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ABSTRACT OF THESIS 

* I  - .. . 1 . a 1 :  

UNDISTURBED CLEAR DAY DIURNAL WIND AND 
TEMPERATURE PATTERN I N  NORTHEASTERN COLORADO ,,I: , :c ,  

I .  

Data c o l l e c t e d  by t h e  PROFS mesometeorological network was used 
1 ' :  1 

t o  study t h e  undis turbed clea; '&i> hihd and temperat";; dl ong 

t h e  Fron t  Range i n  nor theas tern  Colorado i n  Autumn. Three days and 
. $ L .  . i , I  ., r ) 

t h ree  n i g h t s  were a v a i l a b l e  f o r  study. 

A d i u r n a l  wind regime was observed which cons is ted  o f  daytime 

upslope and n igh t t ime  downslope winds w i t h  components d i r e c t e d  toward 
f A ! ! l i e  ' . .  . ,IF' j . *  

both  t h e  Fron t  Range and t h e  Cheyenne dt ;d '~k lmer Ridges. 

The t r a n s i t i o n  from downslope t o  upslope i n  t he  morning takes one 

t o  t h ree  hours a t  each s t a t i o n  and i nvo l ves  a d i s t i n c t  break between 

t h e  wind systetiis.' The t r a n s i t i o n  begins i n  t h e  f o o t h i l l s  and mountains 

and spreads eastward, t a k i n g  f o u r  t o  f i v e  hours t o  spread through t h e  

e n t i r e  region.  The s t ronges t  upslope winds occur i n  the  no r the rn  p a r t  

o f  t he  region, where t h e r e  i s  a s t rong  up-Cheyenne Ridge wind component 

Speeds the re  a re  5 t o  8 knots. Upslope speeds elsewhere are 3 t o  4 
.! :,f, ' - I 

knots.  Mountain wind ~ e 2 d s  a re  s i t e  dependent. 

The downslope winds a l s o  begin i n  t he  f o o t h i l l s  and mountains and 

spread eastward, t a k i n g  f o u r  t o  f i v e  hours t o  spread throughout t h e  

region.  However, t h e  t r a n s i t i o n  a t  each i n d i v i d u a l  s t a t i o n  o n l y  takes 

h a l f  as long  as t h e  morning t r a n s i t i o n .  The evening wind speeds are  

s t ronger  than the  upslope wind speeds, except i n  t he  nor thern  p a r t  of 

iii 



t h e  reg ion  where t h e r e  i s  a s t rong  down-Cheyenne Ridge tomponent. 

Speeds o f  8 t o  12 knots occurred i n  t h e  f o o t h i l l s  and on t h e  Palmer 

Ridge, w i t h  downslope speeds of 5 knots o r  l e s s  elsewhere. As i n  t he  

daytime, mountain speeds a re  s i t e  dependent. Between the  f o o t h i l l  s and 
I* 

South P l a t t e  River,  t h e  winds d im in i sh  i n  t h e  e a r l y  morning, bu t  main- 

t a i  n t h e i r  s t reng th  e l  sewhere. 

The d i u r n a l  wind regime d i d  n o t  reach t h e  eas tern  f r i n g e  o f  the 

PROFS study region.  Here, s t rong  sou the r l y  winds of 10 t o  15 knots 

p e r s i s t e d  throughout bo th  day and n i g h t .  " 1 . .  
i l l  

Mapimum temperatures were found t o  be independent o f  he igh t  a t  

e leva t i ons  be1 ow 6000 f e e t  MSL and s t r o n g l y  dependent on e l  eva t i on  

above 6000 f e e t .  A t  n i g h t ,  t he re  i s  an i n v e r s i o n  below around 5800 

f e e t  MSL w i t h  minimum temperatures s t reng th  of about 10°F/lOOO feet,  

w h i l e  minimum temperatures decrease w i t h  e l e v a t i o n  above the  i n v e r s i o n  

a t  2k°F/1000 f e e t .  The morning sounding from Denver shows t h a t  the 

sur face temperature i s  3 t o  5OF c o o l e r  than the  f r e e  a i r ,  w i t h  no 
. 8 ' "' ' 

v a r i a t i o n  w i t h  e leva t i on .  
! ., 

Maximum temperatures g e n e r a l l y  occur i n  the  small range of 1330 

LST t o  1500 LST. Minimum temperatures may occur anytime between mid- 

n i g h t  and 1 hour a f t e r  sunr ise.  . ,  , 
. ' 

I 
The d i u r n a l  temperature range was observed t o  decrease w i t h  

e l e v a t i o n  and ranged from 40°F a long the  South P l a t t e  R iver  t o  20°F 

i n  t he  h igh  mountains. ,Ti. , a *  j :  , 
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CHAPTER I 

INTRODUCTION 

' 1  

The l a r g e  t e r r a i n  v a r i a t i o n s  i n  Colorado e x e r t  a  s t rong i n f l u e n c e  

on l o c a l  meteoro logica l  cond i t i ons .  The l e e  s ide  of the Rocky Moun- 

t a i n s  i s  a  we1 1  -known cyc logenesis  reg ion  (Trewartha and Horn, 1980), 

f o r  example. Even w i t h o u t  synopt ic  f o r c i n g ,  the topography i s  an i m -  

p o r t a n t  meteoro logica l  c o n t r o l .  A number o f  s tud ies  have shown t h a t  

the  d i u r n a l  wind regime o f  daytime upslope and n igh t t ime  downslope 

a long the  F ron t  Range i s  a  major  f a c t o r  i n  a i r  p o l l u t i o n  episodes i n  

the Denver area (Riehl  and Crow, 1962; D j o r d j e v i c  e t  a1 ., 1966; Riehl  

and Herkhof, 1970a; Crow, 1973). Johnson and Toth (1982) s t a t e  t h a t  

t h i s  d i u r n a l  wind regime p lays  an impor tan t  r o l e  i n  summer thunder- 

storm format ion.  Riehl  and Herkhof (1970b) found t h a t  the  s lowing 

of t he  wind due t o  h igh  surface roughness i s  a  major  f a c t o r  i n  the  

Lar imer County, Colorado, a i r  p o l l u t i o n  problem. 

This  s tudy w i l l  i n v e s t i g a t e  t h e  d i u r n a l  wind and temperature 

v a r i a t i o n s  a long the  F ron t  Range i n  nor theas tern  Colorado on undis-  

turbed c l e a r  days, us ing  data c o l l e c t e d  by the NOAA Prototype Regional 

Observing and Forecast ing Serv ice (PROFS) mesorneteorol og i ca l  network 

and arch ived  a t  t h e  Colorado Cl imate Center. I t  w i l l  be conf ined t o  

Autumn, which was the o n l y  season arch ived  when the  study was under- 

taken. The s p e c i f i c  t o p i c s  t he  study w i l l  address a re  the na ture  and 

t im ing  o f  d i u r n a l  wind d i r e c t i o n  and speed v a r i a t i o n s ,  geographic 



variations in the wind speed, and the relationship of temperature and 

the timing of maximum and minimum temperature with elevation in north- 

eastern Colorado. 

An undisturbed synoptic condition was defined to be a surface 

pressure gradient of less than one millibar per f i f t y  miles, as deter- 

mined from the NWS Surface Analyses, with no precipitation in the area. 

A clear day was defined as a day in which the accumulated solar 

radiation a t  al l  stations before noon was greater t h a n  50 percent of 
*-. , 

I .  

the extraterrestrial radiation received a t  the top of the atmosphere. 

The extraterrestrial radiation was calculated using a computer program 

developed by Conley (1982). Clear nights had to be defined in terms 

of the observed skycover a t  the Denver WSFO because of the lack of 

net radiometers. Only nights in which the average of the skycover 
f,;:)j.:l - :,?:'[ 

observations was less than three-tenths and no more t h a n  two consecu- 

tive observations were three-tenths or higher, a n d  only with cirrus 

clouds , were used. 
' , : ? ,  : : j ; r z y - ~ z ! !  i;;:! r , ;  9 r . , ) :  , ' .., '. ...,,.,. _ L . ) .  . 

,. , . i : t  .'i , -A,.  . +.',. ' \ , - : . . , .. . 
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CHAPTER I 1  

LITERATURE REVIEW 

~ l t h o u ~ h  p r i o r  t o  t h e  i n s t a l l a t i o n  o f  the PROFS Mesonet there  

have n o t  been any s tud ies  o f  d i u r n a l  wind and temperature v a r i a t i o n s  

cover ing  a l l  o f  t he  F ron t  Range and nor theas tern  Colorado, there have 

been several  s tud ies  conducted i n  p a r t s  o f  t h e  area t h a t  'are r e l e v a n t  

t o  t h i s  study. I i 
1 1 1  

Riehl  and Crow (1962) found t h a t  severe a i r  p o l l u t i o n  episodes i n  

the Denver metropol i t a n  area occurred on undi s turbed c l e a r  days. They 

se lec ted  f o u r  severe p o l l u t i o n  days i n  January and March, 1962 f o r  

study. These days showed a cons i s ten t  d i u r n a l  wind regime. The n i g h t -  

t ime winds were l i g h t  and va r i ab le .  I n  t he  e a r l y  morning, the  winds 

a long the  f o o t h i l l s  became downslope and the  winds i n  the  Denver Basin 

became downriver.  The downslope and downriver winds increased through- 

o u t  t he  morning, except i n  the  nor thern  suburbs where the downriver 

f l o w  was blocked by the  topography. Around noon, the wind reversed 

t o  u p r i v e r  and upslope, beginning f i r s t  i n  t he  no r the rn  suburbs and 

spreading southward. The u p r i v e r  and upslope winds cont inued u n t i l  

e t ,  when the  n igh t t ime  l i g h t  and v a r i a b l e  wind cond i t i ons  arouna SI 

s e t  i n .  

The authors f e l t  t h a t  t he  usual exp lanat ion  f o r  t he  daytime wind 

reversa l  t o  upslope, i n  which the  a i r  ad jacent  t o  the  s lope becomes 

warmer than t h e  a i r  a t  t he  same e l e v a t i o n  over  t he  p l a i n s  due t o  the  
I 



s o l a r  heat ing  of t h e  slope, r e s u l t i n g  i n  a pressure g rad ien t  d i r e c t e d  

toward the  slope, cou ld  n o t  happen if t h e  f o o t h i l l s  were snow-covered, 

as severa l  of t he  s tudy days were. They proposed an a1 terna t e  expl ana- 

t i o n .  The h igh  l e v e l s  of p o l l u t i o n  i n  the  a i r  which had p i l e d  up 

du r i ng  the  n i g h t  aga ins t  the  h igh  t e r r a i n  i n  the nor thern  suburbs 

sh ie lds  t h a t  p a r t  o f  the  m e t r o p o l i t a n  area from s o l a r  r a d i a t i o n .  The 

r e s t  of t he  area i s  heated by s o l a r  r a d i a t i o n  i n  t h e  morning. So the  

a i r  i n  the  nor thern  p a r t  o f  t he  metropol i t a n  area remains c o l d  w h i l e  

t he  a i r  over t h e  r e s t  of the  area warms up. This  c o l d  a i r  then moves 

south though Denver as a s o r t  of m i n i a t u r e  c o l d  f r o n t .  

