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ABSTRACT OF THESIS 

E a r l y  Morning Evolu t ion  of t h e  Convective 

Boundary Layer a t  t h e  Boulder Atmospheric Observatory 

The growth of t h e  e a r t h ' s  p l a n e t a r y  boundary l a y e r  is an extremely 

i n t e r e s t i n g  and complex phenomenon. Awareness of i t s  s f g n i f i c a n c e  ha s  

r i s e n  over  t h e  y e a r s  due i n  p a r t  t o  t h e  i n c r e a s e  i n  atmospheric po l lu -  

t i o n  t h a t  becomes t rapped  w i t h i n  t h i s  l a y e r .  I t s  importance does no t  

s t o p  t h e r e  a s  l o c a l  weather  cond i t i ons  such as summer thunderstorms and 

s u r f a c e  c i r c u l a t i o n  p a t t e r n s  a r e  a l s o  d i r e c t l y  r e l a t e d  t o  d a i l y  changes 

i n  t h e  p l ane t a ry  boundary l a y e r .  Miss ing from many of today ' s  s t u d i e s  

a r e  d e t a i l s  of i t s  e v o l u t i o n  over complex t e r r a i n .  Observat ions  of t h e  

e a r l y  morning e v o l u t i o n  of t h e  CBL a t  t h e  Boulder Atmospheric Observa- 

t o r y  even under similar s y n o p t i c  and l o c a l  cond i t i ons  show marked d i f -  

f e r e n c e s  i n  growth p a t t e r n s .  P o t e n t i a l  t empera ture ,  wind and mo i s tu r e  

p r o f i l e s  a long  w i t h  soda r  and synop t i c  d a t a  a r e  analyzed i n  an a t t emp t  

t o  e x p l a i n  t h e  growth behavior  of t h e  mixed l a y e r  from j u s t  p r i o r  t o  

s u n r i s e  u n t i l  s e v e r a l  hours  a f t e r  s u n r i s e .  Entrainment,  h o r i z o n t a l  

advec t i on ,  v e r t i c a l  motion and upper l e v e l  s t a b i l i t y  a r e  i n v e s t i g a t e d  

a s  they  p e r t a i n  t o  t h e  observed growth p a t t e r n s .  It is intended t h a t  

t h e s e  r e s u l t s  may be used i n  con junc t ion  wi th  o t h e r  ana lyses  t o  b e t t e r  



understand and describe the growth of the atmospheric layer in which 

man lives. 
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Atmopheric Science Department 
Colorado State University 
Fort Collins, Colorado 
Spring 1985 
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I. INTRODUCTION 

1.1 The Plane tary  Boundary Layer 

The Plane tary  Boundary Layer (PBL) i s  one of t he  most important 

he ight  regions i n  t he  atmosphere. It i s  wi th in  t h i s  l aye r  t h a t  pol lu-  

t i o n  i s  generated and trapped and where many important c o n t r o l s  

a f f e c t i n g  our everday weather begin. Wyngaard (1982) uses t h e  follow- 

i n g  simple d e f i n i t i o n  when desc r ib ing  t h e  PBL: 

" t h e  l a y e r  through which t h e  e a r t h ' s  su r f ace  inf luences  t h e  ver- 
t i c a l  p r o f i l e s  of t h e  mean q u a n i t i e s  (wind, temperature,  mois- 
t u r e )  ". 

This l a y e r  has a  d i u r n a l  cyc le  wi th  the  daytime por t ion  o f t e n  r e f e r r e d  

t o  as  t he  convect ive boundary l a y e r  (CBL) and t h e  night t ime por t ion  a s  

t h e  noc turna l  boundary l a y e r  (NBL). The convect ive  boundary l aye r ,  t h e  

s u b j e c t  of t h i s  s tudy ,  i s  o f t e n  subdivided i n t o  t h r e e  d i s t i n c t  l aye r s .  

The lowest of t hese  l a y e r s  i s  known a s  t h e  s u r f a c e  o r  cons tan t  f l u x  

l a y e r  and t y p i c a l l y  s e v e r a l  t ens  of meters deep, where wind shear  i s  

important .  Above t h e  su r f ace  l a y e r  and making up the  l a r g e s t  po r t ion  

of t h e  C3L i s  t h e  mixed, a d i a b a t i c  o r  n e u t r a l  l a y e r ,  where convect ive 

mixing c r e a t e s  a  nea r ly  a d i a b a t i c  l aye r .  The depth of t h i s  l a y e r  i s  

v a r i a b l e  and normally inc reases  i n  proport ion t o  t h e  hea t ing  of t h e  

e a r t h ' s  su r f ace  during undisturbed s y n o p t i c  condit ions.  Above t h e  

mixed l a y e r  i s  t h e  s t a b l e  o r  capping l a y e r  t h a t  works aga ins t  upward 

growth and mixing. 



Over land t h e  dep th  of t h e  CBL and i t s  e v o l u t i o n  a r e  c o n t r o l l e d  i n  

an  impor tan t  way by s h o r t  wave s o l a r  r a d i a t i o n  i n t e r c e p t e d  by t h e  

e a r t h .  During t h e  dayt ime,  h e a t i n g  a t  t h e  e a r t h ' s  s u r f a c e  c r e a t e s  warm 

buoyant plumes ( t he rma l s )  which e f f e c t i v e l y  mix h e a t ,  mois tu re  and 

momentum v e r t i c a l l y .  The i n t e n s i t y  and dep th  of mixing i s  a  f u n c t i o n  

of season ,  l a t i t u d e ,  l o c a l  s u r f a c e  p r o p e r t i e s  and a l l  s c a l e s  of wea ther  

cond i t i ons .  It is t h e  purpose of t h i s  t h e s i s  t o  s tudy t h e  e v o l u t i o n  of 

t h e  CBL and r e p o r t  f i n d i n g s  of an  o b s e r v a t i o n a l  s tudy  of t h e  e a r l y  

morning boundary l a y e r  growth. The mixed l a y e r  i s  analyzed on c l e a r  

- summer days u s ing  d a t a  from t h e  Boulder Atmospheric Observatory (BAO) 

300 m tower (Kaimal and Gaynor, 1983). 

I n  Fig. 1 (adapted from Carson 1973) i s  a  schemat ic  of t h e  d i u r n a l  

c y c l e  of mixed l a y e r  growth over l and  on c h a r  days. Carson d i v i d e s  

boundary l a y e r  e v o l u t i o n  i n t o  f i v e  phases c o n t r o l l e d  by f o u r  f a c t o r s  

( subs idence ,  i n t e r f a c i a l  mixing, l a p s e  r a t e  of t h e  capping l a y e r  and 

s e n s i b l e  h e a t  f l u x ) .  These phases ( i l l u s t r a t e d  i n  Fig. 1 )  a r e :  

Phase I. The s u r f a c e  s e n s i b l e  h e a t  f l u x  r e v e r s e s  s i g n ,  n e g a t i v e  

t o  p o s i t i v e ,  a s  s o l a r  f l u x  d e n s i t y  i n c r e a s e s .  Most e a r l y  morning t h e r -  

mals and t h e i r  overshoot  a r e  qu i ck ly  supressed  by t h e  noc tu rna l  i nve r -  

s i o n ,  l e a d i n g  t o  l i t t l e  s i g n i f i c a n t  i n t e r f a c i a l  mixing (en t ra inment ) .  

Phase 11. The n o c t u r n a l  i n v e r s i o n  i s  e s s e n t i a l l y  gone. The 

capping l a y e r  a t  t h i s  h e i g h t  i s  now l e s s  s t a b l e ,  thermal s t r e n g t h  i s  

growing and mixing a t  t h e  upper boundary i n t e n s i f i e s .  





Phase 111. Sens ib l e  h e a t  f l u x  reaches  a  maximum wi th  s i g i n i f  i c a n t  

the rmal  p e n e t r a t i o n  p r e sen t .  Th is  p e n e t r a t i o n  d i s p l a c e s  cool  a i r  a l o f t  

and a l s o  b r i ngs  warmer a i r  down i n t o  t h e  mixed l a y e r .  

Phase I V .  Here we f i n d  s e n s i b l e  h e a t  f l u x  though s t i l l  p o s i t i v e  

beginning t o  drop o f f .  Thermals a r e  weaker and unable  t o  mix through- 

o u t  t h e  complete convec t ive  l a y e r  and en t ra inment  i s  nea r l y  gone. Me- 

c h a n i c a l  mixing and subs idence  become dominant. 

Phase V. During t h e  l a s t  phase ,  j u s t  p r i o r  t o  sunse t  when s u r f a c e  

s e n s i b l e  h e a t  f l u x  once aga in  r e v e r s e s  s i g n ,  t h e  noc tu rna l  i n v e r s i o n  

beg ins  t o  form. The i n v e r s i o n  remains shal low o f t e n  growing s lowly  

th roughout  t h e  n i g h t  u n t i l  j u s t  a f t e r  s u n r i s e .  

Th is  t h e s i s  w i l l  examine t h e  f i r s t  t h r e e  phases descr ibed  by Car- 

son. 

The daytime and noc tu rna l  c y c l e s  a r e  repea ted  over many days espe- 

c i a l l y  i n  t h e  l a t e  s p r i n g  and summer. Reb i r t h  of t h e  noc turna l  inver -  

s i o n  i n t e r a c t i n g  w i th  d a i l y  d i f f e r e n c e s  i n  s u r f a c e  mois tu re ,  h e a t i n g  

and p o l l u t a n t s  can produce changes i n  t h e  evo lu t i on  process.  Even 

though t h e s e  d i f f e r e n c e s  may be s l i g h t ,  mois tu re ,  temperature  and pol-  

l u t a n t s  a r e  o c c a s i o n a l l y  t rapped  between t h e  previous  day's  mixed l a y e r  

and above t h e  newly developing boundary l a y e r .  Kaimal e t  a l .  (1982b) 

examine s i m i l a r  s i t u a t i o n s  whi le  t r a c k i n g  t h e  mixed l a y e r  depth w i th  a  

v a r i e t y  of remote s enso r s .  Re ib le  e t  a l .  (1983) d i s c u s s  t he se  l a y e r s  

and t h e i r  importance w i th  r e s p e c t  t o  p o l l u t i o n  problems. Another way 
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p o l l u t i o n  i n f l u e n c e s  t h e  boundary l a y e r  i s  i t s  i n t e r a c t i o n  wi th  s o l a r  

r a d i a t i o n .  P e t e r s o n  and Flowers (1976) ana lyze  and d e s c r i b e  how po l lu -  

t i o n  a f f e c t s  t h e  a tmospher ic  t u r b i d i t y  and a l s o  t h e  photochemical  pro- 

c e s s e s  t a k i n g  p l a c e .  

1.2 I n v e r s i o n s  and t h e  CBL 

When observ ing  a  growing CBL, one must a l s o  d e a l  w i t h  t h e  tem- 

p e r a t u r e  i n v e r s i o n  a l o f t .  I n v e r s i o n s  s e r v e  a s  a  l i d  r e s t r i c t i n g  growth 

and v e r t i c a l  mixing i n  t h e  CBL. There a r e  g e n e r a l l y  f o u r  t y p e s  of 

i n v e r s i o n s  whose names e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  d e s c r i b e  where 

t h e y  a r e  l o c a t e d  o r  by what p rocess  they  formed i n  t h e  atmosphere. 

F i r s t  and most common t o  t h e  boundary l a y e r  i s  t h e  r a d i a t i o n  i n -  

v e r s i o n ,  a l s o  r e f e r r e d  t o  a s  a  ground, s u r f a c e  o r  n o c t u r n a l  i n v e r s i o n .  

F r o n t a l ,  t u r b u l e n c e  induced and subs idence  i n v e r s i o n s  a l s o  p l a y  a  p a r t  

i n  t h e  e v o l u t i o n  and growth of t h e  CBL, b u t  a r e  n o t  focused on i n  t h i s  

t h e s i s .  F r o n t a l  i n v e r s i o n s  a r e  a s s o c i a t e d  w i t h  a i r  mass s e p a r a t i o n  and 

occur  p r i m a r i l y  d u r i n g  d i s t u r b e d  c o n d i t i o n s .  Turbulence induced i n v e r -  

s i o n s  produce s m a l l  s c a l e  v a r i a t i o n s  i n  t h e  d e t a i l  of t h e  v e r t i c a l  tem- 

p e r a t u r e  s t r u c t u r e  and CBL growth. Subsidence i n v e r s i o n s  a r e  found 

predominant ly  above 500 m and r e s t r i c t  growth l a t e r  i n  t h e  e v o l u t i o n  of 

t h e  boundary l a y e r .  

None of t h e s e  i n v e r s i o n s  i s  mutua l ly  e x c l u s i v e  and a l l  can  con- 

c e i v a b l y  e x i s t  a t  t h e  same t ime. Hos le r  (1961) f i n d s  from a n a l y z i n g  

rad iosonde  d a t a  ( t a k e n  f o u r  t imes  d a i l y )  w i t h i n  t h e  United S t a t e s  t h a t  



25% of t h e  t ime d u r i n g  a y e a r  i n v e r s i o n s  o r  low-level i so thermal  l a y e r s  

e x i s t  l i m i t i n g  v e r t i c a l  mixing. H o s l e r ' s  s p e c i f i c  f i g u r e s  f o r  Denver 

a t  0500 MST show even h i g h e r  v a l u e s  of 65% i n  s p r i n g  and 84% i n  summer. 

1.3 Need f o r  more S t u d i e s  

U n t i l  r e c e n t l y ,  t h e  s t u d y  of t h e  e v o l u t i o n  of t h e  boundary l a y e r  

was l i m i t e d  t o  rad iosonde  f l i g h t s  widely  spaced i n  t ime (Holzworth 

1964) o r  w e l l  planned f i e l d  exper iments  such as O ' N e i l l ,  1953 ( L e t t a u  

and Davidson, 1957) ,  Wangara, 1967 ( C l a r k e  e t  a l .  1971), and Kansas, 

1968 (Haugen e t  a l .  1971).  With t h e  development of many CBL models, 

Coulman (1978) p o i n t s  o u t  how some of t h e s e  models f a i l  t o  adequa te ly  

t r a c e  t h e  e v o l u t i o n  of t h e  boundary l a y e r .  Two a s p e c t s  t h a t  can a f f e c t  

t h e  accuracy o r  a p p l i c a b i l i t y  of model r e s u l t s  a r e  t h e i r  s i m p l i f i c a t i o n  

o r  t h e  d a t a  p u t  i n t o  them. S i m p l i f i c a t i o n  can g e n e r a l i z e  o r  complete ly  

e l i m i n a t e  pa ramete rs  t h a t  c o n t r o l  boundary l a y e r  growth. D a t a  used t o  

i n i t i a l i z e  and r u n  many models a r e  o f t e n  l a c k i n g  t h e  d e t a i l s  t o  

d e s c r i b e  t h e  a tmosphere ,  e s p e c i a l l y  t h e  v e r t i c a l  s t a b i l i t y .  A s  t h e  

t i m e  s c a l e  of t h e  model i n c r e a s e s ,  s o  do t h e  necessa ry  s c a l e  s i z e s  and 

complexi ty  of t h e  i n p u t  d a t a .  

The BAO i s  a  f a c i l i t y  t h a t  can p rov ide  d a t a  sets of s u f f i c i e n t  

- t i m e  and v e r t i c a l  r e s o l u t i o n  t o  adequa te ly  look a t  t h e  e v o l u t i o n  of t h e  

; boundary l a y e r .  Kaimal and Gaynor (1983) s t a t e  t h a t  t h e  BAO tower d a t a  

r e p r e s e n t  a t  l e a s t  25% of t h e . d a y t i m e  convec t ive  l a y e r  u n t i l  a lmost  

noon on a  m a j o r i t y  of days.  Goff and Hudson (1972) show some a n a l y s e s  



from a  450 m tower over homogeneous t e r r a i n  i n  Oklahoma. The i r  analy- 

s is  c o n s i s t s  of mean tempera ture  and l a p s e  r a t e  c h a r a c t e r i s t i c s  a s  w e l l  

a s  t h e  e f f e c t s  of d i f f e r e n t  a i r  masses and sky cond i t i ons  on t h e  t he r -  

mal s t r u c t u r e .  Only one i n d i v i d u a l  s tudy  i s  under taken on t h e  d i s s i p a -  

t i o n  of a  mid-winter n o c t u r n a l  i n v e r s i o n  a f t e r  s u n r i s e .  

The BAO, with  i t s  compliment of s e n s o r s ,  proximity  t o  t h e  Rocky 

Mountains and cont inuous d a t a  logg ing ,  p r e sen t s  a unique oppor tun i ty  t o  

s t u d y  t h e  e v o l u t i o n  of t h e  CBL over  non-homogeneous t e r r a i n .  K a i m a l  e t  

a l .  (1982a) r e p o r t  s i m i l a r i t i e s  of BAO s p e c t r a l  d a t a  t o  t h a t  of o t h e r  

uniform t e r r a i n  s t u d i e s .  D i f f e r ences ,  caused mainly by mountain wave 

e f f e c t s  i n  t h e  low frequency range,  a l s o  e x i s t  i n  t h e  s p e c t r a l  analy- 

sis. I n v e s t i g a t i o n s  by Schotz and Panofsky (1980) and Johnson and Toth 

( 1982a) po in t  ou t  t h e  importance of uneven t e r r a i n  and t h e  Rocky Moun- 

t a i n  f r o n t  range topograuhy t o  mesoscale c i r c u l a t i o n  and t h e r e f o r e  t o  

t h e  BAO. A l l  t h r e e  s t u d i e s  examined what e f f e c t s  non-homogeneous t e r -  
. . 

r a i n  can have on measured parameters  i n  t h e  boundary l aye r .  

