among  turbulence  typing  methods  (Gifford  1976,  PasquUl  and 
Smith  1971). 

Stability 
Description 

Pasquill    Turner  BNL (deg) Ri 
(at  2  m) 

L(m) 
=  1  cm) 

Very  unstable A 1 
25 

-1.0  to -0.7 -2  to  -3 

Moderately  unstable B 2 
20 

-0.5  to  -0.4 -4  to  -5 

Slighdy  unstable C 3 
15 

-0.17  to -0.13 -12  to -15 
Neutral D 4 

10 
0 

Slighdy  stable E 6 5 0.03  to  0.05 35  to  75 
Moderately  stable F 7 D 

2.5 
0.05  to  0.11 8  to  35 

Table  1.12 Relation  between  Pasquill  class,  the  reciprocal  of  the  Monin-Obukhov 
length  (1/L)  and  roughness  length  (Liu  and  Durran  1977). 

Pasquill 
Category. 1/L  =  az„b Zn  (m) 

0.01 0.1 

-0.1135 
-0.0385 
-0.0081 
0 
0.0081 
0.0385 

-0.1025 
-0.1710 
-0.3045 
-0.5030 
-0.3045 
-0.1710 

-0.18 
-0.08 
-0.03 

0 
0.03 0.08 

1/L(m-1) 

-0.14 -0.06 

-0.02 

0 
0.02 0.06 
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Table  1.13       Values  of  Kazanski-Monin  parameter  corresponding  to  Pasquill  classes 
(after  Sutherland  et  al.  1986). 

Kazanski  -  Monin  Parameter 
Pasquill   
Class 

Roughness  Length  (m) 

0.001  0.01  0.10  1.00 

A <  -85.9 < -75.6 <  -60.4 
<-44.0 

B -55.0  to  85.9 -45.3  to  -75.6 -31.6  to  -60.4 -13.7  to  -44.0 
C -31.5  to  -55 -20.6  to  45.3 -12.4  to  -31.6 -5.5  to -13.7 
D -1-15.110-31.6 +8.93  to  -20.6 +4.81  to -12.4 +3.44  to  -5.5 E +33  to +15.1 +22.09  to  +8.93 +13.7  to  4.81 +6.87  to  3.44 
F >33.0 >22.0 >13.7 >6.87 
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1972,  Pendergast  and  Crawford  1974,  Gifford  1976)  except  perh^^s  in  stable  conditions 
(Weber  et  al.  1977).  In  principle,  such  schemes  are  not  expected  to  work  because  the  wind 
shear  component  is  missing. 

In  northeastem  Alberta  MEP  (1976)  found  litde  correlation  between  various 

parameters.  Near  Edson,  Davies  and  Thompson  (1983)  reported  that  on-site  wind 
fluctuations  gave  higher  frequencies  of  neutral  and  unstable  classes  than  did  STAR  data 
for  the  Edson  airport.  Using  a  heat  flux^rofile  method  Alp  et  al.  (1990)  also  found  higher 
frequencies  of  unstable  classes  at  Calgary  compared  to  STAR. 

1.4  WEATHER  SYSTEMS 

The  atmosphere  is  a  continum  in  space  and  time.  Like  any  turbulent  fluid  it 
has  a  wide  variety  of  perturbations  on  different  time  and  space  scales.  Certain  of  these 
perturbations  repeat  themselves  again  and  again  with  sufficient  similarity  to  permit  them 
to  be  regarded  as  members  of  a  discrete  family  with  fairly  well  defrned  characteristics. 
Each  system  lies  within  a  certain  size  range  and  has  its  own  thermal  and  circulation 
patterns.  Such  organized  weather  systems  may  be  classified  by  their  extent  in  time  and 
space  as  in  Figure  1.32  (Orlanski  1975). 

The  three-cell  system  model  of  the  general  circulation  is  well  known.  Alberta 
lies  in  the  zone  of  the  mid-latitude  westerlies.  Strong  rotational  effects,  large  temperature 
contrasts  and  the  preponderance  of  land  masses  with  irregular  relief  (in  the  northem 

hemisphere)  lead  to  the  formation  of  mobile  pressure  systems  near  the  earth's  surface. 
These  cyclones  and  anticyclones  disrupt  tiiie  westeriy  flow  and  as  a  result  wind  roses  at 
weather  stations  often  do  not  show  a  prevailing  westeriy.  At  higher  altitudes,  however, 
strong  westerly  components  are  present  and  accoimt  for  the  more  or  less  west  to  east 
movement  of  the  migratory  pressure  systems. 

1.4.1  Airmass  Systems 

An  airmass  is  formed  when  a  large  portion  of  the  atmosphere  remains  over  an 
extensive  area  of  uniform  surface  features  long  enough  for  the  air  to  take  on  certain 
characteristic  values  of  temperature,  moisture  and  stability.  In  Canada  it  has  become 
conventional  to  identify  four  major  airmasses  (Anderson  et  al.  1955,  Penner  1955): 
maritime  tropical,  maritime  polar,  maritime  Arctic,  continental  Arctic.  The  characteristics 
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Figure  1.32    Scale  definitions  and  different  processes  with  characteristic  time  and  horizontal 
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Table  1.14      Airmasses  and  fronts  in  the  conventional  Canadian  classification. 

Property Airmass 

Continental 
Arctic 

Maritime 
Arctic 

Maritime 
Polar 

Maritime 
Tropical 

Source  Arctic  ice  cap 
Region  frozen  ocean 

snow  covered 
land 

Arctic  Ocean  Mid-latitude 
oceans 

Subtropical oceans 

Typical Winter 
Temperature (°C) 

-25 
15 

Typical Summer 
Temperatxire 

N/A 
14 

18 

Front 
Separating 
from  Warmer 
Airmass 

Arctic Maritime Polar 
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of  these  airmasses  are  summarized  in  Table  1.14.  As  airmasses  move  in  response  to 
changes  in  the  large-scale  circulation  they  pass  over  different  types  of  surfaces  with 
subsequent  modifications  of  the  airmass  properties  until  ultimately  the  airmass  loses  its 

identity.  Thus  some  meteorologists  may  identify  an  airmass  as  "modified,"  "warm"  or 
"cold."  The  four-airmass  convention  is  not  used  universally.  In  the  U.S.  and  elsewhere 
other  naming  conventions  are  adopted. 

The  mean  sea  level  pressure  patterns  for  the  northern  hemisphere  reveal  the 
combined  effects  of  large-scale  circulation  and  airmass  type.  In  the  cold  months  of  the 
year,  Alberta  weather  may  be  affected  by  either  of  two  semipermanent  pressure  systems. 
The  Aleutian  low  dominates  the  Pacific  Ocean  off  the  coast  of  British  Columbia  and 

periodically  "sheds"  cyclones  that  bring  storms  to  Alberta.  The  polar  continental  high 
dominates  the  Arctic  region.  It  is  a  shallow  formation  and  its  appearance  is  to  be 
interpreted  as  a  statistical  average  rather  than  as  an  omipresence  (Petterssen  1956).  Its 
relatively  deep,  intense  surface-based  inversions  and  light  surface  winds  create  a  high 
pollution  potential  in  the  Arctic,  at  least  with  respect  to  low-level  sources.  In  the  warm 
months,  the  North  Pacific  high  dominates  the  whole  area  off  the  coast  of  British 
Columbia.  The  subsidence  inversions  associated  with  this  large,  deep  subtropical 

anticyclone  are  infamous  in  connection  with  California's  air  pollution  problems.  The 
polar  continental  high  disappears  in  the  warmer  months,  but  there  is  a  shallow  anticyclone 
over  the  Arctic  ice  fields  (Petterssen  1956). 

The  variability  of  the  weather  at  Alberta's  latitude  is  due  to  the  boundaries 
between  airmasses,  known  as  fronts,  the  cyclones  that  form  along  these  fronts,  and  the 
migratory  anticyclones  that  are  interspersed  in  the  various  sequences  of  events.  In  Canada 
it  is  conventional  to  identify  three  fronts  separating  the  four  airmasses:  The  polar  front 
separating  the  maritime  tropical  from  maritime  polar  air,  the  maritime  (Arctic)  front 
separating  maritime  polar  air  from  maritime  Arctic  air,  and  the  Arctic  front  separating 
maritime  Arctic  from  continental  Arctic  air.  The  polar  front  in  winter  has  an  average 

position  at  about  25**N  on  the  surface  and  seldom  penetrates  much  beyond  45''N.  The 
maritime  front  has  an  average  surface  position  at  about  40°N  over  the  oceans  and  south  of 
the  snow  line  over  the  continent  (Anderson  et  al.  1955). 

In  the  winter  the  Arctic  front  lies  across  Alberta  for  much  of  the  time  while  in 

spring  and  autumn  it  retreats  to  the  northem  border  of  the  province.  In  summer  it 



Figur*  1.33      Quartiles  (boundaries  of  hatched  area)  and    deciles  (dashed  lines) 
of    the   85-kPa    Arctic    front    location    for    period  1961-1965 
(Barry  1967). 
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generally  lies  along  the  Arctic  coastline  (Barry  1967).  QuartUe  and  decile  positions  for 
winter  and  summer  are  given  in  Figure  1.33.  Streamlines  of  the  surface  resultant  wind  can 
also  be  used  to  define  the  mean  positions  of  airmasses  and  fronts  (Bryson  1966).  Since 
mean  streamlines  are  also  mean  trajectories,  the  area  occupied  by  a  given  airmass  is  also 
an  area  of  streamlines  leading  back  to  the  source  region.  Zones  of  streamline  convergence 
or  confluence  then  represent  fronts  (Figure  1.34).  Airmass  frequencies  in  July  obtained  by 
following  airmasses  back  to  their  entry  points  and  classifying  them  as  Arctic,  Pacific, 
United  States  and  Atiantic  (Bryson  1966)  are  shown  in  Figure  1.35.  Alberta  is  dominated 
by  Pacific  air  about  80%  of  the  time,  with  about  a  10%  occurrence  of  Arctic  air  and  about 
a  5%  occiurence  of  United  States  air.  Most  of  this  United  States  air  is  ultimately  of 
Pacific  origin.  The  region  of  equal  frequency  between  the  Arctic  and  Pacific  air  can  be 
regarded  as  the  modal  position  of  the  front  separating  them. 

When  a  front  is  stationary  the  winds  blow  parallel  to  the  boundary  and  there 
will  be  higher  pressures  both  in  the  cold  air  and  the  warm  air.  The  frontal  inversion 
associated  with  this  situation  may  result  in  a  lengthy  period  of  plume  tn^ping  (see  section 
2.7). 

For  reasons  not  fully  understood  a  front  may  develop  a  "kink"  which  is 
associated  with  the  formation  of  a  cyclone.  The  westernmost  section  of  the  boundary  is 

designated  "cold  front"  because  cold  air  is  advancing  and  undercutting  warm  air.  The 
eastern  section  of  the  boundary  is  designated  "warm  front"  because  the  warm  air  is 
advancing  and  overruiuung  the  cold  air.  The  cold  front  has  a  steep  slope,  generally 
between  1/150  to  1/50,  which  causes  vigorous  uplifting  and,  like  the  cyclonic  centre  itself, 
is  often  associated  with  extensive  cloud  and  precipitation.  The  winds  behind  a  cold  front 
are  generally  brisk  and  the  front  itself  moves  fairly  rapidly.  The  warm  front,  on  the  other 
hand,  has  a  shallow  slope  of  1/100  to  1/300.  The  air  behind  the  warm  front  becomes 
stabilized  through  contact  with  the  relatively  cool  ground  over  which  it  moves.  Winds  in 
the  warm  sector  are  light  and  the  warm  front  moves  rather  slowly.  As  a  result  the 
presence  of  a  warm  front  can  present  a  serious  pollution  potential,  at  least  for  short  time 
periods.  In  hilly  country  where  pockets  of  cold  air  may  remain  in  valleys  after  the  warm 
front  has  passed,  the  frontal  inversion  will  inhibit  vertical  dispersion.  The  surface  winds 
associated  with  a  warm  front  tend  to  be  from  the  southeast  quadrant,  while  those 
associated  with  a  cold  front  tend  to  be  from  the  northwest  quadrant.  Mathews  et  al.  (1984) 
documented  some  of  the  characteristics  of  Arctic  frontal  passages  near  Calgary. 



Figure    1.34      Streamlines  of  the  surface  resuitant   wind   and  zones  of  confluence 
(  Bryson  1966). 



United   State*  air 

Figure    t.35       leopleths   of    the  percentage   frequency  of   occurrence    of  different 
airmasses  defined  by  their  direction  of  entry  (Bryton  1966). 
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The  number  of  days  with  low  pressure  centres  in  a  40-year  period  using  cells 
5°  latitude  in  length  and  5°  longitude  in  width  (Klein  1957)  is  given  in  Figiire  1.36. 
Isopleths  of  the  number  of  different  low  pressure  centres  in  a  20-year  period  are  shown  in 
Figure  1.37.  Alberta  lies  near  a  local  maximiun  in  every  season.  The  main  motions  of 
low  pressure  systems  in  the  northern  hemisphere  are  indicated  in  Figure  1.38. 

Most  migratory  anticyclones  are  offshoots  of  the  semipermanent  centres. 

"Warm"  anticyclones  are  spawned  by  the  Pacific  high  and  tend  to  move  very  slowly 
eastward.  These  systems  are  characterized  by  light  winds  through  a  deep  layer  and 
widespread  poor  dilution  (Holzworth  1969).  They  are  accompanied  by  a  ridge  of  high 
pressure  aloft  and  sustained  subsidence  (Niemeyer  1960).  In  the  United  States  most 
episodes  of  undesirable  air  quality  (and  some  of  the  historical  air  pollution  disasters)  have 
been  found  to  occur  with  these  stagnating  anticyclones  (Miller  and  Niemeyer  1963, 
Holzworth  1962).  However,  as  the  principal  anticyclone  tracks  show  (Figure  1.39),  these 
warm  highs  rarely  affect  Alberta,  except  perhjq)s  in  the  summer. 

"Cold"  anticyclones  have  their  origins  in  the  polar  continental  high  of  the 
northwestern  Arctic.  They  tend  to  move  southeastward  across  the  Canadian  prairies  into 
the  United  States  (Figure  1.39).  They  are  generally  located  between  migrating  cyclones 
and  are  rarely  stationary  long  enough  to  cause  much  of  a  pollution  potential  (Shaw  and 
Mimn  1971).  In  addition,  they  undergo  heating  from  the  relatively  warm  surfaces  over 
which  they  move  and  are  often  (conditionally)  unstable  in  their  lowest  layers.  The 
atmosphere  is  relatively  cold  through  a  deep  layer  and  the  r£^id  transport  of  cold  air  aloft 
into  the  high  tends  to  maintain  a  comparatively  strong  lapse  rate  and  enhance  vertical 
mixing  (Holzworth  1969).  Since  winds  normally  increase  with  height  over  cold 
anticyclones,  vertical  mixing  also  enhances  horizontal  mixing  by  the  downward  transport 
of  momentum  (Holzworth  1969).  As  the  cold  anticyclone  moves  southward  it  becomes 
transformed  and  ultimately  merges  with  the  subtropical  Atlantic  high,  sometimes  creating 
a  pollution  potential  in  the  eastern  United  States.  The  number  of  days  with  highs  in  a 

40-year  period  (Klein  1957)  is  given  in  Figure  1.40.  Isopleths  of  the  number  of  different 
highs  in  a  20-year  period  are  shown  in  Figure  1.41. 



Figure   1.36      Number  of    days   with  lows 
in 

period   1699  -1938  (Klein    1957  ). 



Figure  1.37      Isopleths   of   the  number  of  different    lows    in   period    1909-  1914 
ond  1924  -1937    (Klein  1957). 



Figure  1.38      Principol    tracks   of   lows  In  and  around   Alberta   (oftar   Klein  1957). 



Figure  1.39      Principal    tracks   of   highs  in  and  around  Alberta   (after  Klein  1957), 



Figurt  1.40      Number  of   days  with   highs  in  period    1899-1938  (  KIsin    1957  ). 



Figure   1.41       Isoplefhs   of   the  number  of  different  highs     in   period    1909-  1914 
and  1924  -1937    (Klein  1957). 
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The  pressure  jpattems  on  surface  weather  maps  can  be  abstracted  into  a 
number  of  prototypes  that  describe  or  represent  situations  that  occur  frequently  or  which 
have  important  influences  on  some  specific  element  or  application.  This  process  of 
pattern  recognition  or  weather  map  typing  has,  until  recently,  been  subjective  and  as  often 
as  not,  purely  subconscious  in  the  mind  of  the  weather  forecaster.  The  advent  of 
computers  made  possible  a  number  of  completely  objective  synoptic  typing  systems.  One 
such  scheme  uses  linear  correlation  between  each  map  and  all  others  in  the  data  set.  A 
correlation  coefficient  threshold  value  is  chosen  and  a  seairch  is  made  through  the 
correlation  matrix  for  the  map  with  the  most  correlations  larger  than  the  threshold.  This 

map,  and  all  others  correlated  with  it  at  or  above  the  threshold,  are  designated  as  "Type 
1".  These  maps  are  then  removed  and  the  procedure  is  repeated  to  obtain  "Type  2"  etc. 
until  no  more  maps  can  be  assigned  to  a  type.  The  remaining  maps  are  designated  as 
"uncorrelated." 

Kociuba  (1974)  developed  33  surface  map  types  (plus  1  uncorrelated)  for  a 
region  centred  on  Alberta  using  00:00  GMT  and  12:00  GMT  synoptic  maps  in  the  period 
1946  -  1971.  The  four  most  frequent  types  are  shown  in  Figure  1.42  along  with  their 
annual  occurrence  frequencies.  Although  Kociuba  used  these  types  in  a  precipitation 
forecasting  scheme,  they  can  also  be  used  to  explain  regional  air  pollution  levels 
(Robinson  and  Boyle  1979).  Angle  and  Gourlay  (1983)  applied  these  same  types  to  test 
for  the  representativeness  of  weather  during  a  field  test. 

1.4.2         Mountain  Systems 

Evidence  of  mountain  winds  in  Alberta  was  reported  by  Longley  (1968)  who 
noted  that  the  winds  at  Calgary  showed  a  mariced  diurnal  variation,  being  northwest  at 
night  and  southeast  in  the  afternoon.  The  same  variation  extended  to  altitudes  of  at  least 
1000  m,  but  was  absent  from  surface  winds  at  Coronation,  well  removed  from  the 
mountains.  The  occurrence  of  the  nocturnal  northwesterlies  was  attributed  to  an  observed 

diumal  variation  in  pressure  gradient  between  Banff  and  Calgary.  Munn  (1968)  explained 
it  as  a  drainage  wind  having  a  trajectory  long  enough  to  be  affected  by  the  Coriolis  force. 
The  resultant  flow  is  then  parallel  to  the  Rockies.  Longley  (1969b)  questioned  this 
explanation,  noting  that  sea  breezes  are  affected  by  the  Coriolis  force  only  after  120  miles 
and  that  even  then  the  wind  does  not  parallel  the  coasdine.  No  explanation  has  been  put 
forward  for  the  afternoon  southeasterly  wind. 
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Benjamin  (1975)  found  that  the  winds  at  Rocky  Mountain  House  and  Red 
Deer  showed  broadly  the  same  diurnal  variation.  Pilot  balloon  ascents  from  Calgary 
revealed  that  the  pattern  extends  to  heights  of  over  1000  m.  Throughout  the  period  of 
study  the  large-scale  flow  was  northwesterly  as  determined  by  the  Stony  Plain  radiosonde 
and  the  upper  portions  of  the  pibal  ascents.  Benjamin  speculated  that  there  is  a  corridor  to 
the  east  of  the  Rockies  where  an  organized  cellular  circulation  exists  (Figure  1.43).  The 
implication  is  that  plumes  would  become  trapped  in  a  quasi-closed  loop  and  the  residence 
time  of  pollutants  would  be  greatly  increased.  Klemm  (1977)  reported  that  a  weak 
northwest-southeast  pattern  is  discernible  as  far  east  as  Wimbome  and  Nevis.  Further 
evidence  of  a  mountain  plain  circulation  was  reported  by  Thyer  (1981)  for  upper  winds 
and  Leahey  and  Davies  (1977)  and  Western  Research  (1977)  for  surface  winds. 

The  most  spectacular-mountain  related  system  is  the  chinook  wind.  The 
Chinook  is  commonly  defined  as  a  warm,  dry,  gusty  wind  from  the  mountains 
accompanied  by  rapid  temperature  changes.  Chinooks  occur  in  a  band  100-200  km  wide 
along  the  eastern  slopes  of  the  Rockies  from  the  Yukon  to  Colorado,  but  appear  to  be  most 
intense,  frequent  and  widespread  in  southern  Alberta  and  northern  Montana.  Grace  (1987) 
gave  an  overview  of  this  phenomenon  and  provided  a  list  of  references. 

The  origin  of  the  warmth  of  the  flow  is  often  explained  in  geography  books  as 
the  result  of  mpist  adiabatic  cooling  as  the  Pacific  air  rises  over  the  mountains  and  dry 
adiabatic  warming  as  the  air  descends  onto  the  plain.  In  this  classical  picture,  there  must 
always  be  precipitation  on  the  windward  side  of  the  mountain,  a  situation  not  borne  out  by 
observations.  Since  the  difference  between  moist  adiabatic  and  dry  adiabatic  lapse  rates  is 

about  0.004''C/m  air  rising  3000  m  to  clear  the  Rockies  and  descending  to  the  foothills 
would  experience  a  warming  of  about  12°C.  This  will  account  for  some  chinook  events, 
but  not  those  extreme  events  where  temperature  increases  of  up  to  25'*C  in  one  hour  have 
been  observed.  An  alternative  explanation  would  lie  in  the  dry  adiabatic  descent  only  of 
air  from  higher  altitudes,  although  some  cause  for  the  descent  must  then  be  found. 
Brinkmann  (1971)  repeated  on  eaiiier  suggestion  that  supercritical  flow,  more  commonly 

called  the  "hydraulic  jump,"  is  one  possible  mechanism.  Cold  frontal  blocking  is  another 
(e.g.,  Scorer  1974).  The  presence  of  a  shallow  layer  of  cold  Arctic  air  banked  against  the 
mountains  is  instrumental  in  accounting  for  large  temperature  increases  (Glenn  1961). 



Chinook 
arch  cloud 

(a)  Chinook  with  trapped  cold  pool,  long  lee  wave  and  shorter  wave  with  rotor. 

(b)    Mountain  — plain  circulation 

Figure    1.43      Schematic  of  mountain  wind  systems. 
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The  effect  of  a  sudden  airmass  change  would  then  be  added  to  the  adiabatic  warming 
effect.  A  night,  shear-generated  turbulence  prevents  strong  inversion  formation  and  keeps 
minimum  temperatures  relatively  high. 

Lester  (1976a)  applied  an  earlier  theory  that  a  chinook  is  composed  to  two 
parts:  (1)  a  macroscale  advective  component  which  involves  the  exchange  of  airmasses 
and  large-scale  subsidence  in  the  lee  of  the  mountains;  and  (2)  a  mesoscale  wave 
component  which  involves  gravity  waves  excited  by  the  mountains  and  subsequent 

momentum  transfers.  The  well-known  "chinook  arch"  cloud  appears  to  be  a  manifestation 
of  long  lee  waves  of  wavelength  50  to  100  km.  (Typical  lee  waves  have  wavelengths  of 
about  10  km).  Such  wave  clouds  occur  141  days  per  year  at  Pincher  Creek,  but  not  all  are 
associated  with  surface  chinooks  (Lester  1976d). 

Favorable  conditions  for  chinooks  are  statically  stable,  southwesterly  synoptic 
flow  with  a  ridge  of  high  pressure  on  the  upwind  side  of  the  mountain  and  a  trough  of  low 

pressvu-e  on  the  downwind  side  (the  chinook  "nose")  (Lester  1975;  McCabe  1962;  Drews 
1982;  Lester  1976b,  c).  The  onset  of  the  chinook  is  often  marked  by  low-level  speed 
maxima  in  wind  profiles  to  the  lee  of  the  mountains,  reflecting  the  mesoscale  wave 

component.  The  transition  zone  between  the  warm  and  cold  air  weakens  as  the  "chinook 
front"  moves  eastward.  Chinooks  do  occur  in  summer  but  the  temperature  contrasts  are 
not  as  dramatic  as  in  winter  (Lester  1976c). 

One  of  the  outstanding  problems  in  imderstanding  chinooks  lies  in  finding  a 
satisfactory  definition  so  that  results  of  different  workers  can  be  compared  and  so  that  the 
effects  can  be  separated  from  those  of  other  phenomena  (Brinkmann  1971).  Ideally  the 
definition  would  reflect  an  understanding  of  the  causal  mechanisms,  but  at  the  present 
most  working  definitions  are  in  terms  of  observed  effects.  Lester  (1976c)  defined  a 
chinook  event  as  a  period  when  (1)  the  daily  maximum  temperature  is  above  the  mean 
maximum  for  the  month  (2)  the  wind  direction  is  SSW  to  WNW  (3)  the  wind  speed  is  4.5 
m/s  or  greater.  Five  years  of  Calgary  data  gave  an  average  frequency  of  17.8  (range  2  to 
29)  chinook  events  per  month  for  the  period  October  to  March  and  an  average  of  13.5  days 
per  month  (range  2  to  20)  with  chinook  events.  Longley  (1967)  used  a  winter  day  with  a 

maximum  temperature  above  40°F  as  an  indicator  of  a  chinook.  The  maximum  frequency 
of  occurrence  was  found  near  Lethbridge,  at  about  40%.  Other  preferred  areas  were  in  the 

Calgaiy-Red  Deer  corrider  and  near  Entrance.  These  three  "centres  of  action"  lie  to  the 
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east  of  the  main  gaps  in  the  Rocky  Mountains.  At  the  Alberta-Saskatchewan  border  the 
frequency  of  occurrence  is  less  than  one-half  that  in  the  foothills.  Wilson  (1973)  noted 
that  there  is  usually  a  weak  trough  at  the  eastern  limit  of  the  chinook  and  that  is  normally 
located  a  little  east  of  Lethbridge,  Calgary  and  Edson. 

Hicks  and  Mathews  (1979,  1978)  observed  that  a  chinook  event  produce  a 
recognizable  pattem  in  SODAR  records.  The  unique  signature  is  characterized  by  (1)  a 
descending  multilayered  return,  accompanied  in  some  cases  by  wave  motion  and  (2)  the 
formation  of  a  thick  (200-500  m)  ground-based  layer  of  turbulence  having  a  diffuse  and 
variable  upper  boundary.  The  descending  structure  is  the  interface  between  the  cold  air 
near  the  ground  and  the  warm  air  aloft.  The  approach  of  the  echo  to  ground  level  is  well 
correlated  with  the  onset  of  westerly  winds  and  surface  warming.  The  turbulent  chinook 
layer  can  persist  for  several  hours  or  for  several  days,  long  after  the  strong  westerlies  have 
ceased.  In  the  winter  of  1976-77  chinook  layers  were  observed  2.7%  of  the  time  in 
November,  17.1%  of  the  time  in  December  and  3.3%  of  the  time  in  February.  Further 
observations  are  reported  by  Mathews  et  al.  (1984)  and  Leelanda  et  al.  (1981). 

The  high  level  of  turbulence  (Lester  and  MacPherson  1977)  is  one  of  the 
significant  features  of  chinooks  with  respect  to  plume  diffusion.  Such  inordinate  rates  of 
vertical  spread  could  lead  to  a  type  of  fumigation  that  would  produce  large  concentrations 
quite  close  to  the  stack.  The  rotor  that  may  develop  below  the  crest  of  a  lee  wave  (Figure 
1.43)  is  a  similar  region  of  high  turbulence  and,  in  addition,  of  reverse  flow.  The  fact  that 

the  chinook  may  not  "surface"  and  that  warm  air  then  overrides  cold  air  leads  to  the 
formation  of  an  intense  chinook  inversion  (Holmes  and  Hage  1971).  Walker,  et  al.  (1967) 
observed  relatively  low  values  of  turbulence  intensity  under  such  conditions  at  Suffield, 
Alberta.  The  intensity  of  vertical  turbulence  was  generally  less  than  that  of  cross-wind 
turbulence,  and  both  decreased  with  height  in  the  lowest  50  to  100  m. 

The  airflow  through  a  crest  towards  a  trough  of  a  wave  has  a  substantial 
downward  component  that  could  carry  a  plume  to  the  ground  in  a  large-scale  topographic 

downwash.  In  the  trough  itself  wind  speeds  can  be  very  large.  Forest  "blowdowns"  mark 
regions  of  preferred  positions  for  wave  troughs  and  evidence  their  magnitude.  Such  high 
winds  would  tear  a  plume  from  a  stack  and  cause  impingement  quite  close  to  the  stack 
(not  to  mention  the  structural  stresses  on  the  stack  itself).  A  severe  chinook  windstorm 
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that  struck  southwestern  Alberta  in  October/November  1975  contained  hurricane-strength 
winds  over  large  areas  (gusts  exceeded  65  m/s)  causing  extensive  timber  loss  and  property 
damage.  Although  the  wind  weakened  with  distance,  gusts  exceeded  27  m/s  east  of 
Calgary  (Lester  1978).  Typical  chinooks  have  8-m/s  winds  with  daily  gusts  of  17.5  m/s, 
but  about  10%  of  chinook  hours  will  have  winds  in  excess  of  12  m/s  and  gusts  exceeding 
23  m/s  (Lester  1976c). 

1.5  SUMMARY 

Wind  is  the  velocity  of  moving  air  whose  strength  and  direction  are 
determined  by  the  balance  among  several  forces;  pressure  gradient,  Coriolis,  centripetal 
and  friction.  Wind  can  be  characterized  by  concepts  such  as  prevailing  direction, 
persistence,  consistency,  steadiness  or  constancy.  Wind  can  be  described  by  statistical 
distributions  such  as  Weibull  or  log -normal  and  can  be  graphically  portrayed  in  a  variety 
of  ways.  Persistent  light  winds  are  most  likely  to  occur  in  west-central  and  northeastern 
Alberta.  Upper  level  winds  tend  to  be  west  northwest.  Surface  winds  are  dependent  upon 
local  terrain  and  may  exhibit  a  distribution  ranging  from  uniform  to  a  predominant 
southwesterly  flow. 

Temperature  stratification  defines  the  stability  of  the  atmosphere  with  respect 
to  displacements  of  air  parcels.  Elevated  inversions  may  be  caused  by  fronts,  by 
subsidence,  or  by  differential  radiation,  mixing,  evaporation  and  condensation  in  different 
layers  of  the  atmosphere.  Ground-based  inversions  are  the  result  of  radiation  cooling  or 
movement  over  cool  surfaces.  Inversion  strengths,  fi^equencies  and  depths  have  been 
measured  near  Calgary,  Edmonton  and  Fort  McMurray.  Ground-based  inversions  are 
generally  present  firom  simset  to  a  few  hours  after  sunrise.  Gradients  vary  with  the 

measurement  interval,  the  value  0.08°C/m  occurring  as  a  mean  in  the  lowest  20  m  and  as  a 
95th  percentile  in  a  100-m  layer.  Typical  inversion  depths  can  vary  fi-om  a  few  hundred 
metres  to  more  than  a  kilometre.  Inversions  persist  throughout  the  day  peiiij^s  as  much  as 
20%  of  the  time  in  winter  and  5%  in  other  seasons. 

The  chaotic  motions  comprising  turbulence  obtain  their  energy  from  either  the 
shear  of  the  mean  wind  or  from  solar  heating.  The  nature  of  turbulence  is  described  by  the 
relative  contributions  of  mechanical  and  thermal  energy.  Stability,  in  this  context,  refers 
to  the  augmentation  or  suppression  of  shear-generated  turbulence  by  buoyancy  forces. 
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Turbulence  typing  schemes  try  to  characterize  the  thermal  component  in  the  absence  of 
heat  flux  measurements.  A  variety  of  such  schemes  have  been  applied  in  Alberta,  but  it  is 

not  clear  which  one  provides  the  best  representation  for  Alberta's  climate  and  top>ography. 

Synoptic  weather  patterns  influence  wind,  temperature  stratification,  and 
turbulence.  The  Arctic  airmass  is  associated  with  a  radiation  inversion  about  1  km  deep. 
The  Arctic  front  is  usually  present  somewhere  in  Alberta  during  the  winter. 
Quasistationary  fronts  create  a  potential  for  high  ground-level  concentrations  because  light 
winds  occur  with  a  sharp  inversion.  Mountain  wind  systems  lead  to  a  recirculation  zone 
extending  east  of  the  Rockies  150  km  and  up  to  1  km  above  the  ground.  Chinooks  are 
associated  with  elevated  inversions  and  strong  winds  and  turbulence. 
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2.0  THE  ATMOSPHERIC  BOUNDARY  LAYER 

The  atmospheric  boundary  layer  (ABL)  or  planetary  boundary  layer  (PEL)  is 

defined  as  that  portion  of  the  atmosphere  which  is  directly  influenced  by  the  earth's 
surface  through  the  vertical  exchange  of  momentum,  heat  and  moisture.  With  a  strong 
wind,  the  thickness  of  the  PEL  is  the  height  at  which  the  Ekman  spiral  gives  way  to  the 
geostrophic  wind.  When  there  is  an  upward  heat  flux  from  the  surface,  the  boundary  layer 
thickness  is  the  height  at  which  the  potential  temperature  gradient  returns  to  the  stable 
stratification  of  the  free  atmosphere;  in  other  words  the  thickness  is  determined  by  the 
height  of  an  elevated  capping  inversion.  If  the  atmosphere  is  unstable  over  a  deep  layer  so 
that  convective  clouds  and  rain  showers  develop,  the  thickness  of  the  PEL  is  pooriy 
defined  and  seems  to  include  the  entire  troposphere.  If  cloud  development  is  limited  and 
no  precipitation  occurs,  cloud  base  may  be  taken  as  the  PEL  thickness.  When  the  heat 
flux  is  downward,  turbulence  is  suppressed,  the  coupling  between  layers  is  weakened,  and 
it  becomes  difficult  to  define  the  PEL.  The  situation  is  often  complicated  by  the  presence 

of  gravity  waves,  intermittent  "bursts"  of  turbulence  and  changes  in  wind  shear.  In  Arctic 
winters,  situations  arise  where  the  winds  are  light  and  the  temperature  does  not  vary 
appreciably  from  the  surface  to  10  km. 

The  PEL  actually  consists  of  two  layers,  each  governed  by  a  different  set  of 
flow  parameters.  The  surface  layer,  which  is  typically  20  to  200  m  thick,  has  its  structure 
determined  by  the  constant  fluxes  of  heat  and  momentiun  which  in  turn  depend  on  the 
nature  of  the  ground.  The  outer  layer  is  a  transition  to  the  fiiee  atmosphere. 

2.1  THE  NBUTRAL  EOUNPAR.Y  LAYER 

The  structure  of  the  neutral  boundary  layer  is  depicted  schematically  in 

Figm-e  2.1.  Near-neutral  boundary  layers  ocoir  with  strong  winds  and  cloudy  skies.  In 
neutral  conditions  all  turbulence  is  generated  by  wind  shear.  In  the  surface  boundary  layer: 

du  U>K 

dz  kz 

where  u*  is  the  friction  velocity,  z  is  height  above  groxmd  and  k  is  von  Karman's 
constant.  The  wind  profile  is  obtained  by  integration  which  yields, 

u*  z 
u  =  —  In  — 
k  -o 
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where  zo  enters  as  the  constant  of  integration  (the  value  of  z  where  u  =  0)  but  can  be 
identified  as  the  roughness  length  characterizing  underlying  terrain.  TTiis  is  often  called 
the  law  of  the  wall  by  analogy  with  wind  tunnel  flows  over  flat  plates.  This  logarithmic 
wind  profile  ̂ lies  only  down  to  a  height  of  some  multiple  of  the  roughness  length  below 
which  the  air  is  directly  influenced  by  local  pressure  forces  set  up  by  the  individual 
roughness  elements.  It  has  been  verified  experimentally  at  numerous  instrumented  towers 
around  the  world  and  has  been  found  to  hold  up  to  150  m  even  in  situations  where  the 
shear  stress  decreases  significandy  (Panofsky  1974). 

The  roughness  length  and  the  friction  velocity  are  thus  the  two  parameters 
governing  the  wind  profile.  Measurements  of  the  wind  speed  at  two  heights  in  neutral 
conditions  allow  the  determination  of  both.  The  wind  speed  required  is  actually  the 
longitudinal  component  u,  not  the  horizontal  speed  uh  measured  by  a  cup  anemometer.  In 
practice  the  two  are  often  used  interchangeably  although  considerable  error  can  result 
(Bemstein  1967).  The  error  can  be  corrected  using  the  standard  deviation  of  wind 
direction  fluctuations. 

A  less  accurate  alternative  relies  on  the  wind  speed  at  one  hei^t  and  an 
estimate  of  the  roughness  length  based  on  the  nature  of  the  underlying  terrain.  A  summary 
of  experimentally  determined  values  from  around  the  world  is  given  in  Table  2.1.  Using 
pilot  balloon  measurements  of  wind  up  to  150  m  Rudolph  and  Davison  (1985)  found  a 
roughness  of  1  m  in  the  Athabasca  River  valley  north  of  Fort  McMurray  and  a  roughness 
of  10  m  on  the  neighboring  plain.  Sakiyama  and  Wong  (1987)  observed  a  roughness  of 
0.04  m  and  an  average  u*  of  0.35  m/s  southwest  of  Edmonton.  Many  woricers  have  found 
that  the  roughness  length  is  about  one-fifth  the  height  of  the  roughness  elements. 
Consideration  of  the  spacing  and  shape  of  the  roughness  elements  leads  to  (Lettau  1969) 

Zo  =  OJhe(As/Ae) 

where  \  is  the  height  of  the  roughness  element,  A^  is  the  silhouette  area  of  the  average 

element  (cross-sectional  area  "seen"  by  the  wind  in  an  approach  to  the  obstacle),  and  A^  is 
the  specific  area  of  the  element  (average  area  occupied  by  a  single  roughness  element). 
Verified  by  bushel  basket  experiments  its  accuracy  was  considered  to  be  ±25%  and  its 
validity  restricted  to  situations  where  Ag  <  Ag.  Angle  (1975)  reported  good  agreement 

between  this  "roughness-element  description"  formula  and  the  observed  roughness  of  a 
mustard  field  in  southern  Alberta. 
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Table  2. 1    Summary  of  experimentally  determined  roughness  lengths. 

Type  of  Surface  Zq  (m) 

Forests 1.0  - 10.0 

Orchards 0.5  -  2.0 
Cities 1.0-2.0 

Com 0.7  - 1.3 

Wheat 0.03  -  0.23 
Alfalfa 0.025  -  0.027 

Tall  grass 0.039-0.15 

Short  grass 0.014  -  0.032 

Lawn 0.001  -  0.005 

Root  cropsO 0.10-0.14 

Beets 0.064 

Mustard 0.10-0.14 

Fallow 0.01  -  0.02 

Snow 0.001  -  0.005 

Mountains 3.0  -  3.5 
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The  scatter  of  values  may,  in  part,  be  due  to  the  dependence  of  ground  texture 
upon  wind  speed  in  the  case  of  rather  pliant  crops,  since  the  roughness  depends  on  fairly 
fine  details  of  surface  structure  (Monin  and  Yaglom  1971).  Natural  vegetation,  even  of 
one  type,  is  unlikely  to  have  identical  structure  in  different  parts  of  the  world. 

When  the  roughness  elements  are  large  an  additional  parameter  is  often 
introduced  so  that  the  equation  becomes 

u*  z-d 
u  =       In         forz>d  +  ZQ k  Zq 

where  d  is  the  zero-plane  displacement.  There  has  been  considerable  controversy  over  the 
exact  role  of  this  parameter.  Angle  (1975)  summarized  various  interpretations  of  it  as:  (1) 
an  allowance  for  the  virtually  stationary  layer  of  air  trapped  within  the  roughness 
elements,  (2)  a  datum  level  above  which  normal  tiirbulent  exchange  takes  place,  (3)  a  shift 
in  the  origin  of  the  z-axis  because  a  vegetation  cover  produces  an  effective  surface  above 
the  solid  ground,  (4)  a  corrective  height  increment  from  which  an  observer  has  measvu-ed 
anemometer  heights,  (5)  a  translation  of  the  zero-level  for  the  vertical  axis  analogous  to 
the  displacement  thickness  in  fluid  mechanical  boundary  layer  theory.  The  zero-plane 
displacement  is  often  taken  as  equal  to  the  height  of  the  roughness  elements,  but 
roughness  element  spacing  is  obviously  important  and  values  as  small  as  one-fifth  the 
height  have  been  reported.  Roughness-length  and  zero-plane  displacement  are  closely 
related  and  subject  to  similar  variabilities  from  similar  sources. 

For  the  temperature 

de  T* 

dz  kz 

where  8  is  the  potential  temperature,  and  T*  is  a  scaling  temperature  given  by 
-<''1">avg 

pCpU*  u* 
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In  the  outer  layer,  the  turning  of  the  wind  with  height  due  to  the  Coriolis  force 
and  the  pressure  gradient  as  represented  by  the  geostrophic  wind  must  both  be 
incorporated.  It  turns  out  that  the  appropriate  velocity  scale  is  still  u*  but  the  appropriate 
length  scale  is  u*/f  which  is  proportional  to  the  height  of  the  boundary  layer.  At  the  top  of 

the  boundary  layer,  the  geostrophic  wind  G  (with  components  Ug  and  Vg)  will  make  an 
angle  a  with  the  surface  shear  stress.  The  surface  Rossby  number,  G/fz^,  expresses  the 
relative  magnitude  of  the  inertia  forces  as  compared  to  the  Coriolis  forces.  The  ratio  of 
shear  stress  velocity  to  geostrophic  wind,  u*/G,  is  called  the  geostrophic  drag  coefficient. 

The  logarithmic  law  is  not  merely  a  property  of  the  neutral  surface  layer,  but 
is  also  a  property  of  the  lower  part  of  the  Ekman  layer.  A  logarithmic  profile  may  be 
expected  up  to  about  one-tenth  the  height  of  the  boundary  layer,  irrespective  of  the 
decrease  of  stress  with  height  or  the  tuming  of  the  stress  (wind  direction)  with  height 
(Tennekes  1973). 

Turbulence  and  other  characteristics  of  the  neutral  boundary  layer  are 
summarized  in  Table  2.2. 

2.2  THE  UNSTABLE  OR  CQNVECnVE  BOUNDARY  LAYER 

In  the  surface  layer  in  non-neutral  conditions 

du 

u* 
—  <|>m 

dz kz 

d6 

T* -<l>h 

dz kz 

where  L  is  the  Monin-Obukhov  length,  is  the  non-dimensional  wind  shear  and  ̂   is 
the  non-dimensional  potential  temperature  gradient.  For  unstable  conditions  z/L  <  0 

<t>n,  =  (l-Yz/L)-'/^ 

a  functional  form  determined  entirely  from  experimental  data  with  y  =  15.  Integration 
then  yields  a  profile  of  the  form 
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Table  2.2      Summary  of  equations  describing  the  neutral  atmospheric  boundary  layer 
(-0.2<h/L<0.2). 

Property Surface  Layer Outer  Layer 

Wind u*  z 
u  =  —  In  — k  zo u  =  Ug  +  (u*/k)(z/h  +  A) 

A  =  0 

(Panofsky  and  Dutton  1984) 

Temperature 
stratification 

Turbulence 

e  =  Oj.  +  (T*/k)  In  z/zj. 

-H 

T* pcpu* 

0  =  constant 

=  1.3exp(-2  £z/u*) 

(Panofsky  and  Dutton  1984) 
2.0  exp  (-3  fz/u*) 

^nv  =  5^ X^u=15z 
(Pasquill  and  Smith  1983) 

5z Am 
1  +  15  fe/u* 

(Hannaetal.  1982) 

Layer  height hsfj,  =  0.1hpbl 
hpbi  =  0.17u*/f (Panofsky  and  Dutton  1984) 
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u*  z 
u  =  —  (In  Y) 

where  \\f  is  the  diabatic  influence  function.  Other  information  is  given  in  Table  2.3. 

In  mid-latitudes  over  land  the  outer  layer  reaches  a  height  of  1000  -  2000  m 

by  mid-aftemoon.  Its  upper  limit  is  often  marked  by  a  sharp  "capping"  inversion  which 
separates  the  txurbulent  boundary  layer  from  the  free  atmosphere  above.  Convection 
produces  strong  vertical  mixing  which  leads  to  a  near-constant  distribution  of  wind  and 
potential  temperature.  The  structure  of  the  convective  boundary  layer  is  shown 
schematically  in  Figure  2.2. 

In  the  free  convection  layer,  which  starts  when  z  >  -L,  all  properties  depend 
upon  only  two  parameters,  heat  flux  and  height.  Shear  stress  is  not  a  controlling  variable. 
In  the  mixed  layer  above  10%  of  the  depth  of  the  PBL,  the  properties  all  scale  with  heat 
flux  and  boundary  layer  height  (Holtslag  and  Nieuwstadt  1986).  With  low  solar  radiation 
and  high  winds  a  near-neutral  upper  layer  wUl  be  present  (-h/L  <  5).  At  the  top  of  the 
boundary  layer,  there  is  a  zone  called  the  entrainment  layer  where  air  from  the  free 
atmosphere  mixes  with  the  air  in  the  boundary  layer.  This  layer  can  be  20  to  700  m  thick 
(Boers  and  Eloranta  1986).  The  different  regions,  together  with  the  ̂ propriate  scaling 
quantities  are  shown  in  Figure  2.3. 

In  the  mixed  layer  the  velocity  scale  is  given  by 

gHh 
w*  =  (  )"^ 

CppT where  H  is  the  heat  flux  and  h  is  the  boundary  layer  height.  The  temperature  scale  is  given 
by 

H 

T*  =  (w'T')j^™/w*    where  (w'T')j^Yg  =  

PCp 

Practical  estimates  for  the  convective  velocity  scale  w*  can  be  obtained  from  (Venkatram 
1978): 

w*  =  AH'-^ 
=  Bh 
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Table  2.3    Summary  of  equations  describing  the  unstable  atmospheric  boundary  layer. 

Property Surface  Layer Convective  (Mixed)  Layer 

Wind u  =  (u*/k.)(]n  zJz^  -  Mf^) u  =  constant 

\|/nj  =  21n[0.5(l  +  l/V] du/3z  =  0 
+  hi  [0.5  (1  +  W  m)] 

-  2  tan"'  (l/(t>m)  +  Tt/2 

V  =  (1-16?A-)-'/" (Panofsky  and  Dutton  1984) 

Temperature 
stratification e  =  e,  +  (T*/k)(hi?/Zr-Vh) 

\lrti  =  2bi[0.5(l  +  l/(|>h)] e  =  constant 

<|)h  =  (l-16zA.)-^  =  <|)V 9T/9z  =  Yd  =  0.01°C/m 
(Panofsky  and  Dutton  1984) 

Turbulence aw=1.25u*(l-3z/L)"' CT^  =  0.745  W*/(l  +  0.255(h/z)«] 

av  =  u*(12-0.5h/L)'^ 
0^,^  =  0.58  W* (Panofsky  and  Dutton  1984) (Pasquill  and  Smith  1983) 

z 
^'^~(.55  +  .38z/L) 

X^n^=1.5h[l-exp(-5z/h)] 

^mu  =  \nv=  l-^h 
\nv  =       =  h 

(Hannaetal.  1981) 

Layer  height 
hsfc  =  01h 2fHdt 

h*  =  

pCpdQ/dz 
H  =  heat  flux 

t  =  time 

(Panofsky  and  Dutton  1984) 
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atmospheric  boundary  layer. 



Figure  2.3   Scaling  regions  for  the  atmospheric  boundary 
layer  (after  Holtslag  and  Nieuwstadt  1986). 
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Venkatram  (1980)  assigned  the  values  A  =  4.8,  B  =  1.07  x  10''  for  northeastern  Alberta  in 
the  months  May  through  September.  Using  estimated  heat  fluxes  he  calculated  w*  values 
of  1.5  m/s  (7/10  cloudiness)  to  2.4  m/s  with  corresp>onding  mixed-layer  heights  of  1 100  m 
and  1800  m. 

Turbulence  characteristics  in  the  unstable  boundary  layer  are  summarized  in 
Table  2.3.  In  the  mixed  layer  there  is  a  strong  tendency  for  the  peak  wavelength  in  all 

components  to  be  the  same.  The  convective  field  resembles  "thermal  streets"  with 
individual  thermals  lined  up  in  the  direction  of  the  mean  wind  spaced  roughly  1.5  h  apart 
with  a  row  separation  of  about  3  h  (Kaimal  et  al.  1976).  Witii  lighter  winds  the  pattern  can 
change  to  open  rings  with  diameter  of  5  -  6  h. 

The  complete  spectra  in  the  unstable  mixed  layer  indicate  that  the  inertial 
subrange  exists  for  wavelengths  A,  <  0.1  h  and  that  the  energy  in  the  inertial  subrange 
remains  constant  with  height.  This  contrasts  with  the  sharp  decreases  observed  near  the 
ground.  Thus  the  dissipation  rate  is  also  constant  with  height.  Evidence  also  indicates  the 
presence  of  a  spectral  gap  between  three-dimensional  boundary  layer  turbulence  and 
quasi-horizontal  synoptic  flows  (Kaimal  et  al.  1976).  Energy  from  disturbances  such  as 
thunderstorms  and  frontal  passages  would  fill  the  gap,  but  the  convective  boundary  layer, 
by  most  definitions,  would  not  exist  during  such  periods. 

The  capping  inversion  results  from  turbulent  mixing  between  the  air  in  the 
convection  layer  and  the  warmer  air  in  the  stable  free  atmosphere  above.  This  interfacial 
layer  is  highly  convoluted  as  it  undergoes  deformation  by  thermals  carrying  heated  air 
upwards.  The  thermals  or  convective  eddies  arrive  at  the  top  of  the  mixed  layer  with  a 
positive  vertical  velocity  as  a  result  of  acceleration  during  the  upward  journey.  Hence 
they  penetrate  into  the  stable  free  atmosphere  until  increasingly  negative  buoyancy  brings 
them  to  a  halt.  Some  of  the  kinetic  energy  of  the  thermal  is  converted  to  potential  energy 
in  that  the  warmer  air  is  displaced  downward  in  fulfillment  of  continuity  requirements; 
however,  a  substantive  part  becomes  turbulent  kinetic  energy  generated  as  the  thermal 
flattens  and  the  now  cooler  air  falls  through  the  warmer  air  to  its  equilibrium  position.  An 
inversion  is  usually  regarded  as  a  quiescent  layer  devoid  of  turbulence;  however,  at  the  top 
of  the  convective  boundary  layer  turbulent  mixing  actually  creates  the  inversion  and  the 



2-13 

layer  is  by  no  means  quiescent.  Constant  agitation  by  the  thermals  produces  strong 
mixing  which  entrains  air  from  ttie  stable  region  into  the  top  of  the  convective  layer,  a 
mechanism  which  allows  the  top  of  the  convective  layer  to  move  upward.  This  agitation 
also  means  that  the  structure  of  the  inversion  layer  will  vary  substantially  in  space  and 
time.  Thus  the  layer  cannot  always  be  clearly  defined  from  observations. 

the  mixed  layer.  Typically  the  turbulent  heat  flux  (H)  in  the  mixed  layer  decreases 
linearly  with  height,  and  reaches  zero  at  about  0.6  h  (Caughey  and  Kaimal  1977), 
thereafter  becoming  negative  until  a  maximum  negative  value  is  reached  at  the  base  of  the 
capping  inversion.  From  the  base  of  the  inversion  to  the  top  of  the  inversion,  the  heat  flux 
increases  to  the  value  zero  which  exists  in  the  stable  free  atmosphere.  The  value  of  the 
ratio  between  the  downward  heat  flow  at  the  base  of  the  capping  inversion  and  the  upward 
heat  flux  from  the  surface  is  generally  taken  to  be  0.2  ±0.1  (Caughey  and  Palmer  1979, 
Tennekes  1973,  Yamada  and  Herman  1979,  Driedonks  1982)  although  values  ranging 
from  0  to  1  have  been  reported  (Dubosclard  1980).  This  implies  that  the  entrainment 
process  is  relatively  inefficient  and  that  many  thermals  do  not  break  into  the  stable  region, 

but  apparently  "bounce  off'  the  inversion.  Typical  values  for  the  downward  heat  flux  are 
in  the  range  30  -  170  W/m^  (Caughey  and  Pahner  1979). 

A  stable  boundary  layer  is  formed  during  the  night  when  the  surface  is  cooled 
by  long-wave  radiation  to  space.  Its  structure  is  shown  schematically  in  Figure  2.4.  In  the 
siuface  layer,  for  stable  conditions 

This  interfacial  mixing  produces  a  downward  heat  flux  in  the  upper  portion  of 

2.3 THE  STAB] 

Vm =  -Bz/L 

V=a-Vm) 

where  6  =  5 

This  relationship  is  taken  to  mean  that  in  stable  air  the  dominant  eddy  size  becomes 
independent  of  height  and  is  proportional  to  the  Monin-Obukhov  length. 



free  atmosphere 

Figure  2.4    Schematic  of  the  stable  atmospheric  boundary 
layer. 
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The  foregoing  equations  can  be  valid  for  only  a  limited  range  of  z/L  because 
they  imply  a  unique  relationship  between  z/L  and  Ri.  The  existence  of  a  critical  Ri 
requires  either  that  z/L  also  take  a  critical  value  or  that  the  similarity  arguments  break 
down.  Generally  the  limits  for  this  regime  may  be  taken  as  0  <  z/L  <  1 .  In  strong  stability 
(z/L  =  1)  it  has  been  argued  that  the  gradients  should  be  independent  of  height. 

There  is  also  a  suggestion  that  variables  not  included  in  the  Monin-Obukhov 
similarity  theory  may  become  important  (Panofsky  1974);  for  example,  radiative  flux  may 
become  competitive  with  turbulent  heat  flux.  In  general,  wind  profile  theory  is  unlikely  to 
be  satisfactory  above  the  surface  layer.  The  turning  of  the  wind  begins  early  and  as  the 
critical  Richardson  number  is  approached  and  exceeded,  winds  at  different  heights  are 
virtually  independent  of  each  other.  Each  level  is  free  to  seek  a  geostrophic  equilibrium. 
Theories  based  on  turbulent  mixing  simply  do  not  apply  in  such  a  situation.  However,  it 
has  been  found  (van  Ulden  and  Holtslag  1985)  that  in  strong  stability 

Y^  =  -17[l-exp(-.29zA-)] 
describes  the  observation  quite  well.  Other  characteristics  of  the  stable  boundary  layer  are 
summarized  in  Table  2.4. 

Under  strongly  stable  conditions  turbulence  decays  and  can  become 
intermittent  even  near  the  surface  (Chiba  and  Kobayashi  1984,  Kondo  et  al.  1978,  Oke 
1970).  At  an  Ontario  site,  it  was  found  that  txirbulence  begins  to  decay  at  Ri  =  0.1  and  is 
very  small  at  Ri  =  0.3  (Oke  1970);  however,  a  complete  cessation  of  turbulence  does  not 
occur  and  the  vertical  intensity  of  turbulence  remains  at  about  1%.  In  the  Antarctic  a 
minimum  vertical  intensity  of  1.5%  for  values  of  Ri  up  to  12  and  roughness  of  0.24  cm.  at 
a  height  of  30  m  above  the  ground  has  been  reported  (Chiba  and  Kobayashi  1984).  In 
Jjq)an  (Kondo  et  al.  1978)  the  vertical  intensity  was  found  to  be  constant  for  Ri  <  0.7  and 
then  drop  suddenly  to  one-half  the  value  for  Ri  >  2.  The  fraction  of  time  with  turbulence 
(defined  at  standard  deviations  above  a  threshold)  becomes  very  small  for  Ri  >  2. 

During  stable  conditions  at  Porton,  England,  Gy  is  insensitive  to  wind  speed 
and  stability,  maintaining  a  constant  value  of  about  0.3  m/s  (Hanna  1983).  At  a  rugged 
site  in  California  (Hanna  1981)  a  constant  value  of  Oy  =  1  m/s  was  found.  These  values 
were  attributed  to  a  mesoscale  tiut)ulence  component  (meandering)  on  a  time  scale  of 
about  2  h.  Leahey  et  al.  (1988)  reported  that  Oy  took  a  constant  value  of  0.55  m/s  on  level 
prairie  near  EUerslie,  Alberta;  0.56  and  0.65  m/s  for  prairie  sites  in  the  lee  of  the 
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Table  2.4      Summary  of  equations  describing  the  stable  atmospheric  boundary  layer. 

Property Surface  Layer Outer  (Mixed)  Layer 

Wind u  =  u*/k  On  z/Zq  - u  =  u*/k(lnz/Zo-v^) 

\j/n,  =  -17  [l-exp(-.29z/L)] 
(Panofsky  and  Dutton  1984) (van  Uden  and  Holtslag  1985) 

Temperature 
stratification e  =  (T*/k)(hi  z/Zq  - 

Vh  =  -5  z/L  = 

e  =  T*/k(hiz/Zo-Vh) 

Yh  =  -17  [l-exp(-  .29Z/L)] 
(Panofsky  and  Dutton  1984) (van  Uden  and  Holtslag  1985) 

Turbulence 
a^=  1.3u* 

a^=1.3  u*(l-z/h)'^ =  2.4  u* 

V  =  2.0  u*  (  1  -  z/h)'^ =  1.9  u* 
(Hannaetall982) 

(Panofsky  and  Dutton  1984) 

z ^""(0.5  +  zA.) 
Vu  =  l-5h(z/h)^ 

Vv  =  0.7h  (z/h)^ 

Vw  =  h(z/h)- 
(Pasquill  and  Smith  1983) (Hanna  et  al  1982) 

Layer  height 
hsfc  =  01h h  =  0.4  (u*L/f)'-^ (Panofsky  and  Dutton  1984) 
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Rockies  and  0.73  m/s  for  a  foothills  site.  The  vertical  intensity  was  found  to  be  6%  at  the 
prairie  site  and  14%  at  the  foothills  site.  Alp  et  al.  (1990)  used  a  minimum  value  of  0.058 
m/s  for  u*  at  Calgary  which  corresponds  to  a  minimum  vertical  turbulence  intensity  of 
7.5%. 

Above  the  surface  layer,  a  local  Obukhov  length,  L^,  defined  in  terms  of  the 
local  heat  flux  (which  decreases  with  height)  will  describe  the  structure  (Nieuwstadt 
1984a).  Above  z  =  L^,  the  dependence  on  height  z  vanishes  and  all  dimensionless 
quantities  q)proach  a  constant  value,  for  example,  Ri  =  0.2.  Above  z  =  6L  turbulence 
becomes  intermittent,  that  is,  weak  and  sporadic.  No  longer  continuous  in  space  or  time, 
the  turbulence  is  confined  to  isolated  patches  which  develop  and  disappear.  The  scaling 
regions  are  shovra  in  Figure  2.3. 

The  spectrum  of  vertical  velocity  has  a  maximum  at  shorter  wavelengths  than 
in  neutral  conditions.  Thus  \yy/z  is  smaller  than  in  neutral  conditions.  There  is  no 
obvious  effect  of  stability  on  the  u-component.  The  v-comjxjnent  appjears  to  have  energy 
damped  in  the  region  where  neutral  spectra  have  a  maximum.  This  leaves  the  spectrum 
containing  more  energy  at  both  larger  and  smaller  wavelengths.  The  high-frequency 
energy  decreases  rapidly  with  height,  but  the  low-frequency  energy  is  nearly  constant 
(Pasquill  1974). 

The  wind  speed  profile  at  night  is  frequently  observed  to  contain  a  sharp 
maximum  usually  located  at  the  top  of  the  nocturnal  inversion.  This  low-level  jet  contains 
wind  speeds  30  -  60%  higher  than  the  geostrophic  wind  speed  appropriate  to  the  synoptic 
pressure  gradient  and  is  often  associated  with  large  values  of  wind  shear.  This 
phenomenon  has  been  explained  (Blackadar  1957)  as  an  inertial  oscillation  of  the 
geostrophic  defect  when  the  frictional  constraint  imposed  by  daytime  mixing  is  released 
by  the  initiation  of  a  ground-based  radiation  inversion  (Figure  2.5).  The  nocturnal  jet 
promotes  a  gradual  and  orderly  upward  growth  of  turbulence  by  wind  shear. 

A  number  of  features  of  the  nocturnal  jet  have  been  elucidated  (Thorpe  and 
Guymer  1977): 

(1)  It  occurs  over  rough  terrain  as  well  as  smooth. 

