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ABSTRACT 

A c l  i m a t i l o g i c a l  ana l ys i s  o f  r e g i o n a l l y  p o t e n t i a l l y  bad a i r  q u a l i t y  

days near Denver and Grand Junct ion,  Colorado has been prepared. These 

bad a i r  qua1 it;y days a re  de f i ned  as days which have a small volume o f  

atmosphere ave~i  1 a b l e  f o r  t h e  d i l u t i o n  o f  contaminants re leased w i t h i n  

t h e  region. The atmospheric volume i s  represented by t h e  product  of a 

s o l a r  m ix ing  h e i g h t  and average wind speed which leads t o  an h o u r l y  

s o l a r  m ix ing  area accumulated throughout  t h e  day t o  fo rm a dai  l y  s o l a r  

m i x i n g  area. So la r  m ix ing  h e i g h t  i s  c a l c u l a t e d  by a s imple 
I 

thermodynamic model us ing  a percentage o f  t h e  incoming s o l a r  energy ( a t  

t h e  t o p  o f  t h e  atmosphere) and t h e  morning rawinsonde temperature 

sounding. W i  rid speed i s  assumed t o  vary l o g a r i t h m i c a l l y  w i t h  hei  ght and 

i s  f i t t e d  t o  t h e  sur face  and 700 mb winds f rom t h e  morning sounding. 

The average o f  t h e  wind speed between t h e  sur face  and t h e  s o l a r  m ix ing  

h e i g h t  i s  mu1t: ipl ied by t ime  t o  g i v e  t h e  h o r i z o n t a l  movement. The 

h o r i z o n t a l  mo\rement t imes t h e  s o l a r  m ix ing  he igh t  g ives a s o l a r  m ix ing  

area. Th i s  va lue  of s o l a r  m ix ing  area i s  assumed t o  represent  t h e  

m i x i n g  volume a v a i l a b l e  f o r  t h e  d i spe rs ion  o f  r e g i o n a l l y  re leased a i r  
I 

po l  1 u t i  on. 1 

Twenty years  (1959-1978) o f  rawi  nsonde soundings f rom Grand 

Junc t i on  and Denver, Colorado were used t o  per fo rm t h e  c l imato logy .  

D i s tu rbed  days are de f i ned  t o  be good a i r  q u a l i t y  days and are 
I 

I 

determi ned separa te ly  f rom c l  ima to l  o g i  c a l  data. The r e s u l t s  are t h e  

average monthly frequency o f  p o t e n t i a l l y  bad a i r  p o l l u t i o n  days and t h e  

frequency and 

basis. 

l e n g t h  o f  p o t e n t i a l  a i r  p o l l u t i o n  episodes on a seasonal 



I n  t h e  Grand Junc t i on  region, t h e  g rea tes t  number o f  p o t e n t i a l l y  

bad a i r  pol1ut; ion days and episodes e x i s t s  i n  t h e  f a l l  and w i n t e r  

seasons, w i t h  very few p o t e n t i a l l y  bad days i n  t h e  s p r i n g  and summer. 

Episodes o f  t h r e e  days o r  l onge r  occurred i n  t h e  Grand Junc t i on  reg ion  

an average o f  l e s s  than one t i m e  per  s p r i n g  and summer season, n e a r l y  

f i v e  p e r  f a l l  season and nea r l y  seven per  w i n t e r  season. Thus, these 

t h r e e  day o r  l o n g e r  episodes averaged 12.4 episodes per  year. Very l o n g  

episodes o f  p o t e n t i a l l y  bad a i r  q u a l i t y  a re  p o s s i b l e  as i l l u s t r a t e d  by 

t h e  28 day episode o f  December 1976 and January 1977. 

By comparing t h e  western Colorado reg ion  around Grand Junc t i on  t o  

t h e  eas tern  Colorado reg ion  around Denver, a s im i  1 a r  seasonal p a t t e r n  

can be found between t h e  regions. However, t h e  Denver r e g i o n ' s  episodes 

o f  t h r e e  days o r  l onge r  averaged f o u r  per  f a l l  season and f i v e  per  

w i n t e r  season. Both t h e  number and d u r a t i o n  o f  p o t e n t i a l l y  bad a i r  

q u a l i t y  episodes i n  f a l l  and w i n t e r  are g rea te r  i n  t h e  area around Grand 

Junct ion. I 
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CHAPTER I 

INTRODUCTION 

The people o f  Colorado have a p a r t i c u l a r  awareness o f  and concern 

f o r  t h e  q u a l i t y  o f  t h e i r  a i r .  The scen ic  beauty o f  t h e  s ta te ,  which i s  

enhanced by t h e  b r i g h t  sunshine and c l e a r  d r y  a i r ,  has a t t r a c t e d  many 

people. Wi th t h e  i n c r e a s i n g  number o f  res iden ts  came more cars, 

i ndus t r y ,  and development t o  add t o  t h e  anthropogenic sources o f  a i r  

p o l l u t i o n .  Th i s  i s  o f  consequence because a brownish haze from an 

accumulat ion a f  p o l l u t a n t s  i s  much more n o t i c e a b l e  if it obscures t h e  

view o f  a snow-capped mountain. Also, t h e r e  i s  f e a r  t h a t  increased 

concent r a t i o n s  o f  po l  1 u t a n t s  w i  11 adversely  a f f e c t  vegeta t ion  and 

w i  1 d l  i f  e i n  wi 1 derness areas. 

I Because cevelopment i s  expected t o  inc rease i n  Colorado, it i s  

impor tan t  t o  know how suscep t i b le  var ious  reg ions  around t h e  s t a t e  are 

t o  bad a i r  p o l l u t i o n  episodes. The purpose o f  t h i s  study i s  t o  determine 

t h e  p o t e n t i a l  f o r  reg iona l  a i r  p o l l u t i o n  i n  t h e  areas surrounding Denver 

and Grand Junc t ion ,  Colorado and, more s p e c i f i c a l l y ,  what t ime  o f  yea r  

t h i s  p o t e n t i a l  e x i s t s  and how l o n g  it l a s t s .  

According1 t o  Boet tger ,  " a i r  po l  1 u t i o n  p o t e n t i a l  may be def ined, 

f rom t h e  meteo~ro log ica l  s tandpoint ,  as a se t  o f  weather cond i t i ons  

conducive t o  t h e  accumulat ion o f  a i r  p o l l u t a n t s  i n  t h e  atmosphere. 1n 

l ~ o e t t ~ e r ,  C. M., 1959: A i r  p o l l u t i o n  p o t e n t i a l  east  o f  t h e  Rocky 
Mountai ns--Fal l  1959. Un i ted  Sta tes  Weather Bureau Research S ta t i on ,  
D i v i s i o n  o f  A i r  P o l l u t i o n .  Un i ted  S ta tes  Department o f  Heal th ,  
Educat ion and Welfare, C inc inna t i ,  Ohio, p. 1. 



t h i s  paper, t h e  weather c o n d i t i o n s  which l e a d  t o  increased 

concen t ra t i ons  o f  a i r  p o l l u t a n t s  w i t h i n  a  reg ion  are considered t o  be 

those  c o n d i t i o n s  which a l l o w  m i x i n g  i n  on l y  a  smal l  volume o f  t h e  

atmosphere. Therefore, t h e  i n t e r e s t s  a re  i n  m ix ing  he igh t  f o r  a  

c o n s t r a i n t  on t h e  v e r t i c a l  dimension and wind speed f o r  an i n d i c a t i o n  o f  

t h e  h o r i z o n t a l  dimensions. A simp1 e  thermodynamic model i s  appl i e d  t o  

t h e  122 (0500 LST) rawinsonde sounding, f rom a  s i t e  w i t h i n  each region,  

t o  a r r i v e  a t  h o u r l y  m ix ing  heights.  Wind speeds a t  t h e  700 mb and 

su r face  l e v e l s  o f  these soundings are  employed i n  e s t i m a t i  ng h o r i  zon ta l  

t r anspo r t .  

It i s  impor tan t  t o  r e a l i z e  t h e  topography i n  t h e  regions be ing  

s tud ied ;  F i g u r e  1 g i ves  a  s imple topograph ic  map o f  Colorado. I n  t h e  

Denver region,  t h e  Rocky Mountains a re  a1 igned b a s i c a l l y  n o r t h  t o  south 

and r i s e  a b r u p t l y  j u s t  t o  t h e  west o f  t h e  c i t y  o f  Denver. The Palmer 

Ridge extends ou t  f rom t h e  main b a r r i e r  south of t h e  c i t y ,  which has an 

a l t i t u d e  o f  1Ei11 m, s l o p i n g  about f i v e  and a h a l f  meters per  k i l o m e t e r  

toward t h e  nor th.  The South P l a t t e  R i v e r  f lows down t h e  r i d g e  toward 

t h e  nor th -nor theas t  and then t u r n s  toward t h e  east  about 70 km no r th  o f  

Denver. The h i g h  p l a i n s  t o  t h e  east  of Denver s l ope  g e n t l y  toward t h e  

east. 

The reg ion  around Grand Junc t i on  i s  l o c a t e d  on t h e  western s ide  o f  

t h e  Rocky Mountains, s l i g h t l y  south of t h e  Denver region. The c i t y  o f  

Grand Junc t i on  1  i e s  i n  t h e  v a l l e y  o f  t h e  westward f l o w i n g  Colorado R i v e r  

where t h e  Gunr~ison R i v e r  j o i n s  t h e  Colorado. The t e r r a i n  r i s e s  t o  

he igh ts  o f  274.4 m t o  3659 m i n  a l l  d i r e c t i o n s  w i t h i n  97 km o f  t h e  c i t y  

( a t  1474 m above sea l e v e l  ). The peaks cont inue t o  inc rease i n  

e l e v a t i o n  t o  over 4269 m a t  t h e  c o n t i n e n t a l  d i v i de ,  200 km east  o f  Grana 

Junct ion.  



Figure 1. Topographic map of Colorado. From 
Chronic and Chronic (1972). 



