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ABSTRACT OF THESIS 

I I 
e n t i t l e d  

OBSERVED CHARACTERISTICS OF TURBULENCE I N  

T$ ATMOSPHERIC BOUNDARY LAYER OVER MOUNTAINOUS TERRAIN 

dy examines t h e  l o c a t i o n  and development of tu rbulence  i n  

ours  of boundary l a y e r  development over mountainous t e r r a i n .  

y days a r e  presented  which i l l u s t r a t e  important  f e a t u r e s  

f days observed i n  t h e  mountains of c e n t r a l  Colorado. 

s i t e  is loca t ed  on a broad and e l eva t ed  p l a i n  c a l l e d  

ch is bordered on t h e  no r th  and west by r e l a t i v e l y  h igh  

s. Smaller mountains are p re sen t  t o  t h e  south and e a s t .  

ought t o  b e  a n  important  genes i s  a r e a  of convect ive 

g r a t e  o u t  on to  t h e  p l a i n s  of e a s t e r n  Colorado. 

s t u d i e s  use d a t a  taken dur ing  t h e  1977 South Park Area 

e n t  (SPACE). The primary source  of d a t a  is  t h e  NCAR 

f t .  Supporting d a t a  sources  inc lude  a su r f ace  network 

g i c a l  s t a t i o n s  loca t ed  throughout t h e  s tudy  a r e a  and 

ched 3 o r  4 t imes per  day. The d a t a  a r e  analyzed through 

t h e  use of t he  c i e a r  a i r  conserva t ive  v a r i a b l e s ,  mixing r a t i o  and poten- 

t i a l  temper u re .  Various terms of t h e  tu rbu len t  k i n e t i c  energy (TKE) 

equat ion,  t h  ught t o  be important  on t h e  d i f f e r e n t  days,  are analyzed i n  

a s p a t i a l l y  a ry ing  sense  which a l lows  f o r  h o r i z o n t a l  v a r i a b i l i t y  t o  be 

de tec ted .  
i 

of ca se  s tudy  day is cha rac t e r i zed  by ex tens ive  cumulus 

winds a l o f t  are gene ra l ly  l i g h t  and mois ture  is  a v a i l -  

t o  t h e  sou theas t  a t  lower s u r f a c e  l e v e l s .  The clouds 



4 originate over the mountainous areas apparently LIIC L sult of the con- I 

I *  
vergence of upslope winds. They can then act as a cot ing mechanism I I 

between the above-ridge-top and below-ridge-top air mqsses. Turbulent I 

d mixing and associated evaporafio1~a1 c~oling creates d mdrafts which I 1 
' 

I 
allow for the downward movement of higher momentum air loft. The for- 

mation of surface gust fronts and convergence zorn- ]-d their concomi- 

tant precipitating cloud systems, results. 

The second type of case study day is characterize1'- by strong dry 

westerly winds at mountain ridgetop that, by midaftern n. work their 

way down to the surface of South Park and the boundar layer becomes 

well-mixed and dry. The strong, upper-level winds re the surface 

when below-ridge-top air, being well-mixed due to heating, and 

r the above-ridge-top air, being well-mixed due to shea instability, ap- I . 
proach the same potential temperature. As a result o this the moisture, 

I 

initially available in South Park and also advected i from the southeast 

as morning upslope and upvalley winds, is flushed out f the Park and 

limited cloud development occurs. , , 

, i. 
David C. Hahn 
Department of nospheric Science I 
Colorado State University I 

I 
Fort Collins, JColorado 80523 
December, 1980' 
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d s p e c t r a  of v e r t i c a l  v e l o c i t y  f o r  28JUL and 3OJUL. 
~ i r c ;  t h e i g h t s ,  from which t h e  d a t a  a r e  taken,  a r e  
i n d i  a t e d  i n  t h e  c e n t e r .  A l l  p l o t s  a r e  normalized. The 
h o r i  ona l  l i n e  i n  each p l o t  r e p r e s e n t s  t h e  "no dominant 
s a c 1  " p o i n t  below which t h e  va r i ance  i s  considered t o  . . . . . . . . . . . . . . . . . . .  be i s i g n i f i c a n t  i 
cospdct ra  and quadspectra  f o r  the upper- level  a i r c r a f t  
f l i ~ d t  l e g s  on 28JUL and 30JLTL. Note t h e  d i f f e r e n t  . . . . . . . . . . . . . . . . . .  
Powel - 
a i r c l  
f o r  ( 

p e c t r a  of v e r t i c a l  v e l o c i t y  f o r  t h e  upper- level  
t f l i g h t  l e g s  on 14JUL and 15JUL. See Fig. A 1  . . . . . . . . . . . . . . . . . . . . .  a i l s .  

