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ABSTRACT 

A dry,  two-dimensional ve rs ion  o f  t h e  Colorado S ta te  U n i v e r s i t y  

Mu1 t i  -Dimensional Cl oud/Mesoscal e  Model was used t o  s imu la te  t h e  cross-  

v a l l e y  dynamic and thermodynamic s t r u c t u r e  i n  deep mountain v a l l e y s  

du r i ng  t h e  morning t r a n s i t i o n  pe r i od  when t h e  noc turna l  i n v e r s i o n  i s  

destroyed. This  model employs a  f u l l y  e l a s t i c  s e t  o f  p r i m i t i v e  equa- 

t i o n s  which a re  transformed t o  u t i l  i z e  a  t e r r a i n  f o l l o w i n g  coord ina te  

system. The model was fo rced a t  t h e  lower sur face  by a  s p e c i f i e d  

s i n u s o i d a l l y  va ry ing  p o t e n t i a l  temperature f l u x  approximating the  

d i u r n a l  hea t i ng  cyc le .  Each r u n  was i n i t i a t e d  w i t h  a  s t a b l e  l a y e r  

f i l l i n g  t he  v a l l e y  t o  r i d g e t o p  w i t h  a  neu t ra l  l a y e r  above i t .  

Five s imu la t ions  were r u n  t o  examine t h e  e f f e c t s  o f  v a l l e y  width,  

hea t i ng  d i s t r i b u t i o n  and hea t i ng  r a t e  on t h e  development o f  t he  v a l l e y  

boundary l a y e r .  The model r e a l i s t i c a l l y  reproduced the  gross fea tures  

found i n  ac tua l  v a l l e y s  i n  bo th  s t r u c t u r e  and t im ing .  The s imulated 

i nve rs ions  were destroyed 3%-6 hours a f t e r  sunr ise  as a  r e s u l t  o f  a  

neu t ra l  l a y e r  growing up from t h e  surface meeting a  descending i n v e r -  

s i on  top. Slope winds w i t h  speeds o f  3-5 m/s developed over both s ide-  

w a l l s  2%-5 hours a f t e r  sunr ise .  A l l  cases revea led  t h e  development o f  

s t r o n g l y  stab1 e  pockets of a i r  over t h e  s idewa l l s  which form when c o l d  

a i r  advected up t h e  s lope loses  i t s  buoyancy a t  h igher  e leva t i ons .  

These s t a b l e  pockets t empora r i l y  b lock  t h e  s lope f l o w  and f o r c e  t r a n -  

s i e n t  c ross -va l l ey  c i r c u l a t i o n s  t o  form which a c t  t o  d e s t a b i l i z e  t h e  

v a l l e y  boundary l a y e r .  G rav i t y  waves r a p i d l y  r e d i s t r i b u t e  heat  across 

the  v a l l e y  t o  prevent  l a r g e  h o r i z o n t a l  p o t e n t i a l  temperature ,- grad ien ts  





from forming. As a  r e s u l t ,  even l a r g e  d i f f e r e n c e s  i n  hea t i ng  r a t e s  

between opposing s i dewa l l s  do n o t  r e s u l t  i n  s i g n i f i c a n t  c ross -va l l ey  
'C . 

< ' 1  1 i + +  , p o t e n t i a l  temperature d i f f e rences .  Organized c r o s s - v a l l e y  c i r c u l a t i o n s  

and h o r i z o n t a l l y  t r a v e l l i n g  eddies enhance l a t e r a l  m ix i ng  i n  t h e  s t a b l e  

1  ayer  . i 
Higher sur face  albedos r e s u l t e d  i n  a  l onge r  t r a n s i t i o n  pe r i od  w i t h  

i n v e r s i o n  d e s t r u c t i o n  t i m e  dependent on t o t a l  energy i n p u t  t o  t h e  v a l -  

1  ey atmosphere. The case i n  which a  v e r y  h i g h  sur face  a1 bedo over  t h e  

v a l l e y  f l o o r  prevented t h e  growth o f  a  deep n e u t r a l  l a y e r ,  t h e  lapse  

r a t e  through t h e  s t a b l e  l a y e r  s l o w l y  decreased as t h e  i n v e r s i o n  t o p  

descended. Boundary l a y e r s  i n  wider  v a l l e y s  a r e  l e s s  i n f l uenced  by 

s idewa l l  e f f e c t s  and behave much l i k e  boundary l a y e r s  over f l a t  t e r r a i n .  

Widening t h e  model v a l l e y  from 1  km t o  2 km a t  t he  f l o o r  produced a 

100 m inc rease  i n  n e u t r a l  l a y e r  depth a f t e r  two hours. 

Uses o f  t he  model r e s u l t s  i n c l u d e  f i e l d  data i n t e r p r e t a t i o n  and 

f i e l d  experiment p repara t ion .  A suggested f u t u r e  use o f  t h e  model i s  

t he  examinat ion o f  t h e  e f f e c t s  o f  i n i t i a l  lapse  r a t e ,  s i dewa l l  s lope 

and v a l l e y  o r i e n t a t i o n  on boundary l a y e r  development. Other vers ions  

o f  t he  model cou ld  be employed t o  s tudy  noc tu rna l  boundary l a y e r  

development and a long-val  l ey e f f e c t s .  



ACKNOWLEDGEMENTS 

I , The ass is tance prov ided by Messrs. Gregory Tr ip01 i and Robert Banta, 

e s p e c i a l l y  du r i ng  the  e a r l y  stages o f  t h e  model ing e f f o r t ,  was i nva luab le .  

Professors W .  R. Cotton, H. W.  Edwards and W .  H. Schubert prov ided many 

he1 p fu l  comments and suggest ions which improved t h e  f i n a l  ve rs ion  o f  t h i s  

pa per .  

<, 
7' 

Ms. Judy Sorb ie  e x p e r t l y  d r a f t e d  t h e  f i g u r e s .  The author  owes a 

, ' spec ia l  thanks t o  Ms. Odie Panel l a  f o r  t y p i n g  the  manuscri p t  and f o r  her 

ass is tance i n  t h e  f i n a l  comp i l a t i on  o f  t h i s  paper. Th is  research was 

supported by t h e  Nat iona l  Science Foundation under g ran ts  ATM76-84405 

and ATM80-15309. Computer resources were prov ided by t h e  Nat iona l  Center 

f o r  Atmospheric Research, which i s  sponsored by t h e  Nat ional  Science 

Foundation. I 

I t '  t ' .  

I - ' I  

i.. r 



TABLE OF CONTENTS 

Page 

ABSTRACT ................................................... iii 
............................................ ACKNOWLEDGEMENTS v 

LIST OF FIGURES ............................................. v i i i  

1.0 INTRODUCTION ................................................ 1 

2.0 BACKGROUND .................................................. 5 

2.1 E a r l y  Studies ........................................ 5 

2.2 Observat ions o f  Boundary Layer 
Development i n  Mountain Va l l eys  ...................... 9 

2.3 Theories o f  Boundary Layer Growth .................... 11 
2.4 Numerical Model s o f  Upslope and 

Daytime Cross-Val 1 ey A i r f l o w  ......................... 16 

3.0 EXPERIMENTAL DESIGN ......................................... 21 

3.1 Coordinate Transform ................................. 21 

3.2 Theo re t i ca l  Devel opment o f  
Model Equat ions ...................................... 22 

3.3 Model Domain ......................................... 26 

3.4 F i n i t e  D i f f e r e n c i n g  .................................. 28 

.................................. 3.5 Boundary Cond i t ions  29 

........................... 3.6 Desc r i p t i on  o f  Experiments 31 

4.0 RESULTS AND ANALYSIS ........................................ 35 

....................................... 4.1 Case 1 Resu l ts  36 

4.2 Case 2 Resu l ts  ....................................... 45 

4.3 Case 3 Resu l ts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 

4.4 Case 4 Resu l ts  ....................................... 60 

4.5 Case 5 Resu l ts  ....................................... 72 



Page 

4.6 Comparison o f  Model Resu l ts  
w i t h  Observat ions .................................... 82 

4.7 Ana l ys i s  of Resu l t s  .................................. 87 

5.0 CONCLUSION AND SUGGESTIONS FOR 
FUTURE RESEARCH ............................................. 93 

5.1 Concl us ions  .......................................... 93 

5.2 Suggest ions f o r  Fu tu re  Research 95 ...................... 
LIST OF REFERENCES 96 .......................................... 



LIST OF FIGURES 

Fiaure Page 

1 Wagner's (1938) cross-vall ey circulation 
model for  the morning t ransi t ion period.. .............. 7 

Schematic i l lus t ra t ion  of the normal 
diurnal a i r  currents in a valley ( a f t e r  
F. Defant, 1949). From Reid (1976). ................... 8 

3 Scorer's (1958) cross-vall ey circulation 
.............. model for  the morning t ransi t ion period.. 10 

4 Whi teman ' s (1980) cross-val 1 ey ci  rcul a- 
tion model for  the morning t ransi t ion 
period. Starting w i t h  the top figure 
which shows the s t a t e  of the valley a t  
sunrise, a CBL forms under the s table  
core (shaded area) as the morning pro- 
gresses. Upslope winds carry mass from 
beneath the s table  a i r  t o  the overlying 
neutral layer. As a r e su l t ,  the inversion 
slowly sinks while the CBL grows until  
the inversion i s  destroyed (bottom f igure) .  ............ 12 

5 Jump model of boundary layer structure 
showing a deep neutral layer extending t o  
elevation, h ,  which i s  topped by an inver- 
sion layer of strength, A e  ............................. 14 

Defant ' s (1949) comparison of theoretical 
and observed downs1 ope wind profi 1 e .  B = 
observed values, T = theoretical values, 
dashed 1 ine = difference between theoretical 
and observed.. ......................................... 18 

Defant ' s (1949) comparison of theoretical 
and observed ups1 ope wind profi 1 es. B = 
observed values, T = theoretical values, 
dashed 1 ine = difference between theoretical 
and observed ........................................... 18 

Model domain (not to  scale) .  ........................... 2 7 

9 In i t ia l  model potential temperature profi 1 e .  ........... 32 

10a-d Five minute average wind and potential 
temperature f i e lds  a f t e r  ( a )  0 min. , 
( b )  40 min., ( c )  80 min., and (d) 100 min. 
for  Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 1 



Figure Page 

10e-h Five minute average wind and potential 
temperature f ields af ter  ( e )  110 rnin. , 
( f )  130 rnin., ( g )  150 rn in . ,  and ( h )  170 
min. for  Case 1.. ................................ 

10i-j  Five minute average wind and potential 
temperature f ields af ter  ( i  ) 190 min. 
and ( j )  210 min. for Case 1.. .......................... 43 

Ten minute average potential temperature 
profiles over the val ley center for  Case 1. 
Time in minutes shown below profiles. .  ................. 44 

12a-d Five minute average wind and potential 
temperature f ields af ter  (a)  60 min., 
.(b) 90 min., ( c )  120 min., and ( d )  140 
min. for Case 2 . .  ..................................... 50 

12e-h Five minute average wind and potential 
temperature f ields af ter  (e)  150 rnin., 
( f )  160 min., (g)  180 rnin., and ( h )  200 
min. for Case 2........................................ 5 1 

12i-R Five minute average wind and potential 
temperature f ie lds  af ter  ( i  ) 220 min. , 
( j )  240 min., ( k )  250 min., and ( R )  270 
min. for Case 2 . .  ...................................... 52 

- I 

12m-n Five minute average wind and potential 
temperature f ields a f t e r  ( m )  290 rnin. 
and ( n )  310 min. for  Case 2. . .  ......................... 53 

Ten minute average potential temperature 
profiles over the valley center for Case 2 . .  ........... 5 4 

14a-d Five minute average wind and potential 
temperature f ie lds  af ter  ( a )  60 rnin., 
( b )  90rnin., (c)  l lOmin.,  and ( d )  140 
min. for Case 3 . .  ...................................... 6 1 

14e-h Five minute average wind and potential 
temperature f ields af ter  ( e )  160 min.  , 
( f )  180 rnin., ( g )  200 rn in . ,  and ( h )  220 
min. for  Case 3 .  ....................................... 6 2 

14i-R Five minute average wind and potential 
temperature f ie lds  a f t e r  ( i  ) 240 rnin., 
( j )  260 rnin., ( k )  280 rnin., ( R )  300 
min. for Case 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 



Page Figure 

14m-o Five minute average wind and potential 
temperature f ields af ter  ( m )  320 min., 
( n )  340 min., and ( 0 )  360 min .  for  Case 3 . .  ............ 64 

Ten minute average potential temperature 
profiles over the valley center for  Case 3 . . . . . . . . . . . . .  65 

Five minute average wind and potential 
temperature f ie lds  af ter  ( a )  60 min., 
( b )  100 min. , (c )  120 min. , and ( d )  140 
rnin. for Case 4........................................ 69 

Five minute average wind and potential 
temperature f ie lds  af ter  (e)  160 r n i n . ,  
( f )  170 rnin., ( g )  180 rn in . ,  and (h) 190 
m i n .  for  Case 4 . .  ...................................... 70 

Five minute average wind and potential 
temperature f ie lds  af ter  ( i )  210 min. 
and ( j )  230 min. for  Case 4.. .......................... 7 1 

Instantaneous potenti a1 temperature 
profiles over the valley center for  Case 4 . .  ........... 73 

Five minute average wind and potential 
temperature f ie lds  af ter  ( a )  60 rnin., 

............. ( b )  80 min., and (c)  100 min. for Case 5..  78 

Five minute average wind and potential 
temperature f ie lds  af ter  ( d )  120 rn in . ,  
(e )  140 min., and ( f )  160 min. for Case 5 . .  ............ 7 9 

Five minute average wind and potential 
temperature fie1 ds af ter  ( g )  180 min. , 
( h )  200 min., and ( i )  220 min. for Case 5 . .  ............ 8 0 

Ten minute average potential temperature 
profiles over the valley center for Case 5 . .  ........... 81 

(a )  Observations of protential tempera- 
ture profiles in Eagle River Valley a t  
sunri se,  sunrise + 70 mi n ,  sunrise + 120 min . , 
and sunrise+l80 m i n  ................................... 84 
( b )  Ten minute average potential temperature 
profiles from Case 1 simulation for  same 
times shown i n  Figure 20a .............................. 84 



Figure 

( a )  Observations of potential temperature 
profiles in Yampa River Valley a t  sunrise, 
sunriset120 rnin., sunriset195 min., and 
sunriset250 min ................................. 
( b )  Instantaneous potential temperature 
profiles from Case 4 simulation for sunrise, 
sunrise+120 min. sunrise+200 rnin., and 
sunriset240 min ............................... 

Page 



1. INTRODUCTION 
I I 

.." I .\,! , -1 1 I .  

Mountain va l  l e y  a i r f l o w s  have been. o f  i n t e r e s t  f o r  many years .  

These the rma l l y  induced winds g e n e r a l l y  tend  t o  blow up v a l l e y s  fro111 

t h e  p l a i n s  and up i n c l i n e d  sur faces,  such as h i l l s  and v a l l e y  s i dewa l l s ,  

I ' d u r i n g  t he  day and reverse  t h e i r  d i r e c t i o n  a t  n i g h t .  They a re  most 

1 4  p reva len t  under cond i t i ons  where synop t i c  sca le  i n f l uences  a re  weak, 
1 

p a r t i c u l a r l y  c l e a r  sk ies  and weak g r a d i e n t  winds. , 

j I '  I- I , An e x c e l l e n t  d e s c r i p t i o n  o f  mounta in -va l ley  winds appears i n  Flohn 

(1969) and i s  b r i e f l y  summarized here. A t  n i g h t  under c l e a r  sk ies ,  

I 
i . ' I  r a d i a t i v e  c o o l i n g  o f  t he  e a r t h ' s  sur face  produces a  temperature d i f f e r -  

! ence between i t  and t h e  o v e r l y i n g  l a y e r  o f  a i r .  As a  r e s u l t ,  t h e  a i r  

loses heat  t o  t h e  sur face  and coo l s  (Geiger, 1965).  Over f l a t  t e r r a i n ,  

1 - - .  a  surface-based i n v e r s i o n  forms as t he  c o o l i n g  g radua l l y  extends deeper 

i n t o  t he  atmosphere, reach ing  a  maximum depth a t  .s,gnri..se..-, I n  mountain- 

I ous t e r r a i n ,  however, t h e  co lder ,  denser a i r  s l i d e s  down i n c l i n e d  sur-  

e '  , , I ;  faces towards reg ions  o f  lower  e leva t i on ,  such as v a l l e y s  and bas ins.  

r As a  consequence o f  t h e  p o o l i n g  o f  c o l d  a i r  i n  these l o w - l y i n g  reg ions,  

4 s t r o n g l y  s t a b l e  l a y e r s  o f t e n  form i n  them extending t o  t h e  he igh t  o f  

t he  surrounding r i dges .  I f  u n r e s t r i c t e d ,  t h e  a i r  w i l J  . f l ow down the  

s l i g h t l y  i n c l i n e d  f l o o r s  o f  t h e  v a l l e y s  toward t he  adjacent  p l a i n s .  

A f t e r  sunr ise,  t h e  sur faces s l o w l y  warm u n t i l  they  a re  warmer than 

the  a i r  above them. When t h i s  occurs,  sens ib le  heat i s  then t r ans -  

:, . f e r r e d  t o  t he  a i r ,  g i v i n g  i t  buoyancy; t h e  a i r  begins t o  move up t h e  

1 i n c l  i ned  sur faces and winds reverse.  Wagner (1938) obs-erved a  t r a n s i  - 

1 .  5 t i o n  per iod ,  commencing a f t e r  sun r i se  and l a s t i n g  from th ree  t o  f i v e  
I 
I hours, when t h e  winds g r a d u a l l y  change from downslope and down-val ley 

1 
I a 1 4  1 , & I .  . 



to  upslope and up-valley. A second transit ion period begins following 

the resumption of surface cool ing in the early evening when the winds 

reverse back t o  down-vall ey. 

Early in te res t  in mountain valley circulations led to  several 

studies in Alpine valleys during the 1930's and 40 ' s ,  which are reviewed 

by Defant (1951). This research was directed toward understanding the 

causes of mountain wind systems and the i r  influence on the local climate. 

I t  was these studies,  particularly the work of Wagner, which brought 

attention to  the thermodynamic-dynamic interactions i n  mountainous en- 

vi ronments. 

As mountainous areas became increasingly populated and  industrial-  

ized, concern over the dispersion of pollutants in complex terrain 

heightened in teres t  in mountain-val ley wind systems (Davidson, 1961). 

Carroll and Baskett (1979) found evidence that  up-vall ey winds trans- 

ported pollutants over long distances from an urban plain t o  a remote 

valley. Most attempts to  model pollutant dispersion in valleys have 

e i ther  employed overly simp1 i f ied  concepts, such as the venti 1 ated box 

model (Fox e t  a l . ,  1973), or  as S ta r t  e t  a l .  (1975) noted, erroneously 

relied on estimates used for  f l a t  or gently roll ing te r ra in .  A major 

reason for  the d i f f i cu l t i e s  encountered in pollution modeling i s  the 

absence of a detailed understanding of the atmospheric physics which 

affect  dispersion in mountainous areas. To gain knowledge in th i s  

f ie ld  , many organizations have undertaken 1 arge research projects t o  

identify the important processes. Principal among these groups are 

the U. S.  Department of Energy (Dickerson and Gudi kson, 1980), the U . S .  

Environmental Protection Agency and the Electric Power Research Inst i -  

tu te  (Holzworth, 1980) who are a l l  concerned with the impacts on a i r  

qua1 i ty  resulting from future development in complex terrain.  



I n  a d d i t i o n ,  t h e  development o f  mesoscale s to rm complexes has been 

found t o  be i n f l  uenced by  mounta in  c i r c u l a t i o n s  (Wetzel , 197C). Raymond 

and Wi l ken ing  (1980) d e t a i l e d  t h e  mounta in  i n f l u e n c e  on cumulus i n i t i a -  

t i o n  t h r o u g h  o b s e r v a t i o n s  o f  d r y  c o n v e c t i o n  o v e r  al ~ i i o u n t a i n  range. 

O r l a n s k i  (1975) separated mesoscale phenomena i n t o  d i f f e r e n t  t i r i le and 

s p a t i a l  sca les  and i d e n t i f i e d  t h e  processes i m p o r t a n t  i n  each .  A1 though 

many good models have been developed t o  dea l  w i t h  f e a t u r e s  on t h e  l a r g e r  

sca les ,  P ie1 ke (1974) n o t e d  t h a t  models o f  t h e  meso-y s c a l e  (2-20 km i n  

t h e  h o r i z o n t a l  d imens ion)  a r e  more d i f f i c u l t  t o  f o r m u l a t e  because t h e  

h y d r o s t a t i c  assumpt ion may n o t  be v a l i d .  A second ma jo r  o b s t a c l e  t o  

p r e v i o u s  model s imu l  a t i o n  s t u d i e s  o f  t h e  d e v e l o p i n g  dayt ime v a l l  ey 

boundary l a y e r  was t h e  absence o f  d e t a i l e d  o b s e r v a t i o n s  t o  which model 

r e s u l t s  c o u l d  be compared. Whiteman (1983) he lped f i l l  t h i s  gap w i t h  

h i s  e x h a u s t i v e  o b s e r v a t i o n a l  s t u d i e s  o f  s e v e r a l  deep Co1 orado mounta in  

v a l l e y s .  He f o r m u l a t e d  a  s i m p l e  c r o s s - v a l l e y  thermodynamic model t o  

t h e o r e t i c a l l y  d e s c r i b e  t h e  i n v e r s i o n  d e s t r u c t i o n  process.  