Gene ra l i z i ng  o r  cornpositing boundary l a y e r  d a t a  must be done care-  

f u l l y .  Johnson and Heywood (19381, a f t e r  examining composites of tem- 

p e r a t u r e  p r o f i l e s  from a s h o r t  tower i n  England, d i s cus s  t h e  need f o r  

ana lyz ing  i n d i v i d u a l  days because,  t h e  temperature  of t h e  a i r  depends 

on many me teo ro log i ca l  f a c t o r s .  The purpose of Johnson and Heywood's 

s t udy  was t o  observe winds and temperature  up t o  100 m and t o  determine 

t h e  c h a r a c t e r i s t i c s  and e r r o r s  of t h e  ins t ruments  used t o  measure them. 



From t h e i r  f i v e  y e a r s  of d a t a  mean v a r i a t i o n s  i n  t h e  wind and tempera- 

t u r e  f i e l d s  a r e  c a l c u l a t e d .  I n v e r s i o n  s t a t i s t i c s  a s  w e l l  a s  some e a r l y  

t u r b u l e n c e  measurements a r e  a l s o  examined. 

1.4 Thes i s  O u t l i n e  

Th is  t h e s i s  p r e s e n t s  a n a l y s e s  of o b s e r v a t i o n s  from t h e  BAO showing 

t h e  e a r l y  morning growth of t h e  CBL. T h i r t e e n  m e t e o r o l o g i c a l l y  undis-  

t u r b e d  days a r e  s e l e c t e d  d u r i n g  t h e  summers of 1981 and 1982. Using 

t ime  s e r i e s  from t h e  BAO a long  w i t h  s y n o p t i c  and nearby Denver (DEN) 

rad iosonde  d a t a ,  some i n s i g h t  i n t o  t h e  r o l e  mesoscale ,  upper i n t e r f a c e  

and s u r f a c e  p h y s i c a l  p r o c e s s e s  p lay  i n  t h e  e v o l u t i o n  of t h e  daytime 

boundary l a y e r  r i s e  i s  o f f e r e d .  

F i r s t  a  review of l i t e r a t u r e  i s  under taken t o  f i n d  o u t  how knowl- 

edge of t h e  boundary l a y e r  and i t s  growth have progressed o v e r  t h e  

y e a r s .  Recent r e l a t e d  work, i n c l u d i n g  models and o b s e r v a t i o n s ,  a r e  

covered a l o n g  wi th  s t u d i e s  t i e d  t o  t h e  BAO. P r i o r  t o  a n a l y s i s  of t h e  

t h i r t e e n  days ,  t h e  BAO d a t a ,  o t h e r  s u p p o r t i n g  d a t a  sources  and how par- 

t i c u l a r  days were chosen a r e  d e s c r i b e d .  

To ach ieve  t h e  g o a l s  of t h i s  t h e s i s ,  o b s e r v a t i o n s  a r e  analyzed and 

compared t o  p rev ious  work showing c o n s i s t e n c i e s  and d i s s i m i l a r i t i e s  t o  

what a l r e a d y  i s  known. I n  t h e  summary, f u t u r e  needs  and s t u d i e s  of t h e  

e n t i r e  PBL a r e  d i s c u s s e d ,  e s p e c i a l l y  a s  they p e r t a i n  t o  t h e  BAO. 



11. LITERATURE REVIEW 

2.1 General  Review 

Mahrt (1983) reviews a  l a r g e  number of s t u d i e s  on t h e  a tmospher ic  

boundary l a y e r  from 1979 through 1982. Such a wide s e l e c t i o n  of s t u -  

d i e s  s p e c i f i c a l l y  on t h e  boundary l a y e r  w a s  no t  p r ev ious ly  ava i l ab l e .  

L i t e r a t u r e  on c l i m a t e  and i nve r s ions  were o f t e n  an  e x c e l l e n t  source of 

knowledge on t he  CBL. The work of Geiger  (1965) and Yoshino (1975) on 

c l imato logy  o f t e n  r e l a t e s  t o  t h e  boundary l a y e r .  They examine bo th  

l o c a l  c l i m a t i c  cond i t i ons  such a s  v e g e t a t i o n  and t e r r a i n ,  and l a r g e r  

s c a l e  c l i m a t i c  f a c t o r s  l i k e  p o s i t i o n i n g  of p r e s s u r e  systems, r e l a t i n g  

t h e i r  e f f e c t s  t o  boundary l a y e r  growth and depths .  One of t he  e a r l i e s t  

reviews on tempera ture  i nve r s ions  i s  t h a t  of Qu i roz  (1956). I n  h i s  

review he provides  a r e f e r ence  l i s t  of bo th  s t u d i e s  and experiments 

which a r e  c l o s e l y  t i e d  t o  boundary l a y e r  growth. It was not u n t i l  t h e  

l a s t  20 t o  25 y e a r s ,  w i th  improved technology,  i n s t rumen ta t i on  and t h e  

forming of a few b a s i c  t h e o r i e s ,  t h a t  work concerning t h e  CBL inc r ea sed  

d r ama t i ca l l y .  

The O 'Ne i l l  experiment i n  Nebraska w a s  a major s t e p  taken t o  ana- 

l y z e  a homogeneous boundary l a y e r .  Pub l i sh ing  t h i s  d a t a  i n  1957, 

L e t t a u  and Davidson prov ide  t he  s c i e n t i f i c  community with a  comprehen- 

s i v e  boundary l a y e r  d a t a  s e t .  A f t e r  L e t t a u  and Davidson's book, B a l l  



(1960) developed a  thermodynamic model d e s c r i b i n g  i n v e r s i o n  break-up 

due t o  convec t ion .  Two key o b s e r v a t i o n a l  s t u d i e s  of t h e  boundary l a y e r  

u s i n g  p a s t  rawinsonde d a t a  soon fol low.  Hos le r  (1961) looks  a t  low- 

l e v e l  i n v e r s i o n  f requency  and Rolzworth (1964) d e f i n e s  mixed l a y e r  

d e p t h s  a c r o s s  t h e  Uni ted  S t a t e s .  Two impor tan t  p o i n t s  shown by 

Holzworth a r e  t h e  s t r o n g  mixing dep th  g r a d i e n t  a long  t h e  Rockies (E/W) 

and t h a t  l i f t i n g  condensa t ion  l e v e l s  (LCL's) on t h e  average  a r e  less 

t h a n  t h e  mean mixing d e p t h s  i n  J u l y  f o r  t h e  BAO region.  These con- 

d i t i o n s  make d e t e r m i n i n g  mixing dep ths  d i f f i c u l t  and a i d  i n  t h e  f o r -  

mat ion of c o n v e c t i v e  c louds .  Hos le r  c l a s s i f i e s  i n v e r s i o n s  by c l i m a t e  

and geography. For  t h e  Rocky Mountain r e g i o n  i n v e r s i o n s  a r e  d i r e c t l y  

r e l a t e d  t o  t h e  d i u r n a l  c y c l e  and t h e  seasons  a r e  important  t o  t h e  

s t r e n g t h  and d u r a t i o n  of t h e  i n v e r s i o n .  Hos le r  acknowledges d e f i c i e n -  

c i e s  i n  h i s  d a t a  such as t ime r e s o l u t i o n ,  bu t  s t i l l  f e e l s  h i s  r e s u l t s  

a r e  r e p r e s e n t a t i v e  of a c t u a l  c o n d i t i o n s .  

L i l l y  (1968) heads a long  l i s t  of a u t h o r s  concerned w i t h  modeling 

t h e  CBL. T h i s  work i n c l u d e s  Deardoff et al .  (1969) ,  Carson (1973) ,  

Tennekes ( 1973) ,  S t u l l  ( 1973),  Deardorff  ( 1974) ,  Mahrt (1976) ,  S t u l l  

(1976 a , b , c ) ,  Zeman and Tennekes (1977) and Benkley (1977). Most of 

t h e s e  models d e a l  w i t h  c l e a r  s k i e s  and r e a l  a tmospher ic  d a t a .  L i l l y  

(1968) examines t h e  mixed l a y e r  under  a  s t r o n g  i n v e r s i o n  and c loud  

l a y e r  whi le  Deardor f f  e t  a l .  (1969) u s e  l a b o r a t o r y ,  exper iments  i n  a n  

a t t e m p t  t o  model t h e  a tmospher ic  boundary l a y e r .  

AS w a s  d i s c o v e r e d  i n  t h e  models above, en t ra inment  p rocesses  a r e  

ve ry  impor tan t  t o  t h e  growth of t h e  mixed l a y e r .  Sur face  h e a t i n g  i s  



fairly well understood, but in what manner and how much entrainment 

takes place at the top of the boundary layer interface is not fully 

understood. Ball (1960) defines an entrainment ratio (k) of one in 

relating surface heat flux to downward heat flux at the top of the 

mixed layer during convection. This process of heat transfer is also 

associated with mass transfer. Carson (1973) and others point out that 

entrainment depends not only on the surface heating, but also on the 

strength and stability of the capping layer. Stull (1976b) uses a 

diagnostic entrainment equation in place of the downward to upward heat 

flux ratio. Stull's entrainment value includes the effects of infrared 

radiation, gravity waves and clouds which reduce his ratio to 0.1 as 

compared to a range 0.2-0.3 for Lilly (1968). Consideration of these 

additional mechanisms places a greater demand pn the initial data in 

more complete models than exists for the simplest models. 

How extensive the convection is within a region is also important 

to entrainment. Isolated thermals produce less mixing than widespread 

convection (Deardorff et al., 1969). Stull (1976b) and Deardorff 

(1979) make use of a zero order "jump" model to describe entrainment, 

idealizing the boundary layer interface zone as a finite jump in poten- 

tial temperature over a zero height change (Fig 2). The entrainment 

analyses and models by Tennekes and Driedonks.(l981), Driedonks (1982 

a,b) and Wilczak and Bussinger (1982) consider the dynamics and micro- 

structure of this interface region. Driedonks (1982a) looks at the 

sensitivity of the entrainment ratio and also the effects of initial 



Fig. 2. Zero o r d e r  jump model (adapted from Deardorff ,  1 9 7 9 ) .  
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boundary l a y e r  c o n d i t i o n s  i n  models. I n i t i a l  c o n d i t i o n s  q u i c k l y  l o s e  

t h e i r  i n f l u e n c e  on t h e  boundary l a y e r  h e i g h t  and t h e  mean tempera tu re  

of t h e  mixed l a y e r .  Because of t h e  i n a c c u r a c i e s  i n  measuring t h e  boun- 

d a r y  l a y e r  h e i g h t ,  t h e  t r u e  e f f e c t  of en t ra inment  i s  o f t e n  obscured.  

What Driedonks d i d  f i n d  i s  t h a t  a  change from 0.2 t o  0.5 i n  t h e  

en t ra inment  r a t i o  only  causes  a  v a r i a t i o n  i n  t h e  boundary l a y e r  dep th  

of 20%. 

2.2 S t u d i e s  of t h e  CBL 

Beginning w i t h  t h e  O I N e i l l  experiment i n  1953, t h e r e  have been a t  

l e a s t  seven major CBL exper iments  (Table  1 ) .  Each experiment w a s  con- 

duc ted  d u r i n g  predominante ly  convec t ive  p e r i o d s .  Of t h e s e  seven,  s i x  

f i t  t h e  b a s i c  c r i t e r i a  f o r  h o r i z o n t a l  homogeneity w h i l e  only  one t a k e s  

p l a c e  over  non-homogeneous t e r r a i n ,  P r o j e c t  Phoenix (Hooke e t  a l . ,  

1979) a t  t h e  BAO. Data from both  t h e  O I N e i l l  and Wangara exper iments  

have been used e x t e n s i v e l y  i n  comparisons w i t h  models and o t h e r  exper i -  

ments over  t h e  y e a r s ,  A m a j o r i t y  of t h e s e  exper iments  had a s  t h e i r  

g o a l  t h e  cont inuous  measurement of boundary l a y e r  p r o p e r t i e s  throughout 

i t s  depth .  

The Kansas and Minnesota exper iments  c o l l e c t e d  d a t a  on s h o r t  

towers  ins t rumented  w i t h  s o n i c  anemometers and f a s t  response tempera- 

t u r e  probes f o r  measurement of h e a t  and momentum f l u x .  Kaimal e t  a l .  

(1976)  p r e s e n t  r e s u l t s  from t h e  Minnesota d a t a  of h e a t  f l u x  v e r s u s  

mixed l a y e r  dep ths  (F ig .  3 ) .  These d a t a  show very  s i m i l a r  t r e n d s  of 
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s e n s i b l e  h e a t  f l u x  and boundary l a y e r  growth t o  t h a t  of t h e  O ' N e i l l  

d a t a  used by Carson (1973) i n  Fig .  1. 

The Sangamon exper iments  were two i n  a  s e r i e s  examining t h e  phy- 

s i c s  of t h e  boundary l a y e r .  The 1975 experiment concen t ra ted  on e a r l y  

t o  mid-morning e v o l u t i o n  of t h e  mixed l a y e r  and t h e  1976 experiment on 

l a t e  a f t e r n o o n  t o  e a r l y  evening p e r i o d s .  Data c o n s i s t e d  of tower and 

b a l l o o n  p r o f i l i n g  w i t h  s o d a r  f o r  upper l e v e l  in fo rmat ion .  

P r o j e c t  Phoenix a t  t h e  BAO was t h e  f i r s t  experiment t o  i n c o r p o r a t e  

d e t a i l e d  measurement of t h e  lower boundary l a y e r  u s i n g  i n  s i t u  and re-  

mote s e n s o r s .  U s e  of  d i f f e r e n t  types  of remote and i n  s i t u  s e n s o r s  

a l lowed t h e  i n t e r c o m p a r i s o n  of measurement t echn iques .  

2.3 Models v e r s u s  Observa t ions  

Comparison of model r e s u l t s  w i t h  o b s e r v a t i o n a l  s t u d i e s  i s  i n s t r u -  

menta l  i n  deve lop ing  new. and r e l i a b l e  models. There a r e  s t i l l  ques- 

t i o n s  concerning how w e l l  models d e s c r i b e  t h e  boundary l a y e r  and i t s  

growth. Mahrt (1983) and o t h e r s  f e e l  models f a i l  t o  s i m u l a t e  meso- 

s c a l e  i n f l u e n c e s  o r  t a k e  i n t o  account  h o r i z o n t a l  advec t ion .  Mahrt a l s o  

s u g g e s t s  t h a t  e r r o r s  i n  o b s e r v a t i o n s  a r e  sometimes t o o  l a r g e  t o  v e r i f y  

t h e s e  models. Kaimal ' s  (1982b) work w i t h  remote s e n s o r s  d e s c r i b e d  

e a r l i e r  h e l p s  t o  conf i rm t h i s  p o i n t .  S i g n a t u r e s  used by s e n s o r s  t o  

l o c a t e  and measure t h e  h e i g h t  of t h e  boundary l a y e r  i n t e r f a c e  o f t e n  

become weak and undef ined  a s  growth p rogresses  i n t o  t h e  l e s s  s t a b l e  

upper reg ions .  



Models can reproduce actual atmospheric conditions under certain 

circumstances. Kuo and Sun (1976) looking at the effects of dry con- 

vection in the lower atmosphere, compare their model results with three 

case studies. For one particular case they are able to simulate the 

slow growth and weak thermal activity observed under a strong nocturnal 

inversion. Using a 300 m tower near Hamburg, Germany with an attached 

profiling sensor package, KlEppel et al. (1978) examine the formation 

and dissipation of ground based inversions. Resulting entrainment 

rates are compared to a few models depicting both free and forced con- 

vection. Kldppel cites how a slight change in the surface roughness 

under similar meteorological conditions can result in substantially 

different shear induced turbulence. These types of differences must be 

accounted for if the models are going to trace the boundary layer evo- 

lution process. They also point out how Kuo and Sun (1976) use com- 

monly measured surface data in contrast to Tennekes (1973) who requires 

surface heat flux and stress and the approximate value of the entrain- 

ment ratio as input to his model. Both types of models are capable of 

predicting boundary layer growth, but with different accuracies and 

amount of time necessary to run the model. Garrett (1981) is able to 

modify Tennekes' (1973) equations, eliminating the need for an entrain- 

ment coefficient and surface heat flux, making his model more attrac- 

tive as an operational tool. 

Coulman (1978) stresses the importance of subsidence caused by 

large scale anticyclonic circulation and again the varying complexity 



of models. Coulman a l s o  b e l i e v e s  models can p r e d i c t  f i n a l  mixing 

h e i q h t s  and t imes  f a i r l y  w e l l ,  but  f a i l  t o  a c c u r a t e l y  t r a c k  t h e i r  evo- 

l u t i o n .  Yamada and Berman (1979) o b t a i n e d  93X c o r r e l a t i o n  between 

Wangara mixing h e i g h t s  and r e s u l t s  of t h e i r  s imple  model which i n c l u d e s  

v a r i a b l e  i n v e r s i o n  s t r e n g t h s  and an en t ra inment  r a t i o  of 0.2. They 

b e l i e v e  t h a t  t h i s  may be good enough f o r  r e g i o n a l  s c a l e  models b u t ,  

admit many improvements a r e  n e c e s s a r y  f o r  more p r e c i s e  l o c a l  p o l l u t i o n  

d i s p e r s i o n  requ i rements .  

Driedonks (1982b) l i s t s  two ways f o r  comparing models t o  obser-  

v a t i o n s  and a l s o  t h e  problems a s s o c i a t e d  w i t h  them. Each d i f f e r e n t i a l  

t e rm can be compared t o  t h e  o b s e r v a t i o n s  b u t ,  l i k e  Mahrt (1983),  he  

s u g g e s t s  t h a t  e r r o r s  i n  t h e  measurements may be t o o  l a r g e .  A second 

method i s  t o  i n t e g r a t e  t h e  model i n  t ime  and compare. A major problem 

w i t h  t h i s  i s  t h e . r e l i a b i l i t y  of t h e  i n i t i a l  c o n d i t i o n s  and any unknown 

changes. Driedonks a l s o  p o i n t s  o u t  t h a t  i t  i s  u n c l e a r  how s e n s i t i v e  

t h e  s o l u t i o n s  of coupled e q u a t i o n s  a r e  t o  v a r i a t i o n s  i n  c o n s t a n t s  of 

one of them. 