~ o w e t  s p e c t r a  of v e r t i c a l  v e l o c i t y  comparing turbulence  
abovb t h e  mountains w i th  turbulence  over South Park on 
a colllvective day. The upper-level a i r c r a f t  f l i g h t  l e g  
on 1 JUL is used here .  A cloud was p re sen t  over  t h e  . . . . . . . . . . . . . . . . . . . . . .  moun a i n s .  

. i 





the l o c a t i o n  and development of turbulence i n  

unefsble  atmospheric boundary l a y e r  over 

ehswn t o  r u b s t a n t i a l l y  inf luence  the 

l o c a l i z a t i d n  sf  highly  tu rbu len t  arras. 

The a d a t i e ~  v a r i a b i l i t y  of turbulence i s  analyzed through the  use 

o f  ti:rsis 1. t h e  t u r b u l e n t  kinetic energy (TKE) equat ion which i s  evalu- I *L:. , , aced on t w q  scslea o f  motion. ' ~ v e i a $ e d  doviat ione from t h e  large-scale 

mean flow i/ra used, represent ing  a l l  s c a l e s  of motion d i s c e r n i b l e  by 

t h e  a i r c r a t t ,  ae  well as averaged deviations f r m  t h e  emoothed data re- 

presenting small-scale motion, 

NCAR Queenair a i r c r a f t  d a t a  from t h e  1977 South Park Area Cumulus 

Experiment of Colorado S t a t e  Universi ty were used. The a i r c r a f t  f l i g h t  

l e g s  ware h , en te rad  over and around a broad, e levated  p l a i n  c a l l e d  South 

Park.  he p l a i n  i s  bordered on the  nor th  and west by r e l a t i v e l y  h igh  

mountain rbnges. East-west f l i g h t  p a t t e r n s  were flown above and t o  the  

lee of t h e  north-south mountain range bordering t h e  Park on its western 

edge. The f l i g h t s  occurred i n  t h e  morning hours when su r face  hea t ing  

begins. T h ree t o  four  d i f f e r e n t  f l i g h t  e l eva t ions  were flown a t  var ious  

l e v e l s  of khe boundary l a y e r  from 200 m AGL upward. 

Two t pes of case  s tudy days were chosen which i l l u s t r a t e  important L f e a t u r e s  o the  boundary l a y e r  on d i f f e r e n t  types of days i n  South Park. 

The f i r s t  s e t  of days, J u l y  1 4 a n d J u l y  15,  represent  f e a t u r e s  t y p i c a l  of 

days when lcumulus convection o r i g i n a t e s  over t h e  mountain peaks r e s u l t i n g  

i n  the fortnation of many clouds o r  cloud systems t h a t  p r e c i p i t a t e .  Winds 

a t  and j u s t  above mountain r idgetop  are l i g h t  and have l i t t l e  v e r t i c a l  



shear. The air is fairly moist. These conditions, ahd a favorable sur- 
I 

face pressure gradient that allows low-level moisture to reach South 

Park from the south or east, were generally observed 10 be necessary 
for significant cumulus development. 

The second type of day has strong dry winds at m untain ridgetop 

that eventually work their way down to the surface of South Park. There 

is either delayed or suppressed throughout the day. 

I 
is limited cumulus cloud development and the f ormatiob of precipitation 

Cross-sectional plots of the clear air conservat've variables,mixing 

ratio and potential temperature, made primarily from he aircraft data, 

are used to discern the basic characteristics of the oundary layer to I the lee of the mountain crest. Supplemental data sou ces include sur- 

face meteorological stations, rawinsondes, and a tethered balloon. Anal- I 
ysis of the TKE field allows elucidation of the nature of the turbulent 

flow. Calculations of buoyancy production were made on the convective 

days as this was considered to be the term of greatest importance. On 

windy days, calculations of buoyancy production, shear production, hori- 

zontal convergence of TKE, and advection of TKE were r e .  An estima- 

tion of dissipation was done for both types of days. Additionally, at- 

tempts were made to draw streamlines characteristic of the flow on the 

windy days. 

The study represents a somewhat unique examinatuon of the boundary 

layer since it takes place in a mountainous environm nt. Previous 

studies have focused on the boundary layer over flat surfaces or on I 
individual aspects of mountain circulations such as ave flow or slope- 

valley winds. This study attempts to integrate thes mountainous fea- 1 
rures with features of the developing convective bounbary layer. 