(2)  Skies  must  be  clear  for  half  an  inertial  period  (a  few  hours)  to  allow 
radiational  cooling  to  set  up  a  stable  layer  near  the  ground. 



Figure  2.5    Schematic  illustration  explaining  the  evolution 
of  a  boundary  layer  jet  profile 
(Blackadar  1957). 
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(3)  The  magnitude  of  geostrophic  defect  during  the  afternoon  of  the  previous  day 
is  likely  to  determine  the  magnitude  of  the  jet.  The  jet  wUl  not  be  pronounced 
if  the  wind  is  light  or  so  strong  that  static  stability  carmot  inhibit  the  vertical 
mixing. 

(4)  If  the  geostrophic  wind  decreases  with  height  (cold  air  to  the  right)  the  jet  will 
be  enhanced. 

(5)    When  the  length  of  night  is  close  to  half  an  inertial  period  the  maximum  jet 

speed  will  be  reached  near  dawn.  At  latitude  50°  half  an  inertial  period  is 
about  7.5  h  which  means  that  a  dawn  maximum  can  be  expected  during  spring 
and  autumn. 

(6)    The  conditions  for  the  ̂ pearance  of  the  nocturnal  jet  are  most  likely  to  be 
satisfied  in  an  anticyclonic  region  with  a  substantial  pressure  gradient. 

Such  a  jet  could  cause  an  abrapt  termination  of  the  plume  rise  from  an 
industrial  stack.  Transport  would  take  place  much  more  quickly  than  surface  winds  would 
indicate. 

2.4  TH^  THICKNgSS  OF  THE  PJUANETARY  POlI^fPARY  LAYER 

The  height  of  the  top  of  the  boundary  layer  is  often  obtained  from  temperature 
soundings  and  defined  as  the  lowest  level  at  which  the  vertical  tenqwrature  gradient 
exhibits  a  discontinuity.  Under  convective  conditions  this  is  the  base  of  an  elevated 
inversion  or  stable  layer.  In  stable  conditions  this  is  the  top  of  the  ground-based 
inversion.  Discontinuities  in  wind  speed  and  himiidity  usually  occur  near  this  height  as 
well.  However,  the  thickness  of  the  turbulent  region  may  be  quite  different,  about  10% 
more  in  the  unstable  PBL  and  considerably  less  in  the  stable  PBL  (Panofsky  and  Dutton 
1984).  The  observed  variation  of  the  boundary  layer  thickness  is  well  described  by  the 
formula  of  Laikhtman  (Hanna  1969): 

h  =  CG/( g  AG T  Az 
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where  G  is  the  geostrophic  wind,  C  is  a  constant  equal  to  about  0.75,  and  A9/Az  is  the 
average  potential  temperature  gradient  in  the  boundary  layer  determined  as 

AG 
—  =  (eh-ej/(h-ioo) Az 

where  0,^^  refers  to  the  potential  temperature  at  a  height  of  100  m. 

This  method  can  be  used  most  of  the  time  because  on  the  average  the 
atmosphere  is  statically  stable  throughout  the  boundary  layer.  It  implies  that  the  bulk 
Richardson  number  equals  1.7  for  all  stable  boimdary  layers;  in  other  words,  the  boundary 
layer  somehow  adjusts  itself  to  this  value. 

The  daily  maximum  mixing  height  may  be  estimated  from  the  morning 
temperature  profile  (12  Z  radio  sounding)  using  a  thermodynamic  chart  and  drawing  a  dry 
adiabat  upward  from  the  maximum  surface  temperature  for  the  day  (Holzworth  1967). 
The  point  of  intersection  between  the  adiabat  and  the  morning  temperature  profile  defines 
the  daily  maximum  mixing  height.  This  method  is  based  on  the  principle  that  surface  heat 
flux  results  in  vigorous  vertical  mixing  that  leads  to  the  dry  adiabatic  lapse  rate.  Although 
the  lapse  rate  near  the  ground  is  usually  superadiabatic  in  sunny  conditions,  near  the  time 
of  the  maximum  surface  temperature  a  quasi-equilibrium  is  reached  and  the  adiabatic 
approximation  is  reasonable  (Holzworth  1974).  Good  agreement  is  obtained  between 
observed  heights  and  those  estimated  by  the  Holzworth  method  (Hanna  1969). 

The  distribution  of  mean  seasonal  daily  maximum  mixing  heights  for 
Edmonton  as  given  by  Portelli  (1977a)  are  shown  in  Table  2.5.  The  pattern  of  mixing 
heights  throughout  the  province  is  given  in  Figure  2.6  from  Portelli  (1977b). 

Later  workers  adapted  the  procedure  for  the  estimation  of  hourly  mixing 
heights  using  hourly  surface  temperature.  Due  to  the  presence  of  the  superadiabatic  layer 
near  the  groimd,  one  might  expect  that  serious  overestimation  would  occur.  However,  this 
is  offset  to  some  extent  by  the  deepening  attributable  to  penetrative  convection  and  the 
maintenance  of  a  capping  inversion.  This  scheme  can  be  improved  by  incorporating  the 

effects  of  temperatvu-e  advection  (airmass  warming  or  cooling)  and  allowing  either 
mechanical  or  convective  daytime  mixing  (Benkley  and  Schulman  1979). 
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Table  2.5  Mean  maximum  (aftemoon)  mixing  heights  at  Edmonton  (Stony  Plain)  and 
the  frequency  of  occurrence  in  specified  intervals,  March  1966  to  June  1969 
(PortelU  1977a). 

SEASON Winter Spring Summer Autumn 

MEAN  (m) 242 1557 1901 913 

No  mixing 14.4 3.0 
1.0 

3.7 
001  to  199 43.5 6.0 1.8 14.4 
200  to  399 27.3 8.9 

3.2 
16.5 

400  to  599 10.7 9.8 
45 11.3 

600  to  799 2.6 
8.4 4.4 

9.5 800  to  900 0.8 5.7 3.5 8.8 
1000  to  1199 0.4 7.1 6.6 

5.2 1200  to  1399 0.4 3.3 
6.5 5.8 

1400  to  1599 0.0 3.5 5.0 5.8 
1600  to  1799 0.0 

4.3 

6.1 
4.4 

1800  to  1999 0.0 4.1 
7.2 

4.8 

2000+ 0.0 35.9 50.3 
9.9 
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In  another  adaptation  of  the  Holzworth  technique,  the  mixing  height  for  a 
given  temperature  profile  is  determined  by  drawing  the  dry  adiabat  upward  from  the  actual 
surface  temperature  to  its  intersection  with  the  rest  of  the  profile.  Such  a  technique 

(sometimes  called  the  "conventional"  method)  is  extremely  sensitive  to  errors  in  surface 
temperature,  especially  in  daytime  soundings  when  the  profile  tends  to  be  near  adiabatic 
over  a  substantial  height  interval.  Kumar  (1979, 1978c)  compared  boundary  layer  heights 

determined  by  this  mediod  with  those  defined  by  the  "kink"  method,  where  the  boundary 
layer  thickness  is  taken  to  be  the  lowest  maximum  in  the  rate  of  change  of  temperature 
with  height  (effectively  the  base  of  the  capping  inversion).  He  found  that  the  two  were 
poorly  correlated  with  a  linear  correlation  coefficient  of  only  0.22  in  winter.  In  general, 
mixing  heights  for  northeastern  Alberta  were  underestimated  in  winter  and  overestimated 
in  other  seasons.  Aircraft  observations  in  Florida  (Sholtes  1972)  showed  that  this 
technique  generally  underestimated  mixing  heights  determined  by  turbulence  or 
temperature.  Davison  et  al.  (1981)  summarized  numerous  soundings  in  the  Fort 
McMurray  area  using  the  conventional  method  (Figure  2.7).  Mixing  heights  near 
Edmonton  using  the  kink  method  are  summarized  in  Table  2.6. 

Thomson  (1977)  found  that  the  Holzworth  method  underestimated  mixing 
heights  in  a  set  of  minisoimdings  from  the  Edmonton  and  Fort  McMurray  areas.  He  also 
developed  an  energy  balance  model  to  forecast  hourly  mixing  height.  The  model  did  not 
require  an  initial  temperature  profile  but  used  as  inputs:  latitude,  longitude,  elevation, 
surface  and  cloud  albedos,  minimum  and  maximum  temperatures,  temperature  and  height 
of  the  85-  and  70-kPa  levels. 

In  stable  conditions  defining  the  boundary  layer  becomes  problematical  (Yu 
1978).  Ideally,  the  height  of  the  stable  boundary  layer  would  be  the  height  at  which 
turbulence  disappears  and  above  which  shear  stress  and  heat  flux  become  negligible.  In 
practice  the  stable  boundary  layer  height  is  defined  as:  (1)  The  height  of  the  lowest 
definite  maximum  in  the  wind  profile,  (2)  the  height  of  the  nocturnal  ten^rature 
inversion,  (3)  the  height  to  which  significant  cooling  has  extended  (as  judged  both  from 
individual  potential  temperature  profiles  and  their  evolution  in  time).  Field  data  from 
Wangara,  Australia  revealed  that  the  nocturnal  boundary  layers  for  heat  and  momentum 
are  comparable,  but  quite  different  from  the  height  defined  by  the  top  of  the  inversion.  All 
three  practical  definitions  overestimate  the  actual  stable  boundary  layer  height.  A 
summary  of  various  possible  definitions  of  boundary  layer  thickness  is  given  in  Table  2.7. 
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Table  2.6      Median  values  of  kink  mixing  height  at  Edmonton  (EUerslie). 

WINTER  SPRING  SUMMER  FALL 

Time  of  Median  No.  of  Median  No.  of  Median  No.  of  Median  No.  of 
Day  Obs.  Obs.  Obs.  Obs. 

0600 
72 32 0730 216 58 128 93 153 12 

0900 282 31 315 
82 

414 86 
108 

49 

1030 167 56 706 17 513 
22 

216 
13 

1200 162 
49 

659 77 683 80 
381 

90 1330 216 
29 

706 13 686 
17 

398 8 
1500 222 41 769 55 579 

74 



Figure  2.7    Hourly  median  convective  mixing  heights  ot  Fort  McMurray  (Davison  et  al.  1981). 
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The  measurement  methods  summarized  in  Table  A.5  introduce  several  operational 
definitions. 

The  top  of  the  layer  of  significant  turbulent  fluxes  is  often  found  to  occur  just 
below  the  low-level  wind  maximum,  which  coincides  with  a  maximum  gradient 
Richardson  number  (Mahrt  et  al.  1979),  but  is  25%  lower  than  the  top  of  the  inversion. 
This  has  been  attributed  to  clear-air  radiational  cooling  and/or  shrinking  of  the  layer  of 
turbulence  with  time.  Operational  estimates  of  the  depth  of  mechanical  mixing  in  a 

nocturnal  inversion  have  been  obtained  from  h  =  125  u,^  in  the  U.S.  assuming  5 -cm 
roughness  where  u^^  is  the  wind  speed  at  10  m  (Benkley  and  Shulman  1979)  or  from  H  - 
28  u,g  ̂  in  Holland  (Nieuwstadt  1984b)  or  0.14  u*/f  (Arya  1981).  Values  measured  by 
acoustic  sounder  near  Edmonton  averaged  96  m  in  July  and  127  m  in  January  (Sakiyama 
and  Wong  1987). 

Jarvis  (1968b)  developed  a  regression  equation  for  predicting  the  stable 
boundary  layer  height  (ground-based  inversion)  using  data  for  a  3-month  winter  period  at 
Suffield,  Alberta: 

h=  120  +  30AU  +  5G 

where  h  is  the  boundary  layer  height  in  feet,  G  is  the  geostrophic  wind  in  mph  and  Au  is 
the  difference  in  wind  speeds  in  mph  between  the  geostrophic  wind  and  the  wind  at  10  m. 
Testing  on  independent  data  yielded  a  linear  correlation  coefficient  of  0.78  and  a  root 
mean  square  error  of  347  ft.  (106  m). 

Seale  (1964)  analyzed  wind  profiles  obtained  by  two-theodolite  tracking  of 
pilot  balloons  near  Camp  Shilo,  Manitoba.  Vector  averages  over  five  stations  on  five 
autumn  days  gave  the  depth  of  frictional  influence  in  morning  as  about  600  m  and  in  the 
afternoon  as  about  900  m. 

2.5  POWER  LAW  FORMS  QF  THE  WINP  PROFILE 

The  dependence  of  the  wind  on  height  is  often  more  conveniently  represented 
by  the  empirical  expression 

u  =  Ur(z/Zj.)P 
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Table  2.7      Alternative  definitions  of  the  thickness  of  the  atmospheric  boundary  layer 
(after  Hanna  1969  and  Yu  1978). 

Thickness 
Criterion 

Definition  of  h Interpretation 

displacement 
/(l-JL)dz 0  G 

G  h  is  the  decrease  in 
volume  flow  due  to  fiiction 

momentum 

cross-isobar 
displacement 

/(jL(l--y^)dz 0  G  G 

/v/G)dz 

G^  h  is  the  loss  of 
momentum  in  the  boundary  layer 

G  h  is  the  volimie  flow 
across  the  isobars 

cross-isobar 
momentum 

wind  direction 

temperature 

wind  speed 

Jv/G)^dz 0 

D(h)  =  DG 

_  (h)  =  0 

3^ 

G^-h  is  the  momentum 
flow  across  the  isobars 

first  height  where  wind  assumes 
the  direction  of  the  geostrophic wind 

first  extreme  in  the 
vertical  temperature  profile  (top 
of  ground-based  inversion  or  base 
of  an  elevated  inversion) 

.(h)  =  0 
nocturnal  jet  height 

turbulence H(h)  =  0 
t(h)  =  0 

negligible  heat  and 
momentum  flux  (<  1%  surface value) 
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where     is  the  wind  at  a  reference  height  Zj.  and  p  is  a  function  of  stability,  roughness  and 
height  interval.  This  empirical  equation  is  useful  because  it  yields  a  reasonable  average 
representation  of  the  wind  profile  over  the  entire  boundary  layer  and  because  integral 
relations  based  upon  this  simple  form  are  not  far  from  correct  (Plate  1971).  A  nomogram 
relating  p  to  the  roughness  length  and  reciprocal  of  Monin-Obukhov  length  for  the  layer 
between  1 1  and  46  m  (Panofsky  et  al.  1960)  and  tabulations  of  the  power  law  exponent  as 
a  function  of  roughness  and  Pasquill  stability  category  for  the  layer  10  m  to  100  m  (Irwin 
1979)  are  available,  as  are  early  empirical  results  (DeMarrais  1959). 

A  summary  of  p  values  measvu:ed  in  Alberta  and  in  similar  terrain  elsewhere 
in  Canada  is  given  in  Table  2.8.  Pettitt  and  Root  (1965),  Wilson  (1959)  and  Jarvis  (1968) 
reported  that  the  the  values  decrease  with  increasing  wind  speed.  Wilson  (1959)  found 

that  the  angle  between  the  surface  wind  and  the  gradient  wind  averaged  20"  at  Edmonton 
and  27*'  at  Fort  Smith,  while  Jarvis  (1968)  reported  a  Canada-wide  mean  of  45°. 

2.6  POUNDARY  LAYER  EVOLUTION 

On  a  clear  night  the  earth's  surface  radiates  heat  to  space  and  cools  the  layer 
of  air  next  to  it.  The  transfer  of  heat  from  the  air  to  the  groimd  takes  place  by  molecular 
conduction  through  a  very  thin  layer  because  there  can  be  no  air  velocity  at  the  boundary. 
Above  this  thin  layer  the  heat  is  transferred  by  mechanical  turbulence.  As  the  stable  layer 
thickens  its  upper  part  becomes  dominated  by  the  downward  heat  flux  until  the  critical 
flux  Richardson  number  is  exceeded  and  the  turbulence  is  damped  out  by  the  negative 

buoyancy  effect.  This  effectively  "uncouples"  the  stable  surface  layer  form  the  flow 
above  it.  The  stable  layer  is  quickly  retarded  by  friction  at  the  ground  which  is  transmitted 
throughout  the  layer  by  the  shear  stresses.  The  layer  directly  above  undergoes  an 
acceleration  because  it  is  no  longer  subject  to  surface  friction.  After  a  short  time  the 
velocity  gradient  everywhere  in  the  lower  layer  will  be  reduced  so  much  that  the  flux 
Richardson  number  exceeds  its  critical  value  everywhere.  Thus  turbulence  is  suppressed 
and  the  flow  tends  towards  laminar.  The  retardation  of  air  in  the  lower  layer  and  the 
acceleration  of  air  in  the  upper  layer  leads  to  a  decrease  in  the  gradient  Richardson  number 
across  the  interface  and  allows  turbulence  to  become  re-established.  Too  much  turbulence 
would  reduce  the  gradient  and  force  the  flux  Richardson  number  above  its  critical  value. 
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Table  2.8      Summary  of  the  power  law  exponents  observed  in  and  near  Alberta. 

Reference      Stability /Time       Terrain/Location  Layer  (m)     Value  of  P 

Davenport 
(1960) 

neutral 
neutral 
neutral 

prairie  grassland 
paikland large  cities 

PBL 
PBL 
PBL 

0.14 0.29 
0.40 

Pettitt  and 
Root (1965) 

inversion 
lapse 

Whiteshell,  Manitoba 
Whiteshell,  Mamtoba 

6-60 
6-60 0.40  to  0.24 

0.27  to  0.16 

Buckler 
(1969) 

summer 
winter Regina,  Saskatchewan 

Saskatoon,  Saskatchewan 
0.5-27 10-27 

0.25  ±0.27 
0.21 

Djurfors 
(1971) 

October 
July/Jan. 

Calgary  Bonnybrook 
Calgary  Bonnybrook 

10-100 
10-100 0.45 

0.31 
Johnson 
(1959) 

neutral 
inversion 
lapse 
inversion 

prairie  at  Suffield 
prairie  at  Suffield snow  at  Suffield 
snow  at  Suffield 

0.5-16 
0.5-16 
0.5-16 
0.5-16 

0.22 0.49 
0.16 
0.28 

WUson 
(1959) 

annual 
aimual 

Edmonton 
Fort  Smith 

PBL 
PBL 

0.21 
0.26 

Jarvis  (1968) annual across  Canada PBL 0.14-0.40 

Leahey  and 
Hanson 
(1985) 

annual 
annual 
unstable 
neutral 
stable 

SW  of  Edmonton 
SW  of  Edmonton 
SW  of  Edmonton 
SW  of  Edmonton 
SW  of  Edmonton 

10-500 
150-500 10-500 
10-500 
10-500 

0.17  ±0.12 
0.30  ±0.39 
median  0.10 
median  0.17 
median  0.28 

Murray  and 
Morrow  (1977) 

stable 
unstable 

north  of  Fort  McMurray 100-2000 
100-2000 

0.25 0.18 

Davison  et  al. 
(1981) 

annual north  of  Fort  McMurray 
400  m- 
1200  m 

-0.35  to  0.50 

Yoimg  and  annual 
Wilson  (1980) 

across  Alberta lO-PBL/2    0.12  to  0.13 
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Hence  the  interface  is  likely  to  contain  weak  turbulence,  enough  to  allow  the  stable  layer 
to  grow,  but  not  enough  to  eliminate  the  velocity  gradient. 

When  the  lower  layer  tends  to  be  laminar,  the  effect  of  friction  is  greatly 
reduced.  The  Coriolis  force  leads  to  a  slow  acceleration  of  the  flow,  taking  several  hours 
to  reach  geostrophic  (Plate  1971).  As  this  takes  place  the  gradient  Richardson  number 
may  again  fall  below  its  critical  value,  especially  if  there  is  a  change  in  heat  flux,  and  the 
lower  layer  will  become  turbulent  again.  Thus  the  noctumal  boundary  layer  is  subject  to 

irregular  "bursts"  of  momentum  and  heat.  TTiese  intermittent  episodes  of  turbulent  mixing 
may  occur  several  times  throughout  the  night. 

The  depth  of  the  inversion  layer  generally  increases  with  time  (Mahrt  et  al. 
1979,  Yamada  1979,  Nieuwstadt  and  Tennekes  1981)  and  under  some  conditions  steady 
state  may  be  reached  in  a  few  hours  (Brost  and  Wyngaard  1978,  Delage  1974,  Surridge 
1986a).  Theory  and  observations  both  support  a  parabolic  growth  (Anfossi  et  al.  1974, 
Kloppel  et  al.  1978,  Tomasi  1983,  Godowitch  et  al.  1985)  of  the  form 

h  =  At^ 

where  A  is  an  empuical  constant  with  a  value  of  about  70  m/h^  (Anfossi  et  al.  1974). 
The  stable  boundary  layer  is  subject  to  many  complicating  influences  such  as  terrain 
slope,  gravity  waves  (Brost  and  Wyngaard  1978),  advection,  surface  inhomogeneity, 
geostrophic  wind  shear  (Zeman  1979)  and  subsidence  (Carlson  and  Stull  1986)  which  can 
alter  the  heights  and  rates  of  growth  by  5  to  50%.  Equilibrium  heights  of  200  -  300  m  are 
expected  near  dawn  (Anfossi  et  al.  1976,  Nieuwstadt  and  Driedonks  1979,  Kloppel  et  al. 
1978).  Because  the  growth  is  dominated  by  the  surface  energy  balance  it  is  possible  to 
predict  the  temperature  profile  from  the  time  series  of  temperature  (Anfossi  et  al.  1976)  or 
the  time  series  of  temperature  at  two  levels  (Surridge  1986b).  Such  a  model  suggests  that 
the  largest  temperature  difference  across  an  inversion  is  63%  of  the  surface  ten^rature 

drop  from  the  day's  aftemoon  maximum. 

The  upper  air  data  from  Edmonton  (Stony  Plain)  show  that  the  average 
thickness  of  surface-based  inversions  at  05:00  over  the  years  1971  - 1975  was  241  m  with 

a  standard  deviation  of  126  m.  The  average  intensity  of  such  inversions  was  0.023''C/m 
with  a  standard  deviation  of  0.018°C/m.  It  is  commonly  observed  that  the  maximum 
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inversion  intensity  occurs  several  hours  prior  to  sunrise.  The  data  for  the  Edmonton  and 
Calgary  towers  reflect  this.  Such  wanning  in  the  upper  levels  before  sunrise  is  attributed 
to  subsidence  which  is  also  manifest  in  the  lowering  of  the  inversion  top  (Izumi  1964). 

After  simrise  on  a  clear  day  solar  radiation  quickly  raises  the  ground 
temperature.  By  molecular  conduction  through  a  very  thin  layer  the  overlying  air  also 
becomes  warmed.  Parcels  of  heated  air  tend  to  move  up  into  the  cooler  air  above  while 
cooler  air  moves  down  to  replace  it.  With  the  presence  of  a  wind  the  heat  transfer  is  due 
almost  entirely  to  mechanical  turbulence.  If  the  air  could  adjust  instantaneously  a  layer  of 
constant  (potential)  temperature  equal  to  that  of  the  groimd  would  be  maintained. 
However,  the  heating  of  the  air  lags  far  behind  the  heating  of  the  ground.  The  temperature 
gradient  across  the  thin  molecular  conduction  layer  is  very  large  and  the  temperature  in 
the  overlying  air  gradient  will  be  superadiabatic.  At  greater  heights  above  ground 
tiurbulent  shear  stress  becomes  weaker  and  the  gradients  of  wind  velocity  and  temperature 
diminish.  Buoyancy-generated  turbulence  dominates  and  the  forced  convection  regime 
becomes  a  local  fitee  convection  regime. 

Immediately  after  simrise  the  temperature  profile  shows  a  r£q)id  warming  in 
the  upper  levels,  a  continuation  of  the  subsidence  process  that  starts  before  sunrise. 
Between  this  upper  level  warming  and  the  layer  affected  by  surface  heating  there  is  an 

intermediate  layer  which  undergoes  a  marked  cooling  (Izmni  1964).  This  results  fi-om  the 
turbulent  mixing  near  the  surface  which,  in  destabilizing  the  surface  layer,  acts  to  intensify 
the  overlying  inversion  and  increase  the  wind  shear.  Shear-generated  turbulence  then 
results  in  strong  mixing  which  destabilizes  this  layer.  This  process  is  repeated  and  the 
mixing  propagates  upward.  The  upper  portion  of  the  inversion  is  effectively  driven 
upwards  until  such  time  as  the  mixing  is  strong  enough  to  eliminate  all  vestiges  of  the 
nocturnal  inversion. 

With  very  light  winds,  a  superadiabatic  layer  near  the  surface  will  not  form, 
but  rather  the  inversion  near  the  surface  will  undergo  heating  through  a  relatively  deep 
layer  and  be  destabilized,  but  not  eliminated  (DeMarrais  1961).  The  explanation  qjpears 
to  lie  in  a  process  whereby  buoyant  elements  rise  and  mix  with  their  surroundings  while 
the  compensating  descent  in  the  environment  heats  the  layer  adiabatically.  Thus  an 
upward  heat  flux  can  be  maintained  against  the  temperature  gradient. 
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The  evolution  of  the  convective  layer  can  be  divided  into  three  phases 

(Tennekes  1973a).  Immediately  after  sunrise,  surface  heating  acts  to  "fiU"  the  inversion 
and  change  the  temperature  gradient  from  stable  to  unstable.  The  time  for  the  removal  of 
the  inversion  is  given  by 

t  =  (2ThoAe/(Ho/pCp))^ 
where  T  is  the  time  scale  of  the  initial  heat  flux  increase  (about  3  h),  ho  is  the  initial 
mixing  height,  AG  is  the  potential  temperature  difference  across  the  inversion,  and  is 

the  surface  heat  flux.  If  h^,  =  100  m,  AG  =  10°C,  T  =  104S,  H^/pCp  =  0.5  °K  m/s  (summer), 
the  removal  time  is  about  2  h.  In  winter  with  Hp/pCp  =  0.1  °K  m/s,  the  time  of  removal  of 
the  same  inversion  increases  to  around  4  h.  During  this  period  the  inversion  base  lifts  very 
slowly  and  the  temperature  difference  across  the  inversion  (sometimes  termed  its 

"strength")  decreases. 

After  the  initial  inversion  has  been  filled  to  a  point  where  penetrative 
convection  can  begin  (generally  h  >  3  h^),  the  height  of  the  inversion  base  begins  to  rise 
linearly  with  time,  described  by  the  equation 

h  =  (1.4  Ho/YrpCp)''^t 
For  Y  =  0.005°  K/m  and  the  other  values  as  above  the  rise  rate  will  be  425  m/h.  Later  in 
the  day  the  rate  of  growth  slows  and  the  height  becomes  proportional  to  the  square  root  of 
time,  govemed  by  the  equation 

h  =  (2.8Ho/YpCp)^t^ 
Observations  on  a  300-m  antenna  mast  near  Hamburg,  Germany  (Kloppel  et 

al.  1978)  gave  rise  rates  varying  from  48  m/h  in  September  to  84  m/h  in  April. 

Methods  purporting  to  describe  boundary  layer  height  in  terms  of  surface 
properties  alone  have  been  criticized  because  the  height  and  character  of  the  limiting 
stable  layer  are  products  of  the  history  of  the  airmass  in  which  it  is  embedded.  Thermal 
winds  (Manins  1982),  radiation  and  evaporation  will  all  influence  PBL  height. 
Large-scale  subsidence  can  actually  cause  a  PBL  to  shrink  even  though  heat  may  be 
entering  from  below  (Carson  1973). 

Another  method  of  estimating  the  time  to  eliminate  the  noctumal  inversion 
uses  eddy  diffusivity  (Hewson  1945): 
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4K 

where  K  is  the  eddy  diffusivity  for  heat.  The  suggested  value  of  K  =  3  iWs  appears  to  be 

too  low  to  account  for  the  3-h  breakup  time  of  the  400-m  inversion  in  the  O'Neill  data. 
The  eddy  diffusivity  may  be  estimated  from  the  potential  temperature  gradient  (Thomas  et 
al.  1970)  as: 

2.5  X  10* K  =  exp  (-  lOOy) 
PCp 

Values  of  K  observed  by  the  Tennessee  Valley  Authority  ranged  from  2  ma/s  to  49  nh/s. 

A  third  method  is  based  on  solar  heating  (Turner  1967): 

_  pCpY ~2  R~ 
where  R  is  the  net  rate  of  sensible  heating  of  an  air  column  by  solar  radiation  with  a 

suggested  average  value  of  R  =  5.8  W/m^. 

Mathews  and  Hicks  (1978)  used  acoustic  radar  records  to  ascertain  that,  in 
Calgary,  the  nocturnal  inversion  breaks  up  3.0  ±  0.7  h  after  simrise.  Figure  2.8  shows  their 
results.  The  tower  data  for  Calgary  and  Edmonton  also  support  this  conclusion. 

Thomson  (1977)  used  the  energy-area  proportionality  of  thermodynamic 
diagrams  to  develop  an  operational  method  of  forecasting  mixing  heights  in  northern 
Alberta.  Assutmng  that  the  morning  temperature  gradient  is  linear  and  the  liq)se  rate  in 
the  mixing  layer  is  near  dry  adiabatic,  the  energy  required  to  change  the  former  to  the 
latter  is  represented  by  a  triangular  area  on  the  temperature-height  git^h.  If  the  available 
energy  due  to  surface  heat  flux  can  be  estimated,  then  the  area  of  the  triangle  is 
determined.  If  the  surface  temperature  increase  can  be  predicted,  then  the  information 
completely  defines  the  triangle,  and  the  height  of  the  apex  (the  mixing  height)  can  be 
calculated.  This  technique  is  sunHar  to  that  of  Holzworth  but  eliminates  the  need  for  an 
observed  morning  temperature  profile.  Mixing  height  categories  in  300-m  intervals  were 
forecast  correctly  about  75%  of  the  time. 
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The  hourly  values  of  mixing  heights  in  the  Fort  McMurray  area  as  reported  by 
Davison  et  al.  (1981)  are  given  in  Table  2.9  and  were  shown  earlier  in  Figure  2.7. 

Late  in  the  afternoon,  the  surface  heat  flux  decreases  and  the  weakening 
thermals  lose  their  ability  to  penetrate  into  the  stable  layer.  The  capping  inversion  acts 
more  and  more  as  a  solid  barrier.  Interfacial  mixing  decays  and  the  kinetic  energy  of  the 
thermals  is  increasingly  dissipated  rather  than  converted  into  potential  energy.  The 
downward  heat  flux  decreases  accordingly.  As  solar  heating  of  the  groimd  diminishes,  a 
point  of  quasi-equilibrium  will  be  reached  when  ground  and  air  temperatures  are  the 
same.  With  no  gradient,  conductive  heat  transfer  ceases.  Thereafter  the  temperatvu-e  of 
the  air  will  exceed  that  of  the  ground  and  there  will  be  a  transfer  of  heat  from  the  air  to  the 
ground.  This  negative  heat  flux  usually  starts  an  hour  or  two  before  sunset.  A  stable  layer 
forms  near  the  ground  and  the  entire  boundary  layer  will  be  cooled  gradually.  The  height 

of  the  "capping"  inversion  is  lowered  and  a  ground-based  inversion  builds  up.  If  the 
surface  cooling  persists,  the  upper  and  lower  inversions  eventually  join,  destroying  the 
constant-temperature  layer  between  them.  Further  cooling  then  increases  the  temperature 
gradient  and  the  mechanisms  described  at  the  beginning  of  this  section  come  into  play. 

The  breakdown  of  the  convective  boundary  layer  is  rapid  (Caughey  and 
Kaimal  1977);  within  a  matter  of  minutes  an  hour  before  simset,  the  level  of  zero  heat 
flux,  normally  located  near  the  middle  of  the  convective  layer,  makes  a  sudden  descent  to 
the  siuface.  The  transition  to  negative  heat  flux  actually  propagates  downwards  to  the 
surface  and  not  upwards  as  might  be  expected.  There  is  a  lag  of  about  an  hour  between 
entrained  heat  flux  and  surface  heat  flux,  the  maintenance  of  a  negative  heat  flux  in  the 
upper  boundary  layer  when  the  surface  heat  flux  has  dropped  to  near  zero  will  give  the 
appearance  of  a  downward  propagating  transition. 

Mathews  and  fficks  (1978)  found  from  SODAR  records  that  the  nocturnal 
inversion  at  Calgary  forms  0.4  ±  0.7  h  before  sunset.  The  tower  data  for  Calgary  and 
Edmonton  (Choukalos  1985)  gave  similar  results. 

The  late  afternoon  behavior  including  the  sudden  collapse  of  the  convective 
boundary  layer  is  most  difficult  to  model.  Kmnar  (1979)  used  numerical  methods 
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Table  2.9      Seasonal  hourly  values  of  mixing  height  (m)  (Davison  et  al.  1981). 

Hour  Winter  Spring  Summer  Autxmin 

U u u U U 
1 U 0 U U 
Z n U u n U n U 

•5 

U u U U 
4 

r\ 

U 
/u 

in U 
c 1  on 1  on i/U ^n 

0 U onn inn 

1 u nn 
o O i<;n oon 
o 1  oc\ /ion /ion 4/iU 

lU 1  "Tfl i  /u ^nn Tnn /uu A^n 
1 1 X  X J  /u R^n ^no DUU 

12 220 650 920 770 
13 260 750 1000 800 
14 270 900 

1000 750 
15 260 1000 1000 670 
16 200 1000 1000 600 

17 0 900 900 500 
18 0 

400 
500 0 

19 0 0 300 0 
20 0 0 50 0 
21 0 0 0 0 
22 0 0 0 0 
23 0 0 0 0 
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to  solve  the  conservation  equation  witli  parameterization  for  kinetic  energy  and  dissipation 
rate  changes,  but  was  unable  to  obtain  realistic  predictions  for  late  afternoon  in 
northeastern  Alberta.  He  attributed  the  failure  to  a  poor  representation  of  entrainment 
rates.  In  contrast,  the  extended  Holzworth  method  was  found  to  reproduce  the  sudden 
coll^se  of  the  mixing  layer  quite  well  in  Florida  (Sholtes  1972). 

The  diumal  variations  of  mixing  height  and  stability  (as  represented  by 

Smith's  p)  for  typical  days  of  clear  sky,  4/8th  cloud  and  overcast  conditions  for 
mid-season  in  England  are  shown  in  Figure  3.9  (Smith  1972).  These  were  based  on  actual 
measurements  at  Cardington  and  on  a  developing  boimdary  layer  model.  They 
represented  mean  conditions  in  steady  wind  and  cloud  cover.  The  effect  of  cloud  cover 
and/or  strong  winds  is  to  weaken  the  amplitude  of  the  diumal  cycle.  In  overcast  windy 
conditions  the  boundary  layer  will  have  a  constant  thickness  and  neutral  stability. 

The  surface  heat  flux  is  also  the  major  driving  mechanism  of  mixed-layer 
growth.  Both  the  height  of  the  convective  boimdary  layer  and  the  nature  of  the  turbulence 
therein  are  controlled  by  the  heat  flux.  Despite  its  importance  it  is  not  routinely  measured, 
largely  because  of  the  stringent  instrument  requirements.  Even  the  most  sophisticated 
sonic  anemometer/thermometer  eddy  correlation  system  can  probably  do  no  better  than 
20%  accuracy,  plus  it  is  very  difficult  to  ensure  areal  representativeness.  The  usual 
approach  has  been  one  of  estimation  from  more  easily  measured  quantities.  Unfortunately 
the  surface  heat  flux  depends  on  many  meteorological  variables  including  cloud  cover, 
albedo,  temperature,  solar  elevation,  evq)oration,  soil  moisture  and  soil  heat  transfer. 
Such  a  formidable  task  is  traditionally  handled  by  discarding  all  but  the  most  important 
variables  and  tolerating  the  resulting  errors.  The  mean  daily  global  solar  radiation 
estimates  of  Titus  and  Truhlar  (1969)  give  an  indication  of  the  available  energy  (Figure 
3.10).  Many  workers  including  Kumar  (1978b)  and  Thomson  (1977)  have  assumed  that 
the  heat  flux  equals  the  net  radiation,  but  detailed  energy  budget  parameterizations  yield 
ratios  between  0.2  and  0.8  (Wang  and  Chen  1980).  Often  it  is  found  that  H  =  0.4 
where  Rj^  is  the  net  radiation  (Smith  1979,  Misra  and  Onlock  1982,  Tennekes  and  van 
Ulden  1974).  Because  net  radiation  is  not  commonly  measured,  a  variety  of  radiation 
models  have  been  employed  using  various  astronomical  and  synoptic  weather 
observations,  for  example  Kumar  (1978b),  Thomson  (1977)  and  MEP  (1977),  but  standard 
errors  of  estimate  of  50%  are  quite  common. 
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2.7  PLUME  BEHAVTOR 

A  visible  plume  can  be  classified  by  its  appearance  (Church  1949)  which  may 
resemble  any  of  the  shapes  given  in  Figure  2.1 1.  Associated  weather  conditions  and  other 
information  are  given  in  Table  2.10. 

Coning:  Coning  is  associated  with  Pasquill  stability  categories  C  and  D 
(Gifford  1968, 1975).  Leung  (1972)  found  six  episodes  of  high  concentration  associated 
with  coning  in  a  one-year  period  for  a  gas  plant  northeast  of  Calgary  with  two  stacks  122 
m  high  and  seven  monitoring  stations. 

Fanning:  Fanning  occurs  with  temperatiure  inversions,  when  vertical  mixing 
is  suppressed.  Crosswind  mixing  does  occur  and  the  plume  wiU  spread  somewhat  in  the 
horizontal.  In  addition  the  whole  plume  may  meander,  very  much  as  a  river  does. 
Concentrations  within  the  plume  are  high,  but  little  effluent  reaches  the  surface  unless 
high  terrain  is  encountered.  Wind  shear  may  enhance  the  dispersion  in  the  horizontal  and 
plumes  at  different  heights  may  travel  in  different  directions.  If  the  mean  wind  direction 

has  shifted  over  the  past  few  hours,  the  region  may  be  "tied  in  ribbons"  with  portions  of 
the  plume  from  a  earlier  time  still  visible. 

Looping,  Thermalling  and  Exploding:  These  three  types  occur  in  unstable 
atmospheres.  Looping  is  the  result  of  eddies  which  bring  the  plume  to  the  ground  in 

intermittent  "blobs".  Within  these  "blobs"  concentrations  are  likely  to  be  high. 
Thermalling  (Scorer  1958, 1978)  results  either  from  neutral  updrafts  in  convective 
conditions  or  from  updrafts  induced  by  the  heat  of  the  plume.  Exploding  is  the  rapid 
vertical  spread  which  occurs  when  there  is  strong  thermal  turbulence  confined  to  smaller 
sizes  than  those  producing  looping. 

Considerable  controversy  surrounds  the  effect  of  plume  looping  on  hourly 
average  concentration.  Some  have  argued  that  at  any  point  the  time  average  of  the 
concentration  is  low  because  the  wild  oscillations  cause  the  plume  to  be  absent  from  any 
given  point  the  vast  majority  of  the  time,  and  the  average  of  a  few  high  values  with  zero 
values  will  yield  a  low  concentration  (Forsdyke  1970,  Turner  1967).  Others  have  argued 
that  since  the  puffs  reach  the  ground  close  to  the  source,  average  ground-level 



LOOPING EXPLODING 

Figure  2.11     Plume  behavior  types 



2^2 

Table  2. 10    Types  of  plume  behavior  and  associated  meteorology. 

Description  of  Occurrence 
Visible  Plume 

Turbulence/ Stability Implication for 
Ground-Level 
Concentrations 

Looping  (convective) 
concentrations 
irregular  loops  or 
waves  with 
apparently  random sinuous  movements. 

daytime  with  clear      strong  thermal 

skies,  light  winds 
and  strong  solar heating. 

turbulence 
(unstable). 

high 

where  loop 

touches  ground. 

Coning 
long,  slender  cone. strong  winds  or overcast  sky,  day 

or  night. 

strong  mechanical 
turbulence 
(neutral) 
distance. 

concentrations 
rise  to  a 
maximum  and 
decrease  with 
distance. 

Fanning 
narrow,  horizontal 
fan  widening  but 
not  thickening. 

may  resemble  a 
meandering  river. 

night  and  early 
morning,  clear 
skies  and  light 
winds. 

winter  days  with 
snow  cover  and 
weak  sunshine. 

mechanical 
turbulence  damped 

by  thermal stratification, 
(stable). 

dilution within  the 
plume  is  slow, where  plume 

passes  near  the surface  high 
concentrations 
will  occur. 

Lofting 
coning  for  some 
distance,  then 
lower  edge, 
becomes  horizontal. 

transition  from 
daytime  mixing  to 
nocturnal 
inversion. 

nighttime,  when 
plume  height exceeds  inversion 
depth. 

upper  layer  has residual 
tiut)ulence  from 
daytime  mixing 
neutral  or 
unstable). 

lower  layer  has 
mechanical 
turbulence  damped 

by  thermal stratification 
(stable). 

plumes  in 
upper  layer will  produce virtually  no 

ground-level concentrations 
because  the 
surface  based 
inversion  acts 
as  a  barrier. 
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Table  2. 10    Types  of  plume  behavior  and  associated  meteorology,  (cont'd) 

Description  of  Occurrence  Turbulence/  Implication 
Visible  Plume  Stability  for 

Ground-Level 
Concentrations 

Fumigating 
(inversion  breakup) 
upper  edge 
horizontal,  lower 
edge  ragged  and 
swirling  to  ground. 

Bifurcating 
divides  into  two 
rolls. 

Trapping  (limited 
mixing) 
cones  or  loops  and 
at  some  distance 
upper  edge  becomes 
horizontal. 

Puddling  (calm 
subsidence) 
mushrooms  above 
stack  or  drifts  in 
various  directions 
but  never  leaves 
area. 

during  transition 
from  nocturnal 
inversion  to 
daytime  mixing. 

when  plume 
travelling  in  a 
stable  regime 
encounters  a 
turbulent  internal 
boundary  layer. 

later  aftemoon/ 
early  evening  with 
light  winds. 

large  plume 
buoyancy. 

inversion  aloft  as 
a  result  of  a 
firontal  zone 
between  airmasses, 
anticyclonic 
subsidence,  or 
convection. 

stagnant  air  near 
centre  or  eastern 
side  of  an  anti- 
cyclone. 

weak  pressure 
gradient,  winds 
light  and  variable. 

upper  layer  has littile  turbulence 
(stable). 
lower  layer  has 
mechanical  and 
thermal  turbulence 
(neutral  or unstable). 

weak  turbulence 
(near  neutral). 

upper  layer  has litde  turbulence 
(stable). 

lower  layer  has 
mechanical  and 
thermal  turbulence 
(neutral  or unstable). 

upper  layer  has littie  turbulence 
(stable). 

lower  layer  has 
weak  turbulence 
(near  neutral). 

the  sudden 
downward  mixing 
of  a  fanning 

plume  leads  to 
high  concen- trations more 
or  less 
simultaneously 
along  the  full 
lengdi  of  the 

plume. same  as  conmg 
unless  plume 
rise  reduced. 

after  the  plume 
edge  contacts the  inversion, 

upward diffusion  is 
prevented, leading  to 

higher  concen- trations at 

ground  level. 

where  the  edge 
of  the  mushroom 
touches  down 

high  concen- trations are 
experienced. 
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Table  2.10    Types  of  plume  behavior  and  associated  meteorology,  (cont'd) 

Description  of 
Visible  Plume 

Occurrence Turbulence/ Stability Implication for 
Ground-Level 
Concentrations 

Recirculating 
travels  away  at  high 
level  and  returns  at 
lower  level. 

winds  at  upper 
levels  in  opposite 
direction  to  those 
at  lower  levels. 

mechanical 
turbulence,  strong 
near  the  interface 
between  the  flow 
zones  (near- neutral). 

the  returning 

plume  can  cause 
high  concen- trations near 
the  stack. 

Spiraling 
coils  back  on 
itself. light  winds  and 

capping  inversion. 
wind  direction 
changing  with 
altitude  or  time. 

upper  layer  has little  turbulence 
(stable). 

lower  layer  has 
weak  turbulence 
(neutral  or 
slightly  unstable). 

because  the 

plimie  does  not leave  the  area, 
concentrations 
can  be  high. 

Capping  (wind  shear) 
plume  rise  abrupdy 
and  prematurely 
terminated. 

large,  sharp 
change  in  wind 
velocity  with 
altitude. 

strong  mechanical 
turbulence  in 
vicinity  of  wind 
change  (neutral). 

reduction  in 
rise  and  strong 
vertical  mixing 
produces  high concentrations. 

Exploding 
plume  expands 
rj^idly  in  vertical. 

light  wind  and clear  sky. strong  thermal turbulence 
(unstable). 

high  concen- tration close 
to  stack. 

Theimalling 
plume  breaks  up  in 
separate  masses  that 

light  wind,  strong 
solar  heating. 

large  plume buoyancy. 

thermal  turbulence 
(unstable). ground-level concentrations will  be  very 

small. 
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concentrations  are  likely  to  be  quite  high  (Slade  1968,  Smith  1968).  Still  others  hold  the 
view  that  although  vigorous  down  currents  may  produce  short-term  (3-minute) 
concentrations  as  high  as  any  experienced  throughout  the  year,  the  time  duration  of  these 
concentrations  is  small,  and  the  hourly  averages  will  be  no  larger  than  for  other  conditions 
(Moore  1974,  Lucas  1975b).  Some  workers  (Moore  1967)  have  noted  that  looping  is 
characteristic  of  a  small  plant,  with  stacks  below  100  m  and  is  seldom  observed  in  plants 
with  stacks  higher  than  150  m;  however,  others  found  that  with  taller  stacks  looping 
replaced  coning  as  the  condition  leading  to  maximum  concentrations  (Thomas  et  al.  1963). 

With  large  heat  emissions  the  plume  is  rarely  brought  to  ground  level  by  small 
thermals  (Thomas  et  al.  1963).  The  large  thermals  that  produce  loops  of  several 
kilometres  for  small  power  plants  may  provide  even  greater  dilution  for  larger  plants  due 
to  the  magnitude  of  the  induced  circulation.  When  thermal  convection  is  present  the  heat 
emissions  from  a  large  plant  can  initiate  thermals  and  establish  a  semi-independent  local 
atmospheric  circulation.  The  plume  may  then  rise  a  few  thousand  metres  and  produce 
cumulus  clouds.  A  heat  source  of  4  MW  over  a  500-m  square  area  has  been  described  as 
adequate  for  the  initiation  of  thermals  (Scorer  1958).  Since  many  Alberta  industrial 
sources  produce  greater  amounts  of  heat,  large,  strong  thermals  should  be  produced, 
resulting  in  a  reduction  of  pollution  at  ground  level.  If  pollution  is  carried  to  die  height 
reached  by  thermals,  typically  cloud  base  height  of  about  1  km,  afterwards  being  diluted 
downwards  by  the  ambient  turbulence,  then  die  concentration  experienced  at  the  ground 
will  be  negligible  compared  with  those  sources  of  pollution  not  producing  thermals 
(Scorer  1958). 

Benjamin  (1975)  examined  the  consequences  of  a  particular  model  of 
convection  and  concluded  that  if  the  plume  is  emitted  into  a  thermal  it  will  not  reach  the 
ground,  but  if  it  is  emitted  into  the  subsiding  environment  maximum  ground-level 
concentrations  are  increased  by  a  factor  of  2  or  3  over  the  coning  values.  The  predictions 
were  not  tested  against  experimental  data. 

All  of  the  foregoing  suggest  that  it  is  advantageous  for  industrial  sources  to 
emit  into  a  thermal.  If  the  stack  is  itself  a  large  heat  producer,  such  a  thermal  will  be 

self-induced.  If  the  stack  is  only  a  small  heat  source  it  would  be  advantageous  to  locate 

near  a  "hot  spot"  favorable  for  the  formation  of  thermals.  Glider  pilots  arc  well  aware 
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of  such  areas  and  may  provide  excellent  guidance  in  this  regard.  Slopes  that  face  the  sun 
and  arid  regions  commonly  act  as  fixed  thermal  sources. 

Similarly,  it  is  disadvantageous  to  be  located  in  areas  of  subsidence  such  as 
those  found  over  a  river  or  lake  because  the  plume  will  be  pulled  to  the  ground.  However, 
the  frequency  of  occurrence  of  high  concentrations  at  ground  level  due  to  subsiding  air 
wiU  decrease  at  the  heat  emissions  increase  (Moore  1967). 

A  looping  frequency  of  120  h/year  has  been  reported  at  High  Mamham  in 
England  (137-m  stacks).  The  ratio  of  summer  to  winter  looping  is  a  function  of  latitude 

and  in  England  it  is  greater  than  3  to  1.  At  Ris<|),  Denmaik  (latitude  55°N)  looping  firom  a 
60-m  stack  was  observed  less  than  3%  of  the  time  in  winter  but  as  much  as  25%  of  the 
time  in  summer  (Frankenburg  et  al.  1967). 

The  phenomenon  of  plume  looping  is  intrinsically  tied  to  the  process  of 
convection.  Plume  rise  limited  by  convection  (Briggs  1975)  produces  ground-level 
concentrations  higher  than  for  the  coning  case  provided  the  downdraft  velocities  exceed 
the  buoyancy  scale  velocity  of  the  stack.  This  condition  can  be  fulfilled  only  for  sources 
with  small  heat  emissions.  It  has  also  been  suggested  that  diffusion  is  enhanced  under 
looping  conditions  because  the  pulsations  of  wind  speed  greatly  affect  the  height  of  rise  of 
successive  plume  sections  and  make  a  considerable  contribution  to  the  time-mean  spread 
(Pasquill  1974,  HaUiday  1968).  Laboratory  experiments  in  a  convection  chamber 
(Deardorff  1985)  show  that  the  concentration  maximum  descends  downward  toward  the 
ground  because  the  downdrafts  cover  more  area  than  the  energetic  updrafts.  The 
maximum  moves  upward  thereafter  since  more  and  more  of  the  effluent  gets  swept  into 
updrafts. 

Venkatram  (1980)  applied  a  convective  dispersion  model  to  the  Suncor  and 
Syncrude  stacks  in  the  Alberta  oU  sands  and  predicted  ground-level  concentrations  slightly 
larger  than  those  for  coning,  with  maximum  concentrations  occurring  between  1500  and 
6500  m.  Strosher  and  Peters  (1980a,  b)  identified  convective  mixing  as  the  cause  in  two 
of  eight  cases  of  high  concentrations.  Fanaki  et  al.  (1979)  observed  that  plume  looping 
occurred  quite  ftequently  with  the  Suncor  plume  near  Fort  McMurray  during  the  summer 
season  near  noon.  The  plume  touched  down  at  distances  between  a  few  hundred  metres 

and  1  km,  producing  high  concentrations  over  the  few-minutes  sampling  period. 
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Trapping:  Trapping  occurs  when  upward  diffusion  of  a  plume  is  restricted  by 

an  inversion,  below  which  there  is  strong  mixing.  This  barrier  or  "lid"  limits  the  vertical 
growth  of  the  plume  and  any  decrease  in  concentration  must  be  due  to  horizontal 
spreading. 

The  capping  inversion  of  the  convective  boundary  layer  represents  such  a  lid, 
but  in  well  developed  convection  it  will  be  at  a  height  of  around  1  km  and  unlikely  to  have 
an  effect  on  most  industrial  plumes.  Moreover,  plume  looping  will  be  the  dominant 
behavior  under  such  conditions. 

Of  probably  greater  significance  are  large-scale  meteorological  processes  that 
lead  to  stabilization  aloft.  In  the  stagnation-prone  eastern  United  States,  subsidence 
inversions  associated  with  anticyclones  are  the  most  important  cases.  In  Alberta,  frontal 
inversions  and  airmass  inversions  are  likely  to  be  more  significant.  Another  instance  of 
trqjping  occurs  briefly  in  conjunction  with  inversion  breakup  fumigation.  After  the 
nocturnal  radiation  inversion  is  eroded  past  stack  height,  the  pliune  is  emitted  into  a 
mixing  layer  bounded  on  the  top  by  the  remnants  of  the  rising  nocturnal  inversion.  Thus 

all  of  the  near  stack  ("younger")  sections  of  the  plume  experience  a  limit  to  upward  growth 
until  the  far  stack  ("older")  plume  sections  are  fiunigated.  After  the  fumigation,  the  whole 
plume  experiences  trapping  until  the  nocturnal  inversion  is  completely  destroyed. 

With  respect  to  daytime  boundary  layer  evolution,  the  potential  mixing  depth, 
represented  by  the  lowest  major  inversion  base  can  be  distinguished  from  the  effective 
mixing  depth  (Pasquill  1974).  Vertical  mixing  is  effective  up  to  the  inversion  only  for  the 
part  of  the  day  when  surface  heating  generates  sufficiently  vigorous  convective  motion. 
At  other  times  of  the  day,  and  especially  in  periods  of  strong  noctumal  radiative  cooling  of 
the  surface,  vertical  mixing  may  be  confined  to  a  height  well  below  the  overhead 
inversion.  Typically  there  would  be  diumal  progression  of  effective  mixing  depth  with  a 
minimum  at  night  and  a  maximum  during  the  afternoon.  As  a  consequence,  at  any  given 
time  there  would  be  some  upwind  distance  within  which  the  vertical  distribution  would 
still  be  in  the  process  of  adjustment,  but  beyond  which  vertical  spreading  would  have  been 
completed  to  the  stage  of  uniformity  of  concentration  with  height. 
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One  can  also  make  a  distinction  between  a  passive  mixed  layer  and  an  active 
mixing  layer  (Holzworth  1974).  While  the  mixing  layer  at  some  time  may  be  relatively 
shallow,  pollutants  at  the  same  time  may  be  found  to  be  mixed  through  a  much  deeper 
layer  corresponding  to  the  mixing  height  at  a  previous  time  (McCaldin  and  Sholtes  1970). 
When  an  inversion  layer  descends,  pollutants  immediately  below  the  base  are  left  behind 
and  eventually  transported  and  diffused  in  the  atmosphere  above  the  boundary  layer.  Hius 
vertical  oscillations  of  an  overhead  inversion  constitute  a  mechanism  for  pumping 
pollution  out  of  the  boimdary  layer.  Theory  shows  that  the  percentage  of  pollution 
pumping  in  a  24  h  period  (due  to  diurnal  inversion  base  ascent  and  descent)  is  a  function 
of  the  ratio  of  the  maximum  to  minimum  inversion  base  height  (Kao  1979).  If  the 
inversion  base  remains  stationary,  no  material  is  removed.  K  the  maximum  is  10  times  the 
minimum,  58%  is  removed. 

Although  it  is  well  known  that  plume  trj^ping  leads  to  ground-level 
concentrations  larger  than  the  coning  values,  the  exact  amount  of  the  increase  is 
uncertain.  In  theory,  if  the  inversion  is  treated  as  a  completely  impervious  barrier  that 
totally  reflects  the  plume,  with  the  worst  case  of  an  inversion  base  at  plume  height,  the 
maximum  ground-level  concentration  is  doubled  (Scriven  1967,  Healey  and  Baker  1968, 
Heines  and  Peters  1973,  Ragland  1976).  Some  measurements  confirm  this  (Leavitt  et  al. 
1971,  Moore  1967,  Martin  and  Barber  1973)  but  others  support  a  threefold  increase 
(Carpenter  et  al.  1976)  which  can  be  predicted  by  a  semi-empirical  model  for  tall  stacks 
up  to  305  m  (Carpenter  et  al.  1971).  A  factor  of  3  might  be  experienced  rather  than  a 
factor  of  2  because  the  trapping  inversion  restricts  the  plume  rise  (Gifford  1975).  Whaley 
and  Lee  (1973)  indicated  smaller  increases  because  the  capping  inversion  causes  a 
widening  of  the  plume.  Whaley  (1969)  proposed  that  a  factor  of  2  be  used  as  a  Canadian 
standard  with  an  estimated  12%  occiurence  for  plumes  under  200  m. 

Leakage  through  an  inversion  could  have  significant  implications  on 
ground-level  concentrations  (Scriven  1967).  If,  for  example,  an  inversion  is  assumed  to 
have  a  diffusivity  of  only  1%  of  that  in  the  mixed  layer  instead  of  zero,  the  maximum 
ground-level  concentration  is  decreased  by  about  10%  in  the  worst  case  of  inversion  base 
and  plume  height  coinciding.  In  convective  conditions,  material  beneath  an  inversion 
cannot  penetrate  through  it  but  material  above  the  inversion  readily  passes  through  and 
affects  the  whole  convection  layer  because  of  entrainment  from  aloft  (Ball  1960). 
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When  middle  tropospheric  inversions  are  associated  with  mechanical  mixing  above  the 
inversion,  the  inversion  will  migrate  downwards  and  pollutants  wiU  be  able  to  pass 
upwards  through  the  inversion,  but  not  downwards. 

A  perfectly  reflecting  barrier  above  the  plume  has  little  or  no  effect  on  either 
the  value  or  position  of  the  maximum  ground-level  concentration  provided  it  occurs  at  a 
vertical  distance  of  1.25  effective  stack  heights  or  more  above  the  ground  (Scriven  1967, 
Heines  and  Peters  1973).  It  is  when  the  reflecting  barrier  (impenetrable  inversion)  is 
between  1  and  1 .25  effective  stack  heights  above  ground  that  the  maximum  ground-level 
concentration  is  very  sensitive  to  the  height  of  the  barrier.  With  a  stable  layer  aloft, 
plumes  do  not  achieve  their  normal  plume  rise  because  part  of  the  buoyancy  is  taken  up  in 
lifting  and/or  destroying  the  lower  part  of  the  stable  layer  (Martin  and  Barber  1973). 
However,  a  plume  would  probably  not  be  fully  reflected  from  the  stable  layer  and,  if  a 
reflection  of  80%  is  assumed,  ground-level  concentrations  would  not  exceed  a  factor  of  2 
more  than  the  concentrations  that  would  have  occurred  without  the  elevated  stable  layer 
above.  It  can  be  shown  that  if  an  elevated  stable  layer  restricts  the  plume  rise  to  only  75% 
of  the  value  that  would  have  occurred  in  the  absence  of  the  stable  layer,  then  50% 
penetration  of  the  stable  layer  wiU  occur  (Briggs  1975).  The  net  result  is  that  maximum 
groimd-level  concentrations  would  be  increased  by  less  than  a  factor  of  2  over  the  coning 
case. 

In  the  Tennessee  Valley  maximum  concentrations  occurred  within  5  to  10  km 

of  a  244-m  stack  and  persisted  for  2  to  5  h  (Carpenter  et  al.  1976).  High  pressure  systems 
leading  to  limited  mixing  were  found  to  occur  on  30  to  40  days  per  year. 

Leung  (1972)  reported  nine  instances  in  one  year  of  high  concentrations 
associated  with  plume  trapping  at  a  gas  plant  northeast  of  Calgary.  One  of  these  was 
associated  with  the  presence  of  a  warm  front.  Strosher  and  Peters  (1980a,  b)  found  that  5 
of  16  episodes  in  northeastem  Alberta  were  associated  with  frontal  inversions. 

Lofting:  Lofting  occurs  with  a  near-neutral  layer  above  a  surface-based 
inversion  that  does  not  extend  to  plume  height.  Upward  diffusion  is  good,  but  downward 
diffusion  is  inhibited.  The  inversion  acts  as  a  barrier  to  the  effluent  and  keeps  the 
groimd-level  concentration  low.  Large  particulates,  however,  will  still  fall  though  the 
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inversion  by  gravitational  settling.  Depending  on  the  effective  height  of  the  stack  and  the 
rate  of  deepening  of  the  inversion,  lofting  may  be  very  transitory  or  may  last  for  several 
hours.  It  is  usually  observed  for  an  hour  or  so  at  sunset  when  the  lower  atmosphere  is 
rapidly  changing  from  unstable/neutral  to  stable.  Such  lofting  conditions  are  ideal  for  the 
dispersion  of  industrial  stack  effluents.  Site-specific  studies  will  determine  the  potential 
frequencies  and  whether  or  not  stack  design  can  be  modified  to  take  advantage  of 
prolonged  lofting. 