D j o r d j e v i c  e t  a1 . (1966), i n  another s tudy o f  t he  Denver a i r  

p o l l u t i o n  problem, analyzed 32 und is tu rbed days from January through 

March, 1965 and December, 1965 through February, 1966. They found 

f o u r  wind regimes. South-southwester ly drainage winds were observed 

56 percent  o f  t he  t ime, and were the  usual winds between 1900 t o  2200 

LST and 1200 LST. Nor th -nor theas ter ly ,  o r  up r i ve r ,  winds were observed 

27 percent  o f  t h e  t ime, making up the  b u l k  o f  t h e  observat ions between 

1200 LST and 1900 t o  2200 LST. Eleven percent  o f  the wind observat ions 

showed a t r a n s i t i o n  between the  south-southwester ly  and nor th -  

n o r t h e a s t e r l y  winds. The remaining 6 percent  o f  the observat ions 

showed southeas ter ly  winds. 

Riehl  and Herkhof (1970a) u t i l i z e d  the  same data as D j o r d j e v i c  

e t  a l .  They found t h a t  winds i n  the  eas tern  suburbs o f  Denver were 

always s t rong enough t o  ensure good v e n t i l a t i o n  of  p o l l u t e d  a i r  even 

w h i l e  t he  winds i n  Denver were too slow f o r  v e n t i l a t i o n  t o  occur 

owing t o  the  g rea te r  sur face  roughness i n  Denver due t o  the g rea te r  

dens i t y  o f  b u i l d i n g s  there.  The authors a1 so found t h a t  on some days 



the morning reversal to upriver winds does not reach the southern parts 
"; ' I 

of Denver, leaving d convergence zone over the c i ty .  I n  addition, they 
;,y" ' 

reported that  there was some var iab i l i ty  in the timing of the upriver 

wind onset. s , c J T  . v ., , ' \ I > . -  
1 

Crow (1973) studied the wind pattern in the Denver area on high 
l>. \ 1 

a i r  pollution days i n  November, 1973. As in the other studies,  the 
I ' 1 (7 

pol 1 uted days had weak synoptic controls. He found that  on ruo; t of 

the days the diurnal wind regime consisted of a nighttime downriver 

drainage flow and a daytime wind pattern that  was couplea i v i  t h  the 
' f  + 

upper level flow. Only on one day did he observe an upriver flow. 

On th i s  day, he found that  the upslope flow be.gan around C700 LST 
' I  r r - 3  

( s l ight ly  before sunrise) in the northern part of the c i ty .  The wind 

,.-:; , reversal to upslope gradually moved southward. The nighttime drainage 
.. . 

flow began between 1700 and 1800 LST (shortly a f t e r  sunset).  

Crow claimed that  the nocturnal inversion was very thin over h i l l s  

l ike  Green Mountain and North and South Table Mountain. The thin in- 
I 1  

version layer above these h i l l s  was destroyed rapidly a f t e r  sunrise. 

The subsequent vertical mixing created a chimney effect  over the foot- 

h i l l s  which induced an airflow toward the foothill  s .  This explanation 

does not seem to be consistent with the observation that  the morning 

wind  reversal occurred e a r l i e r  i n  the northern part  of the Denver area 

1 [ ,  
than in the southern part .  Rather, i t  would lead one to expect a n  

easterly daytime wind blowing toward the footh i l l s ,  beginning f i r s t  

in the western part of the c i ty  and spreading eastward. ::, , , ICI 4 

I' genson (1979) averaged the w i n d  observations from the Denver 

Weather Service Fprecasting Office from the period 1952-1969 for  each 
$1) 4 

season. He found that  the average wind direction was north-northeasterly 



. I 

i k r i '  during the day and south-southwesterly a t  night in A i  mn. The tran- 

s ' s i  tion fr6m so~th-southwesterly to north-northeasterly 1 ~ d s  occurred 

i n  1 a t e  morning while the transit ion north-northeasterly to south- 

southwesterly occurred in the early evening. The wind perturbations 

x: were larger  during the day than during the night. Daytime perturba- 

' tions were predominantly direction perturbations whil pighttime per- 
- .,+j c ~ - ,  .. , : & f,$,,,(, -, ., + -' 4 

' turbations were predominantly speed perturbat~ons.  
r 

, 4 t 4  i ' . , :  
Riehl and Herkhof (1970b) studied the role of the wind flow in 

Larimer County, Colorado, a i r  pollution episodes. They concentrated 

on the portion of Larimer County that  i s  eas t  of the footh i l l s .  The 

authors found a typical pattern of northerly (downslope off the 
?,,* >,., r ,\ r % - i d & ~ ~ t  . t . R  . a < .  

Cheyenne 'k'idge) winds a t  night and southeriy (upslope toward the 

""'Cheyenne Ridge) winds during the day. The daytime average wind speeds 

ranged from 3 miles per .hour along the footh i l l s  to  more than 5 miles 
, 1 ? *  4 '  

per hour out on the plains. Nighttime average wind speeds ranged from 
. : ,  ' 2 miles per hour along the foothi l l  s to 5 miles per hour out on the 

' plains. Overall , the wind speed was 1 ess than 5 mi 1 es per hour 90 

"percent of the time along the foo th i l l s  and 50 percent of the time 
1 , r e  

along the eastern border of Larimer County (about 1 2  es east  of 
d ,, ,. )I?.% r ! :  1 .  . ( *  < . 

' the foo th i l l s ) .  ' 

i ,  1- , t c  

- '" The f i r s t  (and only) study of winds, in the PR( 

ducted by Johnson and Toth (1982). They used wind ob 

r ~ n i o n  was con- 

Ins for  a l l  

available days without regard to  weather condi t i ~ 1 1 3  1 1 1  U U I ~ ,  1981 f r (  

the PROFS Mesonet and the Akron, Colorado Springs, and Limon, >lorado, 

~ h e ~ e n n e ,  Wyoming, and Scottsbl uff and Sydney, Nebraska National 
'1 ; 

" Weather Service off ices .  The hourly wind observations were vector- 
. , ! , ,  

averaged a f t e r  observations with speeds that  were more t h a n  two 
I 



I 
s tandard dev ia t i ons  from t h e  mean were removed ( i n  an at tempt  t o  f i l t e r  

o u t  wind observat ions from synopt ic  d is turbances) .  . .* ' 

The authors found a d i u r n a l  wind regime. The e a r l y  morning wind 

f low cons is ted  o f  downslope f l o w  o f f  o f  t h e  Cheyenne and Palmer Ridges 

converging i n t o  the South P l a t t e  R i ve r  Basin. By 0900 LST (about four 

hours a f t e r  sun r i se ) ,  upslope f l o w  toward the  F ron t  Range had begun 

a long the  f o o t h i l l s ,  bu t  no t  i n  t h e  h igh  mountains. By 1300 LST, up- 

I., + ,s lope f low toward the  F ron t  Range was observed a t  a l l  s t a t i o n s .  A t  
I 

, . 1 . .  I ,  1700 LST (about two and a h a l f  hours be fore  sunset),  downslope drainage 

I,, f low was observed a t  the  s t a t i o n s  a long the  f o o t h i l l s .  Over t he  next  

th ree  t o  f o u r  hours, the wind s h i f t  t o  downslope f l o w  proceeded east-  

ward. The morning t r a n s i t i o n  from downslope t o  upslope f l o w  took about 
I 

t h ree  hours t o  spread throughout t he  e n t i r e  reg ion ,  w h i l e  t h e  evening 

t r a n s i t i o n  from upslope t o  downslope took f o u r  t o  f i v e  hours. 

They a l so  analyzed h o u r l y  wind observat ions f o r  one day i n  Novem- 

ber  (Nov. 11).  A s i m i l a r  d i u r n a l  wind p a t t e r n  t o  t h a t  o f  J u l y  was 

found, except t h a t  t h e  evening t r a n s i t i o n  t o  downslope wind f l o w  began 
I 

!one hour be fore  sunset i n  November and th ree  hours be fore  sunset i n  

1 Ju ly .  The d i f f e r e n c e  was a t t r i b u t e d  t o  t he  afternoon thunderstorms i n  
I 

Ju ly ,  which brought  wes te r l y  momentum down t o  t he  sur face  i n  the l a t e  

afternoon. 

A number o f  s tud ies  o f  s lope winds have been performed i n  o the r  

areas. Defant (1951) summarized e a r l y  s tud ies  o f  upslope and downsl ope 

winds. He repo r ted  t h a t  t he  upslope winds occurred from s l i g h t l y  a f t e r  

sunr ise  t o  s l  i g h t l y  a f t e r  sunset, w i t h  downsl ope w i  nds occu r r i ng  du r i ng  

the  r e s t  o f  the  t ime. The wind reve rsa l s  occurred when the atmosphkre 

was isothermal .  The upslope wind reaches i t s  g rea tes t  speed a t  t he  



.,, ; i t ime o f  maximum i n s o l a t i o n .  The s lope wind l a y e r  was 6' 200 meters 

t h i c k  w i t h  t he  n igh t t ime  downslnne l a y e r  being t h i n r ~ r  the day- 

t ime ups1 ope 1 ayer.  Downslope speeds were 1 es: har ope speeds. 

Defant  expla ined the  format ion of s lope winds i n  ~er-111s -' t h e  d i f  

ference i n  temperature between t h e  a i r  ad jacent  t o  t h e  s lope and the  

a i r  a t  t h e  same e l e v a t i o n  over  t he  p l a i n .  The s lope becomes heated 

du r i ng  the  day and, i n  t u rn ,  i t  heats t he  a i r  ad jacent  t o  i t .  This  

a i r  becomes warmer and, t he re fo re ,  l e s s  dense than the  a i r  a t  the  same 

i t  , e l e v a t i o n  over t h e  p la ins ,  c r e a t i n g  a pressure g rad ien t  d i r e c t e d  toward 

, the slope. A t  n i g h t ,  t h e  a i r  ad jacent  t o  the s lope bet e s  c o l d e r  and 

more dense than the  a i r  a t  t h e  same e l e v a t i o n  over the  p l  i s  due t o  

s lope 

,, t h e  c o o l i n g  of t he  s lope surface, c r e a t i n g  a pressure 

, ,  away from the  slope. . , i f . ,  ), 

S ta ley  (1959) observed daytime upslope and n i g n t t i m e  ac 

, I ,  . ,; < a r ' , \  $1. '  winds i n  ,thg,$sl_umb,i,a, R i ve r  Basin:)); , I  LI .! ' 

Davidson and Rao (1963), w h i l e  s tudy ing  v a l l e y  winds i n  Vermont, 

found t h a t  ba l loons  t r a v e l l e d  upva l l ey  a t  n i g h t  i n  two o f  the  v a l l e y s .  

The slopes of these v a l l e y s  run  counter  t o  the  s lope of the  reg iona l  

topography, so t h a t  t h e  downval l e y  winds a re  masked by t h e  l a rge r - sca le  

downslope wind. They repo r ted  t h a t  t h e  onset of downval l e y  and down- 

s lope winds was sudden. 