CHAPTER I 1  

LITERATURE REVIEW 

By t h e  l a t e  19501s, work had begun t o  s tudy t h e  meteoro log ica l  

c o n d i t i o n s  which l ead  t o  bad a i r  q u a l i t y .  Boe t tge r  (1959) and Niemeyer 

(1960) were among t h e  f i r s t  t o  r e p o r t  on at tempts t o  f o r e c a s t  t h e  

p o t e n t i a l  f o r  a i r  p o l l u t i o n .  They both r e p o r t  on t h e  experiment i n  t h e  

autumns o f  1957, 1958, and 1959. By t h a t  t ime, wind speed and 

atmospheri c  s t a b i  1  i t y  were considered t h e  "p r imary  meteoro log ica l  

f a c t o r s  t h a t  determine t h e  d i l u t i o n  o f  a i r  pol  1  u t i o n  i n  t h e  lower 

atmosphere. "' Because small wind speeds and stab1 e  atmospheres were 

assoc ia ted  w i t h  quas i - s ta t i ona ry  an t icyc lones ,  t h e  c r i t e r i a  used t o  

f o r e c a s t  bad a i r  q u a l i t y  p o t e n t i a l  i nco rpo ra ted  t h e  c o n d i t i o n s  

assoc ia ted  w i t h  these ant icyc lones.  The c r i t e r i a  were: 
I 

1 )  su r face  winds l e s s  than 8  k t ,  i 

2 )  winds a t  no l e v e l  below t h e  500 mb l e v e l  g rea te r  than 25 k t ,  

3 )  subsidence below t h e  600 mb l e v e l ,  

4)  simu1taneou.s occurrence o f  t h e  above w i t h  t h e  fo recas t  

cont inuance o f  these c o n d i t i o n s  f o r  36 hours o r  more. 

They found t h a t  t h e  per iods  o f  h ighes t  concen t ra t i on  o f  p a r t i c u l a t e  

ma t te r  were, w i t h  a  few except ions, t h e  per iods  when t h e  c r i t e r i a  were 

met i n  t h e  eas tern  p a r t  o f  t n e  U n i t e d  States. I 

2~ iemeyer ,  L. E., 1960: Forecas t ing  a i r  p o l l u t i o n  p o t e n t i a l .  
Month ly  Weather Review, - 88, p. 88. 



A t  about t h e  same time, Korshover (1967) was s tudy ing  t h e  

c l i m a t o l o g y  o f  s tagna t i ng  an t i cyc lones  i n  t h e  eas tern  U n i t e d  States. He 

found t h e  g rea tes t  number o f  s tagna t i on  days i n  t h e  southeast, where t h e  

Bermuda H igh  has a  s t r o n g  in f luence.  S i m i l a r l y ,  Hos le r  (1961) 

i n v e s t i g a t e d  t h e  frequency o f  low l e v e l  i n v e r s i o n s  found i n  rawinsonde 

soundings throughout  t h e  U n i t e d  States. From h i s  s tudy o f  f o u r  years  o f  

i n v e r s i o n s  o r  i so thermal  l a y e r s  based below 500 ft, he concluded t h a t  

areas having a  h ighe r  frequency o f  r e l a t i v e l y  c l e a r  n i g h t s  and l i g h t  

winds were a l s o  areas w i t h  a  h ighe r  frequency o f  low l e v e l  invers ions .  

I n v e r s i o n s  were most common i n  t h e  Rocky Mountains and Appalachian 

Mountains, w i t h  some d i u r n a l l y  dependent i n v e r s i o n s  i n  t h e  c e n t r a l  

p la ins .  

Hol zworth (1962) extended t h e  f o r e c a s t i n g  o f  a i r  pol  1  u t i o n  

p o t e n t i a l  t o  t h e  western U n i t e d  States. He considered t h r e e  f a c t o r s  i n  

f o r e c a s t i n g  h i g h  pol  1  u t i o n  p o t e n t i a l  : 1 

1 )  a  q u a s i - s t a t i o n a r y  an t i cyc lone  w i t h  a  warm r i d g e  a l o f t ,  

2 )  sha1.l ow m i x i n g  depths determined f rom rawinsonde soundings, 

3 )  1  i ght  sur face  wind speeds. 

A f te rnoon m ix ing  depths were es t imated  as t h e  he igh t  where t h e  a d i a b a t i c  

l apse  r a t e  f rom t h e  observed maximum temperature i n t e r s e c t s  t h e  v e r t i c a l  

temperature p r o f i  1  e. I n  comparison w i t h  measurements o f  p a r t i c u l a t e  

ma te r i a l ,  t h e  fo recas ts  were somewhat successful .  However, t h e  e f f e c t s  

o f  i r r e g u l a r  t e r r a i n  c rea ted  problems i n  d e a l i n g  w i t h  t h e  l a r g e  area o f  

t h e  western U n i t e d  States. I n  a  l a t e r  study, Holzworth (1964) found 

v a r i a t i o n s  i n  mean monthly m ix ing  depths (and there fo re ,  p o t e n t i a l  f o r  

a i r  p o l l u t i o n )  among severa l  s i t e s  i n  t h e  southwestern U n i t e d  States. 

For  example, he d iscovered t h a t  B r o w n s v i l l e  and San Antonio, Texas have 



t h e i r  lowest  m ix ing  he igh ts  i n  t h e  w i n t e r  season w h i l e  t h e  southern 

coas t  o f  C a l i f o r n i a  experienced t h e  lowest  m ix ing  he igh ts  i n  t h e  summer 

and f a l l  seasons. 

Hol zworth (1971) con t inued t o  research m ix ing  he i  ghts  and wind 

speeds f o r  t h e  c o n t i n e n t a l  U n i t e d  States. He es t imated  an a d d i t i o n a l  

morning m ix ing  h e i g h t  t o  be t h e  he igh t  where t h e  a d i a b a t i c  lapse  r a t e  

from t h e  122 minimum temperature p l u s  f i v e  degrees i n t e r s e c t s  t h e  
1 

v e r t i c a l  temperature p r o f i l e  of t h e  122 sounding. He found t h a t  ~ 
episodes o f  severa l  days w i t h  low m i x i n g  he igh ts  and wind speeds are 

most common i n  t h e  west. 

M i l l  e r  (1967) a l s o  proposed t o  f o r e c a s t  a i r  pol  1  u t i o n  p o t e n t i a l  

u s i n g  p r e d i c t e d  wind speed and m ix ing  height .  M i x i n g  he igh t  was 

es t imated  f rom a  regress ion  curve based on p r e d i c t e d  sur face  

temperatures and v i r t u a l  temperatures a t  1000 mb, 550 mb, and 500 mb. 

By t h e  l a t e  19601s, a  n a t i o n a l  program f o r  f o r e c a s t i n g  bad a i r  

q u a l i t y  days had been es tab l i shed  (Stackpole, 1967; Gross, 1970; U. S. 

Envi  ronmental P r o t e c t i o n  Agency, 1971). The Na t i ona l  Meteor01 o g i c a l  

Center considered var ious  c r i t e r i a  be fo re  i s s u i n g  an a i  r pol  1  u t i  on 

p o t e n t i a l  adv isory  f o r  an area o f  t h e  country.  These c r i t e r i a  inc luded:  

1 )  morning urban m ix ing  depth no g r e a t e r  than  500 m, and t h e  

observed wind speed averaged through t h i s  depth no g r e a t e l  than  

2) t h e  numerical  product  o f  t h e  a f te rnoon m ix ing  depth and fo recas t  

average wind speed through t h i s  depth l e s s  than o r  equal t o  6000 

2  m I s ,  w i t h  f o r e c a s t  average wind no t  t o  exceed 4 m/s, , 
3 )  30-hour f o r e c a s t  meets t h e  above c r i t e r i a ,  



4)  observed ( a t  122) f o r e c a s t s  o f  500 mb r e l a t i v e  v o r t i c i t i e s  no t  

t o  exceed 0.25*10-~ sec-' f o r  36 hours, 

5)  f o r e c a s t  changes o f  v o r t i c i t y  should be l e s s  than 0.3*10m4 sec - I  

f o r  36 hours, 

6 )  a f f e c t e d  area a t  1  eas t  4  degrees 1  a t  i t ude -1  ong i tude square, 

7 )  no s i g n i f i c a n t  f r o n t a l  passages o r  p r e c i p i t a t i o n  observed o r  

f o recas ted  i n  t h e  nex t  36 hours, 

8 )  su r face  winds i n  t h e  area average no more than 5  k t  and no more 

t h a n  t h r e e  i n d i v i d u a l  wind speeds t o  exceed 8 k t  i n  24 hours. 

The m ix ing  depths were determined i n  t h e  manner de f i ned  by Hol zworth and 

t h e  c r i t e r i a  were purposely  made somewhat r i g i d  because Na t i ona l  A i r  

Pol l u t i  on P o t e n t i a l  Adv i so r i es  were i nc luded  i n  t h e  t e l e t y p e  fo recas ts  

t o  t h e  pub l i c .  They a l s o  found t h e  most occurrences of p o t e n t i a l l y  bad 

a i r  q u a l i t y  days i n  t h e  southeastern and western U n i t e d  States. 

I n  a  more recent  study, Bent ley  and Schulman (1979) proposed a  

m o d i f i c a t i o n  t o  Ho lzwor th 's  m ix ing  heights.  They suggested t h a t  t h e  

su r face  maximum temperature used t o  f i n d  m ix ing  h e i g h t  be changed t o  

r e f l e c t  any temperature changes which occur  a t  t h e  700 mb l e v e l  between 

t h e  morning and a f te rnoon soundings. They a l s o  swi tched t o  a  noc turna l  

regime, where t h e  m ix ing  depth i s  dependent on sur face  wind speed and 

roughness, once t h e  temperature f a l l s  by 25 percent  o f  t h e  daytime 

temperature range. 