Fumigating  (Inversion  Breakup):  Inversion  breakup  fumigation  occurs  when 
daytime  solar  heating  has  produced  a  neutral  or  unstable  layer  that  reaches  a  plume  that 
was  emitted  into  the  noctumal  radiation  inversion.  The  fanning  plume  contains  high 
concentrations  of  effluent,  and  when  the  mixing  layer  builds  up  to  plume  height,  thermal 
turbulence  will  bring  the  effluent  to  the  ground  more  or  less  simultaneously  along  the  full 
length  of  the  plume.  This  condition  gives  rise  to  the  greatest  groimd-level  concentrations 
near  a  stack  over  a  period  of  about  30  minutes  (Gifford  1968,  Turner  1967).  For  stacks 

with  small  plume  rise  the  maximum  concentrations  occiu-  close  to  the  source  but  last  only 
a  few  minutes  (Gifford  1975).  For  stacks  with  large  plume  rise  the  maximum 
concentration  occur  several  tens  of  kilometres  from  the  stack  and  last  for  30  to  45  minutes 

(Gifford  1975).  The  explanation  for  this  lies  in  the  time  taken  for  the  inversion  to  be 
eliminated  to  plume  height.  Because  a  fanning  plume  is  a  prerequisite  for  an  inversion 
breakup  fumigation,  only  the  portions  of  the  plume  that  were  actually  emitted  into  the 

inversion  layer  can  be  fixmigated.  These  "older"  emissions  have  travelled  a  considerable 
distance  downwind  during  the  time  it  takes  for  the  inversion  layer  between  stack  height 

and  plume  height  to  be  destroyed.  The  "newer"  portions  of  the  plume  are  emitted  into  the 
developing  mixing  layer  and  hence  cannot  be  fumigated  in  the  same  manner. 

For  one  of  TVA's  small  steam  plants  the  30-minute  average  concentration  due 
to  inversion  breakup  was  only  0.6  that  due  to  coning  (Thomas  et  al.  1963).  For  150-MW 
units  with  76-m  stacks  it  was  foimd  that  maximiun  surface  concentrations  during  inversion 
breakup  were  approximately  equal  to  those  for  coning  conditions  (Thomas  et  al.  1970).  A 
validated  model  predicted  that  for  600-  to  700-MW  units  with  stacks  of  180+  m  the 
maximum  concentrations  due  to  inversion  breakup  would  be  1.5  times  those  due  to 
coning.  The  ratio  of  fumigation  to  coning  concentrations  ranged  from  1.3  for  a  60-m  stack 
to  2.4  for  stacks  up  to  365  m  (Carpenter  et  al.  1971). 
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Concentrations  from  British  power  stations  were  reported  no  greater  in 
fumigation  conditions  than  in  steady-state  conditions  with  similar  wind  speeds  and  lapse 
rates  (Martin  and  Barber  1973)  except  for  sources  in  valleys  (Lucas  1975a).  The 
maximum  concentrations  occur  within  a  narrow  band  at  relatively  great  distances  from  the 
source  with  considerable  directional  variability  (Thomas  et  al.  1970).  In  the  absence  of 
channelling  due  to  terrain  features  the  frequency  of  recurrence  at  the  same  location  is 
likely  to  be  much  less  than  with  coning  dispersion  (Gifford  1975). 

Leung  (1972)  found  six  occurrences  of  inversion  breakup  episodes  in  one  year 
at  the  gas  plant  northeast  of  Calgary. 

Puddling:  Puddling  is  described  as  the  plume  filling  an  imaginary  container 
around  the  source  (Lott  1985).  The  velocity  vector  averaged  over  long  time  periods  would 
be  zero,  indicating  that  the  plume  might  drift  in  different  directions  but  would  not  leave 
the  region.  This  phenomenon  has  also  been  called  calm  subsidence  (Gifford  1975), 
referring  to  the  causal  conditions  of  calm  winds  in  the  presence  of  a  subsidence  inversion. 
These  meteorological  conditions  occur  near  the  centre  of  a  stagnating  anticyclone  (Moore 
et  al.  1986,  Holzworth  1969).  Such  situations  qjpear  to  be  rare,  even  in  the  relatively 
stagnation-prone  southeastern  U.S.  (with  an  average  5  to  15  stagnation  days  per  year). 
Only  one  such  occurrence  was  detected  in  all  the  years  of  TVA  monitoring  (Briggs  1969). 
In  that  instance  the  ground-level  concentration  was  50%  higher  than  in  the  high-wind 
coning  situation  and  the  condition  persisted  throughout  the  aftemoon.  This  situation  may 
be  the  cause  of  high  air  pollution  in  Japan  (Ukeguchi  et  al.  1973).  In  Alberta  the  Arctic 
airmass  inversion  with  calm  or  light  winds  can  lead  to  puddling.  Strosher  and  Peters 
(1980a,  b)  reported  that  3  of  16  high-concentration  events  in  northeastem  Alberta  were 
associated  with  this  condition. 

Bifurcating:  Plume  bifurcation  has  long  been  observed.  It  is  the  result  of 
vorticity  which  exists  at  the  edges  of  the  stack  orifice  where  there  is  a  large  velocity  shear 
between  the  effluent  and  the  atmosphere  (Scorer  1958).  The  bent-over  plume  may  be 
imagined  to  consist  of  a  series  of  puffs  overlapping  so  that  the  vorticity  at  the  front  of  one 
cancels  that  at  the  back  of  the  next.  Along  the  edges  of  the  plume,  however,  there  is  no 
cancellation,  so  the  plume  takes  the  form  of  two  rolls.  The  downwind  extent  of  this 
configuration  is  limited  by  the  growth  of  the  plume  since  entrauiment  reduces  the 
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vorticity.  Conditions  favoring  downwind  extent  are  large  plume  buoyancy,  weak  thermal 
stratification  and  low  turbulence.  A  typical  occurrence  of  these  conditions  is  in  the 

evening,  after  the  thermals  of  the  day's  convection  have  ceased  and  the  radiation  inversion 
is  still  below  the  plume. 

Bifurcation  can  also  be  produced  by  cooling  on  the  edges  of  a  plume  when  the 
plume  contains  liquid  water  droplets.  Mixing  with  unsaturated  air  at  the  edges  of  the 
plume  causes  some  of  the  droplets  to  evaporate,  extracting  the  latent  heat  of  evaporation. 
The  plume  edges  are  then  cooler  than  the  central  part  of  the  plume,  a  condition  which 
leads  to  velocity  shear  and  the  generation  of  vorticity. 

If  the  atmosphere  is  turbulent,  bifurcation  disappears  within  a  few  stack 
diameters  downwind,  whereas  if  the  atmosphere  is  not  turbulent,  bifurcation  may  extend 
for  hundreds  or  thousands  of  metres  downwind  (Moore  1967).  Coning  plumes  are  usually 
bifurcated  when  viewed  from  beneath  rather  than  from  the  side  (Scorer  1978).  Bifurcation 

may  lead  to  reduced  plume  rise  and  higher  ground-level  concentrations  (Fanaki  1975). 

Recirculating  occurs  when  the  winds  at  lower  levels  are  opposite  to  the  winds 
at  plume  height.  Spiralling  occurs  when  there  are  changes  in  wind  direction  with  altitude 
or  time  which  cause  the  plume  to  coU  back  on  the  stack.  Capping  (wind  shear)  occurs 
when  there  is  a  large  discontinuous  change  in  wind  velocity  with  altitude  (Lott  1985).  At 
the  Paradise  steam  plant  in  the  Tenneesee  Valley  wind  shear  capping  causes  the  highest 
concentrations  observed  (Lott  1985).  Mohtadi  and  Rowe  (1973)  reported  8  episodes  out 
of  28  at  a  gas  plant  northwest  of  Calgary  could  not  be  attributed  to  coning,  trapping  or 
fumigating  and  therefore  may  have  been  caused  by  some  other  atmospheric  condition. 
The  frequencies  of  the  various  plume  behaviors  can  be  roughly  estimated  from  monostatic 
acoustic  sounder  records.  Mathews  and  Hicks  (1978)  reported  that  at  Calgary  stable 
layers  (fanning  plumes)  were  observed  about  65%  of  the  time,  while  neutral  layers  were 
seen  only  7%  of  the  time.  Upper  layers  were  present  in  33%  of  the  records  as  shown  in 
Table  2.11. 
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Table  2.11    Monthly  distribution  of  layer  stability  from  acoustic  sounder  records  at 
Calgary  (Mathews  and  Hicks  1978). 

Stable  Unstable 
Total         Total  Total         With  With  Chinooks 

Month  Stable        Unstable      Neutral       Upper  Upper 
Layers  Layers 

March  76 51.9 43.1 5.0 11.6 6.5 
0 

AprU 58.3 39.2 
2.5 19.9 4.5 

0 
May 51.6 42.1 6.3 

23.9 
6.3 0 

June 47.6 42.4 
9.8 

19.0 3.9 
0 

July 49.1 43.2 7.7 13.5 4.2 0 
August 54.2 36.9 

8.9 
21.1 

7.9 
0 

September 58.7 30.0 11.3 19.1 8.2 0 
October 65.0 25.2 9.8 

21.5 
6.1 

0 
November 74.9 13.7 11.4 32.6 

7.4 

2.7 

December 89.1 9.6 
1.3 40.2 

9.6 
17.1 

January  77 93.4 3.7 

2.9 
49.7 3.7 3.3 

February 81.5 15.4 3.1 40.4 
3.4 3.4 March 61.4 33.0 5.5 36.8 4.4 0 

Means 64.9 28.5 6.6 27.6 5.8 2.2 
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2.8  SUMMARY 

Mixing  heights  have  been  measured  at  three  locations  in  Alberta.  Mean 
maximum  afternoon  mixing  heights  at  Edmonton  (Stony  Plain)  range  from  242  m  in 
winter  to  1901  m  in  summer.  Near  Fort  McMurray,  median  maximum  afternoon  mixing 
heights  range  from  270  m  in  winter  to  1000  m  in  summer.  Noontime  values  at  Edmonton 
(Ellerslie)  averaged  162  m  in  winter  and  683  m  in  summer.  Mean  maximum  afternoon 
mixing  heights  have  been  mapped  across  Alberta  by  interpolation  from  Canadian  upper  air 
stations.  Northern  Alberta  has  lower  mixing  heights  than  southern  Alberta;  in  winter, 
northern  Alberta  values  are  about  200  m  while  southern  Alberta  values  are  about  400  m;  in 
summer,  northem  Alberta  values  are  about  1600  m  while  southern  Alberta  values  are 
about  2200  m.  There  is  a  tendency  to  larger  mixing  heights  in  the  foothills  and  mountains, 
but  this  may  be  the  result  of  the  interpolation;  few  mixing  height  measurements  are 
available  for  the  east  slopes  in  Alberta. 

Mean  wind  profiles  have  been  measured  in  a  variety  of  Alberta  locations,  with 
the  results  generally  presented  in  terms  of  the  power  law.  Boundary  layer  scaling  has  not 
been  widely  applied.  Power  law  exponents  vary  with  surface  roughness,  stability  and 
layer  thickness.  On  an  annual  basis,  for  layers  several  hundred  metres  deep,  observed 
power  law  exponents  generally  fall  between  0.12  and  0.50. 

Nocturnal  radiation  inversions  generally  break  up  3  h  after  sunrise  and  form  at 
sunset.  Methods  for  predicting  the  evolution  of  the  boundary  layer  has  been  applied  with 
some  success  in  areas  of  Alberta  with  gende  terrain. 

Different  plume  behavior  types  have  different  consequences  for  air  quality. 
The  potential  frequencies  of  these  types  that  can  produce  high  ground-level  concentrations 
are:  coning  7%,  looping  28%,  trapping  33%,  fumigating  65%.  Actual  frequencies  for  any 
particular  plume  will  be  less  because  the  occurrence  depends  on  plume  height  and 
buoyancy. 
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3.0  PLUME  RISE 

The  height  of  a  chemical  plume  above  the  ground  comprises  of  the  height  at 
which  the  release  occurred  (stack  height)  plus  the  rise  of  the  plume  above  the  release  point 
due  to  buoyancy  and  momentum  effects.  For  large  industrial  sources,  this  total  height 
(effective  stack  height)  can  be  a  factor  of  2  to  10  times  the  actual  release  height.  Because 
maximum  ground-level  concentration  is  approximately  proportional  to  the  inverse  square 
of  the  effective  stack  height,  plume  rise  can  change  the  maximum  ground-level 
concentration  by  as  much  as  100  times. 

Plume  rise  has  received  a  great  deal  of  study  by  a  number  of  researchers 
(Sutton  1947,  Bosanquet  1957,  Scorer  1959,  Lucas  et  al.  1963,  Moore  1965, 1984, 
Slawson  and  Csanady  1967,  Briggs  1975,  Shatzmann  1979).  Early  plume  rise  models  (see 
Moses  and  Strom  1961  for  a  review)  were  either  completely  empirical  (Holland  1953, 
Davidson  1949)  or  semi-empirical  (Batchelor  1954,  Scorer  1959).  There  are  now  areas  of 
agreement  among  recent  models  of  plume  rise  (see  Briggs  1969),  although  there  are  still 
major  gaps  in  our  knowledge. 

3.1  GENERAL  CONSIDERATIONS 

A  plume  wUl  rise  in  the  atmosphere  due  to  its  initial  momentum  and 
buoyancy.  As  the  plume  rises,  a  shear  zone  occurs  between  the  plume  and  surrotmding 
fluid  due  to  the  relative  motion  of  the  plume  to  the  ambient  air.  This  shearing  results  in 

entrainment  of  ambient  air  into  the  plume  (thus  reducing  the  plume's  initial  momentum 
and  buoyancy)  and  causing  the  plume  to  grow  visibly.  This  "self -generated"  turbulence 
dominates  the  mixing  process  close  to  the  source.  This  initial,  self  generated  turbulence 
zone  is  shown  in  Figure  3.1.  Various  terms  are  also  defined  in  the  figure.  As  the  plume 
continues  to  grow  and  lose  its  initial  buoyancy  and  momentum,  the  atmospheric 
conditions  (wind  speed,  vertical  density  stratification,  turbulence)  begin  to  dominate  the 
behavior.  Equations  describing  the  behavior  of  the  plume  (trajectory  and  spread)  during 
its  initial  rise  phase  can  be  developed  by  examining  the  basic  laws  of  fluid  mechanics: 
conservation  of  mass,  buoyancy  and  momentum.  The  distribution  of  temperature,  speed, 

or  other  quantities  across  the  plume  are  assumed  to  have  "top  hat"  form;  that  is,  a  variable 
has  a  certain  value  inside  the  plume,  another  value  outside  the  plume,  and  a  discontinuity 
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at  the  plume  radius  (Rp).  In  mathematical  temis,  the  variables  are  integrated  averages  in  a 
circular  plume  cross  section.  A  schematic  diagram  illustrating  the  basic  definitions  for 
describing  plume  rise  is  shown  in  Figure  3.2. 

Because  the  details  of  turbulence  are  neglected,  there  is  one  less  conservation 
equation  than  independent  variables;  thus  a  closure  assumption  must  be  made  to  make  the 
equations  tractable. 

A  simple  closure  assumption  (Taylor,  1948  and  later  Morton,  Taylor  and 
Turner,  1956)  uses  the  entrainment  velocity,  v^,  which  is  defined  as: 

Vg  =  a,  6  Iwl 
where 

a,  6  are  the  entrainment  constants  for  a  jet  and  bent  over  plume  respectively  and 

w  is  the  plume  vertical  velocity 

The  entrainment  velocity  is  simply  a  measure  of  the  entrainment  of  ambient 
fluid  into  the  plume  caused  by  the  turbulence  generated  by  the  velocity  of  the  plume 
relative  to  the  surrounding  air.  If  the  plume  is  rising  in  a  calm  atmosphere,  the  relative 
velocity  component  is  singly  the  vertical  velocity  of  the  plume  itself,  w.  This  provides 
the  basis  for  the  above  equation.  For  a  plume  rising  in  a  crosswind,  this  equation  can  still 
be  applied  assuming  that  the  downwind  component  of  the  pliune  velocity  is  equal  to  the 
windsp>eed,  and  the  vertical  velocity  of  the  plume  is  much  less  than  the  plume  velocity 
(plume  is  well  bent-over). 

With  fiirther  simplifications,  the  conservation  equations  (with  help  from  the 
closure  asstunption)  can  now  be  solved  and  analytical  solutions  obtained.  The  additional 

simplications  include  the  Boussinesq  approximation  (p^^  =  Pp  =  constant,  except  in  the 
density  difference  terms),  the  bent-over  plume  assumption  and  the  uniform  windspeed 
assumption  (where  U(z)  =  constant).  Drag  effects  have  been  included  in  some 
derivations;  however,  drag  has  traditionally  been  ignored  by  modellers. 



gure   3.2  Schematic  illustrating  basic  definitions 
for  plume  rise. 
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Djurfors  (1977a)  solved  the  conservation  equations  for  mass,  vertical 
momentum  and  energy  for  buoyant  plumes  in  calm  atmospheric  conditions  and  included 
drag  terms.  Drag  was  characterized  by  the  inclusion  of  the  drag  coefficient,  Cq.  The 
separate  effects  of  entrainment  and  drag  on  plume  behavior  were  examined.  Djurfors 
concluded  that  drag  influences  plume  motion,  but  has  no  effect  on  plume  temperamres.  In 
addition,  the  effect  of  entrainment  on  plume  motion  is  the  same  as  drag,  i.e.,  to  retard  the 
motion.  Even  though  these  results  are  intuitive,  Djurfors  illustrated  their  relative  effects 
mathematically. 

Numerical  solutions  are  possible  without  making  the  above  assumptions. 
Slawson  et  al.  (1980)  used  a  variety  of  numerical  and  analytical  plume  rise  solutions  along 
with  a  number  of  different  entrainment  hypotheses  to  compare  with  observations  of  the 
Suncor  (GCOS)  plume.  The  numerical  models  performed  better  than  the  analytical 
forms.  This  would  be  expected  since  non-uniform  wind  and  temperature  profiles  could  be 
precisely  accounted  for  and  the  Boussinesq  and  bent-over  plume  assumptions  could  be 
relaxed.  The  performance  of  current  regulatory  plume  rise  algorithms  and  a  new 
numerical  plume  rise  model  were  compared  using  10  field  and  laboratory  plume  rise  data 
bases  (Peterson  1987).  The  numerical  approach  was  superior  in  predicting  the  observed 
plume  trajectories. 

3.2  PLUME  RISE  IN  NEUTRAL  AND  UNSTABLE  CONDITIONS 

Given  the  simplifications  listed  previously,  the  simplest  form  of  the  analytical 
solution  for  plume  rise,  Ah,  can  be  obtained  for  neutral/unstable  conditions  where: 

1/3 

U^      26^  U^ 

where  Fj^^  and  F^,  are  the  momentum  and  buoyancy  fluxes  respectively  and  are  defined  as 

Fb  =  R^wg(Tg-T3)/Tg 

Fm  =  R^^^T,/T„ 
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The  symbols  are  defined  in  Figures  3.1  and  3.2.  Equation  shows  that  Ah  is  a 
function  of  (lAJ);  thus  as  wind  speed  increases.  Ah  decreases.  In  addition,  Ah  is 
proportional  to  1/B;  thus  as  entrainment  increases.  Ah  decreases  (the  greater  the 
entrainment,  the  quicker  the  plume  loses  its  initial  buoyancy  and  momentum  which 
reduces  the  plume  rise).  Finally,  at  larger  downwind  distances,  the  buoyancy  term  (second 
part  of  the  equation  )  dominates  the  plume  rise.  In  other  words  the  contribution  of  the 
initial  momentum  to  plume  rise  is  quickly  lost  with  increasing  downwind  distance. 

Since  the  buoyancy  term  of  the  equation  quickly  dominates  with  increasing  x, 
the  first  term  is  usually  neglected  for  strongly  buoyant  sources.  Plume  rise  is  then  given 
by: 

3Fb 

Ah  =  (  )  - 26^  U 

The  trajectory  of  a  buoyancy-dominated  plume  in  a  crosswind  is  a  function  of 
x^/'.  This  behavior  has  been  documented  in  numerous  field  studies.  In  addition,  the 
entrainment  constant,  6,  is  consistently  observed  to  be  around  0.6  (see  Briggs  1975,  Table 
3,  for  a  list  of  observational  studies).  Observational  studies  in  Alberta  which  support  the 
2/3  power  law  behavior  are  listed  in  Table  3.1. 

Djurfors  and  Netterville  (1978)  solved  the  conservation  equations  governing 
buoyant  plume  rise  for  the  case  of  non-uniform  wind  conditions.  A  power  law  was  used  to 
represent  the  wind  speed  profile.  The  closed-form  analytical  solutions  for  both  imiformly 
stable  and  neutral  atmospheric  conditions  showed  that  the  wind  profile  exponent  has  an 
equally  strong  effect  on  plume  rise  as  the  entrainment  parameter,  6.  Verification  of  this 
method  with  observations  awaits  a  data  base  with  proper  wind  profile  data. 

If  Fj,  «  Fj^,  plume  rise  is  a  function  of  x'"  where 

1/3 
3F m 

Ah=  (  )  x"' 
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Table  3. Observational  studies  in  Alberta  of  buoyant  plume  rise  in  neutral/unstable 
conditions. 

Location 
of  Study 

Findings  and  Comments Reference 

Gulf,  Strachan 
Gulf,  Rimbey 
Gulf,  Nevis 
gas  plants 

2/3  power  law  behavior  imder neutral  conditions 
Lee  et  al.  (1973) 
Whaley  and  Lee 
(1982) 

Canoxy,  Balzac 
gas  plant 

2/3  power  law  behavior  under neutral  conditions 
Kumar  (1973) 

comparisons  with  Bosanquet  et 
al.  (1950),  Lucas  et  al.  (1963), 
Briggs  (1969)  plume  rise  equations 

Amoco,  Vulcan 
gas  plant 

2/3  power  law  behavior  under 
neutral  conditions Leahey  and  Davies 

(1984) 

very  buoyant  flare  stack 
source,  radiant  heat  loss 
found  to  be  55%  of  available 
heat 

entrainment  constant  of  0.50 
found 

Amoco,  Crossfield 
gas  plant 

2/3  power  law  behavior  under 
neutral  conditions 

Davies  et  al. 
(1985) 

entrainment  constant  of  0.6 
found 

Suncor  (GCOS)  tar 
sands  plant 

2/3  power  law  behavior  under neutral  conditions 
Slawson  et  al. 
(1978, 1980) 

various  analytical  and  numerical 
plume  rise  equations  with 
different  entrainment  hypothesis 
were  compared  to  large  data 
base 

simplest  analytical  form  had 
entrainment  constant  of  0.65 
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Table  3. Observational  studies  in  Alberta  of  buoyant  plume  rise  in  neutral/unstable 
conditions,  (cont'd) 

Location 
of  Shidy 

Findings  and  Comments Reference 

wind  tunnel 
modelling  of 
Syncrude  main  stack 

buoyant  plumes  follow  the  Ifi 
power  law 
entrainment  constant  of  0.87 
stack  downwash,  wind  shear 
effects  also  investigated 

Neiman(1979) 
Winkel  (1979) 

WUson(1979) 

Shell,  Waterton 
Gulf,  Pincher  Creek 
gas  plants 

final  rise  not  observed 

2/3  power  law  behavior  under 
near-neutral  conditions 

Whaley  et  al. 
(1980) 
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This  is  the  plume  rise  law  for  bent-over  jets.  Observational  support  for  the  x'" 
behavior  has  been  shown  by  a  number  of  researchers  (Keffer  and  Baines  1963,  Patrick 
1967,  Sakiyama  1981).  Since  the  entraiiunent  rates  for  a  bent-over  jet  are  different  from 
rates  associated  with  a  buoyant  plume,  empirical  evidence  yields  a  =  0.4  +  1.2/A  where 
A  =  w/U  (Briggs  1984).  Examples  of  bent-over  jets  are  raptures  from  gas  pipelines/wells 
and  flares.  In  the  case  of  gas  pipeline/well  ruptures,  full-scale  tests  on  raptures  from 
high-pressure  gas  lines  were  carried  out  near  Waterton  Park,  Alberta  and  reported  by 
Dielwart  et  al.  (1979).  Wilson  (1979)  and  (1981)  used  the  data  to  develop  a  model  which 
predicts  the  behavior  of  the  gas  during  initial  release,  expansion  and  plume  rise.  There 
were  a  number  of  unique  factors  that  had  to  be  accounted  for  such  as 
density /compressibility  effects  and  entrainment  at  the  jet  head.  Final  rise  calculations 
based  on  a  bent-over  jet  approach  yielded  remaricably  good  comparisons  with  a  =  0.78. 

In  the  case  of  a  flare,  observation  of  the  Acheson  flare  stack  in  Alberta 
provided  an  opportunity  to  compare  a  flame  height  and  angle  model  developed  by  Leahey 
and  Schroeder  (1987).  The  flare  stack  flame  behavior  was  assumed  to  be  dominated  by 
momentimi  effects  where  the  rise  follows  an  x"^  behavior.  The  model  includes  the  effects 
of  stack  and  gas  parameters  and  meteorological  conditions.  Model  predictions  of  flame 
height  and  angle  resulted  in  linear  correlation  coefficients  of  0.92  and  0.71  for  flame 
height  and  angle  respectively. 

The  spreading  rate  of  a  momentimi  or  buoyancy-dominated  plume  in  the  initial 
rise  phase  is  given  by 

Rp  =  a,  B  Ah 

Where  entrainment  constants  (a,  6)  correspond  to  a  jet  and  bent-over,  buoyancy -dominated 
plume. 

3.3  PLUME  RISE  IN  STABLE  CONDITIONS 

For  stable  conditions,  the  solution  of  the  conservation  equations  for  plume 
trajectory  yields  a  damped  oscillatory  behavior  with  a  period  equal  to  the  Brunt -Vaisala 
period  of  2k/N^  where  N'  is  defined  as: 
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g  ae N^  =  T  dz 

g  acceleration  due  to  gravity 
T  ambient  temperature 
dQ/dz         potential  temperature  gradient 

Now  Ah  in  stable  conditions  is  given  by: 

3  Nx 
Ah=  (  )  (Fu(l-cos  )  +  NFjn  sin  NxAJ) U6W  U 

and  for  a  buoyancy-dominated  plume 

Ah  =  (  )    ( Fu  (1-eos  — )) m'N"  u 

z 

potential 
temperature 

Figure  3.3     Depiction  of  plume  rise  in  a  stable  atmosphere. 
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Table  3.2  Observational  studies  in  Alberta  of  buoyant  plume  rise  in  stable  conditions. 

Location 
of  Study 

Findings  and  Comments Reference 

Suncor  (GCOS) 
tar  sands  plant 

plume  oscUlatory  behavior 
clearly  shown 

final  rise  comparisons 
to  Briggs  (1969)  final  rise 
equation  showed  poor  agreement 

Whaley  and  Lee 
(1978) 

Suncor  (GCOS) 
tar  sands  plant 

various  analytical  and 
numerical  plume  rise 
equations  with  different 
entrainment  hypotheses  were 
compared  to  a  large  mixed 
stability  data  base 

a  numerical  model  (N6)  gave 
good  trajectory  and  final 
rise  predictions 

Slawson  et  al. 
(1980) 

Gulf,  Strachan  one  observational  period  under 
gas  plant  stable  conditions 

no  clear  oscillatory  behavior 
observed 

Briggs  (1969)  final  rise 
equation  consistendy 
underpredicted  observed  final 

Lee  et  al. 
(1973) 
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The  trajectory  of  a  bent-over  plume  in  stable  conditions  is  shown  in  Figure  3.3.  This 
behavior  has  been  observed  in  real  situations,  where  plumes  do  reach  a  maximum  rise  and 
then  find  an  equilibrium  height  (final  rise).  However,  because  of  the  drag  effect  of  the 
atmosphere  on  the  waves,  no  more  than  one  or  two  oscillations  are  visible.  Observations 
of  plume  rise  in  stable  conditions  in  Alberta  are  not  as  common  as  those  obtained  under 
neutral/unstable  conditions.  Table  3.2  provides  a  list  of  these  studies  and  their  findings. 

3.4  FINAL  RISE  IN  ̂ fEUTRAL  AND  UNSTABLE  CONDITIONS 

The  trajectory  equation  which  describes  the  rise  of  a  bent-over  plume  in 
neutral  and  unstable  conditions  yields  Ah  — »  «»  when  x  ->  <».  This  obviously  cannot  be 
correct.  The  Equation  only  claims  to  describe  plume  behavior  in  the  initial  phase  of  plume 
rise;  that  is,  where  the  plume  self-generated  turbulence  dominates  the  mixing  process.  As 

the  plume  continues  to  grow  and  dilute,  it  gradually  begins  to  "forget"  its  initial 
momentum  and  buoyancy.  Ambient  turbulence  begins  to  dominate  the  mixing  process 

and  the  plume  "breaks  up"  and  reaches  final  rise. 

The  determination  of  final  rise  in  neutralAmstable  conditions  is  the  greatest 
gap  in  our  knowledge  of  plume  rise.  The  major  problem  is  due  to  the  lack  of  observational 
evidence  to  verify  theories  since,  in  neutral  conditions,  the  visible  plume  disappears  before 
reaching  final  rise  and,  in  imstable  conditions,  the  looping  plume  yields  ambiguous 
determinations  of  final  rise. 

Numerous  approaches  to  final  rise  ̂ pear  in  the  literature.  The  simplest  and 
most  commonly  used  formula  is  the  plume  rise  cut-off  equation  for  buoyancy-dominated 
plumes  (Briggs  1971).  The  trajectory  equation  is  cut  off  at  a  final  rise  distance  3.5  x* 
where: 

x*  =  14Fi,''»  forFb<55mVs' 

x*  =  34Fb'«  forF5>55mVs' 

There  is  no  physical  basis  for  the  above  equation;  it  is  a  purely  empirical  approach  to  this 
problem  based  on  a  number  of  observations  of  various  power  plant  plumes. 
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This  simple  plume  cut-off  fomiula  was  later  revised  (Briggs  1975, 1984)  to  a 
more  physically  based  formula.  Since  final  rise  imder  neutral  and  unstable  conditions 

occiu-s  when  ambient  turbulence  dominates  the  dispersion  of  the  plume,  turbulent  energy 
considerations  were  incorporated.  Plume  breakup  occurs  when  the  ambient  turbulent 

dissipation  rate  (a  measure  of  tiu-bulent  energy),  equals  or  exceeds  the  plume  dissipation 
rate.  Mechanical  and  thermal  turbulent  energy  are  incorporated  in  the  final  rise 
equations.  Table  3.3  lists  the  final  rise  equations  using  this  approach. 

A  touchdown  model  can  be  used  in  convection-dominated  atmospheres  where 
up  and  down  drafts  occur  (Briggs  1975,  1984).  The  concept  of  final  rise  is  modified  in 
this  jq)proach,  since  large  downward  eddies  bring  a  plume  to  the  ground  before  the  plume 
rise  terminates.  The  ambient  downdraft  velocity  is  characterized  by,  w^j,  an  average 
negative  velocity.  Table  3.3  lists  the  equations  for  the  touchdown  model. 

Venkatram  (1980)  evaluated  the  effects  of  convection  on  plume  behavior  in  the 
AOSERP  study  area.  A  model  for  application  in  convectively  dominated  boundary  layers 
included  the  touchdown  j^roach.  High  ground-level  concentrations  occurred  under  these 
conditions.  Venkatram  abandoned  the  idea  of  final  rise  under  these  conditions,  and 
focused  on  predicting  the  impingement  distance  since  the  effort  was  directed  on 
developing  a  model  to  predict  maximum  concentrations. 

Benjamin  (1975)  incorporated  the  Briggs  (1969)  plume  rise  formula  into  a 
plume  trajectory  formula.  The  formula  considers  the  effects  of  up  and  down  drafts  which 
characterize  a  convectively  dominated  mixed  layer.  The  approach  represents  a  departure 
from  the  conventional  approach  where  concentrations  are  derived  for  unstable  conditions 

by  assuming  a  larger  B.  Benjamin  found  that  the  predicted  maximimi  GLC's  increased 
over  those  calculated  for  a  neutral  conditions.  In  addition,  the  effect  of  convection 
increases  as  the  source  buoyarwy  flux  decreases. 

Equations  which  describe  turbulence  limited  final  rise  can  be  generated  via  the 
entrainrttent  velocity  route  (Slawscm  and  Csanady  1967, 1971).  The  assumption  that 
entrainment  is  directiy  proportional  to  vertical  velocity  of  the  plume  in  the  initial  rise 
phase  is  replaced  by  different  assumptions  when  ambient  turbulence  begins  to  affect  the 
rise  and  spread  of  the  plume.  Central  to  this  approach  is  the  size  of  the  plume  (width) 
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Table  3.3      Final  rise  formulations. 

Method  Neutral  Conditions  Unstable  Conditions 

Turbulent        buoyant  plume:  buoyant  plume: 
energy 
approach  ys 

Pb 

Ah=1.2  (hg  +  Ah)^        Ah  =  4.3(  F^AJ  )^  H 

Uu*  * 
momentum  jet:  momentum  jet: 

F 

Ah  =  0.93— ̂ (hg  +  Ah)'"  Ah  =  2.3(Fjn/u)'^H-"' a^U  u*  * 

Touchdown  Fj, 
model  Ahd=1.6hs(  {1  +  0.5Ah^/h^) 
(unstable  U  w^j  Tig conditions 
only)  SFjn 

^d  =  hs(  [l  +  (l-a/2)Ahd/hg] a^Uw^hs* 

where: 

Ahjj  =  plume  centreline  above  ground when  lowest  part  of  the  plume  impinges 
on  ground 

in 
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compared  to  the  size  of  the  energy -containing  eddies.  This  was  one  of  the  early  attempts 
to  draw  turbulence  considerations  into  the  problem  of  final  rise.  Wilson  (1979)  showed 
that  this  approach  was  in  reasonable  agreement  with  the  final  rise  of  the  Syncrude  plume 
as  modelled  in  a  wind  turmel. 

Djurfors  (1977b)  incorporated  the  effects  of  atmospheric  turbulence  on  plume 
behavior  in  an  analytical  expression.  The  advantage  with  his  approach  is  that  final  rise 
can  be  determined  without  resorting  to  distinct  final  rise  stages.  The  analytical 
expressions  include  the  addition  of  a  k  factor,  which  is  a  function  of  atmospheric  stability, 
ambient  turbulence  and  the  plume  size.  The  final  rise,  which  holds  for  all  stabilities,  is 
given  by: 

1/3 

U6^  (NP  +  k^) 

Netterville  (1983,  1990)  continued  this  work  and  examined  plume  growth  and  breakup 
from  an  extrainment  point  of  view.  Atmospheric  eddies  are  conceptualized  to  enter  the 
plume,  entrain  plume  mass,  and  then  leave  the  plume  with  plume  momentum  and  heat, 

thus  "extrainment"  occurs.  Continued  plume  extrainment  results  in  eventual  plume 
breakup  and  final  rise.  The  equations  follow  the  same  derivations  as  Djurfors,  where  the 
final  rise  equation  is  in  the  same  form  as  the  above  equation,  the  only  difference  being  the 

constant  (i.e.,  instead  of  3"^,  the  value  is  2.64).  The  analytical  equations  were  compared  to 
plume  trajectory  data  taken  in  at  the  University  of  Alberta  wind  tunnel  and  are  reported  in 
Neiman  (1979)  and  Winkel  (1979).  The  comparisons  were  somewhat  limited,  but  the  new 
approach  yields  better  estimates  of  plume  behavior  than  the  commonly  accepted 
equations.  Netterville  (1983)  acknowledges  that  more  data  are  required  to  confirm  these 
results.  In  addition,  the  value  of  k  needs  to  be  determined  from  turbulence  measurements, 
since  it  is  based  on  the  turbulent  intensity  and  length  scale.  Using  plume  rise  observations 
from  the  Nanticoke,  Ontario  power  plant,  Netterville  (1990)  reported  that  the  new 
approach  significantly  outperformed  the  traditional  plume  rise  model  at  distances  beyond 
1  km  from  the  source.  The  improvement  in  prediction  comes  at  the  price  of  a  higher  level 
of  detail  of  inputs  (temperattire  profile,  intensity  and  scale  of  turbulence).  However,  this 
additional  input  can  be  obtained  by  SODAR  and  RASS  remote  sensors. 
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Final  rise  of  buoyant  plumes  in  unstable,  low  wind  conditions  can  also  be 
limited  by  the  presence  of  an  elevated  inversion.  For  a  plume  that  is  fully  tr^ped  (i.e., 
unable  to  penetrate  the  capping  inversion),  final  rise  is  given  by  (Weil  1979): 

Ah  =  0.62  h' 

where  h '  is  the  distance  between  stack  top  and  the  capping  inversion. 

Observational  studies  of  final  rise  of  plumes  in  Alberta  during  neutralAuistable 
conditions  are  given  in  Table  3.4. 

3.5  FINAL  RISE  IN  STABLE  CONDITIONS 

During  stable  conditions,  final  rise  occurs  as  a  result  of  the  negative  buoyancy 
acquired  by  entraining  ambient  air  and  carrying  it  to  levels  of  higher  ambient  potential 

temperatvu-e.  For  a  buoyant  plume  the  final  rise  is  taken  to  be  the  equilibrium  height  of  the 
oscillatory  behavior  described  by  the  equation  given  earlier.  The  final  rise  of  a  buoyant 
plume  in  stable  conditions  is  given  by: 

1/3 

Ah=2.6  (Fb/UN') 
A  similar  formula  for  final  rise  of  bent-over  jets  is  not  available  due  to  a  lack  of 
observational  data.  The  constant,  2.6,  is  based  on  experimental  evidence.  Observations  of 
final  rise  of  plumes  in  Alberta  during  stable  conditions  are  summarized  in  Table  3.2. 

3.6  PLUME  PENETRATION  INTO  ELEVATED  INVERSIONS 

Rising  plumes  often  encounter  a  cz^ing  inversion,  especially  plumes  fi-om  hot 
industrial  sources  in  neutral  and  unstable  atmospheres.  If  a  plume  can  totally  penetrate 
into  this  layer,  the  layer  will  prevent  downward  mixing  and  ground-level  concentrations 
will  be  quite  low.  On  the  other  hand,  if  the  plume  is  unable  to  penetrate  the  inversion, 
then  the  adverse  condition  of  trapping  occurs  where  all  the  plume  material  is  trjqjped 
within  the  mixed  layer,  dramatically  increasing  the  ground-level  concentrations.  Between 
these  two  extremes,  the  plume  may  only  partially  penetrate  the  inversion.  These  situations 
are  illustrated  in  Figme  3.4. 
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Table  3.4      Observations  in  Alberta  of  final  rise  in  neutral/unstable  conditions. 

Location Findings  and  Comments Reference 

Suncor  (GCOS)  tar 
sands  complex 

agreement  with  the  final  rise 
limiting  value  of  Briggs  (1969) 

Whaley  and  Lee 
(1978) 

Suncor  (GCOS)  tar    comparisons  made  with  various  rise 
sands  complex  formulations  Briggs  (1969, 1971, 

1972),  Montgomery  et  al.  (1971, 1972), 
HoUand  (1953),  Brummage  (1%8),  Moses 
and  Carson  (1967) 

no  clear  winner  was  found 

layered  stability  (elevated  inversions 
were  common) 

Fanaki  (1978), 
Fanaki  et  al. 
(1979) 

Suncor  (GCOS)  tar 
sands  complex 

final  rise  observed  was  consistently 
higher  than  the  Briggs  (1969) 
limiting  value) 

semi-empirical  final  rise 
formula  developed  for 
neutral  conditions 

Slawson  et  al. 
(1978, 1980) 

Waterton  pipe 
burst  experiments 

momentum  dominated  release 

final  rise  agreement  with  Briggs 
(1975)  turbulent  dissipation 
q>proach  for  jet  final  rise 

Dielwart  et  al. 
(1979) 
Wilson  (1981) 

Wind  timnel  final  rise  compared  with  Briggs  Neiman  (1979) 
modelling  of  (1975)  turbulent  dissipation  Winkel  (1979) 
Syncrudemain         approach  for  buoyant  plumes  and  the  Wilson  (1979) 
stack  Slawson  and  Csanady  ( 197 1 ) 

entrainment  approach 

the  Briggs  (1975)  q)proach 
overpredicted  final  rise 
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Figure  3.4    Plume  penetration  of  elevated  inversions. 
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There  are  numerous  approaches  to  predict  the  degree  of  plume  penetration 
given  in  the  literature;  unfortunately  there  is  a  scarcity  of  observational  data  to  evaluate 
the  different  approaches  although  water  flume  modelling  has  helped  considerably  (Manins 
1979).  In  addition,  depending  on  the  characteristic  of  the  profile,  i.e.,  deep  vs.  shallow 
capping  inversion,  different  equations  q)ply  (see  Briggs  1984  for  review  and 
recommendations ) . 

A  simple  formula  to  predict  plume  penetration  was  proposed  in  Kumar  and 
Djurfors  (1978)  and  later  detailed  and  tested  against  observational  data  in  Kiunar  (1980). 
Forty  nine,  time-mean  plumes  of  the  Suncor  plume  were  used  as  an  evaluation  data  base 
from  which  Kumar  concluded  that  the  fraction  of  plume  depth  entering  the  inversion  is 
given  by: 

P=l+a-  h 
2a  2aZ 

a      entrainment  parameter  (0.6) 
h       mixed  layer  height  above  stack  top 
Z      plume  rise  at  the  point  of  penetration. 

3.7  STACK  AERODYNAMIC  DOWNWASH 

Stack  aerodynamic  downwash  is  a  special  situation  where  stack  emissions  are 
drawn  into  the  low  pressure  area  on  the  lee  side  of  the  stack.  The  occurrence  of  this 
phenomenon  depends  on  a  nimiber  of  factors  including  the  shqje  of  the  stack  tip,  the  exit 
momentum  of  the  plume  and  the  wind  speed.  If  downwash  occurs,  high  ground-level 
concentrations  can  occiu:  (Briggs  in  Noll  and  Davis,  1976)  since  the  plume  is  effectively 
much  closer  to  the  ground.  This  behaviour  is  shown  in  Figure  4.5. 

Early  wind  tunnel  work  (Sherlock  and  Stalker  1941)  lead  to  the  famous  1.5  rule 
of  thumb  (Briggs  1969):  downwash  wiU  occur  if  the  exit  velocity,  w,  is  less  than  1.5  times 
the  stack  top  windspeed,  U.  The  universally  accepted  formula  to  correct  for  decreased 
plume  rise  under  downwash  conditions  is  given  by  (Briggs  in  Noll  and  Davis  1976): 

Hdown=2(w/U-1.5)  D 
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where  D  is  the  internal  stack  diameter.  This  equation  is  added  algebraically  to  the  stack 
height,  hg,  to  produce  a  virtual  stack  height,  hy.  The  effective  stack  height  is  given  by 

heff=hy  +  Ah 

These  equations  and  are  commonly  used  in  dispersion  models  to  accoimt  for 
this  effect.  Further  observation  of  this  phenomenon  (wind  tunnel  -  Wilson  1979;  field 
observations  -  Rittman  1982)  and  a  re-examination  of  the  Sherlock  and  Stalker  data 
suggested  that  the  use  of  these  equations  is  questionable  (Halitsky  1978).  With  respect  to 
the  onset  of  downwash,  different  ̂ proaches  have  been  suggested.  Based  on  wind  tunnel 
observations  of  the  Syncrude  stack  and  from  momentum  flux  considerations,  Wilson 
(1979)  suggested  that  downwash  occurs  when      <  2  where: 

*''M  =  (Ps/PaK^/Us)^C 

where 

pjp^  are  the  density  of  the  stack  gas  and  atmosphere  respectively, 
iJg      is  the  wind  speed  at  stack  height 
C       is  a  correction  factor  required  to  match  momentum  rise  in  the  wind  timnel 

to  full  scale. 

An  alternate  criterion  based  on  nine  wind  tunnel  and  towing  tank  observations 
of  buoyant  sources  (Overcamp  1983)  requires  the  definition  of  a  modified  speed  ratio, 
MSR,  (which  is  the  same  as  the  square  root  of  Wilsons  <|)j^  with  C  =  1)  and  the  stack 
Froude  number  where: 

Frs  =  w/[gR(Pa-p3)/p3]''^ 

The  downwash/non-downwash  regions  were  defined  by  the  line  on  the  graph 
shovm  on  Figure  3.6. 

Altemate  downwash  correction  factors  have  been  proposed.  Wilson  (1979) 
suggested  the  use  of  his  where 

Ah  (with  downwash) 
=  Ah 

=  Ah(l-(|)M) 
=  0 for<()j^>2.0 

for  1.0<<()|^<2.0 

for<|)iyj<  1.0 



Figure  3.5    Depiction  of  stack  aerodynamic  downwash. 
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Figure  3.6    Modified  speed  ratio,  MSR,  vs.  source  Froude  number,  Frs. 
Plot  sliows  zones  of  downwash/non-downwasli  occurrences 
(Overcamp  1983). 
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On  the  basis  of  the  growth  of  the  turbulent  wake  in  the  lee  of  the  stack,  another 
correction  method  (Briggs  1984)  is  given  by: 

Ah  (with  downwash)  =  Ah  -  A  (2Rx)''^ 

where  A  is  a  constant  of  proportionality.  Davies  et  al.  (1985)  conducted  a  field  study 
during  the  winter  of  1984/85  to  obtain  plume  observations  of  the  buoyancy-dominated 
plume  from  the  Crossfield  gas  plant  (north  of  Calgary).  Under  downwash  conditions, 
there  was  good  agreement  between  observations  and  predictions. 

3.8  THE  BEHAVIOUR  OF  MOIST  PLUMES 

Plumes  that  contain  a  large  amount  of  water  (such  as  cooling  tower  plumes  and 
scrubber  plumes)  have  a  potential  to  lose  or  gain  substantial  buoyancy  due  to  the  release 
or  uptake  of  latent  heat  of  evaporation,  a  thermodynamic  aspect  that  several  investigators 
have  examined  (Morton  1957,  Csanady  1971,  Wigley  and  Slawson  1971,  Weil  1974, 
Schatzmann  and  Policastro  1984). 

If  the  plume  contains  liquid  water  in  the  form  of  small  droplets,  and  if  the 
plume  rises  and  mixes  with  dry  air,  these  droplets  can  evaporate.  The  phase  change  uses 
latent  heat  from  the  air  and  plume  and  thus  the  plume  cools  and  loses  buoyancy.  In  effect, 
the  plume  could  impinge  on  the  ground  sooner  than  a  dry  plume  in  equivalent  atmospheric 
conditions. 

If  the  plume  contains  water  vapor  and  rises  into  moist  or  very  cold  air,  some  of 
the  water  vapor  may  condense  thus  releasing  latent  heat.  This  will  warm  the  plume  and 
thus  increase  plume  buoyancy.  However,  it  has  been  shown  (Wigley  and  Slawson  1971, 
Briggs  1984)  that  even  under  the  most  favorable  atmospheric  conditions,  the  increase  in 
plume  rise  due  to  condensation  is  very  small. 

Djurfors  (1977c)  investigated  the  situation  of  wet  scrabbing  on  an  SO^  plume. 
Wet  scrubbing  is  a  process  that  removes  SO^  from  the  effluent  gases  and  would  appear  to 
be  beneficial  in  decreasing  downwind  SO^  concentrations.  However,  wet  scmbbing  also 
reduces  the  effluent  temperature  considerably  (and  thus  reduces  the  effective  release 
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height)  which  causes  an  increase  in  ground-level  concentrations.  On  the  other  hand,  the 
addition  of  large  amounts  of  water  to  the  effluent  can  result,  under  certain  conditions,  in 
extra  plume  rise  due  to  a  release  of  latent  heat.  Considering  all  these  effects  Djurfors 

concluded  that  no  substantial  gain  in  air  quality  could  be -made  by  wet  scrubbing  unless 
removal  efficiencies  are  maintained  at  greater  than  90%.  The  effect  of  condensation  on 
increasing  plume  rise  was  seen  to  be  very  small. 

3.9  PLUME  RISE  FROM  GAS  TURBINES  AND  RECIPROCATING 
INTERNAL  COMBUSTION  ENGINES 

The  great  majority  of  observational  work  on  plume  rise  has  focussed  on  rise 
from  large,  very  buoyant  industrial  sources.  This  data  base  has  been  used  in  the 
development  and  verification  of  the  plume  rise  models  described  earlier.  Another  problem 
of  relevance  to  Alberta,  is  the  plimie  rise  from  compressor  station  stacks.  These  sources, 

imlike  the  very  buoyant,  large  industrial  soiu-ces,  are  characterized  by  short  stacks  (about 
5-10  m),  high  exit  temperatures  (500-900  K)  and  high  exit  speeds  (20-80  m/s).  They  are 
also  located  near  buildings  of  about  the  same  height  as  the  stack.  Thus  it  is  a  concern  as  to 
whether  plume  rise  formulations  used  for  industrial  sources  apply  to  the 
compressor-station-type  stacks. 

Some  work  has  been  done  (Briggs  1984)  to  address  this  question.  He  reviewed 
three  wind  timnel/field  measurement  experiments  (Moore  and  Robins  1975,  Hoydysh  et  al. 
1975,  and  Hoult  et  al.  1975)  and  concluded  that  the  rise  from  these  types  of  sources  is 
consistent  with  the  predictions  of  the  standard  plimie  rise  equations  for  buoyant  plumes. 
However,  building  downwash  can  reduce  the  plume  rise  depending  on  the  ratio  of  exit 
velocity  to  wind  speed. 

Observations  of  plimie  rise  from  a  gas  turbine  and  three  reciprocating  engines 
were  compared  to  the  results  given  by  existing  plume  rise  models  (Balentine  et  al.  1983). 
The  Briggs  buoyant  plume  rise  equation  underpredicted  the  observed  rise;  however,  the 
Briggs  combined  momentimi  and  buoyant  plume  rise  equation  tended  to  slightly 
overpredict  the  turbine  plume  rise.  A  modified  five-parameter  model  was  developed 
which  gave  good  agreement  to  aU  of  the  data.  This  model  has  the  same  theoretical  basis; 
however,  five  constants  were  included,  the  values  of  which  were  determined  by  a 
regression  on  the  data.  The  effect  of  building  downwash  on  plume  rise  was  not  explicitly 
included. 
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3.10  SUMMARY 

Plume  rise  models  are  based  on  the  conservation  equations  and  a  closure 
assumption.  The  solutions  have  led  to  simple  power  law  expressions  to  describe  the 
trajectory  of  both  buoyancy-  and  momentum-dominated  plumes  in  different  atmospheric 
conditions.  Close  to  the  source,  plume  rise  increases  as  the  two-thirds  power  of  the 
distance.  The  2/3  power  law  has  been  confirmed  in  Alberta  under  near-neutral 
atmospheric  conditions  for  a  variety  of  sources.  Entrainment  constants  ranging  from  0.5 
to  0.9  have  been  observed. 

Final  rise  has  been  studied  theoretically,  but  few  data  are  available  for 
comparison  because  of  the  difficulty  of  making  observations  at  larger  distances  from  the 
source.  Alberta  studies  of  final  rise  for  stable  conditions  generally  found  poor  agreement 
with  the  Briggs  (1969)  equation,  while  observations  of  final  rise  for  neutral/unstable 
conditions  gave  mixed  results. 

Similarly,  plume  penettation  of  elevated  inversions  has  been  studied 
theoretically,  but  observations  in  Alberta  are  sparse.  With  elevated  layers  present  33%  of 
the  time  and  shallow  mixing  layers  in  the  colder  months,  this  phenomenon  is  expected  to 
be  fairly  common.  Ground-level  concentrations  will  be  reduced  in  proportion  to  the 
fraction  of  plxune  entering  the  inversion  layer. 

Lx)w  stack  exit  speeds  increase  the  potential  for  aerodynamic  downwash.  The 
simple,  commonplace  rules  of  thumb  are  inadequate  to  describe  the  onset  of  downwash  or 
its  effect  on  ground-level  concentration.  More  advanced  plume  trajectory  correction 
methods  are  supported  by  the  limited  field  observations  in  Alberta. 
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4.0  ATMOSPHEiaC  DISPERSION  OVER  GENTLE  TERRAIN 

The  dispersion  of  airbome  material  by  the  natural  wind  is  a  very  complex 
phenomenon.  The  complexity  is  in  large  part  due  to  the  wide  spectrum  of  eddy  sizes 
present  in  turbulent  atmospheric  flow.  Even  under  the  idealized  conditions  of  a  laboratory 
the  dynamics  of  turbulence  and  turbulent  diffusion  are  generally  regarded  as  the  most 
intractable  problems  in  the  whole  of  fluid  mechanics  at  the  present  time.  The  problems 
are  even  more  complicated  in  the  atmosphere  because  of  the  pronounced  effect  of 
temperature  stratification  and  the  frequently  non-uniform  and  irregular  nature  of  the 
earth's  surface.  Therefore,  it  should  not  be  surprising  that  no  general  complete  theory  has 
been  formulated  to  express  the  physical  relationship  between  ambient  concentrations  of  air 
pollutions  and  the  causative  meteorological  factors  and  processes. 

A  large  body  of  empirical  data  on  atmospheric  dispersion  has  been 
accumulated  from  various  activities.  Practical  and/or  semi-theoretical  expressions  and 
working  equations  derived  from  field  studies  for  limited  classes  of  situations,  have  proved 
useful  in  the  solution  of  air  pollution  problems.  All  currendy  available  prediction  schemes 
refer  to  rather  idealized  conditions  of  flow  and  terrain  from  which  there  are  large 
deviations  in  practice. 

The  fundamental  probabilistic  nature  of  atmospheric  behavior  must  also  be 
recognized.  There  are  random  variations  in  the  airflow  and  in  the  apparent  dispersive 
ability  of  the  atmosphere  which  arise  because  the  flow  is  turbulent  with  a  wide  range  of 
eddy  sizes.  This  implies  that  over  any  given  scale  of  interest  dispersion  estimates  can,  at 
best,  provide  information  only  on  statistical  quantities.  On  individual  occasions  the  actual 
results  may  depart  markedly  from  predicted  values. 

It  is  generally  agreed  that  modelling  for  the  practical  estimation  of  dispersion 
can  provide  useful  results  that  could  be  very  difficult  or  expensive  to  obtain  by  other 
means.  In  unusually  complex  situations,  it  will  always  be  desirable  to  check  the  estimates 
obtained  by  appropriate  field  observations. 
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The  main  characteristics  of  the  three  current  working  theories  of  diffusion  are 
summarized  in  Table  4.1  (PasquiU  1971,  1974,  1975).  The  Gaussian  model  is  unique  in 
that  it  can  be  related  to  all  three  ̂ proaches.  It  is  simple  enough  that  one  can  visualize 
diffusion  effects  and  also  flexible  enough  to  incorporate  a  host  of  special  phenomena.  For 
these  reasons  the  rest  of  this  chapter  will  talk  in  terms  of  the  Gaussian  model.  It  is 
implicit  that  the  other  approaches  could  also  be  used,  at  least  within  their  limitations. 

4.1  THE  GAUSSIAN  PLUME  MODEL 

Gaussian  diffusion  formulas  first  appeared  as  solutions  to  the  gradient  transfer 
equations  (Roberts  1923,  Sutton  1932,  Frenkiel  1953).  Later  they  were  derived  from 
statistical  theory  (Sutton  1953)  and  used  as  mathematical  diffusion  models  to  correlate 
empirical  data  (Cramer  1957;  Hay  and  PasquiU  1957;  Gifford  1960a,  1961). 

The  Gaussian  function  can  provide  a  general  description  of  average  plume 
diffusion  by  virtue  of  the  central  limit  theorem  of  statistics  (Batchelor  1949)  and  the 
essentially  random  nature  of  the  phenomenon.  For  small  diffusion  times  the  distribution 
of  particles  should  take  the  same  form  as  the  wind  fluctuation  distribution  since  the 
particle  trajectories  coincide  with  the  instantaneous  wind  (Taylor  1921,  Lin  and  Reid 
1963).  Turbulent  velocities  in  the  atmosphere  approximate  a  Gaussian  distribution  fairly 
closely.  Also,  if  the  Fourier  components  of  the  velocity  time  series  are  assumed  to  be 
independent  random  variables  (principle  of  random  phase),  then  the  resulting  distribution 
can  be  shown  to  be  Gaussian  (Csanady  1973).  Strictly  speaking,  individual  Fourier 
components  in  turbulent  flow  are  not  independent.  However,  much  successful  work  has 
been  done  assuming  that  only  the  Fourier  components  of  comparable  wavelength  are 
interrelated.  Presumably  there  are  enough  independent  com|)onents  to  produce  the  same 

result  as  if  aU  such  comjKjnents  were  independent.  Although  "the  justification  for  the 
Gaussian  nature  of  the  particle  distribution  remains  vague,"  the  foregoing  non-rigorous 
arguments  "at  least  suggest  that  major  departures  are  unlikely"  (Csanady  1973). 
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Table  4.1       Current  working  theories  of  diffusion  (after  Pasquill  1975). 

Nature Statistical Gradient-transfer Similarity  scaling 
of  theory (a)  surface  layer 

(b)  convective 

Basic RMS  eddy eddy  diffusivity (a) friction 
quantities velocity  and 

Lagrangian 

velocity, 

heat  flux 
autocorrelation 

(b) 
heat  flux, 
convective 
mixing  depth 

Limitations homogeneity small-scale  action (a) surface  layer 
stationarity (b) unstable 

conditions 

Data spectrum  of profile  of  wind profiles  of  wind 
Required turbulence and  diffusivity and  temperature 

(a) close  to 

groimd 
(b) 

through 

planetary boundary  layer 

Dispersion horizontal/ vertical  spread (a) vertical 
property vertical  spread 

(elevated source) 
horizontal 

(ground  soiurce) 
spread (ground  source at  short 
range) 

spread  (ground (b) vertical  and 
source) horizontal 

spread  in unstable 
conditions 
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Table  4.1  Current  working  theories  of  diffusion  (after  Pasquill  1975).  (cont'd) 

Statistical Gradient-transfer 
(a)  surface  layer 
(b)  convective 

Similarity  scaling 

uses  actual 
tiurbulence 

based  on 
simple 
kinematic  and 
statistical 
relations 

gives  useful results  even 
outside 
theoretical  range 
of  applicability 

allows  for  spatial 
and  temporal changes 

embodies  current 
knowledge  of 
boundary  layer 

provides  opportunity 
to  use  high-speed 
computers  for numerical  solutions 

fundamental 

quantities difficult  to 

difficult  to 

specify  K  in objective  manner 

fundamental 
inputs difficult  to 

utility  of  results 
not  laiown 
beforehand  (called 
semi-empirical 
method  by  Russian authors) 

relationships 
between 
interdependent variables  may 
be  suspect 

interpolations 
required  to 
bridge 

transition 
between  regimes 
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In  practice,  deviations  from  a  Gaussian  distribution  are  common,  but  in  an 
apparently  non-systematic  way.  The  concentration  profiles  through  a  plume  may  be  too 
peaked,  too  flat,  or  too  skewed;  but  no  single  class  of  functions  seems  to  adequately 
describe  all  possibilities.  Thus  it  is  practical  to  maintain  the  Gaussian  interpolation 
formulas  and  inquire  into  the  magnitude  of  possible  resulting  errors  (Islitzer  and  Slade 
1968).  In  die  planetary  boundary  layer  when  die  wind  is  strongly  sheared  and  skewed,  the 
Gaussian  assumption  is  faulty  in  principle,  but  even  in  this  case  it  is  still  a  good 
approximation  for  short  travel  times  (Gifford  1975).  For  elevated  sources  the 
concentration  distribution  tends  to  be  Gaussian,  but  for  ground-level  sources,  a  different 
vertical  distribution  is  indicated.  However,  departures  from  the  Gaussian  distribution  are 
not  of  practical  significance  (Pasquill  1974), 

In  a  major  Alberta  tracer  study,  the  ERCB  (1990)  reported  that  a  large  portion 
of  their  846  plume  traverses  were  reasonably  approximated  by  a  Gaussian  profile,  many 
were  virtually  indistinguishable,  and  a  few  were  skewed  or  biomodel.  Skewness 
coefficients  were  normally  distributed  about  zero,  indicating  that  departure  from  the 
Gaussian  shape  are  random.  Kurtosis  coefficients  showed  that  many  observed  profiles 
were  slighdy  less  peaked  than  the  Gaussian;  however,  on  average  there  was  good 
agreement  with  the  Gaussian  sh£^. 

The  virtues  of  the  Gaussian  distribution  function  are  considerable: 

statistically  it  is  completely  determined  by  its  second  moment;  mathematically  it 
possesses  a  self-reciprocal  Fourier  transform  (Gifford  1968);  moreover,  it  agrees 
reasonably  well  with  the  bulk  of  experimental  data  (Islitzer  and  Slade  1968,  Pasquill  1974). 

"The  important  point  is  that  the  Gaussian  formula,  properly  used,  is  peerless  as  a practical  diffusion  modelling  tool.  It  is  mathematically  simple  and  flexible,  it  is 
in  accord  with  much  though  not  all  of  working  di^sion  theory,  and  it  provides  a 
reliable  framework  for  the  correlation  of  field  diffusion  trials  as  well  as  the 
results  of  both  mathematical  and  physical  diffusion  modeling  studies."  (Gifford 1975). 