Braham and Drag in i s  (1966) observed the  formation o f  a reg ion  o f  

convect ion over  slopes i n  the  morning due t o  t he  heat ing  o f  t he  slopes. 

Th i s  convect ion leads t o  t h e  fo rma t i on  o f  upslope winds. 

Flohn (1968) observed upslope winds on a l a r g e r  scale.  He found 

t h a t  t he  heat ing  o f  t he  T ibe tan  Plateau i n  summer caused upslope f l o w  



on a l l  s ides o f  the  p la teau t h a t  l a s t e d  day and n i g h t  throughout the  

; c .  summer and masked a1 1 d i u r n a l  wind regimes. 

Manins and Sawford (1979) s tud ied  downslope winds on a 'gen t le  

slope. They found t h a t  t he  onset of downslope winds was accompanied 

by an increase i n  atmospheric s t a b i l i t y .  The i r  study i n d i c a t e d  t h a t  

the n e t  c o o l i n g  of the downslope l a y e r  due t o  r a d i a t i o n a l  cool i n g  and 

heat  f l u x  was balanced by a d i a b a t i c  warming. The downslope f l o w  d i s -  

s i pa ted  about an hour and a h a l f  a f t e r  sunr ise .  - Whiteman (1980) found t h a t  the  daytime boundary l a y e r  extended 

1% t o  2% k i lometers  above the  r i d g e  tops o f  v a l l e y s .  He compared wind 

observat ions i n  and above the daytime boundary l a y e r  above the Eagle 

R iver  Va l l ey  and i n  the  daytime boundary l a y e r  over  Grand Junct ion.  

He found t h a t  a l though the  wind d i r e c t i o n  i n  the  f ree  atmosphere was 

the same a t  bo th  l oca t i ons ,  the  wind w i t h i n  t he  boundary l a y e r  flowed 

i n  the d i r e c t i o n  of t he  mesoscale s lope a t  each s i t e .  

Banta and Cotton (1981) observed th ree  wind systems i n  undis turbed 

c l e a r  cond i t i ons  i n  South Park, Colorado. The n igh t t ime  windf low was 

downslope, which was fo l l owed  by a morning upslope. As the  morning 

progressed, a very deep convec t ive  boundary l a y e r  formed. The turbu-  

l e n t  mix ing  i n  the  convec t ive  boundary l a y e r  brought momentum down from 

the g r a d i e n t  wind l e v e l  , so t h a t  t h e  a f te rnoon wind was coup1 ed w i t h  
<; 2 t .,-, 

the  g rad ien t  wind. 

Several models o f  s lope winds have been developed. F l  eagl e  (1950) 

developed a model o f  downslope drainage winds which showed t h a t  the 

v e l o c i t y  was i n v e r s e l y  p ropo r t i ona l  t o  t he  angle o f  e l e v a t i o n  of  the  

s lope because the  a d i a b a t i c  warming o f  the downslope wind reduced the  

pressure g rad ien t  between the  a i r  ad jacent  t o  t he  s lope and the  a i r .  

over t he  p l a i n .  

l~ 



\ I , >  I I ty ' i s  , 

Thyer (1962) used a model to show upslope speeds re greatest  a t  

the top of the ridge and downslope speeds were grea ;t a t  2 bottom 

of the ridge. He also showed tha t  downslope winds were stronger and 

wqre in a thinner layer than upslope winds and*-that slope wind speeds 
2 ,  ) ' . T .  , . r ' 

are direct ly  proportional to the elevation angle of the slope. 

> t >  
Orville (1964) developed a model of upslope flow. He show that 

a circulation cell  formed over the slope. The center of the circula- 

tion cell  moves from above the slope to  above the ridge top as a con- 

vective column forms over the ridge. , . , $ ,  : :, , ; I :  : , v  . <  : 

Dirks (1969) modelled slope winds on the l ee  side of the Rocky 

Mountains. A region of strong convection was present over the ridge 

top by two hours a f t e r  sunrise, with a circulation cell  over the slope 
I. ( ( ' '  

and upslope winds on the slope. Mass removed by the upslope wind was 

replaced by subsidence. The cel l  gradually expanded until  i t  reached 

about 75 kilometers eas t  of the slope. The upslope flow was one kilo- 

meter deep over the slope and s l ight ly  deeper over the plain. 

The evening downslope began s l ight ly  before sunset a t  the top of 

the slope and spread to  the en t i re  slope in a half hour. Downslope 

winds developed over the plains i n  the next two hours. A circulation 

cel l  did not form a t  night. Instead, the downslope flow continued over 

the top of the remaining upslope winds until the upslope winds had dis- 

s i  pated everywhere. 

He then developed a time-a1 t i  tude section of wester1 y wind com- 

ponents f o r  Denver based on observations from 28 undisturbed days from 

the summer of 1966. Below 3 kilometers agl , the wi nd had an easterly 
111.8 I '  

component between 0900 LST and 0300 LST, w i t h  a westerly component in 

the remaining 6 hours. Above 3 kilometers, the pattern was reversed. 
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The PROFS study area covers approx imate ly  / u u u  square m i l es  

(F igure  3.1). I t  encompasses a reg ion  from t h e  Eastern Slope of t he  

Fron t  Range on t h e  west t o  75 m i l e s  eas t  of t he  f o o t h i l l s  and from the  

Cheyenne Ridge i n  t he  n o r t h  t o  t he  Palmer RTdge i n  t h e  south. The 

South P l a t t e  R i ve r  en ters  t he  r e g i o n  from t h e  south, f lows no r th  

through Denver, Br ighton,  and P l a t t e v i l l e ,  and then tu rns  east  a t  
4 .  

Greeley and flows pas t  F o r t  Morgan. '*l, 

i h? 
k .  t 

There were twenty s t a t i o n s  i n  t h e  network when t h i s  ~ d y  began. 

A twenty-,  , I q t  Br iggsdale,  was i n s t a l l e d  on November 10, 198L 
# 

(F igure  3 Each s t a t i o n  i s  equipped w i t h  an anemometer, a  therm- 

i s t o r ,  a hygrometer, a t i p p i n g  bucket r a i n  gauge, and two pyranometers, 

one of  which i s  h o r i z o n t a l  and t h e  other _ i l t e d  40 degrees t o  t h e  south. 

o f  t h e  : t i o n s  a r e  equipped w i t h  forward s c a t t e r  meters. 

,,ie inst ruments used i n  t h i s  s tudy a r e  the  anemometers, t he  therm- 

i s t o r s ,  and the  h o r i z o n t a l  pyranometers. The anemometers a r e  Skyvan 

l~ 
W102-P/AC anemometers made by Weather Measure Corporat ion.  The ac- 

curacy was measured t o  be - + 3 degrees, w i t h  a 3 percent  e r r o r  i n  the  

speed. The the rm is to rs  a r e  Yel low Springs Model YSI15133, which a re  

accurate + 5°F. The pyranometers a r e  Ly-Cor, Incorpora ted  Model 

LI-ZOOS, accurate t o  w i t h i n  5 percent  ( P r a t t  and Kaimal , 1982). The 

anemometers a re  mounted on t h e  tops of meteoro log ica l  towers, w h i l e  
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r s v t  i ;  Figure  3.1. Re1 i e f  map o f  PROFS reg ion .  
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the pyranometers a r e  mounted on booms on the  south s ides of the  towers. 

The the rm is to rs  a re  p laced i n  convent ional  meteor01 og i  ca l  she1 t e r s  1 
1 

I 
I 

mounted a t  the  standard he igh t  o f  four  f e e t  above the  ground, except 

f o r  t h ree  s t a t i o n s  (Aurora, Boulder, and R o l l  i n s v i l l e  

Table 3.1 g ives  t h e  l a t i t u d e ,  l ong i t ude ,  and e l e v a t i o n  o f  each 

s t a t i o n ,  p lus  a d e s c r i p t i o n  of t h e  s i t e .  Four of t he  s t a t i o n s ,  Estes 

Park (EPK), Ward (WRD), R o l l i n s v i l l e  (ROL), and Idaho Springs (ISG) a re  

l oca ted  i n  t he  mountains. Three s t a t i o n s ,  F o r t  C o l l  i n s  (FOR), Boulder 

(BOU), and Lakewood (LAK) a r e  l o c a t e d  a t  t he  eastern edge of the  foo t -  

h i l l s ,  The L i t t l e t o n  (LTN) and El  b e r t  (ELB) s t a t i o n s  a re  l oca ted  on 

t h e  n o r t h  s lope o f  the  Palmer Ridge. The remaining s t a t i o n s  a r e  on 

the  p la ins .  



1 ( .  

Table 3.1. Locat ion  and d e s c r i p t i o n  o f  PROFS Mesonet s t a t i o n s .  

Arvada (ARV) : 
La t .  - 39'48' Long. - 105'05' Elev. - 5385 f e e t  MSL 
Located i n  a  small park, "The C h i l d r e n ' s  Garden," near the  i n t e r -  
sec t i on  of  57th Avenue and Garr ison Road i n  the  c i t y  of  Arvada on 
a  low h i 1  1  w i t h  a  very g e n t l e  slope. The anemometer and pyranom- 
e t e r  a re  mounted on a  30- foo t  tower. A l i n e  of  25-foot t rees  i s  
on the  west of the s t a t i o n ,  about 10 f e e t  f rom the  tower. Sur- 
rounded by r e s i d e n t i a l  area. 

Aurora (AUR): ' 
L a t .  - 39'45' Long. - 104'52' Elev. - 5332 f e e t  MSL 
Located on the  roof  of t h e  o l d  Denver Weather Serv ice Forecast ing 
O f f i ce  south of the  east-west runways a t  Stapl  e ton  I n t e r n a t i o n a l  
A i r p o r t .  The 10-foot tower and s h e l t e r  a re  bo th  on the  roo f  of  
the two-story b u i l d i n g .  Though the  surrounding t e r r a i n  i s  smooth, 
there  are t rees  and o t h e r  obs t ruc t i ons  t o  the  south and west of 
t he  tower t h a t  d i s t u r b  t he  wind f low from these d i r e c t i o n s .  Sur- 
rounded by r e s i d e n t i a l  area. 

Boulder (BOU/RB3): 
La t .  - 40'01' Long. - 105'15' Elev. - 5344 fee t  MSL 
Located on the  r o o f  o f  t h e  s i x - s t o r y  NOAAIERL b u i l d i n g  a t  30th and 
Arapahoe i n  downtown Boulder.  The anemometer and pyranometer a re  
mounted on a  20- foo t  tower and the  she1 t e r  i s  mounted 4 fee t  above 
the  roo f .  There are  numerous obs t ruc t i ons  t o  a i r f l o w  on the  r o o f .  