2.4 V a r i a b l e s  i n  Boundary Layer Growth 

Deardorff  e t  a l .  (1969) beqin  & t h  a s imple  e q u a t i o n  when d e f i n i n g  

t h e  growth of a mixed r e g i o n  i n  t h e i r  l a b o r a t o r y  experiments,  

- 
a T 

where T i s  t h e  mean tempera tu re  of t h e  mixed r e g i o n ,  (-1 i s  t h e  i n i -  m 
aZo 

t i a l  l a p s e  r a t e  and w i t h  z i  de f ined  t o  be t h e  h e i g h t  of t h e  lowest  



p o i n t  o r  base  of t h e  i nve r s ion .  Using t h e  f a c t  t h a t  h e a t  f l u x  de- 

c r e a s e s  l i n e a r l y  w i th  h e i g h t  ( n e g l e c t i n g  t h e  smal l  nega t i ve  f l u x  re- 

g ion  nea r  zi) they  r e p l a c e  aTm/at w i th  H/pC where H i s  t h e  i n i t i a l  
P ' 

s u r f a c e  hea t  f l u x .  I f  t h e  s u r f a c e  hea t  f l u x  i s  de f i ned  by a  cons t an t ,  

t h i s  exp re s s ion  i n t e g r a t e s  t o  g ive  

It is a long  t h e s e  same l i n e s  t h a t  Tennekes (1973) '  Deardorff  

(1974) ,  Kuo and Sun (1976), Benkley (1977) and Driedonks (1982a a , b )  

have cont inued t o  work on atmospheric mixed l a y e r  growth models. 

I n  h i s  3-D model of t h e  hea ted  PBL, Deardorff  (1974) w r i t e s  

a n o t h e r  exp re s s ion ,  

where wi i s  t h e  l a r g e  s c a l e  v e r t i c a l  v e l o c i t y ,  ( ~ ' 8 ~ ' ) ~  t h e  buoyancy 

'lux at zi and ( ~ 8 ~ ) ~  t h e  jump o r  g r a d i e n t  of v i r t u a l  p o t e n t i a l  tem- 

p e r a t u r e  a t  z  
i ' I n  s i t u a t i o n s  where l a r g e  amounts of water  vapor are 

p r e s e n t ,  it  i s  impor tan t  t o  use t h e  v i r t u a l  p o t e n t i a l  temperature ,  8  = v 

8(1+0.61q), where q  i s  t h e  s p e c i f i c  humidity.  The t o t a l  d e r i v a t i v e  o f  

z ( dz i / d t ) ,  i n c ludes  no t  only t h e  l o c a l  bu t  advec t i ve  changes i n  t h e  i ' 
dep th  of t h e  boundary l a y e r .  An exp re s s ion  f o r  de te rmin ing  . (A8 v i  ) i s  

g iven  as 



by Deardorf f  ( 1974),  w i t h  aTv/ az t h e  s t a b i l i t y  above t h e  i n t e r f  a c e  jump 

and ( ~ ' 0 ~ ' ) ~  t h e  n e a r  s u r f a c e  s e n s i b l e  h e a t  f l u x .  The second term on 

t h e  r i g h t  hand s i d e  of ( 4 )  can a l s o  be w r i t t e n  as (dBv/dt) .  Th i s  t o t a l  

d e r i v a t i v e  i n c o r p o r a t e s  a d v e c t i v e  changes a s  w e l l  as t h e  en t ra inment  

p rocess .  

Driedonks (1982a) u s e s  a n  e x p r e s s i o n  s i m i l a r  t o  Deardorff  (1974) 

and examines t h e  s e n s i t i v i t y  of t h i s  e q u a t i o n  f o r  a convec t ive  mixed 

l a y e r .  Driedonks (1982b) c a r r i e s  t h e  a n a l y s i s  f u r t h e r  examining t h e  

en t ra inment  p o r t i o n  of ( 5 ) ,  ( ~ ' ~ ~ ' ) ~ k .  The importance of buoyancy 

due t o  mois tu re  and mechanical  e n t r a i n m e n t ,  bo th  n e a r  s u r f a c e  and a t  

z caused by wind s h e a r ,  a r e  d i s c u s s e d  w i t h  a d d i t i o n a l  c o r r e c t i o n  terms 
i 

g i v e n  f o r  each. 

From t h e  s imple  e q u a t i o n s  above,  we f i n d  f i v e  terms impor tan t  t o  

t h e  growth of t h e  convec t ive  boundary l a y e r :  

1. Advection of zi 

2. S t a b i l i t y  

3 .  V e r t i c a l  motion 

4. Sur face  buoyancy f l u x  

5. Entrainment 



1. Advection of z may seem u n c l e a r  o r  unimportant  a t  f i r s t ,  bu t  as 
i 

mentioned e a r l i e r  t h e r e  i s  a  s t r o n g  west  t o  e a s t  mixing dep th  g r a d i e n t  

a l o n g  t h e  f r o n t  range of t h e  Rockies (Holzworth, 1964). Reasons f o r  

t h i s  g r a d i e n t  a r e  n o t  d i s c u s s e d  by Holzworth, bu t  a  p o s s i b l e  explana- 

t i o n  invo lves  mesoscale  c i r c u l a t i o n  i n  t h e  region.  Dirks  (1969) exami- 

nes  convec t ive  p a t t e r n s  of t h e  Colorado F r o n t  Range and develops  a  

model of t h e  c i r c u l a t i o n  p e r p e n d i c u l a r  t o  t h e  Rocky Mountains. I n  h i s  

model a  two-cel l  c i r c u l a t i o n  p a t t e r n  i s  ev iden t .  Uneven s u r f a c e  

h e a t i n g  s e t s  up a  p a t t e r n  of r i s i n g  a i r  (deeper  mixed l a y e r )  t o  t h e  

wes t  and s u b s i d i n g  a i r  ( s h a l l o w e r  mixed l a y e r )  t o  t h e  e a s t .  Another 

a r e a  t o  be cons idered  h e r e  i s  what e f f e c t  t h e  Rocky Mountains may have. 

Advection of z  from t h e  w e s t  i n c l u d e s  mountain in f luenced  air .  North/  i 

s o u t h  g r a d i e n t s  of z a r e  a l s o  h i g h l y  v a r i a b l e ,  w i t h  d i f f e r e n c e s  as i 

l a r g e  as t h r e e  t o  one expec ted  a long  t h e  f r o n t  range ( p e r s o n a l  com- 

municat ion w i t h  D r .  J. Wilczak).  Ac tua l  s t u d i e s  t o  s u b s t a n t i a t e  t h e s e  

g r a d i e n t s  have n o t  been conducted.  

2. Because t h e  s t r e n g t h  of t h e  s t a b l e  l a y e r  is  n o t  c o n s t a n t  i n  t i m e ,  

i t  is necessa ry  t o  examine what causes  it t o  change. The United S t a t e s  

A i r  Force Manual AWSM 105-124 (1969) on a n a l y s i s  of Skew-T, Log P d ia -  

grams and Whiteman (1980) bo th  p r e s e n t  e q u a t i o n s  d e s c r i b i n g  dy /d t  (Ap- 

pendix A), where y  i s  t h e  l a p s e  r a t e .  (Whiteman n e g l e c t s  t h r e e  of h i s  

terms a f t e r  a s c a l e  a n a l y s i s . )  The f i v e  terms common t o  each e q u a t i o n  

a r e :  

A. V e r t i c a l  g r a d i e n t  of d i a b a t i c  h e a t i n g  

B. Non-shearing a d v e c t i o n  of t h e  l a p s e  r a t e  



C. D i f f e r e n t i a l  s h e a r i n g  advec t ion  of t h e  t empera tu re  g r a d i e n t  

D. V e r t i c a l  a d v e c t i o n  of t h e  l a p s e  r a t e  

E.  S h r i n k i n g  and s r e t c h i n g  of an a i r  column 

D i a b a t i c  c o n t r o l s  i n c l u d e  r a d i a t i o n ,  conduc t ion ,  evapora t ion  and 

condensa t ion  which a r e  most impor tan t  n e a r  t h e  ground i n  t h e  e a r l y  s t a -  

g e s  of mixed l a y e r  growth. D i a b a t i c  h e a t i n g  i s  r e s p o n s i b l e  f o r  d i u r n a l  

changes i n  t h e  l a p s e  r a t e .  R a d i a t i o n a l  h e a t i n g  is  dominant i n  t h e  f o r -  

mat ion  of s u p e r a d i a b a t i c  l a y e r s  found at t h e  s u r f a c e .  

The on ly  d i f f e r e n c e  i n  t h e  two h o r i z o n t a l  a d v e c t i o n  terms (B  and 

C) i s  t h e  v e r t i c a l  g r a d i e n t  of t h e  wind. Non-shearing advec t ion  

( d $ / d z = ~ )  i s  n o t  c a p a b l e  of changing t h e  e x i s t i n g  s t a b i l i t y ,  b u t  can 

d i s p l a c e  i t  wi th  t h e  s t a b i l i t y  from a n o t h e r  l o c a t i o n .  Shear ing advec- 

t i o n  (dS/dz # 0 )  can change t h e  s t a b i l i t y .  Remembering t h e r e  a r e  two 

components of t h e  wind, g e o s t r o p h i c  and a g e o s t r o p h i c ,  h e l p s  one t o  

unders tand  t h i s  p rocess  a  l i t t l e  more. D i f f e r e n t i a l  s h e a r i n g  a d v e c t i o n  

due t o  t h e  v e r t i c a l  wind s h e a r  i s  very  impor tan t  t o  mixed l a y e r  growth,  

because  any d i f f e r e n c e s  i n  t h e  c o o l i n g  o r  warming r a t e s  wi th  h e i g h t  i n -  

f l u e n c e  t h e  s t a b i l i t y .  Rapid c o o l i n g  above d e c r e a s e s  t h e  s t a b i l i t y  and 

c a n  enhance growth of t h e  boundary l a y e r .  

V e r t i c a l  motion i s  p o s s i b l e  on a l l  s c a l e s .  Subsidence is  a  good 

example of v e r t i c a l  motion on a  l a r g e  s c a l e .  Turbulence,  v e r t i c a l  a s  

w e l l  a s  h o r i z o n t a l ,  u s u a l l y  occurs  o v e r  a  broad range of s c a l e s .  Ver- 

t i c a l  motion caused by subs idence ,  o r o g r a p h i c  l i f t i n g  o r  o t h e r  compar- 

a b l e  means can change t h e  e x i s t i n g  s t a b i l i t y .  



The presence  of a  lower boundary a t  t h e  e a r t h ' s  s u r f a c e  i n f l u e n c e s  

t h e  v e r t i c a l  motion i n  t h e  a i r  above. Th is  f i x e d  boundary f o r c e s  de- 

scend ing  a i r  t o  d i v e r g e ,  converging a i r  t o  ascend and mechanical  t u r -  

bu lence  through f r i c t i o n a l  f o r c e s .  V e r t i c a l  motions i n  t h e  boundary 

l a y e r  a r e  d i f f i c u l t  t o  measure a c c u r a t e l y .  

Shr ink ing  and s t r e t c h i n g  p e r t a i n  t o  t h e  r e l a t i v e  motion of a i r  

p a r c e l s  w i t h i n  a column of a i r .  Shr ink ing  occurs  when t h e  a i r  a t  t h e  

t o p  of a column rises s lower  t h a n  a t  t h e  bottom, s o  t h a t  t h e  upper re -  

g i o n  c o o l s  a t  a  s lower  r a t e  and i n c r e a s e s  t h e  s t a b i l i t y .  S t r e t c h i n g  

d e s t a b i l i z e s  i n  a  manner o p p o s i t e  t o  s h r i n k i n g .  Both p rocesses  a r e  

ones  t h a t  a f f e c t  t h e  s t a b i l i t y  above t h e  growing boundary l a y e r  and can 

occur  b e f o r e  o r  d u r i n g  t h e  e v o l u t i o n  process .  

3. Equat ion (3 )  of Deardorff  (1974) i n c l u d e s  wi. This  term and i t s  

importance a r e  p a r t i a l l y  exp la ined  when examining v e r t i c a l  motion and 

i t s  e f f e c t s  on t h e  l o c a l  change i n  t h e  l a p s e  r a t e  ( a y / a t ) .  A Chinook 

i s  a common form of v e r t i c a l  motion found on t h e  l e e  s i d e  of t h e  moun- 

t a i n s  p r o d u c i n ~  warming downslope winds. Most l a r g e  s c a l e  downward 

motions ( suds idence)  work i n  a s i m i l a r  manner, warming t h e  a i r  a t  t h e  

d r y  a d i a b a t i c  l a p s e  r a t e  (l°C/lOOm) and i n c r e a s i n g  t h e  s t a b i l i t y  of t h e  

atmosphere.  For a  more complete p i c t u r e  of t h e  l a r g e  s c a l e  v e r t i c a l  

motion t h e r e  i s  t h e  omega equa t ion .  The two main terms i n  t h i s  

e q u a t i o n  a r e  t h e  d i f f e r e n t i a l  v o r t i c i t y  a d v e c t i o n  and t h i c k n e s s  advec- 

t i o n .  Because t h e s e  terms r e q u i r e  knowledge of t h e  s y n o p t i c  p a t t e r n  

o v e r  t ime,  i t s  u s e  i n  s imple  models is  somewhat l i m i t e d .  



4. S u r f a c e  buoyancy f l u x  i s  fundamental  i n  t h e  growth of t h e  CBL. 

Without i t ,  c o n d i t i o n s  a r e  s i m i l a r  t o  what t a k e s  p l a c e  a f t e r  s u n s e t  

when t h e  NBL forms and v e r t i c a l  mixing i s  c o n t r o l l e d  by t h e  e x t e n t  of 

t h e  mechanical  t u r b u l e n c e  and buoyancy. As was recognized by B a l l  

(1960) ,  buoyancy f l u x  i s  c l o s e l y  r e l a t e d  t o  en t ra inment .  Although i t  

i s  n o t  a 1 : l  r a t i o  a s  f i r s t  sugges ted ,  en t ra inment  a s  i t  p e r t a i n s  t o  

p e n e t r a t i v e  convec t ion  i s  a lmost  non-ex i s ten t  wi thou t  s u r f a c e  buoyancy 

f l u x .  A s  s e e n  and used i n  many s t u d i e s  (Carson,  1973, S t u l l ,  1973 and 

Kaimal, 1976)-, a s i n u s o i d a l  f u n c t i o n  i s  a good f i r s t  o r d e r  approxima- 

t i o n  of t h e  changing buoyancy term on c l e a r  days.  This  assumption h a s  

i t s  l i m i t a t i o n s  d u r i n g  t h e  i n i t i a l  growth of t h e  CBL, where many o t h e r  

p r o c e s s e s  ( e  .g., s u r f  a c e  warming, e v a p o r a t i o n )  a r e  occur r ing .  

5. En t ra inment ,  though most o f t e n  r e p r e s e n t e d  a s  a c o n s t a n t ,  i s  much 

more complex ( S t u l l ,  1976a and Driedonks,  1982b). Laboratory  simula- 

t i o n s  and modeling a r e  e x c e l l e n t  ways t o  s tudy  t h e  physics  behind en- 

t r a i n m e n t .  The f a c t  t h a t  t h e  en t ra inment  r e g i o n  v a r i e s  i n  d e p t h  and 

f o l l o w s  a c o n s t a n t l y  changing z makes s t u d y i n g  i t  i n  t h e  r e a l  atmo- 
i 

s p h e r e  d i f f i c u l t .  Entra inment  and more of t h e  concepts  behind i t  w i l l  

be  d i s c u s s e d  l a t e r  i n  Chapter  V. 

2.5 E s t i m a t i o n  of CBL Heigh t s  

A s  w i t h  most models,  b a s i c  assumptions  a r e  made e i t h e r  t o  s i m p l i f y  

o r  t o  c o n c e n t r a t e  on s p e c i f i c  a r e a s  of i n t e r e s t .  Models i n  s i m p l i f i e d  



form are estimations or educated guesses based on a few measured para- 

meters and equations. Whenever the basic assumptions are wrong the 

estimates fail. Kaimal et al. (1982b) suggest a method for estimating 

z from the peak of the spectrum of vertical velocity (w). As stated i 

earlier zi is often difficult to identify when the inversion is rising. 

However, changes in the wavelength of maximum energy in the w spectrum 

can be related' to changes in the depth of the boundary layer and used 

for verification of its position. This technique is useful when mixing 

heights are not well defined or when weak layering occurs below the 

true capping inversion. These conditions are normally found' later in 

the evolution process when the mixed layer is deep. 

Another method of estimating zi is possible from calculations 

using the vertical velocities measured on the BAO tower and the hori- 

zontal convergence obtained from an optical triangle (Tsay et al., 

1980) measuring path-averaged winds along each side of the triangle. 