ROUND 

I 
, 2.1 Genewl Characteristics of the ABL Over Flat Surfaces 

I I 

eneral characteristics of the unstable planetary boundary 

at surfaces have been examined for over a decade now. Sev- 

iments and models derived from them suggest that we are ar- 

i I riving a 2 good conceptual picture of the developing unstable boundary 

st experimenters have interpreted their data in terms of the 

tin~tic energy budget equation. Turbulence is defined as de- 

viat ions rom mean quantities and partitioned into various production 

J .'E '1 

and t ran lrt modes. These are used to describe the development of the 

boundary 

;h Reynolds number atmospheric turbulence, the budget of tur- 

bulent k :tic energy per unit mass is expressed by (Lumley and Panofsky, 

- 1964)  , & I . .  I 

U. and 
1 

in the 

Ire the mean and fluctuating parts, respectively, of velocity 

lirection, and repeated -I 1, 2 i,ndices:re 1 4 .  sugned; T and T; are the 
. \  v 

mean and f tuating virtual temperature; p is the mean density; p the 

I 0 

fluctuatin -ressure; andgthe acceleration of gravity. The equation is 

! great] 
~plified in horizontally homogeneous conditions and most stu- 

1 

dies hav 
- ,een performed under these conditions. If it is assumed that 

mean aua .ties vary only in the vertical direction, the mean velocity U 



is unidirectional and aligned with the mean wind, tu 

and the TKE hudget is in equilibrium (i.e., the left 

zero), +5e simplified turbulent kinetic  en^^^ 

llence is isotropic, 

lnd side of (1) is 

~~uation becomes: 

2 2 uhere q2 = u2 + v + w . - .  

The rema$+ng terms are (i~. 9,rd.er) shear or - ..-:a1 production, 
f .  d . - !  - -  

~uoyant production, vertical turbulent transport, di sipation, and 

transport by pressure. The first four terms are mea urable and are 
i'. ~' 

often the considerations of experimental design. ~ h b  last term repre- 

sents the transfer of kinetic energy from one region/ in space to another 

due to correlations between fluctuating pressure and1 velocity. It cannot 

be accurately measured by present technology a1 1 psually assumed to 

be small and calculated as a remainder or residual ln uuugetconsiderations. 

The 1968 Kansas Surface Layer Experiment concer 

32 m of the boundary layer. The results showedanur 

. '. ! 
transports turbulence vertically to balance producti 

wind shear near the surface. Generally speaking, tt 

vides the turbulent input that drives the developing 

is a relatively thin layer of air being on the order 
> ,  

',' '* J .>,,I: , .: 
thick. 

1 3  ~ 7 ~ :  
The 1973 Minnesota Boundary Layer Experiment 

: I  J .I 
of the Kansas surface layer data to the mixed layer 

ated on the first : 

+ 
able surface layer 

--- due to heating and 

layer of air pro- t 

oundary layer. It 

f tens of meters 

irled an extension 

! it. The 

:eneralized structure is revealed by Kaimel -- et al. (r~76) Th- nix-' 

_ayer is considered to be an efficient zone of turb~ nt mixing : 

evidenced by t,he constancy of potential temperature 

. .* , 
that layer. A 



I l a t e r  pape by Caughey e t  a l .  (1979) analyzed the tu rbu len t  kinetic 

energy bud e t  of t h e  s u r f a c e  and mixed l a y e r s .  The energy balance 

terms show d a buoyantly-driven t u r b u l e n t  boundary l a y e r .  Shear pro- 
s !  

duct ion  wa s i g n i f i c a n t  i n  t h e  su r f ace  l a y e r  bu t  unimportant i n  t h e  mixed 1 
t he  v e r t i c a l  wind g r a d i e n t  w a s  smal l .  

f t  measurements have g r e a t l y  expanded boundary l a y e r  experi-  

mental cap b i l i t i e s .  Both t h e  Kansas and Minnesota experiments were i 
based on f '  ed-point sensor  measurements and were of n e c e s s i t y  one- 

dimensional and gene ra l ly  w i th in  t h e  s u r f a c e  l a y e r .  General ly ,  t he  a i r -  

c r a f t  r e s u l - s  (e .g . ,  Zubkovsky, 1970) have shown comparable r e s u l t s ,  but  

have a l s o  p ovided observa t ions  over a g r e a t e r  depth of t h e  ABL. I n  

add i t i on ,  a I r c r a f t  d a t a  have allowed t h e  e l u c i d a t i o n  of c e r t a i n  two- 

dimensional f e a t u r e s  of t h e  boundary l a y e r .  Lenschow (1970), examining 

the  c h a r a c t e r i s t i c s  of t h e  mixed l a y e r  over  r e l a t i v e l y  f l a t  (and t r ee -  

l e s s )  terra:.n i n  sou theas t e rn  Colorado, revea led  t h e  presence of elon- 

gated thermz.1~ s t r e t c h e d  i n  t he  d i r e c t i o n  of t h e  mean wind. The turbu- 

l e n t  k i n e t i c  energy budget showed similar f e a t u r e s  t o  t h e  Minnesota 

experiment. Nichol l s  (1978) has  revea led  semiorganized motion i n  t h e  

noundary l a y e r  over t h e  North Sea involv ing  convect ive rolls. 