B r i  ggsdal e  (BGD) : 
Lat .  - 40°40' Long. - 104'20' Elev. - 4950 fee t  MSL 
Located along the  Briggsdale-Hereford Road, about one m i l e  n o r t h  of  
Highway 14 a t  a  U.S. Fores t  Serv ice  s t a t i o n .  The anemometer and 
pyranometer a re  mounted on a  30- foo t  tower. The t e r r a i n  i s  smooth, 
b u t  s lopes up t o  t h e  n o r t h  and eas t .  There a re  no obs t ruc t i ons  
nearby t o  i n t e r f e r e  w i t h  t he  windf low, and the  s o i l  i s  d r y  w i t h  
s h o r t  grass. 

B r i gh ton  (BRI): 
La t .  - 40°00' Long. - 104'48' Elev. - 4980 fee t  MSL 
Co-located w i t h  t h e  B r i gh ton  Cooperat ive Observer s t a t i o n .  I t  i s  
about two m i l es  eas t  o f  t h e  South P l a t t e  R iver .  The surrounding 
t e r r a i n  i s  smooth i n  a l l  d i r e c t i o n s .  The anemometer and pyranom- 
e t e r  a re  on a  43- foo t  tower t o  avo id  i n t e r f e r e n c e  from t rees  i n  



Table 3.1. . (cont inued)  
, . 

Byers (BYE): 1 . 4  ;. - ti 

La t .  - 39'45' Long. - 104'08' Elev. - 5100 f e e t  MSL 
Co-located w i t h  t h e  Byers Cooperat ive Observer s t a t i o n ,  about 
f i v e  m i l e s  nor theas t  of Byers on Highway 36. The 30-foot tower 
i s  l oca ted  on the souths ide of a  clump of 40-foot t rees .  The 
s h e l t e r  i s  l oca ted  i n  s h o r t  grass. The surrounding t e r r a i n  i s  
smooth . 

E l  b e r t  (ELB) : I 

Lat .  - 39'14' Long. - 104'18' Elev. - 6992 f e e t  MSL 
Located i n  a  grass f i e l d  a t  t h e  Running Creek F i e l d  S ta t i on ,  
about f i v e  m i l es  n o r t h  of t he  Palmer D iv ide .  The anemometer 
and pyranometer a re  mounted on a  30- foo t  tower w i t h  no obstruc-  
t i o n s  around. The sur face  slopes g e n t l y  up toward the  D iv ide .  

I , .  .' 
, ' ' ' I  

Estes Park (EPK):  t 

La t .  - 40'23' Long. - 105'31' Elev. - 7770 fee t  MSL 
Located i n  a  grassy f i e l d  200 yards west of the  Rocky Mountain 
Nat ional  Park V i s i t o r ' s  Center. The s t a t i o n  i s  placed i n  a  low 
spot  i n  a  p o o r l y  d ra ined v a l l e y .  The anemometer and pyranometer 
a r e  on a  45 - foo t  tower. No obs t ruc t i ons  t o  t he  wind a re  nearby. 

, ' 1 , )  f i -  

F o r t  C o l l i n s  (FOR) : 
Lat .  - 40'35' Long. - 105'05' E lev.  - 5279 f e e t  MSL 
Located a t  the  CSU Department o f  Atmospheric Science b u i l d i n g  west 
o f  F o r t  C o l l i n s .  The b u i l d i n g  i s  on a  h i l l  about a  h a l f  m i l e  eas t  
o f  t he  f i r s t  r i d g e  o f  t he  f o o t h i l l s .  The 20-foot tower i s  l oca ted  
on t h e  r o o f  o f  t h e  th ree -s to ry  b u i l d i n g .  The s h e l t e r  i s  t o  the  
eas t  o f  the  b u i l d i n g ,  nex t  t o  t h e  l a r g e  s a t e l l i t e  d i sh .  

I ,). 

F o r t  Morgan (FTM) : 
La t .  - 40'20' Long. - 103'49' Elev. - 4550 f e e t  MSL 
Located a t  t he  F o r t  Morgan A i r p o r t .  The a i r p o r t  i s  l oca ted  near 
t h e  top  o f  the  south s lope of  a  r i d g e  t h a t  p a r a l l e l s  t he  South 
P l a t t e  R iver  on the  n o r t h  s ide .  The 30- foo t  tower i s  mounted 
on top  o f  a  one and a  h a l f  s t o r y  b u i l d i n g ,  w h i l e  t h e  she1 t e r  i s  
j u s t  n o r t h  o f  t h e  b u i l d i n g .  There a r e  no t r e e s  o r  t a l l  b u i l d i n g s  
around t o  a f f e c t  t h e  wind f low,  and t h e  a i r p o r t  i s  surrounded by 

- a  , . d r y  grass1 and. 
rip r 
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Table 3.1. (cont inued)  

Greel ey (GLY) : 
Lat .  - 40'26' Long. - 104'38' Elev. - 4642 f e e t  MSL 
Located a t  t he  Weld County A i r p o r t ,  which i s  eas t  o f  Greeley on 
Highway 263 near t he  confluence of t he  one-story a i r p o r t  head- 
quar te rs  b u i l d i n g .  The s h e l t e r  i s  about 5 fee t  from the  b r i c k  
b u i l d i n g  on the  eas t  s i d e  on an i r r i g a t e d  lawn. The surrounding 
t e r r a i n  i s  smooth w i t h  no obs t ruc t i ons  around the anemometer. 

Idaho Sp r i  ngs ( I S G )  : 
La t .  - 39'40' Long. - 105'30' Elev. - 11500 fee t  MSL 
Located on t h e  top  o f  Squaw Mountain. The anemometer and pyra- 
nometer a r e  on a 20- foot  tower, b u t  a rock ou tc rop  t o  t he  no r th -  
west o f  t he  tower w i l l  i n t e r f e r e  w i t h  the  wind f low from t h a t  
d i r e c t i o n .  

' r l  

Keenesburg (KNB) : 
f 
' & 
i .  

Lat .  - 40'04' Long. - 104'26' E lev.  - 4862 f e e t  MSL 
Located a t  the  Weld Centra l  High School. The anemometer and 
pyranometer a re  on a 10- foo t  tower on the  roo f  o f  a shed. The 
s h e l t e r  i s  about 15 f e e t  t o  t h e  southwest of  the  shed. The sur-  
rounding t e r r a i n  i s  smooth i r r i g a t e d  farmland w i t h  no obs t ruc t i on .  

.$ t- . / 

,. .i 9 I 

La kewood (LAK) : Y 
Lat .  - 39'42' Long. - 105'08' Elev. - 6009 f e e t  MSL ' 
Located a t  Lakewood F i r e  S t a t i o n  No. 4, which i s  about hal fway 
up the  eas tern  s lope o f  Green Mountain. The anemometer and pyra- 
nometer a re  on a 10- foo t  tower t h a t  i s  mounted on the r o o f  o f  
the  one-story f i rehouse.  The s h e l t e r  i s  nex t  t o  an aspha l t  
park ing  l o t .  No t a l l  b u i l d i n g s  o r  t r ees  a re  l oca ted  near the  
s i t e .  

t .  

L i  t t l e t o n  (LTN) : ' .  
La t .  - 39'34' Long. - 104'57' Elev. - 5740 f e e t  MSL ' 
Located a t  t he  no r theas t  corner  o f  t he  i n t e r s e c t i o n  o f  Highways 
177 and 470 a t  a Colorado Department o f  Hea l th  t r a i l e r  i n  a grassy 
f i e l d .  The t e r r a i n  slopes up t o  t h e  south toward the  Palmer 
Div ide,  and a l s o  t o  t he  eas t  away from t h e  South P l a t t e  R iver ,  
which i s  t h ree  m i l e s  west o f  t he  s t a t i o n .  The anemometer and 
pyranometer a r e  on a 30- foot  tower. There a r e  no t rees ,  h i l l s ,  
o r  b u i l d i n g s  around t h a t  w i l l  o b s t r u c t  the wind. 

r 4 4  

o 1 :. , b  
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Tab1 e 3.1. (con t inued)  

Longmont (LGM) : 
1 -  , i, Lat .  - 40'10' Long. - 105°10' Elev. - 5027 fee t  MSL 

t l i  
Located a t  the  Longmont A i r p o r t .  The anemometer and pyranometer 

. I 
a r e  on a 10- foo t  tower on the  r o o f  of t h e  one-story Judson F l y i n g  
Serv ice b u i l d i n g .  The s h e l t e r  i s  on the  ground on the  n o r t h  s i d e  
o f  t he  b u i l d i n g .  The surrounding t e r r a i n  i s  smooth i r r i g a t e d  
farmland w i t h  no obs t ruc t i ons  t o  t h e  wind f l ow .  

Love1 and (LVE) : 
ad . 19 

Lat .  - 40'25' Long. - 105'02' Elev. - 4960 fee t  MSL 
Located about hal fway between Loveland and I n t e r s t a t e  Highway 25 
a long U.S. Highway 34 a t  t h e  Greeley Water Treatment P lan t .  The 
anemometer and pyranometer a r e  on a 30- foot  tower mounted on the  
r o o f  of t h e  one-story b u i l d i n g .  The s h e l t e r  i s  on the  n o r t h  s ide  
o f  the b u i l d i n g ,  w e l l  removed f rom t h e  ponds on an i r r i g a t e d  lawn. 
There a r e  no t a l l  t r ees  o r  t a l l  b u i l d i n g s  c lose  by and the  sur-  
rounding t e r r a i n  i s  smooth. I $ >  . 

..I 5 

Nunn (NUN): 
". . ir ' 

La t .  - 40'42' Long. - 104'47' Elev. - 5184 fee t  MSL 
Located approx imate ly  t h ree - fou r ths  o f  a m i l e  southeast o f  the  
Centra l  P la ins  Experiment S t a t i o n  Headquarters, about e i g h t  m i l es  
n o r t h  o f  Nunn i n  d r y  grassland. The anemometer and pyranometer 
a r e  on a 20- foot  tower. The area i s  t r e e l e s s  and cons i s t s  of low 

:.lnl r o l l i n g  h i l l s .  The sur face  slopes upward toward t h e  Cheyenne 
- 3 'q L J , ~  Pidge t o  t he  nor th .  

r? J !: 
P l a t t e v i l l e  (PTL) : 

La t .  - 40°15' Long. - 104'53' Elev. - 4790 f e e t  MSL 
Located one m i l e  n o r t h  o f  t h e  F o r t  S t .  V ra in  Power P l a n t  i n  t h e  
middle o f  t he  " Y "  near the  conf luence o f  t h e  St .  Vra in and South 
P l a t t e  Rivers.  The 30- foo t  tower and she1 t e r  a re  l oca ted  j u s t  
south o f  t he  f l o o d p l a i n  i n  very  sandy s o i l .  B l u f f s  l i n e  the 
nor thwest  bank o f  t h e  St .  Vra in  R iver  about a qua r te r  m i l e  t o  
t h e  n o r t h  and west o f  t he  s t a t i o n .  

v '  . '  

R o l l i n s v i l l e  (ROL): 
La t .  - 3g054' Long. - 105O29' E lev.  - 9020 fee t  MSL 
Located ona  200-foot h igh  rock  ou tc rop  near t h e  F r i t z  Peak Obser- 
va to ry .  The anemometer and pyranometer a re  on a 13- foo t  tower. 
The rock ou tc rop  i s  h igh  enough t h a t  the  s t a t i o n  i s  f r e e  from 
sur face  r a d i a t i o n  e f f e c t s .  I 



Ward (WRD): 
La t .  - 40°02' Long. - 105'32' Elev. - 10,000 f e e t  MSL 
Located on the  Niwot Ridge. The anemometer and pyranometer a re  
mounted on a 20- foot  tower. 