Cross correlation between horizontal convergence and vertical veloci- 

ties, related through the equation of continuity 

can help to identify zi. This method is limited to values of zi be- 

tween 50 m and 300 m because of constraints imposed by the optical 

triangle and the height of the tower. It is conceivable that measure- 

ments of vertical velocity from remote sensors in conjunction with an 

optical triangle could produce z estimates to greater heights. i 



A cruder  but  s i mp le r  boundary he igh t  e s t i m a t i o n  scheme (CBL and 

NBL) i s  proposed by Benkley and Schulman (1979)-  The t h r e e  f a c t o r s  

Benkley and Schulman key on a r e  t h e  NBL's dependence on su r f ace  winds 

and roughness,  t he  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  mechanical from convec- 

t i v e  mixing regimes du r ing  t h e  daytime and t h e  e f f e c t s  of h o r i z o n t a l  

t empera ture  advect ion.  The only i n p u t s  they r e q u i r e  a r e  soundings from 

t h e  n e a r e s t  rawinsonde s t a t i o n  and l o c a l  s u r f a c e  winds,  temperature  and 

roughness l eng ths .  Mixing dep ths  a r e  determined by a  l i n e  drawn up t h e  

d ry  ad i aba t  from t h e  c u r r e n t  s u r f a c e  temperature  t o  i t s  i n t e r s e c t i o n  

w i t h  t he  morning sounding. The h e i g h t  of t h e  i n t e r s e c t i o n  i s  taken a s  

z 
i' This method assumes no advec t i on  and should have a  tendency t o  

underes t imate  z because en t ra inment  i s  n o t  d i r e c t l y  considered.  i 

Benkley and Schulman (1979) do o f f e r  sugges t i ons  on what e f f e c t  a  

s u p e r a d i a b a t i c  l a y e r  may have and an  approach t o  h o r i z o n t a l  advec t ion  

u s ing  700 mb (500 mb i n  mountainous r eg ions )  temperatures .  Other  

assumptions and ad jus tments  a r e  needed based on t h e  p a r t i c u l a r  s i t u a -  

t i o n .  G a r r e t t ' s  (1981) in te rcompar i son  of Benkley and Schulman's est i -  

mat ion scheme and h i s  model t o  observed d a t a  shows both have p o t e n t i a l  

f o r  f u t u r e  use  i n  p r e d i c t i n g  boundary l a y e r  growth. 

2.6 Work Related t o  t h e  BAO 

I n  add i t i on  t o  Kaimal and Gaynor (1983) many o t h e r  papers and re -  

p o r t s  have been w r i t t e n  u s i n g  BAO d a t a  o r  d a t a  w i th  condi t ions  c l o s e  t o  

. t hose  a t  t h e  BAO. 



A large number of these deal with boundary layer wind profiles, 

characteristics, diurnal patterns and correlation with drainage flow 

(Korrell et al., 1982; Schotz and Panofsky, 1980; Panofsky, 1984; Hahn, 

1981; Johnson and Toth, 1982b; Hootman and Blumen, 1983). Mahrt (1976) 

analyzes rawinsonde flights taken during the National Hail Research 

Experiment (NHRE) between 1972 and 1974 for the vertical moisture 

structure of the mixed layer. Lenschow et al. (1979) concentrate on a 

shallow layer near the surface during early morning hours. Using data 

from both NHRE (1976) and Haswell, Colorado (1975) they analyze rapid 

changes in a non-homogeneous morning boundary layer. Discussion of how 

their results might affect observations reported in this thesis are 

presented in Chapter IV and V. 



111. DATA SOURCES AND REDUCTION TECHNIQUES 

I n  t h i s  chap t e r  d a t a  sources  and a n a l y s i s  schemes a r e  d i scussed .  

The BAO i s  d e s c r i b e d ,  avoiding some d e t a i l s  p r ev ious ly  w r i t t e n ,  whi le  

s t i l l  cover ing  a s p e c t s  important  t o  t h i s  t h e s i s .  Table 2 summarizes 

t h e  e n t i r e  d a t a  s e t  used. 

3.1 Overview of t h e  BAO F a c i l i t y  

The BAO i s  a 300 m r e s ea r ch  tower completed i n  e a r l y  1978 capable  

of  c o l l e c t i n g  d a t a  yea r  round from e i g h t  f i x e d  l e v e l s  (10, 22, 50,  100, 

150, 200, 250, 300 m) and a moveable ins t rument  c a r r i a g e  (Kaimal and 

Gaynor, 1983). Each l e v e l  i s  equipped w i th  a s o n i c  anemometer, f a s t  

r esponse  t empera ture ,  slow response t empera ture ,  cooled mi r ro r  dew 

p o i n t  hygrometer,  and a propel ler-vane anemometer. I n  con junc t ion  w i th  

t h e  tower i n s t rumen t s ,  t h e r e  a r e  s e v e r a l  o t h e r  ground based s enso r s  

cons idered  p a r t  of t h e  BAO f a c i l i t y .  Those s enso r s  used o r  d i s cus sed  

i n  t h i s  t h e s i s  a r e  an Eppley pyranometer, a b s o l u t e  p ressure  s enso r ,  and 

a n  o p t i c a l  system f o r  measuring winds and convergence a t  t h e  tower. 

Conf igua t ions  and c h a r a c t e r i s t i c s  of t h i s  i n s t rumen ta t i on  can be found 

i n  Table  3 and Figs .  4a,b.  

S i q n a l s  from a l l  ins t ruments  a r e  recorded by an on-s i t e  PDP 11/34 

computer. Data a r e  sampled a t  10 or  1 Hz and averaged i n t o  10 s and 20 

min p o i n t s  f o r  s t o r a q e  on t ape ,  except  f o r  s p e c i a l  experiments when 10 
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Fig. 4a. View of three-axis sonic anemometer, fast-response platinum 
wire temperature probe, and slow-response aspirated quartz 
thermometer in a radiation shield. 
. . 

Fig. 4b. View of propeller-vane anemometer and cooled mirror dew po-int 
hygrometer. 



and 1 Hz d a t a  a r e  recorded  d i r e c t l y .  The 20 min mean d a t a  a r e  p r i n t e d  

o u t  con t inuous ly  a t  t h e  tower p r o v i d i n g  a  rea l - t ime  p i c t u r e .  Near 

rea l - t ime  d a t a  a n a l y s i s  c a p a b i l i t i e s  a r e  a l s o  a v a i l a b l e  on a  PDP 11/70 

computer r e c e i v i n g  t h e  d a t a  v i a  a  d e d i c a t e d  phone l i n e  i n  Boulder. 

T h i s  second system has  numerous programs w r i t t e n  t o  f a c i l i t a t e  ana- 

l y z i n g  t h e s e  d a t a  i n  e i t h e r  a  t i m e  series o r  v e r t i c a l  p r o f i l e  form. 

A l l  t h e s e  c a p a b i l i t i e s  have encouraged t h e  s t u d y  of t h e  e a r l y  morning 

CBL a t  t h e  BAO. Many of t h e  f i g u r e s  i n  t h i s  t h e s i s  a r e  products  of t h e  

BAO d a t a  a n a l y s i s  programs. 

3.2 T e r r a i n  F e a t u r e s  

The BAO i s  s i t u a t e d  45 km e a s t  of t h e  C o n t i n e n t a l  Divide  and 31 km 

nor th-nor thwest  of t h e  c i t y  of Denver. Fig .  5  i s  a  two dimensional  and 

Fig .  6 a  l o c a l i z e d  t h r e e  d imens iona l  t o p o g r a p h i c a l  map showing t h e  

complex t e r r a i n  su r rounding  t h e  BAO. The tower l i e s  i n  a  r u r a l  s e t t i n g  

composed of farms,  f e e d  l o t s ,  widely  spaced p r i v a t e  homes, a  d a i r y  and 

t h e  smal l  town of E r i e  a l l  w i t h i n  a  r a d i u s  of 5  km. The Rocky Moun- 

t a i n s  a r e  t h e  major t e r r a i n  f e a t u r e ,  w i t h  numerous s m a l l e r  s c a l e  topo- 

g r a p h i c  f e a t u r e s  of importance t o  t h e  BAO. Approximately 90 km t o  t h e  

n o r t h  and 102 km t o  t h e  s o u t h  a r e  t h e  Cheyenne Ridge and Palmer Lake 

Divide  r e s p e c t i v e l y ,  both  ex tend ing  eas tward o n t o  t h e  p l a i n s  and adding 

t o  t h e  a l r e a d y  uneven s u r f a c e  h e a t i n g  and f low p a t t e r n .  Coupled w i t h  

t h i s  h i a h  ground a r e  f o u r  major r i v e r  d r a i n a g e  systems. The South 

P l a t t e  r i v e r  b a s i n ,  15 km due e a s t  of t h e  tower ,  f lows n o r t h e a s t  a f t e r  
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Fig. 5. Contour map of l o c a l  BAO t e r r a i n  ( c i r c l e  = 5 km rad ius ) .  





running through Denver. The remaining t h r e e  r i v e r s  a r e  o r i e n t e d  e a s t -  

west  and l o c a t e d  n o r t h  of t h e  BAO (F ig .  7 ) .  H o r i z o n t a l  c ross - sec t ions  

i n  Fig .  8 d e p i c t  t h e  f o u r  p o i n t s  of t h e  compass extending out  30 km 

from t h e  BAO. The l o c a l  t e r r a i n  around t h e  tower s l o p e s  g e n t l y  down- 

ward from t h e  s o u t h  t o  n o r t h ,  e a s t  and west  wi th  a  r e l a t i v e  f l a t  g rade  

on t h e  o r d e r  of 2%. 

3 .3  Ins t rument  Design and Tower S t r u c t u r e  Cons idera t ions  

Due t o  c e r t a i n  p r i n c i p l e s  of ins t rument  o p e r a t i o n  and s t r u c t u r a l  

c o n f i g u r a t i o n  of t h e  i n s t r u m e n t s  and tower,  some s u b j e c t i v e  i n t e r p o l a -  

t i o n  of t h e  d a t a  was necessa ry .  

Cooled m i r r o r  dew p o i n t  s e n s o r s  u s e  minute hygroscopic  p a r t i c l e s  

as a b a s i s  f o r  condensa t ion  t o  form on t h e  m i r r o r  and the reby  measure 

dew p o i n t  temperature .  Too many p a r t i c l e s  o r  p a r t i c l e s  too l a r g e  con- 

t a m i n a t e  t h e  mi r ro r  producing f a l s e  o r  o s c i l l a t i n g  read ings .  An auto-  

m a t i c  h e a t i n g  c y c l e  once every  twelve hours  f o r  f i v e  t o  f i f t e e n  minutes  

i n  t h e  dew p o i n t  s e n s o r s  e l i m i n a t e s  a  good p o r t i o n  of t h i s  problem. 

The h e a t i n g  c y c l e  was no t  synchronized a t  each tower l e v e l  but  was e v i -  

d e n t  i n  t h e  t ime s e r i e s  of t h e  dew p o i n t  temperatures .  When t h i s  c y c l e  

was found i n  t h e  d a t a ,  a l i n e a r  i n t e r p o l a t i o n  was used t o  e x t r a c t  mean- 

i n g f u l  d a t a  p o i n t s .  

Not a l l  t empera tu re  p r o f i l e s  a t  t h e  BAO appear  a s  expected and a t  

t imes  have "kinks".  T h i s  is  e s p e c i a l l y  e v i d e n t  when t h e  mixed l a y e r  

encompasses t h e  tower. P a r t s  of t h e  descrepancy a r e  e x p l a i n a b l e  by 

r e a l  a tmospher ic  c o n d i t i o n s  o r  bad d a t a ,  whi le  o t h e r s  a r e  p o s s i b l y  due 
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Fig.  7. RAO l o c a t i o n  r e l a t i v e  t o  t h e  Rocky Mountain Front  Range, 
Denver and major r i v e r  d ra inage  systems. 





t o  t h e  way temperature  i s  measured. Recent s t u d i e s  by Wolfe (no t  pub- 

l i s h e d )  on t h e  response  c h a r a c t e r i s t c s  of t empera ture  sensors  a t  t h e  

BAO and work by McTaggart-Cowan (1976) and Slob (1978) on measuring 

tempera ture  b r i ng  t o  l i g h t  many unanswered ques t i ons .  Asp i r a t i on  r a t e ,  

shape of t h e  a i r  i n t a k e  and r a d i a t i o n  s h i e l d s  (pr imary and secondary) 

a r e  a l l  known t o  be impor tan t  when measuring temperature .  Side by s i d e  

t e s t s  of BAO tempera ture  s enso r s  show t h e r e  a r e  a l s o  e f f e c t s  due t o  i n -  

d i v i d u a l  sensor  t ime c o n s t a n t s  and even 20 min averages  of two c l o s e l y  

mounted s enso r s  a r e  no t  f r e e  of t h e s e  e f f e c t s .  Most of t h e  e f f e c t s  a r e  

sma l l  and c a n ' t  be e a s i l y  d i s t i n g u i s h e d  from t h e  o the r s .  When com- 

p a r i n g  two o r  more l i k e  s enso r s  one must be aware of t h e i r  r e l a t i v e  

a c c u r a c i e s  because of t h e s e  phys i ca l  p rocesses .  

A t  t h e  BAO t h e  s o n i c  and propel ler-vane anemometers a r e  l oca t ed  on 

oppos i t e  s i d e s  of t h e  tower ( s e e  Fig.  1.2, Kaimal e t  a l . ,  1980, BAO 

Report No. 2) t o  p rov ide  u seab l e  winds f o r  a l l  d i r e c t i o n s .  Because of 

t h i s  c o n f i g u r a t i o n ,  a  computer program was w r i t t e n  t o  determine which 

s enso r  was on t h e  l e e  s i d e  and t o  perform some a d d i t i o n a l  d a t a  q u a l i t y  

checks. The s o n i c s  were t e s t e d  f i r s t  f o r  tower shadowing ( G i l l  e t  a l . ,  

1967 and Cermak and Horn, 1968) and used when p o s s i b l e .  I f  t he  s o n i c s  

were shadowed, t h e  propel ler-vanes  were used a f t e r  examining t h e  d a t a  

f o r  any 0-360' phase s h i f t  problems. BAO so f twa re  uses  a  phase analy-  

s is  r o u t i n e  on each 1 Hz sampled p o i n t ,  bu t  even t h i s  does no t  e l im i -  

n a t e  erroneous r ead ings  f o r  t h e  propel ler-vanes  when winds a r e  l i g h t  

and v a r i a b l e .  I f  on ly  one of t h e  i n s t rumen t s  was func t i on ing  p rope r ly  



i t  was used r e g a r d l e s s  of p o s i t i o n i n g  on t h e  tower. Analysis  of tower 

shadowing e f f e c t s  a t  t h e  BAO i n d i c a t e  t h a t  20 min mean d i r e c t i o n s  and 

speeds  do n o t  d i f f e r  s i g n i f i c a n t l y  f o r  t h e  two sensors .  This  f a c t  i s  

a l s o  e v i d e n t  by agreement of t h e  wind d a t a  found i n  t h i s  t h e s i s .  

The f o l l o w i n g  BAO c a l c u l a t i o n  was a l s o  cons idered  when u s i n g  

s o n i c  and p rope l le r -vane  20 min d a t a .  The s o n i c s  measure two h o r i -  

z o n t a l  wind components ( u , v )  and from each 20 min mean of u  and v  a  

speed and d i r e c t i o n  a r e  c a l c u l a t e d .  Th is  t y p e  of c a l c u l a t i o n  produces  

a  v e c t o r  average  r a t h e r  t h a n  a  s c a l a r  average l i k e  t h a t  ob ta ined  from 

t h e  p rope l le r -vanes .  The need f o r  r e c a l c u l a t i n g  20 min means i n  a  con- 

s i s t e n t  f a s h i o n  was n o t  deemed n e c e s s a r y  a s  t h e  two types  of a v e r a g i n g  

produced o n l y  minor d i f f e r e n c e s .  

3.4 Tower Data S e t  

The t ime p e r i o d  chosen f o r  a n a l y s i s  i s  from j u s t  p r i o r  t o  s u n r i s e  

a t  0400 Mountain S tandard  Time (MST) u n t i l  1140 MST. Table 4  shows t h e  

20 min d a t a  s e t  f o r  t h e  t h i r t e e n  days dur ing  June and J u l y  of 1981 and 

1982 w i t h  a  '1' i n d i c a t i n g  d a t a  p r e s e n t  and a  ' 0 '  meaning no d a t a  

a v a i l a b l e .  E i g h t  of 13 days  chosen have cont inuous  d a t a ,  2  days  a r e  

m i s s i n g  d a t a  n e a r  t h e  end of t h e  a n a l y s i s  p e r i o d  and t h e  3  o t h e r  days  

a r e  miss ing  no more t h a n  2  non-consecutive 20 min p e r i o d s  out  of 24 

. . p o s s i b l e .  Miss ing d a t a  toward t h e  end of t h e  a n a l y s i s  p e r i o d  i s  n o t  

cons idered  s i g n i f i c a n t  a s  t h e  boundary l a y e r  was above o r  n e a r l y  above 

t h e  h e i g h t  of t h e  tower by t h i s  t ime. S i n g l e  miss ing p o i n t s  were 





l i n e a r l y  i n t e r p o l a t e d  by u s ing  bo th  v e r t i c a l  and t ime s e r i e s  da ta .  

I n d i v i d u a l  days and t h e  c r i t e r i a  f o r  t h e i r  choosing a r e  p resen ted  i n  

t h e  fo l lowing  two chap te rs .  

Twenty 20 min averages  used prov ide  two advantages.  F i r s t  they 

s e r v e  t o  smooth out  sma l l  s c a l e  changes t h a t  may no t  be important  t o  

t h e  o v e r a l l  boundary l a y e r  growth. Secondly they  a l low f o r  i n t e r -  

p o l a t i o n  of miss ing poi,nts w i th  minimum impact on t h e  complete d a t a  

s e t .  Times of a l l  BAO d a t a  p o i n t s  a r e  t h e  s t a r t  t ime of t h e  20 min 

averag ing  per iod.  A l l  t imes a r e  MST u n l e s s  o therwise  s t a t e d .  

3.5 Sodar Data 

Monostat ic  sodar  f a c s i m i l e  r e co rds  were a v a i l a b l e  on 8  of t h e  13 

days  (Appendix B). The NOAA, WPL Mark V I I  s oda r  (Owens, 1975) was 

l o c a t e d  a t  t h r e e  d i f f e r e n t  p o s i t i o n s  around t h e  tower on t he se  days. 