W i lbu r  and Chan (1980) s t u d i e d  h igh  s u l f u r  oxides p o l l u t i o n  i n  

C a l i f o r n i a ' s  San Joaquin Va l ley .  They found t h a t  most episodes occurred 

a f t e r  t h e  passage of a  c o l d  f r o n t  f o l l o w e d  by a  weak bas in  h igh  east o f  

C a l i f o r n i a ,  w i t h  weak sur face  gradients.  Th i s  and l i g h t  and v a r i a b l e  

winds a t  n i g h t  o r  l e s s  than 5  k t  d u r i n g  t h e  day  caused cold, u s u a l l y  



moist,  a i r  t o  be t rapped i n  t h e  v a l l e y  by a  subsidence invers ion .  Low 

v i s i b i l i t y  resu l ted .  

Doty (1977) rev iewed var ious  methods o f  assessing a i r  q u a l i t y  

p o t e n t i  a1 as they  appl i e d  t o  concent ra t ions  o f  suspended p a r t i c u l a t e  

m a t t e r  i n  t h e  San Antonio, Texas area. He found t h a t  t h e  S t a b i l i t y  

Ar ray  (STAR) adapted by Turner  (1961), whi ch est imates atmospheri c  

s t a b i  1  i t y  f rom meteor01 o g i  c a l  observat ions,  was capable o f  de termin ing  

a i r  p o l l u t i o n  p o t e n t i a l  bu t  it p r e d i c t e d  t o o  many n e u t r a l  days. He a l s o  

found t h a t  c a l c u l a t e d  m ix ing  he igh t ,  i n  t h e  method suggested by 

Holzworth, worked w e l l  and t h e  p r e d i c t e d  v e n t i l a t i o n  ( t h e  product  o f  t h e  

a f t e rnoon  m ix ing  he igh t  and wind speed) a l s o  d i d  we l l .  I n  comparing 

i n v e r s i o n s  t o  measured a i r  qua1 i t y ,  he found t h a t  no t  j u s t  t h e  presence 

o f  i n v e r s i o n s  bu t  t h e  he igh t  of t h e i r  base was important.  

Doty (1983) a l s o  g ives a  d e s c r i p t i o n  o f  severa l  o f  t h e  procedures 

t o  p r e d i c t  a i r  p o l l u t i o n  p o t e n t i a l  c u r r e n t l y  used by t h e  Na t i ona l  

C l  imate Center. These i n c l  ude STAR, m i x i n g  he i  gh t  , and i n v e r s i o n  

studies.  1 
I n  Colorado, t h e  people o f  m e t r o p o l i t a n  Denver began t o  n o t i c e  an 

i n c r e a s i n g  degradat ion o f  v i s i b i l i t y  due t o  a i r  p o l l u t i o n  and s tud ies  

were begun t o  f i n d  t h e  causes i n  t h e  l a t e  1960's. D j o r d j e v i c ,  et. al .  

(1966) were among t h e  f i r s t  t o  r e p o r t  on t h e i r  r esu l t s .  They found t h a t  

c o e f f i c i e n t  o f  haze p o l l u t i o n  per iods  were r e l a t e d  t o  low wind speeds 

e s p e c i a l l y  i n  connect ion w i t h  invers ions .  R i e h l  and Herko f  (1972) found 

t h a t  day t o  day and d i u r n a l  v a r i a t i o n s  o f  m ix ing  he igh t  and wind speed 

helped e x p l a i n  t h e  v a r i a t i o n s  i n  t h e  observed c o e f f i c i e n t  o f  haze. They 

a l s o  d iscovered t h a t  t h e  p o l l u t a n t s  tended t o  f o l l o w  t h e  dra inage wind 



down the S o u t h  Platte River valley at night and moved up the valley with 

the upslope winds during the day. Crow (1976) reported similar results. 

Haagenson (1979) employed carbon monoxide measurements in Denver t o  

study the meteorological factors which affect a i r  quality there. He 

reported the influence of topography, as manifested in the up- and down- 

valley winds along the South Platte River, on these factors. He 

concluded that mixing depth and ventilation by the wind are the 

important factors affecting a i r  quality in Denver, along with the 

stabil i ty above the adiabatic depth. 

More recently and on a larger scale, Nochumson (1983) has adapted a 

regional pollution transport model t o  the four corners region of the 

southwestern United States. Concentrations of pol 1 utants from present 

and future sources within and outside the region were modeled. He 

reported that the study region presently had excel1 ent a i r  qua1 i ty  b u t  

was sensitive t o  deposition and advecti ve transport of pol 1 utants from 

future sources including a substantial contribution from sources outside 

the region. 



CHAPTER I11 

DESCRIPTION OF THE METHOD 

Previous s tud ies  have descr ibed a i r  po l  1  u t i o n  p o t e n t i a l  as t h e  

meteoro log ica l  c o n d i t i o n s  which l e a d  t o  t h e  accumulat ion o f  a i r  

po l  1  u tan ts .  I f  t h e  meteor01 o g i  c a l  c o n d i t i o n s  c rea te  a  g rea te r  vol  ume o f  

atmosphere avai  1  abl  e  f o r  t h e  d i spe rs ion  o f  pol  1  u t a n t s  , t h e  pol  1  u t a n t  

concent ra t ions  w i l l  be sma l l e r  and t h e  p o l l u t a n t s  w i l l  be l e s s  l i k e l y  t o  

accumulate and have a  harmful  e f f e c t  on t h e  reg ion  i n  which they  are 

released. For  t h e  purposes o f  t h i s  study, p o t e n t i a l l y  bad a i r  q u a l i t y  

days w i l l  be de f i ned  as days which have a  smal l  atmospheric vol  ume 

a v a i l a b l e  f o r  mixing. , Th i s  volume i s  determined f rom m ix ing  he igh t  and 

h o r i z o n t a l  t r a n s p o r t  by t h e  wind. Both o f  these meteoro log ica l  f a c t o r s  

have been proven t o  be impor tan t  i n  pas t  s tudies.  However, they  have 

n o t  been combined t o  l e a d  t o  an i n t e g r a t e d  measure o f  atmospheric volume 

s ince  o n l y  one per  day values have been obtained. A method i s  needed 

which w i l l  account f o r  t h e  a v a i l a b l e  atmospheric volume as a  f u n c t i o n  o f  

t i m e  through t h e  day. The method developed i n  t h i s  sec t i on  w i l l  

i n c o r p o r a t e  an h o u r l y  measure o f  atmospheric vo l  u i e  which w i  11 be ' 

accumulated through t h e  day t o  descr ibe  t h e  reg iona l  p o t e n t i a l  f o r  

po l  1  u t i  on. 

The atmospheric volume ava i ' lab le  f o r  m ix ing  i s  de f i ned  as a  s o l a r  

m i x i n g  area which i s  t h e  i n t e g r a t e d  product  o f  t h e  s o l a r  m ix ing  he igh t  

and h o r i z o n t a l  t r a n s p o r t  by t h e  wind, 



t 
A = z H ( ~ ) v ( H , ~ )  d t .  

to 

The s o l a r  m i x i n g  he igh t  i s  de f i ned  here as an es t imate  of t h e  he igh t  t o  

which v igorous m ix ing  occurs, ob ta ined by a p p l y i n g  a  percentage o f  t h e  

s o l a r  r a d i a t i o n  energy t o  t h e  temperature p r o f i l e .  H ( t )  i s  t h e  s o l a r  

m i x i n g  h e i g h t  which i s  a  f u n c t i o n  o f  t i m e  and V(H,t)dt  i s  t h e  h o r i z o n t a l  

t r a n s p o r t  by t h e  wind which i s  a  f u n c t i o n  o f  s o l a r  m ix ing  he igh t  and 

time. 

A  s imp le  i l l u s t r a t i o n  o f  t h i s  idea  i s  g iven i n  F igu re  2. F igu re  2a 

shows an i d e a l i z e d  temperature p r o f i l e  i n  t h e  e a r l y  morning. An 

i ncrement o f  energy i s  used t o  heat t h e  a i r  near t h e  sur face  u n t i  1  t h e  

l apse  r a t e  becomes adiabat ic ,  The depth o f  t h e  a d i a b a t i c  l a y e r  g ives 

t h e  s o l a r  m i x i n g  h e i g h t  H( t ) .  F i g u r e  2b g ives a  l o g a r i t h m i c  p r o f i l e  o f  

w ind  speed. The average o f  t h e  wind speed f rom t h e  sur face  t o  t h e  s o l a r  

m i x i n g  h e i g h t  g ives  V(H,t). From H ( t )  and V(H,t), t h e  s o l a r  m ix ing  area 

can be found. 

A conse rva t i ve  es t imate  o f  t h e  number o f  p o t e n t i a l l y  bad a i r  

q u a l i t y  days i s  desired. Therefore, t h i r t y  percent  o f  t h e  incoming 

s o l a r  r a d i a t i o n  a t  t h e  t o p  o f  t h e  atmosphere i s  assumed as t h e  amount o f  

energy used t o  heat  t h e  lowest  l a y e r s  of t h e  atmosphere. I n  some cases, 

t h i s  i s  an overes t imate  o f  t h e  ac tua l  energy ava i l ab le .  Clouds, 

increased a1 bedo due t o  snow cover, and mois tu re  avai lab1  e  f o r  

evapora t ion  cou ld  a l l  reduce t h e  energy which i s  a c t u a l l y  used t o  heat 

t h e  boundary layer .  I n  these cases, t h e  method ove rp red i c t s  s o l a r  

m i x i n g  he igh ts  and s o l a r  m ix ing  areas. As a  r e s u l t ,  t h e  method g ives a  

conse rva t i ve  e v a l u a t i o n  o f  t h e  number o f  p o t e n t i a l l y  bad a i  r qua1 i t y  

days. 
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a)  Potential Temperature Profile b 1 Wind Speed Profile 

Figure 2.  Ideal ized potential temperature ( a )  and wind 
speed (b) profile. I 



A. Solar Mixing Height 

Determining an exact afternoon mixing height (the height t o  which 

vigorous mi xi ng occurs) by inspecti on of temperature soundings can often 

prove t o  be difficult  and quite subjective (Russell and Uthe, 1978). 