Recent1 , a f e w  s t u d i e s  have focused on the  s p a t i a l  var iab i1 i t .y  I. 
of t h e  bound,,ry l a y e r  due t o  h o r i z o n t a l  inhomogeneities i n  su r f ace  

vege ta t ion ,  S o i l  type,  and i n  a l i m i t e d  sense ,  topography. Wood (1977) 

compared sur:face l a y e r  f l u x  d e n s i t i e s  of h e a t  and mois ture  from va r ious  

s i t e s  i n  southern  England, y e t  de t ec t ed  minimal d i f f e r e n c e s .  The 1974 

tmospheric Boundary Layer Experiment a l s o  over  England had 

ob jec t ives :  " to  i n v e s t i g a t e  t he  s p a t i a l  v a r i a t i o n  of h e a t  

f l u x  p r o f i l e  and boundary l a y e r  development". The r e s u l t s  g e n e r a l l y  



showed minimal horizontal variation in heat flux. n=*=r, these experi- 

ments still represented fairly uniform terrain featu: 2s. 

The general conclusions to be drawn from tiLcG Btudies of the un- 

stable boundary layer on a clear sunny day are tk flat surfaces 
I 

low-level buoyant production of turbulent kinetic en rgy drives the i 
ing boundary layer by the generation of warm thermalk near the surf; 

- which mix upwards into the boundary layer. The mixi] 

vertical turbulent transport of TKE. Diss 

. . energy is relatively constant with respect to heip 

. ., important in the surface layer, tends tc -all to min: 

;hear generat: 

- 
levels in the 

mixed layer. Some structural organization ma., also be present. 

, ,  . . A summary of the TKE budget terms is given in ~ 4 ~ .  2.1. 

I ' 

RESIDUAL-, 

. I  0 

.1 . 8 

DISSIPATION BUOYANCY I 
PRODUCTIO- 

Z i 
(ENERGY BALANCE TERMS) x - 

w 3  

Figure  2.1 Summary -- of termd"of the TKE budget equa~iic. Terms of 
the TKE equation nondimensionalized with respect to bllrface layer heat 
flux. The dimensionless terms are expected to be fu :ions of surface 
heat flux (included in W*) and boundary layer heigh . Note that the 

, f  vertical scale is logarithmic. Data is from the Min ;ota Boundary Layer 
Experiment. From Caughey and Wyngaard (1979). 



Ter ra in  

a d d i t i o n a l  terms i n  t h e  TKE equat ion  become important when 

a r e  considered.  I n  t h e  s u r f  ace  l a y e r ,  Pe te rsan  

a numerical model t h a t  f o r  a  su r f ace  roughness 

divergence become s i g n i f i c a n t  and g r e a t e r  

Surface inhomogeneities,  however, a r e  

vege ta t ion  changes t o  l a r g e  t e r r a i n  v a r i a t i o n s .  

R e c e n l y  Lenschow et  a l .  (1979) has  presented  d a t a  t h a t  i l l u s t r a t e s  i 
t h e  develo mental c h a r a c t e r i s t i c s  of an  evolving boundary l a y e r  over  

margina l ly  h i l l y  t e r r a i n  i n  which p o t e n t i a l l y  cooler  a i r  (4OK) has  i 
drained indo the  v a l l e y s  (10 km wide).  The d a t a  a r e  taken from too 

' L '  
'r 

sepa ra t e  s t e s  i n  e a s t e r n  Colorado where topographic v a r i a t i o n s  a s  high t 
a s  100 m/l km a r e  common. The l o c a l i z e d  pockets  of p o t e n t i a l l y  cool  9 

1 i r a d i a t i o n a l  cool ing  and dra inage  dur ing  the  n i g h t .  A s  
I 

begins  t h e  a i r  above t h e  r idge tops  becomes well-mixed 
I 

1 
I I 

I . . i n  t h e  v a l l e y  due t o  its h ighe r  p o t e n t i a l  temperature.  

air  from a l o f t  can then mix down near  the r idge tops .  