The  basic  working  formula  of  the  Gaussian  plume  diffusion  model  can  be 
viewed  in  at  least  three  ways:  (a)  it  can  be  thought  of  as  a  formal  solution  to  the 
differential  equation  of  Fickian  diffusion,  in  which  the  eddy  diffusivities  have  been  related 

to  the  standard  deviations  via  Taylor's  statistical  theory;  (b)  it  can  be  regarded  as  a  purely 
empirical  result  embodying  a  bivariate  normal  distribution  and  continuity;  (c)  it  can  be 
seen  as  the  result  of  some  general  statistical  considerations  in  which  the  postulate  of  the 
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Gaussian  distribution  can  be  justified  non-rigorously.  Taylor's  theorems  and  elementary 
statistical  theory  both  entail  the  use  of  the  ergodic  principle  whereby  the  ensemble  mean 
concentration  field  at  a  given  time  is  equivalent  to  the  time-average  concentration  field 
observed  in  a  single  experiment,  or  alternatively,  that  time-average  concentrations  at  fixed 
points  can  be  related  to  particle  displacement  probabilities. 

In  any  one  derivation  of  the  basic  equation  the  explicit  assumptions  will  vary 
according  to  the  approach  taken.  A  reasonably  comprehensive  list  of  all  assimiptions  that 
may  be  involved  is  as  follows: 

(a)     The  substance  diffusing  in  the  atmosphere  behaves  as  if  it  consisted  of  ideal 

fluid  "particles." 

In  effect  the  diffusing  material  is  assumed  identical  in  its  physical  properties 

with  the  idealized  "fluid  continuum",  possessing  neither  extension,  inertia,  nor 
buoyancy  of  its  own.  Gases  and  submicron  particles  will  remain  suspended  in 
the  air  for  long  periods  of  time  and  for  practical  purposes  can  be  expected  to 
behave  in  this  manner.  Low  density  particles  up  to  20  |im  are  also  included. 

(b)     The  diffusion  time  is  large  compared  to  the  Lagrangian  time  scale  of 
atmospheric  turbulence  (of  order  100  s). 

For  very  small  diffusion  times  the  distribution  of  "particles"  should  take  the 
same  form  as  the  wind  fluctuation  distribution  since  the  "particle"  trajectories 
coincide  with  the  instantaneous  wind.  In  the  atmosphere  this  approximates  a 
Gaussian  distribution  fairly  closely. 

(c)     The  turbulence  field  is  steady  and  homogeneous. 

"Steady"  or  "stationary"  means  that  the  statistical  properties  derived  fi-om  a 
time  series  do  not  vary  with  time.  Thus  a  variance  computed  fi-om  a  given 
hour  of  data  would  be  the  same  as  that  computed  from  the  next  hour  of  data. 
Both  diumal  and  synoptic  weather  cycles  cause  major  changes  in  the 
meteorological  regime.  The  condition  may  be  fulfilled  approximately  for 
intervals  short  compared  with  the  diumal  cycle,  that  is,  for  a  few  hours  (when 

the  large-scale  pattern  does  not  change).  "Homogeneous"  means  that  the 
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statistical  properties  do  not  vary  in  space.  A  measurement  at  a  particular 
point  wiU  display  statistical  characteristics  identical  to  those  taken  at  some 
neighboring  point.  Horizontal  homogeneity  is  a  reasonable  assumption  over 
regions  of  similar  surface  characteristics.  Vertical  homogeneity  cannot,  in 

general,  be  achieved  because  of  the  presence  of  the  earth's  surface  and  the 
action  of  the  forces  of  buoyancy  and  gravity. 

(d)  Diffusion  occurs  independently  in  the  three  coordinate  directions  and  the 
distributions  of  the  diffusing  substance  are  jointly  as  well  as  separately 
normal. 

The  normal  distribution  for  short  diffusion  times  has  already  been  justified. 

For  longer  times  the  essentially  random  nature  of  successive  diffusion  "steps" 
leads  to  the  Gaussian  distribution  by  the  Central  Limit  Theorem.  Detailed 
measurements  have  shown  that  even  in  very  stable  conditions  the  distributions 
are  still  separately  normal,  although  in  the  extreme  case  they  do  not  remain 
jointiy  normal  (Gifford  1968). 

(e)  Diffusion  in  the  downwind  direction  is  negligible  compared  to  transport  by 
the  mean  wind. 

This  assumption  is  not  valid  if  the  emission  time  is  less  than  the  travel  time  or 
if  the  mean  wind  tends  to  zero  (say,  less  than  1  m/s). 

(f)  The  mean  wind  is  uniform  in  space  and  time. 

The  surface  boundary  layer  is  characterized  by  marked  vertical  shear  of  the 
mean  wind.  However,  horizontal  homogeneity  over  uniform  terrain  at  any 
fixed  level  is  a  reasonable  assumption.  The  inadequacy  can  be  compensated 

by  the  appropriate  choice  of  an  "effective"  or  "representative"  mean  wind. 
Atmospheric  flows  can  never  be  regarded  as  stationary  (steady)  for  long.  A 
reasonable  approximation  might  be  expected  for  intervals  short  compared 
with  the  typical  period  of  synoptic  weather  cycles  (of  order  100  h),  but  in 
reality  such  intervals  occur  infrequently  due  to  the  presence  of 
intermediate-sized  eddies.  This  is  manifest  as  a  "shift"  or  trend  in  the  mean 
wind. 
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(g)     The  surface  of  the  earth  is  a  perfect  reflector  and  the  equation  of  continuity  is 
satisfied. 

It  is  assumed  that  none  of  the  material  emitted  is  removed  from  the  plume. 
Deposition,  reaction,  washout,  and  other  removal  processes  are  ignored.  The 

presence  of  a  soUd  boimdary  at  ground  level  is  represented  by  a  "mirror  image 
source"  below  ground.  Exf>erimental  evidence  supports  this  artifice  as 
providing  a  satisfactory  description  of  the  concentration  above  the  earth's 
surface.  This  assumption  is  modified  when  deposition  is  being  estimated. 

The  Gaussian  distribution  yields  small  non-zero  concentrations  at  large 
distances  from  the  plume  axis.  This  implies  that  diffusion  proceeds  in  some  sense  with 
infinite  velocity.  Physically  the  si>eed  of  diffusion  must  be  less  than  some  finite  value 

such  as  the  speed  of  sound.  A  hyperbolic  diffusion  equation,  the  so-called  telegrapher's 
equation,  which  allows  for  a  limited  propagation  velocity,  gives  results  that  differ  only 
slightly  and  are  of  little  practical  concern  (Pasquill  1974,  Gifford  1968). 

The  Gaussian  plume  diffusion  model  for  a  continuous  elevated  point  source 
(assuming  reflection  at  the  ground)  is  represented  by  the  equation 

Q 
exp  exp  - 

(hefr^ 

2a,  ̂ 

X(x,y,z:H)  = +  exp  - 

where 

X 
x,y,z 

u 

is  the  time-averaged  concentration  of  chemical; 
are  the  distances  downwind,  cross-wind,  and  upward,  respectively; 
is  the  effective  source  height  above  ground  level  (hg^  is  equal  to  the  sum  of  the 
physical  stack  height  h^  and  the  plume  rise  Ah); 
is  the  soiu-ce  strength; 
is  the  standard  deviation  of  the  time-averaged  plume  concentration  distribution  in 
the  cross-wind  direction; 
is  the  standard  deviation  of  the  time-averaged  plume  concentration  distribution  in 
the  vertical  direction; 

is  the  time -averaged  wind  speed 
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The  factor  before  the  exponential  is  the  centreline  concentration  (in  the  absence 
of  a  solid  boundary).  TTie  first  exponential  accounts  for  an  off-axis  location.  The  second 
exponential  accounts  for  the  elevation  of  the  sources  above  the  ground.  The  third 
exponential  accounts  for  the  ground  surface,  treating  it  as  a  perfect  reflector  with  an  image 
source. 

Any  consistent  set  of  units  may  be  used.  It  is  customary  to  employ  the  SI  system 

of  units,  so  that  x,y;i.,Oy,C^  are  all  in  metres  and  u  is  in  metres  per  second.  The  sources 
strength  Q  can  be  expressed  as  a  mass  emission  rate  (g/s)  which  yields  a  concentration  as 

a  mass  per  imit  volume  (|Xg/m')  or  as  a  volumetric  flow  rate  (m'/s)  which  yields  a 
concentration  as  a  ratio  (fraction  or  ppm). 

A  variety  of  systems  exist  for  specifying  the  sigmas  (Weber  1976,  Gifford  1976). 

The  empiricism  of  these  systems  has  prompted  the  assertion  that  "the  great  merit  of  the 
Gaussian  plume  approach....  is  that  it  incorporates  the  available  observational  data  on 

plume  behavior  to  the  maximimi  possible  extent"  (Gifford  1974b).  Once  the  plume  rise 
and  standard  deviations  have  been  specified  as  functions  of  downwind  distance,  a  variety 
of  analytical  solutions  can  be  foimd  for  maxima  (Ragland  1976)  as  was  done  by  Kumar 
and  Djurfors  (1977)  and  functional  behavior  can  be  explored  (Gifford  1976)  as  was  done 
by  Leung  et  al.  (1972). 

4.2       EMPIRICAJL  SYSTEMS  FOR  SPECIFYING  PLUME  SPREADS 

These  methods  use  gr^hical  or  power  law  summaries  of  experimental  data  and 
field  measurements,  guided  by  theoretical  considerations. 

4.2.1      The  British  Meteorological  Office  1958  System 

The  spread  estimates  introduced  by  The  British  Meteorological  Office  (Meade 
1960,  Pasquill  1961)  were  introduced  into  North  America  as  standard  deviations  (Gifford 
1961).  These  now  famous  Pasquill-Gifford  curves  consisted  of  log-log  plots  of  standard 
deviation  as  a  function  of  distance  and  stability  category  (Figures  4.1  and  4.2).  Although 
widely  used,  the  basis  and  limitations  of  the  estimates  are  often  overlooked. 

The  curves  were  not  just  a  compilation  of  observational  experience;  some  a  priori 



Figure  4.1    Vertical  dispersion  coefficient  as  a  function  of  downwind  distance  from  the  source, after  Pasquill 
and  Gifford    (Turner  1970). 



Figure  4.2    Horizontal  dispersion  coefficient  as  a  function  of  downwind  distance  from  the  source  ,  after 
Pasquill  and  Gifford    (Turner  1970). 
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elements  were  embodied  (Pasquill  1976).  The  cross-wind  spread  estimates  for  0.1-1.0  km 
were  derived  by  the  method  of  Hay  and  PasquUl  from  wind  fluctuation  statistics  over  open 
downland  (roughness  3  cm).  The  sampling  time  was  3  minutes.  For  the  range  10-100  km 
the  estimates  were  speculative,  based  on  limited  observations  of  tracer  dispersion  over 
level  terrain  of  roughness  about  30  cm. 

For  variable  wind  direction  or  longer  period  concentration  averages  (an  hour  or 
more)  the  values  of  lateral  spread  were  to  be  based  on  the  wind  direction  range,  that  is,  the 
difference  between  the  extreme  values  of  wind  direction  during  the  period.  For  distances 
of  up  to  a  few  kilometres  the  range  over  the  averaging  period  was  to  be  used  as  a 
multiplier  of  the  value  given  by  the  graph;  for  distances  greater  than  a  few  kilometres,  the 
range  of  15-minute  average  values  of  wind  direction  was  to  be  used. 

The  vertical  spread  estimates  for  short  distances  (order  of  1  km)  were  based  on 

the  Project  Prairie  Grass  data,  consolidated  by  Calder's  gradient  transfer  results  for  a 
roughness  of  3  cm.  At  longer  range  the  estimates  were  based  on  limited  experimental  data 
and  the  few  statistics  available  on  vertical  gustiness  in  the  lower  atmosphere.  For  the 
extreme  cases  of  stability  and  instability  the  estimates  were  essentially  speculative 
extr£qx)lations  of  short-range  data.  In  the  original  curves  the  confidence  associated  with 
the  estimates  is  represented  by  the  thickness  and  continuity  of  the  lines. 

The  vertical  sigmas  referred  stricdy  to  sources  at  ground  level,  or  at  least  sources 
such  that  h^ff  <  o^.  In  the  absence  of  evidence  or  argument  to  the  contrary,  the  estimates 
were  also  suggested  for  use  with  elevated  sources. 

In  the  original  papers  the  sampling  time  implicit  in  the  estimates  was  not  made 
clear.  This  gap  has  since  been  filled  (Pasquill  1974, 1976).  For  a  surface  release 
should  become  independent  of  sampling  time  beyond  some  limiting  value  which 
corresponds  to  the  time  required  for  the  vertical  distribution  to  respond  to  the  whole 
spectrum  of  the  vertical  component  of  turbulence.  Experience  suggests  that  this  limiting 
time  will  increase,  at  first  linearly  with  height,  and  then  more  slowly.  As  a  rough  guide 
the  estimates  should  Jqjply  to  a  minimum  sampling  time  of  10  minutes  for       ̂   100  m 
and  to  times  of  (h^^f/lO)  minutes  for  h^ff  <  100  m. 
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These  essential  points  are  summarized  in  Table  4.2.  It  was  emphasized  that  the 
curves  were  essentially  tentative  and  that  they  required  progressive  confirmation  or 
adjustment  as  more  information  became  available. 

To  facilitate  computations,  it  has  been  found  useful  to  fit  power  laws  to  the 
Pasquill  curves  (Tadmor  and  Gur  1969,  Martin  and  Tikvart  1968,  Eimutis  and  Konicek 
1972).  The  obvious  limitation  is  that  no  one  power  law  can  fit  the  vertical  spread  data 
over  all  distances.  Consequently  most  workers  have  used  two  or  three  different  sets  of 
power  law  constants  to  match  the  sigma  values  over  various  ranges  of  distances.  On  the 
log -log  graph  paper  this  appears  as  a  segmented  line  with  each  segment  having  a  different 
slope.  Single  power  law  approximations  (Ragland  1976,  van  der  Hoven  1972)  are  given  in 
Table  4.3. 

Johnson  (1967)  reported  that  the  Pasquill  scheme  gave  reasonable  agreement  with 
the  phosgene  diffusion  trials  carried  out  at  Suffleld  in  1972.  Ratios  of  predicted  to 
observed  crosswind  integrated  dose  ranged  from  0.6  to  1.3  while  ratios  of  predicted  to 
observed  aerial  dosage  ranged  from  0.85  to  1.55  for  distances  up  to  40  km. 

Hollenbach  (1960)  stated  that  the  method  gave  satisfactory  correlations  with 

measured  SO^  concentrations  in  the  Joffre  D-2  field. 

Lee  et  al.  (1973)  found  that  under  stable  conditions,  the  plume  from  the  Strachan 
gas  plant  had  a  horizontal  spread  equivalent  to  category  C  while  the  vertical  spread  was 
the  indicated  F.  Limited  mixing  conditions  with  a  600-m  mixing  layer  produced  a 
horizontal  spread  larger  than  class  A  and  a  vertical  spread  invariant  with  distance.  Under 
neutral  conditions  at  both  Rimbey  and  Nevis  the  horizontal  spreads  were  equivalent  to  the 
class  A  curve  and  vertical  spreads,  class  C  and  B  respectively.  The  enhanced  vertical 
spread  was  attributed  to  deflection  by  the  steep  river  bank. 

Fanaki  (1978)  found  that  the  vertical  spread  of  the  Suncor  plume  near  Ft. 
McMurray  was  larger  than  the  values  from  the  Pasquill  curves.  During  stable  conditions, 
the  values  were  closer  to  the  neutral  curves.  All  values  were  measured  within  1  km  of  the 

stack,  so  clearly  they  were  dominated  by  the  buoyancy-induced  spreading  which 
dominates  the  plume  rise  region  of  dispersion.  Fanaki  et  al.  (1979b)  reported  that 
horizontal  spread  measurements  at  distances  out  to  20  km  were  also  larger  than  the 
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Table  4.2 Summary  of  the  basis  and  scope  of  the  original  Pasquill-Gifford  curves 
(Pasquill  1976). 

Crosswind  Spread 

Source  height  hgj^ 

Sampling  Time  x 

Basis  forx  =  0.1  -  1  km 

any  (within  mixed  layer) 
3  minutes 

preliminary  statistics  of  wind  direction  fluctuation 

Basis  for  x=  10-  100  km extrapolation  of  short-range  data  in  the  light  of 
limited  special  observations  of  tracer  dispersion 
over  level  terrain  of  mixed  roughness  (implied  ; 30  cm) 

Vertical  Spread 

Source  height  h^^ 

Sampling  time  t 

Basis  forx  =  0.1  - 1  km 

Basis  for  x  =  10  - 100  km 

effectively  zero,  but  offered  as  usable  for  any  height 
in  a  mixed  layer  in  the  absence  of  strong  evidence 
against. 
any;  for  an  elevated  source  the  estimates  of  are 
q)propriate  to  sampling  times  in  excess  of  some 
limiting  value  T„,  roughly  proportional  to  height  of 
source  h^ff  for  n^^  up  to  about  100  m,  at  which 
height  and  above      is  roughly  10  minutes. 

properties  of  the  wind  profile  over  a  surface  of 
small  roughness  (Zq  =  3  cm),  with  guidance  from diffusion  studies  as  to  the  effect  of  thermal 
stratification. 

as  for  Oy,  with  guidance  from  early  data  on  the 
properties  of  the  vertical  component  of  turbulence  at 
heights  throughout  the  mixed  layer. 
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Table  4.3      Single  power  law  approximations  to  the  Pasquill-Gifford  curves. 

(a)      Ragland  (1976) 

CT^  =  ax^  CTy  =  cx^  1  km<  X  <  100  km a,  X  inm 

Stability a b c d 

Very  unstable  (A) 0.00022 2.10 0.59 
0.85 

Moderately  unstable  (B) 0.056 1.10 
0.41 

0.86 

Slightly  unstable  (C) 0.12 0.91 0.24 0.88 
Neutral  (D) 0.73 0.55 0.14 

0.89 

Slighdy  stable  (E) 0.82 0.48 0.11 
0.89 

Moderately  stable  (F) 0.63 0.45 0.075 0.89 

(b)      van  derHoven  (1972) 

a_  =  1000ax^  a, ,  X  in  km 
Gy  =  1000  cx"        a  in  m 

Stability a b c d 

Very  unstable  (A) 0.45 2.1 0.20 0.88 

Moderately  imstable  (B) 0.11 
1.1 0.16 0.88 

Slighdy  unstable  (C) 0.061 0.92 0.10 0.88 

Neutral  (D) 0.033 0.60 0.070 0.88 

Slighdy  stable  (E) 0.025 0.51 0.052 0.88 

Moderately  stable  (F) 0.015 0.45 0.035 0.88 

2  km  <  X  <  70  km 
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Pasquill  values.  This  was  attributed  to  the  trapping  of  the  plume  beneath  an  elevated 
inversion.  Fanaki  et  al.  (1979a)  found  that  observed  vertical  spread  values  in  stable 
conditions  did  not  increase  with  distances.  Enhanced  horizontal  spreads  were  attributed  to 
vaUey  wind  shear. 

Davison  et  al.  (1976)  used  an  instrumented  aircraft  to  measure  the  dispersion 
of  the  Suncor  plume.  The  horizontal  spread  values  were  much  larger  than  those  indicated 
by  the  Pasquill  curves,  but  their  variation  with  downwind  distance  was  similar.  In 
contrast,  the  vertical  spreads  did  not  increase  as  quickly  with  distance,  which  was 
attributed  to  the  presence  of  elevated  inversions.  The  enhanced  horizontal  spread  was 
attributed  primarily  to  the  presence  of  multiple  sources,  but  also  to  topographically 
induced  turbulence  which  also  enlarged  the  vertical  spread  at  a  distance  of  5  km. 

Whaley  and  Lee  (1978)  used  an  instrumented  helicopter  to  measure  plume 
spreads  at  the  same  Suncor  plant  in  northeastem  Alberta.  They  similarly  observed  that  thj 

sigmas  were  larger  than  Pasquill 's  values  by  virtue  of  initial  buoyancy  and  terrain  effect£;. 
In  neutral  conditions  at  10  km  the  product  was  a  factor  of  5  larger  with  little  difference 
between  winter  and  autumn  values.  In  stable  conditions  at  20  km  the  product  was 

comparable  to  Pasquill 's  F  curve,  but  at  closer  distances  winter  values  were  substantially 
larger  than  fall  values.  Whaley  et  al.  (1980)  reported  quite  disparate  results  for  two  sour 
gas  plants  in  southwest  Alberta.  The  horizontal  sigma  under  neutral  conditions  for 

Pincher  Creek  was  wider  than  Pasquill's  A  values,  but  for  Waterton  was  narrower  than 
Pasquill  F.  Vertical  sigmas  were  between  A  and  C  values  for  both  plumes.  The  lack  of 
spread  of  the  Waterton  plume  was  attributed  to  the  strongly  channelled  flow  induced  by 
mountain  passes  immediately  upwind.  The  enhanced  vertical  spread  was  attributed  to  the 
turbulence  caused  by  the  mountains.  Whaley  and  Lee  (1982)  sununarized  6  years  of 
plume  measurements  across  Canada  and  concluded  that  the  horizontal  spreads  were 
always  larger  by  2  -  6  classes  and  that  the  vertical  spread  agreed  between  4  and  10  km, 
closer  to  the  stack,     was  larger  and  further  out     was  smaller. 

Slawson  et  al.  (1978)  measured  sigma  values  for  the  Simcor  plume  that  were 
broadly  consistent  with  the  Pasquill  values;  however  when  classified  by  bulk  Richardson 
number,  the  slopes  of  the  curves  were  different,  steeper  in  neutralAmstable  and  shallower 
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in  stable  conditions.  Cheng  et  al.  (1987)  reported  that  their  measurements  of  the  Syncrude 
plume  gave  slopes  consistent  with  those  of  the  Pasquill  curves,  but  that  the  magnitudes 
were  larger  than  would  be  indicated  for  the  stability  class. 

4.2.2  Brookhaven  National  Laboratory  rSNL) 

Brookhaven  National  Laboratory  developed  a  set  of  dispersion  curves  (Figure 
4.3)  and  equations  (Table  4.4)  based  on  a  variety  of  data  taken  over  a  15-year  period 
(Singer  and  Smith  1966).  The  BNL  site  is  slightly  rolling  terrain  with  a  mixture  of 
metre-high  grass  and  trees  6  -  8  m  high  (DeMarrais  1959)  with  an  average  roughness  of 
about  100  cm.  Most  of  the  data  were  from  oil  fog  released  at  a  height  of  108  m.  Three 

types  of  measvu-ements  were  made:  (a)  photometric  densitometers  were  used  to  record  the 
concentration  variations;  (b)  the  fluorescence  of  the  oil  was  used  to  obtain  hourly  mean 
samples;  (c)  the  dimensions  of  the  visible  plimie  provided  estimates  of  some  parameters. 
Radioactive  argon  emitted  from  108  m  allowed  the  determination  of  parameters  at 
distances  of  50  km  and  more.  Uranine  dye  from  a  2-m  source  also  provided  a  small 
amount  of  information  at  short  range.  The  cross-wind  spreads  were  measured  directly, 
while  the  vertical  spread  was  calculated  from  the  measurements  of  horizontal  spread, 
concentration  and  wind  speed.  The  concentration  data  were  mean  values  obtained  over 

periods  ranging  from  30  to  90  minutes,  that  is,  on  the  order  of  one  hoiu-.  The  data  were 
presented  in  terms  of  gustiness  classes  which,  according  to  the  authors,  "seem  to  suggest 
that  the  atmosphere  may  have  preferred  dispersion  conditions." 

The  curves  themselves  exhibit  two  significant  differences  from  the  foregoing 
Pasquill-Gifford  curves  (Figure  4.3). 

(a)     There  is  no  curvature  in  the     plot.  There  are  two  possible  reasons  for  this 
(Singer  and  Smidi  1966).  In  stable  cases,  ct^  is  a  very  gentle  function  of 
distance  and  only  with  precise  data  can  the  difference  between  a  straight  line 
and  a  curve  be  determined.  In  unstable  cases  the  explanation  may  lie  with  the 
method  of  calculation.  The  average  wind  speed  u  is  usually  assumed 
constant,  even  though  it  must  increase  as  the  vertical  depth  of  the  cloud 
increases.  If  it  is  held  constant  while  it  is  actually  increasing  the     plot  will 
curve  upward  to  compensate.  For  ground-level  sources  and  10-m  winds  the 
tendency  would  be  pronounced.  This  may  account  for  the  upward  curvatiue 



Figure  4.3      The  dispersion  curves  of  the  Brookhaven  National  Laboratory  compared  with  the 
Pasquill- Gifford  curves  (Smith  and  Singer  1966). 
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Table  4.4       BNL  plume  standard  deviations  as  a  function  of  distance  and 
meteorological  conditions  (Smith  and  Singer  1966). 

Gustiness  Class 

a^/cjy 

0.40  x"" 
0.41  x»" 

1.03 
B. 

0.36  x»«* 

0.33  xo-" 

0.91 

C 

0.32  x»™ 

0.22  x"-™ 

0.70 

D 

0.31  x"-'' <0.06  x«-" 

<0.20 

Table  4.5       TVA  diffusion  coefficients  (Ragland  1976). 

=  ax*', 
=  cx^  1  <  X  <  100  km 

a,  X  in  m 

Stability a b c d 

Neutral 0.37 0.74 0.37 0.76 

Slightly  stable 1.42 0.50 0.55 0.69 

Stable 2.94 0.34 0.78 0.63 
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of  the  Pasquill-Gifford  curves.  The  Brookhaven  curves,  however,  were  obtained 
with  a  wind  speed  measured  at  the  source  height  of  108  m  and  since  the  plume 
disperses  both  upward  and  downward,  the  elevated  reference  wind  speed  is  valid  for 
a  considerable  distance.  The  downward  curvature  of  the  Pasquill-Gifford  neutral 
and  stable  curves  could  have  been  due  to  the  presence  of  an  elevated  inversion  lid 
(Smith  and  Singer  1966). 

(b)     The  Oy  and     variations  with  downwind  distance  are  identical,  that  is,  the 
fKjwer  law  exponents  are  equal.  This  greatiy  simplifies  many  calculations  and 
may  have  contributed  to  the  decision  of  the  American  Society  of  Mechanical 
Engineers  to  adopt  these  coefficients  in  their  guidebook  (Smith  1968). 

Lidar  measurements  of  the  Suncor  plume  by  Fanaki  et  al.  (1979b)  gave  spread 
values  in  reasonable  agreement  with  the  ASME  (B^fL)  curves  for  unstable  and  neutral 
atmospheric  conditions.  Under  stable  conditions,  the  spreads  were  larger  than  indicated 
by  the  curves  and  did  not  grow  with  distance,  a  discrepancy  attributed  to  buoyancy 
effects.  Davison  and  Leavitt  (1979)  found  that  the  BNL  curves  for  horizontal  spread  fit 
the  oil  sands  data  reasonably  well,  but  the  vertical  spread  curves  did  not. 

4.2.3  Tennessee  Valley  Authority  (TV A) 

The  Tennessee  Valley  Authority  has  summarized  20  years  of  experience  with 
the  measurement  of  SO^  concentration  patterns  around  power  plants  with  stacks  ranging  in 
height  from  75  to  250  m  (Carpenter  et  al.  1971) .  All  plume  spread  data  were  obtained  by 
means  of  an  instrumented  helicopter  flying  stacked  traverses  at  different  downwind 
distances.  The  quasi-instantaneous  samples  were  obtained  within  the  2-5  minutes  that  it 
took  the  helicopter  to  pass  through  the  plume.  The  data  and  resulting  curves  were 
categorized  by  the  potential  temperature  gradient  at  plume  height.  Plume  heights  were 
rarely  less  than  twice  the  physical  stack  height.  Since  superadiabatic  lapse  rates  do  not 
normaUy  occur  at  such  altitudes,  the  TVA  categorization  contains  no  unstable  classes 
whatsoever. 

At  short  range  there  was  little  separation  of  the  sigma  values  by  stability 
class,  but  at  long  range  the  more  neutral  classes  exhibited  a  slight  upward  curvature.  The 
growth  rate  was  less  than  the  PasquiU-Gifford  curves,  that  is,  the  slope  of  the  lines  on  the 
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log-log  plot  is  less.  At  short  range  the  magnitudes  were  substantially  larger  than  those  of 
Pasquill-Grfford.  Since  buoyant  plumes  were  involved  this  may  well  have  been  the  effect 
of  buoyancy-induced  initial  plume  expansion. 

A  power  law  fit  to  the  TVA  curves  (Ragland  1976)  is  given  in  Table  4.5. 
Fanaki  et  al.  (1979a)  reported  that  vertical  sigmas  measured  on  the  Suncor  plume  followed 
the  TVA  curves  more  closely  than  the  Pasquill  curves.  Davison  and  Leavitt  (1979) 
examined  all  the  oil  sands  sigma  data  and  found  that  the  TVA  scheme  worked  well  for  the 
vertical  sigma  under  stable  conditions. 

4.2.4  Briggs  Formulas 

A  set  of  interpolation  formulas  for  the  data  contained  in  the  aforementioned 
empirical  systems  has  been  proposed  (Briggs  1973)  as  in  Table  4.6.  The  PG  curves  were 
developed  using  diffusion  data  out  to  a  distance  of  about  1  km  and  a  passive 
(non-buoyant)  tracer.  The  BNL  curves  also  reflected  non-buoyant  plume  dispersion  data, 
but  from  an  elevated  source  and  most  measurements  were  made  at  distances  of  a  few 

kilometres.  The  TVA  curves  were  based  on  data  firom  still  greater  effective  heights  (150  - 
600  m  or  more)  and  downwind  distances  of  up  to  tens  of  kilometres.  The  short-range  data 
of  TVA  were  suspected  to  reflect  enhanced  spreading  rates  due  to  buoyant  entrainment; 
however,  at  greater  distances  atmospheric  turbulence  properties  ought  to  be  reflected. 
Other  than  at  small  distances  (where  the  TVA  curves  display  strong  plimie  buoyancy 
effects)  the  TVA  and  BNL  curves  agree  reasonably  well  with  one  another  and,  except  for 
A  and  B  conditions,  with  the  PG  curves  at  about  10  km.  Beyond  10  km  the  TVA  curves 
are  less  steeply  inclined. 

By  weighing  the  data  for  the  j^ropriate  distance  range  Briggs  prepared  a 
composite  set  of  curves  that  followed  the  PG  curves  fairly  closely  out  to  10  km  (Figure 
4.4)  except  for  classes  A  and  B  which  followed  the  BNL  curves  beyond  1  km.  For 

distances  beyond  10  km  his  curves  resembled  the  TVA's.  The  curves  for  Cy  were 
described  by  mathematical  formulas  which  also  satisfied  the  statistical  theory  prediction 

of  growth,  namely,  (jy  «  x  at  short  distances  and  Oy  oc      at  long  range.  Briggs  also 
included  a  family  of  urban  dispersion  curves  based  on  the  McEboy  and  Pooler  (1968) 
data.  The  formulas  were  to  be  used  only  for  the  estimation  of  ground-level  maximum 
concentrations,  not  for  axial  plume  concentrations.  Thus,  greater  distances  reflect  greater 
source  heights. 
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Table  4.6         Briggs  plvime  spread  formulas  for  elevated  small  releases, 
0.1  <  X  <  10  km  (Gifford  1975). 

Pasquill 
Type 

(m) 

A 
0.22x(l+0.0001x)-^ 

0.20x 
B 

0.16x(l+0.0001x)-^2 
0.1 2x 

Open n  1 1  -e/^  1  jS\  onni U.l  IX^^l-rU.uUUlX^ U.UoX^l+.UUUZX^ 

Country D 
0.08x(l+0.0001x)-^ 0.06x(l+.0015x)-^ E 0.06x(l+0.0001xr^ 

0.03x(l+.0003x)-' F 
0.04x( 1+0.000 Ix)-^ 0.016x(l+.0003x)-' 

A-B 
0.32x(l+0.0004x)-^2 0.24x(l+0.001x)^ 

Urban C 
0.22x(l+0.0004x)-^ 

0.20x 

Areas D 
0.16x(l+O.0004x)-^ 0.14x(l+0.0003x)-^ E-F 
0.11x(l+0.0004x)-^ 0.08x(l+0.0015x)-^ 



Figure  4.4      Briggs'  rural  dispersion  coefficients  compared  to  the  Pasquill- 6if ford  coefficients (Hosker  1973). 
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Davison  and  Leavitt  (1979)  found  that  the  oil  sands  sigma  data  were  no  better 
represented  by  the  Briggs  curves  than  by  the  PasquUl  curves. 

4.3  PLUME  SPREADS  FROM  TAYLOR  STATISTICAL  THEORY 

An  expression  relating  particle  displacements  for  a  continuous  source  and 
Lagrangizui  velocity  fluctuations  (jissuming  homogeneity  and  stationarity)  was  first 
derived  more  than  70  years  ago  (Taylor  1921): 

T  t 

ay^  =  2av^/oloR(^)d^  dt 

where  T  is  the  dispersion  time,  R  is  the  Lagrangian  autocorrelation  and  ^  is  the  variance 
of  the  wind  component  fluctuations.  At  short  dispersion  times,  R  is  approximately  1  so 

At  very  long  dispersion  times, 

Oy  ̂  =  1(5^^  t  J 

where  t^^  is  the  Lagrangian  time  scale  of  turbulence. 

Thus,  Taylor's  theorem  says  that  near  the  source  the  plimie  spread  is 
proportional  to  distance  (x  =  uT),  while  at  large  distances  it  is  proportional  to  the  square 
root  of  distance.  This  change  in  exponent  arises  because  larger  and  larger  scales  of  motion 
contribute  to  the  spread  and  smaller  scales  become  progressively  less  important. 
Although  neither  the  form  of  the  autocorrelation  function,  nor  the  limiting  times  are 
known,  the  results  are  not  sensitive  to  wide  variations  in  the  functional  form  (PasquUl 
1974). 

The  relationship  can  also  be  written  as  Oy  =      T  f,  (T/t|_) 

where  f ,  is  a  universal  function  of  dispersion  time  T  and  Lagrangian  time  scale  t^^  which 

has  a  smaU  T  limit  of  f,  =  1  and  a  large  T  limit  of  2 1^  ^^/T  (Pasquill  1971,1974). 
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4.3.1  Hay  -  PasquiU 

The  equivalent  Lagrangian  averaging  method  (Hay  and  Pasquill  1959) 
assumes  that  Lagrangian  statistics  can  be  replaced  by  Eulerian  (fixed-point)  statistics 
taken  over  an  appropriately  shortened  time  interval.  According  to  this  method  the  plume 
spread  can  be  predicted  irrespective  of  thermal  stratification  by  the  relation 

Oy  =  X  00  (T,  x/6u) 

where 

the  standard  deviation  of  the  wind  direction  in  radians 
the  sampling  period 
the  length  of  the  running  average  to  be  used  in  smoothing  the  time  series 
the  ratio  between  Lagrangian  and  Eulerian  time  scales 
the  downwind  distance 
the  mean  wind  speed 

A  similar  expression  applies  for     in  terms  of  the  elevation  angle  fluctuation 

a^.  Although  a  value  of  4  has  generally  been  used  for  6,  it  is  more  accurately  given  by 
B  =  0.44/i  where  i  is  the  intensity  of  turbulence  (Pasquill  1974).  This  moving-average 
variance  method  (Gifford  1968)  has  several  advantages:  (a)  it  specifies  diffusion 
coefficients  by  a  detailed  analysis  of  atmospheric  turbulence  measurements;  (b)  it  does  not 
involve  adjustable  empirical  constants;  (c)  it  is  comparatively  free  from  debatable  physical 
assxmiptions;  (d)  it  is  not  in  principle  limited  to  a  particular  range  of  diffusion  times. 

However,  it  is  limited  to  the  conditions  under  which  Taylor's  theorem  applies.  The  main 
practical  problem  is  that  the  required  wind  fluctuation  data  are  rarely  available,  although 
the  advent  of  microcomputer  data  loggers  is  changing  this. 

Walker  (1965)  reported  that  good  agreement  was  obtained  between  standard 
deviations  measured  in  particulate  diffusion  experiments  at  Suffield  and  values  predicted 
by  this  method  under  stationary  conditions.  The  ratio  between  Lagrangian  and  Eulerian 
time  scales  was  found  to  increase  as  turbulence  intensity  decreased.  Results  were 
improved  using  measured  6  values  as  opposed  to  the  standard  value  of  4. 

Cq  is 
T  is 
x/6u  is 
6  is 
X  is 
u  is 
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The  success  of  the  Hay-Pasquill  formulation  in  real-world  situations  indicates 

that  it  is  "more  important  to  aUow  for  the  actual,  nonstationary  character  of  atmospheric 
turbulence,  than  to  have  accurate  information  on  the  Lagrangian  correlation  coefficient" 
(Csanady  1973). 

4.3.2  Draxler 

Many  historical  sets  of  diffusion  data  have  been  reanalyzed  (Draxler  1976)  to 
determine  the  form  of  f(J/tJ.  Since  the  Lagrangian  time  scale  could  not  be  determined 
from  most  data  sets,  a  quantity    proportional  to  t^^  is  defined  such  that  for  T— >0,  fiT)  = 
1 .0  and  for  T  =  T^,  f(J)  =  0.5.  For  each  experimental  data,  set  graphs  of  f  versus  1  +  T/T^ 
were  plotted  for  horizontal  and  vertical  spreads.  Significant  differences  were  found 
between  ground-level  releases  and  elevated  sources.  His  best-fit  equations  are  shown  in 
Table  5.7.  The  parabolic  curve  for  vertical  diffusion  from  a  ground-level  source  in 
unstable  conditions  was  an  approximation  to  widely  scattered  data  points.  The  vertical 
diffusion  from  an  elevated  source  in  stable  conditions  drops  off  more  quickly  than  in  other 

conditions.  Neither  of  these  two  equations  satisfies  Taylor's  limits. 

The  Pasquill-Gifford  curves  consistently  underestimated  the  horizontal  spread 

of  a  plume  from  an  elevated  source.  Draxler's  equations  and  those  based  on  an 
experimental  autocorrelation  function  were  shown  to  fit  the  data  better.  Horizontal 
spreads  in  the  oil  sands  area  were  predicted  reasonably  well,  with  Davison  and  Leavitt 
(1979)  reporting  75%  of  values  within  a  factor  of  2. 

4.3.3  Other  Universal  Functions 

Alternative  functional  forms  (Cramer  1976,  Pasquill  1976,  Irwin  1983  and 
Gryning  et  al.  1987)  are  shown  in  Table  4.8.  Several  of  these  altematives  have  been 
compared  against  a  large  body  of  tracer  data  (Irwin  1983).  For  the  lateral  spread  of 

near-surface  releases,  Pasquill's  formulation  was  better,  while  for  elevated  releases, 
Cramer's  was  superior.  Draxler's  scheme  was  almost  as  good  in  both  cases.  Draxler's 
scheme  was  also  better  for  vertical  spread  although  Cramer's  also  worked  well  for 
unstable  conditions.  Choosing  forms  invariant  with  height  resulted  in  little  overall  loss  in 
performance.  The  Pasquill  scheme  underestimated  horizontal  spreads  in  the  oil  sands  area 
by  about  25%  according  to  Davison  and  Leavitt  (1979). 
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Table  4.7         Summary  of  Draxler's  equations. 

Horizontal  Spread  Vertical  Spread 
Stability  Stable  Unstable  Stable  Unstable 

ground  sources 

f  (T<550)  1  1  1  0.3(tyT-0.4y  +  .7 
H-.9(t/T,r        l  +  .9(t/T/'      I +  .9(1/1)"'  0.16 

f  (T>550)  1 

1  +28/t' 

300  300  50  100 

Elevated 
Sources 

f 
111  1 

l+.9(t/T/-'         1  +  .9(t/T/-^    1  +  .945(t/T/-*»*  l+.9(t/r/-» 

1000 1000  100 500 
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Table  4.8        Other  universal  functions. 

Author Lateral  Diffusion Vertical  Diffusion 

Cramer  (1976) 

Pasquill  (1976) 

Irwin  (1983) 

(5Q)Jx^\»' X    '■45  J 
for  X  <  10,000 
1  

1  +  (x/2500)°-' forx>  10,000 

 1 
3  (x/lO.OOO)"  * 1  

1  +  0.9  (T/IOOO)" 

unstable  1  

1  +  0.9(T/500)'' 
stable 

1  +  0.9(T/50)" 

Venkatram  et  al.  (1984) 

Gryningetal.  (1987) elevated  sources 
 1  

(1  +7/1200)°' 
ground  sources 1  

(1  +T/400)''-' 

stable 

(1  +T/2TJ''-* 
where  Tl  =  ̂ /a^ 

l/f  =  1/.36Z  +  N/(.27  a^) N=  rg 

h  dzJ 
slightly  imstable 

(1  +T/600)°-' stable 

(1  +  7/60)0 
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4.4  PLUME  SPREADS  FROM  INTERRELATED  THEORIES 

Gradient  transfer  equations  and  boundary  layer  scaling  relations  can  be  used 
to  estimate  diffusion.  The  results  can  then  be  converted  into  the  equivalent  Gaussian 
sigma. 

4.4.1  F.B.  Smith  Curves 

The  two-dimensional  gradient  transfer  relations  can  be  solved  nimierically 
using  K  values  specified  in  terms  of  measurable  turbulence  properties  and  which 
accordingly  contain  the  effects  of  surface  roughness  and  heat  flux  (Smith  1972,  Pasquill 
and  Smith  1983).  The  solutions  were  used  to  construct  nomograms  giving  (j^  i"  terms  of 
stability  (using  an  objective  stability  classification  based  on  wind  speed  and  sensible  heat 
flux  with  an  equivalence  with  the  old  PasquiU  system)  and  surface  roughness.  For 
simplicity,  power  law  approximations  were  provided  (Table  4.9)  over  distances  0.1-10 
km. 

For  neutral  flow  over  terrain  of  roughness  10  cm  the  revised  values  were 
similar  to  the  original  Pasquill  values.  The  main  difference  occurred  in  the  unstable 
categories,  where  the  pronounced  acceleration  of  growth  was  no  longer  present  (Figure 
4.5). 

The  extreme  effect  of  the  combination  of  roughness  and  heat  flux  is  to 
produce  a  range  of  about  30:1  in  a^.  At  short  downwind  distances,  roughness  and  heat 
flux  have  similar  importance,  but  as  distance  increases  the  importance  of  roughness 
decreases  while  that  of  heat  flux  increases  (Pasquill  1975). 

The  specification  of     was  considered  tentative  at  distances  greater  than  a 
few  kilometres  because  of  imcertainties  in  the  estimates  of  K  in  the  upper  part  of  the 
boundary  layer,  especially  in  imstable  conditions  when  buoyancy  forces  dominate 
frictional  forces. 

Davison  and  Leavitt  (1979)  found  that  the  Smith  curves  overestimated  the 
observed  vertical  spreads  in  oil  sands  plumes.  However,  this  was  attributed  to  the 
incorrect  selection  of  stability  category  over  snow  surfaces. 
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Table  4.9  Power  law  approximations  for  the  growth  of  vertical  spread  with  distance 
for  a  source  at  ground  level  according  to  F.  B.  Smith  (Pasquill  and  Smith 1983). 

Stability  Coefficient  a  Index  b 
category 

=^o 

1  cm 10  cm Im 1  cm 10  cm 

Im 

A 0.102 0.140 0.190 
0.94 0.90 0.83 

B 0.062 0.080 0.110 0.89 0.85 0.77 

C 0.043 0.056 0.077 0.85 0.80 0.72 
D 0.029 0.038 0.050 0.81 0.76 0.68 

E 0.017 0.023 0.031 0.78 0.73 0.65 

F 0.009 0.012 0.017 0.72 0.67 0.58 

The  figures  refer  to  the  form     =  ax",  with  a  and  x  in  km,  fitted  at  x  =  0.3  and  3  to 
estimates  from  nomograms.  These  estimates  actually  lie  on  log-log  plots  which  are 
concave  to  the  log  x  axis,  and  with  respect  to  these  curves  the  power  law  fittings 
generally  imderestimate     at  x  =  1  km  by  roughly  5  percent  and  overestimate  at  x  = 
0.1  or  10  km  by  roughly  10  percent.  It  is  emphasized  that  the  error  in  this 
representation  of  the  nomogram  increases  r£q)idly  beyond  x  =  10  km. 



'V  I  I  1 1  mil    I  I  I  Mini    I  11111= 

,o°l  1  I  I  mm    I  I  iiiiiM  I  I  I  mill 
I02  10^  lo'*  lo' 

X  ,  TRAVEL  DISTANCE  (m) 

Figure  4.5    Smith's   (T^(x)  compared  to  Pasquill-Glfford lengths    (  Hosl<er    1973  ). 

''t  I  1 1  mill — I  I  iiiiiii — I  I  I  MM 

/(b)  smith's  (SOLID  CURVES)  VERTICAL  COEFFICIENTS 
T  Zo  «  100  cm  ~ 
)°l   I    I  I  imm  I  I  mml 
10^  lo'  10*  10* 

X  ,  TRAVEL  DISTANCE  (m) 

(x)   for  all  stability  cotegories  and  two  roughness 
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Similarity  theory  can  be  extended  beyond  the  surface  layer  using  as 
parameters  the  standard  deviation  of  the  vertical  vifind  and  the  length  scale  of 
txrrbulence  (Pasquill  1976).  Both  were  regarded  as  functions  of  height.  The  results 

were  consistent  with  F.  B.  Smith's  solutions,  but  data  in  suitable  form  were  not 
available  for  observational  testing.  A  useful  consequence  of  the  development  is  the 
capability  of  adjusting  the  F.  B.  Smith  solutions  for  different  K  profiles  without 
recourse  to  the  numerical  solution  of  the  diffusion  equations. 

This  local  similarity  approach  has  been  used  to  examine  the  vertical 

spread  in  unstable  conditions  (Pasquill  1976).  A  free  convection  law  of  the  Deju^dorff 
type  gives  results  similar  to  those  of  F.  B.  Smith  for  PG  category  A  over  the  height 
range  for  which      foUows  the  free  convection  similarity  law.  If  the  law  is  applied  to 
much  greater  heights,  the  values  approach  the  PG  estimates  but  are  still  on  the  low 
side. 

Several  curves  of     versus  x  have  been  produced  based  on  the 
second-order  closure  approach  (LeweUen  and  Teske  1975) .  Agreement  with  F.  B. 

Smith's  values  is  good  in  neutral  conditions.  "This  approach  offers,  what  seems  to  be 
at  the  present,  the  only  hope  of  theoretically  determining     for  intermediate  range  for 
elevated  sources  (a^  =  H)  at  which  range  the  statistical  and  gradient  transfer  theory 

approaches  are  most  questionable"  (Weber  1976). 

4.4.2  Boundary  Layer  Scaling 

For  imstable  conditions  numerous  authors  have  evaluated  plume  spreads 
in  terms  of  the  convective  scaling  parameters  w*  and  h  (Weil  and  Brower  1984,  Weil 
1985,  Briggs  1985,  Sakiyama  and  Davis  1988).  To  bridge  between  neutral  and 
convective  limits  various  interpolations  have  been  proposed  as  shown  in  Table  4.10. 

For  neutral  and  stable  conditions,  most  authors  use  the  universal  function 

formulation  of  Taylor's  theorem  and  compute  the  standard  deviation  of  the  wind 
component  fluctuations  using  the  scale  relations  (Gryning  et  al.  1987). 
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Table  4.10      Sigma  values  from  neutral  to  unstable  using  convective  scaling. 

AUTHOR  CROSS-WIND  VERTICAL 

WeU  and  Brower  (1984) 

ay=[0.08^  X  (0.56  —  f]  x  c^=[OM'  x  (0.56  —  y\\ 

Weil  and  Brower  (1982) 

Berkowicz  et  al.  (1986) 

0.25  w*^  X  a^  =  (azm  +  ̂zc')''^ =  (  +  u')^  — 
^       1  +  0.9X  u  c^c^  =  033w*H' 

^zm  =      u*'    exp(-0.6  tu*/hgff) 
where 

X  Wiic 

X  = u  h 

gHh w*  =  (  )"3 

PCp 

h  is  the  height  of  the  convective  layer 

H  is  the  heat  flux 

hgff  is  the  plume  height 
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Alp  et  al.  (1990)  reported  that  the  plume  spreads  calculated  this  way  give 
similar  values  to  those  of  F.  B.  Smith  for  vertical  spread  and  PasquUl  for  horizontal 
spread.  They  also  foimd  that  the  WeU  and  Brower  formulation  for  convective  conditions 
gave  larger  values  of  vertical  spread  than  F.  B.  Smith  and  smaller  values  of  horizontal 
spread  than  Pasquill. 

4.5  AYERAQINq  TIME 

The  term  "averaging  time"  refers  to  the  arbitrary  observation  time  used  to 
coUect  field  measurements  of  turbulence  or  concentration.  Typically  this  time  will  be  3 
minutes  or  1  h.  However,  the  term  is  sometimes  used  to  designate  the  interval  over  which 
a  fluctuating  wind  component  is  averaged  prior  to  computation  of  the  variance,  and  the 

observation  time  is  then  referred  to  as  the  "sampling  duration"  (Pasquill  1962, 1974).  To 
avoid  confusion,  the  fluctuation  pre-averaging  interval  is  called  the  "smoothing  time". 
The  term  "averaging  time"  is  then  interchangeable  with  "observation  time"  and  "sampling 

time". 

4.5.1        Relatiyg  and  Total  Diffusion 

Two  phenomena  are  responsible  for  the  dilution  observed  at  any  fixed  point 
on  the  ground.  Eddies  of  size  similar  to  the  plume  will  cause  it  to  grow  with  respect  to  its 
centre  of  mass.  This  is  called  relative  diffusion  or  two-particle  diffusion  because  the 
theory  is  concerned  with  the  separation  of  two-particles  initially  released  together. 
Turbulent  eddies  larger  than  the  plume  will  cause  the  entire  plume  to  move  sideways  like 
a  flag  flapping  in  the  breeze.  The  observer  at  a  fixed  point  on  the  ground  will  measure 
concentrations  at  various  times  in  the  plume  centreline,  out  of  the  plume  altogether,  or 
somewhere  in  between.  As  a  result,  the  concentrations  are  reduced  from  those  that  could 
be  measiu^  by  an  observer  moving  with  the  plume.  This  total  diffusion  is  called  Eulerian 
diffusion,  time-averaged  diffusion  or  apparent  diffusion.  The  component  due  to  the 

"fle^ping"  of  the  plume  around  its  mean  position  is  often  called  meandering,  but  such 
usage  is  inconsistent  with  the  river  analogy  since  the  term  implies  a  slow,  winding 
motion.  In  the  strictest  sense  a  meandering  plume  would  only  be  observed  in  a  stable 
atmosphere  when  low  frequency  changes  in  wind  direction  are  present.  This  type  of 
diffusion  is  also  known  as  one-particle  diffusion  since  it  determines  the  spread  between 
single  particles  released  serially  from  a  given  point. 
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A  plume  is  considered  to  be  from  a  continuous  source  if  the  emission  time  is 
much  greater  than  the  sum  of  travel  time  and  averaging  time.  A  plume  is  considered  to  be 
a  puff  or  cluster  if  the  emission  time  is  much  less  than  the  observation  time  (Ide  1971). 
The  diffusion  of  a  continuous  plume  observed  at  a  given  averaging  time  is  the  same  as  the 
diffusion  of  a  cluster  emitted  over  an  equal  time  but  observed  over  a  long  interval.  This 
reciprocity  of  observation  and  emission  time  means  that  the  spread  of  particles  released 
sequentially  from  a  fixed  point  over  some  time  interval  is  equivalent  to  the  spread  from  a 
permanent  continuous  source  when  observed  for  the  same  time. 

A  plume  can  be  classified  according  to  observation  (averaging)  time  (Figure 
4.6):  instantaneous  if  the  averaging  (observation)  time  is  much  less  than  the  travel  time; 

steady  if  the  averaging  time  is  much  greater  than  the  travel  time;  and  quasi-steady  if  the 
averaging  time  is  about  the  same  as  the  travel  time  (Ide  1971).  The  spread  rates  for  each 
type  will  fall  into  one  of  three  regimes:  (1)  a  linear  zone  where  sigma  is  proportional  to 

travel  time  (the  short  time  limit  of  Taylor's  theorem),  (2)  a  "parabolic"  zone  where  sigma 
tends  to  be  proportional  to  the  square  root  of  travel  time  (the  long  time  limit  of  Taylor's 
theorem),  or  (3)  a  cuspidal  zone  where  sigma  tends  to  be  proportional  to  the  1 .5  power  of 
travel  time  in  accordance  with  two-particle  or  cluster  spreading  theory.  The  steady  plume 
consists  of  a  linear  zone  near  the  source  and  a  parabolic  zone  far  downwind.  The 
instantaneous  plume  consists  of  a  cuspidal  zone  near  the  source  and  a  parabolic  zone  far 
downwind.  The  quasi-steady  plume  consists  of  a  linear  zone,  a  cuspidal  zone  and  a 
parabolic  zone  (Figure  4.7).  The  cuspidal  zone  occurs  for  travel  times  much  greater  than 
the  averaging  time  but  less  than  the  Lagrangian  integral  time  scale.  This  behavior  is 
summarized  in  Table  4.11. 

When  a  plimie  is  traversed  with  a  chemical  monitor  mounted  in  an  aircraft  or 
automobile,  a  measurement  of  relative  diffusion  is  obtained,  that  is,  the  spread  of  the 
instantaneous  plume.  Davison  and  Leavitt  (1979)  argued  that  speed  of  traverse  is  largely 
irrelevant  because  no  Eulerian  (fixed  reference  firame)  averaging  is  being  done.  A  slow 
traverse  simply  generates  scatter  about  the  true  instantaneous  plume.  Similarly  the 
resp>onse  time  of  the  monitor  does  not  represent  time  averaging  but  rather  space  averaging 
that  simply  distorts  the  cross-sectional  shj^.  When  repeated  traverses  are  made,  both 
relative  and  total  spread  can  be  estimated.  If  the  traverse  profiles  are  averaged  with 
respect  to  the  centre  of  mass  (overlapping  the  central  peaks)  then  an  estimate  of  the 



Figure  4.6   Plumes  and  their  concentrations.  The  left-hand 
side  represents  instantaneous  plume,  quasi -steady 
plume,  and  steady  plume.  The  right-hand  side 
shows  the  corresponding  cross-plume  distribution 
of  concentrations. 

Figure  4.7    Schematic  representation  of  quasi- steady  plume. 
The  linear  zone  extends  into  the  cuspidal  zone 
with  an  increase  of  the  observation  interval. 
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ensemble  mean  relative  diffusion  is  obtained.  If  the  average  concentrations  at  fixed  points 
on  the  ground  are  determined  from  traverse  profiles,  then  an  estimate  of  the  total  diffusion 
is  obtained,  with  an  averaging  time  equivalent  to  the  interval  between  first  and  last 
traverse.  Similarly,  a  snapshot  of  a  plume  gives  instantaneous  or  relative  spreads  while 
the  average  of  several  snapshots  wiU  give  a  time  average  or  total  spread.  The  total  spread 
can  be  decomposed  by  adding  the  variances  of  the  relative  and  flapping  (or  displacement) 
component: 

In  tracer  studies  in  the  state  of  Washington  (Nickola  1976)  the  ratio  between  variance  due 
to  relative  diffusion  and  total  variance  ranged  from  less  than  0.10  to  more  than  0.80  at  a 
distance  of  800  m  from  the  source,  depending  on  averaging  time  but  not  on  stability.  In 
tracer  studies  near  Calgary  the  ERCB  (1990)  reported  ratios  ranging  from  0.04  to  1.0  for 
0.5-h  periods  and  0.07  to  0.91  for  a  1-h  period.  Near  ratios  were  0.25  and  0.22 
respectively. 

Other  data  (Plate  1982)  show  that  single  particle  diffusion  dominates  the 
total  variance  for  travel  times  up  to  about  200  s  while  relative  diffusion  is  dominant 
beyond  1000  s.  Rowe  (1981)  predicted  that  for  a  1-h  averaging  time,  relative  diffusion 
becomes  dominant  after  a  travel  time  of  1500  s.  A  transition  to  the  parabolic  region  at  a 
travel  time  of  10  - 15  h  has  been  reported  (Randerson  1972);  however,  in  the  cuspidal  zone 
growth  was  not  as  re^id  as  the  1 .5  power  expected  from  theory.  Historical  data  (Gifford 
1977)  suggested  that  the  accelerated  region  existed  out  to  a  travel  time  of  1000-3000  s. 
The  accelerated  growth  phase  of  Australian  plumes  extended  from  about  2  h  to  15  or  20  h 
(Gifford  1977),  but  there  were  too  few  data  points  to  define  the  transition  point  (Barr  and 
Gifford  1987).  The  existence  of  any  extensive  region  of  acceleration  has  been  questioned 
because  little  evidence  could  be  found  and  to  support  exponents  as  large  as  1.5  (Pasquill 
and  Smith  1983).  This  large  value  is  expected  only  for  inertial  subrange  turbulence  which 
has  properties  imlike  those  of  atmospheric  turbulence  in  general.  The  interpretation  of 
experimental  data  is  further  complicated  by  the  fact  that  shear-induced  mixing  leads  to  a 
similar  accelerated  growth. 

4.5.2  Peak-to-Mean  Ratios 

The  difference  between  relative  and  time-averaged  diffusion  led  workers 

to  study  the  ratio  of  "peak"  (instantaneous  plume)  to  "average"  (Eulerian  fixed-point 
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time-average)  concentrations.  A  differential  equation  describes  the  variation  of  sigma 
with  sampling  time  (Singer  et  al.  1963),  which  leads  to  the  equation 

P/M  =  l/T  ̂ 

where  P  is  the  instantaneous  value  of  the  concentration,  which  in  practice  is  smoothed 
over  a  time  interval  usually  determined  by  the  response  of  the  measuring  instrument,  M  is 
the  mean  concentration  over  any  specified  averaging  interval  t,  p  is  an  empirical  constant. 

This  was  later  generalized  to  the  relationship 

C,/C^  =  (t,/t,)-P 

where  C,  corresponds  to  the  concentration  averaged  over  time  t,  and  corresponds  to  the 
concentration  averaged  over  time  x^. 

A  fluctuating  plume  model  (Gifford  1959)  provided  the  following  conclusions: 

(a)  On  the  plume  axis  peak-to-mean  ratios  may  be  1  to  5. 

(b)  With  sources  50  - 100  m  high,  peak-to-mean  ratios  near  the  ground  may  be  as 
large  as  50  - 100. 

(c)  With  increasing  distance  downwind  from  an  elevated  source,  groimd-level 
peak-to-mean  ratios  decrease  to  the  lower  limit  of  unity  at  large  distance. 

(d)  Peak-to-mean  ratios  for  off-centreline  positions  are  greater  than  for  centreline 
locations,  but  the  difference  decreases  with  increasing  downwind  distance. 

These  calculations  yield  a  p  of  0.2  for  centreline  locations  and  a  p  of  0.75  for 
off-centreline  locations  (Strom  1976). 
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Tracer  diffusion  data  lead  to  the  conclusions  (RamsdeU  and  Hinds  1971)  that: 

(a)  The  distribution  of  short-term  concentration  is  highly  skewed,  with  a  large 
percentage  of  concentrations  less  than  the  local  mean  at  all  cross-wind  plume 
positions. 

(b)  The  intensity  of  fluctuation  of  concentrations  normalized  to  the  local  mean  is 
a  minimum  on  the  mean  plume  axis  and  increases  as  a  function  of  distance 
(the  absolute  intensity  of  fluctuations  decreases,  however). 

(c)  Peak-to-mean  ratios  are  a  function  of  both  cross-wind  position  in  the  plume 
and  the  time  ratio, 

(d)  The  peak-to-mean  ratio  monotonically  increases  with  time  ratio,  but  the 
relationship  is  not  adequately  described  by  a  single  power  law. 

(e)  Peak-to-mean  concentration  ratios  at  the  plume  centreline  were  higher  than 
those  shown  by  Gifford. 