Smal ler  s p a t i a l  s c a l e s  e l im ina t ed  by sodar  volume averaging and tower 
I 

t ime averaging make t h e  s p a t i a l  s e p a r a t i o n s  between sodar  and tower of 

l i t t l e  consequence. P o s i t i o n s  and s p e c i f i c a t i o n s  of t h e  BAO system a r e  

g iven  i n  Fig.  9  and Table  5 .  Sodars ope ra t e  i n  a  manner very  s i m i l a r  

t o  micro-wave r ada r s  by t r a n s m i t t i n g  a sound p u l s e  t h a t  i s  s c a t t e r e d  

o f f  small s c a l e  a c o u s t i c  r e f r a c t i v e  index  f l u c t u a t i o n s  i n  t h e  atmo- 

sphere .  These f l u c t u a t i o n s  a r e  u s u a l l y  a r ea s  of tu rbu lence  a s soc i a t ed  

w i th  i n v e r s i o n s  o r  convec t ive  r eg ions  t h a t  a f f e c t  t h e  temperature  

s t r u c t u r e .  The soda r  r e co rds  i n  t h i s  t h e s i s  were produced by a  2  KHz 

s i g n a l  pulsed every  5  s e c  r each ing  a  he igh t  of 850 m (based on an  
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Table 5. Sodar Specifications 

A) Frequency (f) 2000 Hz (w/100 Hz bandwidth) 
B) Pulse width (pw) .04 s 
C) Pulse repetition rate (pr) 5 s 
D) Beam pattern (b) 4' from enter of beam 
E) Speed of sound (c) 340 m s-' (at 14OC) 
F) Receiver delay (d) -.I17 s 

Maximum height (pr*c)/2 = 850 m 
Minimum height (d-c) = 40 m 
Vertical resolution (pw-c) = 13.6 m 

Sample 

~rea' (m2) 

Sample 
volume2 (m3) 

Area = ar 2 r = tan 4O*Ht 
Volume = Area vertical resolution 



- 1 average speed of sound of 340 m s  ) Minimum h e i g h t ,  r e s t r i c t e d  by 

system des ign  t o  e l i m i n a t e  pu l sed  s i g n a l  feedback,  i s  40 m. The fac -  

s i m i l e  record  a c t u a l l y  r e p r e s e n t s  an i n t e g r a t e d  volume because of t h e  

n a t u r e  of s o d a r  measurement t echn iques .  This  volume i n c r e a s e s  w i t h  

h e i g h t  as a d i r e c t  f u n c t i o n  of beam width  whi le  t h e  h e i g h t  r e s o l u t i o n  

remains a c o n s t a n t  13.6 m. Although t h e  o r i g i n a l  s o d a r  records  extend 

up t o  850 m, Appendix B d e p i c t s  t r a c e s  of on ly  425 m i n  h e i g h t .  Rea- 

sons  f o r  t h i s  a r e  t h e  p h y s i c a l  p r o p e r t i e s  (molecu la r  a b s o r p t i o n  and 

a t t e n u a t i o n )  of sound i n  t h e  atmosphere and t h e  changes i n  t h e  tem- 

p e r a t u r e  s t r u c t u r e  w i t h  t ime which combine t o  l i m i t  a c o u s t i c  s c a t t e r  a t  

h i g h e r  a l t i t u d e s .  An e x c e l l e n t  q u a n t i t a t i v e  r e f e r e n c e  on s o d a r s  i s  

found i n  Neff (1975). 

3.6 Other Suppor t ing  Data 

A d d i t i o n a l  d a t a  a r e  used , t o  provide a  s y n o p t i c  p i c t u r e  and extend 

t h e  v e r t i c a l  p r o f i l e s  of p o t e n t i a l  t empera tu re ,  dew p o i n t  t empera tu re  

and t h e  wind. S y n o p t i c  summaries i n  t h i s  t h e s i s  a r e  based on d a t a  

t a k e n  from NOAA's "Dai ly  Weather Map" s e r i e s  (Appendix C) and t h r e e  

h o u r l y  s u r f a c e  maps a v a i l a b l e  from t h e  N a t i o n a l  C l i m a t i c  Center  i n  

A s h e v i l l e ,  NC. Rawinsonde f l i g h t s  (122 105 MST; Appendix D) from 

Denver a r e  used a l o n g  w i t h  WBAN-11 d a i l y  s u r f a c e  observa t ions  t o  pro- 

v i d e  a d d i t i o n a l  sky cover ,  p r e s s u r e  and wind informat ion.  



3.7 Data Reduction 

Nearly all BAO-related data were useable for analysis with minimal 

processing. The exceptions were potential temperature (0) and specific 

humidity (q). The BAO software calculates 20 min means of wind speeds 

and directions, dew points and absolute temperatures. All other para- 

meters were calculated especially for this thesis. Data processing was 

done on the BAO PDP 11/70 computer. 

To calculate 0, it is first necessary to obtain an absolute pres- 

sure at each of the eight tower heights using the hypsometric equation. 

Inputting these pressures and their corresponding temperatures into 

Poisson's equation we obtain 0 .  Specific humidity calculations also 

use the absolute pressure found for each level to extract vapor pres- 

sure (e ) from the dew point temperatures. The equation for calculating 
P 

e was taken from Murray (1967). Dew point temperatures are used in 
P 

place of the ambient temperature in the equation which then calculates 

e rather than saturation vapor pressure. Once e is determined it is 
P P 

converted to q using Murray's approximation. The equations for find- 

ing 0, e and q are found in Appendix E. 
P 

It should be noted here that virtual (Tv) temperature and virtual 

potential (0 ) temperature are not used or calculated. This could be v 

important if there are either large mixing ratios or changes in the 

gradient of the mixing ratio. High levels of moisture in the atmo- 

sphere can contribute significantly to the buoyancy or lifting of a 



p a r c e l .  Moist a i r  i s  l e s s  dense than dry  a i r  ( a t  t h e  same p r e s su re  and 

tempera ture )  and t h e r e f o r e  more buoyant. Where l a r g e  mois tu re  gra-  

d i e n t s  e x i s t  t h e  i n t e r p o l a t i o n  of t h e  s t a b i l i t y  w i l l  be a f f e c t e d  i f  t h e  

v i r t u a l  temperature  i s  no t  cons idered .  A s i g n i f i c a n t  dec r ea se  i n  

mo i s tu r e  wi th  he igh t  w i l l  i n d i c a t e  more s t a b i l i t y  w i th  r e s p e c t  t o  t h e  

environment than a c t u a l l y  e x i s t s  i f  u s ing  a  s imple  "dry" temperature  

curve.  A s  w i l l  be seen l a t e r  i n  t h e  d a t a  a n a l y s i s ,  mois tu re  l e v e l s  and 

g r a d i e n t s  a r e  no t  of t h e  magnitudes t o  produce changes worthy of t h i s  

a d d i t i o n a l  c a l c u l a t i o n .  



I V .  SELECTION OF DAYS 

Five  b a s i c  c r i t e r i a  were used t o  s e l e c t  o b s e r v a t i o n a l  cases .  

These c r i t e r i a  a r e  a s  fo l lows :  

1. Sky cover  t0.3 ( a t  Denver) i n  t h e  e a r l y  morning 

2. Continuous d a t a  a v a i l a b l e  from t h e  BAO 

3. S o l a r  r a d i a t i o n  d a t a  a v a i l a b l e  a t  t h e  BAO 

4. Nocturnal  i n v e r s i o n  e x i s t i n g  a t  t h e  tower a t  s u n r i s e  

5. Undis turbed s y n o p t i c  c o n d i t i o n s  

Th is  l i s t  r e p r e s e n t s  t h e  h i e r a r c h y  used t o  o b t a i n  a  q u a l i t y  d a t a  

s e t .  

4.1 Sky Cover 

Clea r  s k i e s  o r  opaque c loud  cover  less than  o r  equa l  t o  0.3 a t  

0750 MST was t h e  i n i t i a l  g u i d e l i n e .  C l o u d . o b s e r v a t i o n s  from Denver a r e  

a  s u b j e c t i v e  measurement, e s p e c i a l l y  a t  n i g h t  o r  n e a r  s u n r i s e  and 

because  of t h i s ,  r e p o r t s  were ana lyzed  both  a s  an i n d i v i d u a l  obser-  

v a t i o n  and a s  a  t o t a l  p i c t u r e  of t h e  sky c o n d i t i o n s .  Clouds r e p o r t e d  

t o  t h e  west over  and a l o n g  t h e  f o o t h i l l s  were n o t  regarded a s  impor tan t  
- 

t o  e a r l y  morning boundary l a y e r  growth. Denver hour ly  sky c o n d i t i o n s  

( o p a q u e / t o t a l )  a r e  g iven  i n  Table  6 from 0400-1200 w i t h  an example of 

a c t u a l  c loud types  observed a t  0750 l i s t e d  i n  Table 7. Evidence of 

c o r r e l a t i o n  between mixed l a y e r  growth and c loud  cover  i s  d i scussed  i n  





Table 7. DEN (0750 MST) Sky Cover 

Total Total 
Date L M H opaque 



Holzworth (1967) and shown by Schewe (1975). Cloud cover a s  a r u l e  

reduces  t h e  i n t e n s i t y  of t h e  s u r f a c e  h e a t  f l u x  which slows o r  s t ops  t h e  

growth of t h e  mixed l a y e r .  S t u l l  (1976b) be l i eve s  t h a t  CBL growth 

s t o p s  when a balance between en t ra inment ,  s y n o p t i c  s c a l e  subsidence and 

convec t ive  cloud induced subs idence  i s  reached. Represen ta t iveness  of 

t h e  Denver d a t a  was v e r i f i e d  by comparison w i th  Buckley A i r  Base and 

Broomfield ( J e f f e r s o n  County A i r p o r t )  obse rva t i on  s t a t i o n s  (Fig.  7 )  and 

s o l a r  r a d i a t i o n  d a t a  from t h e  BAO. T o t a l  sky cond i t i ons  were a l s o  exa- 

mined u s ing  hou r ly  s a t e l l i t e  imagery. 

4.2 Data Cont inu i ty  

To prov ide  an adequate  p i c t u r e  of t h e  CBL evo lu t i on ,  n e a r l y  con- 

t i nuous  o p e r a t i o n  of t h e  BAO tower was r equ i r ed  dur ing  t h e  e a r l y  

morning. Chapter  I11 Sec t i on  4 d e s c r i b e s  t h e  d a t a  and Table 4 i nd i ca -  

t e s  d a t a  a v a i l a b i l i t y .  Only fou r  i n d i v i d u a l  20 min per iods  a r e  miss ing  

and r e q u i r e  i n t e r p o l a t i o n  of a l l  t h e  tower parameters.  Three of t h e s e  

pe r i ods  a r e  i n  t h e  i n i t i a l  s u n r i s e  t r a n s i t i o n  pe r i od  where changes a r e  

small and e r r a t i c  but  i t  i s  f e l t  t h a t  a combination time s e r i e s  and 

h e i g h t  l i n e a r  i n t e r p o l a t i o n  i s  a b l e  t o  reproduce an accu ra t e  20 min 

mean. The remaining miss ing  per iod  occurred a f t e r  t h e  mixed and super-  

a d i a b a t i c  l a y e r s  have a l r e a d y  formed. I n t e r p o l a t i o n  here  may c r e a t e  a 

f a l s e  i n v e r s i o n  r i s e ,  bu t  should no t  a f f e c t  t h e  o v e r a l l  growth p a t t e r n .  
. . 

I n d i v i d u a l  i n s t rumen ta t i on  problems a r e  unavoidable  and handled i n  

t h e  same manner a s  e n t i r e  miss ing  per iods .  Dew po in t  hea t i ng  c y c l e  



p o i n t s  a r e  e a s i l y  co r r ec t ed  f o r  because dew po in t  20 ruin va lue s  do no t  

e x h i b i t  r ap id  changes t h a t  make i n t e r p o l a t i o n  d i f f i c u l t .  Wind d a t a  has  

two s enso r s  making t h e  chan ies  of miss ing d a t a  smal l .  Problems encoun- 

t e r e d  wi th  t h e  temperature  s enso r s  were confined t o  t h e  300 m l e v e l  on 

t h r e e  days when t h e  a s p i r a t o r  motor f a i l e d .  Because t r a ck ing  t h e  mixed 

l a y e r  depth above 250 m was no t  p o s s i b l e  t h e s e  p o i n t s  were l e f t  ou t  of 

t h e  ana ly s i s .  

4.3 S o l a r  Radia t ion  

The BAO pyranometer measures both d i r e c t  and d i f f u s e  s h o r t  wave 

s o l a r  r a d i a t i o n .  S o l a r  r a d i a t i o n  d a t a  a r e  then  used i n  con junc t ion  

w i t h  c loud .  obse rva t i ons  t o  confirm sky cond i t i ons  a t  t h e  BAO. The d a t a  

of 11 J u l y  81 and 8 J u l y  82 a r e  two per iods  i n  which BAO s o l a r  r ad i a -  

t i o n  d a t a  a r e  g iven  p r i o r i t y  over  Denver cloud observa t ions .  A t i m e  

s e r i e s  (Fig.  10) of 11 of t h e  13 days extending beyond t h e  24 a n a l y s i s  

p e r i o d s  shows both e a r l y  morning s i m i l a r i t i e s  and a f t e rnoon  d i f f e r e n c e s  

of t h e  incoming s o l a r  r a d i a t i o n  a t  t h e  BAO. These d i f f e r e n c e s  a r e  no t  

unexpected s i n c e  cumulus c louds form a long  t h e  f r o n t  range and move 

s l owly  eastward a s  t h e  days p rogress .  Toth and Johnson (1983) shows a 

s i m i l a r  t i m e  s e r i e s  of s o l a r  r a d i a t i o n  d a t a  f o r  s e v e r a l  PROFS (Program 

f o r  Regional  Observing and Fo reca s t i ng  Se rv i ce s )  s t a t i o n s  i n  1982 ove r  

n o r t h e a s t e r n  Colorado. 

Some cloud build-up does occur  ou t  over  t h e  p l a i n s ,  bu t  normally 

develops  t oo  l a t e  i n  t h e  day t o  a f f e c t  t h e  morning boundary l a y e r  





growth. Johnson and Toth (1982a) look at the interrelations of meso- 

scale flow patterns, heating of the sloping terrain and preferred areas 

of convective activity over northeastern Colorado. 

A nearly unobstructed horizon greets sunrise, with gradually 

sloping terrain east of the BAO. Artifical horizon tests at the BAO 

show minimum elevation angles of less than 2 deg. Sunrise varies a 

maximum of 27 min for all cases and produces some minor differences in 

the initial solar radiation data (Fig. 10). These differences are 

insignificant in affecting the overall boundary layer growth because 

of other physical processes taking place at the surface (e.g., evapora- 

tion, surface heating) that essentially control the growth rate. 

Surface albedo, conductivity and moisture all play a part in how this 

incoming energy is distributed. Mean daily values taken from climato- 

logical data for June  rewa wart ha and Horn, 1980) and July (Climate of 

the United States, 1974) indicate lower cumulative amounts (2.09~10 
5 

wmm2) of solar radiation present by 1140 than the 'average of the 13 

observational days (2.22~10' wm-'). Approximately 47% of the total 

daylight occurs by 1140 during June and July. This difference in total 

incoming energy can be explained by the fact that the comparison is 

between individual "clear" days and monthly averages taken from several 

years of data. 



4.4 Nocturnal  I nve r s ion  

Radia t ion  i n v e r s i o n s ,  a s  mentioned e a r l i e r ,  have an e f f e c t  on 

boundary l a y e r  growth. The s t onge r  t h e  i n i t i a l  s t a b i l i t y  a t  t h e  sur -  

f a c e ,  t h e  s lower  t h e  CBL grows a l l  o t h e r  f a c t o r s  being equal .  S t rong  

su r f aced  based r a d i a t i o n  i n v e r s i o n s  might be expected on a l l  s e l e c t e d  

days from ou r  i n i t i a l  c r i t e r i a  of c l e a r  s k i e s .  Th is  i s  t r u e  f o r  t h e  

13  obse rva t i on  days ,  but  no t  f o r  a l l  days o r i g i n a l l y  surveyed ( a s  a  

consequence of o t h e r  f a c t o r s ,  e.g., s t r o n g  winds, c loud cover ,  e t c . ) .  

I n  Fig. 11 a r e  0 p r o f i l e s  a t  0400 presen ted  a s  depa r tu r e s  from t h e  

lowes t  tower t empera ture  (10 m) f o r  each 20 min per iod.  These 20 min 

mean p r o f i l e s  f o r  each day show i n v e r s i o n s ,  but they  a r e  no t  a l l  iden- 

t i c a l  i n  s t r u c t u r e .  Soundings from Denver a t  12 2/05 MST (Fig.  12) a r e  

used f o r  e x t e n t i o n  of t h e  v e r t i c a l  p r o f i l e s ,  but  t h e  ques t i on  aga in  

a r i s e s  of how r e p r e s e n t a t i v e  Denver's cond i t i ons  a r e  t o  t h e  BAO. 

Comparisons of tower p r o f i l e s  t o  Denver soundings a r e  no t  expected t o  

produce compat ible  r e s u l t s  based on t h e i r  s p a t i a l  s e p a r a t i o n ,  20 min 

tower averag ing  ve r su s  rawinsonde i n d i v i d u a l  sample p o i n t s  and v e r t i c a l  

- 1 
r e s o l u t i o n .  Standard rawinsonde a scen t  r a t e s  a r e  300 mmin which 

t r a n s l a t e s  i n t o  on ly  two t o  t h r e e  d a t a  p o i n t s  w i t h i n  t h e  300 m tower 

he igh t .  Taking i n t o  account  t h e  a d d i t i o n a l  f a c t o r s  of h o r i z o n t a l  

advec t i on ,  l o c a l  t e r r a i n  f e a t u r e s  and sometimes poor s i g n a l  l e v e l s  

du r ing  t h e  f i r s t  minutes of a  rawinsonde f l i g h t ,  comparisons w i th  t h e  

BAO tower a r e  no t  l i k e l y  t o  be good. Desp i te  t h e s e  d i f f e r e n c e s  Fig. 13 

shows good agreement i n  a l l  cases  bu t  one (8  J u l y  1982) and even t h e  



A e (OK) 

Fig. 11. BAO 0400 MST A 0  p r o f i l e s  o f  20 min means ( ~ 8  = eZ - e10 m ) ;  13 
d a y s .  
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FCK. 12. DEN 0500 PIST rawinsonde A 8  profiles (A0 = e Z  - esfc); 10 days. 
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A 0  (OK) 

F i g .  13 .  BAO (0400 MST) v s .  DEN (0500 MST) A0 p r o f i l e s ;  BAO A0 = B Z  = 
- o l 0  ,,, and DEN A0 = B Z  - esfc; 10 days. 