As t h e  n e x t  s t e p  i n  a  c o n t i n u i n g  mounta in  v a l l e y  research  program, 

i t  was determined t h a t  a  dynamic model s i m u l a t i o n  s t u d y  was a p p r o p r i a t e  

t o  g a i n  an unders tand ing  o f  t h e  c r o s s - v a l  l e y  p h y s i c a l  processes which 

a r e  i m p o r t a n t  i n  v a l l e y  i n v e r s i o n  d e s t r u c t i o n .  The model used f o r  t h i s  

s t u d y  was a  d r y ,  two d imens iona l  v e r s i o n  o f  t h e  Colorado S t a t e  Un ive r -  

s i  t y  Mu1 t i  -Dimensional C l  oud/Mesoscal e  Model ( T r i  p o l  i and Cot ton,  1981) 

which has been adapted f o r  t h i s  i n v e s t i g a t i o n .  A m a j o r  advantage o f  

t h i s  model i s  t h a t  i t s  s e t  o f  f u l l y  e l a s t i c  p r i m i t i v e  equa t ions  e l i m i -  

na tes  many o f  t h e  assumpt ions i n h e r e n t  i n  o t h e r  models.  O r i g i n a l l y  de- 

ve loped t o  s i m u l a t e  t h e  d e t a i l s  o f  cumulus s c a l e  c o n v e c t i o n  (Co t ton  and 

T r i p o l  i , 1978; T r i p o l  i and Co t ton ,  1980), t h e  model has been extended 

t o  s i m u l a t e  mesoscale phenomena o v e r  i r r e g u l a r  t e r r a i n .  
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F i v e  s i m u l a t i o n s  were r u n  t o  examine t h e  e f f e c t s  o f  h e a t i n g  r a t e ,  

h e a t i n g  d i s t r i b u t i o n  and v a l l e y  w i d t h  on boundary l a y e r  developnient. 

A l l  were i n i t i a t e d  i d e n t i c a l l y  w i t h  a  s t a b l e  l a y e r  f i l l i n g  t h e  v a l l e y  

u n d e r l y i n g  a  deep n e u t r a l  l a y e r  above r i d g e t o p  a t  s u n r i s e ;  t h i s  s t r u c -  

t u r e  i s  s i m i l a r  t o  t h a t  observed by Whiteman (1980).  A  s p e c i f i e d  s u r -  

f a c e  hea t  f l u x  which approximated t h e  d i u r n a l  h e a t i n g  c y c l e  f o r c e d  t h e  

model a t  t h e  l o w e r  boundary. One s i m u l a t i o n  c o n s i s t i n g  o f  a  symmetr i -  

c a l l y ,  s t r o n g l y  heated nar row v a l l e y  was used as a  r e f e r e n c e  case. An 

,,I, , i d e n t i c a l  c o n f i g u r a t i o n  was used where t h e  hea t  f l u x  was ha lved t o  

de te rm ine  t h e  e f f e c t s  o f  h e a t i n g  r a t e  on boundary l a y e r  development. 

A  t h i r d  r u n  had t h e  same v a l l e y  geometry as i n  t h e  f i r s t  two cases, b u t  

t h e  hea t  f l u x  d i s t r i b u t i o n  was changed t o  s i m u l a t e  a  v a l l e y  w i t h  a  h i g h  

a lbedo o v e r  t h e  f l o o r  and a  l o w e r  one o v e r  t h e  s i d e w a l l s .  The w i d t h  

o f  t h e  v a l l e y  f l o o r  was doubled i n  t h e  f o u r t h  s i m u l a t i o n  t o  a s c e r t a i n  

t h e  i n f l u e n c e  o f  v a l l e y  w i d t h  on t h e  deve lop ing  a tmospher ic  s t r u c t u r e .  

The l a s t  s i m u l a t i o n  was i d e n t i c a l  t o  t h e  f i r s t ,  excep t  t h a t  a  more 

r e a l  i s t i c ,  asymmetr ic h e a t i n g  d i s t r i b u t i o n  was imposed. It i s  be1 i e v e d  

t h a t  a  g r e a t e r  unders tand ing  o f  t h e  i m p o r t a n t  l o c a l  s c a l e  processes can 

be ga ined  f rom t h e  s i m u l a t i o n  r e s u l t s .  
I 
t '  ' 
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2. BACKGROUND 

2.1 E a r l y  Studies 

E a r l y  on i t  was recognized t h a t  mounta in-va l ley wind systenis were 

thermal l y  d r i v e n .  Wagner (1938) p rov ided  one o f  t he  f i r s t  coniprehens i ve 

t h e o r i e s  o f  bo th  a long -va l l ey  and cross-va1 l e y  wind c i r c u l a t i o n s .  Using 

Bjerknes ' c i r c u l a t i o n  theorem (Hol ton, 1977), he concluded t h a t  thermal 

c i r c u l a t i o n s  r e s u l t  f rom the  l a r g e r  d i u r n a l  temperature range found i n  

t h e  mountains than i n  t h e  f r e e  atmosphere over  t h e  p l a i n s .  

Dur ing t he  day, t h e  a i r  over  t h e  mountains i s  heated u n t i l  i t  i s  

warmer than the  f r e e  a i r  a t  t h e  same l e v e l ,  and a heat  low forms. Mass 

descends over t he  p l a i n s ,  f l ows  up t h e  i n c l i n e  o f  t h e  mountain range and 

v a l l e y  f l o o r s  then r e t u r n s  above r i dge top .  A t  n i g h t ,  as t he  mountains 

cool  t he  a i r  above them, t h e  pressure g r a d i e n t  g r a d u a l l y  reverses and 

r e s u l t s  i n  a  c i r c u l a t i o n  where t he  a i r  descends over t he  mountains, 

f l ows  down t h e  i n c l i n e  and r i s e s  over  t he  p l a i n s .  Th i s  fundamental 

theory  o f  t h e  o r i g i n  o f  t he  mounta in -p la in  c i r c u l a t i o n  has been genera1 - 
l y  conf i rmed by bo th  observa t ions  and model s tud ies .  

Wagner emphasized t h e  r o l e  o f  t h e  c ross -va l l  ey c i r c u l a t i o n  du r i ng  

t he  t r a n s i t i o n  per iods  when t h e  winds reverse.  He noted t h a t  a l though 

s lope winds tend t o  reverse d i r e c t i o n  s h o r t l y  a f t e r  sun r i se  and sunset, 

a long v a l l e y  wind reve rsa l  was delayed u n t i l  much l a t e r .  A t  sunr ise ,  
1 

v a l l e y s  a r e  f i l l e d  w i t h  c o l d  a i r  which has pooled d u r i n g  the  prev ious 

n i g h t .  Before t he  dayt ime mounta in -p la in  c i r c u l a t i o n  can rep lace  the  

down-val ley winds, t h i s  c o l d  a i r  mass must e i t h e r  be warmed o r  rep laced 

so t h a t  t he  p o t e n t i a l  temperature i n  t he  v a l l e y  i s  near t h a t  o f  the  a i r  

over t he  surrounding r i dges .  Once t h i s  occurs,  t h e  l a r g e r  sca le  f low 
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can enter the valley. Wagner proposed t h a t  the a i r  i s  warfled by the 

cross-valley circulation shown in Figure 1. Air over the sidewalls i s  

warmed by sensible heating from the slopes until i t  i s  buoyant relat ive 

to  a i r  a t  the same level over the valley center. As a resu l t ,  the 

buoyant parcels move up  the slope and are replaced by cool a i r  flowing 

out from the valley center a t  a1 1 levels .  The wartiled a i r  then returns 

above the valley and descends into i t .  This type of circulation re- 

quires an upslope wind layer increasing in depth with distance up  the 

sidewall, a feature observed by Moll (1935). A t  night, the cold side- 

walls induce a down-slope circulat ion,  which cools the valley a i r  mass, 

thereby allowing the down-valley wind t o  form. 

Defant (1949), in a c lass ic  paper, integrated many of the re1 evant 

mountain winds theories with one of the e a r l i e s t  mathematical descrip- 

t ions of slope winds. He formulated a conceptual model of the complete 

diurnal cycle of the mountain-valley wind structure (Figure 2 ) .  This 

model includes many of Wagner's ideas, particularly the role of the 
, 
V 

cross-val 1 ey circulation in the evol ution of the a1 ong-val 1 ey winds. 

Although th i s  model i s  incorrect in some de ta i l s ,  Whiteman (1980) notes 

that  i t  i s  s t i l l  useful in describing the general diurnal cycle. 

Through appl ication of Prandtl ' s  (1933) equations for  stab1 e flow down 

an inclined surface, Defant mathematically described the velocity dis-  

tr ibution of the slope winds in the lowest layers above the valley 

sidewalls. A discussion of these calculations will be presented in 
I 

a l a t e r  section. 

Gl eeson (1953) agreed with Wagner's hydrostatic explanation for  

a1 ong vall ey wind systems, b u t  suggested that  cross-vall ey effects tend 

t o  balance Coriolis forces,  leaving along-valley pressure gradients as 
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F i g u r e  2 .  Schematic i l l u Y < t r a t i o n  o f  t h e  normal d i u r n a l  a i r  c u r r e n t s  i n  
a  v a l l e y  ( a f t e r  F. De fan t ,  1949). 

I 

( a )  Sunr i se ;  onse t  of ups lope winds ( w h i t e  a r rows) ,  c o n t i n u a t i o n  o f  1 

mounta in  wind ( b l a c k  a r rows) .  V a l l e y  c o l d ,  p l a i n s  warm. 
( b )  Forenoon (abou t  0900) ; s t r o n g  s l o p e  winds,  t r a n s i t i o n  f rom moun- 

t a i n  wind t o  v a l l e y  wind. V a l l e y  tempera tu re  same as p l a i n s .  i I 
( c )  Noon and e a r l y  a f t e r n o o n ;  d i m i n i s h i n g  s l o p e  winds,  f u l l y  developed I 

v a l l e y  wind.  V a l l e y  warmer t h a n  p l a i n s .  
( d )  L a t e  a f t e r n o o n ;  s l o p e  winds have ceased, v a l l e y  wind c o n t i n u e s .  

V a l l e y  c o n t i n u e s  warmer t h a n  p l a i n s .  
( e )  Eveninq; onse t  o f  downslope winds,  d i m i n i s h i n q  v a l l e y  wind.  V a l l e y  . , 

o n l y  s i i g h t l y  warmer t h a n  p l a i n s .  
( f )  E a r l y  n i g h t ;  w e l l  -developed downslope winds,  t r a n s i t i o n  f rom v a l  l e y  

wind t o  mounta in  wind.  V a l l e y  and p l a i n s  a t  same temperature .  
( g )  M i d d l e  o f  n i g h t :  downslope winds co r i t i nue .  i i lountain wind f i l l y  

developed. Val 1  ey c o l d e r  than  p l  a i n s  . 
( t i )  L a t e  n i g h t  t o  iiloi.niiig: downs1 ope wit ids have ceased. ~ ? i o u n t a i  t i  wind 

f i l l s  v a l l e y .  V a l l e y  c o l d e r  t h a n  p l a i n s .  Froni Reid  (1976) .  



t h e  dominant i n f l u e n c e .  Score r  (1958) ,  on t h e  o t h e r  hand, be1 i e v e d  

t h a t  t h e  c r o s s - v a l l e y  c i r c u l a t i o n  was indeed t h e  mechanisni by which t h e  

v a l l e y  a i r  mass warmed. However, h i s  conceptua l  model ( F i g u r e  3) d i f -  

f e r e d  d r a m a t i c a l l y  w i t h  t h a t  o f  Wagner. Scorer  proposed t h a t  t h e  a i r  

wh ich was warmed near  t h e  s l o p e  mixed h o r i z o n t a l l y  a t  a l l  l e v e l s  w h i l e  

t h e  s t a b l e  a i r  mass s l o w l y  descends t o  t h e  v a l l e y  bot tom. Whiteman 

(1980) no tes  t h a t  t h i s  mechanism cannot account  f o r  M o l l ' s  (1935) ob- 
/', 

s e r v a t i o n s  o f  a  wedge shaped ups lope l a y e r  o v e r  t h e  s i d e w a l l .  
1 4.,: 

2.2 Observat ions o f  Boundary Layer  Development i n  Mountain V a l l e y s  

From t h i s  e a r l y  work, i t  i s  apparent  t h a t  an i m p o r t a n t  f e a t u r e  i n  

t h e  d i u r n a l  v a l l e y  wind o s c i l l a t i o n  i s  t h e  t r a n s i t i o n  p e r i o d  when down- 

s l o p e  and down-va l ley  winds r e v e r s e  d i r e c t i o n .  I t  i s  d u r i n g  t h i s  t i m e  

t h a t  t h e  i n t e r a c t i o n s  between t h e  c r o s s - v a l l e y  and a l o n g - v a l l e y  sca les  

a r e  most s i g n i f i c a n t .  Severa l  researchers ,  among them Whiteman and 

McKee (1977), Davidson and Rao (1963) and Lenschow e t  a l .  (1979) no ted  

t h a t  u p - v a l l e y  winds do n o t  appear a t  a l l  l e v e l s  s i m u l t a n e o u s l y ,  b u t  

r a t h e r  descend i n t o  t h e  v a l l e y  f rom above i n  t h e  f i r s t  t h r e e  t o  f i v e  

hours a f t e r  s u n r i s e .  Even when g r a d i e n t  l e v e l  winds a r e  s t r o n g  enough 

t o  mask t h e  u p - v a l l e y  f l o w ,  t h e  o v e r l y i n g  winds s i m i l a r l y  descend i n t o  

t h e  v a l l e y  f rom above r i d g e t o p  (Davidson and Rao, 1963).  T h i s  phenome- 

non i s  c o n s i s t e n t  w i t h  Hawke's (1947) c o n c l u s i o n  t h a t  i t  i s  d i f f i c u l t  

t o  r e p l a c e  t h e  v e r y  s t a b l e  l a y e r  i n  t h e  v a l l e y  a t  a l l  l e v e l s  s i m u l t a -  
1 ", 

neous ly .  

Davidson and Rao (1958) observed a  companion phenomenon i s  s h a l l o w  

Vermont v a l l e y s  where t h e  u p - v a l l e y  winds appeared e a r l i e r  i n  h i g h e r  

s e c t i o n s  o f  t h e  v a l l e y  t h a n  i n  l o w e r  s e c t i o n s .  T h i s  l e d  Ayer (1961) 





to  conclude t ha t  the s t ab l e  layer  i n i t i a l l y  present through the length 

and depth of the valley slowly drained out onto the pla in .  Lenschow 

e t  a1 . (1979) made a i r c r a f t  observations of boundary layer evolution in 

shallow valleys embedded i n  ro l l ing  t e r r a in .  From t h e i r  analyses, they 

concluded t ha t  the top of the s tab le  layer  was slowly eroded by shear 

induced turbulence from winds above the val 1 ey . 

Whi teman and McKee (1978), however, hypothesized t ha t  the stab1 e 

layer  slowly descended adiabat ical ly  a s  a i r  was removed from i t s  base. 

This proposed mechanism was based on observations taken in deep Colorado 

mountain valleys which show tha t  the s tab le  layer warmed through i t s  

depth while the inversion top slowly descended in the valley.  They 

a1 so observed the development of a convective boundary layer ( C B L )  under 

the s tab le  a i r  mass along the va1 ley sidewall s and f l oo r .  This boundary 

layer entra ins  a i r  from the  base of the inversion, then warms and t rans-  

ports  i t  to  the neutral layer  above via the slope flows (Figure 4 ) .  

Banta and Cotton (1979) and Hahn (1981) observed the growth of s imilar  

convective layers under s t ab l e  a i r  masses in a broad elevated Colorado 

basin. 

2 . 3  Theories of Boundary Layer Growth 

Radiation inversions which form a t  night over f l a t  t e r r a in  are  

most often destroyed by a convective layer growing up from the surface. 

Sensible heat i s  transported from the  super-adiabatic surface layer to  

the neutral convective boundary 1 ayer ( C B L )  in t rans ien t  buoyant regions 
' I 

' 

cal led plumes or  themal s .  Warner and Tel ford (1967) observed t ha t  

plumes are  100-200 m wide and extend through the depth of the neutral 

layer .  These thermal regions are  1-2 K warmer than t h e i r  environment 



F i g u r e  4 .  Whi teman's (1980) cross-vall ey circulation model for  
the morning transit ion period. Starting with the top 
figure which shows the s t a t e  of the valley a t  sunrise, 
a C B L  forms under the stable core (shaded area) as 
the morning progresses. Upslope winds carry mass 
from beneath the s table  a i r  t o  the overlying neutral 
layer.  As a r e su l t ,  the inversion slowly sinks while 
the CBL grows until the inversion i s  destroyed (bottoni 
figure) . 



and occupy an area of upward m o t i o n  surrounded by a subsidence f i e l d .  

Lenschow and Stephens (1980) observed t h a t  thern la ls  occupy 20-30:':. o f  

t h e  boundary l a y e r ,  an e s t i m a t e  t h e y  a d m i t t e d  was c o n s e r v a t i v e  due t o  

t h e i r  s t r i c t  d e f i n i t i o n  o f  a thermal  plume. T h e i r  o b s e r v a t i o n s  show 

t h a t  many smal l  t he rma ls  c o n s o l i d a t e  above t h e  sur face l a y e r  i n t o  l a r g e r  

plumes which remain i n t a c t  t h r o u g h  t h e  dep th  o f  t h e  n e u t r a l  l a y e r .  Ob- 

s e r v a t i o n s  of plumes o f  d i f f e r e n t  s i z e s  i n  t h e  s u r f a c e  l a y e r  merg ing 

i n t o  l a r g e r  themals were a l s o  made by Wi l czak  and T i l l m a n  (1980).  From 

t h e i r  ana lyses,  t h e y  determined t h a t  thermal  p l  umes a r e  quas i  -s teady 

c o n v e c t i v e  elements which l a s t  l o n g e r  t h a n  t h e  t i m e  r e q u i r e d  f o r  a p a r -  

c e l  t o  t r a v e l  t h r o u g h  them. 

As these  thermal  plumes r i s e  t h r o u g h  t h e  boundary l a y e r ,  t h e y  

remain buoyant u n t i l  t h e y  reach  t h e  s t a b l e  l a y e r  above. T h e i r  p o s i t i v e  

v e r t i c a l  momentum causes them t o  p e n e t r a t e  a s h o r t  d i s t a n c e  i n t o  t h e  

s t a b l e  r e g i o n  where t h e y  e n t r a i n  some o f  t h e  su r round ing  warmer a i r  

be fo re  descending back i n t o  t h e  n e u t r a l  l a y e r .  As t h i s  process i s  

. - repeated by  many the rma ls ,  a sharp i n v e r s i o n  forms i n  t h i s  t h i n  l a y e r  

o f  plume p e n e t r a t i o n  between t h e  growing boundary l a y e r  and t h e  u n d i s -  

t u r b e d  a i r  above. Concep tua l l y ,  t h i s  i n v e r s i o n  i s  o f t e n  viewed as a 

temperature  " jump" o r  d i s c o n t i n u i t y  between t h e  n e u t r a l  and s t a b l e  

1 ayers  ( F i g u r e  5 ) .  

A s imp le  numer ica l  model based on t h i s  concept  was f i r s t  developed 

by B a l l  (1960) and l a t e r  r e f i n e d  by L i l l y  (1968) and Tennekes (1973).  

T h i s  model, sometimes c a l l e d  t h e  jump model, r e q u i r e s  i n i t i a l  nonzero 

va lues o f  boundary l a y e r  depth,  t h e  magni tude o f  t h e  p o t e n t i a l  tempera- 

t u r e  jump ( i n v e r s i o n  s t r e n g t h )  and t h e  s t a b i l i t y  o f  t h e  atmosphere 

above t h e  n e u t r a l  l a y e r .  A s p e c i f i e d  s u r f a c e  h e a t  f l u x  d r i v e s  t h e  model 



Figure 5. Jump model of boundary layer s t ruc tu re  showing 
a deep neutral layer extending t o  e levat ion,  
h ,  which i s  topped by an inversion layer  of 
s t rength ,  A e .  



i n  t ime w i t h  t he  heat f l u x  a t  t h e  t o p  o f  t h e  boundary l a y e r  due t o  en- 

t ra inment  be ing  a  f i x e d  f u n c t i o n  o f  t h a t  a t  t he  sur face,  gene ra l l y  

between 10 and 20% ( S t u l l  , 1976). Ca lcu la ted  from t h e  mbhel a re  t he  

depth of t h e  n e u t r a l  l a y e r  and the  s t reng th  o f  t h e  i nve rs ion .  Exper i -  

ments w i t h  t h i s  model show t h a t  t h e  s o l u t i o n  i s  n e a r l y  independent o f  

t h e  i n i t i a l  s t r eng th  o f  t h e  i n v e r s i o n  a f t e r  severa l  t in iesteps.  S t u l l  

(1973) devised a  more e labo ra te  model o f  boundary l a y e r  growth by mathe- 

m a t i c a l l y  d e s c r i b i n g  t h e  ent ra inment  processes a t  i t s  t op .  However, 

experiments w i t h  h i s  model y i e l d  r e s u l t s  very  s i m i l a r  t o  those o f  t he  

jump model, he lp ing  t o  v e r i f y  t h e  concepts on which t h e  s imp le r  approach 

i s  based. Fundamental t o  these one-dimensional model s i s  t h e  f r e e  con- 

v e c t i o n  c o n d i t i o n  descr ibed by Tennekes (1970), where i t  i s  assumed t h a t  

shear p roduc t ion  o f  tu rbu lence  i s  much l e s s  then buoyant p roduc t ion  i n  

t he  sur face  l a y e r .  J I . '  

A more s o p h i s t i c a t e d  one-dimensional model has been formulated by 

Wetzel (1978). He used a  d e t a i l e d  parameter iza t ion  scheme t o  s imu la te  

t he  e v o l u t i o n  o f  t h e  sur face  and s t a b l e  l a y e r s  as w e l l  as the  neu t ra l  

l a y e r .  Inc luded i n  t h i s  model a r e  sur face  r a d i a t i o n ,  heat and mo is tu re  

budgets i n  a d d i t i o n  t o  a  more s o p h i s t i c a t e d  method f o r  t he  c a l c u l a t i o n  

o f  heat  f l u x  a t  t h e  i n v e r s i o n  l e v e l .  S t u l l  (1976) a l s o  developed a  more 

d e t a i l e d  model which i nc ludes  t h e  e f f e c t s  o f  g r a v i t y  waves and t u r b u l e n t  

shear on t he  r a t e  of  n e u t r a l  l a y e r  growth. These models a r e  more gen- 

e r a l  and a r e  a p p l i c a b l e  t o  a  l a r g e r  number o f  s i t u a t i o n s  than  t h e  

r e l a t i v e l y  l i m i t e d  jump model. 