Both  stability  and  terrain  roughness  affect  the  peak-to-mean  ratios  (Singer  et 
al.  1963) .  Forested  areas  reduce  the  peak-to-mean  ratios  for  sampling  times  less  than  3 
minutes.  This  can  be  attributed  to  the  more  effective  mixing  and  reduced  mean  wind 
speed  over  the  rough  wooded  surface.  Values  of  p  were  found  to  be  about  0.6  for  very 
unstable,  0.5  for  unstable  and  0.3  for  neutral  conditions.  Over  rough  terrain  the  value  of  p 
was  about  0.15.  Urban  area  data  from  Meade  (English)  and  Wipperman  (German)  out  to 
sampling  times  of  4  days  followed  a  p  value  of  about  0.15.  The  short-term  fluctuations 
were  smoothed  out  and  obliterated  because  of  the  roughness  of  the  city. 

Theoretical  and  experimental  work  in  Japan  (Hino  1968)  found  that  p  =  0.5 
was  valid  for  sampling  times  from  10  minutes  to  5  h.  For  times  less  than  10  minutes  a 
value  of  p  =  0.2  seemed  to  be  valid.  Atmospheric  stability  had  litde  effect  except  on  the 
range  of  applicability,  the  p-value  of  0.5  extending  to  some  5  h  in  unstable  conditions,  but 
only  to  3  h  in  neutral  conditions.  Three  sets  of  industrial  data  in  the  U.S.  yielded  p  =  0.5  ± 
0.2  for  averaging  times  out  to  one  year  (Herman  1980).  Confusion  arises  because  various 
authors  use  different  definitions  of  peak  and  mean. 
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TVA  data  showed  that  the  ratio  of  peak  5-minute  SO^  concentrations  to  1-h 
averages  varied  between  1.07  and  12.1  and  peak  5-minute  to  24-h  averages  varied  between 
1.78  and  22.3  (Montgomery  et  al.  1971).  The  ratios  decreased  with  distance  and 

atmospheric  instability.  The  best  estimate  of  the  mean  ratios  were  2.28  for  peak  to  1-h, 
and  24.3  for  peak  to  24-h.  The  ratio  was  found  to  be  a  linear  function  of  averaging  time 
out  to  3  h  (Montgomery  and  Coleman  1975).  TVA  data  have  been  interpreted  as  a 
progressive  increase  in  the  value  of  p  with  increased  sampling  time:  for  the  correction  of 
1 -minute  samples  to  1  h  the  implied  value  of  p  was  0.17;  for  the  correction  from  1  h  to  3  h 
the  implied  p  value  was  0.37  and  from  1  to  24  h  it  was  0.58  (Strom  1976). 

Leung  (1972)  reported  that  the  ratios  of  3-minute  to  1-h  concentrations  found 
in  the  literature  of  the  1960s  gave  values  between  1.5  and  10  with  the  majority  lying 
between  2  and  3.  Using  measurements  made  in  the  vicinity  of  the  Balzac  gas  plant 
northeast  of  Calgary,  Leung  found  ratios  between  1.5  and  2.5  with  a  mean  value  of  2.0. 
This  result  is  consistent  with  a  p  value  of  0.2.  The  ERCB  (1990)  reported 
peak-to-30-minute  ratios  of  3  to  7  and  peak-to-3-minute  ratios  of  1  to  3  from  stationary 
tracer  measurements. 

It  is  often  assumed  that  the  averaging  time  correction  arises  only  from  the 
flapping  of  the  plume  laterally.  Vertical  movements  are  limited  because  the  presence  of 

the  earth's  surface  restricts  the  maximum  eddy  size  to  the  height  above  ground.  This  leads 
to  the  relation 

Experimental  studies  suggest  q  =  0.25  to  0.3  is  a  reasonable  approximation  for 
1  h  <  t  <  100  h  (Csanady  1973,  Gifford  1975).  From  1  h  to  a  few  minutes  most  authors 
agree  on  a  value  of  0.2  as  originally  suggested  in  the  1950s.  For  elevated  sources  out  to  a 
few  kilometres  (Gifford  1975)  or  sampling  times  up  to  about  10  minutes  (PasquiU  1976)  a 
similar  increase  with  time  can  be  expected  for  the  vertical  sigma.  Thus  the  value  of  p  = 
0.5  found  by  Hino  reflects  both  the  Oy  and     variation  with  time  and  should  not  be 
expected  to  extend  to  any  greater  downwind  distances.  A  value  of  q  =  0.25  has  been 
found  at  distances  between  10  and  68  km  downwind  with  a  slighdy  larger  value  in 
unstable  conditions  (MueUer  and  Reisinger  1986).  The  ERCB  (1990),  using  279  h  of 
sonic  anemometer  measurements  near  Calgary,  found  that  q  =  0.19  for  averaging  times  out 
to  2  minutes  and  q  =  0.28  for  averaging  times  from  3  minutes  to  60  minutes. 
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Simple  power  law  relations  will  be  a  satisfactory  approximation  only  over 
some  limited  range,  depending  on  the  precise  form  of  the  spectrum.  For  one  common 
spectmm,  q  =  0.2  will  jqpply  in  the  range  20  <  uT  <  400  m  where  u  is  the  wind  speed  and  T 
is  the  averaging  time  (Pasquill  1974).  Outside  this  range  and  for  the  more  irregular 
individual  sf>ectral  sh^ies  that  are  often  encountered,  especially  at  low  ftequencies,  this 
simple  law  caimot  be  expected  to  ̂ ply.  Furthermore,  when  such  relations  are  used  to 
estimate  concentration  ratios,  the  result  must  depend  to  an  important  degree  on  the  relative 
positions  of  source  and  receptor. 

4.5.3  Frequency  Distribution  of  Concentration 

The  peak-to-mean  ratio  has  been  criticized  as  an  inefficient  statistic  because  it 
uses  only  one  of  perhaps  thousands  of  values  (Barry  1969, 1971, 1977)  thus  yielding  a 
crude  empirical  estimate  of  the  concentration  which  is  exceeded  with  frequency  1/N  where 
N  is  the  sample  size.  In  general  the  ratio  P/M  increases  as  the  number  of  samples 
increases.  Therefore,  it  is  much  better  to  use  all  of  the  information  to  define  the 
distribution  function  which  can  then  be  used  in  a  predictive  sense  for  the  population  of 
possible  values  (e.g.,  Hogstrom  1968).  Chalk  River  data  show  (Barry  1977)  that 
concentrations  measured  at  a  fixed  point  relative  to  a  single  source  with  averaging  times 
of  less  than  100  h  follow  an  exponential  distribution 

F(C)  =  F(o)  exp  (-F(o)C/M) 

where  F(C)  is  the  frequency  of  exceeding  concentration  C,  M  is  the  mean  concentration 
and  F(o)  is  the  frequency  of  non-zero  concentrations. 

For  averaging  times  longer  than  several  hundred  hours  the  distribution  will  be 
normal,  and  for  intermediate  times  a  log-normal  distribution  may  be  expected  (Barry 
1977).  Simple  theoretical  arguments  lead  to  either  a  normal  or  a  log-normal  distribution 
depending  upon  sampling  time  and  decay  time  of  the  autocorrelation  coefficient. 

Gifford's  fluctuating  plume  model  (Gifford  1974a)  predicted  that  the  logarithm  of  the 
concentration  (rather  than  the  concentration  itself)  is  distributed  exponentially  which  is  the 
same  as  Chi-square  with  two  degrees  of  freedom.  The  abundant  literature  on  log-normal 
distributions  and  gamma  distributions  for  urban  areas/area  sources  (Berger  et  al.  1982)  is 
not  relevant  to  the  discussion  of  individual  plumes  from  point  sources. 
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Following  simple  theoretical  arguments  a  log-normal  distribution  may  be 
obtained  (Csanady  (1973) 

F(C/M)  =  1  -  0.5  (1  +  erf  JnCM.) 

where  F  is  the  frequency  of  exceeding  concentration  C,  a,  is  the  logarithmic  standard 
deviation  and  erf  is  the  error  function.  Wilson  (1982)  reported  other  theoretical  and 
empirical  support  for  the  log-normal  distribution  including  wind  tunnel  data  taken  at  the 
University  of  Alberta  by  Netterville  (1979).  Typical  values  for  a,  range  from  0.2  for 
smooth  terrain  to  0.7  in  rough  terrain  (Csanady  1973). 

4.6  BUOYANCY 

The  growth  of  the  cross  section  of  a  hot  effluent  plume  over  a  considerable 
part  of  its  rise  is  caused  by  the  entrainment  of  ambient  air  resulting  from  the  relative 
vertical  motion  of  the  plimie.  Theoretical,  laboratory  and  observational  evidence  points  to 
a  linear  growth  of  plume  radius  with  height.  This  means  that  the  vertical  dimension  of  the 
plume  is  proportional  to  the  plume  rise,  in  contrast  to  the  spread  of  a  passive  plume  whose 
growth  is  dominated  by  atmospheric  turbulence  (Pasquill  1975).  This  initial  growth  may 
be  especially  important  in  stable  conditions.  However,  the  maximum  ground-level 
concentration  per  se  may  not  be  greatly  affected  since  the  spread  to  ground  level  depends 
predominandy  on  the  passive  (atmospheric)  part  of  the  process.  The  condition  for 

maximum  ground-level  concentration  is  roughly     =  (h^  +  Ah)/V2  where  h^  is  the  stack 
height  and  Ah  is  the  plume  rise.  The  induced     is  about  Ah/3.5  which  obviously  cannot 
be  the  major  contribution  to  the  required  sigma  even  when  the  plume  rise  is  large. 

The  foregoing  conclusion  ^lies,  of  course,  to  flat  terrain.  In  hilly 
topography  the  maximum  may  occur  on  elevated  terrain  much  closer  to  the  source  and  the 
plume  dimensions  at  this  distance  may  well  be  dominated  by  buoyancy  effects  (Egan  and 
Bass  1976). 

The  vertical  spread  estimate  can  be  corrected  by  means  of  the  formula 
(Pasquill  1976) 

=  (a^  ̂  +  Ah  VIO)' 
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Buoyancy-induced  spread  can  also  be  accounted  for  satisfactorily  by  the 
introduction  of  a  virtual  source  upwind  of  the  physical  source  (Moore  1974).  In  a 
qualitative  sense,  this  is  equivalent  to  changing  the  exponent  in  the  power  law  for  vertical 
spread  in  the  vicinity  of  the  maximum  ground-level  concentration. 

There  is  also  a  contribution  to  spread  from  the  variations  in  height  of  rise 
associated  with  relatively  low-frequency  variations  in  wind  speed.  The  root  mean 
square  variation  in  hj.  is  approximately  Oy/u,  where      is  the  standard  deviation 
of  the  low  frequency  (averaged  over  about  30  s)  wind  speed  variations  (Pasquill  1975). 
Since  c^/u  can  exceed  0. 1 ,  the  extreme  range  of  hj.  is  likely  to  be  a  factor  of  5, 
an  important  contribution  to  time  mean  spread.  Such  a  contribution  could  add  as  much  as 
50  to  100%  to  the  estimate  of  overall  vertical  spread  (Egan  and  Bass  1976).  Fanaki  et  al. 
(1979c)  reported  that  in  all  of  the  studies  of  plumes  from  oil  sands  sources  enhanced 
spreads  occurred  close  to  the  stack  as  a  result  of  buoyancy. 

Wilson  (1979b)  expressed  the  buoyancy  effect  in  the  form     Xtotal)  =  ̂ 
(passive)  +  BV4  Ah*  where  B  is  the  entrainment  constant  used  in  plume  rise 
theory  and  the  initial  plume  radius  at  the  source  is  assumed  negligible. 

Davison  and  Leavitt  (1979)  concluded  that  B  =  0.6  described  the  Suncor 

summer  data  quite  weU,  They  noted,  however,  that  a  power  law     =  0.32  Ah*/'  actually 
provides  the  best  fit  to  the  data,  and  that  this  reduction  might  be  the  result  of  local  updrafts. 

EKiring  the  rise  phase,  a  plume  cross  section  is  assumed  to  be  circular,  which 
means  that  the  horizontal  spread  will  be  enhanced  by  a  similar  amoimt  and  can  be 
described  similarly.  This  increase  will  always  act  to  reduce  the  ground-level 
concentration.  However,  Davison  and  Leavitt  (1979)  reported  that  Lidar  observation  at 
Suncor  gave  horizontal  spreads  1,4  times  larger  than  vertical. 
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4.7  PLUME  HEIGHT 

For  plumes  rising  to  some  hundreds  of  metres  the  prospect  of  systematic 
changes  with  height  in  the  natural  diffusive  action  becomes  more  likely,  as  does  the 
prospect  of  encountering  more  or  less  sharp  discontinuities  in  the  flow  structure.  The 
latter  may  be  responsible  for  some  of  the  wide  scatter  in  experimental  data  which  confuses 
attempts  to  understand  the  systematic  changes  (Pasquill  and  Smith  1971).  This  has  been 
mentioned  by  all  those  studying  industrial  plumes  in  Alberta. 

The  fact  that  the  growth  functions  for  vertical  and  horizontal  spread  are 
different  in  exponent  also  has  some  significant  ramifications.  If  the  exponents  are  the 
same,  as  is  commonly  assumed  for  simplicity  (or  as  is  contained  in  the  BNL  curves),  the 
maximum  ground-level  concentration  is  proportional  to  the  reciprocal  of  the  square  of  the 
effective  stack  height.  However,  with  different  growth  rates  the  maximum  ground-level 
concentration  is  proportional  to  the  reciprocal  of  hg^^  1  +  d/b.  Since  d  is  usually  larger 
than  b  an  increase  in  source  height  is  even  more  beneficial  than  is  commonly  assumed 
(Pasquill  1968, 1971). 

The  height  dependence  of  the  various  sigma  curves  has  been  identified  by 
many  workers  (Draxler  1976,  Briggs  1973,  Ragland  1976).  Height-dependent  sigma 
curves  have  been  developed  from  extensive  tracer  experiments  in  the  Federal  Republic  of 
Germany  (Vogt  1977):  in  neutral  and  slightly  unstable  conditions,  the  sigmas  decreased 
with  height;  in  moderate  to  strong  instability  the  sigmas  increased  with  height.  Markov 
chain  simulations  show  that  vertical  sigma  is  fairly  independent  of  height  in  the  neutral 
surface  layer  (Reid  1979).  In  unstable  daytime  conditions,  the  horizontal  sigma  varies 
little  with  height,  but  the  vertical  sigma  increases  by  a  factor  of  2  to  the  mid-height  of  the 
planetary  boundary  layer  (Hanna  1981).  The  vertical  sigma  has  been  found  to  increase 
with  height  in  neutral  and  stable  conditions  for  short  downwind  distances  (Doran  et  al. 
1978).  In  unstable  conditions  the  lateral  spread  has  been  found  to  be  independent  of 
height  and  the  vertical  spread  weakly  dependent  (Lamb  1979).  Leahey  and  Hansen  (1985) 
found  that  the  ratio  of  vertical  to  horizontal  turbulence  decreased  rapidly  with  height  in  all 
stabilities. 

Experimentally  determined  vertical  spread  values  for  plumes  about  250  m 
from  tall  stacks  in  Japan  were  all  between  the  C  and  D  curves  in  the  PasquUl-Gifford 
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system  (Senshu  et  al.  1974).  The  representative  stability  corresponding  to  the  experiments 
Wcis  near  neutral  irrespective  of  the  stability  of  the  surface  boundary  layer.  Similar  results 
have  been  reported  over  flat  terrain  (Sakuraba  et  al.  1969),  but  over  complicated  terrain 
the  elevated  source  shows  larger  spreads.  When  released  below  an  elevated  stable  layer 
the  plume  was  observed  to  split  and  spreading  in  the  lower  layer  was  larger  than  in  the 
upper  (Sakuraba  et  al.  1973,  1972). 

Kumar  (1979b)  used  a  gradient  transfer  model  with  semi-empirical  eddy 
diffusivity  profiles  to  develop  sigmas  for  arbitrary  release  heights.  Values  of  the  vertical 
spread  decreased  as  the  release  height  increased  from  100  to  500  m  imder  all  stabilities. 
Release  heights  lower  than  100  m  also  showed  a  reduction  except  in  the  stable  case  owing 
to  the  lower  level  of  turbulence.  In  contrast,  an  analytical  solution  of  the  gradient  transfer 
equation  and  a  least-squares  fit  to  calculate  the  effective  Gaussian  sigma  and  wind  speed, 
showed  that  the  vertical  sigma  increased  with  source  height,  while  u  decreased  (Melli  and 
Runca  1979). 

Yet  another  difficulty  arises  in  the  choice  of  mean  wind  for  use  in  the 

Gaussian  plume  model.  The  normal  10-m  "surface"  wind  is  recommended  (PasquUl  1962) 
for  distances  of  0.1  and  1  km.  For  distances  of  10  and  100  km,  a  speed  midway  between 
this  and  the  geostrophic  value  estimated  from  a  chart  of  the  surface  pressure  distribution 
should  be  adopted.  Sometimes  it  is  recommended  that  the  mean  wind  speed  through  the 
vertical  extent  of  the  plume  should  be  used  (Tumer  1970),  that  is,  the  average  wind  speed 

from  h^ff  -       to  h^ff  +  2<5^.  If  20^  is  greater  than  hgfj  then  the  wind  should  be  averaged 
from  the  ground  to  hg^  +  ICj. 

The  optimum  height  for  estimating  the  mean  wind  speed  can  be  foimd  by 
weighting  a  power  law  wind  profile  with  a  Gaussian  vertical  concentration  distribution 

(Smith  and  Singer  1966).  This  "mean  equivalent  wind"  was  found  to  be  that  estimated  by 
a  power  law  at  a  height  of  about  0.62a2.  The  wind  at  source  height  should  be  used  until 
0.6202  >  hg£f.  The  increase  of  wind  with  height  tends  to  decrease  ground-level 
concentrations.  The  use  of  mean  equivalent  wind  reduces  the  values  most  significantly  for 
sources  near  ground  level. 

A  Monte  Carlo  diffusion  model  (Reid  1981)  gave  the  result  that  in  neutral 
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conditions  the  mean  wind  should  be  specified  at  a  height  of  0.602-     ̂ -^  '^ff'  whichever  is 
larger,  to  enable     to  be  independent  of  height  up  to  plume  heights  of  150  m  and 
downwind  distances  of  10  km. 

Djurfors  and  Netterville  (1978)  showed  that  the  height  at  which  the  wind 
speed  ought  to  be  evaluated  to  obtain  the  correct  plume  rise  is  a  complicated  function  of 
atmospheric  and  stack  parameters.  In  practice  the  average  between  the  wind  at  stack 
height  and  plume  height  is  often  used.  Wilson  (1979b)  avoided  integrating  the  wind 
profile  by  using  the  wind  speed  at  plume  height,  but  found  that  this  still  underestimated 
the  plume  rise.  Wilson  (1981)  proposed  that  the  effective  height  be  taken  as  H  +  0.17 
for  elevated  sources.  For  ground-level  sources  he  showed  that  the  wind  should  be 
evaluated  at  0.16502. 

The  need  for  a  specific  reference  height  for  u  can  be  removed  (Pasquill 

1976).  The  denominator  of  the  Gaussian  plume  equation  contains  the  product  of  Oy  and  u, 
both  of  which  must  be  evaluated  at  some  effective  height.  At  short  range  Gy  =  OyT  =  x/u 
which  cancels  u  from  the  equation.  Oy  does  not  change  markedly  with  height  except  in 
stable  conditions.  It  has  been  reported  (Doran  et  al.  1978)  that  Oq  measvued  near  ground 
level  is  more  useful  in  describing  tracer  results  than  a  value  measured  at  plume  height. 
The  same  tracer  results  showed  that  the  vertical  spread  was  an  increasing  function  of 
height  in  neutral  and  stable  conditions. 

As  a  plume  spreads  vertically  and  continues  to  grow  it  eventually  encounters 

a  "lid",  or  elevated  stable  layer  which  more  or  less  terminates  the  upward  growth.  The 
vertical  spread  values  must  be  adjusted  accordingly.  Vertical  growth  may  be  stopped 
when  CT^  =  hg£f/2.15  (Meade  1960),  but  this  assumes  a  cessation  of  mixing  while  a 
considerable  vertical  concentration  gradient  remains  (Smith  and  Singer  1966).  If  it  is 
assiuned  that  the  vertical  distribution  of  material  within  the  layer  should  be  nearly  uniform 
with  height,  then     should  become  a  constant  when  it  is  equal  to  the  depth  of  the  mixing 
layer  (Pasquill  1962).  The  multiple  reflection  formulation  of  the  Gaussian  plume  model 
obviates  the  need  for  such  corrections  in  models.  However,  for  experimental  sigma 
determinations  Whaley  (1974)  and  Rowe  (1975)  have  pointed  to  the  importance  of  the 
relationship. 

Because  plume  material  will  experience  strongly  varying  turbulence  as  it 
spreads  under  stable  conditions,  Wilson  (1987)  used  weighted  values  over  the  plume  layer 
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to  generate  effective  sigmas  that  account  for  the  fact  that  individual  plume  elements  spend 
a  larger  fraction  of  time  near  the  plume  centreline.  TWs  wcis  incorporated  in  the  sour  gas 
concentration  model  of  Alp  et  al.  (1990). 

4.8  LONGER  TRAVEL  TIMES 

Most  atmospheric  diffusion  studies  have  been  concerned  with  travel  times  of 
less  than  4  h.  Early  data  on  horizontal  plume  spread  at  longer  distances  from  a  wide 

variety  of  sources  yield  ay(km)  =  1.8T(h)  (Heffter  1965,  Gifford  1983).  Plume  spreads 
out  to  250  km  in  neutral  stability  have  been  reported  to  follow  an  extension  of  the  Pasquill 

D  curve  (Peterson  1968),  with  a  best-fit  equation  of  Oy  =  0.48  x"  **.  Plume  spreads  at 
distances  up  to  560  km  under  cloudless,  convective  conditions  over  flat  terrain  gave  the 

relation  Gy  =  0.334  x  "    (Bigg  et  al.  1978)  which  is  similar  to  the  Pasquill  curves,  and  to 
the  x"  *  dependence  derived  from  reexamining  older  long-distance  diffusion  data  (Pasquill 
1974). 

A  replot  of  earlier  data  on  relative  diffusion  (Gifford  1977)  led  to  the 

conclusion  that  overall  the  best  fit  gave  the  horizontal  spread  proportional  to  T'  *.  Adding 
other  data  gave  evidence  of  two  separate  regimes.  Out  to  aroimd  1000  -  2000  s  the  spread 
varies  at  T^*,  but  slows  thereafter  in  the  region  of  the  mesoscale  spectral  g^. 

A  plume  or  puff  first  experiences  boundary  layer  turbulence,  its  growth 
controlled  by  larger  and  larger  eddies  as  time  (and  travel  distance)  increases.  After 
several  hours  it  grows  larger  than  the  depth  of  the  boundary  layer  and  after  several  days 
may  spread  through  most  of  the  troposphere.  The  character  of  the  motions  causing  the 
diffusion  changes  markedly  as  boimdary  layer  turbulence  gives  way  to  the 

two-dimensional  "turbulence"  of  large-scale  systems.  Relative  spread  varying  as  T^  is 
expected  in  the  inertial  subrange,  as  opposed  to  the  average  spread  which  varies  as  T.  At 
still  larger  times  a  second  region  of  accelerated  growth  is  anticipated  when  the  energy 
cascade  from  synoptic  disturbances  is  encountered  (Gifford  1977). 

Data  from  Australian  can  be  represented  by  the  function  Gy  =  1.4T'  '^  which 
is  very  similar  to  Heffter's  results  (Gifford  1983).  Three  regions  can  be  identified:  (1)  a 
roughly  linear  region  from  0.1  -  2  h;  (2)  a  region  of  accelerating  diffusion  from  2  -  20  h; 
and  (3)  a  region  of  decreasing  diffusion.  The  first  region  is  the  result  of  small-scale 
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turbulence  acting  on  the  edges  of  the  plume;  larger-scale  PBL  turbulence  acts  only  to 
displace  the  plume  (affecting  time-averaged  but  not  relative  spread).  The  second  region  is 
associated  with  PBL  and  larger-scale  processes. 

Few  data  approach  the  square  root  growth  predicted  by  Taylor's  theory  for 
long  travel  times  (Randersen  1984).  This  may  be  attributable  to  wind  shear  in  the 
boundary  layer.  Models  that  include  shear-induced  spread  predict  growth  rates  similar  to 
•pi  .2 

A  theory  with  three  parameters  independently  related  to  the  source 
configuration  and  the  turbulence  structure  has  been  developed  (Gifford  1983): 

«yy '  =  <yyo '  +  2  v\  *[T/t^-(l-e-T/tL)-0.5c(l-e-TA^)T 

where  v*  is  the  mean  turbulent  wind  velocity,  t^^  is  the  Lagrangian  time  scale,  T  =  travel 
time,  GyQ  is  initial  source  size  and  c  is  a  parameter  that  expresses  the  effect  of  source 
configuration  on  initial  space-and-time  wind  correlations.  The  parameter  c  affects  the 

early  travel  times  whereas  longer  times  are  dominated  by  t^^  and  v*.  For  short-duration 
sources  of  small  extent,  c  =  1  and  there  is  an  initial  accelerated  growth  phase  followed  by 

a  T^  regime.  Long-time  average  plumes  from  continuous  sources  are  characterized  by  c 
=  0  which  leads  to  an  initially  linear  growth,  followed  by  a  T^  regime.  Intermediate 
values  of  c  are  associated  with  sources  extended  in  time  or  space.  Thus,  the  equation  is 
consistent  witii  earlier  theoretical  results.  This  equation  fits  the  Australian  data  better  than 

T,  T^  or  T"  "  power  laws  (Gifford  1982).  A  value  of  t^  =  10*  and  v  of  1-2  m/s  has  been 
derived  from  12  data  sets  (Barr  and  Gifford  1987). 

To  some  extent  this  resolves  the  criticism  (Pasquill  and  Smith  1983)  that  the 
existing  data  did  not  give  a  clear  indication  of  accelerated  growth  as  large  as  T^,  although 
it  was  also  argued  that  the  regime  would  be  of  limited  extent  because  it  applies  only  in  the 
inertial  subrange.  A  variation  proportional  to  T"  '  (Pasquill  1974)  was  later  revised  with 
newer  data  to  0.875  (Pasquill  and  Smith  1983).  The  maintenance  of  this  rate  and  the  lack 

of  transition  to  a  T^  regime  was  attributed  to  the  effect  of  wind  shear  in  the  boundary 
layer. 

Few  observations  of  longer  range  plume  spread  have  been  made  in  Alberta  or 
even  in  Canada.  Millan  and  Chung  (1977)  detected  the  Sudbury  plume  400  km  downwind 
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using  a  correlation  spectrometer.  The  spreads  were  consistent  with  values  predicted  by 
extropolating  the  ASME  (BML)  curves  for  the  inferred  stability.  Cheng  et  al.  (1987) 
measured  the  spread  of  the  Syncrude  plume  at  distances  out  to  70  km,  and  reported 

downwind  growth  as  x°  *. 

4.9  WIND  SHEAR 

The  variation  with  height  of  the  mean  wind  direction  and  speed  displaces  the 
plume  centreline,  distorts  the  cross-sectional  shape  and  enhances  the  plume  spread. 

The  most  obvious  effect  is  that  the  plume  centreline  projected  on  a  horizontal 
surface  appears  curved.  This  alters  the  location  of  the  maximum  ground-level 
concentration  and  can  cause  problems  with  photographic  determinations  of  plume 
parameters.  Davison  and  Leavitt  (1979)  showed  that  the  displacement  can  be 
approximated  by 

Yc=JLtana 2 

where  X  is  the  downwind  distance  to  final  plume  rise  and  a  is  the  change  in  wind 
direction  over  the  layer  from  stack  top  to  plume  top. 

Because  of  the  change  in  wind  direction  with  height,  the  upper  and  lower 
portions  of  the  plume  move  in  somewhat  different  directions.  This  causes  the  elliptical 
plume  cross  section  to  become  tilted.  The  tilt  itself  is  of  little  concern  in  dispersion 
modelling  but  it  is  a  source  of  difficulty  in  field  measurements  of  plume  spread.  Hoff  and 
Froude  (1979)  and  Slawson  et  al.  (1978)  showed  numerous  plots  of  tilted,  ellq)tical 
plumes  in  the  oil  sands  area. 

The  tilt  leads  to  enhanced  spread  when  vertical  mixing  occurs,  because 
material  moves  upward  from  the  lower  edge  and  downward  from  the  elevated  edge. 
Davison  and  Leavitt  (1979)  estimated  the  contribution  to  the  spread  as 

=  0.29  GyX  tana 

where  a  is  the  turning  angle  of  the  wind  over  depth  AZ  and  x  is  the  downwind  distance. 
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Aircraft  measurements  of  the  Svmcor  plume  showed  that  wind  shear  occasionally  made  a 
significant  contribution  to  plume  spread,  but  only  at  distances  beyond  10  km.  This  is 
supported  by  the  theoretical  results  of  Kumar  (1979b). 

Shear-enhanced  diffusion  is  likely  to  be  important  only  in  moderate  stability; 
strong  mixing  will  eliminate  the  shear  and  strong  shear  is  associated  with  weak  mixing. 

The  maintenance  of  plume  spreading  at  the  rate  of  x°  *"  rather  than  the  theoretical  limit  of 
x**  *  could  be  due,  at  least,  in  part,  to  the  wind  directional  shear  across  the  boundary  layer 
(Pasquill  and  Smith  1983). 

For  distances  beyond  20  km,  a  rough  rule  based  on  limited  observational  data 
calls  for  the  addition  of  a  component  of  horizontal  variance  given  by  0.03  A9^^  where  AG 
is  the  niming  of  the  wind  direction  in  radians  over  the  entire  plume  (Pasquill  1976). 

4.10  SURFACE  ROUOFP^SS 

Since  mechanical  turbulence  is  controlled  by  the  roughness  of  the  underlying 
siuface,  it  follows  that  plume  spreads  will  also  be  affected  by  surface  roughness.  This  was 
first  manifest  in  the  diffusion  rates  observed  for  tracer  experiments  in  cities  (McElroy  and 
Pooler  1968).  A  set  of  revised  plume  spread  curves  based  on  experiments  over  urban, 
suburban  and  wooded  areas  has  been  proposed  (Bowne  1974).  These  curves  effectively 
shifted  the  Pasquill  curves  by  1  -  2  stability  categories  to  the  imstable. 

The  revised  Pasquill  system  provides  separate  vertical  spread  curves  for  three 
different  orders  of  magnitude  of  roughness  length  (Smitii  1972).  The  results  of  diffusion 
experiments  conducted  at  two  sites  in  Germany  (Nester  et  al.  1977)  were  broadly  in 
agreement,  although  the  measured  values  tended  to  be  larger  (Miller  1978). 

Kumar  (1979b)  reported  that  the  effect  of  surface  roughness  in  his  numerical 
modelling  results  could  be  summarized  by 

^yPyx  =  (W^oi)^  r  is  0.05  to  0.2 
^z/^zi  =  (W^oi)^  where  s  is  0.05  to  0.1 
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A  similar  relationship  with  an  exponent  of  0.2  has  been  reported  in  the  literature  (Hanna  et 
al.  1977). 

An  increase  in  the  vertical  sigma  brings  an  elevated  plume  to  the  ground  more 
quickly,  causing  higher  concentrations.  The  maximum  ground-level  concentration  shifts 
toward  the  source,  and  concentrations  at  larger  distances  are  less  than  with  a  smoother 
surface.  For  ground-level  sources,  larger  roughness  always  decreases  concentrations 
everywhere. 

Buildings  and  other  large  obstacles  also  act  to  increase  the  spread  rates. 
These  increases  can  be  formulated  into  sigma  enhancements  using  the  characteristic 
length  scales  of  the  building  (Hosker  1984). 

Although  the  effea  of  a  change  in  surface  roughness  on  airflow 
characteristics  has  been  studied  extensively,  for  example.  Angle  (1975),  the  effects  on 
plume  dispersion  have  seldom  been  investigated.  Wind  tunnel  results  have  demonstrated 
that  in  neutral  conditions,  ground-level  concentrations  are  not  much  affected  because  of 
the  compensating  effects  of  reduced  wind  speed  and  larger  turbulence  (Pendergrass  and 
Arya  1984a,b).  Larger-scale  upstream  turbulence  dominates  any  effect  from  roughness 
change.  Further  discussion  of  surface  roughness  effects  can  be  found  in  Ch^ter  5. 

4.11  ALON(J-WI^fDSPREAP 

The  Gaussian  plume  equation  assumes  that  the  turbulent  spread  of  material  in 
the  direction  of  the  wind  is  negligible  compared  to  the  transport  of  material  by  the  mean 
wind.  In  any  event,  diffusion  in  the  along-wind  direction  wiU  simply  redistribute  mass  to 
different  downwind  locations  with  no  net  change  in  the  mass  flux  over  a  given  location. 
However,  if  the  source  strength  varies  in  time,  or  if  the  source  is  of  short  duration,  or  if  the 
wind  speed  is  very  low,  along-wind  diffusion  becomes  important  (Ukeguchi  et  al.  1973). 

A  common  method  of  dealing  with  the  three  situations  above  is  to  employ  the 
Gaussian  puff  equation  (Gifford  1968) 

2Q 

C  =  exp  [-0.5(y/a„)T  exp  [-Q.5{z/o^y]  exp  [-0.5  (x  -  uT)Vax ')] 
(27c)«a  a^a^  y  ^ 
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where  Q  is  the  total  quantity  (mass  or  volume)  of  material  released.  At  the  centre  of  the 
puff  X  =  uT  and  the  last  exponential  becomes  1 . 

In  most  implications  of  the  puff  model,  the  along-wind  spread  is  assumed 
equal  to  the  cross-wind  spread  (e.g.,  Ludwig  et  al.  1977).  Field  observations  (Nickola 
1971)  have  shown  that  irrespective  of  stability,  the  along-wind  spread  is  larger  than  the 
horizontal  spread  by  factors  ranging  from  1.3  in  unstable  conditions  to  4.3  in  stable 
conditions.  It  has  been  concluded  that  the  along-wind  spread  is  about  a  factor  of  2  larger 
than  cross-wind  spread  at  longer  travel  times  (Draxler  1979),  which  may  be  attributed  to 
both  the  along-wind  turbulence  intensity  and  wind  shear. 

Wilson  (1979b,  1981)  expressed  the  along-wind  spread  as 

^x  ~  t<y  X  shear  +  ̂  x  turbulence^  ̂  
and  expressed  the  shear  term  as 

<^xshear  =  0-3  (n  jjz^){2^zj' 

where  Zj.  is  the  reference  height  for  wind,  n  is  the  index  of  the  power  law  for  the  wind 
profile  and     is  the  convection  height. 

4.12         NONSTATIONARTTY  AND  CALMS 

When  a  source  is  of  short  duration  or  changes  its  strength  over  time  or  when 

mean  wind  and  turbulence  levels  are  changing,  the  straight-line  conical  plume  concept  is 
no  longer  valid.  Two  basic  approaches  have  been  developed: 

(1)  segmented  plume  models  (Hales  et  al.  1977,  Benkley  and  Bass  1979,  Lott 
1977)  divide  the  plume  into  a  number  of  independent  sections,  each  of  which 
has  different  characteristics.  The  concentration  at  any  point  is  calculated 
using  the  plume  equation  for  a  virtual  plume  that  starts  at  a  virtual  source  and 
passes  through  the  closest  plume  segment. 

(2)  multiple  puff  models  (Roberts  et  al.  1970  a,  b,  c;  Lamb  1968;  Shieh  1969; 
Shieh  et  al.  1970)  represent  the  emission  as  a  series  of  instantaneous  point 
sources  and  compute  the  concentrations  by  superimposing  the  contribution  of 
each  puff. 
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Puff  models  are  extremely  versatile  in  that  they  can  handle  not  only  changes 
in  time,  but  also  changes  in  space  and  low  wind  speeds.  Many  features  have  been 
incorporated  including:  (1)  wind  shear  effects  (Shieh  1978);  (2)  virtual  distance  (Ludwig 
et  al.  1977)  and  virtual  age  (2^annetti  1981)  for  the  correct  evaluation  of  sigmas;  (3)  puff 
merging  and  purging  (Ludwig  1984,  Ludwig  et  al.  1977)  or  puff  splitting  (Zannetti  1981) 
to  reduce  computer  requirements;  and  (4)  time-dependent  sigmas  (Roberts  et  al.  1970  a,  b, 
c;  Zannetti  1981, 1986).  Choukalos  (1978)  implemented  an  integrated  puff  model  for 
early  studies  of  sour  gas  blowouts  as  did  the  ERCB  (1979).  Wilson  (1979  b,  1981) 
described  an  effective  plume  model  for  situations  involving  an  exponential  transient 
souurce  such  as  a  pipeline  blowout.  This  was  incorporated  into  a  risk  model  by  Choukalos 
(1980). 

One  of  the  difficulties  in  applying  puff  models  is  the  specification  of  sigmas 
since  relative  rather  than  total  values  are  required.  Hage  et  al.  (1966)  summarized  16 
experimental  determinations  of  horizontal  spread  and  5  of  vertical  spread  from  puff 
releases.  Despite  these  and  other  studies  (Slade  1965,  Islitzer  and  Slade  1968,  Draxler 
1984)  few  models  use  puff  sigmas  (Daggupaty  1980,  IAEA  1976).  Most  models  still 
employ  plume  sigmas  (Petersen  1986,  Scire  et  al.  1984,  Zannetti  1986).  Puff  models  are 
often  used  to  estimate  the  dosage,  defined  as  the  integral  of  concentration  over  time 
(Daggupaty  1980,  Csanady  1969).  If  the  puff  passes  rapidly  overiiead  so  that  the  sigmas 
are  virtually  constant  throughout  the  time  of  passage  then  the  equation  for  dosage  or 
exposure  has  the  same  mathematical  form  as  that  for  a  continuous  plume  (Gifford  1968) 
but  with  relative,  rather  than  total  sigmas.  Johnson  (1967)  reported  good  agreement 
between  plimie  predictions  and  measured  dosages  from  instantaneous  phosgene  releases  at 
Suffield. 

The  distinction  between  a  puff  and  a  plume  depends  on  travel  time  and  release 

time.  When  the  travel  time  exceeds  the  release  time,  the  "plume"  is  detached  from  the 
source  and  thereafter  travels  and  grows  as  an  elongated  cluster  or  puff  (PasquUl  1974). 
The  ratio  between  plume  estimated  concentrations  and  puff  estimated  concentrations  is 
given  by 

Slume/Cpuff=(27c)^^(a^/ut,) 

where  tj.  is  the  release  time.  For  short-duration  releases  (tj.  <  2.5  a^/u)  the  plume  model 
will  predict  higher  values,  whereas  for  longer  releases  the  puff  model  will  predict  higher 
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values.  This  led  Wilson  (1986)  to  recommend  that  the  correct  prediction  will  be  obtained 
by  using  the  model  which  predicts  the  lower  concentration. 

Under  low  wind  speed  (calm)  conditions  most  workers  have  found  that 
time-average  concentrations  are  lower  than  those  predicted  by  Gaussian  plume  models 
because  of  the  meander  of  the  wind  (van  der  Hoven  1976,  Wilson  et  al.  1976,  Sagendorf 
and  Dickson  1976,  Draxler  1984).  A  segmented  plume  ̂ proach,  updating  the 
meteorological  conditions  every  few  minutes,  seems  to  give  good  results  (Sagendorf  and 
Dickson  1976)  as  do  multiple  puff  models  (Roberts  et  al.  1970  a).  Gradient  transfer  theory 
(Ukeguchi  et  al.  1973)  and  puff-based  analytical  solutions  (Yamartino  1977)  have  also 
been  qjplied. 

4.13  CONCENTRATION  FLUCTUATIONS 

Like  other  atmospheric  boundary  layer  variables,  chemical  concentration 
exhibits  turbulent  fluctuations.  In  a  typical  time  series  of  concentrations,  fluctuations  are 
at  least  as  large  as  the  mean.  Such  variability  is  important  because  lethality,  toxicity  and 
flammability  are  related  to  short-term  peak  concentrations.  These  fluctuations  also 
impose  an  expected  imcertainty  in  any  comparison  of  field  measurements  to  model 
predictions.  Part  of  the  fluctuation  is  due  to  incomplete  mixing  in  the  plume  and  part  is 
due  to  the  meandering  or  flapping  of  the  plume  about  the  measurement  point.  The  latter 
occurs  when  the  scale  of  the  atmospheric  eddies  is  larger  than  that  of  the  plume.  The 
mixing  of  a  puff  of  material  in  the  ambient  air  can  be  envisioned  as  resembling  a  loosely 

tangled  ball  of  wool  in  which  high-concentration  filaments,  referred  to  as  the  "core",  are 
gradually  distorted  and  pulled  e^art  into  pockets  of  low  concentration,  referred  to  as  the 

"bulk"  (Chatwin  and  Sullivan  1979).  Seven  different  iq^proaches  for  describing  and 
estimating  fluctuations  are  summarized  in  Table  4.12  (Hanna  1984b). 

Some  of  the  leading  work  on  concentration  fluctuations  has  been  done  in 
Alberta.  Netterville  (1979)  measured  concentration  variance  profiles  in  a  wind  tunnel  and 
showed  that  a  Gaussian  distribution  provided  a  useful  approximation  if  the  positive  image 
source  were  replaced  by  a  negative  image  sink  term.  He  also  demonstrated  that  a 
Gaussian  profile  results  from  a  variance  balance  equation  under  special  circumstances 
which,  based  on  the  wind  tunnel  data,  are  not  unreasonable.  The  dissipated  Gaussian 
model  was  used  by  Netterville  and  Wilson  (1980)  to  predict  concentration  probability 
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Table  4.12      Summary  of  approaches  to  concentration  fluctuations  (after  Hanna  1984b). 

Model  Type 
Approach 

Main  Parameters 

K 

Gaussian 

Similarity 

Meandering  Plume 
(Gifford  1959) 

pdf (Hanna  1984a) 

gradient  transfer  of 
variance 

conditional 
averaging  Gaussian 

spatial distributions 

core/bulk  structure 

total  variance  is 
sum  of  variances 
due  to  plume 
spread  and meandering 

concentration 
fluctuations 
directly  related 
to  turbulent velocity 
fluctuations 

dissipation  a diffiisivity  K 
intermittency  y 

conditional  mean  c- 
conditional  variance 

puff  dimension  a source  size  a« 
disc  spread  Oj^^ 
plume  spreaa  Gp 

averaging  time  T 
sampling  time  S 
integral  time  scale  T^ 
touchdown  velocity  W 

Monte  Carlo 

Advanced 
Numerical 

rate  of  separation 
is  a  function  of 
instantaneous 
separation 
Second-order 
closure  or  large 
eddy  simulation 

Eulerian  length  scale  L source  size  a„ 

third-order  statistics 
and  functional 
relationships 
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distributions.  The  interplay  between  models  and  test  data  and  the  evolution  of  our 
understanding  of  concentration  fluctuations  is  evident  in  the  sequence  of  works  Wilson 
(1979b,  1982, 1986),  Wilson  et  al.  (1982  a,  b,  1985),  Wilson  and  Simms  (1985),  and 
Wilson  and  Bara  (1985). 

The  theoretical  developments  are  based  on  the  concept  of  intermittency  and 
the  use  of  conditional  of  statistics  those  obtained  only  when  source  material  is  present.and 
those  which  include  periods  with  no  source  material.  Intermittency,  represented  by  the 
symbol  y,  is  defined  as  the  fraction  of  time  that  the  source  material  is  observed.  Mean 
concentrations  and  variances  measured  only  when  the  plume  is  present  are  called 

"conditional"  or  "plume"  values  as  distinct  from  "total"  values.  It  follows  that 

Cp  =  c/Y 

where  the  subscript  "p"  refers  to  the  conditional  (plume)  values  and  the  unsubscripted 
terms  refer  to  total  values. 

The  total  variance  along  the  plume  centreline  is  given  by  a  Gaussian  equation 

q  z-hy  z  +  hy  a 
Oc*  =  (  )'  [(exp-0.5(  )'-aexp-0.5<  2Ka  GyO^ 

where    q  is  the  variance  source  strength 
hy  is  the  variance  source  height 
a  is  the  sink  strength  parameter,  equal  to  about  0.6  based  on  wind 

timnel  data 

ay.a^        are  the  spreads  of  the  mean  plume 
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The  effective  height  of  the  variance  source  is  displaced  above  the  mean  plume  height  and 
is  given  by 

h^  =  [hp^  +  0.49a^T-' 

The  vertical  variance  of  total  intensity  can  then  be  calculated.  At  the  surface,  mean 
reflection  and  variance  dissipation  reduce  the  intensity  by  a  factor  of  three,  but  do  not 
force  it  to  zero.  The  variance  source  strength  changes  with  downwind  distance  as  a  result 
of  the  balance  between  advection,  production,  di^sion  and  dissipation  of  variance.  It  can 
be  calculated  from 

q     0.34  X 
Q~  ̂'  +  K 

where  A,  is  a  nondimensional  downwind  distance  defined  as 

(Oya^/hp)"  '  and  is 

a  virtual  origin  that  accotints  for  the  effect  of  source  size  on  the  contribution 
meandering  to  the  total  variance. 

The  meandering  component  depends  on  the  ratio  of  source  size  to  the  average 
integral  scale  of  turbulence.  An  empirical  equation  for  which  is 

0.12 

K  =  
0.055  A/d  +  1 

where  A  is  the  integral  scale  of  turbulence,  which  is  given  jqjproximately  by 

A  =  0.6hexp  -(a^/hp)* 

Although  the  conditional  intensity  is  observed  to  increase  at  the  plume  edges,  assuming  it 
to  be  constant  provides  a  useful  model  which  yields 

0.34  X 
i_  =   away  from  the  ground 
^     ̂ '  +  (.12)^ 
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The  intermittency  is  then  determined  from  the  total  and  conditional  intensities  using  the 
equation  given  earlier. 

These  relations  suggest  that  conditional  averages  can  be  used  to  estimate 
centreline  means.  In  the  fringes  of  the  plume ^o 

For  typical  values  of  Iq  between  0.5  and  1 .0  the  conditional  mean  in  the  fringes  of  the 
plume  wUl  be  1/5  to  Yi  of  the  plume  centreline  value. 

4.14      CHEMICAL  TRANSFORMATIONS 

As  a  plume  of  material  moves  downwind  it  may  react  with  other  gases  or 
particulates  and  change  into  different  compounds,  possibly  in  different  phases.  This 
reduces  the  concentrations  of  the  original  chemical,  but  may  produce  something  of  even 
greater  concern.  Atmospheric  chemistry  is  exceedingly  complex,  and  while  much  is 
knovm,  much  remains  to  be  learned  (Bottenheim  and  Strausz  1977,  Abel  et  al.  1984, 
Seinfeld  1986,  Lloyd  and  Lurmann  1985).  Sandhu  et  al.  (1980)  concluded  that  oxidation 
of  sulphur  dioxide  was  dominated  by  gas-phase  reactions  involving  photochemically 
created  free  radicals  and  by  liquid-phase  reactions  in  the  presence  of  metal  ions. 

Rowe  et  al.  (1977)  were  unable  to  detect  any  significant  oxidation  of  sulphur 
dioxide  within  the  first  4  km  downwind  of  a  sour  gas  plant.  Fanaki  et  al.  (1979a)  observed 
little  oxidation  of  the  svdphur  dioxide  in  the  plume  from  the  Suncor  oil  sands  plant  at 
distances  up  to  30  km  in  the  winter.  This  result  was  consistent  with  photochemical 
mechanisms,  but  not  with  the  expected  rate  by  an  iron-catalyzed  mechanism.  Lusis  et  al. 
(1978)  and  Fanaki  et  al.  (1979b)  observed  oxidation  rates  in  die  range  of  2-3%/h  during 
summer  days  and  less  than  0.5%/h  in  early  moming  and  late  evening.  This  further 
supported  the  dominance  of  homogenous  gas-phase  reactions  and  gave  no  support  to  the 
idea  of  a  heterogeneous  (metal-catalyzed)  mechanism.  The  reactive  plimie  model 
developed  by  Bottenheim  and  Strausz  (1981)  was  able  to  reproduce  the  observations  of  oil 
sands  plumes  over  the  range  of  oxidation  rates  from  1  to  5%/h.  Bottenheim  (1982) 
measured  a  summer  oxidation  rate  of  2-6%/h  in  the  plume  from  the  Syncrude  oil  sands 
plant  about  9  km  downwind.  He  also  found  evidence  of  an  iron-catalyzed  liquid  oxidation 
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during  a  cold  early  night  flight  in  winter.  Cheng  et  al.  (1987)  noted  that  the  data  from 
Lusis  et  al.  (1978)  showed  some  winter  and  early  moming  summer  flights  with  large 
oxidation  rates,  which  could  be  interpreted  as  catalytic  oxidation.  Davis  et  al.  (1985a)  and 
Cheng  et  al.  (1987)  reported  oxidation  rates  in  March  varying  from  0.02%/h  to  2-8%/h  and 
in  June  varying  from  0.06%/h  to  8.7%/h  for  plumes  up  to  a  few  hours  old  (downwind 
distances  up  to  35  km). 

The  conversion  of  nitric  oxide  to  nitrogen  dioxide  has  been  studied  in  Alberta 
largely  in  the  plumes  of  compressor  engine  exhausts.  Angle  et  al.  (1979)  observed  an 

NO/NOjj  ratio  which  increased  steadily  from  an  in-stack  value  of  0.03  to  a  value  of  0.2  at 
a  travel  time  of  70  s.  Measurements  in  Texas  and  elsewhere  in  the  U.S.  were  reviewed  by 

Vet  et  al.  (1982),  who  also  developed  a  model  for  the  conversion  based  on  a  38-step 
reaction  mechanism,  simplified  from  the  generalized  scheme  of  Bottenheim  and  Strausz 
(1978). 

Leahey  et  al.  (1981, 1983)  measured  the  ratios  of  NOj/NO^^  in  the  exhaust  from  a 
turbine  driven  compressor  near  Calgary.  Median  values  of  0.37, 0.063  and  0.55  were 
found  in  mid-summer,  early  autumn  and  early  winter  respectively.  A  simple 
three-reaction  photochemical  mechanism  was  able  to  predict  the  autumn  and  winter 
values,  but  overestimated  the  summer  value  by  a  factor  of  2.  These  ratios  were  all  larger 
than  those  observed  in  the  exhaust  from  reciprocating  engines  and  no  variation  with  travel 
time  was  found  for  at  least  3  or  4  minutes. 

Concord  Scientific  (1986)  examined  a  large  amoimt  of  continuous  monitoring 
data  collected  around  compressor  stations.  Ratios  from  0  to  1 .0  were  found  and  no 
dependence  on  travel  time  was  evident.  The  ratio  was  found  to  increase,  however,  with 
decreasing  NO^^  concentration,  and  the  correlation  was  used  in  the  new  regulatory  model 
described  by  Angle  et  al.  (1987)  and  Sakiyama  et  al.  (1988).  Davis  et  al.  (1985a)  and 
Cheng  et  al.  (1987)  measured  conversion  rates  in  oil  sands  plumes  ranging  from 
0.2%/minute  to  21.9%/minute.  The  rate  increased  with  time,  reaching  a  maximum  around 
noon  and  then  declined.  The  rate  was  higher  in  summer  than  in  winter,  but  this  may  not 
have  been  caused  by  increased  solar  radiation  since  a  strong  correlation  with  ambient 
turbulence  levels  was  observed. 

In  terms  of  a  Gaussian  plume  model,  th6  transformation  of  one  chemical  to 

another  is  often  represented  by  an  exponential  source  decay  of  the  form  Q  =  (J^  /  e^ 
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where  Qq  is  the  initial  source  strength,  t  is  time  and  k  is  the  rate  of  conversion  of  the  first 
chemical  to  the  second.  However,  it  is  possible  to  incorporate  a  full  reaction  scheme  as 
has  been  demonstrated  by  Vet  et  al.  (1982),  Bottenheim  and  Strausz  (1981)  and  Fung  et  al. 
(1985). 

4.15  REMOVAL 

As  a  plume  of  material  moves  downwind  it  may  be  subject  to  a  number  of 
physical  processes,  other  than  turbulent  diffusion,  that  act  to  reduce  the  concentration  in 

the  air  by  transferring  the  material  to  the  earth's  surface.  As  soon  as  the  lower  edge  of  the 
pliune  touches  the  ground,  removal  can  occur  by  impaction,  absorption,  electrical 
attraction,  adsorption,  gravitational  setding  and  chemical  reaction,  processes  collectively 
known  as  dry  deposition. 

Gravitational  settling  or  sedimentation  of  large  particles  (>10  |im),  is  most  often 

represented  as  a  "tilted  plume"  where  the  effective  height  of  the  plume  is  progressively 
reduced  with  downwind  distance.  Since  material  reaching  the  ground  is  absorbed,  no 
image  term  is  included  and  the  equation  for  deposition  becomes 

VgQ  -y^  -(hgff-VgX/u)^ 
D  =  VgX  =  exp  (  )  exp  (  ) 

InOyC^        2(5  2O2* 

where  Vg  is  the  mean  settling  velocity  of  the  particles.  Stewart  and  CIsanady 
(1967)  obtained  good  results  using  this  equation,  as  did  Hage  (1961a,  b)  using  a  gradient 
transfer  representation,  and  Walker  (1965)  using  a  simple  ballistic  model,  to  describe  the 
deposition  of  glass  microspheres  observed  dtuing  experiments  at  Suffield. 

For  all  of  the  dry  deposition  mechanisms,  unless  the  stirface  is  saturated,  the 
rate  of  deposition  is  proportional  to  the  concentration  in  the  vicinity  of  the  receiving 
surface.  The  ratio  of  the  deposition  flux  (mass  per  unit  area  per  unit  time)  to  the  local 
chemical  concentration  has  the  dimensions  of  velocity  and  thus  the  normalized  deposition 
rate  is  known  as  the  deposition  velocity.  The  value  of  the  deposition  velocity  depends 
upon  wind  speed,  stability,  topography,  ground  cover,  surface  wetness  and  other  features 
of  the  receptor.  Consequently,  measured  values  range  over  four  orders  of  magnitude  for 
gases  and  three  orders  of  magnitude  for  particles  (Sehmel  1980).  The  data  become  more 
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orderly  if  an  electrical  analog  is  used.  The  three  main  resistances  to  deposition  are  in 
series  and  may  be  written  as 

1  1 

Vd  =  — =  '"t    '■a  +  ̂b  +  ̂c 

where  r^^  is  the  atmospheric  resistance,  which  can  range  from  0  during  unstable 
afternoons  to  10  s/cm  during  very  stable  nights;  r^,  is  the  surface  boundary  layer 
resistance,  which  accounts  for  the  mass  transfer  through  the  quasi-laminar  layer  of  air 
in  contact  with  the  surface;  and  r^  is  the  canopy  resistance,  accounting  for  stomatal, 
mesophyll  and  cuticular  uptake,  with  values  ranging  from  0.5  to  200  s/cm. 
Resistances  for  various  surface  types  and  mean  monthly  SO2  dry  deposition  velocities 
for  much  of  North  America  have  been  mapped  (Voldner  et  al.  1986).  Early  empirical 
results  were  simimarized  by  McMahon  and  Denison  (1979)  and  Denison  et  al.  (1979). 
The  state  of  knowledge  and  research  needs  have  been  reviewed  elsewhere  (Hosker  and 
Lindberg  1982). 

Gaussian  plume  models  may  incorporate  dry  deposition  in  three  ways.  The 
source  depletion  method  (Chamberlain  1953)  accounts  for  the  loss  of  airborne  material 
by  reducing  source  strength  as  a  function  of  downwind  distance.  While  the  method 
correctly  calculates  the  deposition  to  the  surface,  it  also  distributes  the  material  loss 
instantaneously  throughout  the  vertical  extent  of  the  plume.  This  leads  to 
overprediction  of  total  deposition  and  underprediction  of  the  remaining  airborne 
material  by  as  much  as  a  factor  of  4  at  a  distance  of  10  km  in  stable  conditions  with 
strong  deposition;  however,  with  low  deposition  rates  and  neutral  to  unstable 
conditions,  errors  are  only  about  20%  (Horst  1977).  Factor-of-2  accuracy  can  be 
expected  out  to  100  km  even  in  stable  conditions  for  typical  deposition  velocities 
(Corbett  1981).  Benjamin  (1975),  Westem  Research  and  Development  (1978)  and 
Leahey  and  Bums  (1979)  used  this  method  to  estimate  annual  sulphur  deposition  in  the 
vicinity  of  sour  gas  plants  in  Alberta. 

The  surface  depletion  method  (Horst  1977)  uses  material  sinks  or  "negative" 
plumes  emitted  from  the  surface  to  account  for  deposition  and  expresses  the  local 
concentration  as  the  sum  of  the  nondepositing  concentration  from  the  primary  source 
plus  the  negative  contribution  from  all  upwind  sinks.  Under  stable  conditions,  the 
surface  depletion  method  predicts  a  deposition  several  times  smaller  than  the  source 
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depletion  method.  The  error  can  be  corrected  in  the  source  depletion  method  by  using 
an  adjusted  deposition  velocity 

1        1  1 

^dc    ̂ d  "a'* 
where  the  second  term  represents  an  atmospheric  resistance  correction  and  the 
denominator  of  this  term  represents  an  effective  turbulent  velocity  (Y amartino  1985). 

The  partial  reflection  method  (Overcamp  1976)  multiplies  the  reflection 
term  by  a  faaor  a  (x)  to  account  for  the  loss  of  material  at  the  surface.  Out  to  about 
10  km  the  partial  reflection  method  gives  values  very  similar  to  those  of  the  surface 
depletion  method  (Horst  1978,  Overcamp  1978).  The  partial  reflection  method  does 
not  require  the  computation  of  an  integral  and  hence  is  the  simplest  of  the  three 
methods.  At  large  distances,  however,  it  appears  to  overestimate  the  reduction  in 
concentration. 

In  northeastem  Alberta,  an  SO^  deposition  velocity  to  snow  of  0.25  cm/s 
was  measured  by  Barrie  and  Walmsley  (1978).  Chadder  et  al.  (1984)  measured 
deposition  velocities  to  ripe  barley  near  Calgary  ranging  from  0.1  cm/s  in  the  evening 
to  more  than  1.6  cm/s  in  daylight  hours.  Legge  (1988)  reported  a  mean  moming 
deposition  velocity  in  late  winter  of  0.57  cm/s  at  a  site  northwest  of  Calgary,  and  a 
mean  afternoon  deposition  velocity  of  1.2  cm/s. 

Clouds  may  act  to  remove  plume  material  in  two  ways:  rainout  occurs 
when  the  material  is  entrained  into  the  cloud  droplets,  either  by  nucleation  or  by 
scavenging,  and  then  faUs  to  the  ground  with  precipitation;  washout  occurs  as  the 
precipitation  falls  through  the  plume.  While  dissolved  in  cloud  droplets,  the  material 
is  subject  to  a  variety  of  aqueous-phase  reactions  which  cause  further  transformations. 

For  particles  and  insoluble  gases  that  are  captured  by  water  droplets, 
concentration  (C)  will  fall  exponentially  widi  time(t),  that  is, 

C(t)  =  C(o)exp(-  -kt) 

where  X  is  called  the  scavenging  coefficient  which  can  range  in  value  from  .4  x  lO'Vs 
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to  3  X  lO'Vs.  An  alternative  formulation  assumes  an  equilibrium  partitioning  between 
gaseous  and  liquid  phases,  expressed  as 

K 

W  =  — C 

where  K  is  the  concentration  in  water,  C  is  the  concentration  in  air  and  W  is  called  the 
washout  ratio  (although  it  includes  the  effect  of  rainout  too).  Wet  deposition  is  then  given 
by: 

D^  =  CWR 

where  R  is  the  rainfall  rate,  typically  1  x  10'*  m/s,  and  the  washout  ratio  ranges  from 
0.1  X  10*  to  1.1  X  10*  for  particulates  and  0.01  x  10*  to  0.4  x  10*  for  reactive  gases. 
Analagous  to  dry  deposition,  a  wet  deposition  velocity  can  be  defined  as 

v^  =  WR 

which  yields  values  of  several  hundreds  of  centimetres  per  second.  For  soluble  gases, 
equilibrium  is  generally  achieved  between  the  two  phases  after  a  water  drop  has  moved 
only  a  few  tens  of  metres,  and  then 

1 

W  =  — H 

where  H  is  Henry's  law  constant,  the  reciprocal  of  the  solubility  coefficient.  For  reactive 
gases  such  as  sulphur  dioxide,  an  enhanced  solubility  coefficient  must  be  used,  which 

leads  to  larger  washout  ratios  (in  the  order  of  10*  for  SO^).  The  short-range  deposition 
models  of  Western  Research  (1978),  Leahey  and  Bums  (1979)  and  Alberta  Environment 
(1988)  aU  use  this  equilibrium  scavenging  concept. 