Fig. 13. (continued) 



sha rp  i n v e r s i o n  s t r u c t u r e  i n  t h e  lowest  l e v e l s  compares b e t t e r  t han  

expected.  It should be no ted  t h a t  0500 MST (122) is  t h e  approximate 

t i m e  t h a t  rawinsonde d a t a  is  t r an smi t t ed  whi le  a c t u a l  r e l e a s e  times a r e  

about  60 min p r i o r  t o  t h i s .  

Fea tu r e s  i n  a d d i t i o n  t o  t h e  s u r f a c e  i n v e r s i o n  a r e  v i s i b l e  i n  t h e  

Denver skew-T/Log P p l o t s  up t o  500 mb (Appendix D ) ;  dew po in t  tem- 

p e r a t u r e  and wind p r o f i l e s .  The s u r f a c e  based i n v e r s i o n s  extend t o  an  

average  dep th  of 308 m vary ing  from 91 m a t  t h e  sha l l owes t  t o  a  maximum 

of 530 m. The s t a b i l i t y  i s  g r e a t e s t  n e a r  t h e  s u r f a c e  and weakens 

upwards t o  1372 m on t h e  average o r  n e a r l y  700 mb i n  a l l  cases .  From 

t h i s  po in t  up t o  500 mb (-4200 m AGL) t h e r e  a r e  both a d i a b a t i c  l a p s e  

r a t e s  and some i n s t a n c e s  w i th  s l i g h t  s t a b i l i t y .  On t h r e e  of t h e  days 

an  i n c r e a s e  i n  s t a b i l i t y  accompanied by a  l a y e r  of r a p i d  d ry ing  i s  

found nea r  500 mb. Upper reg ions  such a s  t h e s e  a r e  o f t e n  i n d i c a t i v e  of 

h igh  p r e s s u r e  w i th  subs idence  warming and dry ing  a l o f t .  As s y n o p t i c  

cond i t i ons  show, a l l  t h r e e  days do have h igh  p r e s su re  t o  t h e  nor th .  

Yoshino (1975) and Andr6 and Mahrt (1982) d i s c u s s  s i m i l a r  p r o f i l e s  and 

some reasons f o r  t h e i r  formation.  

Rapid and c o n t i n u a l  d ry ing  w i th  he igh t  e x i s t s  on fou r  of t h e  e i g h t  

days a v a i l a b l e .  On t h r e e  o t h e r  days d ry ing  j u s t  above t h e  s u r f a c e  

evo lve s  i n t o  a  cons t an t  mixing r a t i o  p r o f i l e .  'Surface va lues  of t h e  

dew po in t  and a i r  temperatures  a r e  very  c l o s e  due t o  r a d i a t i o n a l  

coo l i ng  of t h e  a i r  overn igh t .  



The wind p r o f i l e s  a r e  i n  good agreement wi th  the  o v e r a l l  synop t i c  

s i t u a t i o n s .  Seven of t h e  e i g h t  days have 1ie;ht winds up t o  500 mb. 

Even though l i g h t  and most ly  v a r i a b l e ,  t h e r e  is a  tendency f o r  sou ther -  

l y  s u r f a c e  f low c o n s i s t e n t  wi th  t h e  l o c a l  and South P l a t t e  r i v e r  

d r a inage  e f f e c t s  and s y n o p t i c a l l y  f o r ced  WNW winds near  500 mb. The 

absence of s t r ong  w e s t e r l y  downslope winds and any s i g n i f i c a n t  vee r i ng  

(counter-c lockwise  r o t a t i o n )  wi th  he igh t  p rec ludes  s i g n i f i c a n t  warming 

o r  i n c r e a s i n g  s t a b i l i t y  due t o  o rog raph i ca l l y  induced subsidence.  

4.5 Synopt ic  Condi t ions  

Synopt ic  c o n t r o l s ,  though l a s t  on t h e  l i s t ,  a r e  a  dominant f a c t o r  

i n  f i n a l  s e l e c t i o n  of t h e  days. It was t h e  goa l  of t h i s  s e l e c t i o n  pro- 

c e s s  t o  c o l l e c t  a  s e t  of d a t a  based on t h e  f i r s t  f ou r  c r i t e r i a  t h a t  

were t hen  found t o  be undis tu rbed  s y n o p t i c a l l y .  Typica l ly ,  an upper 

l e v e l  r i d g e  i n  con junc t ion  w i th  a  s t r o n g  h igh  p r e s su re  system posi-  

t i oned  over t h e  r eg ion  would be cons idered  i d e a l .  A s  i t  tu rned  o u t ,  

s e v e r a l  days had t o  be d i s ca rded  because of unwanted synopt ic  d i s t u r -  

bances even a f t e r  meeting t h e  f i r s t  f o u r  c r i t e r i a .  Table  8 i s  a  mete- 

o r l o g i c a l  summary showing a  comparison between t h e  days and Appendix C 

con t a in s  t h e  0500 s u r f a c e  and 500 mb c h a r t s  f o r  each day. It should be 

noted t h a t  t h e  winds p l o t t e d  f o r  Denver on 21 J u l y  1982 a t  0500 a r e  n o t  

c o n s i s t e n t  w i th  Denver 's  o r i g i n a l  obse rva t i on  form (WBAN-11). The 

observed winds a r e  210' a t  10 k t  compared t o  210" a t  20 k t  f o r  t h e  

p l o t t e d  da ta .  Winds recorded  i n  t h e  l og  a r e  assumed c o r r e c t  and seem 

t o  f i t  i n  wi th  t h e  l o c a l  g r a d i e n t s  and surrounding s t a t i o n s .  



Table 8. Meteorological Summary 
pp - - 

DEN (0500 MST) Lowest BAO (0400 MST) 
sfc 700 mb 500 mb 100 mb sf c sfc Precip. Sunrise Solar* 
P Ht Ht average T 4 last (MST) Rad ' ation 

Date (mb) (m) (m> moisture ("C> (glkg) 24 hr. (wn-$ lo5) 
(glkg) (mm) 

* Cummulative amount from 0400-1140 MST 



Table  8. M e t e o r o l o g j c a l  Summary ( c o n t i n u e d )  

S a t e l l i t e  500 mb 500 mb Surf a c e  500 mb 
s y n o p s i s  S P ~  d i r  s y n o p s i s  

( k t  (deg)  
s y n o p s i s  

CL R 

CLR 

CL R 

CL R 

CLR 

CLR 

CLR 

CLR 

CLR 

CL R 

CLR 

CLR 

CIJR 

weak ups lope  g r a d i e n t  zona l  
1017 H t o  N 
weak ups lope  g r a d i e n t  weak r i d g e  t o  W 
1027 H t o  N 
weak downslope g r a d i e n t  weak r i d g e  over  
1005 L  t o  NE e a s t e r n  2/3 of  U.S. 
s o u t h e r l y  g r a d i e n t  weak winds weak t r o u g h  t o  E 
1023 II t o  NE 
s o u t h e r l y  g r a d i e n t  s h o r t  wave moving 
1003 L  over  S a l t  Lake C i t y  on c o a s t  Pac. N.W. 
weak s o u t h e r l y  f l o w  t rough i n  mid-west 
1018 H i n  e a s t e r n '  Colorado 
n o r t h e r l y  g r a d i e n t  t rough  over  Grea t  Lakes 
c o l d  f r o n t  i n  e a s t e r n  Wy. moving NE 
1004 L  over  N. IJis. 
v e r y  weak s o u t h e r l y  g r a d i e n t  s l i g h t  r i d g i n g  
s t a t i o n a r y  f r o n t  i n  NE Colo. 
weak s o u t h e r l y  g r a d i e n t  weak r i d g e  a long  
s t a t i o n a r y  f r o n t  t o  SE f r o n t  r ange  
1020 H t o  E 
c e n t e r  of weak High zona l  
1013 H over  Colorado 
weak NW g r a d i e n t  weak s h o r t  wave 
1017 H i n  c e n t r a l  Wy. i n  mid-west 
weak s o u t h e r l y  winds s l i g h t  r i d g i n g  over  
c o l d  f r o n t  i n  NE Colorado c e n t r a l  U.S. 
w e s t e r n  s i d e  of broad High weak r i d g i n g  
o v e r  c e n t r a l  U.S. a long  Rockies 



Review of t h e  summary and Appendix C f i n d s  s t r o n g  high p re s su re  

t h e  except ion  r a t h e r  t han  t h e  r u l e .  Weak p re s su re  g r ad i en t s  and l i g h t  

winds dominate t h e  synop t i c  p a t t e r n .  Severa l  days o r i g i n a l l y  con- 

s i d e r e d  were dropped because of advec t ive  cool ing  behind a  cold f r o n t .  

Days wi th  high winds were a l s o  e l im ina t ed  because of t h e  s t rong  advec- 

t i o n  presen t .  By choosing undis tu rbed  s i t u a t i o n s ,  l a rge-sca le  synop t i c  

f o r c i n g  can be almost completely  e l imina ted  a s  one c o n t r o l  of t he  tower 

mixed l a y e r  growth. Previous work by Hahn (1981) wi th  BAO d a t a  and 

Johnson and Toth (1982b) w i th  t h e  PROFS d a t a  along t h e  f r o n t  range show 

t h a t  i n  t h e  absence of l a r g e  s c a l e  synop t i c  c o n t r o l s ,  a  w e l l  def ined  

d iurna l ly - forced  mesoscale c i r c u l a t i o n  p a t t e r n  t akes  over. 

Upper l e v e l  winds and r i d g e l t r o u g h  p a t t e r n s  a s  seen on t h e  500 mb 

c h a r t s  s e rve  t o  suppor t  t h e  c l e a r  s k i e s  and weak su r f ace  condi t ions  

found. No major t roughs o r  s torm systems a r e  ev iden t  on any of t h e  

13 days ,  nor is  s t r o n g  r i d g i n g  presen t .  Zonal flow and weak r i dges  a r e  

t h e  p r e f e r r ed  pa t t e rn s .  



V. OBSERVATIONAL RESULTS 

5.1 P o t e n t i a l  Temperature 

5.1.1 Pre-growth ( I n v e r s i o n )  

With d a t a  inc luded  40 t o  60 min p r i o r  t o  s u n r i s e ,  we a r e  a b l e  t o  

o b s e r v e  t h e  f i n a l  s t a g e s  of t h e  n o c t u r n a l  i n v e r s i o n  and a tmospher ic  

c o n d i t i o n s  n o t  y e t  a f f e c t e d  by s u r f a c e  h e a t i n g .  I n v e r s i o n s  s e e n  a t  t h e  

tower and Denver a r e  i n f l u e n c e d  by two mechanisms, t u r b u l e n t  h e a t  f l u x  

d i v e r g e n c e  (mechanical  mixing)  and r a d i a t i v e  c o o l i n g  both  a t  t h e  s u r -  

f a c e  and i n  t h e  atmosphere.  Near t h e  ground t h e  e f f e c t s  of wind s h e a r  

and f r i c t i o n  induced mechanical  mixing on deepening t h e  NBL a r e  s e v e r a l  

t i m e s  l a r g e r  than t h e  e f f e c t  of r a d i a t i v e  cool ing.  

I n v e r s i o n s  form a t  n i g h t  when t h e  s u r f a c e  c o o l s  t o  below t h e  tem- 

p e r a t u r e  of t h e  o v e r l y i n g  a i r .  From t h i s  t ime u n t i l  morning t h e  a i r  

j u s t  above t h e  s u r f a c e  a l s o  beg ins  t o  coo l  by r a d i a t i n g  energy upward 

and downward c r e a t i n g  a  low-level  i n v e r s i o n .  Without v e r t i c a l  mixing 

t h e  i n v e r s i o n  remains s h a r p  and shal low.  Mixing of t h e  c o l d  a i r  

th rough  mechanical  p r o c e s s e s  (wind s h e a r )  reduces  t h e  s t r e n g t h  of t h e  

i n v e r s i o n  a t  t h e  same t ime i t  deepens. Holzworth (1967) and Schewe 

(1975) f i n d  a  g e n e r a l  c o r r e l a t i o n  between i n c r e a s e d  wind speed and 

d e c r e a s e d  i n v e r s i o n  f requency.  A f i x e d  r e l a t i o n s h i p  of wind speeds  t o  

i n v e r s i o n  f requency h a s  n o t  been found, bu t  i t  seems l o q i c a l  t h a t  



s t r o n g e r  coo l i ng  nea r  t h e  s u r f a c e  can t o l e r a t e  h ighe r  winds and l a r g e r  

s h e a r s  before  t h e  i n v e r s i o n  i s  mixed ou t .  I n  t h e  atmosphere above t h e  

t u r b u l e n t  reg ion  r a d i a t i v e  coo l i ng  a long  w i th  hea t  t r a n s f e r  by molecu- 

l a r  d i f f u s i o n  a r e  smal l  r e l a t i v e  t o  mechanical  mixing and coo l i ng  n e a r  

t h e  su r f ace .  It i s  t h e  combination of t h e s e  d i f f e r e n t  coo l ing  and 

mixing r a t e s  t h a t  determines  t h e  Denver 0500 p o t e n t i a l  temperature  pro- 

f i l e  (Fig .  12). Negative buoyancy and downward h e a t  f l u x  work a g a i n s t  

upward mixing, making t h e  he igh t  of t h e  NBL much l e s s  than i t s  daytime 

c o u n t e r p a r t  (CBL). 

The remnance of t h e  mixed l a y e r  from t h e  p rev ious  day a r e  a l s o  s een  

i n  e l e v a t e d  reg ions  of t h e  soundings where t h e  v e r t i c a l  g r ad i en t  of 0 

approaches zero.  Resu l t s  i n  t h i s  t h e s i s  ( t o  f o l l o w  l a t e r )  a r e  con- 

s i s t e n t  w i t h  t hose  of Carson (1973) showing t h a t  t h e  a c t u a l  l a p s e  r a t e  

of 0 remains s l i g h t l y  p o s i t i v e  even i n  we l l  mixed a r e a s  of t h e  daytime 

CBL. 

5.1.2 Growth Processes  i n  t h e  Ea r ly  Morning 

A s  s u r f a c e  hea t i ng  beg ins ,  t h e r e  i s  no n o t i c e a b l e  warming of t h e  

a i r  o r  format ion of a  mixed l a y e r .  A c e r t a i n  amount of warming of t h e  

ground t ake s  p l a c e  depending on s u r f a c e  cond i t i ons .  Water a t  t h e  su r -  

f a c e  and i n  t h e  s o i l  absorbs  a  p o r t i o n  of t h e  incoming s o l a r  energy and 

. . e v e n t u a l l y  evapora tes  i f  t h e  a i r  i s  subsa tu r a t ed .  



I n  a  semiar id  r e g i o n  such a s  t h e  e a s t e r n  p l a i n s  of Colorado, t h e r e  

i s  a lmost  always l a r g e  p o t e n t i a l  evapora t ion .  A v a i l a b l e  mois tu re  be- 

g i n s  t o  change phase ve ry  q u i c k l y  a f t e r  s u n r i s e .  Local  mois ture  a t  t h e  

tower i s  l i m i t e d  t o  i r r i g a t i o n  d i t c h e s ,  condensa t ion  forming a t  t h e  

s u r f a c e  dur ing  t h e  n i g h t  and m o i s t u r e  remaining from i s o l a t e d  summer 

showers. It is  j u s t  a f t e r  s u n r i s e  when t h e  incoming s o l a r  energy i s  

s m a l l  and r e l a t i v e  amounts of l i q u i d  w a t e r  a r e  a t  t h e i r  maximum t h a t  

t h e  e v a p o r a t i o n  and e v a p o t r a n s p i r a t i o n  ( p h y s i c a l  exchange of h e a t  and 

m o i s t u r e  between t h e  v e g e t a t i o n  and atmosphere) a r e  most l i k e l y  impor- 

t a n t .  During t h i s  p e r i o d  a  l a r g e  p o r t i o n  of t h e  a v a i l a b l e  energy i s  

o f t e n  n o t  used f o r  warming t h e  atmosphere. 

Considerable  work i n  t h e  f i e l d  of c l imato logy  by Geiger (1965) ,  

S e l l e r s  (1965) and Yoshino (1975) examines t h e  e f f e c t s  of s u r f a c e  con- 

d i t i o n s  and h e a t i n g  on t h e  o v e r l y i n g  a tmospher ic  boundary l a y e r .  Loca l  

v e g e t a t i o n  a t  t h e  BAO, excep t  f o r  t h e  immediate tower a r e a ,  c o n s i s t s  of 

n a t u r a l  g r a s s e s  and f i e l d s  of wheat and corn  s e p a r a t e d  by rows of b a r e  

s o i l .  During midsummer t o  l a t e  summer when t h e  wheat and corn  a r e  

ready  f o r  h a r v e s t ,  e v a p o t r a n s p i r a t i o n  normal ly  drops  o f f .  Rosenburg e t  

a l .  (1983) have examined t h e  mic roc l imate  of f i e l d s  s i m i l a r  t o  t h o s e  

su r rounding  t h e  BAO. A term t h e y  c a l l  t h e  " i n t e r n a l "  boundary l a y e r  i s  

d e s c r i b e d  and r e p r e s e n t s  t h e  l a y e r  of a i r  downwind of t h e  l e a d i n g  edge 

o f  a  new u n d e r l y i n g  s u r f a c e .  The i n t e r n a l  boundary l a y e r ,  f o r  prac- 

t i c a l  purposes t h e  same a s  t h e .  s u r f a c e  l a y e r ,  i s  being a f f e c t e d  by a  

change i n  t h e  s u r f a c e  c o n d i t i o n s .  Three  such e f f e c t s  p o s s i b l e  a t  t h e  



BAO a r e  e v a p o r a t i o n  i n  near-by i r r i g a t e d  f i e l d s ,  a i r  f low p a r a l l e l  ve r -  

s u s  p e r p e n d i c u l a r  t o  p l a n t e d  rows and r e g i o n a l  s e n s i b l e  h e a t  a d v e c t i o n  

( " o a s i s  e f f e c t " ) .  