Above t h e  a l l e y s ,  s t a b i l i t y  dec reases  due t o  t h i s  higheL ~tstdentum a i r  4 
being brou$t down. The r e s u l t i n g  shea r  s t r e s s  then becomes l a r g e  

enough t e c t i v e l y  p u l l  t h e  p o t e n t i a l l y  coo l  a i r  ou t  of t h e  v a l l e y  

and a i d  i n  .e subsequent advec t ion  o f  warmer upstream a i r  a s soc i a t ed  

wi th  t h e  r: iigetop. A sudden r i s e  i n  temperature preceding a  rise i n  

wind speed py 20 t o  40 minutes is t h e  r e s u l t .  This  type of boundary 

i l q j e r  deve l  pment is d i f f e r e n t  from t h a t  o c c u r r i n g  over  f l a t  t e r r a i n  P 
t i n  t h a t  buc n t  product ion is not  a  major source of TKE i n  the val . leyn.  

I i 



These f e a t u r e s  of t h e  ABL occurr ing  over inhomo eneous t e r r a i n  a r e  

t h e  d i r e c t  r e s u l t  of topographica l  v a r i a t i o n s .  A s  t e  t e r r a i n  becomes 

more va r i ed  a d d i t i o n a l  cons ide ra t ions  a r e  necessary.  Steeper  s lopes  I 
al low t h e  development of upslope winds and more orga i zed  upval ley 1 winds. Forced a i r  flow over  a  mountain b a r r i e r  can e s u l t  i n  t h e  for -  4 
mation of g r a v i t y  waves and t h e  p o s s i b l i t y  of turbulence a s soc i a t ed  with 

them. 

2 . 3  Addit ional  Cons idera t ions  of a  Mountainous Boundary Layer 

t e r r a i n  such a s  mountains. Addi t iona l  f a c t o r s  considered such 

a s  s lope-val ley winds and t h e  formation of g r a v i t y  e s  induced by 

t e r r a i n  f e a t u r e s .  

2 .3 .1  Slope-valley winds 

Slope-valley winds have been s tud ied  f o r  a  long lime and a r e  an 

important cons ide ra t ion  i n  t h e  s tudy  of t h e  uns t ab le  @L over mountainous 

t e r r a i n .  Defant (1951) provides a  good summary of t h L s  flow (Fig. 2 .2) .  P 
Bas ica l ly ,  upslope winds a r e  caused by t h e  hea t ing  of 1 a i r  next  t o  t h e  

mountain s lope .  This  r e s u l t s  i n  t h e  formation of pott)!ntially warm a i r  

( r e l a t i v e  t o  ad j acen t  a r e a s  t h a t  a r e  a t  t h e  same and not  under 

t h e  in f luence  of a mountain) which begins  t o  flow 114 t o  3 / 4  of 

an  hour a f t e r  s u n r i s e .  The depth  of t h e  upslope flow is  t y p i c a l l y  100- 

200 m wi th  speeds of about  3-5 m / s .  

0d t h e  l a r g e r  s c a l e ,  v a l l e y  winds a l s o  show t h i s  d i u r n a l  v a r i a t i o n .  

The term v a l l e y  wind i s  used he re  t o  dcs igna te  flow oc4urr ing on a  s c a l e  

g r e a t e r  t han  t h a t  of a n  ind iv idua l  s lope .  Hence ~ a l l 4 ~  winds represent  

a  more organized flow no t  n e c e s s a r i l y  i n  t h e  l o c a l  t e d r a i n  f a l l  l i n e .  



S c h e m t i c  i l1us t rn : ion  of thd norr;; 
d i u r n a l  v a r i a t i o n s  of t h e  a i r  i u r -  
r e n ~ s  i n  a  v a l l e y .  (.;f:?r F. Deian: 

r~ii .  - - 
( a )  Sunr i se ;  onse t  c.5 upslo;'? ~ - i ~ ; s  

(whi ts  nr rows) ,  continua tic:^ of 
mountain wind (b lack a r r u ~ s ) .  Val ley  
co ld ,  p l a i n s  warm. 

( b )  Forenoon (about 1900) ;  s t ron ;  
s lope  winds, t r a n s i t i o n  frc-. moiln- 
t a i n  wind t o  v a l l e y  wind. :'all;.;: 
t e z p r a t u r o  saxe  a s  p l a i n s .  

(c)  Soon and e a r i y  a f t e r c ~ s n ;  
di-inishin",llupe r:inds, f u l l y  de- 
veloped v a l l e y  wind. Valley \gamer  
than p l a i n s .  

(d) Late  a f t e r n s s n ;  s 1 0 ~ o  winds 
have ceased,  v a l l e y  wind con t inues .  
Val ley  con t inues  r;amer t h a n  p l a i n s .  

( e )  Evening; o ~ l s s t  of dot;i~slo;re 
winds,  d iz t in ishing v a l l e y  v ind .  
Valley only  s l i g h c l g  w a m ~ r r  t han  
p l a ins .  