Table 3.1. 
I 

( con t i nued )  

~ 



A. Descri  p t i o n  o f  Da ta-Averagi ng Procedure 
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The CSU PROFS Mesonet data a rch i ve  rece ives  average, maximum, and 

minimum values f o r  wind speed and d i r e c t i o n ,  a i r  temperature, dew p o i n t  

temperature, and s o l a r  r a d i a t i o n ,  average values f o r  v i s i b i l i t y ,  and 

t o t a l  p r e c i p i t a t i o n  f o r  each f i v e  minute per iod .  Samples are  c o l l e c t e d  

a t  10 second i n t e r v a l s  from t h e  PROFS network. A t  NOAAIERL, t he  f i v e -  

minute averages are  then c a l c u l a t e d  from the  t h i r t y  samples. The aver- 

age wind d i r e c t i o n  i s  c a l c u l a t e d  by ass ign ing  a vec to r  o f  u n i t  l e n g t h  

t o  each o f  t he  30 wind d i r e c t i o n  samples and vec tor  averaging the u n i t  

averages. The averages f o r  the  o t h e r  parameters a re  obta ined by aver- 

ag ing t h e  30 samples. The maximum and minimum values are  the  h ighes t  

and lowest  of the  30 samples, r e s p e c t i v e l y .  

For t h i s  study, 20-minute averages f o r  wind and temperature were 

generated from the f i ve-minu te  averages f o r  the  study per iod .  The f i v e -  

minute wind d i e c t i o n  and speed averages were vec to r  averaged t o  o b t a i n  

the  20-minute averages. 

:!i8,,4L,t , ..";I 
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B. Desc r ip t i on  o f  Synopt ic  S i t u a t i o n  on Study Days 

ANALYSIS OF DATA 

Due t o  problems i n  t he  a r c h i v a l  system, o n l y  t h ree  days and th ree  

n i g h t s  were a v a i l a b l e  f o r  t h i s  study. The data used were from two 36 

hour sequences: October 6 122 t o  October 8 OZ and November 11 OZ t o  



November 12 121. Table 4.1 conta ins  the  sun r i se  and sunset times f o r  

the  s tudy days and n i g h t s .  

Table 4.2 shows the  percent  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  t h a t  was 

rece ived a t  each of  t he  s t a t i o n s  be fore  noon f o r  the  th ree  days, Octo- 

ber  6 and 7 and November 11. Table 4.3 conta ins  t h e  Denver sky cover 

observat ions f o r  t he  th ree  n igh ts ,  October 6 and November '10 and 11. 

Appendix A conta ins  t h e  surface, 700 mb, and 500 mb cha r t s  f o r  

122 October 6, OZ and 122 October 7, OZ October 8, and OZ and 122 

November 11 and 12. Eastern Colorado was under a r i d g e  du r i ng  bo th  

periods, w i t h  l i g h t  winds up t o  500 mb, except 12Z October 6 and OZ 

October 8 which had wind speeds of 20 knots o r  h igher  a t  500 mb. The 

sur face  pressure g r a d i e n t  was l e s s  than 1 mb/50 m i l es  throughout both 
, j  3 - ' 

per iods over  the  PROFS study area. I n  October, the  PROFS area was on 

the  backside o f  a  high, w i t h  a s t rong  pressure g r a d i e n t  t o  the  eas t  

o f  the  area causing sou the r l y  f low over  western Kansas and extreme 

eas tern  Colorado. 

Appendix B con ta i  ns t h e  corresponding soundings f o r  the  Denver 

Weather Serv ice Forecast O f f  i c e  ( e l  ev . 5300 fee t  msl ) . The afternoon, 

o r  OZ (1700 LST), soundings a l l  show a deep neu t ra l  o r  s l i g h t l y  un- 

s t a b l e  l a y e r  extending from the  surface t o  around 700 mb or about 

10,000 fee t  msl.  On a l l  4 a f te rnoon soundings, t he  wind d i r e c t i o n  a t  

700 mb d i f f e r s  from t h e  g r a d i e n t  wind d i r e c t i o n  s ince  t h e  boundary 

l a y e r  extends t o  700 mb. Two o f  t he  morning, o r  122 (0500 LST) , 

soundings (October 7 and November 12) show an i n v e r s i o n  o f  about 1100 

f o o t  depth ( t o  about 6400 f e e t  ms l ) .  The October 6 sounding shows a 

small unstable l a y e r  under an i nve rs ion .  The November 11 sounding 



Table 4.1 Sunr ise and sunset t imes a t  Denver f o r  
the days and n i g h t s  used i n  t h i s  study. 
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Table 4.2. Percentage of e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  
rece ived a t  each s t a t i o n  be fore  1 2 0 0  LST. - 

, I  ' ' ( . t . : ,  >,/,I/ l - I .  I '3 - > . t i , :  c . w  . . 
. , l j l  , !  . ' 1 .  - 

t 1 

--- 

Date 
S t a t i o n  

10/6/81 10/7/81 11/11/81 
l 

a ,  
_' 1 

ARV ; 55% j 56% 53:J 

RB3 54 

B R I  54 

L GM 5 6 

KN B 

ROL 

EPK 

LAK 

LTN 

I S G  1 

PTL 

LVE 

BYE 1 
I 

FOR 1 

AUR ~ 
NUN ' 55 5 6 

GLY .* 55 f ' v ,  I : .  57 
I 

FTM 55 57 

ELB 

WRD 

BGD 



Table 4.3. Denver observed skycover f o r  the  tt.. -- 
n i g h t s  i n  t h e  study. 

I 

. 

.< 1 j>? 

Date 
Time (LST) -------- 

* A1 1 observat ions were of C i r r u s  ( C i  ) c louds. 
1 : .1 



I '  . 

shows isothermal l a y e r  extending up t o  700 mb. The 700 mb wind was 

nea r l y  p a r a l l e l  t o  t h e  surface wind and perpend icu la r  t o  the  g rad ien t  
; , I 1 . !  . '  ' *: ., .._.,'+; ' ;. 

wind a t  h ighe r  l e v e l s .  i -<  L~ , \ j  \ .  

I 
C .  Wind and Temperature Data 

.. *, 

F igures 4.1 through 4.12 c o n t a i n  maps of the  20-minute wind and 

temperature data a t  one hour i n t e r v a l s  f o r  t he  pe r i od  October 6 0500 

LST t o  October 7 1600 LST. F igures 4.13 through 4.24 con ta in  s i m i l a r  

maps f o r  the  pe r i od  November 11 0500 LST t o  November 11 1900 LST. 

The e a r l y  morning hours a r e  marked by very 1 i g h t  drainage winds 

a long the  f o o t h i l l s  and western p l a i n s ,  w i t h  s t ronger  downslope winds 

i n  t h e  mountains. Strong sou the r l y  winds of around 10 knots blow 

a long the  Palmer Ridge and eas tern  p l a i n s  (F igures 4.8, 4.16).  

Thp tem era tu res  change l i t t l e  i n  t he  e a r l y  morning. There i s  an 
1 .  1 t , 1 .r, ' ! i n v e r s i o n  be ow around '6000 f e e t  MSL, w i t h  a s t a b l e  lapse r a t e  above 

the  invers ion .  F igure  4.25 conta ins  a graph o f  the  average minimum 

temperatures f o r  t h e  th ree  mornings versus e leva t i on .  The minimum 

temperatures decrease above t h e  i n v e r s i o n  a t  a  r a t e  o f  about Z15"F/ 

1000 fee t  ( c a l c u l a t e d  f rom a l e a s t  squares l i n e a r  regress ion  us ing  the  

MINITAB s t a t i s t i c a l  package). However, t he re  a re  wide v a r i a t i o n s  from 

t h i s  r a t e  due t o  l o c a l  topography. For example, Estes Park, which i s  

i n  a t r app ing  va l l ey ,  has a much co lde r  average m i  nimurn temperature 

than p red i c ted  by the  1 i n e a r  regress ion.  R o l l  i n s v i l l e ,  l oca ted  on a 

h i g h  rock  outcrop, has one o f  the warmer average minimum temperatures 

i n  the network. 

W i th in  the  i n v e r s i o n  l aye r ,  t he  c o l d e s t  temperatures occur along 

t h e  South P l a t t e  R iver .  The r a t e  o f  increase o f  temperature w i t h  



Figure 4.1. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  October 6 0500, 0600, 0700 LST. ( 1  barb = 
1 knot, 1 f l ag  = 5 knots, temperature i n  OF) 

Figure 4.2. Map o f  20 minute averaged data a t  1 hour i n t e r va l c  
f o r  October 6 0800, 0900 1000 LST. (1 barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  OF) 

Figure 4.3. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  October 6 1100, 1200, 1300 LST. ( 1  barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  OF) 

Figure 4.4. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  October 6 1400, 1500, 1600 LST. ( 1  barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  OF) 
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Figure 4.5. Map of 20 minute averaged data a t  1 hour in te rva l s  
f o r  October 6 1700, 1800, 1900 LST. (1 barb = 
1 knot, 1 f l ag  = 5 knot, temperature i n  O F )  ":i 
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~ i ~ u r e ' 4 : 6 .  Map of 20 minute averaged data a t  1 'hour in te rva l s  

f o r  October 6 2000, 2100, 2200 LST. (1 barb = 

, , : - a  
1 knot, 1 f l ag  = 5 knots, temperature i n  O F )  
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Figure 4.7. Map of 20 minute averaged data a t  1 hour in te rva l s  
f o r  October 6 2300, and Oceober 7 0000, 0100 LST. 
(1 barb = 1 knot, 1 f l a g  = 5 knots, temperature 
i n  O F )  
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Figure 4.8. Map of 20 minute averaged data a t  1 hour in te rva l s  
1 * .  L . f o r  October 7 0200, 0300, 0400 LST. (1 barb = 

1 knot, 1 f l ag  = 5 knots, temperature in  " F )  
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Figure  4.9. Map of 20 minute averaged data a t  1 hour i n t e r v a l s  
f o r  October 7 0500, 0600, 0700 LST. ( 1  barb = 
1 knot, 1 f l a g  = 5 knots,  temperature i n  O F )  

I 
F igure  4.10. Map of 20 minute averaged data a t  1 hour i n t e r v a l s  

f o r  October 7 0800, 0900, 1000 LST. ( 1  barb = 
1 knot,  1 f l a g  = 5 knots,  temperature i n  O F )  
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Map o f  20 minute averaged data a t  1 hour i n t e r v a l s  
f o r  October 7 1100, 1200, 1300 LST. (1 barb = 
1 knot,  1 f l a g  = 5 knots,  temperature i n  O F )  
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1 knot, 1 f l  

nute  averaged data a t  1 hour i n t e r v a l s  
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Figure 4.13. Map o f  20 minute averaged data a t  1 hnllr i n t e r va l s  
'P f ., 'P 

f o r  November 10 1700, 1800, 1900 LST. 1 barb = 
r'; - 

1 knot, 1 f l a g  = 5 knots, temperature b 
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Figure 4.14. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  November 10 2000, 2100, 2200 LST. ( 1  barb = 

<,f: . . * A  

1 knot, 1 f l a g  = 5 knots, temperature i n  OF) -1; 
' # 
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Figure 4.15. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
. . f o r  November 10 2300, November 11 0000, 0100 LST. 