Even more d e t a i l e d  one dimensional models o f  boundary l a y e r  develop- 

ment i n c l u d e  the  second-order tu rbu lence  c l osu re  model by Zeman and 

Lumley (1976).  T h e i r  equat ions expl  i c i t l y  c a l c u l a t e  t h e  buoyant 



c o u n t e r - g r a d i e n t  t r a n s p o r t  o f  energy, wh ich  i s  in ipossi  b l  e u s i n g  eddy 

v i s c o s i t y  c l o s u r e  schemes. Deardorf f  (1974) a1 so used a second-order 

c l o s u r e  scheme i n  a th ree-d imens iona l  model o f  boundary l a y e r  growth.  

From h i s  r e s u l t s ,  he was a b l e  t o  f o r m u l a t e  a one-dimensional  growth r a t e  

e q u a t i o n  based on p r o p e r t i e s  o f  t h e  n e u t r a l  and o v e r l y i n g  s t a b l e  l a y e r s .  

An e a r l y  a t t e m p t  t o  s i m u l a t e  t h e  two-dimensional  s t r u c t u r e  o f  con- 

v e c t i o n  i n  t h e  boundary l a y e r  was made by Ma1 kus and M i t t  (1959) .  They 

used a f i l t e r e d  system o f  a n e l a s t i c  equa t ions  d e s c r i b e d  by Ogura and 

P h i l 1  i p s  (1962) i n  a v o r t i c i t y  model. Other  researchers  a1 so used vo?- 

t i  c i  t y  model s t o  s t u d y  c o n v e c t i v e  processes.  Ogura (1962) succes fu l  1 y 

s i m u l a t e d  l a b o r a t o r y  exper iments  where a s teady s t a t e  c o n v e c t i v e  

element was observed. L i l  l y  (1964) n o t e d  severa l  computat iona l  problems 

which had been i n h i b i t i n g  t h e  a p p l i c a t i o n  o f  v o r t i c i t y  models and sug- 

gested methods t o  dea l  w i t h  them. A r e a l i s t i c  s i m u l a t i o n  o f  t h e  growth 

o f  t h e  s u r f a c e  and n e u t r a l  l a y e r s  under  an i n i t i a l l y  s u r f a c e  based i n -  

v e r s i o n  was made by Kuo and Sun (1976).  They reproduced many o f  t h e  

observed f e a t u r e s  found i n  a tmospher ic  boundary 1 ayer ,  p a r t i c u l a r l y  t h e  

j o i n i n g  o f  sma l l  t he rma ls  i n  t h e  s u r f a c e  l a y e r  t o  fo rm l a r g e r  plumes. 

T h e i r s i m u l a t i o n s a l s o s h o w e d t h e g e n e r a t i o n a n d r a p i d d a m p i n g o f  1 
g r a v i t y  waves over  thermal  domes w i t h  t h e  accompanying en t ra inment  of 

warm a i r  from above t h e  i n v e r s i o n .  

2 .4  Numerical  Models o f  Upslope and Daytime Cross-Val l e y  A i r  Flow 

As ment ioned b r e i f l y  be fo re ,  one o f  t h e  e a r l i e s t  numer ica l  i n v e s -  

t i g a t i o n s  o f  s l o p e  winds was D e f a n t  ' s  (1949) appl  i c a t i o n  o f  P r a n d t l  ' s  

s t e a d y - s t a t e  f l o w  equa t ions .  As o r i g i n a l l y  f o r m u l a t e d  by P r a n d t l ,  t h i s  
I 

model p r e d i c t s  t h e  s teady s t a t e  v e l o c i t y  p r o f i l e  f o r  t h e  f l o w  of a 



s t a b l e  l a y e r  down an i n f i n i t e  i n c l i n e .  The equat io t is  a r e  developed 

based on a  f o r c e  ba lance between g r a v i t a t i o n a l  a c c e l e r a t i o n  of t h e  nega- 

t i v e l y  buoyant p a r c e l s  i n  t h e  s l o p e  l a y e r ,  and t u r b u l e n t  f r i c t i o n  oppos- 

i n g  t h e  f l o w .  The equa t ions  d e s c r i b i n g  t h e  g e n e r a t i o n  o f  n e g a t i v e  buoy- 

ancy by  t h e  l o s s  o f  h e a t  f rom t h e  s l o p e  l a y e r s  t o  t h e  u n d e r l y i n g  s u r f a c e  

t a k e  i n t o  account b o t h  conduc t ion  and t u r b u l e n t  m i x i n g .  The f l o w  i s  

m a i n t a i n e d  by a  c o n s t a n t  p o t e n t i a l  tempera tu re  d e v i a t i o n  f rom hydro- 

s t a t i c  ba lance a t  t h e  s u r f a c e .  D e f a n t  c a l c u l a t e d  t h e  downslope w ind  

p r o f i l e  above one o f  t h e  s i d e w a l l s  f o r  a  l o c a t i o n  i n  t h e  I n n  V a l l e y  i n  

A u s t r i a  and compared i t  t o  o b s e r v a t i o n s  ( F i g u r e  6 ) .  The r e s u l t s  show 

t h a t  t h e  model a c c u r a t e l y  reproduces t h e  observed p r o f i l e  i n  t h e  l o w e s t  

40 m. Above t h i s  l e v e l ,  however, t h e  model breaks down as t h e  assump- 

t i o n  o f  conf inement  o f  p a r c e l s  t o  a  l e v e l  i s  no l o n g e r  v a l i d .  

I n t e r e s t i n g l y ,  De fan t  a l s o  a p p l i e d  t h e  P r a n d t l  equa t ions  t o  up- 

s l o p e  f l o w  as w e l l .  The f a c t  t h a t  he was a b l e  t o  reproduce t h e  v e l o c i t y  

p r o f i l e  i n  t h e  l o w e r  l e v e l s  r e v e a l s  a  c h a r a c t e r i s t i c  o f  t h e  ups lope 

l a y e r s .  For  t h e  s t a b l e ,  downslope case, t h e  n e g a t i v e l y  buoyant a i r  i s  

c o n f i n e d  t o  t h e  s u r f a c e  l a y e r s  by g r a v i t y .  I n  ups lope  s i t u a t i o n s ,  t h e  

p o s i t i v e l y  buoyant a i r  would  t e n d  t o  r i s e  away from t h e  s u r f a c e  l a y e r s ,  

v i o l a t i n g  t h e  b a s i c  model assumpt ion o f  conf inement  o f  p a r c e l s  i n  l a y e r s .  

S ince t h e  i n f o r m a t i o n  shown i n  F i g l i r e  7 shows t h a t  t h e  riiodel c a l c u l a -  

t i o n s  a r e  reasonab ly  c o r r e c t  i n  t h e  l o w e s t  30 m, t h e r e  i s  t h e  i m p l i c a -  

t i o n  o f  a  r e s t r a i n i n g  e f f e c t  which h o l d s  t h e  ups lope a i r  near  t h e  s u r -  
' 

f ace .  One p o s s i b l e  e x p l a n a t i o n  i s  t h a t  a  s t r o n g l y  s t a b l e  l a y e r  above 

t h e  s l o p e  f l o w  l a y e r  i n h i b i t s  p e n e t r a t i o n  o f  t h e  buoyant p a r c e l s  th rough  

i t s  base, s i m i l a r  t o  t h e  s t r u c t u r e  suggested by Whiteman and McKee 

(1980). De fan t  computed t h e  t i m e  r e q u i r e d  t o  warm t h e  v a l l e y  a i r  mass 



Figure 6. Defant ' s (1949) comparison of theoretical. 'and 
observed downslope wind profi le .  G = observed 
values, T = theoretical values, dash4  1 ine = 
difference between theoretical and  observed. 

Figure 7 .  Defant ' s (1949) compari son of theoretical and  
observed upslope wind profi les .  B = observed 
values, T = theoretical values, dashed 1 ine = 
difference between theoretical and observed. 



through th i s  upslope wind system and found i t  t o  be consistent w i t h  t h e  

observed transit ion period of three to f ive hours. 

Analytical models of cross-vall ey circulations have been developed 

by Gl eeson (1951) and Tang (1979). Unfortunately, Gl eeson ' s model re- 

veal ed only qua1 i t a t ive  information. A nondimensional term which served 

as an independent variable was formed by grouping together several terms 

which could not be quantified. However, his resul ts  show t h a t  cross- 

valley winds increase with both slope angle and the magnitude of the 

heating difference between the opposite sidewalls. Tang used a Bous- 

sinesq system of equations to  determine the effects  of a steady s t a t e  

wind blowing across the valley above ridgetop on circulation in the 

valley. His calculations reveal the existence of a separated flow 

region on the slope where the prevailing wind would tend to counter the 

slope wind ( the  lee slope for  upslope winds, the windward slope for  

downslope winds). This feature allows the local slope winds to  continue 

despite the opposing influence of the overlying flow. 

Thyer (1966) and Orvi 11 e (1964) used vortici  ty model s t o  simulate 

the development of ups1 ope winds generated by surface heating . Thyer ' s 

model became computationally unstable a f t e r  only two minutes of simu- 

lated time. His computations do show the development of an  upslope 

circulation w i t h  winds of 0.5-1 m/s and a weak return circulation over 

the valley center. Orville used a more computationally stable system 

of  f i n i t e  difference equations and was able to obtain simulations 

lasting over an hour. His resul ts  show the development of a circulation 

cell  original l y  centered over the s l  ope-pl ain junction which slowly 

moves u p  the slope. Analysis of his simulation for  a stably s t r a t i f i ed  

environment reveal t h a t  the upslope winds are confined t o  the region 



ad jacent  t o  t he  s lope.  A weak r e t u r n  f l o w  i s  a l s o  ev iden t  w i t h  a sub- 

s idence f i e l d  over a broad area o f  t h e  p l a i n .  ! 
D i r k s  (1969) used a  two-dimensional v o r t i c i t y  model t o  i n v e s t i g a t e  

t he  mesoscale convec t i ve  e f f e c t s  o f  t h e  Rocky Mountains and s l o p i n g  

p l a i n s  t o  t h e  eas t .  I n  a  three-dimensional s tudy o f  d r y  convect ion f o r  

t h e  same reg ion ,  Hughes (1978) used the  h y d r o s t a t i c ,  p r i n i i t i v e  equat ion 

model formulated by Pie1 ke and Mahrer (1975). H i s  s imu la t ions  f a i l e d  

t o  produce upslope f l ows  i n  t h e  presence o f  s t rong  g r a d i e n t  winds on 

convec t i ve l y  , a c t i v e  days, a  r e s u l t  c o n t r a r y  t o  observa t ions .  This  was 

rl ' A p robably  due t o  t he  coarse v e r t i c a l  model r e s o l u t i o n  and the  o v e r l y  d i f -  

f u s i v e  na tu re  o f  t h e  model equat ions m ix ing  wes te r l y  momentum t o  t he  

sur face .  Gal -Chen and Sommervi l le (1975a, b )  used a  system o f  a n e l a s t i c  

" , equat ions i n  a  transformed coo rd ina te  system t o  s imu la te  t h e  development 

of convec t i ve  c e l l  s  over a  h i 1  1 . They were ab le  t o  reproduce many fea-  

t u r e s  o f  ups1 ope c i  r c u l  a t  i ons  , i n c l  u d i  ng t he  devel opment o f  a  convec t i  vg 

boundary l a y e r  under a  s t a b l e  atmosphere. 



3. EXPERIMENTAL DESIGN 

Whiteman (1980) i d e n t i f i e d  many f a c t o r s  which determine t h e  l e n g t h  

of t ime requ i red  f o r  v a l l e y  i nve rs ions  t o  break. Among these are  energy 

i n p u t ,  v a l l e y  geometry and s t a b i l i t y  o f  t h e  i n v e r s i o n  l a y e r .  For t h i s  

i n i t i a l  study, o n l y  t h e  e f f e c t s  o f  two were examined. The experirriental 

program was designed t o  determine the  e f f e c t s  o f  heat ing  d i s t r i b u t i o n  

and v a l l e y  width,  f a c t o r s  which cannot be exanlined adequately w i t h  

Whiteman's thermodynamic approach. Eefore the  s in iu la t ion  study i s  de- 

t a i l e d ,  a d e s c r i p t i o n  o f  t he  dry,  two-dimensional vers ion  o f  t he  CSU 

M i l  t i -Dimensional C l  oud/Mesoscal e Model ( T r i  po l  i and Cotton, 1981) i s 
. . -  . 

presented. 
I -2. ;' . . , 1 ,  : 

3 . 1  Coordinate Transform . . 

. 2 To a l l o w  t h e  s p e c i f i c a t i ~ ~  o f  i r r e g u l a r  topography, a t e r r a i n  f o l -  

low ing  coord ina te  system developed by Gal -Chen and Sommervi 11 e (1975a) 

and extended by C lark  (1976) i s  employed. Known as a "sigma z "  system 

i t  r e s u l t s  from the  t rans format ions  

2 1  1 

where' x and z a re  ' t he  Car tes ian independent s p a t i a l  va r i ab les  , x* and 

z* are the  transformed independent s p a t i a l  var iab les ,  zs i s  t h e  he igh t  

o f  t he  surface, and H i s  t h e  e l e v a t i o n  o f  t he  h o r i z o n t a l  t o p  o f  t he  

model domain. From Clark ,  t h e  s p a t i a l  d e r i v a t i v e  o f  any q u a n t i t y  A can 

be w r i t t e n  as 



. , d C .  

where t h e  t r a n s f o r m a t i o n  t e n s o r ,  b i j  i s  d e f i n e d  by 

I t  should  be n o t e d  t h a t  t h e  th ree-d imens iona l  fo rm o f  t e n s o r  quan- 
I 

. ,',' , '  
1 - , $'.! ' 

t i t i e s  i s  used t o  m a i n t a i n  t h e  conven t iona l  n o t a t i o n .  However, i t  i s  

unders tood a l l  y d e r i v a t i v e s  as we1 1 as v  v e l o c i t y  components a r e  s e t  t o  

z e r o  i n  t h e  two-dimensional  s i m u l a t i o n s  d e s c r i b e d  here .  From these 

, equa t ions  i t  can be shown t h a t  t h e  c a r t e s i a n  and t rans fo rmed v e l o c i t i e s  

a r e  r e l a t e d  by.-., 

3 .2  T h e o r e t i c a l  Development o f  Model Equat ions 

The s e t  o f  model equa t ions  was f o r m u l a t e d  t o  d e s c r i b e  p e r t u r b a t i o n s  

about  a  d r y ,  h y d r o s t a t i c  base s t a t e .  F i n i t e  d i f f e r e n c e  forms o f  t h e  

momentum, c o n t i n u i t y  and thermodynamic energy equa t ions  were used t o  
I 

p r e d i c t  v e l o c i t y ,  d e n s i t y  and p o t e n t i a l  temperature  a t  p o i n t s  on a  s tag -  

gered g r i d  system. Pressure and temperature  a r e  then  diagnosed f rom 

t h e  p r e d i c t e d  q u a n t i t i e s .  

Us ing  t h e  n o t a t i o n  o f  Co t ton  and T r i p o l i  (1978) and o t h e r s ,  any 

v a r i a b l e  A can be decomposed as 



where t he  overbar  represents  an average va lue  reso l vab le  on the t ime and 

space scales o f  t h e  model and the  double pr ime denotes an unreso lvab le  

t u r b u l e n t  f l u c t u a t i o n  about t h i s  average. The mean va lue can be f u r t h e r  

decomposed as 
- 
A = Ao(z) + A '  , (5b) 

where A. i s  the  tempora l l y  and h o r i z o n t a l l y  i n v a r i a n t  base s t a t e  and K' 

i s  t he  average d e v i a t i o n  from t h i s  s t a t e .  Because i t  i s  conserved i n  

a d i a b a t i c  processes, p o t e n t i a l  temperature i s  used as t he  thermodynamic 

v a r i a b l e  and i s  de f i ned  by Po isson 's  equat ion,  

Here, 8 i s  t he  p o t e n t i a l  temperature, T i s  temperature and P i s  pressure. 

The cons tan t  Po, i s  a  re fe rence  pressure, taken t o  be 1000 mb,'and R and 

c  are t he  gas constant  and cons tan t  pressure s p e c i f i c  heat  o f  d r y  a i r ,  
P 

r e s p e c t i v e l y .  S u b s t i t u t i o n  o f  ( 6 )  i n t o  t h e  i d e a l  gas equat ion y i e l d s  

The base s t a t e  i s  assumed t o  obey bo th  ( 6 )  and t h e  h y d r o s t a t i c  

r e l a t i o n  and i s  t h e r e f o r e  de f i ned  by 

and 



where Po, po, go and To a r e  t h e  base s t a t e  pressure.  d e n s i t y ,  p o t e n t i a l  

temperature  and temperature .  I f  i t  i s  assllllled t h a t  t h e  d e v i a t i o n s  fro111 

t h e  base s t a t e  a r e  smal l  f o r  these  q u a n t i t i e s .  ( 7 ) .  (8 )  and ( 9 )  can be 
I 

combined and l i n e a r i z e d  t o  y i e l d  t h e  f o l l o w i n g  equa t ions  r e l a t i n g  p res -  
. . 

s u r e  and temperature  d e v i a t i o n s  t o  t h e  p r e d i c t e d  va lues  f o r  p o t e n t i a l  

tempera tu re  and d e n s i t y :  

The c o n s t a n t  y i s  t h e  r a t i o  o f  t h e  c o n s t a n t  p ressure  and cons tan t  

volume s p e c i f i c  hea ts  o f  d r y  a i r .  

The momentum e q u a t i o n  i n  t h e  tansformed domain i s  

j k a(ab p u.I1u ' I  
o i j  

a  a  
ax ;  

where Ai3 i s  t h e  Kroneker d e l t a  f u n c t i o n  and g i s  t h e  g r a v i t a t i o n a l  ac- 

c e l e r a t i o n .  The terms on t h e  f i r s t  l i n e  comprise t h e  a c o u s t i c a l l y  
- k 
a c t i v e  v a r i a b l e s  which a r e  capable  o f  p ropaga t ing  d i s t u r b a n c e s  a t  s o n i c  

v e l o c i t y .  On t h e  second l i n e  a r e  t h e  non-acous t i c  a d v e c t i o n  and t u r b u -  

l e n c e  terms which a r e  a c t i v e  on t h e  l o n g e r  g r a v i t y  wave t i m e  s c a l e .  

The C o r i o l o s  terms have been n e g l e c t e d  because t h e y  a r e  u n i m p o r t a n t  on 

t h e  model ' s  s p a t i a l  s c a l e .  The f u l l y  e l  a s t i c  c o n t i n u i t y  e q u a t i o n  p re -  

d i c t i n g  d e n s i t y  d e v i a t i o n s  i s  g i v e n  by 



where the non-linear divergence term has been replaced by the linearized 

verson. Tripoli and Cotton (1981) jus t i fy  th i s  replacement with both a 

scal ing argument and experimental resul t s .  

The thermodynamic variable in the model , ice-1 iquid water potential 

temperature (cia), i s  conserved in a l l  adiabatic motions and phase 

changes of water substance. However, since a l l  water i s  eliminated froni 

the model in these simulations, B i t  reduces to  potential temperature. 

Therefore, the predictive form of the thermodynamic energy equation used 

here i s  

where the right hand side of the f i r s t  l ine  represents the contribution 

of advection to  the local change in potential temperature and  the second 

l ine  represents the turbulent contribution. 

The turbulent flux terms u i l ' u  I' and ay'u " are parameterized using 
j j 

an eddy-viscosi ty closure scheme described by 

where K,, and KM are the eddy exchange coefficients for  heat a n d  momentum 

and are related t o  each other by 

KH/KM = 3 . 



1 ' 
T h i s  v a l u e  i s  t h e  p robab le  upper 1  i n l i  t f o r  at tnospher ic processes.  b u t  

' 1 .  
i s  s t i l l  a  r e a l  i s t i c  r a t i o  (Gal-Chen and S o t ~ l t l ~ e r v i l l e ,  1975a ) .  The eddy 

exchange c o e f f i c i e n t s  a r e  computed f rom I 

I 1 " '  where A i s  t h e  m i x i n g  l e n g t h - ' a n d  0.25 i s  an a r b i t r a r y  c o e f f i c i e n t  fou'nd 

t o  suppress numer ica l  no ise .  The magni tude o f  t h e  de fo rmat ion  tensor ,  

I D l  , and t h e  Richardson number, Ri , a r e  d e f i n e d  by 

The c o r r e c t i o n  t e r m  KH/KM Ri i s  a  buoyancy ad jus tment  f a c t o r  (Co t ton ,  I 
1975) t o  account  f o r  enhancement o r  suppress ion  o f  t u r b u l e n c e  due t o  1 

I 

l o c a l  s t a b i l i t y .  I n  n e u t r a l  o r  u n s t a b l e  l a y e r s ,  b o t h  t h e  h o r i z o n t a l  and 
I 

v e r t i c a l  m i x i n g  l e n g t h s  a r e  s i m p l y  t h e  spac ings between g r i d  p o i n t s .  