4.16  SUMMARY 

The  Gaussian  diffusion  formula  for  plume  spread  is  a  practical  model  and  a 
convenient  framework  for  expressing  the  effects  of  various  complicating  factors.  Plume 
spreads,  represented  by  the  standard  deviation  of  the  Gaussian  distribution,  can  be 
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specified  by  any  of  four  major  empirical  systems,  seven  systems  based  on  statistical 
theory  or  two  systems  linking  other  theoretical  approaches.  Studies  of  industrial  plume 
spreads  in  Alberta  have  often  found  much  larger  values  than  indicated  by  the  prediction 
schemes  and  sometimes  different  growth  rates.  This  has  generally  been  attributed  to  the 
effects  of  buoyancy,  topogrjqjhy,  multiple  sources,  wind  shear,  elevated  inversions  or 
stability  category  selection.  Of  the  systems  that  have  been  tested  in  Alberta  there  is  a 
suggestion  that  the  Pasquill  method  (empirical)  and  the  Draxler  method  (statistical  theory) 
are  the  best  overall  performers. 

Some  of  the  discrepancies  can  be  explained  by  the  differences  between  the 
spread  of  the  plume  about  its  own  centreline  (relative  diffusion)  and  the  spread  of  the 
plume  as  observed  at  a  fixed  location  on  the  ground,  which  includes  movements  of  the 
entire  plume  (fl2q)ping).  Alberta  measurements  suggest  that  total  spreads  can  be  four 
times  larger  than  relative  spreads.  Alberta  data  also  support  the  0.2  power  law  for 
averaging  time  adjustments. 

Buoyancy  makes  an  important  contribution  to  plume  spread  near  the  source. 
Plume  spreads  may  be  height  dependent,  but  it  is  more  common  to  adjust  the  wind  speed, 
usually  to  plume  height  or  60%  of  the  vertical  spread,  whichever  is  larger.  Alberta  data 
for  long  travel  times  show  lateral  plume  growth  at  the  0.8  power  of  distance,  whereas 
much  world  data  reveals  a  near-linear  growth.  Wind  shear  seems  to  be  responsible  for 
maintaining  a  growth  rate  larger  than  the  Vi  power  predicted  by  the  Taylor  theory.  The 
theory  for  concentration  fluctuations  is  now  well  developed  and  can  be  used  for  predicting 
the  probabilities  of  exceeding  ensemble  mean  values. 

Chemical  transportation  rates  for  sulphur  dioxide  in  Alberta  plumes  are 
generally  less  than  O.S%/h  at  night  and  can  get  as  large  as  8%/h  during  summer  days. 
Typical  values  ̂ pear  to  be  2-3%  per  hour.  The  conversion  of  nitric  oxide  to  nitrogen 
dioxide  is  much  more  rapid,  proceeding  at  rates  of  0.2%/minute  to  22%/minute.  Dry 
deposition  velocities  for  sulphur  dioxide  range  from  0.25  cm/s  over  snow  to  1.6  cm/s  over 
ripe  barley.  Winter  morning  values  are  typically  0.6  cm/s  and  summer  afternoon  values 
are  typically  1.2  cm/s. 
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5 .0  FLOW  AND  DIFFUSION  OVER  RUGGED  TERRAIN 

Alberta  is  topographically  diverse  with  extreme  variations  of  terrain  ~  wide 
expanses  of  prairies,  rolling  foothills  and  towering  mountains.  Industrial  development  is 
not  limited  to  topographically  simple  regions  and  thus  the  issue  of  pollutant  transport  and 
diffusion  in  complex  or  rugged  terrain  is  of  practical  concern. 

Topographic  features  affect  both  the  plume  trajectory  and  the  rate  of 
diffusion.  The  airflows  can  be  very  complex  since  they  are  a  result  of  the  combined 
effects  of  locally  induced  circulations  and  incident  flow  disturbances.  The  shape  of  terrain 
features  together  with  their  thermal  and  roughness  characteristics  control  plume  behavior 
in  concert  with  atmospheric  stability.  This  added  level  of  complexity  brings  added 
complexity  to  the  modelling  of  such  processes. 

5.1  WIND  AND  TURBULENCE  EFFECTS 

The  flow, features  unique  to  regions  of  complex  terrain  can  be  classified  into 
four  causal  categories.  They  can  be  due  to  interactions  of  terrain  with  synoptically  driven 
flows  (large  scale  flows  driven  by  horizontal  pressure  gradients),  locally  driven  flows, 
interactions  between  these  two  flow  regimes,  and  other  secondary  effects  (Dickerson 
1980). 

5.1.1  Synoptically  Driven  Flows 

5.1.1.1       Channelling.  For  near-neutral  stability,  large-scale  winds  moving  at  an 
oblique  angle  to  a  valley  or  set  of  ridges  can  result  in  winds  parallel  to  the  valley  or 
ridges.  This  is  commonly  referred  to  as  channelling.  Channelling  can  also  refer  to  the 
increase  in  wind  speeds  which  occur  when  wind  is  forced  through  a  narrow  opening  (such 
as  a  mountain  pass).  Examples  of  this  behavior  are  shown  in  Figures  5.1a  and  5.1b. 

Channelling  (where  the  large-scale  winds  have  been  deflected  and  result  in 
winds  parallel  to  the  ridges)  can  occur  even  with  rather  gende  terrain  features.  Leahey  and 
Hansen  (1982)  analyzed  2300  pilot  balloon  observations  near  the  Suncor  oil  sands  plant  to 
reveal  channelling  of  the  synoptic-scale  winds  in  the  broad  Athabasca  River  valley.  The 
valley  has  a  broad  plain  50  km  wide  and  is  bounded  by  the  Birch  and  Muskeg  mountains 
(450  and  300  m  above  the  research  facility  elevation  respectively). 



Passesv 

Figure  5.1a        Wind  speed-up  through  mountain  pass   (Orgill  et  ai.  1971). 

Upper  Wind 

Channeled  Wind 

Figure  5.1b Wind  direction  change  due  to  presence  of  valley  (Orgill  et  al.  1971 ), 
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5. 1 . 1 .2  Wakes.  As  high  Reynolds  number  flows  approach  an  obstacle  a  region  of 
modified  turbulence  occurs  in  the  lee  of  the  obstacle.  This  region  is  defined  as  a  wake 
and  is  a  result  of  random  vortex  shedding  off  the  obstacle  and  subsequent  cascading  to 
smaller  and  smaller  scales.  Wakes  can  occur  on  large  scales  where  they  can  dominate 
some  features  of  the  turbulence  for  long  distances  (see  Scorer  and  Verkaik  1989  for 
satellite  photogrjqjhs  of  turbulence  in  the  lee  of  mountain  ranges  and  islands). 

Yahalom  (1972)  studied  the  flow  separation  and  wake  phenomena  in  a 
University  of  Calgary  wind  tunnel  modelling  study  using  a  scale  model  of  the  Bow 
River  valley  west  of  Calgary  and  incident  westerly  flow.  A  recirculation  region 
(cavity)  of  high  turbulence  and  low  wind  speed  extended  downwind  10  - 15  ridge 
heights  and  upward  to  2-2.5  ridge  heights.  Beyond  the  cavity  the  wake  grew  wider  and 
deeper  but  the  velocity  turbulence  difference  from  the  incident  flow  diminished. 

An  increase  in  the  turbulence  of  the  incident  flow  reduces  the  extent  to 
which  the  wake  is  distinguishable  (Halitsky  et  al.  1965).  A  10%  velocity  defect  in  the 
wake  may  be  detectable  as  far  as  60  ridge  heights  downwind  (Arya  and  Shipman  1979). 

5.1.1.3  Flow  as  it  Encounters  an  Isolated  Hill.  As  flow  j^proaches  a  Wll,  a 
speed-up  occurs  as  the  flow  moves  over  the  crest.  This  behavior  was  evident  over 
Kettles  Hill  (near  Pincher  Creek,  Alberta  -  elliptical  shq)e,  100  m  high  and  a  slope  of 
about  0.08  along  the  longitudinal  axis).  The  speed-up  phenomenon  was  studied 
extensively  at  this  site  using  kites,  tethersondes  and  a  series  of  surface  tower 
measurements  and  the  results  are  reported  in  Taylor  et  al.  (1983a)  and  Mickle  et  al. 
(1984).  They  found  that  imder  neutral  conditions,  wind  speeds  at  the  hilltop  were 
more  than  60%  greater  than  those  measured  upwind,  a  surprising  amotmt  considering 
the  low  profile  of  this  hill. 

When  the  atmosphere  is  stably  stratified,  a  number  of  phenomena  can 
result  when  the  synoptic-scale  flow  encounters  an  obstacle.  As  the  flow  encounters  a 
ridge  and  rises  up  over  it,  a  lee  wave  may  form  (Figure  5.2).  This  wave  will  have  a 
certain  firequency  and  an:q>litude  and  can  extend  large  distances  downwind.  A  standing 
lee  wave  may  be  evidenced  by  longitudinal  cloud  rolls  or  lenticular  clouds  at  the  wave 
crests. 
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Lester  and  MacPherson  (1976)  and  Lester  (1976a)  reported  observations  of  waves  in 
the  lee  of  the  rockies  in  southern  Alberta  during  a  chinook  event.  The  chinook  arch 
cloud  was  embedded  in  the  crest  of  a  gravity  wave  with  amplitude  of  800  m  and 

vertical  motions  of  1 .8  ms"'.  Lester  (1976b)  developed  a  climatology  of  wave  clouds 
from  12  years  of  observations  made  at  Pincher  Creek,  Alberta.  Wave  clouds  occurred 
141  days  per  year  with  a  distinct  October-March  maximum  and  siunmer  minimum  in 
frequency  of  occurrence. 

It  is  also  possible  that  as  the  flow  moves  over  a  ridge,  it  accelerates  on  the 
lee  side.  As  the  accelerating  flow  is  forced  to  slow  down,  a  hydraulic  jump  can  occur. 
The  occurrence  of  a  hydraulic  jump  can  be  determined  on  the  basis  of  a  Froude 
number  (a  measure  of  the  relative  magnitude  of  inertial  and  buoyant  forces  in  a  fluid). 
This  jump  (Figure  5.3)  is  characterized  by  local  pressure  changes,  turbulence  and 
occasionally,  by  convective  cloudiness.  Similar  findings  have  been  obtained  in 
laboratory  situations  (Snyder  and  Hunt  1984). 

If  the  fluid  has  insufficient  kinetic  energy  to  move  up  and  over  the 
obstacle,  then  the  flow  wUl  be  blocked.  A  stagnation  zone  develops  upstream  of  the 
obstacle  or,  in  the  case  of  an  isolated  hill,  the  fluid  moves  horizontally  around  the 
object.  This  type  of  flow  condition  leads  to  adverse  air  quality  since  a  plume  can 
actually  impinge  on  the  hlQside  or  enter  a  stagnation  zone  and  accumulate  pollutants. 
The  situation  is  shown  in  Figures  5.4b,  and  c  and  is  contrasted  to  the  flow  field 
experienced  in  neutral  conditions  (5.4a). 

An  observational  study  of  this  type  of  flow  over  a  ridge  in  stable 
conditions  was  undertaken  in  a  series  of  tetroon  (constant-level  balloon)  releases, 
reported  in  Chung  and  Rowe  (1979),  and  plume  photographs  at  Copithome  Ridge, 
southwest  of  Calgary.  Benjamin  et  al.  (1977, 1978)  used  smoke  trails  to  visualize  the 
flow  over  the  ridge  and  found  that,  for  stable  conditions,  the  ridge  induced  horizontal 
(directional)  shear.  This  indicates  that  plume  impingement  could  occur  since  the 
occurrence  of  horizontal  shear  is  consistent  with  flow  attempting  to  go  around  ridge 
rather  than  over  it.  Later  photographic  studies  of  a  cooling  tower  plume  as  it  passed 
over  this  ridge  are  reported  by  Lee  (1979)  and  Rowe  et  al.  (1980).  The  trajectories 
were  consistent  with  a  model  which  assumes  that  the  flow  above  a  certain  height 
above  ground  moves  over  the  ridge,  and  below  this  height  moves  around  it. 



16  February  1952 



(a) 

(b) 

Flow  past  a  three-dimensional  bell-shaped  hill  for  a)  neutral  and 
b)  highly  stratified  flows.  Dashed  line  shows  regions  of  separated  flow. 
(Hunt  et  al.  1979). 

Blocking  and  stagnation  flow. 
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Flow  over  ixregular  terrain  in  both  neutralAmstable  and  stable  conditions  has 
been  observed  over  a  wide  range  of  scales  and  terrain  types  Q^icholls  1973;  Mason  and 
Sykes  1979;  Bradley  1980;  Taylor  et  al.  1983a,  b;  Strimaitis  1983). 

5.1.1.4       Implications  for  Plume  Transport  and  Difftxsion.  The  streamlines  indicating 
flow  over  a  terrain  feature  in  Figures  5.4a  converge  as  they  qjproach  and  pass  over  the 
feature.  From  continuity  principles,  this  convergence  results  in  a  speed-up  of  the  fluid.  A 
plume  embedded  in  the  flow  field  is  brought  closer  to  the  surface  and  undergoes  volume 
stretching.  In  addition,  the  plume  depth  is  compressed  due  to  streamline  convergence  and 
the  plume  width  is  extended  (if  you  vertically  squash  a  plume,  it  grows  horizontally).  This 
effect  is  most  pronounced  under  stable  conditions.  Finally,  turbulence  near  these  features 
is  enhanced.  The  plume  reflects  this  turbulence  enhancement  by  increased  plume 
spreads.  Under  stable  conditions  the  plume  may  impinge  on  the  side  of  the  hiU  and 
attempt  to  go  around  the  obstacle  rather  than  over  it  (Figure  5.4b). 

Wakes  also  affect  poUutant  concentrations  when  the  plume  becomes 
embedded  in  one.  The  increased  turbulence  enhances  plume  spread,  and  the  decreased 
wind  speeds  decrease  plume  stretching.  Some  of  these  effects  serve  to  increase 
ground-level  concentrations;  others  lead  to  a  decrease.  This  will  be  discussed  further  in 
the  section  on  dispersion  modelling  in  complex  terrain. 

5.1.2  Locally  Driven  Flows 

Some  air  motions  in  complex  terrain  are  generated  by  forcing  mechanisms  of 
purely  local  origin  and  can  behave  independently  of  the  synoptic-scale  winds.  The  forcing 
mechanisms  are  thermal  in  nature,  where  surface  heating  or  cooling  results  in  local 
pressure  gradients. 

During  a  clear  night  with  light  synoptic-scale  winds,  long-wave  radiative 
cooling  results  in  a  temperature  inversion.  If  the  surface  is  sloped,  the  near-surface  air, 
which  is  cooler  and  more  dense,  wUl  move  downhill.  The  behavior  is  analogous  to  water 
running  downhill.  These  winds  are  called  drainage  or  katabatic  winds.  Drainage  winds 
are  a  regular  occurrence  during  clear  nights  with  in  most  mountainous  regions  of  the  world 
(Defant  1951,  Bergen  1969),  and  have  been  documented  photographically  (Thorp  and 
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Orgill  1986).  Longley  (1968,  1969)  showed  that  the  wind  directions  measured  at  Calgary 
International  Airport  had  a  diurnal  behavior  which  indicated  drainage  flows  off  the  eastern 
slopes  of  the  Rocky  Mountains. 

The  velocity  of  such  katabatic  winds  can  be  small,  often  less  than  1  m/s. 
Observations  are  thus  made  difficult  and  the  air  current  is  easily  disturbed  by  surface 
obstructions.  Lx)w-lying  areas  are  prone  to  an  accumulation  of  cool  air  either  because  of  a 

depression  with  no  exit  or  because  obstacles  such  as  trees  act  as  a  "cold-air  dam."  The 
resulting  "cold  pools"  have  greatly  intensified  nocturnal  inversions.  (The  term  "frost 
hollow"  describes  an  agricultural  outcome  of  drainage  flows).  On  a  larger  scale,  the 
drainage  of  air  from  glaciers,  plateaus  or  highlands  can  result  in  devastating  winds  that 
exceed  30  m/s. 

Another  type  of  locally  generated  flow  is  called  an  upslope  or  anabatic  wind. 
During  the  day  when  the  slope  h  heated  by  the  sun,  the  air  near  the  surface  is  heated  and 
rises.  The  translation  of  upward  motion  into  upslope  flow  is  thought  to  occvir  because  of 
the  chimney  effect  at  ridge  top.  Convection  at  the  top  of  the  ridge  produces  vertical 
motions  and  cumulus  buildups.  Longley  (1968, 1969)  showed  that  aftemoon  wind 
directions  at  Calgary  are  indicative  of  flow  up  the  eastem  slopes  of  the  Rocky  Mountains. 
Thyer  (1981)  confirmed  this  behavior  by  an  examination  of  pilot  balloon  flights  at 
Edmonton  and  Calgary,  where  vector  average  winds  for  two  summer  months  were  used  to 
delineate  the  vertical  variation  of  winds.  Thyer  hypothesized  that  the  low-level  wind 
behavior  as  evidenced  in  the  profiles  at  Calgary  is  a  result  of  heating  on  the  eastem  slopes 
of  the  Rocky  Mountains  which  induces  a  large-scale  upslope  wind,  modified  in  direction 
by  the  Coriolis  force. 

The  drainage  and  upslope  flow  phenomena  are  illustrated  in  Figure  5.5. 

5. 1 .2. 1       Valley  Systems.  The  upslope/downslope  flow  phenomena  help  to  explain  the 
flow  patterns  experienced  in  a  valley.  Under  downslope  flow  conditions,  air  moves  down 
the  side  walls  and  fills  the  valley  with  a  down-vaUey  flow.  Under  upslope  flow  conditions 
this  situation  is  reversed.  Thus  under  clear  sky  conditions,  where  radiative  heating  and 
cooling  effects  are  the  greatest,  the  valley  flow  system  exhibits  different  characteristics 
during  different  times  of  the  day  (Defant  1949)  as  shown  in  Figures  5.6a  and  5.6b. 



\  / 

b) 

Figure  5.5         a)  Katabatic  (downslope)  and  b)  anabatic  (upsiope)  flows 
and  their  associated  conditions. 



b) 

Figures.?         Hourly  percent  frequency  distribution  of  wind  direction  In  Canyon  Creek 
valley,  Sept.  1982  (Angle  and  Gourlay  1983). 
Note:  Flows  down-valley  are  north,  up-valley  are  south. 
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Up-valley  and  down-valley  flow  behavior  has  been  observed  to  occur  in  a 
variety  of  different  valley  types  around  the  world  (e.g.,  Vermont  -  Davidson  and  Rao 
1963;  California  -  Gudiksen  et  al.  1983;  Colorado  -  Whiteman  1982;  Austria  -  Freytag 
1987).  Table  5.1  lists  the  studies  which  confirm  the  up-valley/dovra-valley  flow  behavior 
in  a  variety  of  valley  types  and  locations  in  Alberta.  An  example  of  the  diurnal  influence 
on  up-  and  down- valley  phenomena  is  shown  in  Figure  5.7  which  summarizes  surface 
wind  data  collected  over  1  month  during  the  summer  in  the  Elbow  River  valley,  (a  broad 
open  valley  210  m  high  and  3800  m  wide)  located  west  of  Bragg  Creek,  Alberta.  The 
plots  show  a  high  frequency  of  down-valley  winds  during  the  night  and  the  reverse 
situation  during  the  day.  The  up-valley  wind  frequency  is  lower  than  the  down- valley 
wind  frequency  because  of  synoptic  interference;  that  is,  aftemoon  convective  activity 
causes  a  coupling  between  the  surface  and  synoptic  winds.  This  behavior  is  also  evident 
in  the  MacHattie  (1968)  analysis  (see  Table  5.1  for  description)  for  a  deep  Kananaskis 
valley  and  in  other  locations  in  the  world  (Manins  and  Sawford  1979  -  broad  flat  valley  in 
Australia). 

Down-valley  flow  is  characterized  by  a  drainage  "jet"  where  the  down- valley 
wind  speed  reaches  a  maximum  part  way  up  the  valley  depth.  These  distinctive 
nose-shaped  profiles  have  been  observed  in  a  variety  of  valleys  (Qements  et  al.  1989). 
The  maximum  wind  speed  can  occur  at  half  the  valley  depth  (Davidson  and  Rao  1963, 
Mxmn  1966);  other  observational  studies  have  shown  that  other  ratios  exist.  Wind  speed 
and  direction  profiles  from  the  Canyon  Creek  valley  in  Alberta  during  nocturnal  drainage 
flow  conditions  as  reported  by  Angle  and  Gouriay  (1983),  Gouriay  et  al.  (1984)  and 

Sakiyama  (1990)  are  shown  in  Figvu-e  5.8a  and  b. 

The  drainage  flow  ceases  after  the  sun  begins  to  warm  the  slopes  and  valley 
floor.  This  results  in  convective  mixing  which  breaks  up  the  temperature  inversion  and 
induces  upslope  valley  flows.  The  breakup  of  inversion/drainage  flow  typically  occurs 
3-5  h  after  theoretical  sunrise  (Whiteman  1982). 

Table  5.2  summarizes  the  results  of  Alberta  studies  which  report  these 
characteristics. 
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Table  5.1        Observations  of  up-  and  down-valley  flow  behavior  in  Alberta  valleys. 

Reference VaUey  Characterization Comments 

Klassen 
(1962) 

North  Saskatchewan  River  valley 
at  Edmonton,  1-1.5  km  wide, 
average  depth  about  50  m 

drainage  flows  with  (maximum 
speed  2.5  m/s) 

drainage  interrupted  when 
winds  above  valley  >  4  m/s, 
no  up-valley  winds  observed 

valley  slope  wind  2.5  m  deep 

Paterson 
and  Hage 
(1979) 

same  vaUey  as  above down-valley  wind  occurs  when 
prevailing  wind  is  cross -valley 

valley  slope  wind  attains 
maximum  depth  of  15  m 

MacHattie /I  C\fiQ\ (lyoo) 
Kananaskis  valley  (vaUey 
bounded  by  Mt.  Lorette, 
Mt.  Allan  and  Mt.  Kidd  on  the 
west  and  Mt.  McDougall  on  the east) 

hourly  surface  observations 
dvuring  July/Aug.  show  distinct 
down-valley  flow  during  the 
night  and  up-vaUey  during  the  day 
anabatic  flow  suffered  some 
synoptic-scale  interference 

Leahey 

Hansen 
(1982) 

Athabasca  River  Valley,  north 
\JL  r\Jll  iVi.dVlLU.X(ty ,  JV  ILlll  WlUC 
bounded  by  Birch  and  Muskeg 
Mtns  (450  and  300  m  high 
respectively) 

pUot  balloon  showed  katabatic liU-LUV^liV^d           W  IXlKlo  ^\J\J  ill 
above  ground 

Angle  and 
Gourlay 
(1983) 
Gourlay 
et  al. 
(1984) 

Canyon  Creek  valley  (180  m 
deep,  1 120  m  wide)  and  Elbow 
River  valley  (210  m  deep, 
3800  m  wide) 

both  valleys  are  west  of 
Bragg  Creek,  Alberta 

surface  wind  observations  show 
classic  up-  and  down-valley 
behavior  in  both  valleys 



Figure  5.8 a)  Wind  speed  and  b)  direction  profiles  in  Canyon  Creek  valley 
at  06:00  MST  during  clear  weather  (Angle  and  Gourlay  1983). 
Note:  Down-valley  direction  is  345°. 
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5.1.2.2  Turbulence  in  Noctuxnal  Drainage  Flow.  Elevated  turbulence  levels  are  a 
common  feature  in  valley  drainage  flow.  The  sources  of  this  turbulence  are  many  and 
include: 

(1)  drainage  flow  interaction  with  valley  walls,  outcroppings  and  rough 
valley  floors  (Start  et  al.  1973, 1975), 

(2)  shear-generated  turbulence  from  the  nocturnal  jet, 

(3)  interactions  of  the  main  drainage  jet  with  tributary  flow  (Porch  et  al. 
1989), 

(4)  disturbances  of  the  drainage  flow  by  the  regional  winds  (Barr  and  Orgill 
1989),  and 

(5)  the  existence  of  cellular  circulations  which  result  in  surges  (Stone  and 
Hoard  1989). 

Angle  and  Gourlay  (1983)  reported  turbulence  meastirements  in  the  Elbow 
River  valley  during  clear  nights  where  inversions  were  present  and  well  developed 
drainage  flow  occurred.  They  found  that  turbulence  levels  were  larger  than  what  would  be 
found  under  similar  conditions  in  flat  terrain.  This  result  was  reflected  in  the  diffusion 

study  of  Sakiyama  (1983)  and  Sakiyama  and  Angle  (1988)  which  measured  ground-level 
concentrations  of  a  tracer  gas,  sulphur  hexafluoride,  released  into  the  Elbow  River  valley, 
nocturnal  drainage  flow.  Dilution  was  much  greater  in  stable  drainage  flows  (equivalent 
to  neutral  flows)  than  it  would  be  under  stable  conditions  in  flat  terrain. 

5.1.2.3  Morning  Transition.  Between  a  period  of  fully  developed  nocturnal  drainage 
flow  and  a  period  of  up- valley  flow,  a  complex  flow  adjustment  occurs  as  the  valley 
atmosphere  changes  in  accordance  with  the  change  in  energy  loss^iq)ut  over  a  diurnal 
cycle.  Studies  in  different  valleys  around  the  world  show  a  common  morning  transition 
behavior  where  inversion  breakup  is  characterized  by  the  upward  growth  of  the  daytime 
convective  boundary  layer  and  the  descent  of  the  top  of  the  inversion.  This  latter  feature 
does  not  occur  in  flat  terrain. 
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This  type  of  inversion  breakup  behavior  has  been  observed  in  Switzerland 
(Mullet  and  Whiteman  1988)  and  Colorado  (Whiteman  1982).  Figure  5.9  shows  the 
inversion  descent  and  breakup  behavior  observed  in  the  Canyon  Creek  valley  near  Bragg 
Creek,  Alberta  reported  in  Sakiyama  et  al.  (1984)  and  Sakiyama  (1990).  One  mechanism 
proposed  to  explain  the  descent  of  the  inversion  top  during  inversion  breakup  is  based  on 
mass  continuity  (Whiteman  1982).  The  top  descends  to  compensate  for  the  mass 
evacuated  from  the  central  portion  of  the  valley  by  the  thermally  generated  upslope  flows 
blowing  up  the  valley  sidewaUs.  In  other  words,  the  principle  of  mass  continuity  requires 
that  the  inversion  descend.  This  can  have  important  implications  for  valley  plume 
behavior  (Whiteman  £md  McKee  1978)  which  will  be  discussed  later.  Another  proposed 
mechanism  is  a  scouring  of  the  cold  stable  core  from  above  by  turbulent  mixing  at  the  top 
of  the  drainage  layer  by  the  above-v alley  winds  (Lenshow  et  al.  1979  and  Davidson  and 
Rao  1963).  It  is  also  possible  that,  if  the  cold  air  which  feeds  the  drainage  is  cut  off 
(which  occurs  at  sunrise),  the  cold  air  wUl  eventually  drain  out  the  end  of  the  valley  and 
the  top  of  the  inversion  will  descend  (Ayer  1961).  This  is  analogous  to  the  drop  in  the 
river  level  that  occurs  when  the  feeding  streams  are  cut  off. 

5.1.2.4       Implications  for  Plume  TranspK)rt  and  Diffusion.  The  significance  of  valley 
flows  for  the  dispersal  of  chemical  plumes  is  often  misunderstood.  Although  valleys  are 
favorable  locations  for  the  formation  of  inversions,  turbulence  actually  increases  because 
of  the  katabatic  flow  (Leahey  and  Halitsky  1973,  Sakiyama  1983,  Sakiyama  and  Angle 
1988).  The  main  problem  is  associated  with  the  preferred  wind  directions  as  indicated  by 
a  marked  elongation  of  the  wind  rose  along  the  valley  axis.  This  means  that  the  same 
areas  wUl  be  exposed  to  pliune  material  over  and  over  again  and  inversion  breakup 
fumigations  are  likely  to  occur  with  regularity  over  much  the  same  receptor  area  (Hewson 
and  Gill  1944).  Long-term  average  concentrations  would  thus  be  substantially  higher  than 
if  the  chemical  source  were  located  on  the  plain.  Turbulence  levels  ate  highly  variable 
and  can  lead  to  the  sudden  appearance  of  plume  material  in  high  concentrations.  Finally, 
the  valley  walls  limit  lateral  plume  spread  which  prevents  the  usual  reduction  of 
concentration  with  distance.  If  vertical  exchange  above  the  valley  is  also  limited,  the 
valley  becomes  a  tube  filled  with  a  uniform  concentration  of  pollutants,  much  higher  than 
would  be  experienced  over  an  open  plain. 

If  the  inversion  descent  behavior  is  due  to  the  subsidence  of  the  stable  core 

(Whiteman  1982),  a  plume  in  this  stable  core  will  be  brought  downward  as  the  core 



400  n 

286       286       290       292      294       296       298  300 

POTENTIAL   TEMPERATURE    (  K  ) 

igure  5.9  Time  series  of  potential  temperature  profiles  taken  in  the  Canyon  Creek 
valley  on  September  19,  1982.  The  top  of  the  inversion  is  indicated  by 
arrows   (Sakiyama  1990). 
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descends.  The  descent  will  continue  imtU  pollutants  are  entrained  in  the  convective 
boundary  layer  at  the  valley  bottom  or  shallow  slope  flow  layer  (Whiteman  and  McKee 
1978).  After  being  entrained  into  this  layer  the  pollutants  are  removed  from  the  valley  by 
advection  of  the  upslope  layer.  This  process  is  dramatically  different  from  the  behavior  of 
a  plume  in  flat  terrain  during  inversion  breakup  and  can  result  in  high  concentrations  at  the 
valley  bottom  and  sidewaUs. 

5.1.3         Interactions  Between  Flow  Systems 

The  characteristics  of  the  wind  and  turbulence  fields  in  complex  terrain  can  be 
determined  from  interactions  between  different  flow  systems.  The  resulting  new  flow 
region  may  not  be  of  purely  local  origin  or  synoptically  driven.  For  example,  when  the 
turbulent  wakes  from  adjacent  peaks  overlap,  a  new  flow  region  is  established  in  the 
overlap  region  even  though  the  individual  wakes  result  from  synopticaUy  driven  flows. 

There  are  several  examples  where  synoptic  flow  may  interact  with  local  flow. 
The  up- valley  wind  flows  in  the  deep  Kananaskis  valley  studied  by  McHattie  (1968)  and 
the  Canyon  Creek  and  Elbow  River  valleys  studied  by  Angle  and  Gourlay  (1983)  showed 
an  overriding  of  the  local  wind  system  by  the  synoptic  flow.  The  convective  activity  in 
the  valley  caused  a  coupling  between  the  local  and  synoptic  flows  with  the  resulting  loss 
of  up-vaUey  flow.  It  is  also  entirely  possible  that  the  synoptic  flow  can  enhance  the 
up-valley  flow  if  it  is  generated  (or  channelled)  in  the  same  direction.  In  addition,  it  is 
also  possible  that  thie  synoptic  flows  can  be  so  strong  they  can  disrupt  the  nocturnal 
drainage  flow  (Neff  and  King  1987)  or  even  remove  the  air  as  a  coherent  mass,  especially 
in  broad,  open  valleys  (Lenschow  et  al.  1979). 

An  example  of  interactions  between  local  flows  is  the  situation  where  the 
drainage  flow  from  a  feeder  valley  joins  the  main  down- valley  drainage  flow.  Klassen 
(1962)  found  that  the  drainage  from  a  steep  narrow  ravine  entering  the  North 
Saskatchewan  River  valley  at  Edmonton,  could  be  detected  over  100  m  past  the  ravine 
mouth  in  the  river  valley.  In  addition,  observations  of  vertical  motions  over  the  river 
indicated  the  existence  of  a  cellular  stracture  superimposed  on  the  drainage  flow.  This 
cellular  structure  may  be  driven  by  the  heat  from  the  river  (Munn  1966).  This  is  an 
example  of  two  sujjerimposed  local  flows  resulting  in  a  new  flow  regime. 
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5.1.3.1        Implications  for  Plume  Transport  and  Diffusion.  As  a  general  rule,  the  zones 
of  interaction  between  two  flow  regions,  whether  they  are  of  synoptic  or  of  local  origin, 
results  in  enhanced  turbulence  or  flow  deformations.  This,  in  turn,  results  in  an  increase 
in  mixing  and  a  decrease  in  concentration.  For  example,  observations  of  the  Suncor 
powerhouse  plume  reported  by  Slawson  et  al.  (1978)  revealed  an  interaction  zone  between 
the  valley  drainage  flow  (the  Athabasca  River  valley  is  50  m  deep  and  2  km  wide)  and  the 
synoptic  flow.  The  interaction  zone  caused  dramatic  cross-wind  plume  spreads  due 
primarily  to  flow  deformation. 

However,  the  interactions  may  also  cause  a  change  in  the  path  of  a  plume,  for 
instance,  due  to  the  deflection  caused  by  tributary  drainage  flow  entering  the  main  flow. 
This  may  result  in  high  concentrations  in  areas  where  none  were  experienced  before. 

The  effects  of  flow  interaction  on  chemical  transport  and  diffusion  depend  on 
the  individual  situation.  It  is  difficult  to  determine  what  wiU  hj^pen  to  a  plume  in  flows 
that  are  of  purely  synoptic  or  local  origin;  it  is  even  more  formidable  to  determine  plume 
behavior  when  these  two  flow  regions  interact  with  each  other  or  themselves. 

5.1.4         Seggndary  Effects 

5.1.4.1       Flow  Separation  and  Hecircwlation  Rotors-  An  airstream  approaching  an 
abmpt  rise  in  terrain  elevation  (cliff,  bluff,  plateau  or  tableland)  in  neutral  or  unstable 
stratification  will  be  deflected  upward  near  the  edge.  If  the  rise  is  steep,  then  a  bolster 
eddy  may  form  at  the  base.  This  occiurs  because  the  streamlines  cannot  follow  the  sharp 
bend,  or  in  other  words,  because  an  adverse  pressure  gradient  brings  the  incident  flow  to 
rest  and  then  reverses  it.  U  the  edge  is  rounded,  the  flow  accelerates  smootfily  onto  the 
higher  terrain.  If  the  edge  is  sharp,  separation  may  occur,  giving  rise  to  a  zone  of 
recirculation  and  a  wake  of  enhanced  turbulence.  An  intermediate  possibility  is  that  the 
streamlines  curve  over  the  edge  and  back  to  a  bluff,  producing  a  sheltered  region  of  very 
light  winds.  This  behavior  is  illustrated  in  Figure  5.10. 

Prominent  ridges,  in  neutral  conditions,  cause  flow  separation  near  the  apex. 
Yahalom  (1972)  observed  the  separation  phenomenon  in  a  University  of  Calgary  wind 
timnel  modelling  study  using  a  scale  model  of  the  Bow  River  valley  west  of  Calgary  and 
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an  incident  westerly  flow.  The  lee  side  of  the  ridge  was  occupied  by  a  recirculation  zone 
of  high  turbulence  and  low  mean  speed  known  by  various  names  as  the  cavity,  bubble, 
eddy  or  stagnation  region.  The  cavity  extended  downwind  about  10  - 15  ridge  heights  and 
upward  to  2  -  2.5  ridge  heights. 

When  the  wind  blows  prependicular  to  a  valley  under  neutral  and  unstable 
conditions,  separation  at  the  ridge  top  may  fill  the  valley  with  a  recirculation  eddy  (Figure 
5.11).  Angle  and  Gourlay  (1983)  reported  the  occurrence  of  easterly  and  northeasterly 
winds  in  the  Canyon  Creek  valley  (east  of  Bragg  Creek,  Alberta)  with  a  westerly  regional 
flow,  suggestive  of  a  recirculation  eddy.  This  behavior  may  also  explain  the  high 
frequency  of  east  winds  observed  in  this  valley  reported  by  Webb  (1982).  A  heUcal 

recirculation  eddy  has  been  postulated  for  Colorado's  Brush  Creek  valley  (Barr  and  Orgill 
1989).  Wind  profiles  during  nighttime,  down-valley  flow  show  winds  at  the  valley  bottom 
oriented  in  the  opposite  direction  to  the  regional  cross-valley  flow.  A  stagnant  zone  at 
about  half  the  valley  depth  corresponds  to  the  centre  of  the  eddy. 

5.1 .4.2  Flow  Oscillations.  Slope  winds  and  valley  winds  are  generally  intermittent 
(Munn  1966).  Steady-state  conditions  are  rarely  maintained  for  any  length  of  time. 
Drainage  winds  usually  occur  in  surges  rather  than  continuously  and  complete  flow 
reversals  are  not  uncommon.  A  range  of  pulse  lengths  have  been  observed  in  various 
valley  drainage  flows  around  the  world  (Pack  Canyon,  Colorado,  15  minutes  -  Coulter  et 
al.  1988;  Greenland,  45  minutes  -  Gyning  et  al.  1985;  90  minutes  -  Doran  and  Horst 
198 1).  The  circulation  is  in  a  delicate  balance,  easily  disrupted  by  gravity  waves, 
roughness  changes,  flow  confluences  or  blocking  by  obstacles.  TTie  down- valley  direction 
may  not  be  the  same  as  that  of  water  flow;  if  the  valley  is  constricted,  the  cold  air  may 
flow  upstream  towards  where  the  valley  broadens  (Munn  1966). 

Hage  (1981)  found  wave-like  oscillations  in  wind  speed  during  drainage  flow 
conditions  in  the  North  Saskatchewan  River  valley  at  Edmonton.  The  observed  period 
ranged  from  16-33  minutes  and  the  pulses  were  probably  due  to  standing  internal  gravity 
waves  present  in  a  small  river  basin  upstream  from  the  observation  site. 

5.1.4.3  Compensation  Airflows.  Compensation  flows  are  generally  required  by  mass 

continuity  and  circulation  cells.  In  valleys,  compensation  airflows  are  called  "anti-wind 
systems"  because  they  have  been  observed  immediately  above  the  valley  drainage  flow 



Figure  5.10 Airflow  toward  a  steep  bluff. 

Figure  5.11 Separation  in  strong  cross-valley  winds 
may  fill  the  valley  with  one  large  eddy. 
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(Buettner  and  Thyer  1966)  and  are  oriented  in  the  up-v alley  direction.  They  are  postulated 
to  exist  from  mass  continuity  considerations  -  air  flowing  down-valley  is  replaced  by 
compensatory  flow  above  the  drainage  flow. 

The  "anti-wind  system"  is  not  a  common  feature  of  valley  wind  systems. 
Sakiyama  (1990)  found  no  evidence  for  this  type  of  compensation  flow  in  the  Canyon 
Creek  valley.  An  alternate  hypothesis  (Whiteman  and  Barr  1986)  postulated  that  the  air 
flowing  down  the  vaUey  is  replaced  by  air  from  above.  That  is,  a  general  subsidence  is 

occurring  over  the  valley.  Rates  of  0.1  ms"'  for  the  Bmsh  Creek  valley  in  Colorado  were 
calculated  from  mass  conservation  principles. 

Evidence  for  cellular  compensation  flow  is  reported  in  Klassen  (1962)  and 
Hage  (1980,  1979)  for  the  North  Saskatchewan  River  valley  at  Edmonton.  Vertical 
motions  over  the  center  of  the  valley  are  compensated  by  flow  from  the  valley  sides, 
resulting  in  two  coxmter-rotating  cells  superimposed  on  the  valley  drainage  flow. 

5.1.4.4       Implications  for  Plume  Transport  and  Diffusion.  Secondary  flow  effects  can 
have  a  minor  or  dramatic  effect  on  chemical  dispersal  depending  on  the  scale  of  the 
phenomena  relative  to  the  plume  size.  Separation  cavities  can  be  so  large  that  the  entire 
plume  can  get  tr^ped,  resulting  in  high  concentrations  in  the  cavity  region  (see  cover  of 
the  Journal  of  the  Air  Pollution  Control  Association,  July  1987  issue)  and  plumes  being 
brought  to  the  ground.  Conversely  these  flows  can  enhance  turbulence  thus  increasing  the 
rate  of  dilution  of  the  pollutant.  Flow  oscillations  can  result  in  periods  of  relative  calm 
leading  to  high  concentrations  in  a  valley,  or  periods  of  intense  mixing  and  increased  wind 
speed  where  chemicals  are  rapidly  mixed.  Generally,  secondary  flow  effects  have  a 
minimal  effect  on  plume  behavior  primarily  because  they  have  scales  smaller  than  the 
plume  (Dickerson  1980). 

5.2  MATHEMATICAL  MODELLING  OF  FLOW  FIELDS  OVER  RIDGES 
AND  HILLS 

Owing  to  the  complex  flow  patterns  in  regions  of  complex  terrain,  it  is  of 
critical  importance  to  calculate  terrain  effects  on  the  horizontal  and  vertical  flow  fields. 
Various  methods  have  been  applied  and  developed. 
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For  the  horizontal  flow  field,  the  simplest  approach  is  to  assume  a 
straight-line  trajectory,  i.e.,  the  horizontal  transport  is  unaffected  by  imderlying  terrain. 
This  can  be  an  acceptable  assumption  in  situations  where  concentration  frequency 
distributions  over  at  least  a  year  or  long-term  average  concentrations/depositions  are  being 
calculated.  On  the  other  end  of  the  wind  field  modelling  spectrum  are  highly  complex 
three-dimensional  numerical  wind  field  models.  These  models  are  by  their  very  nature, 
large,  time  consuming  computer  programs  which  make  them  difficult  to  apply.  Wind  field 
model  approaches  can  be  classified  as  (Seinfeld  1988): 

(1)  Objective  analysis  procedures  Values  of  the  wind  field  at  required  points  are 
obtained  by  a  weighted  interpolation  of  observed  data. 

(2)  Diagnostic  procedmes  Diagnostic  methods  use  some  or  all  of  the  governing 
equations  to  solve  for  the  wind  field,  with  the  simplification  that  the  time 
derivatives  are  all  zero  for  the  solved  wind  fields.  These  models  aU  assume 

that  an  eventual  steady-state  solution  adequately  represents  meteorological 
conditions  for  the  short  time  period  of  interest,  e.g.,  one  hour. 

(3)  Prognostic  methods  These  methods  are  based  on  the  numerical  solution  of  the 
coupled,  turbulent  conservation  for  mass,  momentum,  energy  and  water  vapor 
together  with  the  appropriate  thermodynamic  state  equations.  These  are  the 

so-called  "primitive  equations."  These  methods  will  produce  wind  and 
temperature  fields  and  their  changes  in  time.  They  employ  complex 
numerical  schemes  to  solve  the  simultaneous  differential  equations. 

The  choice  of  the  method  depends  on  the  particular  application  and  the 
available  observational  data  for  the  region  of  interest.  A  summarized  description  of  these 
approaches  is  shown  in  Table  5.3. 

Thomson  et  al.  (1987)  reviewed  wind  field  models  as  part  of  the  selection  of  a 
deposition  model  by  the  Western  Canada  Mesoscale  Modelling  Task  Group.  Other 
reviews  arc  also  available  (Kessler  et  al.  1987,  Seinfeld  1988,  Pielke  1984).  There  are 
more  than  30  such  models  differing  in  the  numerical  solution  techniques  employed  and  the 
assumptions  made  (especially  for  the  prognostic  models)  about  hydrostatic  density  and 
surface  heating  effects  (Anderson  1971,  Ludwig  and  Byrd  1980,  Yamada  1981,  Pielke  et 
al.  1983). 
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Various  wind  field  models  have  been  applied  to  complex  terrain  in  Alberta. 
These  implications  have  been  summarized  in  Table  5.4. 

5.3  MATHEMATICAL  DIFFUSION  MODELLING  OVER  RUGGED  TERRAIN 

Many  of  the  wind  field  models  described  in  5.2  are  tied  to  a  diffusion  model. 
Some  models  have  specific  ̂ plication  to  isolated  hills  or  valley  situations  while  others 
are  for  a  larger-scale  (mesoscale)  transport  where  a  number  of  hills  and  valleys  are 
included.  The  complexity  of  these  models  range  from  simple  modifications  of  the 
Gaussian  plume  model  to  three  dimensional  numerical  models  which  can  more  precisely 
account  for  spatial  variations  in  wind  and  turbulence  fields  associated  with  complex 
terrain. 

5.3.1  Analytical  Modelling  Approaches  for  Ridges  and  Hills 

The  two  major  differences  between  flat  terrain  dispersion  models  and  those 
suited  for  complex  terrain  lie  in  the  representation  of  plume  trajectories  (horizontal  and 
vertical)  and  the  treatment  of  the  turbulence  field.  One  of  the  simplest  approaches  is  to 
modify  the  plume  trajectory  using  potential  flow  theory,  even  though  there  are  drawbacks 
to  applying  potential  flow  theory  to  the  real  atmosphere. 

Potential  flow  solutions  are,  strictly  speaking,  limited  to  nonstratified, 
inviscid  flows.  Thus,  they  can  only  be  ̂ plied  to  near-neutral  stability  conditions  and 
areas  where  there  are  no  adverse  pressure  gradients  which  result  in  separation  (such  as  in 
the  lee  of  a  hill).  Despite  the  limitations,  the  relatively  simple  mathematics  (Egan  1975) 
provides  a  good  starting  pouit  for  describing  the  gross  features  of  complex  flow  pattems 
and  for  incorporating  formulations  to  account  for  plume  dispersion. 

Some  observational  studies  in  Alberta  confirm  the  consistency  of  airflow  over 
an  obstacle  with  potential  flow  descriptions.  Others  show  the  difficulty  in  using  this 
approach.  These  studies  are  listed  in  Table  5.5. 

The  advantage  of  potential  flow  theory  is  its  ability  to  provide  some  idea  on 
the  effect  of  mgged  terrain  on  ground-level  concentrations  without  having  to  resort  to 
complex  numerical  computations.  For  illustration,  potential  flow  streamlines  are  shown 
for  flow  over  a  hemispherical  hill  in  Figure  5.12. 
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Table  5.5     Observational  studies  in  Alberta  on  the  applicability  of  potential  flow. 

Reference       Region  Observational  Study  Conclusion 

Leahey  and  Crowsnest  Pass 
Hicklin        near  Coleman 
(1973) 

MEP/  Crowsnest  Pass 
Envirocon  near  Coleman 
(1976) 

Leahey  and  Copithome 
Rowe  Ridge 
(1974)         (west  of Calgary) 

Chung  Copithome 
(1979)  Ridge 

(west  of Calgary) 

Slawson  Athabasca 
et  al.  River  valley 
(1978)  attheSuncor 

oil  sands  plant 

tetroon  (constant-level 
balloon)  releases 
during  unstable  and 
neutral  conditions; 
winds  directed  down 
the  pass 

tetroon  releases  during 
unstable,  neutral  and 
stable  conditions;  plume 
photogr£q)hy;  winds 
directed  down  the  pass 

helicopter  flights  through 
Jumping  Pound  gas  plant 
plume  as  it  passed  over 
ridge;  neutral  stability 

tetroon  flights  over  the 
ridge  under  stable,  night 
conditions  (one  conducted during  day) 

plume  photogr^hy  when 
plume  direction  normal 
to  the  valley  under  neutral 
conditions 

large  vertical  motions  due  to 
to  blocking  of  horizontal  wind 
on  cliffs 

no  specific  assessment  with 
potential  flow,  but 
existence  of  large  vertical 
motions  yield  poor  agreement 

neutral  and  stable  conditions 
showed  most  tetroons  moved 
parallel  with  terrain 
unstable  conditions  showed 
strong  updrafts 

no  specific  assessment  with 
potential  flow,  but 
existence  of  large  vertical 
motions  in  imstable  situations 
yield  poor  agreement 

potential  flow  is  a 
conservative  jqjproximation 
to  the  observed  trajectories 

trajectones  on  average  are 
in  reasonable  agreement 
with  potential  flow  theory 

no  systematic  difference  in 
in  trajectories  (for  a  range 
of  natural  air  wavelengtiis 
from  3.0  to  l^km) 

for  west  winds  plume 
trajectory  was  consistent  with 
that  predicted  by  potential flow  theory 

no  observations  for  the  east 
wind  direction 
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Figure  5.12        Potential  flow  streamlines  past  a  hemisphere   (Egan  1975). 

Consider  a  plume  segment  whose  vertical  extent  is  given  by  the  height 
between  the  surface  and  the  lowest  streamline.  This  segment  contains  a  certain  mass  of 
chemical,  and  occupies  a  volume  V^^.  For  simplicity,  assume  that  there  is  no  diffusion 
across  streamline  boundaries.  As  the  segment  passes  over  the  top  of  the  ridge  the  plume 
gets  squashed  as  the  streamlines  converge.  Thus  the  vertical  extent  of  the  plvune  segment 
is  reduced  and  the  horizontal  extent  of  the  plume  is  increased.  The  segment  also  speeds 
up  as  it  approaches  the  ridge,  with  its  forward  portion  moving  faster  than  the  rear, 
resulting  in  a  stretching  of  the  plume  segment.  Throughout  this  plimie  segment 
deformarion  process,  the  volumes  are  maintained  (V^  =  V,)  so  the  chemical  concentration 
remains  xmchanged  as  it  passed  over  the  hiU.  The  implication  of  this  simplified  flow 
model  is  that  concentrations  are  completely  unaffected,  even  though  the  plume  centreline 
is  closer  to  the  ground  as  it  passes  over  the  hill.  However,  real  flow  over  obstacles  is  more 
complex  and  ground-level  concentrations  do  indeed  change  due  to  the  presence  of  an 
obstacle.  However,  this  exercise  illustrates  that  there  are  compensating  factors  involved 
where  the  effect  of  an  obstacle  may  not  be  as  drastic  as  first  thought. 

If  the  role  of  diffusion  is  included,  the  results  will  be  different.  Wilson 

(1977a)  outlined  the  changes  in  ground-level  concentration  for  a  ridge  and  an  initial 
vertical  concentration  distribution  given  by  a  Gaussian  shape  with  reflection  at  the 
surface.  The  ground-level  concentrations  more  closely  approach  the  concentration  at 
plume  centreline  due  to  an  enhancement  of  vertical  diffusion.  This  occurs  because  of  the 
increased  vertical  concentration  gradients  which  result  from  streamline  compression. 
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Wilson  cautioned  that  the  role  of  turbulence  in  the  flow  field  may  change  this  conclusion, 
since  flow  deformation  affects  the  concentration  gradients  and  the  fluctuating  turbulent 
velocities  in  the  flow  as  it  passes  over  the  object. 

An  early  attempt  (Stumke  1964a,  1964b)  to  predict  ground-level 
concentrations  in  the  vicinity  of  terrain  obstacles  used  potential  flow  theory  and  gradient 
transfer  relations  to  arrive  at  an  analytical  solution  for  estimating  ground-level 
concentrations.  Because  the  maximum  ground-level  concentration  is  independent  of 
source  position  along  a  streamline,  a  simple  correction  factor  can  be  applied  to  the  source 
height  in  flat  terrain  as  a  function  of  position  with  respect  to  the  terrain  step. 

An  eddy  diffusivity  method  (Hunt  and  Mulheam  1973)  used  in  conjunction 
with  the  potential  flow  field  over  a  cylindrical  ridge  shows  an  increase  in  the  maximum 

concentration  at  groimd-level  (Cj^^p^)  over  the  flat  terrain  value  (Cj^^^  q^^)  by  the  ratio: 

Cmax/Cmax,  flat  =       -  h,y{x^  +  h^ff^)] 

where:        hj  =  ridge  height  (semicircle  height) 

hgff        =  plume  height 
X  =  upwind  distance  of  the  source  to  the  ridge  centre 

For  situations  where  x  »  hg^f,  and  x  »  h^  (i.e.,  the  ridge  and  plume  height 
are  smaU  compared  with  the  upwind  distance),  this  equation  implies  that  will  only 
be  marginally  larger  than  that  associated  with  flat  terrain. 

In  trying  to  determine  the  effect  of  a  two-dimensional  ridge  on  ground-level 
concentrations,  Wilson  (1977a,  1980)  used  a  wind  tunnel  simulation  to  study  the  behavior 
of  a  nonbuoyant  pltmie  passing  over  a  downwind  hill.  Three  different  hill  shapes  were 
considered:  two  bell-shaped  hills  of  varying  steepness  with  gradual  changes  in  elevation, 
and  a  single  triangular  sharp-edged  ridge  with  steep  slopes.  Various  source  heights 
ranging  from  ground  level  to  twice  the  height  of  the  hill  crest  were  placed  in  a  simulated 
neutral  boundary  layer.  Based  on  these  measurements,  Wilson  proposed  a  model  which 
includes  the  effects  of  hiUs  on  the  ground-level  concentration.  The  assumptions  in  the 
model  are  that  the  vertical  concentrations  profile  follows  a  Gaussian  distribution  with 
ground-level  reflection,  and  that  the  influence  of  a  hill  is  related  directly  to  the  streamline 
convergence  or  divergence  experienced  by  the  stream  tube  between  ground-level  and 
source  streamline  height.  The  final  equation  is: 
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Co,  hill  =  (j)  exp  (1 

Co,  flat hhill  ^ 

where  <|)  =  (1  -  B,) 

 +  B 
heff 

Cq         the  concentration  at  a  height  hj^m 

h^ff        the  initial  source  streamline  height 

^hiU       ̂ ®  streamline  trajectory  height  over  the  hill 

vertical  plume  spread  over  flat  terrain 

B  J         constant,  empirically  derived,  Wilson  suggested  0.5  on  windward 
slopes,  0.25  on  lee  slopes  of  gentle  hills  that  have  no  flow 
separation.  Wilson  also  provides  methods  (based  on  different 
streamline  trajectory  descriptions)  to  derive  this  parameter  for 
different  idealized  terrain  shapes. 

Another  approach  (Egan  1975)  allows  for  a  conceptual  separation  of  the 
effects  of  kinematics  (stream  tube  contraction)  and  the  effects  of  altered  turbulent 
diffusivities.  The  modifications  require  some  estimates  (either  from  a  flow  model  or 
measurement  studies)  of  the  relative  height  above  the  surface  of  the  plume  centreline,  and 
the  streamline  spacing,  in  the  vicinity  of  the  terrain.  The  modified  ground-level,  plume 
centreline  Gaussian,  equation  (including  surface  reflection)  is: 

2Q  -irWffy 
exp  (   ) 

(27COyCJ^u)f(DyD^)  2(a^^)fC^2» 

where  subscript  f  denotes  "flat  terrain"  values; 

i2nCy0^vi)f  =  the  volume  flux  rate  of  pollutant  along  the  steam-line  expressed  with 
"flat  terrain"  spread  statistics  and  horizontal  velocity; 

Dy,     =  <^y/<yyf,  ̂ z^^zf'  *®  ratios  of  the  complex  terrain  vs.  flat  terrain  spread statfetics  due  to  differences  in  turbulence  levels; 

n  =    (z-h^/(hg0)  where  z  is  the  local  height  of  the  plume,  hj  is  the  local  height  of the  terram,  and  hg^  is  the  effective  source  height;  ana 

C  =    (3v/9z)o/(dv/9z)  the  ratio  of  the  average  vertical  gradient  of  the  stream 
function  at  the  effective  stack  height  to  the  gradient  at  the  pliune  centreline 
over  the  surface. 
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The  C,  and      factors  are  constant  over  plume  depth.  For  flat  terrain,  Dy,  D^,n 
and  C,  equal  unity  and  the  equation  reduces  to  the  unmodified  Gaussian  equation.  For  an 

infinite  ridge  (two-dimensional  flow),  C  -  'H       ̂   ^"^Is  unity,  the  deformation  of 
the  flow  field  has  little  effect  on  ground-level  concentrations.  For  three-dimensional  flow, 
because  the  flow  may  distort  in  the  third  dimension,  T|  is  not  necessarily  equal  to  C,. 

For  a  sphere 

11  =  hef=f/3a 
C  =  2heff/3a 
where  a  =  sphere  radius 

If  Dy  =      =  1  is  assumed,  the  exponential  term  in  the  equation  becomes: 

(O.Shgff)^ 
exp  -   

Wz)f 

For  this  special  case,  calculations  are  based  on  the  assumption  that  the  effects 
of  the  sphere  on  the  concentrations  are  accounted  for  by  dividing  the  effective  stack  height 
by  two.  This  can  be  thought  of  as  allowing  the  plume  to  approach  the  surface  of  the 
sphere  to  within  half  the  effective  stack  height.  Thus,  the  analytical  expressions  for 
p>otential  flow  solutions  to  complex  flow  situations  provide  useful  insights  into  the  effect 
of  simple  terrain  features  on  the  concentrations.  However,  even  simpler  jqjproaches  are 
possible,  and  will  be  outlined  in  the  next  section. 

5.3.2        Adjwstmem  Factor  Approaches 

The  most  popular  ways  of  incorporating  the  effects  of  terrain  into  simple 
diffusion  models  is  to  limip  all  of  the  effects  that  a  terrain  feature  may  have  on  a  plume 
into  one  or  two  correction  factors  that  are  extrjqpolated  to  a  variety  of  situations.  They  are 
based  on  the  Gaussian  plume  equation  with  one  or  two  modiflcations  to  account  for  terrain 
effects  and  to  overcome  the  inherent  assumptions  of  the  Gaussian  plume  equation  which 
would  preclude  it  from  being  used  in  rugged  terrain  areas. 

To  account  for  the  plume  height  reduction  that  occurs  as  the  plume 
approaches  and  passes  over  a  terrain  feature,  a  terrain  adjustment  factor,  T^,  is  used.  This 



5-33 

factor  is  loosely  based  on  potential  flow  theory.  The  basic  terrain-adjusted  Gaussian 
equation  for  ground-level  concentrations  beneath  the  plume  centerline  is  of  the  form: 

Q 
C  =   exp  [-0.5  (T^heff/a^n 

where  T  is  a  terrain  correction  factor  used  to  adjust  the  effective  stack  height,  hg£f. 

The  value  of  T^^  may  take  on  many  functional  forms.  A  value  of  Tj^=l  means 
that  the  plume  conforms  perfectly  to  the  underlying  terrain.  The  half -height  method 
(Hoffinagle  et  al.  1977)  adjusts  the  plume  height  so  that  the  plume  does  not  jqiproach  the 
terrain  any  closer  than  half  the  plume  height  calculated  for  flat  terrain.  A  variable  height 
method  (Lott  1986)  has  also  been  implied  by  Alberta  Environment  (1988): 

Ta=l-(ht/heff)(l-R)  forheff>ht 
and 

Ta  =  R  forheff<ht 

where  h^  is  the  height  of  terrain  above  stack  base,  and  R  is  a  function  of  stability  class: 

Pasquill  stability  class  A  B         C  D  E  F 
R  0.8        0.7       0.6        0.5        0.4  0.3 

If  the  plume  is  much  higher  than  the  terrain,  a  simpler  e^proach  is  often  used. 
The  plume  remains  at  a  constant  height  and  the  difference  between  hg^  and  the  elevation 
of  the  receptor  above  stack  base  is  used;  i.e.,  T^^  =  Q^Qfi-^)/i^ff,  where  hj  is  the  height  of 
the  terrain  at  the  receptor.  The  mixing  height  is  assumed  to  follow  the  terrain  heights. 

These  "height  adjustment"  Gaussian-based  models  are  commonly  used  for 
generating  long-term  averages  or  for  regulatory  screening  purposes.  They  assume  that  the 
horizontal  transport  in  complex  terrain  is  along  straight-line  trajectories.  The  various 
approaches  are  shown  in  Figure  5.13.  A  detailed  review  of  how  rugged  terrain  is  handled 
in  the  simple  Gaussian  models  is  given  in  McVehil  (1988). 



Ta  =  (ht/'»eff)<  <  -  "  ) 
variable  plume  height 
assumption  -  varies  with R   which  can  be  a  function 
of  stability 

TERRAIN  HIGHER  THAN  PLUME 

r •>eff 

Ta=(heff-  h,  )  /  heff 

or To=(h,  /  heff)(1-  R) before  point  of  plume  impingement 

at  point  of  impingement  and  beyond  = 
h'aff  *Ta  h^ff  =  Z  MIN 

Figure  5.13    Various  plume  height  adjustment  approaches. 
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For  some  models,  accounting  for  terrain  effects  has  been  limited  to  the 
inclusion  of  the     factor  (i.e.,  apparently  only  accounting  for  the  reduction  in  the  plume 
height  as  the  plume  passes  over  an  object).  However,  the  effects  of  flow  deformation, 
flow  acceleration  and  changes  in  diffusion  discussed  earlier  are  semi-empirically 
incorporated  in  the  factor. 