Also, rawinsonde soundings are only taken twice daily, and hourly values 

of mixing height would have t o  be interpolated. 

Consequently, an approach is taken in which the hourly solar mixing 

height (SMH) i s  estimated through the use of a simple model. For this 

study, the First Law of Thermodynamics is  applied t o  the morning 

rawinsonde temperature profile in a manner similar t o  the one used in 

Whiteman's (1980) thermodynamic model of vall ey inversion destruction. 

The First L a w  of Thermodynamics can be written as 

Q = m c T/8 A8 = pVc T/8 A 0  , 
P P 

where Q i s  the increment of energy required t o  increase the potential 

temperature of a mass m by the potential temperature increment ~ 0 .  T i s  

temperature, c i s  the specific heat of a i r  at constant pressure, and V 
P 

i s  a volume of air. The a i r  density p i s  assumed constant within each 

of the layers between recorded temperatures in the soundings. To assure 

the validity of this assumption, 1 ayers were maintained at thicknesses 

of 1000 m or less. If temperature is recorded at levels more than 1000 

m apart, a new point was introduced in the sounding 1000 m above the 

lower level and temperature for the new point was linearly interpolated 

between the levels. 

Figure 3 shows a typical potential temperature profile a t  some time 

af ter  sunrise. Figure 3 is  applied t o  the potential temperature profile 

by considering a set of areas which represent Q l ,  Q2, and Qg. Q2 i s  the 



Figure 3 .  Typical potential temperature profi 1 e. 



increment of energy required t o  heat the a i r  below the new solar mixing 

height H ( t ) n e w  t o  the potential temperature at that new SMH. Thus, the 

new temperature profile i s  adiabatic from the surface to  the new SMH and 

remains the same above the new SMH. Q2 i s  found from the difference of 

Q3 and Q1. Q3 i s  the increment of energy required t o  heat the air  below 

the new SMH t o  the potential temperature at H ( t ) n e w  when the temperature 

lapse rate between H ( t ) o l d  and H ( t ) n e w  i s  extended down t o  the surface. 

Ql i s  the increment of energy required t o  heat the ai r below the 01 d SMH 

t o  the potential temperature at H ( t ) o l d  when the temperature lapse rate 

between H ( t l o l d  and H ( t l n e w  i s  extended down t o  the surface. In solving 

for Q3 and Q1, the temperature lapse rate y between H ( t ) o l d  and ~ ( t ) ~ ~ ~  

i s  assumed constant so the potential temperature at a height z ( H ( t ) n e w  

can be written as 

and 

Thus, 

If the temperature profile is  assumed t o  be regionall; homogeneous, 

equation ( 5 )  can be integrated t o  give the amount of energy per surface 

area needed t o  heat the a i r  below H ( t ) n e w  t o  the potential temperature 

at  H ( t ) , ,  i f  the temperature lapse rate between H ( t ) n e w  and H ( t ) o l d  

extends down t o  the surface, 



In the same way, Q1/A can written as 

Since 

the actual energy per surface area needed t o  heat the a i r  below H ( t ) n e w  

t o  the potential temperature at H ( t ) n e w  i s  the difference between 

equation (6)  and equation ( 7 ) ,  

If the energy ( Q 2 / A )  i s  known, a new SMH can be found from 

The analytical solution of equation (9)  given by equation (10) i s  

derived by assuming that the value of pc T/B in the layer from H ( t ) o l d  
P 

t o  H ( t ) n e w  i s  constant and equal t o  the average pc T/B for that layer. 
P 

Also, this same value of pc T I 8  i s  assumed t o  be constant down t o  the 
P 

surface in equation (9 ) .  This second assumption could mean t h a t  the SMH 

i s  overestimated by about ten percent. However, this second assumpt i on 

has the greatest effect on large SMHs and l i t t l e  effect on the small 

SMHs which help t o  produce a potentially bad air  qua1 i ty  day. 

I n p u t  energy ( Q 2 / A )  for calculating SMH in the semiarid regions of. 

Colorado i s  assumed t o  be thirty percent of the incoming solar radiation 



a t  t h e  t op  o f  t he  atmosphere. Hourly values o f  e x t r a t e r r e s t r i a l  

r a d i a t i o n  were ca lcu la ted  us ing a  computer program described by Conley 

and McKee (1983). 

By c a l c u l a t i n g  a  SMH i n  t h i s  manner, invers ions,  t h e i r  s t rength  and 

t h e i r  thickness, and t h e  general s t a b i l i t y  o f  t he  atmosphere are taken 

i n t  o  account. 

B. Hor izonta l  Transport 

To est imate hor i zon ta l  t ranspor t  V(H,t)dt, 700 mb and surface 

(measured a t  a  he ight  o f  20 ft at  Denver and 22 ft at  Grand Junct ion) 

wind speeds are used w i t h  a  simple logar i thmic  va r i a t i on  assumed through 

these two points. 

Hol ton  (1979) describes the logar i thmic  wind p r o f i l e  w i t h i n  the  

surface l a y e r  as 

where k  i s  t h e  von Karman constant and zo i s  the  roughness length, a  

constant o f  i n t eg ra t i on  so t h a t  u=O a t  z=zo. The f r i c t i o n  v e l o c i t y  u, 

i s  def ined t o  be the  square r oo t  o f  the  surface s t ress d iv ided  by the 

dens i t y  o f  a i  r. 

This r e l a t i onsh ip  holds t r u e  only through the surface layer  and i s  

not  intended t o  represent the  wind p r o f i l e  t o  depths as great as the 

SMH. However, i n  order t o  describe t he  wind p r o f i l e  through the  SMH, an 

analogy t o  t he  logar i thmic  wind p r o f i l e  o f  the  surface l aye r  i s  used. 

Thus, i n  t h i s  study, the  wind speed a t  a  he ight  z i s  represented by 



where 

The subsc r i p t s  700 and s f c  r e f e r  t o  t h e  700 mb and sur face  l e v e l s  

respec t i ve l y .  The roughness l e n g t h  zo i s  chosen t o  be 0.4 m and t h e  von 

Karman cons tan t  k equal t o  0.4. 

Fo r  each t ime  step, t h e  average wind speed f rom t h e  sur face  t o  t h e  

m i x i n g  h e i g h t  was used. The average wind speed can be expressed by 
I 

To ge t  a  t r a n s p o r t  d i s tance  o f  p o l l u t a n t s  by t h e  wind, t h e  mean wind 

speed i s  m u l t i p l i e d  by t h e  t i m e  increment and i s  w r i t t e n  

There were some r e s t r i c t i o n s  p laced on t h e  wind ca l cu la t i ons .  For 

instance,  a  minimum wind speed o f  2 m/s was imposed a t  both t h e  700 mb 

and su r face  he igh ts  i n  o rder  t o  a l l o w  f o r  t h e  v a l l e y  and s lope f l ows  

which are 1  i k e l y  t o  occur i n  t h e  mountainous reg ions  of Colorado. A1 so, 

t h e r e  a re  t imes when t h e  sur face  wind speed i s  g rea te r  than  t h e  700 rnb 

wind speed so, i n  these cases, t h e  wind speed i s  kep t  cons tan t  w i t h  

h e i g h t  above 700 mb t o  prevent  a r t i f i c i a l l y  small values a t  those 

h e i  ghts. 

I 



C. Sol a r  Mi x i  ng Area 
. I 

Hourly va lues  o f  s o l a r  mixing h e i g h t  from equa t ion  (10)  and 

h o r i z o n t a l  t r a n s p o r t  by t h e  wind from equa t ion  (14) a r e  m u l t i p l i e d  t o  

g i v e  an hour ly  s o l a r  mixing a r e a  (SMA). Th i s  SMA r e p r e s e n t s  t h e  volume 

o f  atmosphere which is a v a i l a b l e  du r ing  t h e  hour  f o r  t h e  d i l u t i o n  of a i r  

p o l l u t a n t s  r e l e a s e d  w i t h i n  t h e  region. Summing t h e  SMAs u n t i l  sunse t  

r e p r e s e n t s  t h e  dai  l y  a tmospher ic  vol ume ava i  1 abl e f o r  t h e  d i  1 u t i o n  of 
I 

p o l l u t a n t s .  Thus, days with  small c a l c u l a t e d  S M s  a r e  de f ined  a s  
I 

p o s s i b l e  bad a i  r qua1 i t y  days. I 
( 
I 

C a l c u l a t i o n s  of  SMAs f o r  t h e  Grand J u n c t i o n  and Denver r eg ions  f o r  

October ,  1980 were compared t o  s y n o p t i c  maps. Days when t h e  s y n o p t i c  

p a t t e r n  shows t h e  i n f l u e n c e  of high p r e s s u r e  a t  t h e  su r f ace  with  a r i d g e  

o f  high p r e s s u r e  a l o f t  and low wind speeds a r e  t y p i c a l l y  found t o  be 

days  wi th  small  SMAs. However, t h i s  method is not c apab l e  o f  

de t e rmin ing  p r e c i p i t a t i o n  and d i s t u r b a n c e s  which occur  a f t e r  t h e  morning 

sounding and he1 p c l  e anse  t h e  a i  r of  pol 1 u t a n t s .  Consequently,  

thunders torm and measurabl e p r e c i p i t a t i o n  days a r e  determined s e p a r a t e l y  

from c l i m a t e  r eco rds  and assumed t o  be good days f o r  t h i s  s tudy.  