However i n  s t a b l e  l a y e r s ,  where t h e  eddy-v i scos i  ty  scheme i s  o v e r l y  d i f -  

fus i ve ,  t h e  v e r t i c a l  m i x i n g  l e n g t h  i s  a r b i t r a r i l y  reduced t o  25 m. 

> I  

3.3 Model Domain 

The model domain i s  shown i n  F i g u r e  8. W i t h  t h e  boundary c o n d i t i o n s  

used i n  t h i s  model, i t  i s  necessary  t o  have an i n t e r i o r  domain boundary 

and a  second e x t e r i o r  mesoscale boundary. The t o t a l  w i d t h  o f  t h e  domain, 

. %  :the s i d e w a l l  s l o p e  and l e n g t h ,  and t h e  l o c a t i o n  o f  t h e  mesoscale bound- 

a r i e s  were i d e n t i c a l  f o r  a l l  o f  t h e  s i m u l a t i o n s .  For a l l  b u t  one exper-  

iment ,  t h e  v a l l e y  w i d t h ,  w, was 1 km and t h e  l e n g t h  o f  t h e  r i d g e ,  A, was 
I 





9 
1.95 km. For t he  one except ion,  w was 2  km and R was 1.45 kin. F r e l  i1:;- 

i n a r y  experiments revealed t h a t  t he  s o l u t i o n  was unaf fec ted  by t he  

s h o r t e r  r i d g e .  The f i v e  sur faces a re  numbered f o r  f u t u r e  i d e n t i f i c a t i o n .  

The i n t e r i o r  domain was d i v i d e d  i n t o  80 e q u i d i s t a n t  g r i d  columns 

100 meters apar t .  V e r t i c a l  spacing was uneven due t o  bo th  t he  transfor in 

and te l escop ing  g r i d  above t h e  f i r s t  11 po in t s .  The zs=O l e v e l  was 

c o i n c i d e n t  w i t h  t h e  v a l l e y  f l o o r .  A  g r i d  spacing above the  f l o o r  o f  

'3 50 m was used t o  an e l e v a t i o n  o f  500 m, above which was a  l o g a r i  thmi- 

c a l l y  expanding g r i d  w i t h  twe lve  a d d i t i o n a l  l e v e l s  extending t o  2000 111. 

V e r t i c a l  g r i d  spacing f o r  p o i n t s  above e leva ted  t e r r a i n  was c a l c u l a t e d  

us ing  (1 )  t o  o b t a i n  a  rec tangu la r  t ransformed g r i d .  

3.4 F i n i t e  D i f f e rences  

The model equat ions were numer i ca l l y  i n t e g r a t e d  on a staggered mesh 

descr ibed by Cot ton and Tr ip01  i (1978). Th is  type  o f  g r i d  centers  

sca la rs  i n  each g r i d  box w i t h  v e l o c i t i e s  de f i ned  normal t o  t h e  s ides.  

When used w i t h  s tandard second o rde r  s p a t i a l  f i n i t e  d i f f e r e n c i n g ,  t h i s  

system conserves quad ra t i c  p r o p e r t i e s  and suppresses nu~ i ie r i ca l  d i f f u s i o n .  

A t ime d i f f e r e n c i n g  scheme descr ibed by Klemp and Wilheinsen (1978) 

i s  used t o  separa te ly  i n t e g r a t e  t he  acous t i c  and non-acoust ic  terms i n  

t he  p r e d i c t i v e  equat ions.  The a c o u s t i c a l l y  a c t i v e  terms were stepped 

forward on a  sma l l e r  t ime  s tep  us ing  a  s e m i - i m p l i c i t  scheme. A f t e r  a  

s p e c i f i e d  number o f  acous t i c  steps, the  non-acoust i  c  terms a re  stepped 

forward once us ing  a  leap- f rog  scheme t o  complete t h e  i n t e g r a t i o n .  An 

Assel i n  f i l t e r  i s  employed t o  prevent  s o l u t i o n  separa t ion .  To meet 

1 i n e a r  s t a b i l  i t y  c r i t e r i a  f o r  these s imu la t ions ,  t h e  acous t i c  va r i ab les  
I 

were i n t e g r a t e d  40 t imes du r i ng  each l ong  t ime s tep  o f  2 s. 



3.5 Boundary Condi t ions 

The top  boundary c o n d i t i o n  was s imply a  wa l l  which al lowed n e i t h e r  

mass nor  energy t o  propagate through i t .  The method f o r  de termina t ion  

o f  q u a n t i t i e s  a t  t h e  l a t e r a l  boundaries coup1 ed the  Or1 anski  (1976) 

r a d i a t i o n  boundary c o n d i t i o n  w i t h  a  mesosca!e adjustment orocedure f o r -  

mulated by Tr ip01 i (1981). I n  t h i s  arrangement, va r i ab les  a t  the  dolllain 

boundary a d j u s t  t o  a mesoscale i n f l uence ,  thereby i n h i b i t i n g  runaway 

c i r c u l a t i o n s .  The mesoscale boundaries i n  F igure  8 a l l o w  no mass o r  

energy t o  propagate through them and t h e  l a r g e  mesoscale reg ion  helps 

s t a b i l i z e  the  i n t e r i o r  domain. 

As o r i g i n a l  l y  formulated by Or1 anski  , va r i ab les  a t  t he  boundary 

are ca l cu la ted  from 

where i s  any v a r i a b l e  and C i s  t h e  phase speed o f  a  propagat ing wave. 
4 

For t h e  ou t f l ow  cond i t i on ,  C i s  ca l cu la ted  from values o f  $ a t  neigh- 
@ 

bo r i ng  g r i d  p o i n t s  w h i l e  t h e  phase speed i s  s e t  t o  zero f o r  i n f l o w  con- 

d i t i o n s .  The mesoscale adjustment a l lows the  temperature and pressure 

i n  t h e  mesoscale reg ion  t o  i n f l u e n c e  the  q u a n t i t i e s  a t  t he  domain bound- 

a ry .  The sca la r  q u a n t i t i e s  a re  de f ined  f o r  each l e v e l  a t  a  g r i d  p o i n t  

midway between the  mesoscale and domain boundaries. It i s  assumed t h a t  

t he re  i s  no g rad ien t  ou ts ide  o f  t h i s  mesoscale p o i n t .  Computations of 

q u a n t i t i e s  a t  t h e  mesoscale and f i r s t  domain sca la r  and w p o i n t s  a re  

then c a r r i e d  o u t  i d e n t i c a l l y  t o  t h e  o the r  model p o i n t s .  For t h e  u ve-  

l o c i t y  component equat ion, (21) i s  mod i f i ed  t o  account f o r  the  mesoscale 

pressure i n f l u e n c e  t o  y i e l d  t h e  expression f o r  normal v e l o c i t y  a t  the  

domain boundaries, 



I 
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In t h i s  equation, <P>  i s  the average pressure on the level i n  the 

model domain, Pm i s  the pressure in the mesoscal e region and D i s  the 

distance between the domain center and the mesoscale grid point. This 

extra term damps a r t i f i c i a l  accelerations a t  the boundaries as oiass 

buildup in the mesoscale region feeds back into the pressure adjustment. 

The surface layer parameterization i s  adapted from the formulation , 
I 

by Louis (1979). Surface f r ic t ion  velocity i s  computed for the bottom \ 

grid boxes based on the u velocity component and a specified surface 

temperature flux. The surface temperature flux for  each of the f ive 

model surfaces was described by 

w'e ' ,  = si  ~ ' e ' ~ ~ ~  sin ( T ~ / T )  , 

where the subscript s denotes surface layer properties. In a l l  runs, 

the period, T ,  was se t  t o  twelve hours to  approximate the diurnal solar 

cycle. The horizontal distribution and magnitude of the amplitude, 

-T-T 

max3 was constant for  each r u n  b u t  was changed between siniulations 

to  determine i t s  influence on the boundary layer development. The 

heating fac tor ,  s i ,  i s  a constant coefficient defined for the i th  sur- 

face. By using different  values for  these constants, the relat ive 

heating dis t r ibut ion can be specified along the lower boundary. 

,, - The i n i t i a l  structure of the model domain was identical for  a11 

simulations. A sounding with a potential temperature lapse ra te  (deldz) 

of 0.025 K/m in the valley with a neutral layer above was input to  model. 

A s l igh t ly  s table  layer was imposed in the upper levels of the domain 

t o  create a more r e a l i s t i c  model atmosphere. The specified sounding 



va lues  were then  f i t  t o  a  c u b i c  s p l i n e  t o  y i e l d  a  h o r i z o n t a l l y  homogen- 

eous base s t a t e  shown i n  F i g u r e  9. A l l  i n i t i a l  winds were s e t  t o  zero.  

3.6 D e s c r i p t i o n  o f  Exper iments  

C h a r a c t e r i s t i c s  o f  t h e  f i v e  separa te  s i m u l a t i o n s  r u n  t o  examine t h e  

e f f e c t s  o f  h e a t i n g  and v a l l e y  w i d t h  appear i n  Table  1. The base1 i n e  r u n  

(Case 1) modeled a  1 km wide, symmetr ica l  heated v a l l e y  w i t h  w':',,,~~ - - 

0.25 K m/s. .  T h i s  s i m u l a t i o n  was chosen as a  r e f e r e n c e  because i t  i s  

t y p i c a l  o f  c o n d i t i o n s  i n  many v a l l e y s  f o r  which t h e r e  i s  adequate obser-  

v a t i o n a l  da ta .  The a m p l i t u d e  o f  t h e  p o t e n t i a l  temperature  f l u s  was i n -  

f e r r e d  f rom o b s e r v a t i o n a l  d a t a  (Sundarara jan and Mack l in ,  1976) .  f o r  

c l e a r ,  d r y  c o n d i t i o n s .  The h e a t i n g  f a c t o r  f o r  t h e  s i d e w a l l s ,  s2 and 

s4, i s  s imp ly  t h e  c o s i n e  o f  t h e  s l o p e  ang le .  These r e s t r i c t i o n s  reduce 

t h e  s i m u l a t i o n  t o  a  somewhat u n r e a l i s t i c  s i t u a t i o n  where an eas t -wes t  

Colorado mounta in  v a l l e y  i s  modeled as though i t  was l o c a t e d  a t  t h e  

equa to r  on t h e  day o f  t h e  equinox.  However, i t  was f e l t  t h a t  a  symmetric 

s i m u l a t i o n  was necessary  t o  b e t t e r  de te rm ine  t h e  p h y s i c a l  processes con- 

t r o l  1  i n g  i n v e r s i o n  d e s t r u c t i o n .  

Case 2 was i d e n t i c a l  t o  Case 1 excep t  t h a t  t h e  amp l i tude  o f  t h e  

h e a t i n g  f u n c t i o n  was ha lved .  Case 3 was an a t t m e p t  t o  model a w i n t e r  

s i t u a t i o n  i n  which t h e  a1 bedo o f  t h e  snow covered v a l l e y  f l o o r  i s  h i g h e r  

than  t h a t  o f  t h e  f o r e s t e d  r i d g e s  and s i d e w a l l s .  Fo r  t h i s  s i m u l a t i o n ,  

t h e  h e a t i n g  over  t h e  e l e v a t e d  and s l o p i n g  s u r f a c e s  was 60'; o f  Case 1 and 

t h e  temperature  f l u x  fo rm t h e  v a l l e y  f l o o r  was reduced t o  20?4 of  t h e  

r e f e r e n c e  case. W i t h  t h i s  c o n f i g u r a t i o n ,  t h e  t o t a l  energy i n p u t  t o  t h e  

model f rom t h e  v a l l e y  su r faces  were approx imate ly  equal  f o r  Cases 2 

and 3 .  
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Figure 9 .  I n i t i a l  model potential temperature 
prof i le .  





Cases 4 and 5 examined some of the influences of valley geometry 

on inversion destruction. In Case 4 ,  the valley was widened to 2 kt11 arid 

each ridge reduced by 0.5 km i n  length, while the heating factors were 

identical t o  Case 1. A more r e a l i s t i c  heating distribution was iniposed 

on the valley in Case 5. Based on calculations for  direct  solar radi- 

ation on inclined surfaces (Revfeim, 1976), the heating factors for  the 

f ive  surfaces were adjusted to  model an east-west valley lying a t  40" N 

1  a t i  tude. The amp1 itude of the temperature flux was se t  to  0.25 K m/s 

on the horizontal surfaces and heating factors fo r  the sidewalls were 

computed based on the assumption tha t  the temperature flux i s  propor- 

tional t o  the dis t r ibut ion of direct  solar  radiation. I n  th i s  way, the 

total  heat i n p u t  i s  identical t o  the reference case, b u t  the dis t r ibu-  

tion i s  a l tered.  



4 .  RESULTS AND ANALYSIS 

.;;J ' 
..:I t 4  , " 

Model output included instantaneous f ie lds  of wind, temperature and 
-,,:I ' . :< 

pressure a t  intervals of ten minutes simulated time. Also, ten rliinute 
, j : :  

averages of vertical velocity and potential temperature over the valley 

center a t  each level were computed. These were calculated by taking tile 

time average of the mean values for  the center f ive grid points a t  each 

level for  each time step. In addition, every minute, instantaneous 

values for a1 1 model variables were written on a permanent f i l e  for 

l a t e r  analysis. For the wide valley case (Case 4 ) ,  the data were saved 
*J 1 1 

on f i l e  only once every 2.5 minutes of model time and the ten minute 

averages over the valley center were not computed. Since t h i s  was the 
I d , i r i  , C I V ~ ~ ( I C ~ : ~ ~ ! ~  1 1 b 1  , , f r  

f i r s t  simulation actually r u n  on the computer, i t  was not apparent that  
', ' 1  '. ! 

the instantaneous f i leds  would be inadequate until the resul ts  were ob- 
t ! I  

tained. However, the instantaneous potential temperature f ie lds  were 

less  prone to short term fluctuations than the wind f ie lds  and  were, 

therefore, more sui tab1 e for  analysis. 

The contour-vector plots show f ive minute average values computed 

from the instantaneous f i e lds  saved on f i l e .  For Cases 1,  2 ,  3 and 5 

these are s ix  point averages of instantaneous f ie lds  saved every minute. 
I f  

The Case 4 plots show three point averages of f ie lds  saved every 2 .5  
If. - ' 

minutes. To increase the resolution of the graphs, only the lowest 
! ' , ! ' I i > ~ . x '  

fourteen levels were plotted to  observe the physical features below the 

inversion and in the lower part of the neutral layer.  In a l l  o f  these 

figures,  the vertical coordinate has been exaggerated f ive  times with 

respect to  the horizontal for  greater c l a r i ty .  The length of the wind 

vectors are n o t  exaggerated, however. 



4.1 Case 1 R e s u l t s  

I n  t h i s  s i m u l a t i o n  t h e  a m p l i t u d e  o f  t h e  p o t e n t i a l  temperature  f l u x  

was s e t  t o  0.25 K  m/s w i t h  a  symmetr ic d i s t r i b u t i o n  imposed. The de- 

velopment o f  t h e  v a l l e y  boundary l a y e r  f r o m  i t s  i n i t i a l  s t a t e  u n t i l  t h e  

s t a b l e  l a y e r  i s  removed i s  shown i n  F i g u r e s  10 ( a - j ) .  S ince  t h e  v a l l e y  

i s  symmetr ic about  t h e  a x i s  (broken v e r t i c a l  l i n e )  o n l y  t h e  sou th  h a l f  

i s  shown. The i n i t i a l  s t a t e  ( a l s o  t h e  base s t a t e )  i s  shown i n  F i g u r e  
# 

10a. A c o n s t a n t  l a p s e  r a t e  (af3/az) o f  0.025 K/m extends t o  t h e  r i d g e  

t o p .  A l e s s  s t a b l e  t r a n s i t i o n  l a y e r  between t h e  s t a b l e  v a l l e y  c o r e  and 
I 

t h e  n e u t r a l  l a y e r  was formed by  t h e  c u b i c  s p l i n e  i n i t i a l i z a t i o n  and i s  

apparent  by t h e  d i s t a n c e  between t h e  289 K  and 290 K  i s e n t r o p e s .  The 
1 ' 1  

p l o t  i s  somewhat decep t i ve ,  however, as t h e  base s t a t e  tempera tu re  a t  
8 ,  ' 

t h e  528 m  l e v e l  i s  289.94 and marks t h e  e l e v a t i o n  a t  which t h e  sharp 
4 

g r a d i e n t  ends. There fo re ,  t h e  290 K i s e n t r o p e  i s  used as a  conven ien t  
'- r 

marker  f o r  t h e  i n v e r s i o n  t o p .  

The f i r s t  f e a t u r e  which i s  observed t o  deve lop i s  t h e  weak eddy 

c i r c u l a t i o n  a t  t h e  r i d g e - s i d e w a l l  j u n c t i o n  a f t e r  40 m inu tes  ( F i g u r e  l o b ) .  

The peak u p - d r a f t s  a r e  0.7 m/s l o c a t e d  over  t h e  r i d g e  400 m f rom t h e  

c o r n e r .  A s h a l l o w  ups lope w i t h  a  maximum speed o f  1.0 m/s feeds t h e  

c i r c u l a t i o n  f r o m  t h e  upper  e x t e n t  o f  t h e  s i d e w a l l .  The 290 K i s e n t r o p e  

can be seen d r o p p i n g  as t h e  r i d g e  warms s l i g h t l y .  P e r t u r b a t i o n s  i n  t h e  

p o t e n t i a l  tempera tu re  f i e 1  d o v e r  t h e  l o w e r  s i d e w a l l  can be seen as t h e  
. , C  

s u r f a c e  l a y e r  warms. 

F o r t y  m inu tes  l a t e r ,  t h e  c i r c u l a t i o n  over  t h e  r i d g e  has i n t e n s i f i e d  

as t h e  h e a t i n g  t h e r e  beg ins t o  fo rm a  thermal  l ow p ressure  r e g i o n  ( F i q -  

u r e  10c).  The peak winds a r e  now 2 . 6  m/s over  t h e  r i d g e  and t h e  ups lope 

f l o w  f e e d i n g  t h e  c i r c u l a t i o n  extends down t o  t h e  375 m e l e v a t i o n  l e v e l ,  

!, 



b u t  i s  s t i l l  weak (0 .5  - 1.0 m/s). Development o f  t h e  c o n v e c t i v e  bound- 

a r y  l a y e r  (CBL) o v e r  t h e  l o w e r  s i d e w a l l s  and f l o o r  i s  c l e a r l y  e v i d e n t  

by t h i s  t i m e .  An eddy over  t h e  f ! o o r - s i d e w a l l  c o r n e r  can be seen i n i -  

t i a t i n g  an ups lope wind.  These l o w e r  l e v e l s  have warriled t o  o v e r  2SO K 

from t h e i r  i n i t i a l  va lues  between 278-279 K. Sur face  h e a t i n g  has 

c r e a t e d  d i s t u r b a n c e s  which propagate th rough  t h e  s t a b l e  a i r  i n  t h e  fo rm 

o f  g r a v i t y  waves. An i n t e r e s t i n g  f e a t u r e  can be observed o v e r  t h e  s i d e -  

w a l l  between t h e  125 and 175 m  e l e v a t i o n  l e v e l s .  The t o p  o f  CBL i s  

capped by a  v e r y  s t a b l e  r e g i o n  which can be i d e n t i f i e d  by t h e  pack ing  

o f  i s e n t r o p e s .  Above t h i s  l e v e l ,  a  much l e s s  s t a b l e  r e g i o n  has formed 

o v e r  t h e  s i d e w a l l  r e s u l t i n g  f rom a  h o r i z o n t a l  convergence o f  mass f l o w -  

i n g  outward f rom t h e  v a l l e y  c e n t e r .  The 290 K i s e n t r o p e  has descended 

a lmost  t o  r i d g e t o p  t o  more c l e a r l y  mark t h e  i n v e r s i o n  t o p .  

F i g u r e  10d shows t h e  s t a t e  o f  t h e  v a l l e y  atmosphere a f t e r  100 min- 

u t e s .  The eddy over  t h e  l o w e r  c o r n e r  has become more o rgan ized  as t h e  

h e a t i n g  s t rengthened.  T h i s  c i r c u l a t i o n  has warmed t h e  CBL, b u t  i s  con- 

f i n e d  t o  t h e  l o w e s t  175 m  as t h e  s t r o n g l y  s t a b l e  l a y e r  o v e r  t h e  s i d e w a l l  

has p reven ted  t h e  ups lope  f r o m  p e n e t r a t i n g  t h r o u g h  t h i s  l e v e l .  A second 

enhanced s t a b i  1  i t y  r e g i o n  i s  apparen t  o v e r  t h e  s i d e w a l l  between t h e  225 

and 275 m e l e v a t i o n  l e v e l s .  As b e f o r e ,  t h e  o v e r l y i n g  a i r  i s  l e s s  s t a b l e  

as a i r  f rom t h e  v a l l e y  c e n t e r  converges o v e r  t h e  s lope.  The mass f l o w -  

i n g  outward f r o m  t h e  v a l l e y  c e n t e r  between 375 and 425 m  l e v e l s  forms an 

e l e v a t e d  r e g i o n  o f  i n c r e a s e d  s t a b i l i t y  o v e r  t h e  v a l l e y  c e n t e r .  There i s  

no ups lope wind below t h i s  e l e v a t i o n ;  t h e  a i r  can be seen t u r n i n g  and 

converg ing  o v e r  t h e  v a l l e y  c e n t e r ,  and a  l a y e r  w i t h  a much weaker l a p s e  

r a t e  forms under t h e  s t r o n g l y  s t a b l e  r e g i o n .  Weak subsidence over  t h e  

v a l l e y  f e e d i n g  t h e  upper l e v e l  d i ve rgence  i s  c l e a r l y  e v i d e n t  by t h i s  



t ime .  The ups lope t h i c k n e s s  has i n c r e a s e d  a t  t h e  s i d e w a l l  su~ri i i l i t  a n d  

t h e  accompanying c o l d  a d v e c t i o n  has caused t h e  i n v e r s i o n  t o p  t o  have a 

concave upward shape. 