Another  way  to  account  for  these  other  effects  is  to  adjust  the  sigma  values  to 
one-half  class  more  unstable  for  neutral  and  stable  conditions  (Hoffnagle  et  al.  1977).  In 
effect,  this  increases  the  plume  spreads  for  complex  terrain  areas  over  the  flat-terrain 
values,  which  has  some  basis  in  observational  data.  Observations  on  plume  spread  in 
rugged  terrain  areas  in  Alberta  support  the  increased  spread  approach.  These  are  listed  in 
Table  5.6.  A  review  of  these  Gaussian-based  models  (EPRI,  1982)  provides  a  list  of 
models  that  account  for  terrain  in  this  simple  fashion. 

5.3.3  Accounting  for  Curved  Trajectories 

So  far  the  discussion  has  been  limited  to  changes  in  the  plume  height  with 
respect  to  the  surface  and  plume  spreads.  In  reality,  the  wind  field  in  a  mgged  terrain  area 
is  not  imiformly  the  same.  That  is,  a  plume  does  not  travel  in  one  direction  and  speed  but 
rather  changes  direction  and  speed  depending  on  the  changes  in  the  flow  field. 

There  are  some  sin:q)le  ways  to  approach  this  problem.  Typically  a 
non-imiform  wind  field  is  generated  (by  one  of  the  diagnostic  methods  described  in 
Section  5.2)  and  the  plume  is  represented  by  a  series  of  superimposed  Gaussian  puffs. 
(Allwine  and  Whiteman  1985,  Ludwig  1984).  The  location  of  these  puffs  after  each  time 
step  depends  on  the  advecting  wind  field.  In  this  way  a  curved-trajectory,  Gaussian  plume 
can  be  generated.  The  terrain  correction  factors  described  earlier  can  be  applied  to  the 
series  of  superimposed  puffs  (Allwine  and  Whiteman  1985).  A  model  similar  in  concept 
was  developed  for  Alberta  Environment  by  Galbraith  and  Danard  (1987),  but  rather  than 
puffs,  a  Gaussian  plume  with  a  variable  trajectory  was  used  in  conjunction  with  a 
non-uniform  wind  field  model,  and  no  terrain  compensation  factors  were  £^plied. 

5.3.4  The  Special  Case  of  Stable  Siniations 

For  plumes  below  the  top  of  the  terrain  feature  under  stable  conditions,  the 
condition  of  plume  impingement  is  not  addressed  in  these  simpler  methods.  Studies  on 
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Table  5.6    Plume  spread  observations  in  Alberta  in  rugged  terrain. 

Reference Location  and 
Terrain 

Observational  Study Plume  Spreads 
Description 

Leahey 
and 
Hicklin 
(1973) 

Crowsnest 
Pass tetroon  releases  during 

unstable  and  neutral 
conditions 

were  twice  as 
large  as  flat-terrain  values, 
depending  on  position  in the  pass 

MEP/ 
Envirocon 
(1976) 

Crowsnest 
Pass 

tetroon  releases  during 
stable,  neutral  and 
unstable  conditions;  plume 
photography 

under  very  stable  conditions, 
(jy  is  similar  to  flat terrain,     is  somewhat 
larger 

Angle 
and 
Gourlay 
(1983) 

Elbow  River valley fast-response  turbulence 
measurements,  nocturnal 
drainage  flow 

under  stable  drainage  flow, 
valley  turbulence  is 
closer  to  neutral,  requiring 
a  shift  of  1-2  classes  more 
xmstable  required 

Leahey 
(1974) 

Battle  River valley fast-response  turbulence measurements  and 
modelling  work 

greater  turbulence  than over  flat  topography 

Leahey 
(1974) 

Radnor 
Plateau 

measured  turbulence 
near  plateau  top  for 
both  upslope  and  lee 
flow  conditions 

for  upslope  flow,  derived 
sigmas  were  from  1  to  1.5 
times  greater  than  flat sigmas; 

for  lee  flow  derived  sigmas 
were  about  the  same  to  1/2 
as  large  as  the  flat-terrain 
sigmas 

fiil 

Copithome Ridge helicopter  traverses  of 
Jumping  Pound  gas  plant 
plume  under  neutral stability 

and  Cy  were  1.2 and  1.7  tunes  the  respective 
flat  terrain  values 
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this  specific  situation  have  been  extensive  due  to  the  potentially  high  concentrations  that 
can  result  (Strimaitis  et  al.  1983,  Lavery  1983,  Strimaitis  et  al.  1985,  and  Dicristofaro 
1985).  High  concentrations  on  hillsides  can  occur  due  to  plume  impingement  or 
streamline  depression  where  the  plume  is  pushed  closer  to  the  surface  than  would  occur  in 
flat  terrain. 

In  order  to  determine  whether  a  plume  will  impinge  on  a  hill,  the  concept  of  a 
dividing  streamline  was  developed  representing  a  division  between  two  regions  of  flow 
that  occur  with  stable  flow  around  an  terrain  obstacle  (Sheppard  1956,  Drazin  1961, 
Kao  1965,  Hunt  et  al.  1979  and  Snyder  et  al.  1985).  Rowe  (1980)  shows  mathematically 
that  below  the  dividing  streamline,  the  flow  has  insufficient  energy  to  surmount  the  terrain 
feature  and  consequently  passes  around  it  in  a  horizontal  plane.  Above  the  dividing 
streamline,  the  flow  passes  up  and  over  the  terrain  feature.  A  stagnation  streamline  exists 
below  the  dividing  streamline  but  not  above  it.  This  situation  is  shovyn  in  Figure  5.14. 

The  concept  of  the  dividing  streamline  can  be  illustrated  and  predicted  using 
the  Froude  number 

U 
Fr  =  

g  a<|) ^^^^^ T  9z 

T  temperature 
g         acceleration  due  to  gravity 

h^       height  to  top  of  terrain 
—        potential  temperature  gradient 
dz 
U        wind  speed 

The  Froude  number  can  be  iaterpreted  as  a  ratio  of  inertial  to  buoyancy  forces 
The  height  of  the  dividing  streamline,  hj,  is  given  by 

hd  =  ht(l-Fr) 

This  equation  assumes  a  uniform  upstream  velocity  profile  and  a  consistent  density 
gradient. 

where: 

in  a  fluid. 



— 

heff  ̂ ^..^-''-^ 
\  \ Streamline  / 

Interface  / 

 ►  X 

Figure  5.14        A  schematic  diagram  of  a  stable  flow  streamline 
across  a  terrain  obstacle   (Rowe  1980). 

ef  f  =    upstream  elevation  of  streamline 

h  d  =    elevation  of  dividing  streamline  between 
the  two  layers 
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The  dividing  streamline  provides  for  a  conceptual  framework  called  the 
two-layer  or  split  plume  method  for  modelling  in  such  situations.  The  split  plume  method 
allows  for  the  portion  of  the  plume  above  the  dividing  streamline  to  go  over  the  hill,  and 
portions  of  the  plume  below  this  point  to  go  around  it  (this  is  illustrated  in  the  LIFT  and 
WRAP  components  of  the  plume  shown  in  Figure  5.15).  The  EPA  model  CTDM 
(Strimaitis  et  al.  1987)  uses  this  framewoik  for  concentration  estimates  when  a  plume 
interacts  with  a  hill  in  stable  flow. 

Evidence  supporting  the  two-layer  approach  in  Alberta  has  been  found  from 
observations  conducted  at  Copithome  Ridge,  southwest  of  Calgary.  Benjamin  et  al. 
(1977)  conducted  a  flow  visualization  experiment  over  this  ridge  during  the  summer  to 
examine  the  effect  of  stable  flow  towards  the  ridge.  Smoke  trails  up  to  200  m  above 
ground  were  generated  and  a  photogriq)hic  method  was  used  to  examine  the  smoke 
trajectories  at  various  heights  above  the  terrain.  Observations  showed  that  the  ridge 
induced  horizontal  (directional)  shear.  This  indicated  that  plume  impingement  could 
occur  below  some  dividing  streamline  height  and  explained  the  high  frequency  of  peak 
concentrations  observed  under  these  conditions. 

Time  lapse  photographs  of  the  gas  plant  cooling  tower  plume  as  it  passed  over 
Copithome  Ridge  were  taken  during  two  winters  and  reported  by  Lee  (1979)  and  Rowe  et 
al.  (1982).  The  plume  rose  to  a  height  slighdy  greater  than  the  ridge  itself,  thus  the 
influence  of  the  ridge  on  the  plume  behavior  can  be  clearly  seen.  Four  cases  were 
identified  as  suitable  for  generating  trajectories  and  comparing  them  to  single-layer 
streamline  trajectories  and  the  trajectories  from  a  two-layer  flow  model.  A  typical 
trajectory  is  shown  in  Figure  5.16.  Modelling  the  flow  based  on  a  two-layer  £^proach  fits 
the  observations  much  better  than  the  single-layer  potential  flow. 

The  results  provided  the  basis  for  a  simple  screening  model  proposed  by 
Rowe  and  Tas  (1986)  for  applications  to  stack  design  in  complex  terrain.  The  critical 
design  condition  for  a  stack  is  on  the  effective  stack  height  such  that  the  plume  just 
reaches  the  topmost  layer  of  the  most  stable  layers  likely  to  occur.  They  developed  a 
simple  approach  that  identifies  the  case  where  the  plume  rise  above  stack  height  equals 
interface  height  above  stack  height.  By  nondimensionalizing  these  two  heights  a  simple 
nomogram  was  developed  (Figure  5.17).  The  curved  line  is  the  nondimensional  plume 
rise  function  and  the  straight  lines  are  the  nondimensional  interface  heights  for  different 
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DOWNWIND  DISTANCE,  km 

Figure  5.16        Cooling  tower  plume  outline  and  centreline  trajectory.  The 
potential  flow  streamlines  for  both  the  single-layer  and  the 
two-layer  models  are  also  shown.  The  dashed  curve  next 
to  the  ridge  denotes  the  theoretical  bell-shaped  ridge 
(Rowe  et  al.  1982). 

dT/dz  hj  —  hg  h|  -    Terrain  height 

0  2.5  5.0  7.6  10.0 
WIND  SPEED,  U  (m/«) 

Figure  5.17        Dimensionless  elevation  (plume  rise  or  interface  elevation 
above  stack  top)  as  a  function  of  wind  speed 
(Rowe  and  Tas  1986). 
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temperature  gradients.  The  point  of  intersection  between  these  two  curves  occurs  at  the 
critical  wind  speed.  For  wind  speeds  higher  or  lower,  the  plume  will  be  above  the 
dividing  streamline.  Rowe  and  Tas  showed  that: 

(1)  if  the  effective  stack  height  is  made  large  enough  so  that  the  plume 
centreline  just  reaches  the  upper  layer  flow  in  the  most  stable 
atmosphere  that  is  likely  to  occur,  the  plume  would  be  lifted  clear  of 
the  terrain  in  a  less  stable  atmosphere; 

(2)  if  it  is  required  that  the  plume  should  always  be  placed  well  into  the 
upper  layer  flow,  then  the  plume  rise  at  1  m/s  in  the  most  stable 
atmosphere  should  be  1.5  times  the  height  of  the  terrain  crest  above 
stack  top. 

5.3.5  Numerical  Models 

The  analytic  methods  described  so  far  are  very  popular  because  of  their 
relative  simplicity  and  ease  of  use.  Gaussian  puff  and  plume  models  continue  to  be 
used  with  success  even  when  pushed  beyond  their  theoretical  limits.  However, 
analytical  methods  are  typically  inflexible  under  complex  atmospheric  conditions:  i.e., 
variable  winds  and  thermal  stratification  over  irregular  stufaces.  In  addition,  in  areas 
of  complicated  underlying  terrain  (combinations  of  hills  and  ridges)  complex  flow 
patterns  due  to  blocking  and  channelling  result  in  trajectories  which  cannot  be 
adequately  described  by  simple  potential  flow  approaches.  The  tetroon  trajectories 
reported  by  Leahey  and  Hicklin  (1973)  and  MEP/Envirocon  (1976)  in  the  Crowsnest 
Pass  (see  Table  5.8)  showed  the  difficulties  in  applying  simple  (analytic)  potential 
flow  models  to  these  situations. 

An  alternative  seems  possible  only  with  the  coupling  of  one  of  the 
complex  wind-field  models  and  a  sophisticated  numerical  diffusion  model.  These 
models  also  have  problems,  since  numerical  damping/diffusion  and  parameterizing 
turbulence  (via  K  theory)  can  result  in  unrealistic  predictions.  A  first-order  numerical 
diffusion  model  solves  the  advection/diffusion  equation  for  a  fixed  grid  system: 
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dC/at  +  VUC  =  V(KVC)  +  S  +  R 

where       C  -  pollutant  concentration 
U  -  3-D  wind  field 
K  -  Fickian  diffusiveness 
S  -  source  term 

R  -  formation/destruction  due  to  chemical  reaction 

V  -  gradient  operator  (3 /9jj.,  3 /9y,  a/a^) 

Three-dimensional  grid  models  typically  (Fabrick  et  al.  1977,  Tesche  et  al. 
1987)  solve  this  equation  by  a  finite  differencing  method.  There  is  also  considerable 
interest  in  ̂ plying  finite  element  methods  since  they  offer  many  advantages  over 
differencing  methods.  However,  solutions  of  large  three-dimensional  problems  require 
large  computer  resources.  A  more  fundamental  form  of  this  equation  can  be  solved  where 
the  turbulent  transport  terms  are  represented  by  second-order  closure  terms.  These 
second-order  models  are  by  their  very  nature  complex  and  computer  intensive  (Y amada 
1979,  Yamada  and  Bunker  1988). 

Particle-in-cell,  three-dimensional  models  are  also  popular  alternatives  used 
in  complex  terrain  models  (Lange  1978).  Various  names  have  been  given  to  these  models 
such  as  particle-in-cell,  Lagrangian  statistical-trajectory  and  Lagrangian-Eulerian.  A 
typical  example  is  the  MODTRAC  model  developed  by  Davison  et  al.  (1985).  The  plume 
is  represented  by  thousands  of  fluid  elements  (particles)  tracked  individually  through  the 
atmosphere.  Each  element  is  subject  to  advective  transport  by  a  prescribed  mean  wind 
field,  and  to  turbulent  motion  by  random  velocity  fluctuations,  which  can  be  generated  by 
a  Markov  chain  relation  given  certain  constraints  on  model  time  steps.  The  advantages  of 
this  technique  over  more  traditional  qjproaches  to  dispersion  modelling  are:  reduction  of 
numerical  division  errors  and  improved  flexibility  in  simulating  particle  deposition  and 
linear  transformation  processes  (Wilson  et  al.  1981,  and  Sawford  1982).  The  flow  and 
turbulence  fields  are  usually  defined  by  a  diagnostic  model,  then  the  particles  are  released 
into  this  field  and  tracked.  Reid  et  al.  (1979)  concluded  tiiat  a  model  of  this  type  (ADPIC) 
would  be  useful  for  the  oil  sands  region  in  northern  Alberta.  However,  the  computer 
resources  required  to  run  such  a  model  make  it  an  expensive  modelling  technique. 
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Table  5.7  is  a  summary  of  numerical  models  that  have  been  applied  to 
complex  terrain  areas  in  Alberta.  Thompson  et  al.  (1987)  and  Westem  Mesoscale 
Modelling  Task  Group  (1985)  provide  a  wide  review  of  various  numerical  models. 

5.4  THE  EFFECT  OF  BUILDINGS  ON  PLUME  DISPERSION 

Buildings  can  be  thought  of  as  terrain  objects  which  can  substantially  alter  the 
transport  and  diffusion  of  pollutants.  The  flow  fields  vary  widely  with  building  geometry 
and  wind  directions  (Strom  1976).  Reproducible  results  in  field  experiments  have  been 
almost  impossible  to  obtain  (Munn  1966)  and  most  knowledge  about  such  disturbed 
airflows  comes  from  wind  tunnel  studies  (Sherlock  and  Lesher  1954;  Strom  1955, 1956; 
Strom  et  al.  1957;  Halitsky  1962, 1968;  Hosker  1984).  Even  though  the  flow  and  diffusion 
features  tend  to  be  unique  to  the  particular  building/release  characteristics,  some  general 
behaviors  have  been  identified. 

5.4.1  Shear  Flow  Near  Buildings  with  a  Ground  Plane 

The  principal  characteristics  of  the  flow  field  around  a  building  and  plume 
interaction  are  shown  in  Figure  5.18.  The  main  feature  is  an  aerodynamic  distortion  zone 
around  the  building  which  consists  of  three  zones  ~  the  displacement  zone,  the  cavity  and 
the  far  wake  (Halitsky  1968).  The  displacement  zone  is  an  area  of  displaced  flow  around 
the  building.  The  cavity  is  the  quasi-steady  recirculating  flow  zone  immediately 
downwind  of  the  building.  The  far  wake  is  the  zone  of  reduced  wind  speeds  and  enhanced 
turbulence  downwind  of  the  cavity.  This  conceptual  model  of  the  flow  around  the 
building  has  lead  to  simple  stack  design  rules  of  thumb  that  will  be  discussed  later. 

Recent  investigations  of  flow  in  the  vicinity  of  buildings  reveal  many 
complexities  (Figure  5.19).  The  general  characteristics  of  this  more  complex  flow  pattern 
are  as  follows: 

(1)    There  is  a  standing  vortex  in  the  front  of  the  building  with  downward  flow  at 
the  building  face  and  upwind  flow  away  from  the  building  at  ground-level. 
The  size  and  strength  of  this  vortex  depends  on  the  incident  wind  profile  and 
the  building  geometry. 
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Table  5.7       Numerical  model  applications  for  complex  terrain  areas  in  Alberta. 

Model  Name  Model  Description 
and  Reference Region  of 

Application 

Comments 

INTERA/EMS     Eulerian,  3-D  grid  Athabasca  oil       Suncor  plume  behavior 
Lanz  (1972)        solution,  flow  field  sands  region,       studied.  Most  severe  air 

generated  by  modified      Intercomp  quality  conditions  were  during 
potential  flow  (no  date)  calms  where  SO^  pooling occurred 

ITSSAPP 
Wallis  et  al. 
(1975) 

Eulerian,  2-D  grid 
solution,  flow  field 
generated  by 
potential  flow 

Balzac  gas  Gas  plant  behavior  under 
plant,  fumigation  conditions 
Intercomp  studied. 
(1972) 

Battle  River  Maximum  concentrations 
power  plant,  resulting  from  power  plant 
Wallis  et  al.  plume,  model  predicted  to 
(1975)  within  6%  of  observed 

maximum 

IMPACT 
Fabrick  et  al. 
(1977) 

Eulerian,  3-D  grid 
solution,  diagnostic 
wind  field  model 

Wildcat  Hills 

gas  plant, Wallis  et  al. 
(1975) 

Elbow  River/ 
Canyon  Creek valleys, 

Sakiyama  and 
Angle  (1988) 

Ground-level  concentrations 
higher  and  closer  to  the 
source  than  what  is  predicted 
by  flat  terrain  model. 

NUVAL  (a  valley  version 
of  IMPACT)  used  for 
nocturnal  drainage 
situations,  relative  mean 
absolute  errors  of  24-59% 
achieved  when  compared 
to  tracer  gas  data 
observations 

Rudolph  (1980) 
Eulerian,  2-D  particle 
in  cell  model,  wind 
field  given  as  valley 
cell  circulation 

North 
Saskatchewan 
River  at 
Edmonton, 
Rudolph  (1980) 

Simulations  of  pollutant 
transport  in  valley 
circulation  cell,  initial 
source  diffusion  important 
to  predictions,  return  flow 
inqxjrtant  in  pollutant 
distribution 

no  name  - 
Wong  (1985) 

Eulerian,  2-D  particle 
in  cell  model,  wind 
field  given  by 
prognostic  scheme 
of  Wong  et  al., 
(1987) 

North 
Saskatchewan 
River  valley  at Edmonton, 
Wong  (1985) 

CO  concentrations 
predicted  high  impacts  at 
the  valley  top  and  bottom 
convergence  zones, 
observed  increases  in 
concentration  simulated 
only  when  no  prevailing 
wind  assumed 



Behavior  of  plumes  emitted  directly  above  a  building  (Smith  1968). 
(a)  Reduced  wake  intersection. 
(b)  Plume  enters  displacement  zone  but  not  cavity. (c)  Cavity  is  filled  with  uniform  high  concentration. 



Figure  5.19        Flow  pattern  around  a  rectangular  block  with  re -attachment  of  ttie  free 
shear  layer  (Woo  et  al.  1977). 
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(2)  The  interaction  of  the  incident  flow  with  the  standing  vortex  results  in  a 
vortex  that  is  wrapped  around  the  building  (commonly  referred  to  as  the 
horseshoe  vortex). 

(3)  At  the  leading  edges  of  the  building,  the  flow  cannot  turn  sharply 
enough  to  follow  the  roof  and  sides,  and  therefore  separates  from  the 
building.  A  recirculating  flow  is  found  in  these  zones  of  separation. 
Building  geometry  can  dictate  the  extent  of  the  separation  zone. 

(4)  The  flow  patterns  behind  the  building  consist  of  the  continuance  of  the 
horseshoe  vortex  around  and  behind  the  building.  In  the  lee  of  the 
building  there  is  a  pair  of  vertical  vortices  that  interacts  with  the  main 
flow  near  roof  level  and  trails  off  downwind  as  an  elevated 

counter-rotating  pair.  The  size  of  the  cavity  zone  is  strongly  influenced 
by  building  geometry  and  where  re-attachment  of  the  separation  zones 
occurs. 

(5)  The  wake  (downstream  of  the  recirculating  cavity  zone)  is  characterized 
by  turbulence  enhancement  and  a  velocity  excess  or  defect.  The 
velocity  excess  will  occur  if  organized  vorticity  is  present  in  the  wake 
(for  block  buildings,  this  occurs  when  the  incident  flow  is  not 
perpendicular  to  the  building  face).  No  organized  vorticity  in  the  wake 
is  present  when  the  ambient  flow  is  direcdy  at  the  building  face.  The 
rate  of  decay  of  the  excess  or  defect  is  a  function  of  downwind  distance 
and  building  height. 

The  presence  of  varying  levels  of  turbulence  in  the  ambient  incident  flow 
results  in  changes  in  the  characteristics  of  the  flow  near  and  downwind  of  a  building. 
Turbulence  changes  the  wake  cavity  size  and  shape,  weakens  the  vortex  formation  process 
and  enhance  mixing  and  entrainment  in  the  separated  shear  layers  that  bound  the  cavity 
(Hosker  1984). 

5.4.2        Clttstgring  Effects 

Most  studies  of  the  flow  near  a  cluster  of  objects  have  dealt  with  specific 

industrial  or  nuclear  complexes  or  with  vu-ban  street  canyons.  Thus  general  principles 
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are  sometimes  difficult  to  elucidate  (Hosker  1984).  However,  different  combinations  of 
building  clusters  show  recirculating  vortexes  and  venturi  effects.  These  are  shown  in 
Figure  5.20.  Urban  air  quality  studies  (Cermak  et  al.  1974,  Hoydysh  et  al.  1974  and 
Wedding  et  al.  1977)  suggest  that  it  might  be  useful  to  scatter  high-rise  buildings 
throughout  a  city  to  reduce  concentrations.  Chemicals  are  moved  upward  by  vertically 
oriented  spiral  vortexes  in  the  wake  of  high  rise  buildings  while  cleaner  air  aloft  is 
diverted  downward  along  the  windward  face  of  the  building.  The  result  is  a  reduction  of 
chemical  concentrations  near  ground  level.  In  addition,  placement  of  the  urban  array  at 

45°  to  the  incident  wind  produced  the  best  overall  urban  air  quality. 

5.4.3         Isolated  Sources  Upwind  of  Buildings 

In  the  situation  where  a  plume  is  impinging  on  a  building,  a  number  of 
different  behavior  patterns  can  occur.  The  incident  flow  near  the  top  third  of  the  building 
is  directed  up,  taking  the  plume  with  it,  while  the  downwash  generated  by  the  frontal  eddy 
in  the  lower  portion  of  the  building  face  mixes  the  plume  downward.  This  results  in  high 
ground-level  concentrations.  Some  material  is  carried  off  in  the  trailing  horseshoe  vortex. 
Chemicals  in  the  cavity  are  well  mixed.  If  the  along-wind  length  of  the  building  is  large, 
the  flow  which  has  separated  from  the  upwind  roof  edge  may  re-attach  and  bring  the 
pollutant  closer  to  roof  level  resulting  in  high  concentrations.  If  there  is  no  re-attachment, 
the  incident  plume  is  deflected  above  roof  level. 

In  general,  the  overall  effect  of  the  building  is  to  induce  a  rapid  enlargement 
and  dilution  of  the  incident  plume  (Hosker  1984).  Ground-level  concentrations  near  the 
building  are  higher  than  would  be  observed  if  the  building  did  not  exist;  however,  further 
downwind,  concentrations  are  lower  than  would  be  observed  if  the  building  did  not  exist. 

The  behavior  of  a  plume  released  at  roof  level  when  it  impinges  on  a 
downwind  building  was  studied  by  Wilson  and  Netterville  (1978)  in  the  University  of 
Alberta  wind  tvmnel.  They  found  that  building  downwash  of  the  plume  causes 
ground-level  concentrations  in  front  of  and  immediately  behind  the  building  to  increase  by 
factors  of  2  to  5.  They  suggest  that  for  the  purposes  of  stack  design,  the  concentration  on 
all  building  surfaces  is  uniform  and  equal  to  the  average  between  the  rooftop  and 
ground-level  concentrations  computed  for  flow  in  the  absence  of  buildings.  In  addition,  a 
conservative  estimate  for  a  concentration  at  ground-level  would  be  to  take  the  maximum 
concentration  intercepted  at  any  point  on  the  building  surface. 



Figure  5.20a    Venturi  effect  between  buildings  (Gandemer  1976). 
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Figure  5.20b  Recirculation  in  a  two- 
dimensional  street  canyon 
(Hoydysh  et  al.  1974). 

Figure  .20c  Three-dimensional  interaction 
of  corner  and  cavity  vortex 
near  edge  of  a  city  block 
(Hoydysh  et  al.  1974). 
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Wilson  and  Netterville  (1976)  provided  a  design  procedure  which  determines 
the  required  stack  height  such  that  any  given  critical  concentration  is  not  exceeded  in  a 
building  downwind  of  a  source,  since  windows  or  air  intake  vents  (which  are  commonly 
located  near  the  tops  of  buUdings)  wiU  allow  chemicals  to  enter  the  building.  The 
technique  is  based  on  their  finding  (from  wind  tunnel  studies)  that  when  a  plume  impinges 
on  a  building,  the  result  is  a  fairly  uniform  concentration  between  roof  level  and  ground. 
Thus,  for  design  purposes,  the  concentration  at  roof  level  should  be  kept  below  allowable 
limits  regardless  of  the  location  of  building  intake  vents.  The  approach  uses  the  Gaussian 
plume  formulation  and  an  iteration  routine  to  determine  a  minimum  descent  height 
(MDH)  given  a  wide  range  of  stability  and  wind  speeds.  At  a  given  dovmwind  distance 
and  stability,  concentrations  vary  as  a  function  of  wind  speed.  In  addition,  the  height 
above  groimd  of  a  particular  concentration  isopleth  is  also  a  function  of  wind  speed.  The 
MDH  is  the  minimum  height  that  the  specified  critical  isopleth  will  attain  for  a  range  of 
stabilities  and  wind  sp)eeds.  The  top  of  a  downwind  building  must  be  below  the  MDH  in 
order  to  ensure  that  building  concentrations  wUl  not  exceed  the  critical  values. 

The  technique  was  applied  to  the  design  of  the  University  of  Alberta's 
powerhouse  stack,  located  near  several  high-rise  buildings.  Figure  5.21  shows  the 
relationship  of  the  MDH  contour  and  the  building  heights.  Building  3  proved  to  be  the 
critical  receptor  point  and  the  stack  had  to  be  redesigned  so  that  the  building  height  did  not 
exceed  the  MDH.  A  simpler  method  to  generate  the  MDH  line  is  based  on  the  fact  that 
the  downwind  extent  of  the  maximum  concentration  isopleth  changes  with  wind  speed  . 
At  the  point  where  the  downwind  extent  is  a  maximum,  the  height       shown  in  Figure 
5.21  is  set  to  Z^.  The  simplification  assumes  that      equals  the  effective  stack  height. 
This  altemate  simple  approach  is  not  conservative  and  the  errors  can  be  in  the  order  of 
20%  near  the  source.  However,  the  errors  are  less  than  2%  for  downwind  distance  to  stack 
height  ratios  of  20  or  greater. 

Wilson  and  Netterville  (1976)  make  two  important  points  in  the  consideration 
of  this  situation.  First,  they  used  rural  a  values  since  they  supply  a  safety  factor  over  the 
use  of  the  larger  a  values  characteristic  of  built-up  areas.  Secondly,  in  situations  where 
there  are  no  buildings,  critical  atmospheric  conditions  may  be  unstable  or 
trjqjping/fumigation  situations  whereas  the  MDH  curve  is  closest  to  the  ground  under 
neutral  conditions.  This  emphasizes  the  need  to  examine  the  whole  range  of  plume 
behavior. 



Figure  5.21        Definition  (a)  and  sample  calculation  result  (b)  for  the  minimum 
descent  height  (MDH),  Zm,  of  contour  of  maximum  allowable 
concentration   (Wilson  and  Netterville  1976). 
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5.4.4  Sources  Near  Buildings 

When  a  stack  is  located  near  a  building,  the  resulting  effects  on  the  transport 
and  diffusion  are  complex.  Vet  et  al.  (1981)  summarized  the  possible  approaches  to 
modelling  the  concentrations  downwind  of  a  gas  compressor  station. 

One  simple  approach  is  the  "2.5  times  the  building  height"  rule:  if  the  stack 
height  is  greater  than  2.5  times  the  building  height,  the  plume  is  imaffected  by  the 
presence  of  the  building.  Otherwise  a  plume  released  within  the  displacement  zone  would 
be  caught  in  the  far  wake,  bringing  the  chemicals  to  the  groimd  (with  accompanying  high 
ground-level  concentrations)  earlier  than  if  there  were  no  building.  Even  worse,  the  plume 
could  end  up  in  the  cavity  zone,  where  recirculation  and  continued  acciunulation  results  in 
very  high  concentrations  not  only  in  the  cavity,  but  also  downwind  as  turbulent  transfer 
from  the  cavity  to  the  far  wake  occurs.  This  rule  of  thumb  was  originally  proposed  by  an 
English  committee  in  1932  (Hawkins  and  Nonhebel  1955,  Committee  1932). 

For  a  stack  height  of  1.5  building  heights,  the  plume  enters  the  displacement 
zone  but  not  the  cavity  (Halitsky  1968).  Even  though  this  is  not  an  ideal  situation  for 
reasons  outlined  above,  the  very  adverse  situation  of  cavity  entrapment  is  avoided  without 
resorting  to  very  high  stack  heights  which  may  be  indicated  by  the  2.5  rule.  The  1.5  rule 
was  proposed  by  Angle  et  al.  (1987)  as  a  minimum  stack  height  for  compressor  facilities, 
and  was  adopted  by  the  ERCB  and  Alberta  Environment  (1988). 

Alberta  Environment  (1980)  recommended  a  generalized  approach  based  on 
two  length  scales  (Briggs  1975,  Snyder  and  Lawson  1976).  The  method  assumes  that  a 
plume  will  escape  the  building  influence  completely  if  the  stack  height,  hg  is  given  by 
hg  =  hjj  +  1.5  L  (where  hj,  is  the  building  height  and  L  the  smaller  of  either     or  the 
maximum  building  width  perpendicular  to  the  wind  direction).  For  a  squat  or  cubical 
building  this  is  equivalent  to  the  2.5  rule,  but  relaxes  the  rule  for  a  tall,  slender  one. 

If  the  height  given  by  this  rule  is  far  in  excess  of  what  would  be  needed  to 
meet  the  ambient  air  quality  objectives,  this  criterion  can  be  eased  somewhat.  The 
approach  is  to  assume  that  the  effect  of  the  buUding  can  be  accounted  for  by  lowering  the 

acmal  stack  height  to  a  value  of  h  g.  Thus  in  all  subsequent  calculations  of  ground-level 

concentrations,  h '  g  should  be  used  instead  of  the  acmal  stack  height,  hg,  where 



5-53 

h's  =  2h3-(hb  +  1.5L) 

In  no  case  may  a  stack  ever  be  less  than: 

hgmin  =  hj,  +  0.5  L 

which  is  the  1 .5  rule  for  L  =  hj. 

If  the  original  stack  height  is  equal  to  hj,  +  1.5  L  then  h  g  =  h^  (i.e.,  the 
corrected  stack  height  =  the  original  stack  height).  This  simply  states  that  the  building, 
with  this  stack  height,  has  no  effect  on  the  plume  and  thus  no  correction  is  required. 

These  simple  approaches  have  now  given  way  to  more  complete  and  explicit 
methods  which  can  account  for  building  effects  without  resorting  exclusively  to  stack 
height  considerations.  Vet  et  al.  (1981)  reviewed  10  modelling  approaches  to  the  problem 
of  building  effects  on  the  downwind  concentration  and  determined  four  suitable 
candidates.  With  further  evaluation,  which  included  basic  physical  modelling  principles 
and  performance  of  individual  models  with  respect  to  other  models  and  experimental  data, 
the  authors  recommended  either  the  Huber-Snyder  or  the  dual  plume  models  as  useful  for 
compressor  station  installation  stack  design. 

The  Dual  Plume  model  (Engineering  Science  1977, 1980)  has  the  following 
characteristics  as  listed  by  Vet  et  al.  (1982): 

(1)  A  cavity  entrapment  factor  which  determines  the  portion  of  time 
that  the  plume  is  considered  to  be  either  elevated  or  at  ground-level. 

(2)  The  portion  of  the  plume  entrapped  by  the  cavity  region  can  be 
determined  for  any  combination  of  wind  speed,  effluent  velocity, 
building  and  release  height. 

(3)  The  portion  of  the  plume  free  from  the  cavity  behaves  as  if  no 
building  were  present  and  disperses  as  a  Gaussian  plume. 

(4)  The  portion  of  the  effluent  captured  by  the  cavity  is  subject  to  initial 
mixing  in  the  cavity  and  then  disperses  downwind  as  a  Gaussian 
half  plume. 
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(5)     The  ground-level  concentration  downwind  of  the  building  is  the  sum 
of  the  concentrations  resulting  from  the  two  pKjrtions. 

The  downwind  centreline  concentrations  are  determined  by  the  following 

equation: 

1  aQ  (l-a)Q 
X  =  —  {   +    exp(-hV2a2^)} 

U    TiOya^+CA  JtOya^ 

where  A  is  the  projected  cross-sectional  area  of  the  building  facing  the  wind,  a  is  the  mean 
fraction  of  the  plume  entrapped  within  the  building  cavity,  and  C  is  a  dilution  factor 
related  to  cavity  area,  generally  a  value  between  0.5  and  2.0. 

The  first  term  in  the  equation  models  the  dispersion  of  that  portion  of  the 
plume  which  is  entrapped  in  the  cavity.  The  second  term  models  the  dispersion  of  the 
plume  which  is  xmaffected  by  the  building. 

In  the  next  study  phase  Vet  et  al.  (1982)  revisited  the  review  of  the  models 
and  chose  the  dual  plume  model  as  the  basis  for  further  development  of  a  model  with 
applicability  to  compressor  station  facilities  (the  new  model  was  subsequently  called 
CSCM).  The  split  plume  design  made  it  possible  to  account  realistically  for  the  extra 
NOjj^  to  NO  reaction  time  experienced  by  the  portion  of  the  plume  trapped  in  the  cavity. 

Comparisons  between  monitoring  data  collected  at  the  Pendant  D' Oreille  compressor 
station  and  CSCM  predictions  showed  that  CSCM  predicted  much  smaller  concentrations 
than  were  being  observed.  These  differences  were  attributed  to  other  buildings 
influencing  plimie  behavior  (CSCM  only  accounts  for  the  effects  of  a  singular  building 
whereas  the  site  had  three  buildings)  or  incorrect  stack  exit  velocity  resulting  in  wrong 
plume  rise  estimates  and  inappropriate  entr^ment  factors.  The  comparison  was  not  a 
rigorous  test  of  model  performance. 

The  Huber-Snyder  model  (Huber  1977, 1984;  Engineering  Science  1980) 
accounts  for  building  wake  effects  using  enhanced  vertical  and  sometimes  horizontal 
dispersion  coefficients.  The  cavity  entrjqjment  factor,  a  key  to  the  dual  plume  model,  is 
not  used  here.  The  enhanced  dispersion  coefficients  are  based  on  the  standard  sigma 
curves  modified  for  building  wake  effects  as  a  function  of  downwind  distance  and 
building  geometry.  This  ̂ Jproach  is  being  used  in  regulatory  models  in  Alberta 
(Sakiyama  et  al.  1988).  The  wake-affected  sigmas  are  as  follows: 
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'  =  0.7  HW/2  +  0.067  (x-3HB);  for  3HB  <x<10HB 
cr'  =  0.7  HB  +  0.067  (x-3HB);  for  3HB  <x<10HB 
<y  '  =  c^(x  +  Sy);  for  x  >  10  HB 
ol'  =<7l(x  +  Sz);forx>10HB 
where: 

X         =   distance  downwind  from  the  leeward  edge  of  the  influential 
building. 

HW      =   width  of  the  region  of  building  influence  normal  to  the  wind. 

HB       =   height  of  the  influential  building. 

<jy        =   dispersion  parameters  without  the  influence  of  influence of  buildings. 

Sy        =   the  virtual  source  distance  such  that     '  (lOHB)  =  0.7  HB  2  +  0.5 
HB.  ' 

Sz        =   the  virtual  source  distance  such  that     '  (lOHB)  =1.2  HB. 

For  a  building  that  is  tall  (this  has  been  defined  here  as  HB  >  HW)  HW 

should  replace  HB  in  estimates  of     '  and  Oy ' .  For  very  squat  buildings  (HW  >  5HB), 
HB  should  replace  HW  in  the  CTy '  estimate. 

If  the  stack  height  is  greater  than  2.5  HB,  the  plume  is  assumed  to  be 

unaffected  by  building  downwash.  If  the  stack  height  is  greater  than  1.2  HB,  only     '  is 
affected. 

Sakiyama  et  al.  (1988)  used  N0jj/N02  monitoring  data  taken  at  six 
compressor  station  installations  in  Alberta  and  did  a  simple  comparison  study  with  a 
model  (named  SEEC)  using  the  Huber-Snyder  approach.  For  data  unpaired  in  space  and 
time,  the  maximum  NO^^  and  NO2  and  the  10  highest  concentrations  were  compared. 
Average  bias,  relative  mean  obsolete  error,  dimensionless  mean  square  error  and  the  linear 
correlation  coefficient  were  used  to  determine  model  performance.  The  highest  NOj^  and 
NOj  were  predicted  quite  well;  however,  performance  for  NO^  was  not  as  good  as  for 
NOjj.  This  indicates  a  weakness  in  the  conversion  chemistry  module. 

The  Huber  models  I  and  H  (Huber  1977)  were  used  to  evaluate  the  downdraft 
effects  from  the  Keephills  plant  at  Keephills,  Alberta.  The  description  and  results  of  the 
combined  wind  tunnel  modelling  study  are  reported  in  Leahey  et  al.  (1979)  and  Western 
Research  and  Development  (1978).  The  Huber  model  I  is  the  same  as  that  used  in  SEEC 
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and  the  model  EE  is  a  simpler  approach  where: 

o'y  =  [ay'  +  (.35  HW)^]''^  for  x  >3HB 
G'^  =  [o^'  +  (.35  HB)^]''^ for  x  >3HB 

HB  should  replace  HW  in  estimates  for  a  'y  for  buildings  that  are  much  wider 
than  they  are  tall.  The  study  showed  that  the  model  n  almost  matched  the  wind  tunnel 
results,  whereas  the  model  I  approach  yielded  overpredictions.  The  results  indicated  that  a 
stack  1.75  times  the  building  height  at  Keephills  would  be  sufficiendy  tall  to  ensure 
acceptable  air  quality. 

5.5  PHYSICAL  MODELLING  OF  TRANSPORT  AND  DIFFUSION  OVER 
COMPLEX  TERRAIN 

Throughout  this  chapter  there  have  been  references  to  wind  tunnel  modelling 
studies  where  a  scale  model  is  placed  in  a  wind  tunnel  and  various  flow  features  are 
observed.  This,  in  contrast  to  mathematical  modelling,  is  called  physical  modelling  and  it 
is  a  popular  approach  to  study  various  aspects  of  transport  and  diffusion  in  complex  terrain 
(Environment  Ontario  1987)  as  well  as  a  host  of  other  processes  such  as  air-surface 
interchanges  and  exchanges  (Raupach  and  Thom  1981),  urban  pollutant  transport 
(Wedding  et  al.  1977,  Cermak  et  al.  1974),  effluent  density  effects  (Meroney  and  Neff 
1979),  and  seashore/land  flow  interactions  (Ogawa  et  al.  1975).  Physical  modelling  is  not 
necessarily  limited  to  either  wind  tunnels  or  water  channels,  although  these  are  the  most 
commonly  used  devices.  Other  devices  include  environmental  chambers,  smog  chambers 
and  electrolytic  tanks  (Hosker  1982). 

The  primary  advantages  of  a  physical  modelling  studies  for  investigating  the 
transport  and  diffusion  of  pollutants  in  areas  of  complex  terrain  are: 

(1)  easier,  cheaper,  and  more  feasible  than  full-scale, 

(2)  ability  to  modify  the  physical  model  to  look  at  future  scenarios  (new 
buildings,  large  excavations)  and  their  effects  on  the  flow  field, 

(3)  ability  to  examine  a  variety  of  easily  reproducible  atmospheric 
conditions  and  the  resulting  flow  field, 
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(4)     events  in  a  wind  tunnel  occur  20  to  30  times  more  rapidly  than  their 
full-scale  counterparts,  allowing  larger  time  averages  to  be  generated  in 
a  relatively  short  time  (Wilson  1979a). 

Physical  modelling  can  also  be  thought  of  as  a  imique  type  of  analog 

computer  (Snyder  1972)  with  "near-infinite  resolution"  and  "near-infinite  memory"  which 
employs  real  fluids  and  not  mathematical  descriptions  of  their  behavior. 

There  are,  however,  difficulties  with  the  use  of  physical  modelling.  Apart 
from  the  problems  associated  with  achieving  appropriate  geometric,  kinematic,  dynamic 
and  thermal  scaling,  physical  modelling  is  limited  to  time  and  length  scales  which  include 
microscale  and  some  mesoscale  phenomena  (Avissar  et  al.  1990).  In  other  words, 
physical  modelling  is  limited  to  the  small-scale  motions  that  are  associated  with  roughness 
elements,  small  topographical  features  and  weak  differential  surface  heating  in  the 
boundary  layer.  In  addition,  where  plume  buoyancy  effects  are  important  (stable  or 
imstable  boundary  layers)  a  host  of  other  problems  become  in^rtant  such  as  hardware 
and  scaling  limitations.  Unfortunately  the  type  of  flow  that  has  the  best  chance  of  being 
simulated  well,  the  neutral  boundary  layer,  occurs  only  a  fraction  of  the  time  in  the  real 
atmosphere.  Hius,  results  from  a  physical  modelling  study,  when  applied  to  the  real 
atmosphere,  must  always  be  viewed  with  caution.  Confirmation  of  physical  modelling 
results  with  actual  field  observations  is  needed,  as  in  the  fluid  model  simulations  and 
corresponding  field  observations  of  the  flow  and  turbulence  over  Kettles  Hill,  Alberta 
described  by  Salmon  et  al.  (1988);  the  strong  convection  study  in  Colorado  (Moninger 
et  al.  1983)  and  the  Rakaia  Gorge  study  (Meroney  et  al.  1978)  in  New  Zealand. 

5.5.1  Fundamental  Principles 

In  order  for  the  physical  model  tests  to  represent  the  same  behavior  as  the 

full-scale  situation,  general  equivalence  between  the  model  and  full  scale  must  be 
duplicated.  The  general  similarity  requirements  are  established  by  dimensional  analysis. 

Dimensional  analysis  yields  dimensionless  parameters  such  as  Rossby, 
Reynolds,  bulk  Richardson,  Eckert,  Euler,  Prandtl,  Schmidt  and  Peclet  numbers.  These 
parameters  should  be  the  same  for  the  model  and  prototype  if  the  two  flow  systems 
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are  to  be  exactly  the  same  (Avissar  et  al.  1990).  Equality  of  these  numbers  must  be 
supplemented  by  the  requirement  that  the  surface  boundary  conditions  and  approach  flow 
characteristics  be  similar  for  the  atmosphere  and  the  physical  model.  Boundary  condition 
similarity  requires  similar  values  of: 

(1)  surface  roughness, 
(2)  topographic  relief, 
(3)  surface  temperature  distribution, 
(4)  upstream  distribution  of  mean  and  turbulent  velocities, 
(5)  mean  and  turbulent  temperatures,  including  inversion  height,  and 
(6)  longitudinal  pressure  gradient. 

Invariably,  because  of  the  small  scale  of  the  models,  matching  all  of  these 
nondimensional  parameters  is  impractical  or  impossible.  Hence  the  modeller  must  decide 
on  the  basis  of  the  particular  application,  which  parameters  are  critical  in  terms  of 
matching  and  which  ones  are  not.  An  example  of  this  is  the  neglect  of  Coriolis  forces  on 
the  flow  phenomena  studied,  where  the  nondimensional  Rossby  numbers  for  the  model 
and  full  scale  will  not  be  matched.  This  mismatch  is  acceptable  for  small-scale  flows 
where  Coriolis  forces  can  be  neglected  (i.e.,  neglecting  the  turning  of  wind  direction  with 
height). 

Another  example  of  mismatching  is  the  Reynolds  number  criterion.  The  scale 
reductions  commonly  used  in  physical  models  result  in  model  Reynolds  numbers  3  to  4 
orders  of  magnitude  smaller  than  found  in  the  atmosphere.  If  strict  adherence  to  the 
Reynolds  number  criterion  were  required,  no  atmospheric  flows  could  be  modelled. 
Various  argvunents  have  been  presented  to  justify  the  neglect  of  the  Reynolds  number 
criterion  in  terms  of  laminar  flow  analogy,  Reynolds  number  independence,  and 
dissipation  scaling.  In  essence,  what  these  analogies  mean  is  that  the  gross  features  of 
turbulence  are  similar  over  a  wide  range  of  Reynolds  numbers  (Townsend  1956). 

Generating  the  appropriate  boundary  conditions  is  also  a  critical  factor  in  the 
proper  application  of  physical  modelling.  Central  to  this  issue  is  the  equivalency  of  the 
tiirbulence  in  the  model  to  that  of  the  real  atmosphere.  For  the  study  of  plume  dispersal, 
not  only  must  the  turbulence  intensities  be  properly  matched,  but  also  the  spectrum  of 
each  component  must  be  matched,  particularly  the  low-frequency  end  (Armitt  and 
Coimihan  1968).  Several  vertical  profiles  of  mean  velocity,  turbulence  intensity  and 
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Reynolds  stress  need  to  be  measured  to  document  the  boundary  layer  behavior  and  to 
insure  similarity  to  the  target  atmospheric  boundary  layer  (Snyder  1981).  In  addition, 
spectral  measurements  of  turbulence  are  needed  to  determine  whether  the  spectra  are 
appropriate  for  the  simulation. 

5.5.2  Physical  Modelling  Facilities  in  Alberta  and  their  Application 

The  results  of  the  following  studies  have  been  reported  elsewhere  in  this 
book.  The  focus  here  is  on  the  facility  itself  and  the  particular  type  of  application. 

Yahalom  (1972)  described  a  physical  modelling  study  done  in  the  University 
of  Calgary  laminar  wind  tunnel.  A  1:250,000  model  of  the  Bow  River  valley  region  was 
exposed  to  a  uniform  as  well  as  shear  flow  of  about  0.3  m/s.  Dynamic  and  transport 
similarity  between  the  model  and  actual  flow  was  based  on  analogy  between  molecular 
and  turbulent  transport.  In  a  very  slow  laminar  flow,  the  molecular  viscosity  and 
molecular  diffusivity  determine  the  dynamics  and  the  dispersion  in  the  flow  whereas  in  the 
atmosphere  eddy  viscosity  and  turbulent  diffusivity  are  dominzint.  Reynolds  number 
equivalencies  were  established  based  on  the  relative  values  of  molecular/turbulent 
viscosity  and  diffusivity.  An  artificial  shear  layer  was  generated  upstream  of  the  study 
zone  by  a  grid  of  horizontal  copper  tubes. 

The  large  wind  tuimel  at  the  University  of  Alberta  occupies  two  floors  of  the 
Mechanical  Engineering  building  and  has  been  the  site  of  a  variety  of  studies  on  flow  and 
dispersion.  The  tunnel  can  operate  at  very  low  wind  speeds  which  makes  it  suitable  for  air 
pollution  studies.  Triangular  turbulence  generators  and  surface  roughness  elements  are 
used  to  simulate  the  actual  atmospheric  boundary  layer  characteristics.  The  result  is  a 
fully  developed,  atmospheric  shear  layer  up  to  1  m  thick  in  about  one  half  of  the  1 1-m  test 
section.  Any  neutrally  stable,  adiabatic  boundary  layers  may  be  simulated.  Wilson 
(1979a)  studied  the  effect  of  the  location  and  height  of  the  Syncrude  tailings  pond  dike  on 

transport  and  diffusion  of  low-level  sources  within  an  oil  sands  plant  and  of  the  plant's 
main  stack  plume.  Peak  levels  of  time-varying  concentration  and  the  dike  wake  effects 
were  investigated. 

A  smaller  wind  tunnel  facility  at  the  University  of  Alberta  has  also  been  used 
in  a  number  of  studies.  This  wind  tunnel  has  a  square  test  section  with  height  and  width  of 
30.5  cm.  The  facility  is  shown  in  Figure  5.22.  In  order  to  produce  a  thick  shear  flow  over 
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the  surface  roughness  on  the  wind  tunnel  floor,  four  triangular  vortex  generators  and  a 
barrier  are  used.  Helium  tracer  gas  was  used  to  simulate  the  plirnie  and  concentration 
measurements  can  be  taken  using  a  movable  probe.  This  facility  was  used  by  Wilson 
(1977a)  to  investigate  plume  diffusion  over  two-dimensional  hills  and  by  Netterville 
(1979)  to  study  the  problem  of  concentration  fluctuations  in  plumes.  Hot-wire 
anemometers  were  used  to  determine  the  tiu:bulence  parameters  and  a  wind  tunnel 
reference  speed  of  10  m/s  was  chosen,  high  enough  to  achieve  Reynolds  number 
independence.  Helium  was  used  as  a  tracer,  and  a  specially  designed,  fast-response, 
hot-film  concentration  detector  measured  the  concentration  fluctuations. 

The  dispersion  characteristics  of  a  plume  as  it  interacts  with  a  building,  have 
been  studied  in  a  simulated  boundary  layer  typical  of  a  lighdy  built-up  urban  area.  A 
model  building  was  placed  in  the  test  section  and  a  helium  tracer  gas  was  measured  at 
various  points  on  and  around  the  building.  Reynolds  numbers  were  large  enough  to  assure 
that  flow  patterns  were  in  the  zone  of  Reynolds  nimiber  independence.  The  results  of 
these  simulations  for  a  wide  variety  of  building/plume  configurations  are  given  in  Wilson 
and  Netterville  (1976, 1978)  and  Wilson  and  Britter  (1982).  These  studies  are  reported  in 
Wilson  (1976;  1977b,  c),  Wilson  and  Chui  (1985, 1987),  Wilson  and  Winkel  (1982)  and 
Chui  and  Wilson  (1988), 

Another  physical  modelling  facility  at  the  University  of  Alberta,  a  water 
channel,  was  used  to  study  the  cross-wind  profiles  of  conditionally  averaged  mean 
concentration  in  plumes  (concentration  fluctuation  problem).  The  plume  fi-om  a 
ground-level  source  was  simulated  by  the  isokinetic  release  of  a  neutrally  buoyant 
salt-water-ethanol  mixtme  fi-om  a  tube  on  the  bed  of  the  water  channel.  A  fully 
developed,  rough  wall,  open  channel  flow  was  used  to  simulate  a  neutrally  stable 

atmospheric  boundary  layer,  with  siuface  roughness  formed  by  "Lego"  base  plate, 
preceded  by  a  trip  fence.  The  mean  and  turbulence  velocity  profiles  were  measured  using 
a  laser  doppler  anemometer;  a  fast-response  electrical  conductivity  probe  was  used  to 
measure  concentration.  The  results  are  reported  in  Wilson  and  Bara  (1985)  and  Bara 
(1985). 

Another  water  channel  at  the  University  of  Alberta  was  used  to  determine 
flow  patterns  and  plumeA>uilding  wake  interactions.  The  channel  had  a  test  section  width 
of  67  cm,  and  was  operated  at  a  depth  of  30  cm  for  low-rise  buildings  and  43  cm  for  taller 
buildings.  The  variation  of  wind  speed  and  turbulence  with  height  in  the  atmosphere  was 
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simulated  by  locating  a  1-cm  high  wall  and  a  row  of  triangvilar  spikes  and  surface 
roughness  upstream  of  the  model.  Building  models  had  sharp  leading  edges  to  encourage 
Reynolds  niunber  insensitivity.  Flow  patterns  were  made  visible  by  injecting  colored  dye 
through  a  movable  probe  which  was  moved  to  various  positions  in  the  building.  The 
primary  purpose  of  this  study  was  to  provide  some  simple  design  guides  to  engineers 
regarding  the  placement  and  design  of  vents/stacks  which  are  influenced  by  building 
effects.  The  work  is  reported  in  Wilson  (1979b). 

5.6  SUMMARY 

Channelling  of  air  flow  occvurs  in  the  Athabasca  River  valley  north  of  Fort 
McMiuray  as  a  result  of  large-scale  terrain  features,  and  in  southwestem  Alberta  as  a 
result  of  a  mountain  pass.  Flow  separation  occurs  in  the  Bow  River  valley  west  of 
Calgary,  creating  a  recirculation  zone.  An  isolated  hill  near  Pincher  Creek  causes  the 
wind  to  speed  up  by  as  much  as  60%  at  the  crest.  Plumes  flowing  over  such  hills  are 
squashed  by  the  mean  flow,  but  enhanced  turbulence  leads  to  increased  groimd-level 
concentrations.  Gravity  waves  occur  in  the  lee  of  the  Rockies  more  than  one-third  of  the 
year.  Anabatic  and  katabatic  winds  have  been  observed  in  five  different  valleys  across 
Alberta.  Nocturnal  drainage  winds  in  these  valleys  have  maximum  wind  speed  up  to  7 
m/s  located  near  the  mid-point  of  the  valley  cross  section.  Turbulence  levels  are  larger 
than  over  flat  terrain  under  inversion  conditions.  Groimd-level  concentrations  vary  with 
the  development  of  the  locally  driven  flow. 

Five  prognostic  and  three  diagnostic  wind  field  models  have  been  applied  to 
various  complex  terrain  regions  of  Alberta.  Wind  speeds  can  often  be  simulated  within 

10%  and  wind  directions  within  20°.  Gaussian  plume  diffusion  models  can  incorporate 
terrain  in  several  ways,  the  three  most  practical  being:  potential  flow  solutions,  plume 
spread  enhancements  and  plume  height  adjustments.  Plume  spread  observations  over 
complex  terrain  in  Alberta  show  that  the  vertical  and  horizontal  sigmas  are  affected 
differently  with  enhancement  factors  averaging  about  1.2  for  the  vertical  and  1.7  for  the 
horizontal.  In  stable  conditions,  a  large  terrain  obstacle  creates  two  separate  flow 
regimes:  above  the  dividing  streamline,  a  plume  will  move  over  the  obstacle  following 
potential  flow  streamlines;  below  the  dividing  streamline,  a  plume  will  tend  to  move 
around  the  side  of  the  obstacle.  Five  numerical  models  of  complex  terrain  diffusion  have 
been  implied  to  various  Alberta  situations.  Predicted  concentrations  are  typically  within 
about  25%  of  observed  concentrations. 
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As  a  rule  of  thumb,  when  a  plume  impinges  on  a  building,  the  concentration 
on  all  building  surfaces  is  the  average  between  the  rooftop  and  ground-level 
concentrations  calculated  in  the  absence  of  the  building.  Generally,  a  plume  will  escape 
the  influence  of  the  building  completely  if  its  height  is  more  than  2.5  times  the  building 
height.  The  plume  will  escape  the  cavity  if  its  height  is  more  than  1.5  times  the  building 
height.  The  building  influence  can  be  incorporated  into  the  Gaussian  plume  model  by 
means  of  plume  spread  correction  or  by  separating  the  emissions  into  two  plumes,  one 
originating  in  the  cavity.  Physical  modelling  can  be  used  effectively  because  the 
turbulence  associated  with  building  clusters  is  near-neutral. 

Physical  modelling  has  been  used  in  Alberta  to  study  the  flow  over 
mountains,  ridges  and  hills,  the  flow  around  industrial  complexes  and  buildings,  and  the 
details  of  concentration  fluctuations.  Although  some  limitations  are  imposed  by  scaling 
requirements,  physical  modelling  can  be  applied  to  complex  situations  which  would  be 
very  difficult  to  model  numerically.  Alberta  has  facilities  for  this  type  of  work  at  both  the 
University  of  Alberta  and  the  University  of  Calgary. 
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A.1  MEASURING  WIND 

The  increase  of  wind  speed  and  the  mming  of  wind  direction  with  height 
poses  a  problem  for  making  representative  wind  measurements,  especially  when 
comparisons  are  to  be  made.  However,  it  turns  out  that  wind  direction  changes  in  the 
lowest  few  tens  of  metres  are  negligible  under  homogeneous  steady-state  conditions 
although  wind  speed  changes  may  be  great. 

For  this  reason  the  World  Meteorological  Organization  (1972)  has  established 
tfiat: 

The  standard  exposure  of  wind  instruments  over  level,  open  terrain  is 
ten  metres  above  the  ground.  Open  terrain  is  defined  as  an  area  where 
the  distance  between  the  anemometer  and  any  obstruction  is  at  least  ten 
times  the  height  of  the  obstruction. 

The  wind  so  measured  is  called,  by  international  convention,  the  surface  wind.  The  word 

"surface"  refers  to  the  siuface  boundary  layer  where  the  frictional  forces  are  nearly 
constant;  it  does  not  refer  to  the  interface  between  the  earth  and  the  atmosphere  where  the 

wind  is  necessarily  zero.  The  term  "anemometer  height"  is  sometimes  used  to  denote  the 
standard  10-m  exposure. 

Both  wind  speed  and  wind  direction  fluctuate  in  time.  Therefore,  an  average 
over  some  time  interval  is  implicit  in  any  given  value.  In  air  pollution  meteorology  it  is 
desirable  to  have  winds  averaged  over  intervals  of  about  1-h  because  this  corresponds  to 
the  averaging  times  specified  in  most  ambient  air  quality  standards. 

Wind  averaging  is  not  as  straightforward  as  it  may  first  app>ear.  A  true  wind 
average  would  be  a  vector  average,  obtained  by  averaging  individual  components.  The 
magnitude  of  this  average  vector  would  be  the  speed  of  the  mean  wind.  However,  the 
common  cup  anemometer  actually  measures  the  total  horizontal  component  of  wind  speed, 
not  just  the  speed  along  the  mean  wind  direction.  Averaging  yields  the  mean  speed  of  the 
horizontal  component,  not  the  speed  of  the  mean  wind  vector.  The  former  overestimates 
the  latter  by  as  much  as  20%  depending  on  the  size  of  the  wind  direction  fluctuations 
(Bernstein  1967).  When  there  are  large  shifts  in  airflow  as  can  occur  in  rough  terrain,  the 
vector  mean  speed  may  be  essentially  zero,  even  for  a  period  without  calms,  whereas  the 
cup  anemometer  would  register  some  positive  value. 
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Moreover,  the  response  of  a  cup  anemometer  is  described  by  a  distance 
constant,  which  means  that  the  response  time  varies  with  wind  sf)eed.  Consequently  the 
anemometer  responds  faster  to  increasing  winds  than  to  decreasing  winds.  This  leads  to 
an  overestimation  of  the  mean  speed  by  1  to  10%  depending  on  the  anemometer, 
measurement  height  and  size  of  wind  fluctuations  (MacCready  1966,  Hyson  1972). 