( f )  Ear ly  n i g h t ;  weli-deve1o;ed 
dormslopc winds,  t r a n s i t i z n  f ron  
v a l l e y  wind t o  noilntain wind. \ ' a l ley  
and p l a i n s  a t  same tempera ture .  

(g) Xiddle of n i g h t ;  do~ ins lope  
winds con t inue ,  muuntsin vind f u l l y  
developed. Val ley  c o l d e r  than p l a i a s .  

(h)  La te  n i g h t  t o  norning: down- 
s lope  winds have ceased,  mountsin 
1;ind f i l l s  v a l l e y .  Val ley  c o l d e r  
than p l a ins .  

Figure b .2  Schematic of t h e  i n t e r a c t i o n s  between v a l l e y  winds and 
s lope  winds kor a complete 24 hour d i u r n a l  cyc l e .  From Defant (1951). 

I 

Mountain v a l  ey winds u s u a l l y  beg in  somewhat a f t e r  s l o p e  winds, accor- P 
ding t o  t h e  b ize ,  shape, and a spec t  of t h e  va l l ey .  

Both slbpe and v a l l e y  winds a r e  i n d i r e c t l y  t h e  r e s u l t  of s o l a r  

hea t ing  and bornmenee e a r l i e r  on s lopes  which f a c e  eastward t o  r ece ive  

r a d i a t i o n .  

(1979) have provided a summary of t hese  e f f e c t s  

pe r t a in ing  t t h e  p a r t i c u l a r  mountain l o c a t i o n  of t h i s  s tudy.  i. 



2 . 3 . 2  Mountain b a r r i e r  f low 

The e f f e c t s  of a i r f l o w  over  mountain b a r r i e r s  i a l s o  of r e l evan t  I concern. Like s lope-va l ley  winds, t h i s  has  been a p pu la r  a r e a  of re- 7 sea rch  r e s u l t i n g  i n  t h e  d e s c r i p t i o n  of g r a v i t y  wave henomena (5-25 km 

wavelengths) i n i t i a t e d  by a mountain pe r tu rba t ion .  p p l i c a b l e  require-  1 
ments f o r  g r a v i t y  waves a r e  summarized by Alaka (196 ) .  The wind d i rec-  P t i o n  must be w i t h i n  30' normal t o  t h e  r i d g e  and f o r  he South Park a r e a ,  

which i s  bordered on i t s  wes tern  edge by a  1300 m mo n t a i n  b a r r i e r ,  a  I 
windspeed of a t  least 7 m / s  i s  necessary.  Winds of $ h i s  magnitude and 

d i r e c t i o n  are common i n  t h e  summertime j u s t  above r i  getop i n  Colorado. f In  a d d i t i o n ,  a  " s t a t i c a l l y  s t a b l e  l a y e r  of a i r  nea r  he  l e v e l  of t h e  f 
mountain t o p  w i t h  l a y e r s  of lesser s t a b i l i t y  above add below" is 

requi red .  These cond i t i ons  a r e  f r equen t ly  found i n  houth Park.  Also, a s  

w i l l  be d iscussed  i n  Sec t ion  3.3, a  s t a b l e  l a y e r  of ir is  f r equen t ly  

observed about 1800 m above t h e  apex of t h e  Mosquito mountain range. I t  1 
is t o  some ex ten t  t h e  r e s u l t  of t h e  previous days bo ndary l a y e r  top but  

seems t o  be accentuated over  mountainous t e r r a i n  dur 'ng I t h e  n igh t .  

F i n a l l y ,  f o r  l a r g e  amplitude waves t o  occur ,  wikd speed should in- 

-1 
c rease  s t e a d i l y  w i th  he igh t  t o  va lues  of approximateby 30 m s a t  t h e  

tropopause with l i t t l e  v e r t i c a l  change i n  d i r e c t i o n .  

2 .4  In te rpr_e ta t ion  of t h e  TKE Equation 
I 

Previous boundary l a y e r  s t u d i e s  have r e l i e d  on o r i z o n t a l  homo- 

gene i ty  a s  a  s imp l i fy ing  assumption. This allowed a ! easy "1st order"  

i n t e r p r e t a t i o n  of t h e  TKE equat ion.  Pe r tu rba t ions  a. o u t  a  mean quan t i t y  

could be considered a s  s p a t i a l l y  equiva len t  i n  t h e  h r i z o n t a l  and 

ca l cu la t ed  a s  averaged p r o p e r t i e s  of a  p a r t i c u l a r  he ' gh t .  I However, i n  



a horizonta ly varying turbulent field, one is forced to abandon this ? 
e localization of turbulence is important. 

j 

It bec+es desirable to display the data in such a way that the 

spatial varijbility of TKE is shown. This was accomplished by computing 

deviations dram a flight leg mean value and displaying the data in their 
proper spat jal location. All turbulent calculations were smoothed with 

a low pass flilter with a cutoff wavelength of 4 km. The actual method 

is outlined in Appendix A. 