D i f f e r e n t  s t a b i l i t i e s  i n  r e g i o n s  o v e r  t h e  s i d e w a l l  have c r e a t e d  two 

d i s t i n c t  c i r c u l a t i o n s  separa ted  by  t h e  s t r o n g l y  s t a b l e  l a y e r  i n  t h e  v a l -  

l e y  c e n t e r .  The l o w e r  one i s  somewhat masked by t h e  c i r c u l a t i o n s  o f  t h e  

,-I -,,growing CBL, b u t  i s  shown by t h e  lower ,  board d a r k  ar row.  A i r  nioves up 

. - t h e  heated s i d e w a l l  i n  t h e  s l o p e  f l o w  u n t i l  i t  encounters  t h e  s t r o n g l y  

s t a b l e  l a y e r  and l o s e s  i t s  buoyancy. I t  then  t u r n s  and f l o w s  toward t h e  

v a l l e y  c e n t e r .  The o t h e r  broad a r row shows t h e  upper c i r c u l a t i o n  where 

I mass d i v e r g e s  f rom t h e  v a l l e y  c e n t e r  and feeds t h e  ups lope l a y e r  o v e r  

t h e  upper l e v e l s  o f  t h e  s i d e w a l l .  r I . , 

J u s t  t e n  m inu tes  l a t e r  ( F i g u r e  10e) t h e  ups lope has p e n e t r a t e d  t h e  

s t a b l e  r e g i o n s  and t h e  l a p s e  r a t e  o v e r  t h e  s i d e w a l l  i s  much more un i fo rm.  

For  t h e  f i r s t  t ime ,  t h e  ups lope  f l o w  i s  con t inuous  over  t h e  e n t i r e  l e n g t h  

o f  t h e  s i d e w a l l  w i t h  speeds r a n g i n g  f rom 0.1 t o  1 .0  m/s. C r o s s - v a l l e y  

I F,, - ,  winds can be seen b e g i n n i n g  t o  m ix  o u t  t h e  r e g i o n s  o f  uneven s t a b i l i t y  

o v e r  t h e  v a l l e y  c e n t e r .  The CBL has grown t o  a lmost  200 m  and t h e  l o w e r  

p o r t i o n  o f  t h e  boundary l a y e r  has warmed as a  r e s u l t  o f  t h e  c i r c u l a t i o n  

_ i n  t h e  bot tom l a y e r s  o f  t h e  v a l l e y .  A  subsidence r a t e  o f  0 . 0 5 - 0 . 1  m/s 

' i n  t h e  l o w e r  p o r t i o n  o f  t h e  v a l l e y  has lowered t h e  284 K i s e n t r o p e  o v e r  

: '950 m. The maximum wind speeds o v e r  t h e  r i d g e  a r e  s t i l l  near  2.7 m/s. 

A f t e r  130 minu tes  t h e  i n v e r s i o n  l a y e r  has a  more u n i f o r m  shape as 

a  r e s u l t  o f  t h e  c r o s s - v a l l e y  f l o w s .  As can be seen i n  F i g u r e  10f, t h e  

i n v e r s i o n  t o p ,  s t i l l  a t  r i d g e t o p ,  i s  more h o r i z o n t a l .  The s t a b l e  c o r e  

between t h e  CBL and r i d g e t o p  now has a  n e a r l y  c o n s t a n t  l a p s e  r a t e ,  b u t  

i s  c o n s i d e r a b l y  l e s s  s t a b l e  than  t h e  o r i g i n a l  s t a t e  o f  t h e  v a l l e y  a t  



s u n r i s e .  The ups lope winds now range between 0.5 and 1.5 m/s. The 

c r o s s - v a l l e y  c i r c u l a t i o n s  have n e a r l y  d im in ished ,  excep t  i n  t h e  v e r y  

upper l e v e l s  o f  t h e  i n v e r s i o n .  The p o t e n t i a l  t e m p e r a t u r e U i n  t h e  CBL i s  

approx imate ly  284 K and t h e  l a y e r  i s  o v e r  200 m deep. Over t h e  r i d g e ,  

a  s t r o n g  eddy c i r c u l a t i o n  has developed and c r e a t e d  an i n t e n s ?  :,:idraft 

w i t h  v e r t i c a l  v e l o c i t i e s  i n  excess o f  1 .0  m/s. i. V , 4 s n s + 4 J  

F i g u r e  109 show$,the. v a l l e y  atmosphere a f t e r  153 n ~ i n u t s s  c f  nlodel 

t i m e .  The l a p s e  r a t e  t h r o u g h  t h e  s t a b l e  l a y e r  and t h e  sp'eed o f  t h e  up- 

s l o p e  wind remained n e a r l y  c o n s t a n t .  The t e n  m i n u t e  averages r e v e a l  a  

genera l  subsidence o f  0.03 m/s t h r o u g h  a l l  l e v e l s  i n  t h e  s t a b l e  core.  

The v e c t o r  p l o t ,  however, shows o rgan ized  areas o f  descending a i r  and 

n o t  a un i fo rm mot ion .  As t h e  a i r  e n t e r s  t h e  CBL, i t  i s  swept i n t o  t h e  

ups lope  f l o w .  The ups lope l a y e r  now shows no s i g n  o f  i n c r e a s i n g  t h i c k -  

ness w i t h  e l e v a t i o n  and t h e  i s e n t r o p e s  have a  n e a r l y  h o r i z o n t a l  shape. 

The s t a b i l i t y  o f  t h e  l a y e r  has been reduced t o  0.013 K/m, r o u g h l y  h a l f  

t h e  o r i g i n a l  l a p s e  r a t e .  > a  s 1 , I  > ? , ,  . * ,  .,, t , j , .  i lt37 

Afte,r 170 m inu tes  ( F i g u r e  lOh) ,  t h e  v a l l e y  atmosphere has reached 
'" ! , , . 

a  s t a t e  s i m i l a r  t o  t h a t  hypo thes ized  by Whiteman (1980),  i n  which t h e  

s t a b l e  l a y e r  s l o w l y  descends and feeds t h e  ups lope f l o w .  The 290 K 

i s e n t r o p e  has dropped 50 m o v e r  t h e  v a l  l e y  c e n t e r .  Organized areas of 

descent  r a t h e r  t h a n  u n i f o r m  s i n k i n g  a r e  a g a i n  apparent ,  b u t  i n  d i f f e r e n t  

l o c a t i o n s .  I t  appears t h a t  t h e s e  mot ions  a r e  t r a n s i e n t  c i r c u l a t i o n s  

t h a t  deve lop  f o r  severa l  m inu tes  i n  p r e f e r r e d  areas t h e n  d i m i n i s h .  Over 

. C 
l o n g e r  t i m e  frames, t h e y  r e s u l t  i n  a  near  c o n s t a n t  subsidence r a t e  f o r  

t h e  s t a b l e  l a y e r  as a  whole .  The ups lope wind s t r e n g t h  has inc reased  

t o  1.5 - 2.0 m/s .  Cold a d v e c t i o n  i n  t h e  slope l a y e r  has a g a i n  c r e a t e d  

a  concave upward shape i n  t h e  i s e n t r o p e s .  



Twenty minutes l a t e r  (Figure lOi) ,  the upslope wind speed has be- 

come more uniform over the length of the sidewall and averages close to  

1.5 m/s. The heat low over the ridge can be seen accelerating a i r  l a t -  

e ra l ly  from above the inversion to  a maximum wind speed of 3.3 m/s. 

Subsidence has lowered the 290 K isentrope an additional 50 111 arid t h ?  

now rapidly growing CBL i s  350 m deep over the valley center. After 

210 minutes, the inversion is  nearly broken (Figure 10j) and  the organ- 

ized daytime circulation i s  developing. The upslope winds have strength- 

ened even more to 2 . 0 - 3 . 0  m/s and are fed by a 0.5 m/s downdraft over 

' \ ,  
<the valley center.  The CBL approaches the inversion top a t  375 m 

elevation. . {. C1 

- ,,,,The ten minute averages of potential temperature over the valley 
' i , 7 ,, 

1 ' , . ,  center showing the evolution of the thermal structure are shown in Fig- 

. * ure 11. These profiles show average values for  the ten minute period 

ending a t  the labeled time. Starting with the sunrise profile on the 

f a r  l e f t ,  the development of the thermodynamic structure resulting from 

the valley dynamics can be traced as the boundary layer i s  heated. 

CBL formation can be observed a f t e r  just  60 minutes of mode1 time 

as eddy circulations confined to  the lowest layers m i x  the heat coming 

I -.c from the valley f loor  and lower sidewalls. The effects of the formation 

, ! ,  of the strongly s table  "pockets" of a i r  over the sidewalls which block 

I .  
+the slope flow appear a f t e r  120 minutes of model time. Between 275 m 

and 375 m, convergence of mass which resul ts  as a i r  encounters the 

s table  regions over the slopes and turns towards the valley center has 

caused the layer to  destabilize s ignif icant ly.  Above 375 m, divergins 

a i r  which feeds the upper slope flows i s  replaced by warmer a i r  from 

above and  a more s table  region resu l t s .  
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Figure 11. Ten minute average potential temperature profiles 
over the valley center for  Case 1. Time in minutes 
shown be1 ow prof i 1 es . 



r I I s  -. Just 20 minutes l a t e r ,  the a i r  t ravel l ing ip ' the lower slopes 

acquires enough buoyancy t o  penetrate the s table  pockets and form a 

continuous flow. As a r e su l t ,  the regions of differing s t a b i l i t y  a re  

rapidly mixed out t o  produce the profi le  shown. By t h i s  time, the 

s table  layer ' s  lapse r a t e  has been reduced from 0.025 t o  0.013 K/m. 

The remaining profiles reveal the dual e f fec ts  of the sinking stable 

core and growing CBL. The s table  layer warms through i t s  depth while 

: the neutral layer grows. After 210 minutes, the layer i s  nearly 
, J - . , ,- . i, ,.'! .,+ f.!: < , r 2 :I 

adiabatic and the inversion i s  broken. 6 

4 .  

. .  ' < .f9" 2- I-, " " " ,  ' 
i'. *,: ( 

,. . 

4.2. Case 2 Results .,, : , , . :  s . t  I , , ?  
.<., . +?  f 

For t h i s  simul ation, the amp1 i tude o f  the surface temperature flux 
( , ,-: 

was reduced t o  0.125 K m/s, 50% of the Case 1 value. As expected, the 
, -  ,; 

development of the boundary layer proceeded more slowly than in the 

reference case, but more de ta i l s  of the physics were apparent from the 

analysis. The i n i t i a l  s t a t e  of the valley atmosphere was the same as  
U 

tha t  shown in Figure 10a. As i n  the f i r s t  case, the f i r s t  signs of the 

effects  of the surface heating are  the development of circulations over 
? I ! + ,  

the ridge and the floor sidewall junction. After 60 minutes (Figure 

12a), the CBL has warmed to 280 K and the 290 K isentrope i s  s ta r t ing  

to  descend over the valley. The circulation i n  the CBL is  just begin- 
r 

ning to  form, while the one over the ridge is  more organized. 

Figure 12b shows many de ta i l s  of the interactions between the dy- 

namic and thermodynamic processes a f t e r  90 minutes. Two pockets of i n -  

creased stabi l i ty  are present over the sidewall , one between 125 and 

225 m elevation and a second between 325 and 400 rn. A t  the same eleva- 
t 

t ions over the valley center, the layers have destabilized s l ight ly  due 



-- - - - - 

..., 46 
I ? '  

t o  a horizontal mass convergence. Above these layers are regions where 

th i s  character is t ic  i s  reversed. The areas between 225 and 325 m and 

between 400 and 500 m have more s table  regions over the valley center 

and l e s s  s table  ones over the sidewall. There are  indications of an 

outflow from the valley center forcing a horizontal convergence over 

the sidewall. 

The s t a t e  of the boundary layer a f t e r  120 minutes i s  shown in Fig- 

ure 12c. The outflow of a i r  above 400 m i s  s t i l l  evident as i t  feeds 

the upslope wind over the upper sidewall. While winds i n  the upslope 

layer are less  than 1.0 m/s a t  a1 1 levels ,  the peak winds over the ridge 

have increased t o  over 1.2 m/s. Air in the levels immediately above the 

ridgetop elevation can be seen accelerating toward the ridge as the heat 

low intensif ies .  The 290 K contour has lowered to  ridgetop and clearly 

marks the inversion top a t  t h i s  time. A mean subsidence over the valley 

center averaging 0.06 m/s replaces the a i r  l o s t  t o  the cross-valley c i r -  

culation. The CBL has grown t o  over 150 m in depth and i t s  influence 

can be seen by the penetration of winds through the strongly stable 

yi't. , begion over the sidewall. As a resu l t ,  the lapse ra te  there i s  more 

uniform than before and mixing i s  eliminating the horizontal gradient 

a t  t h i s  level . 
After 140 minutes (Figure 12d) another pocket of very s table  a i r  

has formed over the valley sidewall between 225 and 325 m.  As a resu l t ,  

an isolated circulation has formed in the lower part of the valley with 

subsidence over the center,  an upslope flow between 1.0 and 1.3 m/s 

over the lower sidewall and a return flow towards the valley center 

between 0.1 and 0.2 m/s. The 50 m descent of the 284 K isentrope and 

the formation of a horizontal temperature gradient due to  advection 



confirms the presence of the circulation. The region of enhanced sta- 
, , 

r . > s  . ' T r , !  , > : ? : L l  , \. 1 

bil i t y  over the upper sidewall has been penetrated by the upslope flow 

beneath i t  and the lapse rate there i s  more uniform. Horizontal mixing 
4 

in the upper levels i s  acting to  also smooth the lapse rate over the 
2 

%.I 4 

valley center and diminish the horizontal temperature gradient between 
I 

J < s  

325 and 475 m. Cold advection i n  the upper inversion leyels has formed 
1 , r ( 4 3  -1 ! <$ 

a concave upward shape t o  the stable core. 
1 .  ' . '. 

Just 10 minutes 1 ater  (Figure 12e), th is  enhanced stabil i ty region - , - n i  -.I ! i l  

over the sidewall has forced a cross-valley flow to  form a convergence 
. . ' 

zone over the valley center. This circulation has again yielded a near 
Y 1  C '  I ' 

neutral layer surmounted by a much more stable region. After 160 min- 
4 i ; i  k .. 4 t ' . (> 

utes, the upslope wind has mixed out the differences in lapse rate over 
' Y  

the sidewall (Figure 1 2 f ) .  An organized cross-valley circulation 
t. . 

between 275 m and 475 m acts to destabilize the strongly stable zone 
- 1  f ' " - 

over the valley center and strengthen the s tabi l i ty  in the less stable 
, i  

layer below i t .  The previous wind patterns i n  these, regions have re- 
- .  

"! ; r , p .  y.,, $ . " -a . '1 

versed. Outflow of a i r  from the layer between 275 and 375 rn and conver- 

gence over the val ley center between 375 and 475 m i s  observed. The 

CBL has grown to almost 200 m i n  depth and has warmed to nearly 284 K. 
f 

Figure 129 shows the valley atmosphere after  180 minutes of model 

time. The CBL i s  over 200 m deep and the 290 K i sentrope has descended 

. .. I- 
farther into the valley. The lapse rate through the stable layer i s  a 

nearly constant 0.017 K/m, significantly less stable than the in i t ia l  

valley atmosphere. The upslope wind i s  s t i l l  not continuous and i s  only 
C i .I + i I ,  

:-,, . ! I  

evident a t  the sidewall corners. Heatingover the ridge has intensified 

1 - 4  
the eddy circulation there to form a very broad convective cell with 

peak updrafts of 2.1 m/s. The ten minute average data reveals weak 
I I .,' 1 .  

..&, subsidence over the valley center i n  the lowest 325 m. 



hb 1 4 . y  

Twenty minutes l a t e r  (F igure  12h), t h e  upslope wind i s  n e a r l y  con- 

t inuous  over t h e  l e n g t h  o f  t h e  s idewa l l .  Cross-val ley wSnds a re  a c t i n g  
m i  - 

t o  e l  im ina te  ho r i zon ta l  temperature g rad ien ts  and organized areas o f  

descent are s t a r t i n g  t o  develop. The CBL has warmed t o  over 285 K b u t  
- ,:, 3 ', 

has o n l y  grown t o  225 m by t h i s  t ime. Averages computed over  t h e  v a l l e y  
I /  !- ' 

cen ter  i n d i c a t e  t h e  presence o f  a  mean subsidence f i e l d ,  a  f ea tu re  ob- 
. -,,1-+ . . 

served by t h e  descent o f  t h e  isentropes.  Advect ion o f  c o l d  a i r  i n  t h e  
. , 

s lope f lows i s  c o n t r i b u t i n g  t o  t h e  development o f  a  h o r i z o n t a l  tempera- 

t u r e  g rad ien t  i n  t h e  upper l e v e l s ,  again g i v i n g  r i s e  t o  a cup-shaped 
, t tc 

i n v e r s i o n  top.  A f t e r  20 minutes (F igure  12 i ) ,  t h e  CBL has grown t o  over  
1 1; L? 

275 m and t h e  s lope f l o w  i s  w e l l  es tab l i shed  below t h i s  l e v e l .  The 
' .ir$ :.I L 18,  4 1 Lq y,;*, ,-*-, It:, 

s t a b l e  core  can be seen t o  1 i e  between 275 and 475 m over  t h e  v a l l e y  
. - -  

I .  

center  as t h e  290 K i sen t rope  has descended s i g n i f i c a n t l y .  The heat 
". 

low over  t h e  r i d g e  has f u r t h e r  developed and can be seen acce le ra t i ng  
- '.J .q ?q tj" J < 

ma&' toward t h e  l a t e r a l  boundary. Most c ross -va l l ey  c i r c u l a t i o n s  i n  

t h e  s t a b l e  a i r  have d imin ished and a mean subsidence a t  a l l  l e v e l s  over 
' L  

t h e  v a l l e y  center  o f  approx imate ly  0.01 m/s i s  ev iden t  f rom t h e  t e n  
. ;. 1f 

minute average data. 
L '  I 

I - 1  

The descent o f  t h e  s t a b l e  core i s  s t i l l  obvious a f t e r  240 minutes 
I .  --, ' * I 

o f  mode1 t ime (F igure  1 2 j ) .  The 288 K i sen t rope  has dropped t o  t he  
I t .  . 

325 m l e v e l  and t h e  entra inment  o f  a i r  f rom t h e  s t a b l e  l a y e r  base i s  
v .> ': t 

ev iden t  by t h e  appearance o f  t h e  287 K i sen t rope  i n  t h e  CBL. The up- 
.f i l-, ' 

s lope winds range between 0.4 and 0.8 m/s over  t h e  l e n g t h  o f  t h e  s ide-  

w a l l  and t h e  r a t e  o f  descent averages 0.1 m/s. Ten minutes l a t e r  (F ig -  
,, ? ,  , ? . + ? , ! *  

urgi12k), t he  288 K i sen t rope  has descended t o  t h e  275 m l e v e l  and marks 
! ? i i 

t he  top  o f  t h e  CBL. The upslope winds have increased i n  s t reng th  t o  
$ b 

greater  than 1.0 m/s over  t he  e n t i r e  l e n g t h  o f  t h e  s idewa l l .  Strong 
- u ,,,(: ' I .  r ' 1 3  I I. 4 



cold advection in the upper part of the inversion has exaggerated the  

concave shape of the 290 K isentrope. Organized downdrafts feed the 

upslope layer in the CBL and have acted to  lower the 290 K isentrope 

to  the 450 m level over the valley center. 

The upsf ope continues to  strengthen and the s table  core sink as the 

simulation continues. After 270 minutes (Figure 1 2 ~ ) ~  the peak upslope 

winds are over 2.0 m/s and the 290 K 1 eve1 has descended to  425 m eleva- 

t ion. The ten minute average data reveals tha t  the CBL i s  s t i l l  275 m 

deep with a s l ight ly  s table  region above i t .  By 290 minutes into the 

run (Figure E r n ) ,  the 289 K isentrope marks the top of the CBL and the 

organized daytime circulation over the val ley center i s  c lear ly evident. 

Descending a i r  feeds the upslope wind i n  the CBL and is  then transported 

through the upslope layer to  ridgetop. The CBL and inversion top meet 

a t  the 350 m level a f t e r  310 minutes of model time (Figure 12n) and the 

inversion i s  almost destroyed. The organized daytime circulation feed- 

ing the upslope winds and accelerating mass toward the heat low over 

the ridge are now dominant. The upslope wind now averages 2.0 m/s over 

the length o f  the sidewall and increases i n  depth only near the ridge- 

sidewall junction. 

Similar to  Figure 11, Figure 13 shows the evolution over the valley 

center as the development of the boundary layer progresses. Although 

the timing of the development of the observed features was different ,  

the structure of the boundary layer evolution was similar t o  that  in 

Case 1. Stable pockets once again form over the sidewalls as a i r  

travelling up the slope loses i t s  buoyancy i n  the stable a i r  then turns 

and converges over the valley center. As a r e su l t ,  the uneven thermal 

s t ra t i f ica t ion  evident a f t e r  140 minutes appears. The unstable 1 ayer 
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between 275 and 375 m i s  a consequence of the cross-valley convergence 

: *<  over the valley center while the s t ab i l i t y  of the overlying region i s  

,v; A increased as a resul t  of a cross-valley divergence necessary to  feed 

. - 7  

, - I: the upper slope flow. . * ? ~ J U L ' ~  1 , 

After the upslope has penetrated the s table  regions over the side- 

, i wall, the regions of different  s t a b i l i t i e s  rapidly mix out to  produce 

b ~ ! t  I the profile observed a f t e r  160 minutes. Once the continuous upslope 

, '  :<. '. . . . . , * = I  layer i s  firmly established a f t e r  200 minutes, the CBL grows while the 

, ! .:I stable core sinks to  destroy the inversion a f t e r  330 minutes. 