CHAPTER IV 

APPLICATIONS FOR COLORADO 

Because of the concern with a i r  quality in Colorado and the 

probable development there, the method described in the previous chapter 

has been applied t o  the regions surrounding Grand Junction and Denver, 

Colorado. The Grand Junction region was chosen because that area of 

western Colorado i s  likely t o  experience growth in the future in energy 

development and mining. Along with these, an increase in population is  

expected. A t  the same time, the Denver region was chosen so that a 

comparison could be made between regions on the west and east sides of 

the continental divide. ~ 
Rawinsonde soundings for the years 1957-1978 were available on a 

magnetic tape at the Colorado Climate Center. However, prior t o  1959, 

rawinsonde soundings were recorded at 032 and 152. For this study only 

the 122 (0500 LST) soundings after 1958 were used. To conserve f i l e  

space on the computer, only the lower levels of the sounding, below 500 

mb, were utilized. Thus the 500 mb level height imposes an upper limit 

on the SMH calculation. This is  based on the assumption that if a SMH 

reaches the 500 mb level, the area calculated is  already large enough t o  

qualify the day as a good a i r  quality day and any extension of the 

mixing height beyond the 500 mb level would be unnecessary. 
8 2 

I f  the daily value of the SMA was below the threshold of 3*10 m , 

the day was labeled as a potentially bad a i r  quality day for this 

current study. This threshold value is  consistent with one of the 



c r i t e r i a  used i n  t h e  Na t i ona l  A i r  Pol 1 u t i o n  P o t e n t i a l  Adv isor ies .  The 

a f te rnoon v e n t i  1 a t  i on (wind speed t imes t h e  m ix ing  h e i g h t )  requirement 

2 
o f  l e s s  than 6000 m /s used by t h e  N a t i o n a l  Me teo ro log i ca l  Center f o r  

i s s u i n g  Na t i ona l  A i r  Pol 1 u t i o n  P o t e n t i a l  Adv i so r i es  (Gross, 1970), i f  
8 2 

m u l t i p l  i e d  t imes 14 hours, approx imate ly  y i e l d s  an area o f  3*10 m . 
I 

$or  i l l u s t r a t i v e  purposes, those days w i t h  a SMA c a l c u l a t i o n  between 

8 2 8 2 
3*10 m and 6*10 m were c a l l e d  marginal. Days w i t h  an SMA g r e a t e r  

8 2 
t han  6*10 m were c a l l e d  p o t e n t i a l l y  good a i r  qua1 i t y  days. 

I 
A t  t h e  same time, days w i t h  weather d is turbances were determined 

sepa ra te l y  f rom t h e  Loca l  C l  ima to l  o g i  c a l  Data (1959-1978) f o r  Denver and 

Grand Junct ion.  Days which showed no reco rd  o f  thunderstorms o r  

measurabl e p r e c i p i t a t i o n  were d e f i  ned t o  be und is tu rbed days. 

Und is tu rbed days which a l s o  show no reco rd  o f  t r a c e  p r e c i p i t a t i o n  were 
I 

d e f i n e d  as n o n - p r e c i p i t a t i o n  days. 

A. The Frequency o f  P o t e n t i a l l y  Bad A i r  Qua1 i t y  Days 

F i  gures 4-11 show seasonal f requency d i s t r i  b u t i  ons o f  t h e  

c a l c u l a t e d  SMH, average wind speed through t h e  mixed l aye r ,  and t h e  

t o t a l  c a l c u l a t e d  SMA reached by sunset. The 500 mb he igh t  l i m i t  

prevents any o f  t h e  SMHs f rom ex tend ing  above 4500 m and enhances t h e  

peak between 4000 m and 4500 m i n  t h e  summer. The seasonal change i n  

SMHs i s  q u i t e  obvious w i t h  g rea te r  f requenc ies  o f  h ighe r  SMHs i n  summer 

and g rea te r  f requenc ies  o f  lower  SMHs i n  t h e  w i n t e r  months when s o l a r  

i n s o l a t i o n  i s  a t  a minimum. 

1 F i g u r e  4a g ives  t h e  frequency d i s t r i b u t i o n  o f  s p r i n g  SMHs a t  Grand 

Junct ion. The peak frequency i s  a t  he igh ts  2500 m t o  3000 m. There are 

365 days i n  t h e  4000 m t o  4500 m range w h i l e  none o f  t h e  f i n a l  d a i l y  
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Grand Junction 

a )  Final Daily Solar 
Mixing Height ( m 

Summer 

b) Final Average Wind 
Speed ( m/s 

Figure 5. Frequency distributions o f  final daily mixing height (a), 

l 
and final average wind speed (b) for the Grand Junction 
region for the months o f  June, July and August. 



Grand Junction Summer 

c)  Final Daily Sum of Solar Mixing 
Areas ( 10' m2 1 

Figure 5 continued. Frequency distribution of final daily sum 
of solar mixing areas (c) for the Grand 
Junction area for the months of June, 
July, and August. 



a1 Final Daily Solar 
Mixing Height ( rn) 

Grand Junction Fal l 

b) Final Average Wind 
Speed (rn/s 

C)  Final Daily Sum of Solar Mixing 
Areas ( l o 8  m 2 )  

F igure  6. Same as F i g u r e  4 but  f o r  t h e  months o f  September, October,  and November. 



J -- Grand Junction Winter 

a) Final Daily Solar b) Final Average Wind c) Final Daily Sum of Solar Mixing 
Mixing He~ght ( m) Speed (m/s ) Areas (loe m21 

Figure 7. Same as Figure 4 but f o r  the months of December, January, and February. 
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01 Final Daily Solar 

Mixing Height ( m )  
b) Final Average Wind 

Speed (m/s 
C) Final Daily Sum of Solar Mixing 

Areas ( l o 8  m 2 )  

Figure 8. Frequency d i s t r i b u t i o n s  o f  f i n a l  d a i l y  solar  mixing height ( a ) ,  f i n a l  average 
wind speed ( b ) ,  and f i n a l  d a i l y  sums o f  solar  mixing areas (c )  f o r  the  Denver 
region f o r  the months o f  March, A p r i l ,  and May. 



.~snfjny pup ' d ~ n p  'aunp 40 sqquow aqq JOJ qnq 8 a ~ n 6 r j  se alues - 6  a . r r - 1 6 ~ ~ ~  



I 
I 
/ . - - - - - - - - - - - Denver Fall 

a) Final Doily Solar b) Final Average Wind c) Final Daily Sum of Solar Mixing 
Mixing Height ( m )  Speed (m/s Areas (loe m 2 )  

Figure 10. Same as Figure 8 but for the  months o f  September, October, and November. 





AMHs are  below 1000 m. An extreme peak i n  frequency (839 days) i s  found 

i n  summer (F igu re  5a) f o r  t h e  4000 m t o  4500 m category w h i l e  a1 1 o f  t h e  

SMHs reach a t  l e a s t  1500 m by t h e  end o f  t h e  day. The autumn (F igure  

6a) peak again f a l l s  t o  t h e  1500 m t o  2000 m range and on l y  80 days 

reach SMHs of 4000 m o r  more. I n  w i n t e r  (F igure  7a), t h e  g rea tes t  

number o f  d a i l y  SMHs (532) f a l l  i n t o  t h e  1000 m t o  1500 m category and 

o n l y  one day reaches more than 4000 m. SMHs f rom 500 m t o  1000 m occur 

on 467 days, yet on l y  s i x  days have SMHs l e s s  than 500 m deep. 

I n  F i g u r e  8a, s p r i n g  SMHs a t  Denver show a peak between 2500 m and 

3000 m w h i l e  152 days reach over 4000 m and o n l y  one was below 500 m. 

SMHs g e n e r a l l y  inc rease i n  t h e  summer (F igu re  9a) w i t h  t h e  peak 

frequency occur . r ing i n  t h e  4000 m t o  4500 m category. Autumn SF4Hs 

(F igu re  10a) f a l l  again t o  l e v e l s  even lower  than t h e  s p r i n g  SMHs. The 

g r e a t e s t  number o f  days i n  t h i s  season have SMHs 1500 m t o  2000 m h igh  

and o n l y  44 days a re  over  4000 m. By w i n t e r  (F igu re  l l a ) ,  none o f  t h e  

SMHs reach 4000 m and 20 a re  below 500 m. The peak i s  f rom 1500 m t o  

2000 m b u t  almost as many days have SMHs f rom 1000 m t o  1500 m deep. 

Comparing between t h e  two regions,  i t  can be seen t h a t  h igher  SMHs 

a r e  more f requent  i n  western Colorado, except i n  w i n t e r  when t h e  SMHs 

t e n d  t o  be h ighe r  i n  t h e  eastern region. The lower SMHs i n  w i n t e r  imp ly  

a t y p i c a l l y  more s t a b l e  temperature p r o f i l e  than Denver d u r i n g  these 

months. The g rea te r  frequency o f  more s t a b l e  p r o f i l e s  i s  i n  agreement 

w i t h  some o f  Hc lzwor th  and F i s h e r ' s  (1979) f i nd ings .  They present a 

g r e a t e r  percentage of days w i t h  sur face  based i nve rs ions  and, i n  

p a r t i c u l a r ,  a ~ r e a t e r  frequency o f  deeper i n v e r s i o n s  (500 m o r  more) i n  

t h e  w i n t e r  season i n  Grand Junc t i on  as compared t o  Denver. Th is  

phenomenon i s  probably  due t o  t h e  d i f f e r e n c e s  i n  t e r r a i n  between t h e  two 



I 
r eg ions  and t h e  o r i e n t a t i o n  o f  t h e  t e r r a i n  t o  t h e  mean wes te r l y  f low. 

The n i g h t t i m e  c3ol  a i r  near Grand Junc t i on  i s  more l i k e l y  t o  pool w h i l e  

t h e  w e s t e r l i e s  f l o w  over t h e  top, i n s t e a d  o f  d r a i n i n g  t o  t h e  west. A t  

t h e  same time, t he  s lope  and o r i e n t a t i o n  o f  t h e  t e r r a i n  i n  t h e  Denver 

r e g i o n  are  more conducive t o  cool a i r  d r a i n i n g  t o  t h e  east  and i n  t h e  

same d i r e c t i o n  as t h e  wester1 ies.  