, it is desirable to partition the turbulence into size 

that the contribution of different wavelengths can be ex- 

plored. ~ow/er spectral analysis (Appendix B) showed that most of the 

variance oc4rs on scales of motion greater than 1 km, so two size ranges 

were chosen. First, deviations were calculated which represent motion 

occurring at/ all wavelengths by taking deviations from the mean value of 

a variable dn a particular flight leg. Due to the distribution of tur- 

bulent ener y, this represented motion primarily at wavelengths greater pi 
than 1 km. Secondly, the smaller scale turbulence was calculated by 

i 18 

taking deviations from the data after it was low pass filtered to a cut- 

off wavelendth of 1 km. This method had the added attraction of filter- 

ing out unwdnted deviations in the mean flow caused by the mountainous 

topography. Airflow will sometimes conform with the terrain features and 

of a semi-stationary flow regime oc- 

In actuality, the motion is not 

of this study, buoyant production is calculated on 

days. Shear production is calculated on July 28 

and July 30 when the mean vertical wind gvdient was significant. No 

/ 



attempt was made to calculate vertical turbulent tran port. It is dif- 

ficult to measure for several reasons. There were a imited number of 

observation levels (3 to 4) which were often separate by 500 m eleva- 

tion or more and in time by as much as 30 minutes. i accurate vertical gradient would therefore be difficult to measure. Fu ther, the flight 

legs were of varying lengths as necessitated by the opography which 

meant that only one-half of the study domain containe all of the flight 

legs. Also, the flight legs are not always vertical1 aligned, differing I 
by as much as 1 km. Pressure transport of turbulence is not accurately 

measurable by the aircraft sensor system, and is gene ally assumed to T 
be small. 

The dissipation of turbulence is sometimes ted from the longi- 

tudinal (along the axis of the aircraft) In this 

study, it is estimated from the variance of the longi udinal velocity. 

The data are first filtered with a high pass Lanceos 1956) filter so 

that only wavelengths less than 250 m (and greater th n 40 m) are con- I sidered. If this spectral band is assumed to be in t e inertial sub- 

range, where TKE per unit wavenumber, or spectral den ity, is prsdicted 1 to vary according to the Kolmogorov-Obukhov 2/3 law f r the structure 

function, it is possible to obtain an estimation of d ssipation. Al- 1 though this is somewhat crude, it allows a representa ion of the hori- 

zontal variability of dissipation. The actual method f of computing dis- 
sipation and the other measurable terms is included id Appendix C. 

On July 30, an attempt was made to calculate two additional trans- 

port TKE terms not usually measured under horizontally homogeneous con- 

ditions. These were the horizontal advection of TKE 



and hoi :a1 u-diverge of TKE 

I 

e of TKE is d i f f i c u l t  t o  a c c u r a t e l y  po r t r ay  i n  only one 
I t 

p e c i a l l y  when t h e  unca lcu la ted  v e r t i c a l  divergence i s  of 

I ' gni tude ,  y e t  an  a t tempt  is made t o  c a l c u l a t e  i t .  

This  s t  dy does n o t  r e p r e s e n t  an  a t tempt  t o  c a l c u l a t e  a  TKE k ' 1 . . .  
budget.  Rat e r ,  i t  is an  a t tempt  t o  i l l u s t r a t e  t h e  r e l a t i v e  importance 

I ! Q ,  P 
and l o c a l i z a  i on  of va r ious  terms of t h e  TKE equat ion  on two d i f f e r e n t  

r' * 

boundary l a y e r  over  mountainous t e r r a i n .  
I > ',!I 1 

1 .i : 

, I - .  : 1 . I;. 



A 3.0 DATA SET 

3.1 South Park Area Cumulus Experiment 

The 1977 Colorado S t a t e  Un ive r s i t y  South Park Ar 

ment (SPACE) was a comprehensive summertime meteorolc c a l  program. The 

a:. 
f i e l d  po r t ion  of t h e  program w a s  l o c a t e d  i n  c e n t r a l  

c 

broad, e l eva t ed ,  and l a r g e l y  t r e e l e s s  p l a i n  c a l l e d  S 

: ' J  hfi A ' 
The a r e a  is r e l a t i v e l y  f l a t  and averages about 2.9 kn 

is bordered on its wese tern  edge by t h e  Mosquito Mour 

*n .: f '  h &  
north-south. Previous f i e l d  programs conducted i n  1 9  

SL. South Park 

i n  Range running 

1974, and 1975 
1 .  l r r  1.: ., d 

have i d e n t i f i e d  t h i s  range a s  a s t rong  genes is  r eg io  f o r  cumulus and 1 
cumulonimbus clouds.  For 1977,  t h e  scope of t h e  S P A ~ E  was expanded. 