' . L ~  
J 

4 . 3  Case 3 Results 
' b  1 .  

For t h i s  simulation, the heating distribution was altered to  pro- 
b. 

vide more surface heating along the slopes, b u t  l ess  over the valley 

f loor .  The amp1 itude of the potential temperature flux function was 
0 'L ' 

s e t  t o  0.15 K m/s with the heating factors  s l ,  s2, s4 and s5 remaining 
'. \ [  .,I, 

the same as in the previous runs. The floor heating factor ,  s3, was 

changed to 0.333 so tha t  very 1 i t t l e  energy was input from the valley 
.,. . . fit: .\;tt~:~r"~ri! . I ,  . ,.# 0 :  ..fi 

floor.  This simulation was an attempt to  model a snow covered valley 
. '  3 

where the a1 bedo on the f loor  i s  higher than the forested sidewalls. 
. . i  

Total potential temperature flux from the sidewalls and f loor  was only 
' 

v .  
3% less  than in Case 2, therefore, the total  energy input to  the valley 

. , 

was approximately equal for  both cases. . . ' , *." '"7:' 4 (91 f.'. .- ! ) - J S & L . :  ;%J{ . :>  * f -~F,.),.J 

As before, t h e  i n i t i a l  s t a t e  of the atmosphere a t  sunrise i s  iden- 
) '4 

' >  
t i ca l  t o  that  shown in Figure 10a. After 60 minutes have elapsed, the 

"8 I ., 

development of the convective cel l  over the ridge has begun, b u t  there 
1 J 11. 

i s  no noticeable change in the structure of the lower valley (Figure 

14a). The winds over the ridge have already reached speeds greater than 



, , ...)I:ti 1 . 5  m/s, although there i s  no detectable upslope flow. The 290 K isen- 

. <  , trope i s  s ta r t ing  to  descend as the ridge warms s l ight ly.  Ninety min- 

, , utes into the run (Figure 14b), disturbances in i t ia ted  by heating over (1 

the sidewalls can be observed propagating into the s table  core. An up- 

IC t slope flow has developed over the upper sidewall with speeds between 

0.1 and 1.0 m/s. There i s  no indication of the formation of a CBL as 

even the lpvgst.  1 ayers of the model atmosphere are stably s t r a t i f i ed .  

Over the ridge, the circulation has intensified to  produce wind speeds 

of 2.5 m/s. The 290 K isentrope has descended to  near ridgetop level 

over the sidewall, b u t  s t i l l  i s  high in the undisturbed a i r  over the 
1 ' 4  

valley floor.  As i n  the previous simulations, areas df increased and 
i ,I, 0 -  

decreased s t ab i l i t y  over the sidewalls have been produced by the small 
I ' , :  $kt; - . 

circulation ce l l s .  

Two very stable pockets have formed over the sidewall a t  150 and 

375 m elevation a f t e r  110 minutes (Figure 14c) as a resu l t  of the loss 
,: ' & ,  c .l 

of buoyancy of a i r  moving u p  the slope. Once again, the effects  of 
, , 

. . ! . L:L' 

these regions on the thermodynamic structure of the s table  layer are 

evident in the uneven thermal s t r a t i f i ca t ion  over the valley center. 
I ' I  

Mass moving up  the slope i n  response to  surface heating encounters these 
> 

stable  pockets and flows toward to  the valley center where i t  converges 
F ,  - j r .  : 1 1  

and decreases the lapse r a t e  in the layer. To feed the slope flow above 

the stable pockets, a i r  flows outward from the valley center toward the 
t . ' I  

sidewall. An increased lapse ra te  in t h i s  layer i s  observed as the di-  
1 * 

verging mass i s  replaced by warmer a i r  from above. By t h i s  time, the 
-, ,,: * 

290 K isentrope has descended to  ridgetop level and serves as the useful 
,Ydr ' . J  I 

marker for the top of the s table  a i r .  
I L - ~ - I C  t t - ~ I I  ' ~ f i  ~ 6 5  4 d y  F?-. I ~ , i b n  <311 3 -rL - I 4  , !  

i 
t 



9. :?: 1 , :  As the surface heating continues to  intensify,  the a i r  warms suf- 
* 

f ic ien t ly  to  penetrate the s table  pockets of a i r  over the slope. This 
L I  resul ts  i n  the development of a slope wind over'; g;eater portion of the 

' ' sidewall, as can be seen in Figure 14d. As the lapse ra te  over the side- 
, t i  1 ,. . + f  A #.*, . ! *  I : , , > - ; ? ,  I , 

wall becomes more uniform, gravity waves propagate oitward 2nd smooth 

the profi le  over the valley center as well. Additionally, large eddies 

i enhance horizontal mixing in the stable core. One of these large eddies 
I 

" idhi be %!&liuin tli% c'etlter of the valley between 275 and 425 m.  The 

s table  core i s  significantly l e s s  s table  a t  t h i s  point than i t  was 
. - * , -  I 

originally.  Although the inversion top has moved l i t t l e ,  the 284 K 
-. , 

' isentrope has descended nearly 50 m in the lower half of the valley. 
1 I ' The f i r s t  signs of CBL development over the valley f loor  are  detected 

f 9 I c r ,  i - 4  ': I 
as an eddy forms above the f loor  sidewall corner. 

A j  * - )  : . < .  , - .  The s t a t e  of the valley atmosphere 160 minutes a f t e r  model sunrise 

appears i n  Figure 14e. A weak upslope wind can be seen over the length 

of the sidewall , except for  a small area above the middle section. The 

cross-valley circulations have diminished s ignif icant ly as the lapse 
"\ k <:L ; % -  ' 3  2 ra te  slowly becomes'more uniform through the s table  core. Circulations 

in the CBL have become more organized with a i r  from the valley center 

feeding the slope flow a t  the sidewall base. The t o p  of the s table  core 

i s  s t i  11 located near ridgetop. Over the ridge, the convective cel l  i s  
-11 . ' ' 

developing into a heat low and has created an updraft with vertical  
? A , , :  +, -:i (. - . A  ; ' 

. . 
! , . 1 , ;  > : ; 1 ,  ;, 

velocities exceeding 2 m/s. 
, j,.*t:<d. . . L f  ' " '  By 180 minutes into the simulation (Figure 14f) ,  the slope flow has 

' I i  
.ill - 

become continuous. The 1 imited amount of heat added a t  the valley floor 
.i - j  has severely res t r ic ted  the growth of the CBL. Evidence of inversion 

descent i s  apparent, b u t  the ten minute aver,ages show only very weak 



subsidence. The base o f  the s tab le  core, marked by the 284 K isentrope, 
l , t "  8'- 

has been lowered from an o r i g i n a l  e leva t ion  o f  270 m , $ t ,  12.5 m and the 

top o f  the invers ion has f a l l en  below 475 m. S im i la r  t o  the previous 
( 1  !t! 

b 
simulat ion,  no uniform subsidence i s  evident, but  r a t he r  regions o f  

organized downdrafts can be seen f lowing through the s tab le  a i r .  The 

upslope flow exceeds 1.0 m/s i n  many locat ions,  espec ia l ly  over the 

. , t ,  9' 
upper s idewal l .  The low pressure area over the r idge  has produced a  

. more hor izonta l  acce lera t ion toward the l a t e r a l  boundary i n  place o f  
4 4 I 

the c e l l  type c i r c u l a t i o n  there previously.  

A f t e r  200 minutes, cross-val ley c i r cu l a t i ons  i n  the form o f  l a rge  

eddies appear again i n  the s tab le  l aye r  i n  response t o  the stronger 

. I T 1  
heating over the sidewall  (Figure 14g). The growth o f  the CBL i s  s t i l l  

\ / I  4 1 1  

1 im i ted  as the p r i nc i pa l  source o f  heat t o  d r i v e  i t  comes from the lower 

. $ ,  9 t,' 

sidewal l .  Cold advection over the upper s idewal l  produces the fami l  i a r  

4 ..a I - -  
cup-shaped invers ion top. Strong co ld  advection from the CBL has acted 

I 7  v 
t o  form a region o f  increased s t a b i l i t y  over the lower sidewall  between 

'j.? ' r  
225 and 275 m. Although the s tab le  pocket i s  much weaker than those 

, formed e a r l y  i n  the simulat ion, i t s  e f f e c t  on the boundary l aye r  i s  

I d *  , 1, I 

s im i l a r .  Some o f  the  a i r  i n  the slope f l ow penetrates the pocket, but  

+ '  ; l t h  
a por t ion  o f  i t  turns and converges over the va l l ey  center w i t h  a  

3 l t ,  
r esu l t an t  decrease i n  the s tab i  1  i t y  o f  the 1  ayer. 

,-;, - . By 220 minutes i n t o  the s imulat ion (Figure 14h), the hor izonta l  tem- 

perature gradients have again mixed out  and a near uniform, but  weaker, 

I -4 
lapse r a t e  through the s tab le  a i r  i s  produced. The organized downdraft 

.{,+ i regions have moved t o  d i f f e r e n t  locat ions,  an i nd i ca t i on  t h a t  they are 

, . ; v 7 s 3  
t rans ien t  phenomena which act,  on the average, t o  provide a  uniform 

,. ,. y&~, i , $~p~p~  flqv ,.,In ,$htJ$.$g.t. e  T r,ai -- S, , P!qgs 12 ,$.$c,e;!eratgdl t o  over 4 -  0  mls 



c , .b ... as i t  flows toward the lateral boundary by the low over the ridge. The 

. ,  - : depth of the CBL is  s t i i  1 less than 150 m as the warmer a i r  above con- 

, .. tinues t o  slowly descend into i t .  Wind speeds in the slope flow are 

I .  ., .: . s t i l l  low and have even decreased over the upper sidewall where they 

. . . >  . . , , . ;  ; were previously the strongest. 

u.t-3; The stable core continues t o  destabilize in response to cross- 

, + - I '  :,. . # val 1 ey circulations which enhance horizontal mixing. After 240 minutes 
. . 

of model time (Figure 14j), the slope winds 'are s t i l l  below 1.0 m/s over 

, <  , J . .  much of the sidewall and the lapse rate through the stable core has been 

reduced t o  0.010 K/m. Twenty minutes later (Figure 14j), the f i r s t  

3 :  : signs of the steady daytime circulation can be seen as mass descends 

t i )  ''r , ' into the valley center a t  the higher elevations. The warming of the 

neutral layer i s  detected by the appearance of the 291 K isentrope over 
- 1  -1% ,=,: - t h e  ridge: . - 3  , " '  , ' 2  - . ; ' 7 1 ,  I I . 9 '  - I 

The remnants of the original inversion after 280 minutes can be 

seen lying between 175 and 425 m in Figure 14k. The upslope wind i s  

we1 1 developed by this time with winds in excess of 1.0 m/s over the 

1 ength of the sidewall . ~ubsidence*'rat& over 'the vall ey center range 

between 0.02 and 0.04 m/s as the stable core slowly sinks. By 300 min- 

. utes into the simulation (Figure 1 4 ~ ) ~  the original inversion top has 

fa1 len to 375 m.  The large scale circulation cell i s  very apparent with 

a i r  descending over the valley center t o  feed the slope flow. The a i r  

above the inversion has stabilized slightly due t o  the advection of warm 
F 

a i r  from the ridge t o  the valley center. 
,) . : 'I ' Y  ' ,  

Figure 14m shows the boundary layer 320 minutes after model sunrise. 
I T '  < 1 1  

The appearance of the 291 K i sentrope over the vall ey center i s  indica- 
i ' 

tive o f  the advective warming in the neutral layer. The 290 K level 



has descended t o  t h e  300 m l e v e l  w i t h  t h e  upslope f l o w  con t i nu ing  t o  

- *'C' ' 
draw a i r  f rom t h e  shal low CBL. The upslope l a y e r  increases i n  depth 

near t h e  s idewal l  summit i n  response t o  t h e  dynamic i n f l u e n c e  o f  the  

$ 4  : 7 '  
heat  low over t h e  r i dge .  Wind speeds over  t h e  s idewal l  have increased 

t o  over  2.5 m/s a f t e r  340 minutes (F igure  14n) o f  model t ime as t h e  

- ,=; lyf > l a s t  remaining l a y e r  o f  s t a b l e  a i r  descends i n t o  t h e  v a l l e y .  Twenty 

.minutes l a t e r ,  t h e  dayt ime c i r c u l a t i o n  has replaced t h e  t r a n s i t i o n  f lows : I & -  

, i n  t h e  v a l l e y  (F igure  140). 
11 ' I 

I ' d  : 3 
Figure  15 d e p i c t s  t h e  e v o l u t i o n  of t h e  thermal s t r u c t u r e  over  t h e  

,.:-! ,, v a l l e y  center  based on t h e  t e n  minute average data. Th is  s i m u l a t i o n  

I d i f f e r e d  g r e a t l y  from t h e  two prev ious  runs i n  t h a t  t h e  e n t i r e  s t a b l e  

l a y e r  s l ow ly  d e s t a b i l i z e d  as a  r e s u l t  of c ross -va l l ey  r e d i s t r i b u t i o n  o f  

heat.  The 120 minute p r o f i l e  d i s t i n c t l y  shows t h e  development o f  t h e  

l a y e r s  o f  increased and decreased s t a b i l i t y  r e s u l t i n g  f rom t h e  cross- 

v a l l e y   circulation^^ induced by t h e  fo rmat ion  o f  st_able pockets over t he  

1 & I  I $, s idewa l ls .  These reg ions  s l o w l y  mix o u t  and redevelop t o  g i v e  t h e  ap- 

- 1  Y 
pearance o f  a  s l o w l y  d e s t a b i l i z i n g  l a y e r .  A lso  ev ident  i n  t h i s  run  are  

t h e  slow descent o f  t h e  i n v e r s i o n  top,  t h e  gradual warming o f  t h e  over- + .  l y i n g  n e u t r a l  l a y e r  and t h e  l a c k  o f  CBL development. The steady daytime 

c i t c u l a t i o n  repla,ces,< t h e  c ross -va l l ey  f lows a f t e r  360 minutes and the  

I + ]  i n v e r s i o n  i s  destroyed. -, 8 1 

' C 

4.4 Case 4  Resul ts  
- I '+ fi . 

For t h i s  model s imu la t ion ,  t h e  v a l l e y  f l o o r  was widened t o  2 km and 

each r i d g e  was reduced t o  0.95 km i n  an at tempt  t o  determine t h e  e f f e c t s  
'L 

o f  v a l l e y  w i d t h  on boundary l a y e r  development. Both t h e  ampl i tude o f  

d ! - 
t h e  sur face  p o t e n t i a l  temperature f l u x  and t h e  heat ing  f a c t o r s  were 

' ~f .v 9 ,J ' - 1 1  I ,  
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identical t o  the Case 1 simulation as was the in i t i a l  s t a t e  of the atmo- 

sphere. As before, the f i r s t  feature to  appear in response to  the sur- 

face heating i s  a weak convective cell  in the neutral a i r  over the 

ridge. Shortly thereaf ter ,  an eddy forms a t  the base of the sidewall. 

r'-"--"'-- the f i r s t  indication of CBL formation. By 60 niinutes into the siniula- 

tion (Figure 16a),  the developinq heat low over the ridge i s  already 

accelerating a i r  toward the la teral  boundary. The eddy over the lower 

sidewall i s  causing gravity wave disturbances in the stable layers 

above i t .  

After 100 minutes (Figure 16b), the eddy a t  the sidewall base has 

grown into a 150 m deep CBL c i rculat ion.  Wind speeds over the ridge 

have increased to  over 1 .0  m/s through a 100 m deep layer. An area of 

increased s t a b i l i t y ,  similar to  those evident in previous runs, i s  

beginning to  form a t  the 275 m level.  The upslope a i r  can be seen turn-- 

ing and flowing toward the valley center as i t  loses i t s  buoyancy in the 

1- stable p o ~ k e t .  Twenty minutes l a t e r  (Figure 16c),  the effect  of these 

'U ; I ,  
.7 --- v. .  

circulations on the thermodynamic structure i s  apparent. A stable layer 

I caps the growing CBL above 200 m while the converging mass over the val- 

ley center a t  325 m has destabilized that  region. The 284 K isentrope 

has descended about 75 m since model sunrise as a resu l t  of subsidence 

, ,, i ~ , t h e  , lower 3:: half I P ~ ~ 1 2 ,  of ' J U  the . valley. . Heating over the upper sidewall has 
I 1 b r n  * T M \ L  1 -. ' ' 1  =.r-,ln< - *  # - I  

produced a weak upslope flow ( < 0.5 m/s) toward the ridge. Outflow from 

the valley center between 375 and 425 m has resulted in the formation of 

a very stable layer as the diverging mass i s  replaced by warmer a i r  from 

above. 1 

A s  the simulation continues and the heating ra te  increases, the 

mass i n  the slope flow warms suff ic ient ly  to maintain i t s  buoyancy in 



t he  s t a b l e  pockets over t h e  s idewa l l .  The upslope l a y e r  becomes con t i n -  

uous and a f t e r  140 minutes (F igure  16d), t h e  wind speeds exceed 1.5 m/s 

, over  t he  base and summit, bu t  a re  weaker over  t h e  midd le  sec t ion .  The 

; outward f l o w  o f  mass toward t h e  l a t e r a l  boundary cont inues w i t h  wind 

speeds near 2.5 m/s over  t h e  r i d g e .  Cold advect ion has produced the  

famil  i a r  cup-shape appearance t o  t h e  i n v e r s i o n  top.  A1 though t h e  

s t r o n g l y  s t a b l e  l a y e r  between 375 and 475 m i s  s t i l l  ev iden t  over t h e  

v a l l e y  center ,  cross-val  l e y  c i r c u l a t i o n s  i n  t h e  form o f  g r a v i t y  waves 

are  a c t i n g  t o  e l i m i n a t e  h o r i z o n t a l  temperature g rad ien ts .  Organized 

downdrafts can be seen pushing t h e  base o f  t he  s t a b l e  l a y e r  i n t o  t he  

_ CBL, which has warmed t o  over  284 K. 
. .  

F igure  16e shows t h e  e x t e n t  o f  boundary l a y e r  development a f t e r  

,4 *"  ,* . 160 minutes o f  model t ime. The CBL i s  growing very  r a p i d l y  i n  response 

, - t o  t h e  increased sur face  heat ing.  Over t he  v a l l e y  center ,  i t s  depth has f ' . 

increased t o  over  225 m and t h e  upslope winds a t  t h e  s idewal l  base have 

. . , I ,  , . a t t a i n e d  speeds approaching 2.0 m/s. By t h i s  t ime, cross-va1 l e y  c i  rcu-  

l a t i o n s  have smoothed t h e  lapse r a t e  through t h e  s t a b l e  core  u n t i l  i t  i s  

a near constant  0.015 K/m. Subsidence over t h e  v a l l e y  center  extending 

through t h e  depth o f  t h e  s t a b l e  l a y e r  i s  causing warmer a i r  t o  descend 

i n t o  t h e  v a l l  ey. A1 though average subsidence r a t e s  were n o t  ca l cu la ted  

f o r  t h i s  run, instantaneous values o f  v e r t i c a l  v e l o c i t i e s  a t  both 150 

and 160 minutes revea l  downdrafts exceeding 0.1 m/s through a deep l a y e r  

over t h e  v a l l e y  center .  A i r  f rom t h e  domain center  above t h e  i nve rs ion  

( .  moves toward t h e  heat low over t h e  r i dge .  Jus t  10 minutes l a t e r  (F igure  
It 

1 I '  1 6 f ) ,  t h e  CBL has grown an a d d i t i o n a l  50 m and i s  approaching 300 m i n  

depth. Large eddy c i r c u l a t i o n s  can be seen e n t r a i n i n g  a i r  f rom t h e  base 

o f  t h e  s t a b l e  l a y e r .  Cold advect ion cont inues t o  g i v e  t h e  t o p  o f  t he  

s t a b l e  core i t s  concave upward shape. 



,,,.,, ,,. As subsidence cont inues t o  s l ow ly  lower t h e  i n v e r s i o n  top, t he  CBL 

i s  growing r a p i d l y  t o  meet i t . A f t e r  180 minutes (F igure  169) a  shal low 

. -, bu t  s t ronger  i n v e r s i o n  caps t h e  CBL as the  entrainment o f  a i r  f rom the  

, .  , { ,  ,. s t a b l e  core  becomes more v igorous.  The upslope winds have a l s o  i n ten -  

,,1,, . s i f i e d  w i t h  speeds rang ing  from 0.7 m/s a t  t h e  375 m l e v e l  t o  3.0 m/s 

, a t  t h e  s idewal l  base. The t o p  o f  t h e  s t a b l e  l a y e r  has descended o n l y  

, s l i g h t l y ,  b u t  i s  l oca ted  below r i dge top .  Winds over  t h e  r i d g e  have 

...* \, . r ,  grown s t ronger  and exceed 3.0 m/s through a  200 rn deep l a y e r .  Ten min- 

I I , C. utes  l a t e r  (F igure  16h), t h e  descent o f  t he  s t a b l e  core i s  more obvious 

I ; w i t h  t h e  290 K isotherm loca ted  a t  t h e  450 m l e v e l .  The CBL has warmed ' I ,  

t o  over 287K and conta ins  thermal c i r c u l a t i o n s  very  s i m i l a r  t o  convec- 

, , - - .  c e l l s  found i n  mixed l a y e r s  over  f l a t  t e r r a i n .  