Recent work by Lenschow e t  a l .  (1979) examine t h e  morning boun- 

d a r y  l a y e r  growth over  complex t e r r a i n  i n  n o r t h e a s t e r n  Colorado and t h e  

e f f e c t s  of co ld  a i r  d r a i n a g e  and mechanical  mixing. Cold a i r  forming 

c l o s e  t o  t h e  ground d u r i n g  t h e  n i g h t  and h o r i z o n t a l  d e n s i t y  d i f f e r e n c e s  

a l o n g  w i t h  uneven t e r r a i n  f o r c e  t h e  h e a v i e r  a i r  t o  seek  t h e  l o w e s t  

p o i n t  ( e q u i l i b r i u m ) .  On a  s m a l l  s c a l e  t h i s  i s  c a l l e d  "pool ing"  and 

d i f f e r s  from " k a t a b a t i c "  d r a i n a g e  t y p e  f low o f f  t h e  Rocky Mountains 

ana lyzed  by Hootman and Blumen (1983).  

I n  t h e  morning uneven h e a t i n g  of t h e  e a r t h ' s  s u r f a c e  begins .  

D i f f e r e n t i a l  h e a t i n g  and t h e  convergence of t u r b u l e n t  hea t  f l u x  a r e  n o t  

b e l i e v e d  s u f f i c i e n t  t o  produce t h e  l a r g e  t empera tu re  changes (12'C) 

o v e r  a  s h o r t  p e r i o d  of t i m e  r e p o r t e d  by Lenschow. What does appear  t o  

t a k e  p l a c e  i s  t h a t  t h e s e  pocke t s  of s t a b i l y  s t r a t i f i e d  co ld  a i r  a c t  

l i k e  a  s e p a r a t e  boundary l a y e r  w i t h  t u r b u l e n t  t r a n s p o r t  of p r o p e r t i e s  

a c r o s s  t h e  i n t e r f a c e  i n h i b i t e d .  A  parameter  used t o  examine whether  

t u r b u l e n t  mixing i s  p r e s e n t  o r  p o s s i b l e  is  t h e  Richardson number ( R i ) .  

R i  i s  a  r a t i o  of t h e  v e r t i c a l  g r a d i e n t  of 8 t o  t h e  v e r t i c a l  wind s h e a r  

(Appendix E) .  As t h i s  r a t i o  approaches  a c r i t i c a l  va lue  (Ri<0.25),  

e i t h e r  from a  decreased  d8/dz and /or  an  i n c r e a s e d  dU/dz, t u r b u l e n t  

mixing is  enhanced. C a l c u l a t i o n s  of R i  w i t h i n  t h e  NBL r e v e a l  v a l u e s  

v e r y  c l o s e  t o  c r i t i c a l  c r e a t i n g  p e r i o d s  of momentary i n t e r n a l  t u r -  

bulence.  



At t h e  same t ime h e a t i n g  of c o l d  a i r  pocke t s  i s  tak ing  p l a c e ,  

r e l a t i v e l y  l e s s  s t a b l e  a i r  over  h i g h e r  ground a l s o  warms t o  a  p o i n t  

where a  sha l low CBL forms. Coupling t h e s e  two a r e a s  of t h e  d i f f e r i n g  

- 
s t a b i l i t y  wi th  h o r i z o n t a l  a d v e c t i o n  and s h e a r  s t r e s s  (-u'w') can re-  

s u l t  i n  l a r g e  t empra tu re  changes.  Depending on t h e  dep th  and o v e r a l l  

s t a b i l i t y  of t h e  c o l d  a i r  and t h e  amount of s t r e s s  a p p l i e d ,  t h e s e  

changes may occur  e i t h e r  v e r y  r a p i d l y  o r  s lowly.  I n  o rder  t o  s e e  such  

l a r g e  t empera tu re  changes,  d i sp lacement  of t h e  c o l d  a i r  by t h e  warm a i r  

i s  favored  over  a  mixing of t h e  two. T h i s  p rocess  a l lows t h e  c o l d  a i r  

t o  r e t a i n  i t s  p h y s i c a l  c h a r a c t e r i s t i c s  a s  i t  moves downstream f o r  a  

s h o r t  t ime. Changes a r e  n o t  r e s t r i c t e d  t o  t empera tu re  a l o n e ,  b u t  

i n c l u d e  m o i s t u r e  and winds w i t h  t h e  l a r g e s t  changes o c c u r r i n g  i n  

v a l l e y s .  

5.1.3 S u n r i s e  T r a n s i t i o n  (0400-0620 MST) 

S teady  growth of t h e  CBL is n o t  r e a d i l y  e v i d e n t  u n t i l  e a r l y  morn- 

i n g  h o r i z o n t a l  g r a d i e n t s  n e a r  t h e  s u r f a c e  a r e  e l i m i n a t e d  through mix- 

i n g .  P r o f i l e s  of each o b s e r v a t i o n a l  day from 0400-0620 a t  t h e  BAO a r e  

p r e s e n t e d  i n  Fig.  14. Temperature changes of t h e  magnitude found by 

Lenschow e t  a l .  (1979) a r e  n o t  seen  due i n  p a r t  t o  t h e  20 min smoothing 

and a l s o  t h e  f a c t  t h a t  t h e  BAO i s  on a  s l o p e  r a t h e r  than  i n  a  depres-  

s i o n  where c o l d  a i r  can c o l l e c t  and t h e n  be d i s p l a c e d .  Displaced poc- 

k e t s  of c o l d  a i r  may a d v e c t  by t h e  tower though. 

Examination of t h e  s u n r i s e  t r a n s i t i o n  per iod  shows moderate con- 

s i s t e n c y  between t h e  13 days.  I n  e i g h t  c a s e s  format ion of a  mixed 



Fig .  14. BAO 0 . t i m e  series p r o f i l e s  of 20 min means (0400-0620 MST); 13 
days .  



Fig. 14. (continued) 
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Fig. 14. (continued) 
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Fig* 14- (continued) 



Fig. 14. (continued) 



l a y e r  i s  e v i d e n t ,  some on ly  40-60 min a f t e r  s u n r i s e  and i n  two c a s e s  

r e a c h i n g  a  maximum dep th  of 100 m. F i v e  of t h e s e  days show s i g n s  of a  

s u p e r a d i a b a t i c  l a y e r  forming, which i s  an i n d i c a t i o n  of s t r o n g  s u r f a c e  

h e a t i n g  unab le  t o  mix upward r a p i d l y  enough. Of t h e  f i v e  remaining 

d a y s ,  f o u r  show no s i g n i f i c a n t  change of 0 and t h e  l a s t  day ( 4  June  

1982) warms a t  a  n e a r l y  c o n s t a n t  r a t e  over  t h e  e n t i r e  dep th  of t h e  

tower.  Common growth p a t t e r n s  s t a r t  t o  appear  once a  d e f i n i t e  mixed 

l a y e r  forms. 

W e  f i n d  more i n c o n s i s t e n c y  i n  t h e  upper 213's  of t h e  tower p r o f i -  

l e s  where c o o l i n g  ( 7  d a y s ) ,  warming ( 3  days )  and no s i g n i f i c a n t  change 

( 3  days )  i n  0 o c c u r ,  a p p a r e n t l y  independent  of mixing below. Mid- 

l e v e l s  a t  t imes  have a tendency toward less v a r i a t i o n  which, combined 

w i t h  t h e  warming below and' c o o l i n g  above,  g i v e s  t h e  0 p r o f i l e s  i n  Fig.  

14 an  hour g l a s s  appearance.  On s e v e r a l  days t h e r e  i s  coo l ing  through- 

o u t  t h e  e n t i r e  tower dep th  even as t h e  CBL evolves  below (25 Jun 1981). 

I f  t h e  boundary i n t e r f a c e  i s  at 50 m ,  i t  i s  n o t  l o g i c a l  t o  assume t h a t  

c o o l i n g  a t  300 m can be a t t r i b u t e d  t o  en t ra inment .  

F l u c t u a t i o n s  i n  0 at  t h e  top  of t h e  tower a r e  a t  times as l a r g e  i f  

n o t  l a r g e r  t h a n  t h o s e  a t  t h e  s u r f a c e  though t h e y  may be o p p o s i t e  i n  

s i g n .  Sodar d a t a  i n d i c a t e  e l e v a t e d  l a y e r s  t h a t  o s c i l l a t e  i n  a wave- 

l i k e  f a s h i o n  up and down t h e  tower. Gossard e t  a l .  (1983) ana lyzes  t h e  

d e t a i l e d  s t r u c t u r e  of such l a y e r s  a t  t h e  BAO us ing  a moveable i n s t r u -  

ment c a r r i a g e .  R e s u l t s  shows t h a t  t h e s e  l a y e r s  a r e  c o r r e l a t e d  w i t h  

s m a l l  r e g i o n s  of t u r b u l e n c e  mixing and sharp  t empera tu re  g r a d i e n t s .  It 
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i s  l i k e l y  t h a t  t h e  l a y e r s  seen  by t h e  s o d a r  a r e  a  p a r t i a l  answer t o  t h e  

unorganized appearance of t h e  e a r l y  morning e v o l u t i o n  and t h e  tem- 

p e r a t u r e  f l u c t u a t i o n s  a t  t h e  upper l e v e l s  of t h e  tower. 

P o t e n t i a l  t empera tu re  p r o f i l e s  f o r  t h e  e n t i r e  0400-0620 p e r i o d  do 

n o t  always p r e s e n t  s i m i l a r  growth p a t t e r n s ,  but  i n  almost a l l  i n s t a n c e s  

changes i n  8, r e g a r d l e s s  of t h e  s i g n ,  m a i n t a i n  t h e  e x i s t i n g  s t a b i l i t y .  

Only two consecu t ive  days (20,  21 J u l y  1982) w i t h  s h a r p  i n v e r s i o n s  i n  

t h e  lowes t  l e v e l s  show a  n o t i c e a b l e  change i n  s t a b i l i t y .  Both a r e  days 

w i t h  c o o l i n g  ( a s  much ' ' a s  3°K) above t h e  lowes t  22 m coupled w i t h  a  

d e c r e a s e  i n  t h e  s t a b i l i t y  (Figs .  1 4 j , k ) .  

C l o s e r  examinat ion of t h e  t r a n s i t i o n  p e r i o d  f i n d s  c o o l i n g  a  domi- 

n a n t  f e a t u r e  i n  t h e  middle t o  upper l e v e l s  of t h e  tower. F igures  1 4 j , k  

a r e  two of seven cases  where a  maximum of 3°K c o o l i n g  a t  50 t o  100 m i s  

observed.  Reasons f o r  t h i s  l a r g e  d e c r e a s e  i n  '8 a r e  n o t  r e a d i l y  ev i -  

d e n t ,  bu t  s p e c u l a t i o n s  can be made f r o m  t h e  a v a i l a b l e ,  da ta .  The s o d a r  

f a c s i m i l e  r e c o r d  f o r  21 J u l y  1982 (Appendi .~  B) shows evidence of some 

t y p e  of i r r e g u l a r  t empera tu re  s t r u c t u r e  o c c u r r i n g  a t  t h e  same t ime a s  

t h e  c o o l i n g  ( n o t e  da rk  r e g i o n  peaking a t  0500). S t r u c t u r e s  l i k e  t h e s e  

u s u a l l y  i n d i c a t e  an  a r e a  of i n c r e a s e d  t u r b u l e n t  mixin?. The 20 min 

mean wind p r o f i l e s  (summarized l a t e r  i n  Chapter  V I ,  Fig.  23) r e v e a l  

d i r e c t i o n  and v e l o c i t y  s h e a r  i n  t h e  lowes t  l e v e l s .  T h i s  s h e a r  could  be 

i n  p a r t  r e s p o n s i b l e  f o r  mixing c o o l e r  a i r  n e a r  t h e  s u r f a c e  upwards. 

The l a c k  of corresponding warming, i f  mixing i s  indeed t a k i n g  p l a c e ,  

l e a d s  one t o  look f o r  a d d i t i o n a l  e x p l a n a t i o n s .  



From Fig. 18 i t  i s  ev iden t  t h a t  wes t e r l y  f low is gene ra l l y  down- 

s l o p e  (warming) and n o r t h e r l y  flow upslope ( coo l i ng ) .  A t  s u n r i s e ,  be- 

tween 0400 and 0500 t h e  winds s h i f t  from a  w e s t e r l y  t o  n o r t h e r l y  com- 

ponent. The v e r t i c a l  motion and r e s u l t i n g  a d i a b a t i c  coo l ing  accompany- 

i n g  such a s h i f t  ( f o r  average cond i t i ons  on 20 J u l y  1'982) a r e  0.03 

- 1  m s and 3.6 K hr - I ,  r e s p e c t i v e l y .  This coo l i ng  r a t e  is  comparable 

t o  t h a t  observed. Thus, it is  p o s s i b l e  t h a t  t h e  upper l e v e l  coo l ing  

may be a  consequence of a d i a b a t i c  coo l ing  a s s o c i a t e d  w i th  s h i f t i n g  

s l o p e  c i r c u l a t i o n s  e a r l y  i n  t h e  morning. Th is  p rocess  is  t ak ing  p l ace  

wh i l e  s e n s i b l e  f l u x e s  a t  t h e  s u r f a c e  a r e  s t i l l  q u i t e  s m a l l .  

Cold a i r  d r a i n a z e  o f f  t h e  mountains as de sc r i bed  by Hootman and 

Blumen (1983) is  no t  c o n s i s t e n t  wi th  t h e  coo l inq  a t  t h i s  time per iod.  

Resu l t s  of Hootman and Blumen show t h e  s t r o n g e s t  coo l i ng  occur r ing  i n  

t h e  e a r l y  evening a t  t h e  o u t s e t  of t h e  d ra inage  flow. The e f f e c t s  of 

co ld  a i r  pockets  e a r l y  i n  t h e  morning (Lenschow et a l . ,  1979) can n o t  

be ru l ed  out  a s  a  f a c t o r .  The tower i s  l o c a t e d  on a  s l ope  though, and 

because of t h i s  t h e  p rocesses  analyzed by   ens chow may r e l a t e  i n  an 

" i n d i r e c t "  way t o  t h e  BAO. For a  more complete exp lana t ion ,  t h e  

e f f e c t s  of advec t ion  and t h e  l o c a l  t e r r a i n  need f u r t h e r  study. 

5.1.4 Mixed Layer Development (0640-0900 MST) 

Development of t h e  CBL cont inues  between 0640 and 0900 (Fig.  15). 

On 213's of t h e  days  mixing extends above 300 m by 0900. A s  s t a t e d  i n  



Fig. 15- BAO 0 time s e r i e s  p r o f i l e s  of 20 min means (0640-0900 MST); 13 
days.  . . 



Fig. 15. ( con t in t l ed )  



Fig. 15 -  ( c o n t i n u e d )  



Fig. 15. (continued) 
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Fig.  15. ( c o n t i n u e d )  



Fig. 15. (continued) 
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t h e  previous s e c t i o n ,  when t h e  lower CBL mixes out e a r l y  morning gra- 

d i e n t s  of 8, o v e r a l l  growth p a t t e r n s  become evident .  The superadiaba- 

t i c  l a y e r  i s  a l so  inc reas ing  i n  depth. 

I f  examining CBL growth through su r f ace  hea t ing  and mixing a lone ,  

one might expect a  smooth s teady  r i s e  over a  homogeneous surface.  This  

assumes ho r i zon ta l  advect ion i s  n e g l i g i b l e ,  su r f ace  condit ions a r e  

nea r ly  i d e n t i c a l  and a  l a r g e r  and l a r g e r  volume of a i r  i s  being warmed 

a s  the  mixed l a y e r  grows. A t  t he  BAO we do not  s ee  t h i s  cons i s t en t  

p a t t e r n  f o r  s e v e r a l  reasons. 

Thermal pene t r a t ion  and entrainment a r e  poss ib l e  p a r t i a l  explana- 

t i o n s  of the  e r r a t i c  growth. Entrainment i s  dependent on v e r t i c a l  s t a -  

b i l i t y ,  with increased  s t a b i l i t y  i n  t he  capping invers ion  r e t a rd ing  

entrainment.  Determining the  s t a b i l i t y  of t he  l i f t e d  a i r  i n  r e l a t i o n  

t o  i t s  surroundings can be done i n  a  s i m i l a r  manner t o  the "parcel"  

theory.  For an unsa tura ted  atmosphere the  p a r c e l  i s  l i f t e d  dry adiaba- 

t i c a l l y  and i t  i s  assumed t h a t  t h e r e  i s  no mixing between the  p a r c e l  

and the  atmosphere through which i t  moves. Comparison of the  v i r t u a l  

temperatures between the  pa rce l  and i t s  surroundings determines t h e  

s t a b i l i t y .  Higher v i r t u a l  temperature (lower dens i ty )  than the  sur-  

rounding a i r  means the  pa rce l  has p o s i t i v e  buoyancy and continues t o  

a c c e l e r a t e  v e r t i c a l l y .  I n  terms of a  r i s i n g  thermal,  once i t  penetra- 

t e s  t h e  invers ion  i t s  v i r t u a l  temperature i s  lower (higher  dens i ty )  

than  the  capping s t a b l e  i aye r .  A nega t ive  buoyancy now e x i s t s  and t h e  

p a r c e l  t r i e s  t o  r e t u r n  t o  an equi l ibr ium poin t .  During entrainment t h e  



same o v e r a l l  i d e a s  app ly  and, i n  a d d i t i o n ,  t h e  l i f t e d  p a r c e l  does mix 

w i th  i t s  environment which i n  t u r n  a f f e c t s  t h e  buoyancy. Conceptual ly ,  

t h e  v i r t u a l  t empera ture  of a i r  p e n e t r a t i n g  and t hen  mixing above t h e  

capping r eg ion  i n c r e a s e s ,  the reby  reduc ing  t h e  amount of nega t i ve  

buoyancy. A i r  d i sp l aced  by r i s i n g  thermals  i s  compensated f o r  by 

l o c a l l y  subs id ing  a i r  due t o  t h e  conserva t ion  of mass. This downward 

moving a i r  must a l s o  be env is ioned  a s  p a r t  of t h e  entra inment  and i s  

governed by t h e  same thermodynamic processes .  These complicated pro- 

c e s s e s  a long w i th  v e r t i c a l  tower r e s o l u t i o n  and d a t a  averaging appear  

t o  be some of t h e  reasons  f o r  t h e  e r r a t i c  growth of t he  mixed l a y e r  

found i n  t h e  BAO tower da ta .  