( 1  barb = 1 knot, 1 f l a g  = 5 knots, temR rat,ur& 
i n  OF) I, 

3 - I ;  
*b 1. 
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Figure 4.16. Map o f  20 minute averaged data a t  1 hour i n t e r va l  s ; 

Y E S  ,a fo r  November 11 0200, 0300, 0400 LST. ( 1  barb = 1 
* 1 knot, 1 f l a g  = 5 knots, temperature i n  OF) t"F1 . . t .  
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Figure 4.17. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  November 11 0500, 0600, 0700 LST. (1 barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  O F )  

Figure 4.18. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  November 11 0800, 0900, 1000 LST. ( 1  barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  O F )  

Figure 4.19. Map o f  20 minute averaged data a t  1 hour i n t e r v a l s  
f o r  November 11 1100, 1200, 1300 LST. (1 barb = 
1 knot, 1 f l a g  = 5 knots, temperature i n  O F )  
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F igure 4.20. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  November 11 1400, 1500, 1600 LST. (1 barb = 

- h'Y 
1 knot, 1 f l a g  = 5 knots, temperature i n  O F )  . L 
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"Figure 4.21. Map of 20 minute averaged data a t  1 hour i n t e r va l s  
, f o r  November 11 1700, 1800, 1900 LST. ( 1  barb = 

' , ' 1 knot, 1 f l a g  = 5 knots, temperature i n  O F ) -  

Figure 4.22. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
f o r  November 11 2000, 2100, 2200 LST. ( 1  barb = 

Kt , 1 knot, 1 f l a g  = 5 knots, temperature i n  O F ) ! :  

i 1 1  

- -  . 
Figure 4.23. Map o f  20 minute averaged data a t  1 I r i n te r va l s  

. f o r  November 11 2300, November 12 00( 0100 LST. I 

qt. z ( 1  barb = 1 knot, 1 f l a g  = 5 knots . nora ture  ' .,. , i n  O F )  

-. , I 

Figure 4.24. Map o f  20 minute averaged data a t  1 hour i n t e r va l s  
I * .-- . i. f o r  November 12 0200, 0300, 0400 LST. ( 1  barb = 

' 1 knot, 1 f l a g  = 5 knots, temperature i n  O F ) , .  
- ,  
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e l e v a t i o n  w i t h i n  t h e  i n v e r s i o n  i s  around 10°F/lOOO f e e t  ( c a l c u l a t e d  

from a l e a s t  squares regress ion  us ing  MINITAB), though l o c a l  cond i t ions  

cause some v a r i a t i o n  from t h i s  r a t e  a t  i n d i v i d u a l  s t a t i o n s .  The two 

regress ion l i n e s  i n t e r s e c t  a t  around 5800 f e e t .  The i n v e r s i o n  top  

he igh ts  were around 6400 f e e t  i n  t h e  October 7 and November 12 Denver 

122 soundings ( t h e  sounding f o r  the  morning o f  November 11 conta ined 

o n l y  the mandatory l e v e l s  and d i d  n o t  show an i n v e r s i o n ) .  

Figures 4.26 t o  4.28 show the  comparison between t h e  122 tempera- 

t u res  and t h e  122 Denver soundings f o r  the  th ree  mornings. On a l l  

t h ree  mornings, t he  temperature p l o t  has rough ly  the  same shape as 

the sounding. The sounding i s ,  o f  course, warmer than the  temperature 

t r a c e  due t o  t he  r a d i a t i o n a l  c o o l i n g  o f  t he  surface, and i t  i s  t h i s  

temperature d i f f e r e n c e  which c rea tes  the  pressure g r a d i e n t  t h a t  d r i ves  

the downslope winds . It appears t h a t  t h e  temperature d i f ference 

between sounding and sur face  i s  3 t o  5 O F ,  w i t h  no subs tan t i a l  change 

lie G "' 
w i t h  e leva t i on .  i 

Between one and one and a h a l f  hours a f t e r  sunr ise  ( ~ i g u r e s  4.1- 

4.2, 4.9-4.10, and 4.18), t he  downslope winds d i s s i p a t e  a long and near 

the f o o t h i l l s .  The wind begins t o  t u r n  around t o  upslope. tlowever, 

t he  turnaround i s  n o t  a smooth, qu i ck  r e v e r s a l .  A one t o  t h ree  hour 

t r a n s i t i o n  per iod,  marked by l i g h t  and v a r i a b l e  winds, separates the  

downs1 ope and upslope winds. I 

-I 

On two of t h e  th ree  mornings the re  was a s i m i l a r  wind reversa l  i n  

the  mountains simultaneous w i t h  t h e  reve rsa l  i n  the  f o o t h i l l s .  On the  

t h i r d  morning, October 7, t he  day w i t h  t h e  h ighes t  g rad ien t  winds, 

wester1 i e s  were mainta ined i n  t he  mountains throughout the  day ( ~ i g u r e s  

4.10-4.12). 
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By th ree  t o  four hours a f t e r  sunr ise,  upslope winds a re  estab- 

1 i shed a long and near the  f o o t h i l l s .  Temperatures below 6000 f e e t  have 

become nea r l y  uni form throughout t h e  region.  The downslope winds begin 

t o  d i s s i p a t e  o u t  on t h e  p la ins ,  f i r s t  a t  t h e  more western and f u r t h e r  

u p r i v e r  l o c a t i o n s  (F igures 4.2-4.3, 4.10-4.11, and 4.19). The same 

type of t r a n s i t i o n  pe r i od  separates the  downilope and upslope winds as 

i n  the  f o o t h i l l s .  No change i n  wind d i r e c t i o n  was recorded a t  the 

El  b e r t  and Byers s ta t i ons ,  and on o n l y  one day (November 11) was the re  

a s h i f t  t o  upslope wind f l o w  a t  F o r t  Morgan. Strong sou the r l y  winds 

were mainta ined throughout t h e  day. The t r a n s i t i o n  t o  upslope winds 

i s  completed by s i x  hours a f t e r  sunr ise .  

The upslope winds speeds remain steady throughout t he  day. As 

F igure  4.12 shows, the  s t ronges t  speeds a r e  i n  t h e  extreme eastern 

p o r t i o n  o f  the reg ion  where the re  i s  no d i u r n a l  d i r e c t i o n  s h i f t .  Here, 

the speeds a r e  around 10 knots. Speeds i n  excess of 5 knots occur i n  

the nor thern  p o r t i o n  o f  the  r e g i o n  where the  wind blows toward the 

Cheyenne Ridge and a l s o  south o f  Denver. Speeds a re  on l y  2 t o  3 knots 

i n  the  r e s t  f the  p l a i n s  area. Mountain wind speeds vary g r e a t l y  P 
between t h e  i n d i v i d u a l  s t a t i o n s ,  rang ing  from 3 t o  7 knots.  

The maximum temperatures on the  p l a i n s  and f o o t h i l l s  gene ra l l y  

occur between 1330 and 1500 LST, as shown i n  Table 4.4. The except ion 

i s  Aravada, which has e a r l  i e r  maximum temperatures. Th is  may be due 

t o  t h e  a f te rnoon shade from the  l i n e  o f  t r e e s  t o  t he  west o f  the  

s t a t i o n .  The two mountain peak s ta t i ons ,  Idaho Springs and R o l l i n s -  

v i l l e ,  have maximum temperatures c lose  t o  noon. 
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Figure  4.29 conta ins a graph o f  t h e  average maximum temperature 

versus e leva t i on .  It appears t h a t  maximum temperatures a re  n o t  cor -  

re1 ated w i t h  e l e v a t i o n  below 6000 f e e t  MSL. To t e s t  t h i s  hypothesis  

2 
the F-value was computed. With a var iance o f  7.0°F and a res idua l  

sum of squares of 9 7 . 5 0 ~ ~  , w i t h  15 s ta t i ons ,  F = [ ( I 4  7 .O) - 97.5]/ 

[97.5 + 131 = 0.07, which i s  e a s i l y  l e s s  than the  tabu1 a ted  5 percent  

value o f  4.67. Therefore, i t  can be concluded t h a t  t he re  was no cor -  

r e l a t i o n  o f  maximum temperature w i t h  e l e v a t i o n  below 6000 fee t  on the  

study days. Local c o n t r o l s  p l a y  t h e  dominant r o l e  i n  determin ing the 

maximum temperature. The l e a s t  squares f i t  ( f rom MINITAB) i s  p l o t t e d  

f o r  s t a t i o n s  from L i t t l e t o n  (5740 f e e t  MSL) up. There i s  an almost 

l i n e a r  decrease of maximum temperature w i t h  e l e v a t i o n  of roughly  

4+OF/1000 fee t  f o r  e leva t i ons  above t h i s  l e v e l  . The c o r r e l a t i o n  

c o e f f i c i e n t  f o r  t he  l e a s t  squares f i t  i s  0.98. 

Between one and a h a l f  and two hours before sunset, the  upslope 

winds beg in  t o  d i s s i p a t e  i n  t he  mountains and a long the  f o o t h i l l s  

(F igures 4.4-4.5, 4.20-4.21). A one t o  two hours wind turnaround 

pe r i od  f o l l o w s  as downslope winds develop. This  turnaround pe r i od  

d i f f e r s  from the  morning t r a n s i t i o n  p e r i o d  i n  t h a t  the  speeds do n o t  

drop so d r a m a t i c a l l y  and t h e  d i r e c t i o n  s h i f t s  smoothly from upslope 

t o  downs1 ope. 

A f t e r  sunset, the  upslope winds on t h e  p l a i n s  sw i tch  around t o  

downslope, w i t h  t he  same one t o  two hour turnaround per iod .  As i n  t he  

morning, the  evening turnaround occurs e a r l i e r  a t  t he  f u r t h e r  west ~ n d  

f u r t h e r  u p r i v e r  l o c a t i o n s .  I n  the f i r s t  t h ree  hours a f t e r  sunset, tem- 

peratures drop n e a r l y  tw i ce  as r a p i d l y  on the p l a i n s  as i n  the  f o o t -  

h i l l s  (F igure  4.5). By f i v e  hours a f t e r  sunset downslope winds a re  
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establ ished throughout the region. These downslope winds are stronger 

than the upslope winds, except i n  the northern p a r t  o f  the region where 

the wind blows o f f  o f  the Cheyenne Ridge. Speeds o f  8 t o  12 knots 

occur i n  the f o o t h i l l s  and mountains and a lso i n  the eastern p la ins  

and on the Palmer Ridge. The western p la ins  have speeds of less  than 

5 knots, wh i le  speeds o f  5 t o  6 knots occur on the Cheyenne Ridge. 