', - .:? . . t  , ' t ,  The i n v e r s i o n  t o p  begins t o  descend more r a p i d l y  as the  slope f low 

( q j : , , ,  ' j  continues t o  develop and i n t e n s i f y .  The 290 K i sen t rope has dropped an 

r ' I a d d i t i o n a l  50 m by 210 minutes (F igure  1 6 i )  and has n e a r l y  merged i n t o  

t h e  CBL. Upslope winds a re  more un i fo rm a t  t h i s  t ime w i t h  speeds aver- 

.- aging 2.0 m/s over  t h e  l e n g t h  o f  t h e  s idewa l l .  The upslope l a y e r  shows 

, no i n d i c a t i o n s  o f  i nc reas ing  depth w i t h  e leva t i on .  Organized downdrafts 

, ,  i n  t h e  upper l e v e l s  above t h e  s idewal l  base can be seen feeding the  up- 

I ,  . slope, w h i l e  a  separate convect ive c e l l  c i r c u l a t e s  over t h e  v a l l e y  f l o o r .  

A f t e r  230 minutes (F igure  1 6 j ) ,  t h e  CEL meets t h e  i n v e r s i o n  top  a t  t he  

, < , ,, , . 1 350 m l e v e l  and t h e  smal l  eddies i n  t h e  lower l e v e l s  a re  replaced by t h e  

l a r g e r  daytime c i r c u l a t i o n .  A subsidence f i e l d  o f  0 .1 - 0.2 m/s over t he  

v a l l e y  f l o o r  feeds t h e  upslope winds a t  t h e  s idewal l  base. The s lope 

( winds have n o t  increased i n  speed, b u t  have increased t o  100 m i n  depth \ 

,,- I . 8  s ~ - i o v e r  t h e  e n t i r e  s idewal l  leng th .  

I ' I  , . , 7 .  \ , -  I 
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Shown i n  Figure 17 a re  the instantaneous potential temperature 

p rof i l es  over the valley center a t  the labeled times. These p rof i l es  

appear t o  c losely  represent the  average s t ruc ture  of a ten minute 

period, as  no s ign i f ican t  deviations were found from f ive  point averages 

computed from data saved on the analysis  tape. The thermal s t ruc ture  

a f t e r  100 minutes shows the f i r s t  s igns of the influence of the closed 

c i rcu la t ions .  Capping the  125 m deep CSL i s  a shallow strongly s t ab l e  

layer  which l i e s  under an unstable region. These two layers  will 

quickly mix out and become par t  of the growing CBL. 

The next p rof i l e  c l ea r ly  shows the e f f ec t s  of the c i rcula t ions  

a f t e r  120 minutes of model time. The CBL c i rcula t ion i s  capped by a 

very s tab le  l ayer ,  much l i k e  ones found above growing mixed layers  over 

homogeneous t e r r a in .  ~e tween  275 and 375 m ,  an unstable region r e su l t -  

ing from the cross-valley convergence i s  evident under a more s tab le  

layer formed as  the outflow of a i r  a t  the higher l eve l s  continues. The 

remaining prof i l es  show the  gradual des tabi l iza t ion of the s tab le  layer 

due t o  cross-valley mixing, the descent of the  inversion top and growth 

of the CBL unt i l  the steady daytime c i rcu la t ion  f i l l s  the valley 

between 200 and 240 minutes. 

4.5 Case 5 Results P 

For t h i s  simulation, a more r e a l i s t i c  heating d i s t r ibu t ion  was i m -  

posed so t h a t  an east-west oriented valley lying a t  40' N was modeled. 

The amplitude of the  surface potential  temperature f lux remained a t  

0.250 K m/s as  did the heating fac tors  f o r  the  horizontal surfaces s l ,  

s3 and s5. However, the  sidewall heating fac tors  sq  and s4 were changed 

t o  1.17 and 0.77 respectively based on the  r e l a t i v e  d i s t r ibu t ion  of 
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Figure 17. Instantaneous potential temperature profi 1 es 

: I 
over the valley center for Case 4. Time in 
minutes shown be1 ow profile. 



di rec t  solar  flux on the day of the equinox (ievfeim, 1976). Sixty 

minutes a f t e r  model sunrise (Figure 18a),  the development of convective 

ce l l s  over the ridges and the CBL circulation i s  apparent. Wind speeds 

over the ridge exceed 1.5 m/s and the potential temperature a t  the CBL 

has reached 280 K. Only s l igh t  deviations from symmetric conditions 

can be detected a t  t h i s  point. 

After 80 minutes have elapsed (Figure 18b), the thermodynamic struc- 

ture  of the valley atmosphere remains nearly symmetric. Loss of buoy- 

ancy has caused a i r  moving u p  the sidewalls in the slope flows t o  form 

the familiar "stable pockets" over both sidewalls between 125 and 225 m .  

In these regions of increased s t a b i l i t y ,  the mass in the slope flows 

turns and converges over the valley center. Slope winds over both side- 

wall s near the summits feed' the developing heat 1 ows over the ridges. 

Subsidence above the valley replaces the mass loss  to  these slope flows 

in the elevated divergence region over the valley center. Two eddies 

have formed over the corners of the valley floor with a larger one c i r -  

culating over the more strongly heated slope. As the simulation contin- 

ues, another s table  pocket pair  forms over the upper sidewalls a t  350 m. 

By 100 minutes into the simulation (Figure 18c), the thermodynamic struc- 

ture over the valley center has been altered in a similar manner to  that  

in the reference simulation. The enhanced s t a b i l i t y  regions over the 

sidewall s force cross-val 1 ey convergence and destabil ization of these 

1 ayers over the vall ey center. Above these regions, divergence increases 

the s t ab i l i t y  in the overlying a i r  as mass moves outward to  feed the 

slope flows. Winds speeds over the upper sidewalls have reached 1.0 m/s 

by t h i s  time and the upslope extends down to  425 m .  Slope flows in the 

CBL reach the capping s table  layer with veloci t ies  averaging 0.5 m/s. 



Although the gross features appear to  be syrnme'tric,one important d i f -  

ference between the two valley sides i s  observed. The regions of en- 

hanced s t a b i l i t y  cutting off the slope winds are more s table  over the 

north-facing wall than over the opposite slope. I t  appears that  more 

intense heating over the south-faci ng wall has parti  a1 l y  overcome the 

advective cooling. 

Two separate circulations,  similar to  those formed i n  the reference 

simulation, develop as a resu l t  of the varying s t a b i l i t y  over the side- 

walls. Below 325 m y  converging mass in the valley center forces a mid- 

dle level subsidence. The growing CBL entrains mass from the base of 

the stable layer and feeds the slope winds. Above the lower circulation 

a cross-valley outflow feeds the upslope winds over the upper sidewall, 

and descending warmer a i r  replaces the diverging mass. After 120 min- 

utes, the increased heating ra te  gives the upslope a i r  enough buoyancy 

to penetrate the stable pockets over the sidewall and the separate c i r -  

culations break down (Figure 18d). However, the dis tor t ions in the 

potential temperature prof i 1 e over the val 1 ey center remain. Whi 1 e the 

284 K isentrope i s  over 50 m lower than was i n i t i a l l y ,  the inversion top 

has descended only s l ight ly.  Only s l ight  asymmetries are evident in the 

f ine structure of the valley atmosphere and s t i l l  no large cross-valley 

differences can be observed. A1 though the heating rates  over the south- 

facing wall are over 50% greater than over the opposite slope, the cross- 

valley potential temperature difference i s  less  than 1 K. Slope veloc- 

i t i e s  d i f f e r  by less  than 0.1 mjs and range between 1.0 m/s near the 

summits to  0.2 mjs over the center sections. 

After 140 minutes have elapsed, the horizontal temperature gradients 

have diminished and the lapse ra te  through the s table  layer i s  nearly 



constant (Figure 18e). Cross-vall ey c i rcul  a t i  bns have a1 so decreased 

a s  the  slope flows in tens i f i ed .  The heat low has produced an updraft 

region w i t h  speeds exceeding 1.0 m/s over the  r idge as  i t  draws a i r  from 

above the  valley.  Slope winds flow from the sidewall base through the  

200 m deep CBL and s t ab l e  l ayer  t o  the  sidewall summit. Counter winds 

can be seen flowing immediately above the  slope layers  on both sidewalls. 

Twenty minutes 1 a t e r ,  the cumulative e f f e c t  of these descending motions 

has been t o  lower the  inversion top s l i g h t l y  (Figure 18f ) .  Similar t o  

the  other  runs, the  locat ions  of the  organized downdrafts appear t o  

change w i t h  time and the  r e s u l t  i s  a time averaged subsidence of the  

s t ab l e  core. The CBL has grown an addit ional  50 m by t h i s  time and has 

warmed t o  nearly 286 K. The ridge c i rcu la t ions  have been transformed 

from convective c e l l s  in to  l a t e r a l  accelera t ions  toward the  boundaries 

w i t h  wind speeds exceeding 2.0 m/s. Average subsidence r a t e s  over the 

valley center  vary between 0.02 and 0.08 m/s as  the  s t ab l e  layer  begins 

i t s  period of rapid descent. 

The inversion top i s  located a t  the  425 m level 180 minutes a f t e r  

sunr ise  (Figure 18g) and is descending 0.06 m/s. Winds speeds i n  the  

slope flow average 2.0 m/s over the  lower sidewall but decrease as  the  

a i r  moves toward the  summit. A t  this point ,  ea r ly  signs of the  steady 

daytime c i rcu la t ion  appear a s  a uniform subsidence i n  the  neutral layer  

above the  valley.  For the  f i r s t  time, l a rge  asymmetries are  apparent 

as  cold advection resu l t ing  from the  stronger slope winds over the  south- 

facing slope have d i s to r ted  the  shape of the s t ab l e  core. Figure 18h 

shows more e f f ec t s  of the  d i f f e r en t i a l  heating 200 minutes a f t e r  sunr ise .  

The lower section of the  south-facing slope i s  warmer than the  opposite 

sidewall and generates a stronger slope flow. Over the  upper sidewall ,  



.. .. 
however, advective cool ing keeps the temperatures nearly equal on both 

I 

t sides of the valley. By t h i s  time, the top of the stable layer has 
I 

1 descended to 375 m while the CBL has grown to 300 m. The heat lows over 

the ridges continue to  accelerate mass toward boundaries with peak 

i 
[ velocities near 4.0 m/s. 

The steady daytime ci,rculation begins to  dominate the valley 

dynamics as the original inversion i s  nearly destroyed 220 minutes a f t e r  

the s t a r t  of the simulation (Figure 18i ) .  Wind speeds greater than 2.0 

I 
m/s extend over. the ?length , . E ; m - - y _ C 4 P , w  of both .sidewall -nLy-vl- s .. A near uniform subsidence ., >* 

. . - " P I  8 $4 
:7 ,, 3 

r , * . r -. 
over the vall$ center a t  a l l  le\iels I S  obviou; as the mass loss to  the 

slope winds i s  replaced. Air in the valley center has warmed to nearly 

+ .  290 K with the layers above the upper sidewalls and ridges reaching 
1. 

291 K as the surface heating continues to  grow stronger. 

i Figure 19, shows the average thermal structure over the v a l l e y  cen- 

t e r  as the simulation &ogresses. There are only minor differences 

between the development in t h i s  simulation and the Case 1 structure.  
1 . '  
I r- The closed circulations perturb the potential temperature f ie ld  in the 

v' 

stable layer and resul t  in the structure shown in the 100 minute profi le .  

! 
Qf particular in te res t  i s  the strongly stable layer between 375 and 

t 

425 m which has formed in response to  the cross-valley divergence a t  
I 

f. t h i s  level . The 1 ow 1 eve1 convergence region over the vall ey center 
* 

resul ts  in a 100 rn deep unstable layer forming a f t e r  120 minutes which 

erodes the base of the stable layer. As in Case 1, the development of 

continuous slope flows marks the onset of cross-val ley mixing and gravity 

wave propagation which together ac t  to  slowly smooth out the lapse ra te  

through the stable layer.  The stable layer then warms uniformly as i t  

descends into the valley. After 220 minutes, the CBL approaches the 

top of the stable a i r  and the inversion i s  destroyed. 



F igu re  18a-c. F i ve  minute average wind and p o t e n t i a l  tempera- 

ture % e l d s  a f t e r  ( a )  60 min., ( b )  80 min.,  and 
( c )  10 min.  f o r  Case 5.  

1! ; 



Figure  18d-f. F i ve  minute average wind and p o t e n t i a l  tempera- 
t u r e  f i e l d s  a f t e r  (d )  120 min. , (e )  140 s i n .  , and 
( f )  160 min. f o r  Case 5. 



i 
F igure  18g- i .  F ive  minute average wind and p o t e n t i a l  tempera- 

i lii t u r e  f i e l d s  a f t e r  ( g )  180 min., ( h )  200 min., 
and (i) 220 min. f o r  Case 5. 



Potentio l Temperature 
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F i g u r e  19. Ten m i n u t e  average p o t e n t i a l  tempera tu re  
p r o f i l e s  o v e r  t h e  v a l  1 ey c e n t e r  f o r  Case 5 .  
Time i n  m inu tes  shown be low p r o f i l e s .  



4.6 Comparison of Model Results with Observations 

Since t h i s  study was a theoretical evaluation of factors influenc- 

ing valley boundary layer evolution, no attempt was niade to simulate 

the development in a particular valley. Nonetheless, two of the valleys 

studied by Whiteman (1980) have character is t ics  similar t o  the model 

valley used in the simulations. The Eagle River valley near Edwards, 

Colorado, i s  700 m deep a t  the observational s i t e  with sidewall angles 

of 21" aTnd 10". This valley runs east-west and i s  1.45 km wide a t  the 

f loor .  The Yampa River valley direct ly  east  of Steamboat Springs, 

Colorado, i s  450 m deep and 2.58 km wide a t  the valley f loor .  A t  the 

study s i t e  the valley i s  oriented north-south and the sidewalls meet 

the floor a t  angles of 16" and 9". The data collected in the program 

were profi 1 es of wind, temperature, wet-bul b temperature and pressure 

taken over the middle of the valley using a tethered balloon sounding 

system described by Morris e t  a1 . (1975). 

Comparison of wind data was d i f f i c u l t  because the winds in the 

real valleys were dominated by the along valley flow, which, of course, 

was not studied in the cross-val ley simulations. The mean cross-vall ey 

pressure gradients giving r i s e  to  the two-dimensional circulations are 

very weak and are obscured in the high frequency disturbances ini t ia ted 

by the transient gravity waves. For example, the maximum winds gener- 

ated in the model simulations were approximately 4 m/s which bui l t  u p  

over a 500 m ridge during three hours simulated time. To achieve th i s  

speed in one hour requires a pressure difference of only 5.6 x mb 

.over the length of the ridge. On the other hand, transient gravity 

-4 
wave gradients approach 1 x 1 0  mb/m. This fac t  i s  not t o t a l ly  un-  

expected considering the nature o f  the orgins of the cross-valley 



circulations.  The forcing surface temperature f l  u x  i s  changing con- 

tinuously b u t  slowly and, therefore, acts  on a time frame much longer 

than the time required for  the atmosphere t o  compensate, characteris- 

t i c a l l y  the Brunt-Vaisalla frequency. Since the winds were of thert:ial 

origin,  examination of thermodynamic structures provided the best corn- 

parisons which could be made between the model and observational 

resul t s .  
. .- 

Figure 20a shows data collected in the Eagle valley during the 

morning t ransi t ion period on 12 October 1978 when the in i t i a l  lapse 

ra te  and depth of the stable layer were similar to  the model conditions 

Sunrise was l i s ted  a t  0717 LT and the in i t i a l  sounding was recorded 

0718 to 0728 LT. The next profi le  shows the s t a t e  of the boundary 

layer approximately 70 minutes l a t e r .  The stable layer appears to  have 

warmed s l ight ly  and the shallow layer a t  the surface, which was or ig i -  

nally much more s table  than the r e s t  of the valley a i r  mass, has a t -  

tained a lapse ra te  near that  of the overlying a i r .  

The next sounding was in i t ia ted  approximately 120 minutes a f t e r  

the f i r s t  and shows de ta i l s  revealed in the model simulations. A 

stable layer surmounts the 100 :n deep C B L .  Above t h i s  capping stable 

region l i e s  a 100 m deep neutral layer,  possibly formed by cross- 

valley convergence. Above t h i s  level i s  another enhanced stabil  i ty 

region similar to  the elevated divergence layers formed in the model 

simulations. The l a s t  profi le  was taken nearly 180 minutes a f t e r  the 

f i r s t  and shows the boundary layer in the l a s t  stages of transit ion 

as the daytime circulation begins to  dominate the valley. The super- 

adiabatic CBL l i e s  under a shallow, weakly stable layer which contains 

the remnants of the i n i t i a l  valley inversion. 
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Figure 20a: Observations of potential temperature profiles i n  Eagle 
-,, ; *  ' River Valley a t  sunrise, sunr ise t70 min., sunrise+ 

120 min., and sunriset180 min. 
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Figure 20b: Ten minute average potential temperature profiles from 
Case 1 simulation for same times shown i n  Figure 20a. 



Model soundings o f  the  t e n  minute average p o t e n t i a l  temperature 

p r o f i l e s  over the  v a l l e y  cen te r  f o r  t he  Case 1 s imu la t i on  a re  shown i n  

F igu re  20b f o r  comparison. The t imes o f  these p r o f i l e s  were chosen t o  

match the  observa t ion  t imes as c l o s e l y  as poss ib le .  Al though t h i s  was 

n o t  the  case study, t h e  s i m i l a r i t y  between the  model r e s u l t s  a rd  t he  

data i s  remarkable. The d e t a i l s  o f  t he  rliodel r e s u l t s  were descr ibed 

p r e v i o u s l y  and w i l l  n o t  be repeated here. 

F igu re  21a shows t h e  boundary l a y e r  developnient i n  the  Ya~iipa Val - 
l e y  on t he  morning of 9 August 1978. The p re -sun r i se  p r o f i l e  shows a  

more s t a b l e  lower  l a y e r  above t h e  sur face  unde r l y i ng  a  deeper l a y e r  

w i t h  a  weaker and more cons tan t  lapse  r a t e .  L i k e  t h e  Eagle v a l l e y  case, 

t h i s  data s e t  was chosen because the  i n i t i a l  c o n d i t i o n s  c l o s e l y  resem- 

b led  t he  model v a l l e y .  I n  t h i s  observa t iona l  study, t h e  CBL grew 

r a p i d l y  and o n l y  l i m i t e d  descent of  t he  i n v e r s i o n  t op  occurred.  Due 

t o  t h e  i n i t i a l l y  s t r o n g l y  s t a b l e  l a y e r  a t  t h e  sur face,  t h e  development 

proceeds s l ow ly  u n t i l  120 minutes a f t e r  sun r i se  when t h e  CBL begins t o  

form (second p r o f i l e ) .  The n e x t  sounding shows the  s t a t e  o f  the  v a l l e y  

195 minutes a f t e r  sun r i se  where t h e  boundary l a y e r  has grown t o  n e a r l y  

275 m and the  s t a b l e  l a y e r  above has warmed s l i g h t l y .  The f i n a l  sound- 

i n g  was taken about 250 minutes a f t e r  sun r i se  when the  i n v e r s i o n  i s  

n e a r l y  dest royed.  For comparison, F igu re  21b shows t h e  instantaneous 

p r o f i l e s  o f  p o t e n t i a l  temperature f o r  t he  wide v a l l e y  (Case 4 )  s imula-  

t i o n  a t  app rox i~na te l y  t h e  same t imes t h e  observa t ions  were made. Again, 

 here a re  s t r i k i n g  s i m i l a r i t i e s  i n  t he  d e t a i l s  a t  t he  thermodynamic 

s t r u c t u r e  as the  boundary l a y e r s  develop. The CBL grows r a p i d l y  and 

t o  a  l a r g e  depth i n  t he  wide v a l l e y  s imu la t i on ,  which c o r r e l a t e s  w e l l  

w i t h  t he  observat ions.  
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Figure 21a: Observations of potential temperature prof i 1 es in Yariipa 
1. 

b River Valley a t  sunrise,  sunrise+120 min., sunrise+ 
195 min .  , and sun r i se  + 250 min. , .  

, l 1  
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Figure 21b: Ten minute average potential temperature profiles from 
Case 4 simulation for  sunrise, sunrise t 120 min. , sun- 
r i  se + 200 min. , and sunri se + 240 mi n .  