The average wind speed f rom t h e  sur face  t o  t h e  f i n a l  SMH a l s o  

v a r i e s  seasonal ly ,  b u t  l e s s  n o t i c e a b l y  and i n  t h e  oppos i te  sense. Wind 

speed i s  s t ronges t  under t h e  i n f l u e n c e  o f  t h e  w e s t e r l i e s  and t r a v e l i n g  

storms which are  c h a r a c t e r i s t i c  o f  t h e  w i n t e r  months. Summer i s  t h e  

season w i t h  t h e  most days w i t h  low wind speed. 
I 

1 F i gu re  4b shows t h a t  i n  Grand Junc t i on  i n  t h e  s p r i n g  t h e  grea tes t  

number o f  days have average wind speeds th rough t h e  m ix ing  depth of 4  

m/s t o  6  m/s. Wind speeds o f  2  m/s occur on 58 days and speeds of 

g r e a t e r  than  18 m/s on 34 days. The summertime frequency peak (F igu re  

5b) a l s o  happens i n  t h e  4  m/s t o  6  m/s c lass  bu t  it i s  a  much s t ronger  

peak (652 days). Wind speeds o f  2 m/s e x i s t  f o r  64 days and days w i t h  

winds g rea te r  than  18 m/s number o n l y  six.  The frequency d i s t r i b u t i o n  

f o r  f a l l  (F igu re  6b) a l s o  has a  peak a t  4  m/s t o  6 m/s bu t  t h e  peak i s  

smal l  e r  and t h e  d i s t r i b u t i o n  somewhat " f l a t t e r " .  I n  general, t h e  w i n t e r  

f requenc ies  ( F i g u r e  7b) i n d i c a t e  a  s h i f t  t o  s l i g h t l y  h ighe r  wind speeds. 

The peak frequency, 375 days, i s  now i n  t h e  6  m/s t o  8  m/s category 

w h i l e  t h e  4 m/s t o  6  m/s range s t i l l  has 355 days. 1 
The frequency d i s t r i b u t i o n  o f  average wind speed through t h e  f i n a l  

m ix ing  depth i s  g iven i n  F igu re  8b f o r  sp r i ng t ime  Denver. A peak o f  372 

days occurs a t  winds between 4  m/s and 6  m/s. Wind speeds o f  g rea te r  

t h a n  18 m/s occur on 62 days. Only 3  summer days (F igu re  9b) reach more 
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t h a n  18 m/s whi l e  121 days have 2 m/s winds. I n  t h e  2 m/s t o  4 m/s 

range, t h e r e  a r ?  556 days. The most number o f  days i n  t h e  f a l l  season 

(F igure  l o b )  a l s o  f a l l s  i n  t h e  2 m/s t o  4 m/s range b u t  t h e r e  are more 

days a t  h i g h e r  d ind  speeds than i n  summer. For  instance,  40 days have 

wind speeds g r e a t e r  than  18 m/s. By w i n t e r  (F igu re  l l b )  , t h e  frequency 

desk has re tu rned  t o  t h e  4 mls t o  6 m/s category and wind speeds of 

g r e a t e r  than  18  m/s occurred 101 times. 

I n  bo th  regions,  t h e  frequency d i s t r i b u t i o n s  o f  wind speeds are 

b a s i c a l l y  s im i  1 ar. However, t h e  Grand Junc t i on  area shows s l  i ght l y  

l ower  wind speeds i n  w i n t e r  and s p r i n g  and s l i g h t l y  g rea te r  wind speeds 

i n  t h e  f a l l .  

Because t h e  SMA c a l c u l a t i o n  i s  a p roduc t  o f  t h e  SMH and t r a n s p o r t  

wind, it a l s o  changes through t h e  year. However, because t h e  SMH i s  

more var iab le ,  t h e  seasonal changes i n  SMA t e n d  t o  r e f l e c t  those o f  t h e  

SMH. 

F i g u r e  4c shows t h e  g rea tes t  number o f  days (273) have f i n a l  d a i l y  

8 2 sums of SMAs g r e a t e r  than  14*10 m i n  Grand Junc t i on  i n  spr ing. There 

8 2 i s  a l s o  a second peak i n  frequency, w i t h  199 days, i n  t h e  3*10 m t o  

8 2 4*10 m range. The summer frequency d i s t r i b u t i o n  (F igu re  5c) shows 

8 2 8 2 more days w i t h  g r e a t e r  SMAs and a peak between 4*10 m and 5*10 m . 
Autumn's peak frequency (F igu re  6c) o f  347 days has f a l l e n  a l l  t h e  way 

8 2 8 2 t o  t h e  1*10 m t o  2*10 m ca tegory  and o n l y  41  days o b t a i n  g rea te r  

8 2 SMAs than 14*10 m . The w i n t e r  f requency d i s t r i b u t i o n  (F igure .  7c)  a l s o  

8 2 8 2 has a peak between 1*10 m and 2*10 m b u t  it has been enhanced t o  588 

days a t  t h e  expense o f  t h e  ca tegor ies  - w i t h  l a r g e r  SMAs. 

F i g u r e  8c g ives  t h e  f i n a l  d a i l y  sum o f  SMAs f o r  Denver i n  t h e  

8 2 
spr ing.  The peak frequency o f  230 days occurs i n  t h e  4*10 m t o  5*10 

8 



2 8 2 
m range and 153 days have SMAs g rea te r  than  P4*10 m . The frequency 

8 2 
d i s t r i b u t i o n  f o r  summer, F igu re  9c, a l s o  has a  peak a t  4*10 m t o  5*10 

8 

2 m b u t  t h e  numbzr o f  days w i t h  sma l l e r  SMAs have inc reased and t h e  

number o f  days d i t h  g rea te r  SMAs have decreased. The t r e n d  cont inues as 

you move i n t o  t n e  f a l l  season (F igure  10c). Here t h e  peak frequency 

8 2 8 2 
(369 days) has dropped t o  t h e  1*10 m t o  2*10 m ca tegory  w i t h  on l y  19  

8 2  
days g rea te r  than 14*10 m . By w i n t e r  (F igure  l l c ) ,  t h e  peak a t  1*10 

8 

2  8 2  
m t o  2*10 m has increased t o  415 days. 

I n  bo th  regions,  t h e  days w i t h  smal l  SMAs are f a r  more numerous i n  

t h e  f a l l  and e s p e c i a l l y  i n  t h e  w i n t e r  season. I n  t h e  w in te r ,  t h e  

i n f l u e n c e  o f  t h e  much lower  SMHs overwhelms t h e  e f f e c t  o f  h ighe r  wind 

speeds. Wind speed and SMH a t  t h a t  t i m e  a re  bo th  lower i n  t h e  Grand 

Junc t i on  reg ion  than i n  t h e  Denver region,  g i v i n g  it even more p o o r l y  

vent  i 1 a ted  days. 

1 The s p r i n g  and f a l l  seasons show approx imate ly  t h e  same number o f  

smal l  SMA days. S l i g h t l y  fewer occur i n  t h e  Grand Junc t i on  area where 

CNhs are  greater .  The smal l  d i f f e r e n c e s  i n  winds between t h e  two 

reg ions  has on l y  a  smal l  e f f e c t  on t h e i r  d i f f e r e n c e s  i n  SMAs. 

The l a r g e  number o f  days w i t h  h igh  SMHs make t h e  summer season one 

w i t h  very few p o o r l y  v e n t i l a t e d  days. Th i s  i s  e s p e c i a l l y  t r u e  i n  t h e  

area sur round ing  Grand Junc t i on  where a  h igh  percentage o f  SMHs reach 

4000 m t o  4500 m. 

The monthly mean number o f  po ten t . i a l l y  bad a i r  qua1 i t y  days, bad 

a i r  q u a l i t y  days which are  a l s o  und is tu rbed days, and bad a i r  q u a l i t y  

days which are a l s o  n o n - p r e c i p i t a t i o n  days are g iven i n  Table I. Also 

g i ven  are  t h e  rean monthly number o f  marginal  days, und is tu rbed marginal 



TABLE I. 

Mean Monthly Number o f  Good, Marginal and Bad A i r  Q u a l i t y  Days 
f o r  the Grand Junct ion and Denver regions.  

JAFl FEB IIAR APR M A Y  JUH JUL AUG SEP OCT NOV DEC 

Grand Junc t ion  

Bad A i r  Q u a l i t y  Days 
Undisturbed Bad Days 
Non-prec ip i ta t ion  Bad Days 

Marginal A i r  Q u a l i t y  Days 
Undisturbed Margi nal Days 
Non-prec ip i ta t ion  Marginal Days 

Good A i r  Q u a l i t y  Days 

Denver 

Bad A i r  Q u a l i t y  Days 17.95 10.65 6.85 2.85 3.05 3.00 5.20 7.95 10.25 14.65 17.50 19.60 
Undisturbed Bad Days 14.35 7.95 4.50 1.70 1.65 1.30 2.50 5.35 7.70 12.45 14.70 15.95 
Non-p rec ip i ta t ion  Bad Days 12.20 6.45 3.65 1.55 1.20 1.10 1.75 3.55 6.70 11.40 13.20 14.05 

-- 

Marginal  A i r  Q u a l i t y  Days 8.50 9.55 10.45 10.20 9.55 9.80 12.70 12.35 12.25 10.85 8.00 7.35 
Undisturbed Marginal Days 7.40 7.40 7.15 7.30 5.40 5.25 6.90 8.10 8.70 9.35 6.65 6.45 
Non-p rec ip i ta t ion  Marginal Days 6.70 6.50 6.10 5.90 3.85 4.15 4.80 6.25 7.00 8.05 5.70 5.60 

Good A i r  Qua1 i t y  Days 



I 
days, n o n - p r e c i p i t a t i o n  marginal  days, and c a l c u l a t e d  p o t e n t i a l l y  good 

a i r  q u a l i t y  days ( n o t  i n c l u d i n g  d i s t u r b e d  bad and marginal days). 

Tab1 e  I again  demonstrates t h e  d i s s i m i l a r i t y  between seasons; t h e  

average number o f  p o t e n t i a l l y  bad a i r  q u a l i t y  days i s  f a r  g rea te r  i n  t h e  

w i n t e r  months. Und is tu rbed bad days occur  most o f t e n  i n  December, 

n e a r l y  20 days i n  Grand Junc t i on  and n e a r l y  16 days i n  Denver. They 

occur  l e a s t  o f t e n  i n  t h e  month o f  June, an average o f  about one day per  

y e a r  f o r  bo th  regions. The h ighes t  percentage o f  p o t e n t i a l l y  good a i r  

q u a l i t y  days computed by t h e  method a re  found i n  May. 