F igu re  16 (Kaimal, 1976) r e p r e s e n t s  v e r t i c a l  v e l o c i t y  and hea t  f l u x  

d a t a  over  a t e n  minute per iod  ob t a ined  from tower and t e t he r ed  ba l loon  

d a t a  i n  a summertime experiment i n  Minnesota. The t op  of t h e  f i g u r e  i s  

t h e  l o c a t i o n  of z and t h e  curved v e r t i c a l  l i n e s  a r e  t he  o u t l i n e  of t h e  
i 

r i s i n g  thermals .  Though t h e  f i g u r e  d e p i c t s  a much deeper mixed l a y e r  

t h a n  analyzed i n  t h i s  t h e s i s ,  t h e  upper p o r t i o n  s t i l l  shows t h e  r i s i n g  

thermals  and t h e  corresponding a r e a s  of subsidence a s  would be found on 

t h e  BAO tower. Downward moving a i r  c a r r i e s  w i th  i t  momentum from above 

and i f  t h e r e  e x i s t s  a l a r g e  wind s h e a r ,  t h e  downward ex t en t  of t h i s  a i r  

can be s u b s t a n t i a l .  S t u l l  (1973) p r e s e n t s  an  i l l u s t r a t i o n  of t h e  

"dome-wisp" concept i n  t h e  en t ra inment  reg ion .  The dome i s  a 

p e n e t r a t i n g  thermal  plume and t h e  wisp i s  thought of a s  a i r  from above 

pushing down between t h e  plumes. 
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F i g .  16 -  Tempera ture  f l u c t u a t i o n s  ( h o r i z o n t a l  l i n e s )  and v e r t i c a l  h e a t  
f l u x  ( shaded  r e g i o n s )  du r ing  a  10 min p e r i o d  (Kaimal ,  1976). 
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Mixing by en t ra inment  i s  n o t  i n s t a n t a n e o u s  and an o s c i l l a t i n g  

motion ( i n t e r n a l  g r a v i t y  waves) i s  o f t e n  s e t  up a l o n g  t h e  upper mixed 

- l a y e r  boundary. T h i s  i s  s i m i l a r  t o  o r o g r a p h i c  l i f t i n g  generat ine;  t h e  

waves found on t h e  l e e  s i d e  of t h e  Rocky Mountains bu t  on a much 

s m a l l e r  s c a l e .  The p e r i o d s  of t h e s e  o s c i l l a t i o n s  a r e  a t  t h e  Brunt-  

V 3 i s x l l 3  f requency  (N). N ,  a l s o  known a s  t h e  buoyancy f requency,  i s  a 

measure of t h e  s t a t i c  s t a b i l i t y  where, i f  N e q u a l s  ze ro ,  a s t a t e  of 

e q i l i b r i u m  e x i s t s  w i t h  no o s c i l l a t i o n s .  A s e r i e s  of t h r e e  papers  by 

S t u l l  (1976 a , b , c )  examines t h e  dynamics of e n t r a i n m e n t ,  ent ra inment  i n  

a mixed l a y e r  model and f i n a l l y  t h e  i n t e r n a l  g r a v i t y  waves genera ted  by 

the rmal  plumes. 

E leva ted  l a y e r s  n o t  s e e n  by ground-based s e n s o r s  a r e  d e p i c t e d  i n  

s o d a r  r e c o r d s  a s  they o s c i l l a t e  and advect  through t h e  tower. Fig .  

17 i s  a comparison of t h e  tower mixed l a y e r  dep ths  t o  t h o s e  measured by 

t h e  sodar .  BAO d a t a  p o i n t s  a r e  based on 20 min average  8 p r o f i l e s ,  

where a s  t h e  s o d a r  d a t a  a r e  i n d i v i d u a l  p o i n t s  t a k e n  a t  00, 20, 40 min 

a f t e r  each hour from t h e  f a c s i m i l e  records  (Appendix B). Tower p o i n t s  

l a c k  v e r t i c a l  r e s o l u t i o n  and averag ing  of t h e  d a t a  may s h i f t  t h e  a c t u a l  

growth p a t t e r n  o r  smooth v e r t i c a l  g r a d i e n t s  i n t o  weak u n d e f i n a b l e  

i n t e r f a c e  zones. Sodar r e c o r d s  r e p r e s e n t  t i m e  h e i g h t  c r o s s  s e c t i o n s  of 

b a c k s c a t t e r  smoothed over  t h e  s c a t t e r i n g  volume. There i s  o f t e n  a 

d i sc repancy  i n  d e f i n i n g  z a s  measured by a s o d a r  and zi from a 8 pro- i 

f i l e .  Panofsky and Dutton (1984) s t a t e  d i f f e r e n c e s  of zi a s  l a r g e  a s  

10% a r e  p o s s i b l e  because  t h e  t u r b u l e n c e  r e g i o n  s e e n  by t h e  s o d a r  
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Fig .  17. BAO z .  ( 2 0  min mean) vs .  s o d a r  r e c o r d  z ( s i n g l e  p o i n t )  
(0400-b900 MST); 8 days .  SAO p l o t s  b r a c z e t e d  by ' X '  a r e  
a r e a s  of u n c e r t a i n t y  when z i s  not  w e l l  d e f i n e d .  Miss ing  
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p o r t i o n s  of BAO tower  d a t a  a r e  when z i s  below 10 m ( e a r l y  

i morning) o r  above t h e  tower.  Miss ing  s o d a r  d a t a  a r e  p o i n t s  
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F ig .  17. (continued) 



ex tends  above and below t h e  lowes t  p o i n t  of t h e  i n v e r s i o n  found i n  t h e  

8 p r o f i l e .  N e v e r t h e l e s s ,  t h e  agreement between t h e  two independent  

e s t i m a t e s  of zi i s  q u i t e  good. 

Appendix B a l s o  p i c t u r e s  how mixed l a y e r  growth s t a g n a t e s  when i n  

t h e  p r e s e n c e  of e l e v a t e d  l a y e r s .  I n  p a r t i c u l a r  c a s e s  on 8 J u l y  1982 

around 0630 and 20 J u l y  1982 from 0640 u n t i l  0730 are examples of t h e s e  

l a y e r s .  Also s e e n  on 20 J u l y  1982 i s  t h e  c o r r e l a t i o n  of t h e  o s c i l l a -  

t i o n  o f  m u l t i p l e  e l e v a t e d  l a y e r s  and t h e  i n v e r s i o n  rise p r o f i l e .  

Trough p o r t i o n s  of t h e  wave appear  t o  produce a subs idence  t y p e  l i d .  

Days w i t h  a mixed l a y e r  forming i n  t h e  i n i t i a l  p e r i o d  (0400-0620) 

c o n t i n u e  a similar p a t t e r n  d u r i n g  t h e  nex t  s t a g e s  of growth. Examining 

a l l  t h e  p r o f i l e s  i n  Fig.  15 we f i n d  two major f e a t u r e s ;  a superadiaba-  

t i c  l a y e r  which grows i n  d e p t h  and i n t e n s i t y  and a l a y e r  above t h e  

mixed l a y e r  w i t h  b o t h  a b s o l u t e  c o o l i n g  and warming ( d e c r e a s e s  o r  i n -  

c r e a s e s  i n  8) .  Changes i n  t h e  s t a b i l i t y  of t h e  capping i n v e r s i o n  and 

e n t r a i n m e n t  a r e  t h e  most l i k e l y  causes .  Growth of t h e  s u p e r a d i a b a t i c  

l a y e r  c o n t i n u e s  a t  a r a t e  and t o  a d e p t h  dependent on s u r f a c e  rough- 

n e s s ,  v e r t i c a l  wind s h e a r  and s e n s i b l e  h e a t  f l u x .  Maximum d e p t h  

approaches  100 m i n  an  e x p o n e n t i a l  l i k e  p r o f i l e .  

O v e r a l l  t h e r e  are t h r e e  r e c o g n i z a b l e  growth p a t t e r n s :  1 )  mixing 

below and e n t r a i n m e n t  above ( S t u l l ,  1973) ,  2 )  mixing below o n l y  

" P a t t e r n  1" (Whiteman, 1982a) and 3 )  a combination of (1) and ( 2 )  o r  

u n d e f i n a b l e  growth. The p r e f e r r e d  p a t t e r n  f o r  8 above z is  toward i 



coo l i ng  ( 5  days;  F i c s .  1 5 a , c , d , j  ,m) and i s  c o n s i s t e n t  w i th  S t u l l  

(1973).  S t u l l  uses  a  model t o  s imu la t e  growth and compares h i s  r e s u l t s  

t o  t h e  O 'Ne i l l  d a t a .  He f i n d s  no t  only coo l i ng ,  due t o  en t ra inment ,  

b u t  an  i n c r e a s e  i n  s t a b i l i t y  above z i n  t h e  t r a n s i t i o n  l aye r .  Th is  
i 

change i n  s t a b i l i t y  ( a l s o  found i n  t h e  BAO d a t a )  should i n  t u r n  modify 

t h e  en t ra inment  r a t e .  

Four days (F igs .  15b, e  , f  , i )  f o l l ow  Benkley and Schulman's ( 1979) 

i d e a  which i s  ve ry  much l i k e  Whiteman's (1982a) "Pa t t e rn  1" f o r  t h e  

d e s t r u c t i o n  of i n v e r s i o n s  i n  mountain v a l l e y s .  Here boundary l a y e r  

\ growth i s  accomplished predominately through convect ive  mixinq 

gene ra t ed  a t  t h e  s u r f a c e  whi le  t h e  t empera ture  i n  t h e  s t a b l e  l a y e r  

above remains cons t an t .  The l a s t  f o u r  cases  (F igs .  15g ,h ,k , l )  a r e  a  

combinat ion of p rocesses .  A common f a c t o r  here  appears  t o  be t h a t  a t  

some t ime du r ing  t h e s e  pe r i ods  z e i t h e r  remains cons tan t  o r  drops i n  
i 

h e i g h t  over  s e v e r a l  pe r iods .  

F igu re  18 i s  a  comparison of observed tower mixed l a y e r  dep ths  and 

t h o s e  c a l c u l a t e d  from t h e  s imple  equa t ion  (Tennekes, 1973): 

It is assumed i n  ( 6 )  t h a t  t h e  su r f ace  hea t  f l u x  i s  c l o s e l y  approximated 

w i th  a  s i n u s o i d a l  f u n c t i o n ,  where w i s  t h e  per iod and A the  ampli tude.  

The i n i t i a l  l a p s e  r a t e  (y)  i s  c a l c u l a t e d  from tower 8 p r o f i l e s  near  

s u n r i s e ,  an average maximum s u r f a c e  h e a t  f l u x  (A) i s  determined from 



F l q .  IS.  C a l c r ~ l a t e r l  mixed l a y e r  d e p t h s  (z ) v e r s u s  o h s e r v e d  RAO t o w e r  
l c  

d e p t h s  ( z i l 0 ,  s o l i d  l i n e  (-1 i s  p e r f e c t  f i t  and d a s h e d  l l n e  
(---) is mean f i t ;  13 d a y s .  



p a s t  measurements a t  t h e  BAO and t h e  en t ra inment  c o e f f i c i e n t  (k )  i s  

r e p l a c e d  by a  c o n s t a n t  (0.2). H o r i z o n t a l  a d v e c t i o n  i s  n e g l e c t e d  and 

t h e  i n i t i a l  i n p u t  of s u r f a c e  h e a t  f l u x  i s  t aken  a s  t h e  p o i n t  where z 
i 

i s  f i r s t  observed t o  grow on t h e  tower. Th i s  d e l a y  is  an u n r e f i n e d  way 

of a l lowing  f o r  v a r i a t i o n s  i n  ' s u r f a c e  h e a t i n g  and evapora t ion  from day 

t o  day and e a r l y  morning low sun ang les .  Observed va lues  of zi a r e  

smoothed l i n e a r l y  f o r  each  day b e f o r e  comparison because ,  v a r i a t i o n s  

s e e n  a r e  due i n  p a r t  t o  t h e  a v e r a g i n g  and v e r t i c a l  r e s o l u t i o n  of t h e  

d a t a .  

S e n s i t i v i t y  s t u d i e s  of e q u a t i o n  ( 6 )  show t h a t  t h e  mixed l a y e r  pre- 

d i c t i o n  depends s i g n i f i c a n t l y  on t h e  assumed e v o l u t i o n  of t h e  h e a t  

f l u x .  Changes i n  t h e  en t ra inment  ( k )  have a lmost  no e f f e c t  on t h e  

growth of z  I n c r e a s i n g  A o r  d e c r e a s i n g  y by t h e  same percen tages  h a s  
i* 

n e a r l y  an i d e n t i c a l  i n f l u e n c e  on z These p o i n t s  h e l p  t o  confirm t h e  
i ' 

importance of an a c c u r a t e  h e a t  f l u x  measurement. 

R e s u l t s  i n  Fig.  18 show c a l c u l a t e d  v a l u e s  l a r g e r  f o r  a  m a j o r i t y  of 

t h e  cases .  Assumption of a  s i n e  p r o f i l e  g i v e s  more r a p i d  growth t o  t h e  

h e a t  f l u x  and i n  t u r n  z  t h a n  i s  probably  r e a l l y  p r e s e n t  (due t o  eva- 
i 

p o r a t i o n  and thermal  l a g  f o r  example). Th i s  could account  f o r  t h e  d i f -  

f e r e n c e s  s e e n  i n  Fig. 18. V e r t i c a l  motion and mechanical  mixing a r e  

a d d i t i o n a l  terms n o t  i n c o r p o r a t e d  i n  e q u a t i o n  ( 6 )  t h a t  could  f u r t h e r  

i n f l u e n c e  t h e  comparison. 
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5.1.5 Maturing Mixed Layer (0920-1140 MST) 

Two of t h e  13 days a r e  not used i n  t h i s  s e c t i o n  because of l a c k  of 

d a t a  p o i n t s  (22 June 1981 and 8 J u l y  1982). I n  a l l  c a se s  but  one (31  

J u l y  1982) t h e  boundary l a y e r  i s  a l r e a d y  above t h e  tower by 0920 ( n o t e  

s oda r  r e co rds :  Appendix B). We f i n d  i n  Fig.  19 a deepening of and i n  

some ca se s  an i n c r e a s e  i n  s t r e n g t h  of t h e  s u p e r a d i a b a t i c  l a y e r  w i t h  

t ime. This  cont inued development i s  no t  unexpected because s u r f a c e  

h e a t i n g  i s  nea r  i t s  maximum. 

Again each day shows c o n t i n u a l  warming but  no t  a t  a cons t an t  r a t e .  

Incoming energy i s  n e a r l y  i d e n t i c a l ,  and w i t h  s i m i l a r  wind f low pa t -  

t e r n s  one would n o t  expec t  s u b s t a n t i a l  v a r i a b i l i t y .  I n s p e c t i n g  t h e  

a r e a  surrounding t h e  BAO i t  .becomes ev iden t  how impor tan t  l o c a l  s u r f a c e  

c o n d i t i o n s  might be. S t r i p  p l a n t i n g  c r e a t e s  a l t e r n a t i n g  rows of b a r e  

s o i l  w i th  wheat o r  corn.  These c o n t r a s t i n g  s u r f a c e s  and even t h e  d i f -  

f e r e n c e  between newly sprou ted  wheat and t h a t  ready  f o r  ha rve s t  produce 

s i g n i f i c a n t  s u r f a c e  h e a t i n g  d i f f e r e n c e s  (Rosenburg e t  a l . ,  1983). 

V e r t i c a l  e x t e n t  and s t r e n g t h  of the rmals  genera ted  over t h e s e  d i s s im i -  

l a r  s u r f a c e s  a r e  a l s o  a f f e c t e d .  Lenschow e t  a l .  (1981) whi le  examining 

f l u x e s  from a i r c r a f t  d a t a  t aken  j u s t  n o r t h  of t h e  BAO s ee s  s i m i l a r  r e s u l t s .  

Average t o t a l  i n c r e a s e  of 8 i n  t h e  mixed l a y e r  i s  4.0°K w i t h  t h e  

l a r g e s t  i n c r e a s e  7.0°K ( 4  June 1982) and t h e  s m a l l e s t  i n c r e a s e  1.5"K 

(11 J u l y  1981). I n c r e a s e s  i n  8 per  20 min per iod  a r e  f a i r l y  c o n s i s t e n t  

on n i n e  of t h e  days bu t  on ly  r e l a t i v e  t o  each i n d i v i d u a l  day- 



F i g .  19. RAO 8 time series p r o f i l e s  of  20 min means (0920-1140 MST); 12  
days .  
































































































