Calm  denotes  the  absence  of  measurable  wind.  Therefore,  the  occurrence  of  a 
calm  is  highly  dependent  upon  the  instrument  used  to  measure  the  mean  wind.  The 
starting  threshold  is  the  wind  speed  at  which  the  instrument  begins  to  register  speed  values 
or  direction  changes.  However,  the  response  is  asymmetric  in  that  the  instrument  can 
register  a  wind  below  its  starting  threshold  if  the  wind  is  decreasing  from  a  higher  value. 

"Dead"  calms  are  virtually  nonexistent.  There  is  always  some  gentle  motion  of  air  and 
although  this  may  be  immeasurable  with  instruments,  visual  observations  of  smoke  or 
other  visible  material  wUl  reveal  the  drift.  Because  pollution  episodes  are  often  associated 
with  light  winds,  low-threshold  instruments  are  desirable  in  air  pollution  meteorology.  A 
number  of  such  sensors  are  currently  available  with  thresholds  below  1  km/h  and 
sufficient  ruggedness  for  prolonged  field  use.  A  summary  of  available  methods  for 
measuring  surface  winds  is  given  in  Table  A.l. 

The  largest  source  of  long-term  surface  wind  records  in  Alberta  is  the  network 
of  aviation  weather  stations  operated  by  the  federal  Atmospheric  Environment  Service 
(Figure  A.l).  At  most  of  these  stations  the  standard  wind  equipment  is  the  MSC  type  U2A 
which  indicates  the  wind  speed  and  direction  on  a  pair  of  dials.  The  starting  threshold  of 
the  system  is  about  1  m/s  (2. 1  knots  for  the  cups  and  1 .4  knots  for  the  vane)  and  the 

resolution  is  about  0.5  m/s  (1  knot)  for  speed  and  10°  for  direction. 

The  wind  speed  and  direction  reported  by  these  stations  are  visueil  averages  of 
the  readings  on  the  dials  over  a  1 -minute  interval  (2  minutes  from  1985  to  present)  close  to 
the  hour.  The  wind  speed  is  recorded  to  the  nearest  knot  and  the  wind  direction  to  the 
nearest  10  degrees.  Westem  Research  &  Development  (1976)  found  that  for  low  wind 
speeds  associated  with  urban  air  pollution  events,  such  observations  tend  to  be 
systematically  higher  than  corresponding  1-h  averages  from  a  chart  recorder.  This 

tendency  may  reflect  a  human  observer  "set"  due  to  the  concern  of  the  aviation  industry 
for  high  winds,  or  it  may  represent  an  actual  sampling  error  such  that  a  1 -minute  average 



A-3 

Table  A.l       Anemometers  suitable  for  diffusion  applications. 

Anemometer 
Type 

Principle  of 
Operation 

Response Notes 

rotating  cup aerodynamic 
forces  using 
kinetic  energy 
of  wind 

slow senses  total  horizontal wind 

rotating 
propeller 

slow  to 
moderate 

correction  required  for 
lack  of  cosine  response 

pressure 
sphere 

fast not  commercially 
available;  extensive 
signal  processing  required 

drag  sphere fast marginal  threshold 

hot  wire thermodynamic 
forces  using 
cooling  power 
of  the  wind 

very  fast too  delicate  for  routine 
use 

hot  film very  fast no  moving  parts 

sonic acoustic 
properties  using 
effect  of  wind 
on  wave 
propagation 

very  fast expensive 

vortex fast marginal  threshold 

1 



Figure  A.I     Weather  stations  operated  by  ttie  Atmospheric  Environment  Service  in  and near  Alberta. 
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is  not  an  unbiased  estimator  of  the  1-h  average,  at  least  for  light  winds.  It  has  been  shown 
that  even  2-niinute  wind  averages  are  marginally  useful  for  representative  wind 
determination  (Wieringa  1980).  The  10-minute  average  used  for  synoptic  observations 
was  found  to  be  much  more  representative  of  the  hourly  average. 

Environment  Canada  (1982)  publishes  tables  showing  the  average  percent 
direction  frequency  for  each  month  and  the  whole  year,  together  with  the  mean  speed  for 
each  direction  and  for  all  directions.  In  addition,  the  height  of  the  anemometer  at  each 
station  and  a  few  brief  notes  on  exposure  are  provided.  The  latter  are  not  always  accurate 
or  up-to-date.  Some  stations  do  not  meet  the  WMO  criteria  for  height  and  exposure.  The 
serious  user  of  aviation  wind  data  ought  to  visit  the  station  in  person  and  obtain  the  station 
history  from  the  Regional  Office  of  the  Atmospheric  Environment  Service  in  Edmonton. 

Over  the  years  the  number  of  air  quality  monitoring  stations  in  the  province 
has  grown  steadily  and,  since  wind  is  generally  one  of  the  parameters  being  measured,  an 
extensive  data  bank  is  gradually  being  assembled.  Most  such  stations  are  operated  by 
industries  in  accordance  with  the  monitoring  provisions  of  a  Licence-to-Operate  under  the 
Alberta  Clean  Air  Act.  The  choice  of  site  and  instrximentation  must  conform  with 

specifications  set  out  in  the  Air  Monitoring  Directive  (Alberta  Environment  1989).  Wind 
instruments  are  required  to  have  a  starting  threshold  no  greater  than  1.5  km/h.  Exposure 
and  height  must  meet  the  WMO  standard  or  definite  altemative  criteria  derived  from 
aerodynamic  considerations.  Complete  site  documentation,  including  photogr^hs,  is  also 
required.  The  wind  speeds  reported  are  hourly  averages  to  the  nearest  kilometre  per  hour; 
wind  directions  are  hourly  averages  in  terms  of  an  eight-point  compass,  if  done  by  eye 
from  analog  strip  charts;  or  to  the  nearest  degree  if  performed  by  microprocessor  systems. 

Unfortunately  these  data  are  not  easily  accessible,  nor  are  summaries  readily 
available.  The  annual  air  monitoring  report  from  each  industry  to  Alberta  Environment 
usually  contains  a  summary  of  the  data  for  that  year.  Sometimes  a  5-year  summary  is 
provided  as  part  of  the  site  documentation.  For  information  about  such  data  the  potential 
user  should  contact  the  industrial  operator  of  the  station. 
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Above  about  100  m  it  is  impracticable  to  use  cup  anemometers  or  indeed  any 
tower  mounted  instrument  for  measuring  wind  speed  and  direction.  The  winds  aloft  are 
usually  determined  by  tracking  the  motion  of  an  expandable  balloon  inflated  with 
hydrogen  or  helium  to  rise  at  a  nearly  uniform  rate.  By  locating  the  balloon  in  space  at 
given  intervals,  the  displacement  vector  can  be  determined.  Dividing  the  magnitude  of  the 
displacement  vector  by  the  time  interval  yields  the  mean  speed  of  the  wind  for  the  layer 
traversed  by  the  balloon.  There  are  two  problems  associated  with  this  technique: 

1.  The  balloon  does  not  sample  the  wind  at  each  level  at  the  same  time.  This 

produces  an  error  which  depends  on  the  natiu^e  of  the  vertical  profile  of  the 
wind  fluctuations  and  the  response  of  the  balloon. 

2.  The  balloon  does  not  sample  the  wind  directly  above  the  release  point.  The 
sampling  points  move  progressively  farther  away  with  time.  This  means  that 
it  is  impossible  to  determine  the  vertical  variation  of  wind  above  a  fixed  point 
on  the  earth's  surface. 

It  is  tacitly  assumed  that  a  balloon  is  immediately  accelerated  to  the  velocity 
of  the  wind  at  any  given  level  because  its  surface  area  is  high  and  its  inertia  is  low,  but  this 
does  not  seem  to  be  the  case  for  radiosonde  balloons  (Scoggins  1965).  Also,  rising 
balloons  exhibit  self-induced  lateral  motions  that  can  lead  to  significant  errors  unless 
relatively  thick  layer  averages  are  considered  (Murrow  and  Henry  1965).  Smooth 
balloons  tend  to  move  in  a  regular  spiral  or  zigzag  path,  but  representative  layer  winds  are 
obtained  provided  the  layer  considered  has  a  thickness  equal  to  several  wavelengths  of  the 
spiral  motion  or  greater  than  15  balloon  diameters  (MacCready  1965). 

In  addition  to  the  foregoing  problems  with  the  technique  there  are  several 
sources  of  observational  error,  depending  upon  the  tracking  method  used.  For  altitudes  of 
up  to  5  km,  methods  that  measure  slant  range  have  typical  vector  errors  of  0.5  m/s  to  1  m/s 
while  methods  that  measure  only  angles  have  typical  vector  errors  of  0.5  m/s  to  4  m/s 
depending  on  the  ratio  of  mean  wind  to  ascent  rate  (WMO  1971).  Even  the  best 

observations  are  only  within  ±2°  for  direction  and  ±1  m/s  for  speed  at  low  altitudes,  while 
at  5  km  these  inaccuracies  may  be  doubled  (Middleton  and  Spilhause  1953).  In  a 

comparison  of  tower  and  balloon  measurements,  there  were  mean  differences  of  15°  in 
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direction  and  1.9  m/s  in  speed  at  a  height  of  150  m  (Rider  and  Armendariz  1966). 
Netterville  and  Djurfors  (1979)  have  shown  that  the  errors  grow  quickly  with  elapsed  time 
of  balloon  flight  and  that  progressively  longer  observation  intervals  are  required  to 
maintain  a  constant  percentage  error  at  greater  altitudes. 

Winds  aloft  are  determined  twice  daily  at  each  of  the  Upper  Air  Stations 
operated  by  the  Atmospheric  Environment  Service  (Figure  A.2).  Observation  times  are 
standardized  world-wide  as  00:00  Z  and  12:00  Z  (Coordinated  Universal  Time)  but  the 
actual  time  of  release  of  the  balloon-bome  radiosonde  is  45  minutes  earlier.  For  Alberta's 
only  upper  air  station  -  Edmonton  (Stony  Plain)  -  this  means  release  times  of  16: 15  MST 
and  04:15  MST.  Radio  theodolites  automatically  track  the  radiosonde  transmitter  and 
record  the  azimuth  and  elevation  angles  from  the  ground-based  receiving  station.  Coupled 
with  the  known  pressure  height  from  the  radiosonde  aneroid  the  position  of  the  package 
can  be  determined  and  the  mean  wind  calculated.  A  number  of  aviation  weather  stations 

release  pilot  balloons  to  determine  winds  aloft,  but  these  data  are  not  readily  available  for 
climatological  purposes. 

Remote  sensing  techniques  have  developed  rapidly  in  the  past  two  decades 
and  can  now  be  used  for  routine  upper  air  wind  measurements.  Remote  sensors  are 
classified  as  monostatic  if  transmitter  and  receiver  are  located  in  the  same  spot  or  bistatic 
if  they  are  separated  by  a  substantial  baseline  but  aimed  at  the  same  volume  in  space. 
Remote  sensors  provide  spatial  averages  over  voliunes  of  air  rather  than  the  single-point 
measurements  given  by  in-situ  sensors  like  anemometers.  Radio,  light  or  sound  waves 
may  be  used,  but  SODAR  (sound  detection  and  ranging)  has  found  much  greater 
application  than  other  methods  in  air  quality  work,  largely  because  of  its  lower  cost. 
Davies  (1982a)  found  that  Doppler  SODAR  wind  measurements  compared  favorably  with 
winds  measured  by  pilot  balloon  in  northeastern  Alberta.  A  summary  of  remote  sensors  is 
given  in  Table  A.2. 

A  number  of  SODAR  units  have  been  operated  by  the  University  of  Calgary, 
Physics  Department;  analysis  of  early  data  can  be  found  in  Mathews  and  Hicks  (1984). 
Suncor  has  collected  data  in  the  Athabasca  oil  sands  area  near  Fort  McMurray  as  have 
Syncrude  and  Canstar  (Davies  1982b).  Husky  operates  a  unit  at  their  Ram  River  Gas 
Plant  near  Rocky  Mountain  House.  Alberta  Environment  collected  SODAR  data 

southwest  of  Edmonton  from  1982  to  1987.  The  first  year's  data  were  analyzed  by  Leahey 



Figure  A. 2     Upper    air    station*    operated    by    ttie    Atmospheric  Environment 
Service    in    western    and     norttiwestern  Canada. 
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Table  A.2        Remote  sensors  for  winds  above  the  surface  layer 
(after  Schwiesow  1986). 

SODAR 
(sound  detection and  ranging) 

LIDAR 
(light  detection and  ranging) 

RADAR 
(radio  detection and  ranging) 

Minimum  Altitude  (m) 
10 20 

30 

Maximum  Altitude  (m) 1500 10,000 50,000 
Altitude  Resolution  (m) 20-50 

5-300 25-300 

Accuracy  (m/s) 0.2-0.4 

0.2-2 0.2-2 Disadvantages .  sensitive  to 
extemal  noise .  possible danger  to 

eyes 

.  large  and 
expensive 

.  retum 
success  is 
variable  and 

weather- 
dependent 

.  beam 
attenuated  by 
cloud  and  fog 

.  requires  high 

power 
.  side  lobes 
limit  use 
near  ground 
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and  Hansen  (1985a,  b).  Winds  aloft  were  also  measured  at  this  site  by  pilot  balloon  five 
times  per  day  during  mid-season  months  from  1977  to  1983.  A  scaled  down  version  of 
this  program  operated  in  the  Fort  Saskatchewan  area  as  a  joint  venture  between  the  Fort 
Saskatchewan  Regional  Industrial  Association  and  Alberta  Environment  from  1988  to 
1991. 

A.2  MEASURING  TEMPERATURE  STRATIFICATION 

A  variety  of  in-situ  and  remote  sensing  methods  are  available  for  measuring 
temperature  as  a  fimction  of  height  above  ground  (Table  A. 3).  Only  the  first  three  listed  in 
the  table  have  been  used  in  Alberta. 

Rawinsonde  data  have  several  inherent  limitations.  The  temperature  sensors 

employed  have  a  nominal  accuracy  of  ±0.4°C.  The  pressure-dependent  cycling  of 
information  channels  residts  in  a  vertical  resolution  of  about  125  m.  Heights  can  be 
calculated  to  within  ±30  m  but  data  obtained  in  the  first  100  m  above  the  ground  are 
unreliable. 

The  main  error  associated  with  the  minisonde  lies  in  the  determination  of 

height  above  ground.  The  rise  rate  of  the  30  g  (6  in.)  lift  balloon  is  nominally  3  m/s  but 
Longley  (1956)  reported  increases  of  up  to  25%,  and  standard  deviations  of  about  0.4  m/s 
have  been  reported.  The  standard  practice  of  the  Atmospheric  Environment  Service  is  to 
allow  an  increase  of  20%  in  rise  rate  for  the  first  minute,  10%  for  the  second  and  third 
minutes  and  5%  for  the  fourth  and  fifth  minutes.  Angle  and  Godin  (1979)  reconfirmed 
this  result  with  double  theodolite  observations  taken  at  several  Alberta  locations.  The  use 

of  two  tracking  theodolites  eliminates  the  rate-of-rise  assumption  and  for  typical  operating 
conditions  leads  to  errors  in  balloon  height  of  1  to  2%  and  uncertainties  in  the  gradient  of 
10  to  20%.  Netterville  and  Djurfors  (1979)  have  shown  how  these  errors  grow  with 
increasing  time  from  release,  decreasing  length  of  baseline  and  decreasing  observation 
interval.  Choukalos  (1977, 1978)  gives  a  computer  program  for  processing  minisonde 
data  using  the  method  of  Thyer  (1962). 

Long-term  data  on  the  thermal  stratification  of  the  entire  troposphere  are 
available  from  the  Canadian  Upper  Air  Network,  which  has  but  one  station  in  Alberta,  at 
Edmonton  (Stony  Plain).    Reporting  is  by  means  of  significant  levels  which  are  selected 

such  that  the  temperature  profile  is  reproduced  to  within  1°C  of  the  actual  observed 
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Table  A.3     Methods  for  measuring  temperature  stratification  in  the  atmospheric 
boundary  layer  (after  Barnes  1972  and  Schwiesow  1986). 

Method Accuracy  Altitude 
of  Temperature  Resolution 
(°C)  (m) 

Limitations 

Instrumented 
Tower 

Rawinsonde 

Minisonde 

Aircraft 

Drones 
Dropsonde 
Rockets 

Passive 
Microwave 

Lidar 

Radio 
Acoustic 
Soimding 
(RASS) 

<0.2 

0.3-0.8 

0.1-0.2 

0.5 

0.5 

1-4 

1 

0.5 

<1 

125 

5 

15 

5-150 

10 

<  300  m;  most  installations 
are  about  100  m  high 

Lowest  100  m  unreliable 

Rise  rate  uncertain  imless 
tracked  by  two  theodolites 

Expensive 

Recovery  can  be  difficult; 
dangerous  in  built-up  areas 

Cannot  operate  in  rain  or clouds 

Danger  to  eyes;  not  all-weather 
Litde  operational 
experience 
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values.  The  soundings  are  made  twice  daily,  nominally  at  05:00  MST  and  17:00  MST 
irrespective  of  season.  (The  actual  release  of  the  balloon  usually  occurs  45  minutes  prior 
to  these  times).  Although  the  measurements  are  rather  coarse,  they  can  provide  a  general 
picture  of  long-term  average  temperature  stratification. 

Two  instrumented  100-m  towers  were  in  operation  in  Alberta  from  1974  to 
1980,  one  in  Calgary  and  one  in  Edmonton,  as  documented  by  Choukalos  (1985). 
Ten-minute  averages  beginning  on  the  hour  are  extracted  and  tabulated.  This  gives  a 
reasonably  good  picture  of  changes  in  time,  although  it  is  necessarily  restricted  to  a  very 
shallow  layer  near  the  ground. 

Monostatic  acoustic  radar  or  SODAR  provides  a  continuous  picture  of 
mechanical  mixing  height  in  a  stable  layer.  Mathews  and  Hicks  (1978)  operated  such  a 
device  in  Calgary  from  March  16, 1976  to  July  31,  1977.  A  similar  unit  was  operated  by 
Angle  and  Godin  (1982)  near  Edmonton  from  1977  to  1982. 

A  mini-sounding  program,  described  by  Angle  and  Godin  (1979)  and  a  20-m 
tower,  documented  by  Sakiyama  and  Wong  (1987),  also  operated  near  Edmonton  from 
1977  to  1982.  Murray  (1977, 1983)  and  Murray  and  Kurtz  (1976)  reported  on  a  number  of 
soundings  in  northeastem  Alberta  near  the  Syncrude  plant.  James  F.  MacLaren  Limited 
(1978)  summarized  data  collected  by  the  Alberta  Oil  Sands  Envirorunental  Research 
Program.  A  number  of  towers  and  sounding  programs  have  been  operated  by  industry  in 
connection  with  Envirorunental  Impact  Assessments,  but  the  data  are  not  published  and 
are  not  readily  accessible. 

A.3  TURBULENCE 

Atmospheric  turbulence  can  be  measured  by  any  of  the  fast-response  methods 
used  to  measure  the  mean  wind  (Kaimal  1981).  Combined  with  measurements  of 
temperature  stratification,  values  for  the  gradient  Richardson  number  can  be  calculated. 

The  common  cup  anemometer  is  not  well  suited  to  turbulence  measurements 

because  (1)  it  measures  the  horizontal  winds  uj^  =  (u^  +  v^)^  rather  than  an  individual 
component  (Bernstein  1967),  (2)  it  cannot  measure  turbulent  energy  at  higher  frequencies 
(MacCready  and  Jex  1964a).  If  the  cups  have  a  distance  constant  of  less  than  1  m  it  is 
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possible  to  get  an  estimate  of  the  dissipation  rate  (Frenzen  1965).  The  high-frequency 
cutoff  is  a  serious  limitation  only  when  turbulence  levels  are  low  or  the  small  scales  are  of 
interest.  The  large  energy -containing  eddies  are  of  paramount  importance  in  structural 
engineering.  The  standard  deviation  of  the  horizontal  wind  speed  is  a  useful  measure  of 

"gustiness"  for  these  applications. 

The  standard  deviations  of  the  three  wind  components  should  ostensibly  be 

measurable  by  means  of  an  array  of  sensors  mounted  at  90°  to  one  another  so  that  each 
sensor  responds  to  one  wind  component.  The  three  time  series  generated  could  then  by 
subjected  to  the  various  analyses  discussed  in  the  previous  section.  Unfortunately  one 
cannot  know  in  advance  what  the  mean  wind  direction  wiU  be,  so  it  is  impossible  to  orient 
the  array  so  that  one  sensor  is  responding  to  the  longitudinal  component  (u)  only. 

Consequently  the  "u  and  v"  time  series  must  be  stored,  the  mean  wind  direction  computed, 
and  then  the  two  actual  wind  components  determined  with  respect  to  this  rotated 
coordinate  system  T.  A  microcomputer  can  do  this  on  site  or  the  data  can  be  logged  and  a 
central  computer  used  to  process  the  information  after  the  fact  (Horst  1972,  1973).  It  is 

important  to  realize  that  the  so-called  "u-v-w  orthogonal  arrays"  do  not  give  the  u  and  v 
components  directly.  Such  sensor  arrays  can  be  made  up  of  either  sonic  anemometers  or 
helicoid  propeller  anemometers  (Hicks  1972,  Kaimal  1975,  GiU  1975).  Propeller 
anemometers  also  require  corrections  to  compensate  for  this  lack  of  cosine  response 
(Bowen  and  Teunissen  1986,  1984;  Teunissen  et  al.  1985). 

The  vertical  component  of  turbulence  was  measured  at  Alberta  Environment's 
Ellerslie  site  for  a  period  of  5  years  using  a  Gill  propeller  anemometer.  Nighttime  values 
were  typically  0.15  m/s  irrespective  of  season,  but  daytime  values  ranged  from  0.20  m/s  in 
the  colder  months  to  0.46  m/s  in  April  and  May  (Sakiyama  and  Wong  1987). 

In  general  the  instantaneous  wind  vector  will  lie  at  an  angle  e  (for  elevation) 
from  the  horizontal  and  at  an  angle  a  (for  azimuth)  from  the  position  of  the  mean  wind 
vector.  For  small  angles  and  longitudinal  turbulence  intensities  that  are  not  too  large  it 
can  be  shown  that: 

iy  =   =^(a\vg  =  <^a 

"avg 
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Therefore  the  fluctuations  of  a  vane  that  is  free  to  pivot  in  both  the  horizontal  and  vertical 
planes  can  be  used  to  measure  turbulence  intensities.  Such  a  device  is  known  as  bivane 
(bidirectional  vane)  and  has  the  advantage  that  the  signals  may  be  processed  electronically 
by  means  of  a  sigma  meter. 

Digitally  recorded  bivane  data  were  used  by  Walker  (1964)  to  construct 
turbulent  intensity  spectra  for  the  rolling  prairie  near  Suffield  (Figure  1.29).  Leahey 
(1974)  and  Leahey  and  Davies  (1978)  used  bivanes  at  several  Alberta  sites.  Sakiyama  and 
Wong  (1987)  reported  on  bivane  measurements  at  Ellerslie:  lateral  intensities  ranged 
from  5%  in  winter  to  31%  on  spring  afternoons.  Vertical  intensities  ranged  from  4%  to 
24%. 

It  follows  that  the  wind  vane  used  to  determine  mean  wind  direction  can  also 

be  used  to  measure  cross-wind  turbulence  intensity.  It  has  been  recommended  that  sigma 
meters  be  installed  on  the  wind  direction  vanes  at  all  U.S.  National  Weather  Service 

observing  stations  (Carlson  et  al.  1978).  Hourly     was  determined  at  Alberta 

Environment's  Ellerslie  station  for  7  years.  In  winter,  averages  ranged  from  0.7°  at  night 
to  15°  in  the  afternoon.  In  summer,  averages  ranged  from  1 1°  at  night  to  29°  in  the 
aftemoon. 

Numerical  values  for  any  of  the  measures  of  turbulence  depend  ujwn  sensor 
and  sampling  characteristics.  The  interval  during  which  data  are  recorded  for 
determination  of  the  mean  is  called  the  averaging  time,  the  sampling  duration  or  the 
length  of  record.  Instantaneous  values  may  be  subjected  to  a  moving  average  that 
smooths  out  the  smallest  fluctuations.  The  interval  used  for  this  pre-averaging  is  called 
the  smoothing  time  (sometimes  it  is  called  the  averaging  time,  and  this  can  lead  to 
considerable  confusion).  The  inertia  of  a  mechanical  wind  sensing  system  will 
automatically  in^se  a  smoothing  due  to  the  inability  of  the  system  to  respond  faithfully 
to  very  high  frequency  fluctuations.  If  the  averaging  time  is  represented  by  T,  the 
smoothing  time  by  s,  and  the  instrument  response  to  a  step  change  is  an  exponential  with 
time  constant  a,  then  eddies  with  periods  between  T  and  10s  (or  30a)  are  satisfactorily 
included  but  those  with  periods  greater  than  lOT  and  less  than  s  (or  a)  are  excluded 
(Pasquill  1974),  In  other  words  both  the  low-  and  high-frequency  ends  of  the  spectrum  are 
cut  off.  The  variance  of  the  sample  is,  therefore,  generally  less  than  the  variance  that 
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would  have  been  obtained  using  instantaneous  values  (infinitesimal  smoothing)  and 
infinite  sampling  duration.  The  application  of  a  smoothing  and  sampling  process  to  a  time 

series  constitutes  a  filter  or  a  "window"  through  which  only  a  portion  of  the  total  energy  in 
the  spectrum  can  be  observed. 

In  practice,  the  variance  of  the  elevation  and  azimuth  angles  may  increase 
with  sampling  time  only  up  to  some  point  and  thereafter  remain  constant.  This  will  occur 

if  there  is  a  spectral  "gap,"  that  is,  little  energy  in  eddies  having  comparable  periods.  This 
condition  is  often  satisfied  for  the  elevation  angle  but  rarely  for  the  azimuth  angle.  If  the 
sampling  time  is  increased  beyond  the  gap  then  the  variance  again  increases  as  a  new 
energy-containing  region  of  the  spectmm  is  sampled. 

A  vane  is  characterized  by  a  natural  wavelength  related  to  the  "stiffness"  of 
the  rotation  and  a  damping  ratio  which  describes  the  ability  to  track  direction  changes 
accurately.  The  most  faithful  response  of  a  vane  is  obtained  when  the  damping  ratio  (ratio 
of  actual  damping  to  critical  no-overshoot  damping)  is  about  0.6  which  corresponds  to  a 
10%  overshoot  for  step  disturbances  (Moses  1968).  Vanes  with  damping  ratios  less  than 
0.4  require  the  removal  of  resonant  oscillations  by  smoothing  over  10-  or  20-s  intervals. 

The  indicated  variance  from  a  direction  vane  with  a  damping  ratio  of  about 
0.43  is  the  same  as  for  a  vane  with  perfect  response  (MacCready  and  Jex  1964b).  For  this 
damping  ratio  the  overshoot  near  the  natural  wavelength  compensates  for  the  loss  by  vane 
attenuation  at  shorter  wavelengths.  If  the  natural  wavelength  of  the  vane  is  very  short 
(less  than  0.4  times  the  height  of  measurement)  the  exact  value  of  the  sampling  ratio  is 
unimportant.  This  result  is  only  valid  for  the  inertial  subrange.  Since  the  largest  eddies  in 
the  inertial  subrange  are  roughly  equal  to  the  height  of  measurement,  this  implies  a  short 
sampling  duration  of  T  =  zAi. 

A  simple  measure  of  variability  is  the  range  of  values  in  a  given  sample.  The 
wind  direction  range  is  well  correlated  with  the  azimuth  angle  standard  deviation  for  all 
smoothing  times  and  sampling  durations  (Markee  1963).  For  smoothing  tunes  of  1  to  10  s 
the  range  divided  by  6  gives  a  rough  estimate  of  the  standard  deviation,  that  is,     =  R/6. 
Alternatively  it  has  been  suggested  that  a  few  of  the  largest  deviations  from  the  mean  be 
discarded  and  the  range  be  divided  by  4. 
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The  output  from  a  sensor  is  generally  a  continuous  current  or  voltage  varying 
in  proportion  to  the  parameter  being  measiured,  and  is  known  as  an  analog  signal.  For 
computation  purposes  this  signal  is  often  converted  to  a  discrete  series  of  numbers 
representing  the  amplitude  of  the  signal  at  different  instants  of  time.  This  process  is  called 
digitization  and  the  period  of  time  between  values  in  the  number  series  is  called  the 
digitization  interval.  (To  add  to  the  confusion,  this  time  period  is  also  called  the  sampling 
interval).  The  digitization  rate  or  sampling  frequency  is  the  number  of  discrete  values 
obtained  in  unit  time. 

The  ratio  R/a  for  angles  measured  by  a  bivane  over  1-h  periods  decreases 
with  digitization  interval  and  the  relation  a  =  R/6  is  valid  only  for  an  azimuth  digitization 
interval  of  15  s  and  an  elevation  digitization  interval  slightly  larger  than  60  s  (Pendergast 
and  Crawford  1974).  Range-standard  deviation  relationships  are  sensitive  to  recorder 
response,  extraneous  signals,  data  reduction  procedures  and  the  scale  of  turbulence 
(Mooney  and  Swanson  1976).  To  minimize  these,  the  range  is  determined  for  the  last  10 
minutes  of  the  hour  after  excluding  both  the  extreme  maximum  and  extreme  minimum 
excursions.  (The  removal  of  extremes  reduces  the  effects  of  spurious  signals  and  the 

10-minute  sampling  time  approximates  the  lower  frequency  limit  of  "micrometeorological 
turbulence").  With  this  type  of  system  R/a  -  4  for  azimuth  angle  and  R/a  =  5  for 
elevation  angle;  90%  of  all  observations  are  within  a  factor  of  2.  Stable  conditions 
produce  significantly  lower  values  of  R/a. 

The  calculation  of  the  standard  deviation  of  azimuth  angle  fluctuations  is  by 
no  means  trivial  because  wind  direction  is  a  circular  variable  with  a  crossover  between 

360°  and  0°.  If  all  instantaneous  values  over  the  averaging  period  are  retained  until  the 
end,  then  a  straightforward  "two-pass"  method  can  be  used  to  account  for  the  crossover. 
The  resultant  direction  is  determined  and  subtracted  from  180°.  This  adjustment  is  then 
added  to  each  individual  value  and  the  sum  of  squares  calculated  (Turner  1986)  for 
substitution  into  the  standard  statistical  formulas.  Since  this  procedure  requires  a  large 

amount  of  storage  for  each  individual  value,  a  variety  of  "single-pass"  shortcuts  have  been 
developed: 

(1)     analog  electrical  determination  (Jones  and  Pasquill  1959,  Brock  and  Provine 
1962),  the  original  sigma  meter. 
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(2)  accumulation  of  unidirectional  angles  and  number  of  direction  reversals 
(Harris  and  McCormick  1963), 

(3)  averaging  swing  amplitudes  (Turner  1968), 

(4)  accumulation  of  sines  and  cosines  (Verrall  and  Williams  1982), 

(5)  component  statistics  (Ackermann  1983), 

(6)  sine  and  cosine  estimators  (Yamartino  1984), 

(7)  circular  variance  for  a  wrapped  normal  distribution  (Mardia  in  Fisher  1983 
and  Mori  1986), 

(8)  short-term  wind  rose  (Nelson  1984), 

(9)  incrementing  the  previously  sampled  direction  (Mori  1987), 

(10)  vector  and  scalar  mean  winds  (Yamartino  1984,  Mori  1986), 

V^A^'s  =  exp  (0.5     ')  for     <  20°. 

Many  of  these  methods  work  well  for  small  angular  fluctuations  but  fail  when 
large  fluctuations  are  encountered.  Part  of  the  difficulty  stems  from  the  use  of  three 
different  definitions  of  mean  wind  direction:  (1)  The  direction  of  the  vector  mean  wind, 
(2)  the  arithmetic  mean  wind,  (3)  the  direction  of  the  mean  of  the  unit  vectors  (Mori 
1986).  Another  part  of  the  problem  stems  from  the  use  of  linear  statistics  for  a  circular 
variable  (Fisher  1987). 

The  difference  between  vector  mean  wind  spreads  (Vy)  and  scalar  mean  wind 
speeds  (Vg)  can  also  be  used  to  estimate  the  standard  direction  of  the  azimuth  angle 
fluctuations  (Yamartino  1984)  or  to  calculate  an  exact  value  for  the  cross-wind  component 
from  the  equation  (Mori  1986) 

av  =  [2Vy(Vs-Vy)]' 
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The  ability  of  SODAR  to  measure  wind  components  in  layers  up  to  several 
hundred  metres  means  that  turbulence  profiles  can  also  be  determined.  However,  since 
new  values  can  be  obtained  only  after  a  few  minutes  (during  which  the  sound  spectra  are 
accumulated  to  determine  the  Doppler  shift),  this  method  is  limited  to  the  larger  scales  of 
turbulence.  It  has  been  applied  in  the  Fort  McMurray  area  by  Netterville  (1981)  and 
Davies  (1982a,  b)  and  in  the  Edmonton  area  as  reported  by  Leahey  and  Hansen  (1985). 
Balser  and  Netterville  (1981)  showed  that  the  variance  of  the  Doppler  spectra  can  be  used 
to  estimate  the  contribution  of  the  smaller  scales.  Bara  and  Netterville  (1985)  showed 
how  to  derive  Eulerian  integral  length  scales  from  SODAR  data  and  reported  a  value  of  43 
m  for  lateral  turbulence  at  200  m  above  ground  during  mid-morning  in  early  April. 

Instrumented  aircraft  have  two  advantages  over  ground-based  measurement 
techniques: 

(1)  They  can  obtain  larger  samples  in  a  given  time  period  because  the 
platform  is  moving  at  many  times  the  wind  speed; 

(2)  They  can  obtain  samples  representative  of  a  large  area  rather  than  a  single 

point. 

A  number  of  turbulence  flights  have  been  made  in  northeastern  Alberta  by 
Davison  et  al.  (1976)  and  Davison  and  Grandia  (1979).  A  sample  of  the  results  is 
presented  in  Table  A.4. 

The  fluxes  of  heat  and  momentum,  although  fundamental  to  stability 
considerations,  are  among  the  most  difficult  quantities  to  measure.  Four  main 
methods  have  been  developed: 

(1)     Eddy  correlation  methods  (Hicks  1970,  Kaimal  1969)  require  fast 
response  sensors  (McBean  1972),  matched  output  and  large  storage 
capacity  to  allow  the  calculation  of  covariances  either  on-line  or  after  the 
fact  (Kaimal  1975).  Serious  errors  can  arise  if  the  vertical  component  is 
not  aligned  correctly  (Kaimal  and  Haugen  1969)  and  in  general  only  about 
20%  accuracy  is  anticipated  (Kaimal  1986). 
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Table  A.4     Summary  of  turbulence  data  from  aircraft  flights  in  the  Fort  McMurray  area. 

(a)     March  1 1, 1976  12:50  -  16:55  MST  (Davison  et  al.  1976) 

Height  <J„ 
(m  MSL)         (m/s)  (m/s) 

^v 

(m/s) 

(Wu')avg 
(wV)avg 

1370                 0.54  0.9 
1220                 0.65  1.32 

(0.10)  (0.13) 

* 0.11 
0.05 
(0.09) 

* 
* 

0.018 
-0.040 

(0.03) 

1070                 0.57  1.4 
910                  1.21  1.8 
760                  1.26  2.2 
610                  1.10  1.66 

(0.03)  (0.20) 

* 
2.1 
* 

2.8 

0.43 
-0.27 
-1.28 
-0.36 

(0.07) 

* 

0.10 * 
-0.85 0.012 0.030 

0.033 
0.000 
(0.006) 

550 
460 

1.17  2.3 
1.07  2.8 

He 

* 

-0.21 

0.24 
* 
* 

-0.033 

0.030 

(b)  19  June  1977, 07:45  -  10: 10  MDT  (Davison  and  Grandia  1979) 

Description 

<^W 

(m/s) 
e 

(cmVs') 
(S (m) 

Early 
Above  inversion 

0.99 
(0.05) 

0.93 
(0.08) 

5 
(1) 

260 

(27) 

240 

(36) 
Early, 
Below  inversion 

1.30 
(0.08) 

1.10 
(0.10) 

29 

(3) 

195 
(17) 

125 

(32) 
Later 
Below  inversion 

1.55 
(0.10) 

1.81 
(0.18) 

55 
(7) 

200 
(14) 

230 

(34) 

Note:    Values  in  parentheses  are  the  standard  deviations  of  the  population  of  mean 
values. 

<3yf         standard  deviation  of  vertical  velocity 
Oyjj       standard  deviation  of  lateral  velocity  with  respect  to  the  aircraft 
e  dissipation 

integral  length  scale  in  the  vertical 
integral  length  scale  in  the  lateral  direction  with  respect  to  the  aircraft 
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(2)  Profile  methods  (Wagonner  1965,  Panofsky  1963,  Panofsky  and  Dutton 
1984)  require  at  least  two  levels  of  mean  wind  and  temperature 
measurements.  The  profile  equations  are  then  solved  interactively  to 
obtain  the  heat  and  momentum  fluxes  (and  the  roughness  length  if  three  or 
more  levels  are  available).  The  measurement  site  must  be  surrounded  by  a 
uniform  surface  for  a  distance  at  least  100  times  the  height  of  the  highest 
measurement  to  ensure  that  the  profiles  are  in  equilibrium  with  the 
underlying  surface  fluxes  as  noted  by  Angle  (1975). 

(3)  Variance  methods  (Hicks  and  Wesley  1978,  EUts  et  al.  1987)  rely  on  the 
observed  correlations  between  turbulent  fluctuations,  which  can  be  written 

as  Fp  =  Gp  where      is  the  vertical  wind  standard  deviation, 
is  the  standard  deviation  of  any  parameter  of  interest,  and        is  the 
correlation  coefficient  between  the  two  which  has  a  value  of  about  0.4. 

(4)  Eddy  accumulation  methods  (Desjardin  1977)  use  a  valve  to  collect 
separate  air  samples  for  updrafts  and  downdrafts.  The  flux  of  any  scalar  is 
then  calculated  fi-om  the  differences  between  the  means  in  the  two 
containers. 

Momentum  flux  can  also  be  determined  fi-om  lysimeter-like  drag  plates 
(Bradley  1972),  from  drag  coefficients  once  surface  properties  are  known  (Bradley 
1972)  or  from  bivane  elevation  angle  offsets  (Chimonas  1980).  Values  of  the  fluxes 
can  also  be  inferred  from  autocorrelation  of  the  vertical  wind  (Misra  1979)  and  the 
variance  of  difference  between  heights  (Wyngaard  and  Clifford  1978). 

The  surface  heat  flux  is  also  the  major  driving  mechanism  of  mixed-layer 
growth.  Both  the  height  of  the  convective  boundary  layer  and  the  nature  of  the 
turbulence  therein  are  controlled  by  the  heat  flux.  Despite  its  importance  it  is  not 
routinely  measured,  largely  because  of  the  stringent  instrument  requirements.  Even 
the  most  sophisticated  sonic  anemometer/thermometer  eddy  correlation  system  can 
probably  do  no  better  than  20%  accuracy,  plus  it  is  very  difficult  to  ensure  areal 
representativeness.  Estimation  methods  using  more  readily  available  measurements 
have  been  discussed  in  Chapters  1  and  2. 
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A.4  BOUNDARY  LAYER  HEIGHT 

A  number  of  possible  definitions  of  the  thickness  of  the  atmospheric 
boundary  layer  were  mentioned  in  Chapter  2,  all  based  upon  profile  of  wind, 
temperature  and  turbulence.  Remote  sensing  techniques  introduce  a  few  more 
altematives,  defined  in  terms  of  the  physical  quantity  that  is  being  measured.  There 
are  summarized  in  Table  A.5. 

A.5  DILUTION 

AU  of  the  prediction  schemes  discussed  in  Chapter  5  were  based  on  field 
studies  involving  measurement  of: 

(1)  The  ambient  concentrations  of  a  pollutant  or  deliberately  cleared  tracer 
material. 

(2)  The  rate  of  release  of  the  pollutant  or  tracer  material. 

(3)  The  conciurent  meteorological  conditions. 

Descriptions  of  these  types  of  field  studies  appear  in  the  literature  from  the 
1950s  when  smoke,  lycopodium  spores  and  fluorescent  particles  were  used,  to  the  present 
where  a  variety  of  perfluorocarbons  and  other  gaseous  tracers  are  used  in  conjunction  with 
advanced  analytical  c^abilities.  Reviews  of  tracer  technology  (Deuble  1979,  Dietz  and 
Senum  1986)  and  existing  data  bases  (Woodruff  and  Glantz  1985,  Vanderborght  and 
Kretzchmar  1984)  are  available. 

Direct  dilution  measurements  are  useful  not  only  for  research  purposes,  but 
also  to  confirm  model  predictions  or  to  quantify  the  dilution  rates  in  very  complex 
situations.  For  the  short-range  diffusion  of  primary  concern  with  industrial  sources,  the 
most  cost-effective  tracer  is  sulphur  hexafluoride.  Details  of  study  design  are  well 
documented  (Johnson  1983, 1985;  Sackinger  et  al.  1982).  A  summary  of  information 
about  SF^  tracer  techniques  is  given  in  Table  A.6.  Two  such  studies  have  taken  place  in 
Alberta:  Moose  Mountain,  southwest  of  Calgary  reported  by  Sakiyama  and  Angle  (1988) 
and  Sakiyama  (1983);  and  Kathym,  northwest  of  Calgary  reported  by  Holizki  and  Strom 
(1989). 
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Table  A.5    Methods  for  measuring  the  thickness  of  the  atmospheric  boundary  layer 
(after  Coulter  1979  and  Kaimal  et  al.  1982). 

Method Physical  Principle  for  Definition 

LIDAR 

SODAR 

balloon-borne  sonde 

RADAR 
X-based 
FM-CW 
TPQ-11 

sudden  decrease  in  detectable  particle  concentration 

sudden  change  in  small-scale  temperature  differences 

(1)  first  kink  in  the  temperature  profile 
(2)  maximum  in  wind  profile 
(3)  wind  direction  first  becomes  geostrophic 

drop  in  echo  intensity  from  artificial  chaff 
discontinuity  in  refractive  index 
sudden  decrease  in  particulates 
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Near-source  plume  behavior  can  often  be  studied  photographically  if  the 
plume  can  be  made  visible.  Davies  (1986)  reviewed  available  plume  visualization 
techniques  and  concluded  that  ultraviolet  methods  show  the  most  promise  as  they  are  not 
dependent  on  injections  of  foreign  substances  or  specific  atmospheric  conditions. 
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Table  A.6     Equipment  and  design  characteristics  for  SFg  tracer  studies. 

Fixed  Samplers 
Sampling  methods  and  costs:  tedlar  bags  ($1-5),  plastic  syringes  ($1) 
Analysis  equipment:       gas  chromotograph  with  electron  capture  detector  ($15,000) 
Analysis  time:  <  10  min  per  sample 

Detection  limit:  1.0  x  10"*  ppm 

Sampler  Layout 

Downwind  distance  (km)  1.0  10.0 

1  h  plume  Oy 
(F  stability,  10  cm  roughness) 

1  h  plume  width,  40y,  (m)(°) 
maximum  sampler  separation*  (m)(°) 
number  of  samplers  for  120°  arc 

62  470 

248(13.9)  1880(10.6) 
50(2.8)  380(2.1) 
43  57 

Mobile  Analyzer 
Analysis  equipment: 

Detection  limit: 

Response  time: 
Sampling  method: 
Maximum  transect 

continuous  flow  sealed  electron  capture 
detector  ($23,000) 

10.0  X  10"*  ppm <  15  s 

right-angle  transect  across  plume  at  fixed  speed 
10  km/h  at  1  km,  70  km/h  at  10  km 

Number  of  transects  needed  per  atmospheric  condition**:  6-24 

Sulphur  HgJ^afluoride 

Ambient  backgroimd:       <  0.5  x  10"*  ppm $15/kg Cost: 

Typical  release  rate: ground  source  0.1  g/s 
elevated  source  1  g/s 

*    At  least  five  measurements  must  be  taken  in  the  plume  (+  2(5 J)  to  resolve  position  and 
spread  within  15%  (Sackinger  et  al.  1982;  Johnson  1983,  1985). 

**  The  smaller  number  will  generally  yield  values  within  +  40%  of  the  tme  values  with  95% 
confidence;  the  larger  number  will  yield  values  within  ±  20%  of  the  true  values  with  95% 
coruidence. 
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B.l  WIND  DIRECTION 

In  summaries  of  wind  direction  data,  using  the  16-  or  8-point  compass,  it  is 
often  necessary  to  convert  from  azimith  degrees.  This  is  awkward  for  data  collected  in 
tens  of  degrees  because  neither  16  nor  8  are  factors  of  36  (the  number  of  possible  values  in 
the  tens  of  degrees  format).  Such  conversions  necessarily  involve  arbitrary  conventions  as 
shown  in  Table  B.l).  In  each  conversion  the  sectors  corresponding  to  the  cardinal  points 
are  larger  than  the  sectors  for  the  non-cardinal  points.  Moreover,  in  the  16-point 
conversion  the  centrelines  of  altemate  non-cardinal  sectors  are  shifted  away  for  the  true 
direction  (Lea  and  Helvey  1971).  As  a  result,  the  directional  frequency  distributions  of 
converted  data  are  biased.  The  frequencies  of  cardinal  directions  are  systematically 
enlarged  from  their  true  values  while  the  frequencies  of  non-cardinal  directions  are 
systematically  reduced.  Approximate  corrections  that  can  be  applied  as  an  operational 
remedy  are  given  in  Table  B.2  (Lea  and  Helvey  1971). 

Although  the  bar  wind  rose  is  the  most  common,  polygonal  or  continuous 
wind  roses  are  sometimes  used.  These  are  constracted  by  joining  the  ends  of  the  radii 
with  straight  line  segments  or  by  drawing  a  smooth  curve  through  aU  the  end  points  as  in 
Figure  B.l  a,  b.  Wind  roses  are  really  two-dimensional  representations  of  a 
three-dimensional  function.  No  mapping  that  involves  a  change  in  the  number  of 
dimensions  can  preserve  all  the  attributes  of  a  closed  figure,  namely,  distance,  area  and 
shape.  In  bar  wind  roses  distance  is  preserved  at  the  expense  of  the  other  two  qualities,  by 
making  the  radii  proportional  to  the  frequencies  (Court  1963). 

A  basic  principle  of  grjqjhics  is  that  each  element  of  the  diagram  should  cover 
the  entire  range  to  which  it  applies.  In  an  8-point  wind  rose,  each  frequency  applies  to 
winds  coming  from  a  sector  of  45°;  therefore  each  frequency  should  be  represented  by  a 
figure  covering  the  entire  45°  and  not  just  a  small  central  portion.  The  conventional  bar 
rose  may  give  an  erroneous  picture  of  the  actual  wind  distribution.  A  wedge  rose  (Figure 
B.l  c)  would  be  superior. 

For  most  purposes  an  area-preserving  transformation  is  preferable  to  the 
common  distance-preserving  one  (Court  1963).  It  is  the  only  type  of  transformation  that 
yields  a  frequency  diagram  suitable  for  direct  comparison  with  a  theoretical  distribution. 
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Table  B .  1      Usual  method  of  converting  from  wind  direction  in  tens  of  degrees  to 
16-point  and  8-point  compass. 

Compass Direction  in Compass Direction  in  tens 
Point  (16) Tens  of  Degrees 

Point (8) 
of  Degrees 

N 35,  36,  01 N 34, 35,36,01,02 

NNE 02, 03 

NE 04.05 NE 03, 04, 05, 06 

ENE 06,07 

E 08, 09, 10 E 07.08,09, 10, 11 
ESE 11,12 

SE 13, 14 SE 12, 13, 14. 15 

SSE 15, 16 
o o 17   18  1Q 1  /,  lO,  17 c o 1 17  1 R  10  90 

lO,  LI,  LO,  Ly,  iAj 
SSW 20, 21 
SW 20, 23 sw 21.22.23.24, 

wsw 24,25 

w 26. 27, 28 W 25.26.27,28.29 

WNW 29, 30 

NW 31,32 
NW 

30,31.32.  33 
NNW 33, 34 
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Table  B.2     Debiasing  procedure  for  direction  frequencies  from  mixed  compass  fr)rmats 
(Lea  and  Helvey  1971). 

Primed  directions  indicate  adjusted  frequencies;  unprimed  directions 
inc  cate  apparent  (unadjusted)  frequencies. 

1 6-point  directions  8  -point  directions 

N' 

=  0.75  N 

N' 

=  0.9N 

NNE' 
=  0.9375  NNE  +  0.125  N 

NE' 

=  NE  +  0.05  N  +  0.05  E 

E' 
=  NE  +  0.0625  NNE  +  0.0625  ENE 

E' 

=  0.9  E 

ENE' 
=  0.9375  ENE  +  0.125  E 

SE' 

=  SE  +  0.05  S  + 0.05  E 

E' 

=  0.75  E 

S' 

=  0.9S 

ESE' 
=  0.9375  ESE  +  0.125  E 

SW' 

=  SW  +  0.05  S  +  0.05  W 

SE' 
=  SE  +  0.0625  ESE  +  0.0625  SSE 

W' 

=  0.9W 

SSE' 
=  0.9372  SSE  +  0.125  S 

NW' 

=  NW  +  0.05  N  +  0.05  W 

s- 

=  0.75  S 

SSW =  0.9375  SiSW  + 0.125  S 

SW =  SW  +  0.0625  SSW  +  0.0625  WSW 

WSW =  0.9375  WSW +  0.125  W 

W =  0.75  W 

WNW' 
=  0.9375  WNW +  0.125  W 

NW' 
=  NW  +  0.0625  WNW  +  0.0625  NNW 

NNW' 
=  0.9375  NNW  +  0.125  N 



Figure  B.I  Different  types  of  wind  roses  for  Red  Deer. 
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Such  sector  roses  (Figure  B.l  d)  have  radius  lengths  proportional  to  the  square  root  of  the 
wind  frequency.  When  a  central  circle  is  desired  to  avoid  drafting  problems  or  to  show 

calms,  the  radius  length  is  proportional  to  c^  +  P  where  c  is  the  radius  of  the  central  circle 
and  f  is  the  frequency  to  be  represented  in  the  sector.  Smooth  curves  can  then  be  fitted 
empirically  or  analytically  to  provide  a  complete  description  of  the  wind  direction 
distribution. 

B.2  WIND  SPEED 

Wind  speeds  are  most  often  tabulated  as  frequency  of  occurrence  within 
various  speed  ranges  that  correspond  to  the  Beaufort  scale  (Table  B.3).  The  information 
for  a  number  of  Alberta  aviation  weather  stations  is  given  in  Hawrelak  et  al.  (1976). 

If  the  Weibull  distribution  is  used  for  the  cumulative  probability  of  wind 
speeds,  several  methods  are  available  to  estimate  the  Weibull  parameters  depending  upon 
which  wind  statistics  are  available  and  the  level  of  sophistication  desired  (Justus  et  al. 
1978).  Weibull  probability  graph  paper  (Figure  B.2)  is  designed  specifically  for  plotting 
wind  speed  distributions  and  estimating  the  Weibull  distribution  parameters  to  within  a 
few  percent  (Takle  and  Brown  1978). 

B.3  WIND  VECTOR  DATA  (SPEED  AND  DIRECTTON) 

The  bar  wind  rose  used  to  display  wind  direction  data  can  be  easily  modified 
to  incorporate  information  about  wind  speeds.  The  bar  representing  the  frequency  in  any 
given  direction  is  simply  divided  into  a  number  of  segments  with  each  segment 
proportional  in  lengdi  to  the  frequency  of  wind  speeds  in  some  arbitrary  range.  The 
segments  are  usually  dravm  with  different  widths  or  shadings  for  better  visual  separation 
(Figure  B.3). 

Such  combined  wind  roses  have  a  nimiber  of  shortcomings  (Patterson  and 
Benjamin  1975,  Graedel  1977,  Cmtcher  1957): 

1.  In  order  to  express  the  extreme  range  of  speeds,  data  must  be  compressed  so 
that  in  some  sectors  few  ranges  wUl  be  displayed. 

2.  Quantitative  information  caimot  be  read  without  recourse  to  a  length  scale. 
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Table  B .3     Beaufort  wind  speed  equivalents  (after  WMO  1972). 

Beaufort         Wind  Speed        Description  Observed  Effects 
number  at  10  m 

(km/h) 

<1 

1-5 6-11 
12-19 

20-28 

29-38 

39-49 

50-61 

62-74 
75-88 

89-102 

103-117 

>118 

Calm 

Light  air 
Light  breeze Gende  breeze 

Moderate  breeze 

Fresh  breeze 

Strong  breeze 

Near  gale 

Gale 

Strong  gale 

Storm 

Violent  storm 

Hurricane 

Calm;  smoke  rises vertically. 
Smoke  drifts  slowly. 
Wind  felt  on  face;  leaves  rustle. 
Leaves  and  small  twigs  in 
constant  motion;  wind  extends 
light  flag. 
Raises  dust  and  loose  paper; 
small  branches  are  moved. 
Small  trees  in  leaf  begin  to 
sway,  crested  wavelets  form  on inland  waters. 
Large  branches  in  motion; 
whistling  heard  in  telegraph 
wires;  umbrellas  used  with difficulty. 
Whole  trees  in  motion; 
inconvenience  felt  when 
walking  against  the  wind. 
Breaks  twigs  off  trees;  generally 
impedes  progress. 
Slight  structural  damage  occurs 
(chimney  pots  and  slates removed). 
Seldom  experienced  inland; 
trees  uprooted;  considerable 
structural  damage  occurs. 
Very  rarely  experienced; 
accompanied  by  widespread damage. 
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3.  The  eye  is  a  poor  judge  of  radial  distances  and  has  difficulty  comparing 
the  distributions  of  wind  speeds. 

4.  Interpolation  between  principal  directions  is  difficult  because  of  the 
divergence  of  the  bars. 

5.  The  important  features  of  time  sequences  are  difficult  to  discern, 

6.  The  number  of  compass  points  and  speed  classes  may  be  such  that  the 
user  cannot  readily  interpret  the  diagram  for  this  particular  application. 

7.  Polar  plots  are  tedious  to  prepare  by  hand  and  difficult  to  execute  on 
many  computer  graphics  systems. 

A  speed-direction  frequency  diagram  allows  the  identification  of  any  major 
wind  systems  and  provides  enough  detailed  information  so  that  the  controlling  physical 
mechanisms  may  be  postulated  (Patterson  and  Benjamin  1975).  To  construct  the  diagram 
the  wind  frequencies  are  tabulated  on  squared  paper.  Each  square  or  distribution  cell 
represents  a  certain  wind  direction  sector  and  speed  class  combination.  Smooth  isopleths 
of  frequency  are  then  drawn.  (Figure  B.4). 

The  "boxplot",  a  statistical  technique  for  the  simultaneous  presentation  of 
several  distributions  of  data,  can  also  be  used  (Graedel  1977).  Selected  characteristics  of 

the  speed  -  usually  the  highest  value,  upper  quartile,  median,  lower  quartile  and  lowest 
value  -  are  computed  and  plotted  as  a  function  of  direction  (Figure  B.5).  The 
discontinuity  at  North  is  overcome  by  duplicate  plotting  of  the  first  few  sectors.  The 
frequency  of  wind  flow  in  each  sector  is  indicated  by  a  figure  in  the  box.  Such  plots  give 
the  quantitative  details  of  the  wind  speed  distribution  in  each  sector  and  allow  inunediate 
detection  of  small  differences.  To  avoid  small  numbers  in  the  samples  for  some  sectors, 
the  plot  can  be  made  with  sector  centres  adjusted  so  that  sample  sizes  are  equal;  then  no 
numerical  frequency  information  has  to  be  added  to  the  display. 



Wind  Speed  (km/h) 



I  fall  If 

£ZZ±±1- 

-V- 

1 — ^ 

£ZOI— 

 d 

'  ̂  — 

\  I  i  r 

(M/uj>()  paads  pujM 



B-12 

The  standard  vector-deviation  wind  rose  represents  the  wind  distribution  by 
two  parameters  -  the  vector  mean  and  the  vector  standard  deviation  (Cratcher  1957).  For 
these  two  parameters  any  conventional  wind  rose  can  be  reconstructed.  The  standard 
vector  deviation  is  computed  by  means  of  the  equation 

av^  =  I  n 

where  ZV  *  is  the  sum  of  squares  of  individual  speeds  and  V^^g  ̂  is  the  square  of  the 
vector  mean  wind  speed.  The  first  step  in  producing  the  diagram  consists  of  plotting  the 
vector  mean  wind  with  the  origin  of  the  coordinate  system  as  the  head  of  the  vector.  With 
the  tail  of  the  vector  as  the  centre,  a  circle  is  drawn  with  radius  equal  to  the  standard 
vector  deviation.  The  area  encompassed  by  the  circle  contains  the  origin  of  63%  of  the 
distributed  winds.  Circles  corresponding  to  other  percentiles  can  also  be  drawn.  Their 
radius  is  calculated  as  the  product  of  Oy  and  the  value  obtained  from  Table  B.4.  For 
example,  a  radius  of  0.83  Oy  describes  a  circle  which  encloses  50%  of  the  winds.  The 
manner  of  extracting  information  from  such  a  diagram  is  illustrated  in  Figure  B.6. 

If  the  observed  winds  come  from  distincdy  different  regimes,  the  distribution 
may  not  be  circular.  An  elliptical  distribution  characterized  by  a  major  and  minor  axis, 
standard  vector  deviation  and  a  correlation  coefficient  may  be  more  appropriate.  In 
situations  where  the  wind  pattern  is  quite  distorted,  neither  diagram  will  adequately 
describe  the  data.  This  is  often  the  case  for  surface  winds.  The  standard  vector  deviation 

rose  is  probably  best  applied  to  upper  level  winds. 

The  polar  isopleth  diagram  (Bower  and  Sullivan  1981)  is  prepared  by  plotting 
the  frequency  of  ocaurence  of  winds  in  cells  defined  by  ranges  of  radial  and  angular 
components.  Lines  are  then  drawn  connecting  cells  of  equal  frequency  (Figure  B.7). 
Chemical  concentration  could  also  be  plotted  to  show  the  relationship  between  wind  and 
air  quality.  Wind  fabric  diagrams  (Davis  and  Ekem  1977)  use  a  stereogrj^hic  projection 
that  preserves  area. 
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Table  B.4     Normalized  radius  of  the  percentile  circle  in  standard  vector  deviation  rose 
(Crutcher  1957). 

Area  contained  in  circle  Radius/standard  vector  deviation 
(P)  (R/av) 

0.05 
0.22 

0.10 0.32 
0.15 0.40 

0.20 0.48 

0.25 
0.54 

0.30 0.59 

0.35 0.66 

0.40 0.72 
0.45 0.78 

0.50 0.83 

0.55 0.89 

0.60 0.96 

0.63 1.00 

0.70 1.10 

0.75 1.18 

0.80 1.27 

0.85 1.38 

0.90 1.52 

0.95 1.73 

0.99 2.15 



(o)  Vector  Mean  Wind  ond  Stondord  Vector  Deviation 
The  magnitude  of  the  vector  mean  wind  speed  is  shown  by  the  distance 

from  the  origin  to  the  centre  of  the  circle.  The  radius  of  the  circle  is  equal  to  one 
stondord  vector  deviation  and  encompasses  63%  of  oil  wind  vector  tails. 

(b)  Minimum  Wind  Speeds    The  magnitude 
of  tite  minimum  wind  speed  for  the  central 
63%  distribution  Is  shown  by  the  smollest 
distonce  from  the  compass  centre  to  the 
63%  distribution  circle. 

0r (c)  Maximum  Wind  Speeds  The  magnitude  of 
the  maximum  wind  speed  for  the  central 
63  %  distribution  to  shown  by  the  greatest 
distance  from  the  compass  centre  to  the 
63%  distribution  circle. 

(d)  More  than  63%  of  the  time  winds  will 
be  observed  to  hove  o  direction  from  that 
portion  of  the  compass  indicated  by  the 
shaded  sector  area. 

Figure  B.6  Schematic  illustration  as  to  how  to  extract  information  from 
graphical  presentation  of  circular  standard  vector  deviation 
wind  roses.  This  procedure  is  opplicable  to  elliptical  distributions. 
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Figure  B.7    Polar  isopleth  diagram,  Edmonton  International  airport 
Winter  1961-1967. 
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