The p a t t e r n  o f  t h e  mean monthly number o f  p o t e n t i a l l y  bad, 

und is tu rbed days i n  Denver i s  cons i s ten t  w i t h  t h e  mean monthly number o f  

days when t h e  e igh t -hou r  carbon monoxide standard o f  9 ppm was exceeded 

as g iven i n  F i g u r e  12. Thus, t h e  number o f  p o t e n t i a l l y  bad a i r  q u a l i t y  

days c a l c u l a t e d  may seem l a r g e  i n  t h e  f a l l  and w in te r ,  b u t  t hey  do 

appear t o  be r e a l i s t i c .  

B. Episodes 

Not on l y  t h e  abso lu te  number o f  p o t e n t i a l l y  bad a i r  q u a l i t y  days 

b u t  t h e  frequency and d u r a t i o n  o f  consecut ive days w i t h  p o t e n t i a l l y  bad 

a i r  q u a l i t y  a re  impor tan t  i n  s tudy ing  t h e  a i r  p o l l u t i o n  p o t e n t i a l  o f  a  

region. Episodes o f  severa l  consecut i  ve days w i t h  poor vent i 1 a t  i on mean 

t h a t  p o l l u t a n t s  which are  re leased w i t h i n  t h e  reg ion  are  no t  d ispersed 

and cont inue t o  accumulate w i t h i n  t h e  reg ion  f o r  t h e  d u r a t i o n  o f  t h e  

episode. F igures  13-16 g i v e  t h e  average frequency o f  these episodes 

which occurred f o r  var ious  du ra t i ons  each season. 1 
Because t h e  abso lu te  number o f  bad a i r  q u a l i t y  days i s  small i n  t h e  

s p r i n g  and summer season, episodes d u r i n g  those t imes are sho r t  and 



Figure 12. 

25 WINTER SPRING SUMMER FALL m 

MONTHLY DISTRIBUTION 

Monthly distribution of the mean number of 
days per month when the eight-hour carbon 
monoxide standard of 9 ppm was exceeded at 
a monitoring station near the center of the 
Denver metropol itan area for the period 
1968-1975 (after Air Pol 1 ution Control 
Division 1976). From Haagenson (1979). 
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Grand Junction - 
Denver x---x 

Number of Days 
Episode Length Equal to or Greater Than Number of Days 

I 
Figure 13. Average number of bad air quality episodes 

which occur in the Grand Junction and 
Denver regions in the months of March, 
April, and May. 
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Grand Junction - 
Denver x---x i 

Number of Days 
Episode Length Equal to or Greater Than Number of Days 

I 
Figure 14. Same as Figure 13 b u t  f o r  the months o f  

4F - I- 

June, July, and August. 
I 

- -  
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Denver x- - -x 
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F igure 15. Same as Figure 13 bu t  f o r  t h e  months o f  
September, October, and November. 

I I 



Winter 

Grand Junction - 
Denver x---x 

Number of Days 
Episode Length Equal to or Greater Than Number of Days 

Figure 16. Same as Figure 13 b u t  f o r  the months o f  
December, January, and February. 



I 
r e l a t i v e l y  in f requent .  Grand Junc t i on  i n  t h e  s p r i n g  (F igure  13)  showed 

1.4 p o t e n t i a l l y  bad a i r  q u a l i t y  episodes per  s p r i n g  season, 10 o f  those 

s p r i n g  episodes l a s t e d  t h r e e  days o r  longer. S i m i l a r l y ,  Denver i n  t h e  

s p r i n g  has had on l y  1.0 p o t e n t i a l l y  bad a i r  q u a l i t y  episodes per s p r i n g  

season, 17 o f  those s p r i n g  episodes were on l y  two days long. Only seven 

episodes i n  t h e  years  1959-1978 happened i n  Grand Junc t i on  i n  t h e  summer 

(F igu re  14),  w i t h  on l y  one t h r e e  day episode and one f o u r  day episode. 

F i g u r e  14 g i ves  t h e  average number o f  two day episodes i n  Denver i n  t h e  

summer as 1.1. T o t a l  t h r e e  day episodes f o r  t h e  twenty years numbered 

o n l y  f i v e  w i t h  one s i x  day episode. 

However, as one moves i n t o  t h e  f a l l  season, t h e  number o f  these 

dpisodes increases g rea t l y .  F i g u r e  15 shows t h a t  Grand Junc t i on  

experienced an average o f  8.2 episodes per  Autumn w i t h  4.9 episodes 

l a s t i n g  more than  two days. F i g u r e  15 shows n e a r l y  t h e  same number o f  

t o t a l  episodes i n  t h e  Denver region, b u t  an average o f  4.2 were on ly  two 

days long. Al though many o f  t h e  episodes are on l y  two days long, 

episodes o f  t h r e e  days o r  l onge r  a re  beg inn ing  t o  occur a t  a  r a t e  o f  

n e a r l y  f i v e  (near  Grand Junc t i on )  o r  f o u r  (near  Denver) p e r  f a l l  season. 

I n  t h e  w i n t e r  season (F igu re  16), t h e  number o f  two and t h r e e  day 

episodes are  approx imate ly  t h e  same as i n  f a l l  bu t  t h e  longer  episodes 

con t i nue  t o  increase, p a r t i c u l a r l y  i n  t h e  Grand Junc t i on  reg ion  where 

t h e  t o t a l  number o f  p o t e n t i a l l y .  bad a i r  q u a l i t y  days i s  t h e  greatest .  

Du r ing  t h e  months o f  December, January, and February, episodes o f  t h r e e  

days o r  l onge r  have occurred a t  a  r a t e  o f  n e a r l y  seven per  year  near 
1 

Grand Junc t i on  and f i v e  per  yea r  around Denver. One episode even l a s t e d  

28 days i n  t h e  Grand Junc t i on  reg ion  i n  December 1976 and January 1977. 



I 
-Tables I I and I 1 1  a l s o  show t h e  d i f f e r e n c e s  between t h e  number o f  

episodes t a k i n g  p lace  i n  Grand Junc t i on  and Denver. Table I 1  g ives  t h e  

percent  p r o b a b i l i t y  t h a t  a p a r t i c u l a r  number o f  episodes w i l l  occur i n  a 

g iven  yea r  i n  t h e  Grand Junc t i on  region. Episodes o f  var ious  leng ths  

a r e  i nc luded  i n  t h e  tab le .  From Table 11, it can be seen t h a t  t he re  i s  

a 95 percent  p r o b a b i l i t y  t h a t  14 episodes o f  two days o r  longer  w i l l  

t a k e  p lace  i n  a g iven year. Likewise, t h e r e  i s  a 70 percent  p r o b a b i l ' i t y  

t h a t  episodes o f  s i x  days o r  l onge r  w i l l  happen t h r e e  t imes i n  t h e  year. 

The p r o b a b i l i t y  o f  one episode o f  t e n  days o r  longer  i n  a g iven year  i s  

60 percent.  

Table I 1 1  g ives  t h e  same i n f o r m a t i o n  f o r  t h e  Denver region. I n  t h e  

Denver area, t h e r e  i s  a 95 percent  p r o b a b i l i t y  t h a t  15 episodes o f  two 

days o r  l onge r  w i l l  t a k e  p lace  i n  a p a r t i c u l a r  year. The p r o b a b i l i t y  o f  

t h r e e  episodes o f  s i x  days o r  l onge r  i s  on l y  20 percent  and t h e  

p r o b a b i l i t y  o f  one episode o f  t e n  days o r  longer  i n  a given yea r  i s  20 

percent.  

Tables I 1  and I11 a l s o  demonstrate t h e  yea r  t o  yea r  v a r i a b i l i t y  o f  

episodes d u r i n g  t h e  pe r i od  o f  study. For  instance,  Grand Junc t i on  

episodes o f  two days o r  longer  vary f rom 13 occurrences i n  one year  t o  

28 i n  another. Grand Junc t i on  episodes o f  s i x  days o r  longer  are l e s s  

va r i ab le ,  f rom two occurrences a yea r  t o  seven. A decrease i n  

v a r i a b i l i t y  w i t h  i n c r e a s i n g  episode l e n g t h  i s  a l s o  present  i n  t he  Denver 
I 

r e g i  on. 



TABLE 11. 

Percent Probab i l i t y  o f  the  Number o f  Occurrences 
o f  Episodes i n  the Grand Junction Region. 

Episode Length Equal To o r  ~ r e a t e r  Than Number o f  Days 

Number o f  days 
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TABLE 111. 

Percent Probab i l i t y  o f  the  Number o f  Occurrences 
o f  Episodes i n  the  Denver Region. 

Episode Length Equal To o r  Grea te r  Than Number o f  Days 

Number o f  days 



CHAPTER V 

CONCLUDING REMARKS 

A. Suggestions f o r  F u r t h e r  Study 

I n  deve lop ing  t h e  method o f  de termin ing  p o t e n t i a l l y  good and bad 

a i r  qua1 i t y  days, severa l  assumptions were made. A re f inement  o f  these 

assumptions cou ld  make t h e  method more accurate, e s p e c i a l l y  when it i s  

t o  be a p p l i e d  t o  a  p a r t i c u l a r  l o c a l i t y .  

Fo r  exarnpl e, t h e  percentage o f  so l  a r  energy whi ch t h e o r e t  i c a l l  y  

heats t h e  boundary l a y e r  and determines t h e  SMH f o r  t h e  c a l c u l a t i o n s  

used i n  t h i s  study i s  est imated and t r e a t e d  as a  constant.  T h i r t y  

percent  o f  t h e  incoming s o l a r  r a d i a t i o n  a t  t h e  t o p  o f  t h e  atmosphere i s  

probably  an overes t imate  i n  some cases. These cases cou ld  be c loudy 

days when l e s s  o f  t h e  d i r e c t  sunshine reaches t h e  e a r t h ' s  sur face  o r  

days w i t h  snow cover  on t h e  ground r e f l e c t i n g  much o f  t h e  s o l a r  energy. 