A f t e r  midnight, the downslope winds decrease t o  on ly  2 t o  3 knots, 

except i n  the mountains and on the Palmer Ridge and eastern p la ins  

(Figure 4.7). Temperatures remain f a i r l y  steady throughout the area. 

As Table 4.5 shows, minimum temperatures may occur anytime from mid- 

n igh t  t o  an hour a f t e r  sunrise. 

The d iurha l  temperature ranges f o r  October 7 and November 11 are 

p l o t t ed  i n  Fiqur-gs 4.30 and 4.31, respect ive ly .  The d iurna l  range 

decreases w i t h  eTevation, exceeding 40°F i n  the South P l a t t e  River 

Val ley but  l ess  than 20°F i n  the mountains. The r a t e  a t  which the 

d iurna l  range decreases w i t h  e leva t ion  appears t o  be greater  below 

6000 f e e t  MSL than above 6000 f e e t  MSL. Least squares l i n e s  were 

calculated f o r  above 6000 f e e t  and below 6000 f e e t  fo r  each day using 

MINITAB and are p l o t t e d  on the graph. 
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Figure 1 . .  _ _ .  -iurnal temperature range versus elevation for 
October 7 .  
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November 11. 
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A. Discussion o f  Wind and Temperature Pattern! ,'( 
\, .. 

\ : A';- j 
1 I : I ;?' I 

' i h e  r o l e  of topography i n  con t ro l1  i n g  the regional wind and tem- 

perature pat terns i n  northeastern Colorado i n  the absence of dominant 

synoptic-scale f o r c i ng  i s  apparent. Even w i t h  such a l i m i t e d  data set, 
.: I 

a consistent  d iurna l  pa t te rn  can be seen. 

The d iurna l  wind pa t te rn  i s  i l l u s t r a t e d  i n  t h i s  sect ion w i t h  

diagrams o f  the hypothesized wind f l ow  f o r  the day a t  one hour before 

sunrise and two, three, four and s i x  hours a f t e r  sunrise and fo r  the 

n igh t  a t  one hour before sunset and one and three hours a f t e r  sunset, 

fol lowed by a f i n a l  diagram representing the e a r l y  morning wind pat tern.  

Because the wind observations fo r  the per iod i n  October and the per iod 

i n  November were s im i la r ,  no attempt was made t o  separate ou t  what i n -  

fluence the high pressure center  t o  the east  o f  the study reg ion may 

have had oil the October observations. Some d i f fe rences might be found 

i n  observations w i t h  weak pressure gradients or iented d i f f e r e n t l y  than 

the pressure gradients i n  the days used i n  t h i s  study, p a r t i c u l a r l y  

i n  the eastern po r t i on  of the region. However, a la rge  scale souther ly  

f low i s  the c l imato log ica l  norm f o r  the western p la ins  i n  Autumn (U.S. 

Department o f  Commerce, 1968) . 
Figures 5.1 through 5.5 show the daytime wind evo lu t ion.  Figure 

5.1 shows the wind pa t t e rn  an hour before sunrise. Downslope winds 
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F i  ure 5.1. Regional wind f l ow 1 hour before sunrise. 
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Figure 5.2. Regional wind flow 2 hours after sunrise. 
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Figure 5.3. Regional wind f l ow 3 hours a f t e r  sunrise. 
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Figure 5.4. Regional wind flow 4 hours after sunrise. 
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Figure 5.5. Regional wind flow 6 hours after  sunrise. 
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blowing from the Front Range and Cheyenne and Palmer Ridges converge . .J 

into the South Platte River Valley. Strong Southerly winds (10 t o  15 

knots) blow on the eastern plains. 

Two hours after sunrise (Figure 5 . 2 ) ,  the transition from down- 

slope t o  upslope has begun in the foothills and,mountains, as evidenced 

by very light or even calm wind speeds and changes in wind dirge-tion 

from the earlier pattern. On the plains and Cheyenne and Palmer 

Ridges, however, the downslope winds continue. A region of warm tem- 

peratures centered about 5800 feet i s  s t i l l  present. 
I '  * 

A t  three hours after sunrise (Figure 5.3), upslope winds have 

become established along the foothills, and the tran3,iLJj,psv +fl )a; 

spread onto the plains and the Cheyenne Ridge. Downslope winds are 

s t i l l  present on the Palmer Ridge and along the South Platte River. 

The model results presented by Dirks (1969) show a circulation cell 
r. 8 I I . .  , - 0 .  " 1 .  

ovbr the slope, with the mass transported upslope by the upslope winds 

being rep1 aced by a descendi ng col umn of a i r .  , .,, !LiG,, ;A , ,  ,:*: + cfLf5!+v: 

* dc By four hours after sunrise (Figure 5.4), upslope flow has become 

Y I established on the south slope of the Cheyenne Ridge b u t  not on the 

north . slope ? .  of the Palmer Ridge where -" , upslope , winds would have t o  flow 

in the opposite direction to the 1 arge scale flow. Downs1 ope winds 

are confined to the Palmer Ridge and the lower elevations along the 

South  Platte River. Temperatures on the plains have caught u p  with 

those on the foothills except a t  the lower elevations along the South 

Platte River where the inversion was the deepest. 

The daytime pattern i s  firmly established by six hours after sun- 

rise (Figure 5.5). Upslope winds are present everywhere except in the 

extrem'i eastern portion of the region where southerly winds from the 



l a rge  scale f l ow p e r s i s t  throughout the day a t  speeds i n  excess o f  10 

knots. The northern p a r t  of the region has a  wind component d i rec ted 

toward the Cheyenne Ridge wh i le  the southern p a r t  has a  component 

d i rec ted toward the Palmer Ridge. Coupled w i t h  the la rge  scale 

souther ly  wind i n  the eastern p a r t  of the region t h i s  produces cyc lon ic  

curvature i n  the v i c i n i  ty o f  Denver and an t i cyc lon ic  curvature over the 
-- #. . 

northern p a r t  of the region. Speeds of 5 t o  8 knots occur i n  the 

region w i t h  a  wind component toward the Cheyenne Ridge, whi le  speeds 

of on ly  2 t o  3 knots occur i n  the region w i t h  a  component toward the 

Palmer Ridge and against  the l a rge  scale flow. Mountain wind speeds 

are s i t e  dependent. 
i.4 " 

Figures 5.6 and 5.9 show the n ight t ime e v o l u t ~ o n .  An hour before 

sunset (Figure 5.6), the wind i s  tu rn ing  from upslope t o  downslope i n  

the mountains and f o o t h i l l s  and on the Palmer Ridge. Upslope winds 

continue elsewhere, except i n  the extreme eastern por t i on  of the region 

where strong souther ly  winds p e r s i s t  throughout the n igh t .  

An hour a f t e r  sunset (Figure 5.7), downslope winds are es tab l  ished 

i n  the f o o t h i l l s  and mountains and on the Palmer Ridge. By three hours 

a f t e r  sunset (Figure 5.8), downslope winds occur a t  a l l  bu t  the lowest 

e levat ions along the South P l a t t e  River. P la ins  temperatures have 

fa1 l e n  below f o o t h i l l s  temperatures by t h i s  time. Wind speeds are 

stronger than i n  the daytime upslope regime, except i n  the area having 

a  souther ly  wind component o f f  o f  the Cheyenne Ridge. Strongest down- 

slope winas (8  t o  12 knots) are along the southern f o o t h i l l s  and the 
' I  3 .  

Palmer Ridge. Downslope wind speeds are around 5  knots i n  the r e s t  

o f  the region, though mountain wind speeds may be greater  a t  ce r t a i n  

locat ions.  
\ 
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Figure 5 . 6 .  Regional wind f low 1 hour before  sunset. 
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Figure 5.7. Regional wind f l ow 1 hour a f t e r  sunset. 



Figure 5.8 Regional wind flow 3 hours after sunset. ~ 
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Figure 5.9. Regional wind flow i n  e a r l y  morning. 



5.9 shows the ea r l y  morning wind pat tern.  Downslope winds 

off the i ronc  Range and Cheyenne and Palmer Ridges converge i n t o  the 

South P l a t t e  River Vallrey. The Vzl.-. strong souther jy  winds p e r s i s t  i n  the 

eastern por t i on  o f  the region. The downslope winds continue t o  be , 
strong i n  the mountains, bu t  f o o t h i l l s  and p la ins  wind speeds have 

decreased t o  on ly  2 t o  3 knots. ,,,, +!:,, ... = , .  - r . r v .  ,,, $,,:: 

The d iurna l  wind d i r ec t i on  pat terns were s i m i l a r  t o  those observed 

fo r  Ju ly  by Johnson and Toth (1982), w i t h  upslope winds during the day 

and downslope winds converging i n t o  the South P l a t t e  River Val ley a t  

n i gh t  and w i t h  the reversal between the two wind regimes occurr ing 

f i r s t  i n  the f o o t h i l l s  and mountains and then spreading eastward. 

However, there are two d i f fe rences between t h e i r  observations and the 

observations reported i n  t h i s  study. The most important di f ference i s  

the in f luence o f  the Cheyenne and Palmer Ridges on the wind d i rec t ions  

on the p la ins  dur ing the day. Johnson and Toth show p la ins  winds t h a t  

are almost due eas te r l y  i n  the afternoon. The observations presented 

here show tha t  wind d i rec t ions  on the  p l a i ns  and f o o t h i l l s  have s i gn i f -  

i c a n t  no r the r l y  o r  souther ly  components. The s ta t ions  c losest  t o  the 

Cheyenne Ridge show winds t h a t  are more souther ly  than eas te r l y  and 

the s t a t i on -  :losest t o  the Palmer Ridge show winds t h a t  are n?ore 

nor the r l y  than easter ly .  I n  add i t ion ,  un l i ke  t h e i r  observations, wind 

d i r e c t i o n  reversals were observed t o  occur a t  the same time i n  the 

mountains as along the f o o t h i l l  s. These discrepancies are most 1 i ke ly  

due t o  the d i f fe rence  i n  data sets between se lec t ing  spec i f i c  undis- 

turbed days fior study and attempting t o  f i l t e r  out  synop t i ca l l y  d i s -  

turbed oQse.rvatigns by a a wind s .. spec9 c y i t e r i a .  



L 

The extent to which strong gradient-level westerly winds extend 

down the eastern slope, as they did on October 7 ,  could n o t  be further 

investigated due t o  the limited number of mountain stations. The 
. I ,  

region between 6000 and 9000 feet MSL i s  repres6n&d y only b e  

station, and that station i s  in a trapping  alley:^'""^: i i 

The observed wind speed pattern contradicted several previous 

studies. Daytime wind speeds did not  have a uniform east-west gradient 

as Riehl and Herkhof (1970b) observed, b u t  there was also a north-south 

wind speed variation. Riehl and Crow (1962) obserkd an increase in 

wind speeds along the foothills and on the plains in the early morning, 

following 1 ight and variable winds in the evening, b u t  observations 

presented here show that moderate to strong downslope winds occur 

throughout the region in the evening, and are followed by a decrease 
- 04 

of wind speeds along the foothills and ixnL the 'Sbu th  Platte River Valley 

after midnight. Wind speeds in the mountains and Palmer Ridge and in 

the eastern part of the region were high throughout the night. 