4.7 Analys is  o f  Resul ts  
I -1 

a I The i n f l  uence of t r a n s i e n t  c i r c u l a t i o n s  l a s t i n g  30-60 minutes i s  

impor tan t  i n  t he  e v o l u t i o n  o f  t h e  thermodynamic s t r u c t u r e  i n  a11 o f  t h e  

r ,  model s imu la t ions .  These c i r c u l a t i o n s  r e s u l t  f rom the  forn lat ion o f  

s t r o n g l y  s tab le  pockets o f  a i r  b l ock ing  t h e  upslope f l o w  i n  t he  e a r l y  

stages o f  boundary l a y e r  developpent. I t  appears t h a t  as the  a i r  ad- 

/ ,  . j acen t  t o  t he  s lope i s  heated, i t  acqui res buoyancy and s t a r t s  t o  move 

up the  s idewal l .  However, t h e  pa rce l s  i n  t h e  s lope f lows do no t  heat 

s u f f i c i e n t l y  t o  ma in ta in  t h e i r  buoyancy as they  move i n t o  t he  warmer 

I ! r~ l aye rs .  As a  r e s u l t ,  mass " p i l e s  up" a t  one e l e v a t i o n  and forms the  

str-ongly atab1,e pocket o f  a i r  . , r  observed q , , < , a  i,n t h e  s imu la t ions .  A i r  moving 
, I  t , '  

up the  s idewal ls  i n  t he  s lope f lows encounters t h e  s t a b l e  pocket and 

r a p i d l y  loses i t s  buoyancy as we1 I .  Eventual ly ,  as t h i s  process con- 

t i nues ,  t he  f l o w  t u r n s  and converges i n  t h e  v a l l e y  center  from both  
l l r  

sd iewa l ls .  Above t h e  s t a b l e  pockets, a i r  f l ow ing  outward from the  v a l -  

l e y  center  replaces mass l o s s  t o  t h e  s lope winds. The o u t f l o w  from the  

middle o f  t h e  v a l l e y  i s ,  i n  t u rn ,  compensated by the  subsidence of 

, , - .  warmer a i r  f rom above. Uneven thermal s t r a t i f i c a t i o n  r e s u l t s  from 

these dynaniic processes w i t h  a  near neu t ra l  l a y e r  under ly ing  s t r o n g l y  
. . 

s tab le  reg ion  i n  t h e  v a l l e y  center  and t h e  reverse s i t u a t i o n  appearing 

over t he  s idewal l  . I 

The number, s t reng th  and t ime o f  format ions o f  these s t a b l e  

pockets determine t h e i r  e f f e c t  on boundary l a y e r  development. I n  t he  

re fe rence case (Case I ) ,  two separate c i r c u l a t i o n s  formed which caused 

the  lower p a r t  o f  t he  v a l l e y  t o  d e s t a b i l i z e  s i g n i f i c a n t l y  wh i l e  the  

upper p a r t  remained n e a r l y  unaf fec ted .  On t h e  o the r  hand, t h e  e n t i r e  

s tab le  core s lowly  d e s t a b i l i z e d  i n  response t o  t h e  development o f  many 
@ 1 '  



smal le r  and weaker s t a b l e  pockets as t h e  Case 3 s imu la t i on  proceeded. 

The o t h e r  mode7 runs showed e f f e c t s  s i m i l a r  t o  these two examples. 

L a t e r  i n  t he  morning, when the  hea t i ng  r a t e  i s  g rea te r ,  t he  parce ls  

acqu i re  enough buoyancy t o  pene t ra te  t h e  s t a b l e  pockets a n d  a con t inu-  

ous s lope f l o w  develops. A t  t h i s  p o i n t ,  g r a v i t y  waves o r i p i t i a t i n g  over  

t h e  s i dewa l l s  propagate h o r i z o n t a l l y  through the  s t a b l e  layer- and 
1 i>, ' ' , I , C ,  

smooth t he  1  apse r a t e .  The end '?e7sul t i s  a  deep 1  ayer between the  CBL 

and the  o v e r l y i n g  n e u t r a l  l a y e r  which i s  s i g n i f i c a n t l y  l e s s  s t a b l e  than 

i t  was o r i g i n a l l y .  
f I 

These t r a n s i e n t  c i r c u l a t i o n s  would be d i f f i c u l t  t o  i d e n t i f y  i n  an 

observa t iona l  s tudy t h a t  was n o t  designed s p e c i f i c a l l y  t o  d e t e c t  them. 
' ) {  

1 8  > : I < )  : , .P  ' 
They e x i s t  on t ime and space sca les  which a re  too'  small f o r  most i n s t r u -  

:.' 
menta t ion  t o  reso l ve  o r  produce e f f e c t s  which cou ld  e a s i l y  be m i s i n t e r -  

p re ted .  For exampl e, Whi teman (1980) assumed t h a t  t he  i r r e g u l a r l y  
' 1 ,  l 

shaped p o t e n t i a l  temperature p r o f i l e s  he observed r e s u l t e d  from the  

inst run lent  p e n e t r a t i n g  a  thermal plume. 
p .  - . I ' -  

A second obstac7e which may have caused researchers t o  be m is led  

i s  t he  h i s t o r i c a l  b e l i e f  t h a t  a  cont inuous s lope f l o w  formed over the  

l e n g t h  o f  t he  s i dewa l l  s h o r t l y  a f t e r  sunr ise .  The v a l l e y  c i r c u l a t i o n  

t h e o r i e s  mentioned i n  Chapter 2 a r e  based on t h i s  assumption. Wagner's 

(1938) c i r c u l a t i o n  r e q u i r e d  t h a t  mass d i v e r g i n g  s imul taneously  a t  a1 1  

l e v e l s  be c a r r i e d  by t h e  s lope f l ows  t o  t he  o v e r l y i n g  n e u t r a l  l a y e r .  

As midd le  v a l l  ey d ivergence proceeds, t he  stab1 e  core becomes inc reas-  
' , ?  

i n g l y  more s t a b l e  and t h e  heat ing  r a t e  a long t h e  s idewa l l  lriirst increase 

r a p i d l y  t o  ma in t i an  t h e  s lope f l ow .  Th i s  i s  u n l i k e l y  i n  v iew o f  the 

s l ow ly  changing na tu re  of any heat ing  f u n c t i o n  dependent on t h e  s o l a r  

c y c l  e. On t h e  o t h e r  hand, Scorer ' s  (1958) conceptual i z a t i o n  has mass 



converging in the va l l ey ren te r  a t  a l l  levels as some a i r  in the slope 

' ' I flows mixes horizontally. In t h i s  case, the s table  core would slowly 

destabilize and allow the parcels heated over the sidewalls to  retain 

the i r  buoyancy through a deeper layer. However, i t  i s  a loss o f  buoy- 

ancy which causes the parcel s to  turn and flow into the valley center, 

thus producing an inherent problem in th i s  theory. In order to  compen- 

sate  for  t h i s  increase i n  buoyancy, e i ther  the heating ra te  rlust de- 

crease, which i s  improbable, or the slope flow must accelerate rapidly 

I t o  reduce contact time, a feature which i s  not observed. Whiteman's 
1 , , c  ' +  I (1980) hypothesis concludes tha t  there are no s ignif icant  cross-val ley 
Y *  '' circulations.  All of the mass in the slope flows in his model originates 

' 4  in the CBL and i s  warmed t o  the neutral layer temperature as i t  travels 

u p  the sidewall. This process would be d i f f i c u l t  t o  establish in the 
' I >  

early morning hours when the heating rates  are low and the temperature 

differences are large.  - ' I '  

1 
To a 1 imited degree a l l  of these processes are seen in the model 

I simulations, with the i r  development dependent on time and elevation. 
' I  

Early in the simulations, outflows from the valley center appear in 
I 6  i 

layers above cross-valley convergence regions. Later in the morning, 
'i 

the val 1 ey atmosphere behaves much 1 i ke Whi teman ' s conceptual model, 

where continuous slope flows transport mass from the CBL t o  the neutral 

layer above the valley. ,'' 

Insight into the mechanisms controlling inversion destruction can 

be gained from comparisons between model runs. As expected, the strength 

of the surface heating has a great impact on the timing of inversion de- 
, A ' /  

struction. However, the de ta i l s  of the structure of the evolving valley 

1 , -  atmosphere are not substantially affected. Although the a~iiplitude of 



the surface potential temperature flux was only half of the Case 1 

value, the development of the Case 2 atmosphere paralleled the refer- 

ence simulation except for  a time lag. The elevation of the stable 

pocket development as well as the maxielui:~ depth and temperature o f  t!iz 

CBL were nearly equal. Due t o  the sinusoidal nature of the heatin9 

function, the same amount of energy i s  transferred to the vall ey atrno- 

sphere in the six hours required to  break the Case 2 inversion as i s  

transferred i n  the Case 1 simulation in four hours. 

The effects  of re la t ive  heating distribution between the floor and 

sidewall s can be found by examining the differences between the Case 2 

and Case 3 simulations. The total  energy i n p u t  to  the valley was nearly 

the same for  both runs and the i n i t i a l  inversion was destroyed in about 

the same time period. However, the de ta i l s  of the boundary layer de- 

velopment were dramatically different .  In Case 2 ,  where the floor i s  

heated as strongly as the sidewalls, the lapse ra te  becomes more uni- 

form a f t e r  the continuous upslope wind i s  established 200 minutes a f t e r  

sunrise. After t h i s  time, cross-val ley circulations diminish and the 

lapse r a t e  remains constant until the inversion i s  destroyed. I n  the 

Case 3 simulations, where the reduced heating over the f loor  prevents 

a deep CBL from becoming established, stable pockets s t i l l  form despite 

the presence of a continuous slope flow. As a r e su l t ,  part of the 

slope flow mass converged i n  the valley center a t  the elevations of the 

s table  -pockets. As many of these pockets formed and were l a t e r  de- 

stroyed, the stable core slowly destabilized until the inversion was 

broken. This type of circulation i s  n o t  surprising considering the 

1 arge potenti a1 temperature difference between the CBL and neutral 

layer. The parcels cannot warm f a s t  enough to maintain the i r  buoyancy 
I I 



i n  t h e  s lope  f l ows  and t h e  dynamics a re  s i m i l a r  t o  those seen du r i ng  t he  

i e a r l y  stages o f  t h e  o t h e r  s imu la t ions .  The slow d e s t a b i l i z a t i o n  con- 

s* t i n u e s  u n t i l  l a t e  i n  t h e  t r a n s i t i o n  p e r i o d  when t h e  steady dayt ime c i r -  

c u l a t i o n  begins t o  dominate t h e  dynamics. 

The r e s u l t s  o f  t he  wide v a l l e y  (Case 4 )  s imu la t i on  revea l  t h e  

e f f e c t s  o f  v a l l e y  w i d t h  on boundary l a y e r  evo lu t i on .  Th i s  v a l l e y  d i s -  

p layed deeper CBL development than any o f  t he  narrow v a l l e y  s imu la t i ons .  

A sharp i n v e r s i o n  formed as t h e  CBL grew and en t ra ined  a i r  f roi l l  the  

base o f  t he  s t a b l e  l a y e r ,  much l i k e  mixed l a y e r  growth over  f l a t  te) - -  

r a i n .  Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  Whiteman's (1980) observat ions 

which showed t h a t  i n v e r s i o n s  i n  s t r o n g l y  heated wider  v a l l e y s  were 

broken i n  much t h e  same way as noc tu rna l  r a d i a t i o n  i nve rs ions  over  t he  

p l a i n s .  Th i s  f i n d i n g  i m p l i e s  t h a t  t h e  i n f l u e n c e  o f  s lope processes on 

boundary l a y e r  e v o l u t i o n  d im in ishes  w i t h  d i s tance  from the  s i dewa l l .  

Observat ions taken d u r i n g  t h e  e a r l y  morning t r a n s i t i o n  pe r i od  i n  a  

broad, e leva ted  bas in  show no evidence of i n v e r s i o n  descent (Banta and 

Cotton, 1981), and f u r t h e r  suppor t  t h i s  conclus ion.  

Perhaps t h e  most s u r p r i s i n g  r e s u l t  o f  t h i s  s tudy was the  l a c k  o f  

any s i g n i f i c a n t  d i f f e r e n c e  i n  boundary l a y e r  s t r u c t u r e  between the Case 

1 and Case 5 s imu la t i ons .  It was thought  t h a t  t he  i n i pos i t i on  o f  t h e  

m idd le  l a t i t u d e  heat ing  d i s t r i b u t i o n  would a f f e c t  t he  e v o l u t i o n  o f  the  

v a l l  ey atmosphere. However t h e  development o f  t he  thermodynamic s t r u c -  

t u r e  over t h e  v a l l e y  cen te r  was n e a r l y  i d e n t i c a l  f o r  t h e  two runs,  

desp i t e  t he  dramat ic  d i f fe rences  i n  t h e  d i z t r i b u t i o n  o f  p o t e n t i a l  ter,i-. 

pe ra tu re  f l u x  from t h e  s i dewa l l s .  From t h i s  r e s u l t ,  i t  appears  t h a t  

a1 though re1 a t i v e  c o n t r i b u t i o n s  o f  heat  between s i  dewal l  s  and va l  1  ey 



floor are important i n  boundary layer s t ructure,  the redistribution of 

heat between sidewalls does not have a major influence. The model atmo- 

sphere d i d  not to1 erate  1 arge horizontal potential temperature gradients 

and reacted quickly to  communi cate di sturbances through gravity wave 

interactions.  
1" " " '  & '  

' f l  If i - i; , ; ,  



5.0 CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 
t i  9 I I A . : ~ - ~  s . . r 9  jf , - 

I ,, .i 

5.1 Conclusions 
,' " 

I t  has been shown that  the CSU Mu1 tidimensional Cl oi~cl/~lesoscal e 

Model i s  capable of simulating the tiiorning t ransi t ion period in tiarro\v 

mountain valleys. The model accurately reproduces the cross-valley 
, !  . ' f  i s ,  * 

features of morning inversion destruction which were observed in actual 

valleys. A neutral layer grows under the i n i t i a l l y  surface based stable 

a i r  mass a n d  forms a CBL over the heated surfaces. Upslope winds are 

ini t ia ted i n  sections over the sidewalls shortly a f t e r  sunrise, b u t  do 

not become continuous until  l a t e r  in the morning when the heating ra te  

increases. After t h i s  occurs, the slope flows carry mass from the CBL 

t o  the neutral layer above the valley and the inversion top slowly 
~ r -  I 

I , descends. 

I n  addition, the model resu l t s 'g ive  insight into the microscale 
.> ! 

physical processes which produce the observed phenomena. Transient c i r -  

culations which l a s t  from 30-60 minutes have a significant role in 

boundary 1 ayer evol ution. These patterns develop as very stab1 e pockets 
- I : ,  

of a i r  form overthe sidewall which cannot be penetrated by the upslope 

flow. As a r e su l t ,  cross-vall ey circulations develop which create a1 - 

ternating layers of converging and diverging flows in the valley center. 

The thermodynamic s t ructure i s  dramatically changed as these flows con- 

tinue and a variable laps$ Pate i s  produced. Once a continuous slope 

flow i s  established, the lapse ra te  of the stable layer becotlies \!lore 

uniform. As t h i s  point, the cross-valley circulations diminish and the 

lapse ra te  through the stable a i r  mass i s  much weaker than i t  was 
j * I  I * . .  

* .  % ! : ; ;  8 I , \ ! J , ' .  , , < 
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Heat i s  r a p i d l y  r e d i s t r i b u t e d  l a t e r a l l y  by ho r i zon ta l  m ix ing  and 

by g r a v i t y  waves propagat ing through the  s t a b l e  l a y e r .  These d i s t u r -  

bances a re  i n i t i a t e d  over  t h e  s idewa l l s  where sur face heat ing  cont inu-  

a l l y  per tu rbs  the  o v e r l y i n g  a i r .  Large ho r i zon ta l  temperature g rad ien ts  

4 never can form as these i n t e r a c t i o n s  a c t  r a p i d l y  t o  break down even 

- il small g rad ien ts .  Th is  r e s u l t  inipl i e s  t h a t  o the r  sca la r  r l ~ r a n t i t i e s ,  such 

as moisture and p o l l u t a n t  m a t e r i a l s ,  may be s i n i i l a r y  d i f f u s e d  r a p i d l y  

i n  a  ho r i zon ta l  p lane above the  v a l l e y  f l o o r .  Fur ther ,  d i f f e rences  i n  

1; hea t ing  r a t e s  over opposing s idewa l l s  do n o t  s u b s t a n t i a l l y  a f f e c t  bound- 

a r y  l a y e r  e v o l u t i o n  due t o  t h i s  r a p i d  r e d i s t r i b u t i o n .  I 

Heating r a t e s  and d i s t r i b u t i o n  a f f e c t  t h e  t r a n s i t i o n  process i n  a 

number o f  ways. To ta l  t ime requ i red  f o r  t h e  v a l l e y  atmosphere t o  reach 

i t s  steady daytime s ta te ,  t y p i c a l l y  3-6 hours a f t e r  sunr ise,  depends on 

. f t o t a l  energy i n p u t  and i s  unaf fected by d i s t r i b u t i o n .  However, t he  

s t r u c t u r e  o f  t h e  evo l v ing  boundary l a y e r  i s  g r e a t l y  changed when the  

heat  f l u x  form the  f l o o r  i s  t oo  weak t o  e s t a b l i s h  a  deep CBL. T h i s  

l a y e r  i s  c r u c i a l  t o  t h e  fo rmat ion  o f  t h e  cont inuous upsiope wind, ob- 

served 2%-5 hours a f t e r  sunr ise,  because t h e  i n i t i a l  hea t ing  i t  prov ides 

a l lows the  pa rce l s  t o  remain buoyant lonqer .  Th is  i n  t u r n  in f luences  

t h e  s tab le  l a y e r  s t r u c t u r e  as a  cont inuous upslope f l o w  i s  important i n  

i n h i b i t i n g  t h e  development o f  uneven thermal s t r a t i f i c a t i o n  w i t h i n  t he  

s t a b l e  a i r .  CBL development i s  a l s o  a f f e c t e d  by v a l l e y  w id th .  I n  

wider  va l l eys ,  deeper CBL development occurs over t h e  v a l l e y  center  

where the  thermodynamic and dynamic i n f l uences  o f  t h e  s idewal ls  a re  

n o t  as s i g n i f i c a n t .  

The r e s u l t s  o f  t h i s  research w i l l  be use fu l  i n  o the r  phases o f  t h e  

mountain v a l l e y  s tudy.  They w i l l  a i d  i n  p lanning f u t u r e  f i e l d  programs 

, ,. 



in which emphasis will be placed on observation of the controlling 

microscale processes. Along these same 1 ines, interpretation of exi st- 

ing field data will be easier if comparisons are made to the model 

, ' results. Also, this type of model study can be helpful in identifyin~ 

potential air qua1 ity problems in valleys in which future development 
_ I n  I 

\, 6 .  

' I  is anticipated. 
' r 

. ,I 

5.2 Suggestions for Future Research 

r This highly successful model 1 ing program could be continued to 

explore other facets of the valley inversion phenomenon. In its present 

. ! I  form, the model could be used to examine the effects of sidewall slope, 

orientation and initial atmospheric stability on the inversion destruc- 
- I I 

. ., tion process.' With minor modifications, particularly the inclusioq of  
c . * ? ;  

a surface radiation budget, two-dimensional simulations could be run 
* *  

to determine the dominant processes control 1 ing the nocturnal phase of 
7 .... the diurnal cycle, when the stable layer develops. Additionally, pas- 

sive tracers could be introduced to quantify the dispersion properties 

of the valley boundary layer. This report leaves unanswered the ques- 

tion of how the along-valley processes interact with the cr~ss-valley 
I ? ' $  , 

I thermodynamic and dynamic structures. An existing three-dimensional 
4 

version of the model could be adapted and run to give insight into this 
c* 

- A , . . . 
probl e_m as we1 1 . . . ' ,,;,A - , . . - - - - .- . / I  
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6. A b s t r ~ c t s  

A dry ,  two-dimensional version o f  t h e  Colorado S t a t e  Universi ty Multi- 
Di'mensional Cloud/Mesoscal e Model was used t o  s imulate t h e  cross-va l l  ey dynamic 
and thermodynamic s t r u c t u r e  in deep mounta'in va l l eys  during the  morning t r a n s i t i o n  
period when t h e  nocturnal invers ion '  .is, destroyed.  

Five s imulat ions were r u n  t o  examine t h e  e f f e c t s  of  v a l l e y  width, heating 
d i s t r i b u t i o n  and heating r a t e  on the  development of  t h e  va l l ey  boundary l aye r .  
The model rea l  i s t i c a l l y  reproduced t h e  gross f ea tu res  found i n  ac tua l  ,va l leys  i n  
both s t r u c t u r e  and timing. The simulated inversions were destoryed 3%-6 hours 
a f t e r  sunr i se  a s  a r e s u l t  of  a neutral  l a y e r  growing up from t h e  sur face  meeting 
a descending inversion top. 

All cases revealed t h e  dev.elopment of s t rong ly  s t a b l e  pockets of a i r  over 
t h e  s idewalls  which form when cold a i r  advected up t h e  s lope  loses  i t s  buoyancy 
a t  higher e levat ions .  These s t a b l e  pockets temporari ly block t h e  s lope  flow and 
force  t r a n s i e n t  c ross-va l ley  c i r c u l a t i o n s  t o  form which a c t  t o  d e s t a b i l i z e  the  
va l l ey  boundary l a y e r .  Gravity waves ac t ing  in  conjunction w i t h  ho r i zon ta l ly  . 

. t r a v e l l i n g  eddies and organized cross-va l ley  c i r c u l a t i o n s  r ap id ly  r e d i s t r i b u t e  
hea t  across  t h e  va l l ey  t o  prevent l a r g e  horizontal  potent ia l  temperature gradients  
from forming. As a r e s u l t ,  even l a r g e  d i f f e rences  i n  heat ing r a t e s  between opposing . 
sidewalls  do not  r e s u l t  i n  s i g n i f i c a n t  c ross-va l ley  potent ia l  temperature d i f f e r -  
ences. Higher sur face  albedos r eu l s t ed  i n  a longer t r a n s i t i o n  period w i t h  inver-  
s ion  des t ruc t ion  time dependent on t o t a l  energy input  t o  t h e  va l l ey  atmosphere.. . 

The case i n  which .a very h i g h  su r face  albedo over the  vall 'ey f l o o r  prevented t h e  
growth o f ' a  deep neutral  l a y e r ,  t h e  l apse  r a t e  through t h e  s t a b l e  l a y e r  slowly 
decreased a s  t h e  inversion top descended. Boundary l aye r s  in  wider va l l eys  a r e  
l e s s  influenced by sidewall e f f e c t s  and behave much 1 ike  boundary l a y e r s  over 
f l a t '  t e r r a i n .  Widening the  model va l l ey  from 1. km t o  2 km a t  t h e  f l o o r  produced 
a 100 m increase  i n  neutral  l aye r  depth a f t e r  two hours. 
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