A1 so, a  s i  gn i  f i cant  amount of moi s t u r e  avai 1 abl  e f o r  evaporat ion means 

t h a t  l e s s  o f  t h e  energy reach ing  t h e  surface a c t u a l l y  goes towards 

hea t i ng  o f  t h e  boundary layer .  As a  r e s u l t ,  t h e  method employed i n  t h i s  

s tudy tends t o  over p r e d i c t  SMHs (and t h e r e f o r e  SMAs) p a r t i c u l a r l y  i n  

t h e  w i n t e r  season. Thus, t h e  method g ives a  conserva t ive  es t imate  o f  

t h e  number o f  p o t e n t i a l l y  bad a i r  q u a l i t y  days. 
I 
I F u r t h e r  work cou ld  be done t o  t a k e  i n t o  account t h e  e f f e c t s  o f  

c loud cover, sur face  r e f l e c t i v i t y ,  and mois tu re  i n c l u d i n g  t h e  seasonal 

v a r i a t i o n s  o f  these fac to rs .  Th is  cou ld  be accomplished by i n c l u d i n g  a  
1' 



1 I 
f a c t o r  de r i ved  f rom c l  imato l  o g i c a l  means o f  c l oud  cover, snow cover, and 

moisture. Another approach would be t o  d i r e c t l y  mod i fy  t h e  i n p u t  energy 

i n  each d a i l y  c a l c u l a t i o n  o f  m ix ing  area accord ing  t o  ac tua l  

observa t ions  o f  these parameters. An example o f  mod i f y i ng  t h e  i n p u t  

energy i s  g iven  by Hol t s l a g  and VanUlden (1983). 

Another p o s s i b i l i t y  f o r  f u r t h e r  s tudy i s  t o  apply  t h e  method of 

de termin ing  t h e  p o t e n t i a l  f o r  good and bad a i r  q u a l i t y  t o  o the r  regions 

i n  t h e  west a long w i t h  o the r  reg ions  i n  t h e  U n i t e d  States. It would be 

i n t e r e s t i n g  t o  compare t h e  r e s u l t s  o f  these s tud ies  t o  f i n d  t h e  

s i m i l a r i t i e s  and con t ras t s  which e x i s t  both w i t h i n  and between c l  i n a t i c  

regimes . 
B. Conclusions 

I 
A method t o  es t imate  reg iona l  p o t e n t i a l  f o r  bad a i r  q u a l i t y  days 

has been developed. The s o l a r  m ix ing  area appears t o  be use fu l  i n  

sepa ra t i ng  p o t e n t i  a1 l y  good a i  r qual i t y  days f rom p o t e n t i  a1 l y  bad a i  r 

qual  i t y  days f o r  a  reg ion  i n  general  agreement w i t h  what would be 

expected f rom i n s p e c t i o n  o f  d a i l y  synop t i c  maps. Days which are 

c a l c u l a t e d  t o  have small m ix ing  areas are t y p i c a l l y  found t o  be days 

when t h e  synop t i c  p a t t e r n  shows t h e  i n f l u e n c e  o f  h igh  pressure a t  t h e  

sur face  w i t h  a  r i d g e  o f  h igh  pressure a l o f t  and low wind speeds. I n  

add i t i on ,  t h e  monthly v a r i a t i o n  o f  t h e  mean number o f  bad a i r  qual i t y  

days determined f o r  t h e  Denver reg ion  i s  very s i m i l a r  t o  t h e  monthly 

v a r i a t i o n  o f  t h e  mean number o f  days which v i o l a t e  t h e  e igh t -hour  carbon 
I 

monoxide standard i n  Denver. 

When a p p l i e d  t o  t h e  regions near Grand Junc t i on  and Denver, 
I 
Colorado, t h e  method showed a  d i s t i n c t  seasonal v a r i a t i o n  i n  t h e  average 

1 I 



i I 
number of potentially bad a i r  quality days. The fall and winter seasons 

demonstrated a much higher tendency for poorly ventilated days and more 

frequent and longer episodes of consecutive days with poor ventilation. 

This seasonal variation is particularly pronounced in the area around 

Grand Junction. Episodes of three days or longer averaged far less than 

one per season in bo th  the spring and summer. However, in the fall and 

winter seasons, episodes of three days or longer occurred a t  a rate of 

nearly five and nearly seven times per season respectively. 

The Grand Junction region has also demonstrated the possibility for 

the occurrence of very long episodes especially in winter. Episodes of 

six days or longer have a 70 percent probability of happening three 

times a year. In one winter case, poor ventilating conditions continued 

for 28 straight days. 

A similar pattern occurred in the Denver region with the exception 

of the winter time episodes of consecutive days with poor ventilation. 

The Denver episodes are generally shorter and somewhat less frequent. 

The fact t h a t  potentially bad a i r  quality days are more frequent in the 

Grand Junction region in the winter is  due t o  the lower SMHs and lower 

wind speeds which occur more often there than in the Denver region. 

These differences are probably due t o  the influence of different terrain 

and the orientation of that terrain t o  the upper level flow. 

I t  is  important t o  observe that, i n  the front range region and 

particularly in the western slope region, days w i t h  small atmospheric 

mixing vol umes can occur quite frequently and consecuti vely in episodes 

during the f a l l  and winter seasons. This is a phenomenon which should 

not be overlooked in planning for the development of these areas where 

good a i r  qua1 i ty  is  so desirable. 
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16. Abs t r ac t  

ABSTRACT 

1 A c l  ima to log i ca l  a n a l y s i s  of r e g i o n a l l y  p o t e n t i a l l y  bad a i r  qual i t y  
days nea r  Denvw and Grand Junc t i on ,  Colorado has been prepared. These 
bad a i r  qual i t jr  days a r e  de f ined  a s  days which have a small volume of 
atmosphere a v a i l a b l e  f o r  the d i l u t i o n  of contaminants  r e l e a s e d  w i t h i n  
the region. T t ~ e  a tmospher ic  volume is r ep re sen t ed  by t h e  product  of a 
s o l a r  mixing h e i g h t  and average  wind speed which l e a d s  t o  an hourly  
s o l a r  mixing a r e a  accumulated th roughout  t h e  day t o  form a d a i l y  s o l a r  
mixing a rea .  5 o l a r  mixing he igh t  is c a l c u l a t e d  by a s imple  
thermodynamic model us ing  a percen tage  of t h e  incoming s o l a r  energy ( a t  
t h e  t o p  of t h e  a tmosphere)  and t h e  morning rawinsonde tempera ture  
sounding. Wi ncl speed is assumed t o  vary l o g a r i t h m i c a l l y  with  hei ght and 
i s  f i t t e d  t o  the s u r f a c e  and 700 mb winds from the morning sounding. 
The average  of t h e  wind speed between the s u r f a c e  and the s o l a r  mixing 
h e i g h t  i s  mu l t i p l  i e d  by t ime  t o  g i v e  t h e  ho r i zon t a l  movement. The 
h o r i z o n t a l  movement t imes  t h e  s o l a r  mixing he igh t  g ives  a s o l a r  mixing 
area.  This  va lue  of s o l a r  mixing a r e a  is assumed t o  r ep re sen t  the 
mixing volume a v a i l a b l e  f o r  the d i s p e r s i o n  of r e g i o n a l l y  r e l e a s e d  a i r  
p o l l u t i o n .  

Twenty y e a r s  (1959-1978) o f  rawi nsonde soundings from Grand 
J u n c t i o n  and Denver, Colorado were used t o  perform t h e  c l imatology.  
Dis turbed  days a r e  de f ined  t o  be good a i r  q u a l i t y  days and a r e  
determi ned s e p a r a t e l y  from c l  imatol o g i c a l  data .  The r e s u l t s  a r e  the 
ave rage  monthly f requency of  p o t e n t i a l l y  bad a i r  p o l l u t i o n  days and the 
frequency and l eng th  of  p o t e n t i a l  a i r  p o l l u t i o n  ep i sodes  on a seasona l  
ba s i s .  

I n  the Grand Junc t i on  reg ion ,  t h e  g r e a t e s t  number of p o t e n t i a l l y  
bad a i r  p o l l u t i o n  days and ep i sodes  e x i s t s  i n  t h e  f a l l  and w i n t e r  
s ea sons ,  w i t h  very few p o t e n t i a l l y  bad days i n  t h e  s p r i n g  and summer. 
Episodes of t h r e e  days o r  l onge r  occur red  i n  t h e  Grand Junc t i on  region 
an average  of l e s s  than  one time p e r  s p r i n g  and summer season,  nea r ly  
f i v e  p e r  f a l l  season and nea r ly  seven per  w i n t e r  season. Thus, t h e s e  
t h r e e  day o r  l onge r  ep i sodes  averaged 12.4 ep i sodes  pe r  year .  Very long 
ep i sodes  of  p o t e n t i a l l y  bad a i r  q u a l i t y  a r e  p o s s i b l e  a s  i l l u s t r a t e d  by 
t h e  28 day ep i sode  of December 1976 and January  1977. 

By comparing t h e  western Colorado reg ion  around Grand Junc t i on  t o  
t h e  e a s t e r n  Col orado reg ion  around Denver, a simi 1 a r  seasona l  p a t t e r n  
can be found between the reg ions .  However, t h e  Denver r e g i o n ' s  ep i sodes  
o f  t h r e e  days o r  l onge r  averaged f o u r  p e r  f a l l  season and f i v e  per  
w i n t e r  season. Both t h e  number and d u r a t i o n  of p o t e n t i a l l y  bad a i r  
q u a l i t y  ep i sodes  i n  f a l l  and w i n t e r  a r e  g r e a t e r  i n  t h e  a r e a  around Grand 
Junc t ion .  