The daytime temperature pattern sh6Vs s'Z6M'pl ete independence of 

maximum temperature and elevation below 6000 feet MSL. Above 6000 feet 

MSL, the decrease o f  temperature with height wa lea inear. 

A t  night, an inversion was observed with tllc =,,I of 

the foothills and Palmer Ridge stations and with 2 tat psc ate 

above the inversion. The intef'section of the lease squares regression 

1 ines for stations in the inversion and stations above t h ~  nversion 

i s  around 5800 feet MSL (Figure 4.25). However, because there are only 

2 stations between 6000 feet and 9000 feet MSL, i t  can n o t  be definitely 

concluded that the inversion top  was a t  5800 feet MSL. On the two 

nights that inversions were shown in the Denver soundings, the 



i n v e r s i o n  topove r  Denver was around 6400 f e e t  MSL. The morning 

soundings showed t h a t  t he  f r e e  a i r  temperatures were 3 t o  5°F warmer 

than the sur face temperatures. 

B. Suggestions f o r  Future Research 

There i s  a need f o r  an increase i n  t he  number o f  s t a t i o n s  i n  t h e  

f o o t h i l l s .  Wi th o n l y  one s t a t i o n  between 6000 and 9000 fee t  MSL, i t  

dB I & .  " " f i c u l t  t o  determine whether t he  inversion t o p  increases o r  de- 

-rease- :lose t o  t he  f o o t h i l l s  and t o  f i n d  t h e  l e v e l  t o  which wes te r l y  

winds mask t h e  upslope winds on days w i t h  s t rong upper l e v e l  wes te r l i es .  

I '"' There i s  a l s o  a need f o r  un i fo rm anemometer heights.  The c u r r e n t  

range o f  anemometer heights,  f rom 20 f e e t  t o  210 fee t ,  h inders  compari- 
, , : . . , e ' j j r " 6 ,  ?:frt:l 

sons between stat ion 's  P' 
'"' .'f- Several o f  t h e  s t a t i o n s  need t o  be mod i f i ed  o r  moved. The Arvada 

and Byers s t a t i o n s  should be moved away from t h e  t rees  so t h a t  they 

may recor "  rep resen ta t i ve  wind speeds. The Boulder s t a t i o n  should be 

moved from t h e  r o o f  o f  t he  NOAA b u i l d i n g  and p laced i n  a l o c a t i o n  t h a t  
4 ,  

i s  more rep resen ta t i ve  o f  sur face  cond i t i ons .  The towe??'$? the  Lake- 

wood, Longmont, and Greeley s t a t i o n s  should be lengthened t o  avo id  

turbulence from t h e  b u i l d i n g s  t h a t  they  a re  mounted on. 

'I There i s  a need t o  repeat  t h i s  s tudy w i t h  a l a r g e r  data s e t  so 

t h a t  t h e  t i m i n g  o f  t h e  wind reve rsa l s  can be q u a n t i f i e d  and the  amount 

o f  s o l a r  h e a t i  needed t o  d r i v e  the upslope winds can be determine( 



:j. * Data co l lec ted  by the PROFS mesometeorological network was used t o  

i y  the undisturbed c lea r  day wind and temperature pa t te rn  along the 

lge i n  northeastern Colorado i n  Autumn. Thr-- A-ys and three 

II wergA ;avg;apl$ fo r  study. 

d iurna l  wind regime was observed which consisted o f  daytime up- 

slope and n ight t ime downslope winds w i t h  components d i r e c t ~ d  toward 

both the Front Range and the Cheyenne and Palmer Ridge: 

The t r a n s i t i o n  from downslope t o  upslope i n  the ~ G I  ~ a k e ~  m e  

t o  three hours a t  each s t a t i o n  and involves a d i s t i n c t  b r  : between 

the wind systems. The t r a n s i t i o n  begins i n  the f o o t h i l l s  and mountains 

and spreads eastward, tak ing f ou r  t o  f i v e  hours t o  spread through the 

e n t i r e  region. Because thc arge scale f l ow over the western p la ins  

was souther ly  dur ing the stuay, the upsrope winds we-- observed e a r l i e r  

on the south slope o f  the Cheyenne Ridge:;f$$n 4n the nor th  slope o f  the 

Palmer Ridge. The strongest  upslope winds occur i n  the northern p a r t  

o f  the region, where there  i s  a st rong up-Cheyenne Ridge wind component. 

Speeds t h e r ~ ~ p r e  5 t o  8 knots. I )  Upslope speeds elsewhere are 3 t o  4 

I - knots. Mountain wind speeds are s i t e  dependent. 
I 

The downslope winds a lso begin i n  the f o o t h i l l s  and mountains and 

spread eastward, tak ing f ou r  t o  f i v e  hours t o  spread throughout the 

region. However, the t r a n s i t i o n  a t  each ind iv idua l  s t a t i o n  on ly  takes 



h a l f  as l ong  as the morning t r a n s i t i o n .  The evening wind speeds are  

s t ronger  than the  upslope wind speeds, except i n  t he  nor thern  p a r t  o f  

t h e  reg ion  where t h e r e  i s  a s t rong down-Cheyenne Ridge component. 

Speeds of 8 t o  12 knots occurred i n  t he  f o o t h i l l s  and on the Palmer 

Ridge, w i t h  downslope speeds o f  5 knots o r  l e s s  elsewhere. As i n  t h e  

lI:ti daytime, mountain speeds a re  s i t e  dependent. Between the  f o o t h i l l s  

and South P l a t t e  River ,  t he  winds d im in i sh  i n  t he  e a r l y  morning, bu t  
8 '  ,'. . ,I 

main ta in  t h e i r  s t reng th  elsewhere. ' , , -  ! 1 ' ' F 

The d i u r n a l  wind regime d i d  n o t  reach the  eastern f r i n g e  o f  the 
4' : . 

PROFS study region.  Here, s t rong sou the r l y  winds o f  10 t o  15 knots 

p e r s i s t e d  throughout bo th  day and n i g h t .  ,? iG - , .; "( - 
, ? ,  , - .I -lcqk,.YJ 1 . . ' ,~ - ' l la  

Maximum temperatures were found t o  be independent o f  he igh t  a t  

e leva t i ons  below 6000 f e e t  MSL and s t r o n g l y  dependent on e l e v a t i o n  

above 6000 f e e t .  A t  n i gh t ,  t he re  i s  an i n v e r s i o n  t h a t  extends as h igh  

as the  f o o t h i l l s  w i t h  minimum temperatures decreasing a t  10°F/lOOO 

f ee t ,  w h i l e  minimum temperatures decrease w i t h  e l e v a t i o n  above the  

i n v e r s i o n  a t  2k°F/1000 f e e t .  The morning sounding from Denver shows 

t h a t  t he  sur face  temperature i s  3 t o  5OF c o o l e r  than the f ree  a i r  w i t h  

no v a r i a t i o n  w i t h  e leva t i on .  . t j ; "  r , ( - + $ r - .  ' , t , = A  

' lMaximum temperatures gene ra l l y  occur i n  t he  smal l  range o f  1330 
I 

LST t o  1500 LST. Minimum temperatures may occur anytime between mid- 

' ? I  . ' , I  , 
3 .I . 

n i g h t  and 1 hour a f t e r  sunr ise .  t I *  , . i '  

The d iu rna l  temperature range was observed t o  decrease w i t h  e leva-  
t !  

t i o n  and ranged f rom 40°F along the  South P l a t t e  R i ve r  t o  20°F i n  t he  
. ! j  0: 1 cb,u!  

h igh  mounta i t )~.  
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16. Abstract  (continued). 
1 

The downslope winds also begin i n  the f o o t h i l l s  and mountains and spread east- 
ward, tak ing four t o  f i v e  hours t o  spread throughout the region. However, the I I  

t r a n s i t i o n  a t  each ind iv idua l  s t a t i on  on l y  takes ha l f  as long as the morning t r ans i -  
t i on .  The evening wind speeds are stronger than the upslope wind speeds, except t 

i n  the northern p a r t  of the region where there i s  a strong down-Cheyenne Ridge com- 
ponent. Speeds of 8 t o  12 knots occurred i n  the f o o t h i l l s  and on the Palmer Ridge, 
w i t h  downslope speeds o f  5 knots o r  1 ess e l  sewhere. As i n  the daytime, mountain 

I speeds are s i t e  dependent. Between the f o o t h i l l s  and South P l a t t e  River, the winds 
diminish i n  the ea r l y  morning, but  mainta in t h e i r  s t rength elsewhere. 

The d iurna l  wind regime d i d  not  reach the eastern f r i n g e  o f  the PROFS study 
1 

I ' I  
region. Here, st rong souther ly  winds o f  10 t o  15 knots pers is ted throughout both ; 1 
day and n ight .  ' I 

Maximum temperatures were found t o  be independent of he ight  a t  e l  eva t i ons  be1 ow 
6000 f e e t  MSL and s t rong ly  dependent on e leva t ion  above 6000 fee t .  A t  n ight ,  there - 
i s  an i n ~ e r s i o n  below around 5800 f e e t  MSL w i t h  minimum temperatures strength of , l l  
about 10 F/lOOOofeet, wh i le  minimum temperatures decrease w i t h  e levat ion above the ' I 
i nvers ion a t  2% F/lO08 fee t .  The morning sounding from Denver shows t h a t  the surface " : 
temperature i s  3 t o  5 F coo ler  than t h r  f r e e  a i r ,  w i t h  no va r i a t i on  w i t h  e levat ion.  I 1 

Maximum temperatures general ly  occur i n  the small range of 1330 LST t o  1500 LST. 
Minimum temperatures may occur anytime between midnight  and 1 hour a f t e r  suqrise. 1 1  

Thg d iu rna l  temperature range was obse r~ed  t o  decrease w i t h  e levat ion and ranged 
from 40 F along the South P l a t t e  River t o  20 F i n  the high mountains. 
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wind component. Speeds there are 5 t o  8 knots. Upslope speeds elsewhere are 3 t o  4 
knots. Mountain wind speeds are s i t e  dependent. (continued) 

17. Key k o r ~ z  and Document i i n ~ i y s ~ s .  170. i)czcrcptors 

17c. COI.\TI Fie ld/Group 

18. A v a r i ~ b ~ i i r y  Statenenc 19, S c ~ . u r ~ r y  C i a s s  ( l ' i l t s  21. Ao. 0 1  P ~ 6 r . s  
. ' R c ~ c : r )  9 9 r ' \ : ( - [  ;,<<ir1;:1> . . 20. > c c c r i t y  * , I J > ~  ( I  fits 22. i ' r i c r  

PJFC 
I:Srl- 4 q i l F l F l 7  I 

F O R M  N TIS.J( I R i V .  3 - 7 2 1  ~ ~ 5 i 3 ~ u . G c  : . ( > 5 2 - P 7 2  
THLS FORhl MAY B E  R E P R O D U C E D  