A t t en t ion  was focused on t h e  r o l e  of t h e  mountains a r  

in f luenc ing  t h e  mesoscale c i r c u l a t i o n  and p r e c i p i t a t i  

South Park i n  

p a t t e r n s  on t h e  : 

e a s t e r n  p l a i n s  of Colorado. 

A l a r g e  v a r i e t y  of f i e l d  equipment was deployed 
' t h e  s tudy.  Much 

of i t  was loca t ed  a t  t h e  main SPACE base  s t a t i o n  on wesitern s i d e  of I 
South Park. Rawinsondes were launched from t h e  base  i l y  a t  0600 MDT 

(Mountain Daylight  Time), o r  1200 GMT (Greenwich Mean l ime),  1000 MDT, 

and 1300 MDT. A micrometeorological subexperimental stem was loca ted  

a t  t h e  base.  Included were WW anemometers and t h e  i s t o r s  a t  va r ious  7 
A 

l e v e l s  on two towers,  two Boundary Layer P r o f i l e r s  ( LP) t e the red  ba l -  

loons,  and a Doppler a c o u s t i c  sounder. A Lida r  s y s t ~  was a l s o  present .  

The Nat iona l  Center f o r  Atmospheric Research (N -,) Por t ab le  Auto- '1 
mated Mesonet (PAM) was deployed i n  South Park (Cottc and George, 1978).  

Twenty remote weather s t a t i o n s  were spaced roughly or 10x11, Km g r i d ,  
b 

wi th  t h r e e  ( l a t e r  reduced t o  two) remote s t a t i o n s  l o c  high on the 



ridge P r t h e  Mosquito Range. A s t a t i o n  was l o c a t e d  on a lower 

mountain t p  between r idge top  and South Park and t h e  remaining s t a t i o n s  t 
i n  South r k  proper.  Each s t a t i o n  measured va r ious  meteorological  t 

Illding wind speed and d i r e c t i o n  4 m above t h e  ground and 

wet and dr: u l b  temperatures  from 2 m above the  ground. The PAM base 

a ~ e d  a t  t h e  SPACE base  s t a t i o n ,  The d a t a  were obtained from 

the  rerno t e  I s ta t  ions  by r a d i o  te lemet ry  once per  minute,  and were in- 

s t a n t l y  av: a b l e  f o r  d i s p l a y  by a computer g raph ic s  te rmina l  l oca t ed  

You ' 

equ 

- 1  
2asurements were obta ined  over  South Park and the  Mosquito 

ipge wi th  t h e  NCAR Queenair (304D) a i r c r a f t .  The a i r c r a f t w a s  

ikh a n  i n e r t i a l  nav iga t ion  system (INS), g u s t  probes,  and 
I 

o t h e r  basic e t e o r o l o g i c a l  ins t ruments .  The c h a r a c t e r i s t i c s  of func- 

t i o n i n g  s y s  em are analyzed i n  a subsequent s e c t i o n .  I ; 1 , .  1 

a l l y ,  o t h e r  experimental  systems were a v a i l a b l e .  Triple-  

Doppler raa r were centered  i n  South Park a s  were s a i l p l a n e  f l i g h t  T 
ope ra t ions  and o t h e r  cloud physics  a i r c r a f t .  - L. .. l 

1 s k  I n  t h j  s tudy ,  focus  is  p r imar i ly  on t h e  l a rge r - sca l e  f e a t u r e s  of 

the mixea I y e r  of t h e  developing boundary l a y e r .  Rawinsonde da t a  and 

PAM d a t a  

'1 
lement t h e  major d a t a  source: t h e  NCAR Queenair. Tethered 

ba l loon  
- .  

:a/ is  a v a i l a b l e  e a r l y  i n  t he  morning on J u l y  30.  . . 

' 1  
I ne 

t 

study.  , 
I, - 

4 , .  

above thc 

t F l i g h t  Pat  t e r n s  
.A I r , .  ''I ̂  keenair 304D w a s  t he  prim& s o i r e e  of  d a t a  f o r  t h i s  

of "bu t t e r f ly"  p a t t e r n s  were flown a t  va r ious  a l t i t u d e s  
! + , A  . .QGvJb 4 . I )  

lohth Park a r e a  cen te r ing  over the 'ACE bas e .  T' 
I 

l+-h, t h e  a i r c r a f t  f l ew  were determined on t h e  morning of 



t h e  f l i g h t  from t h e  0600MDT rawinsonde. On 14 JUL ant 5JUL (two of 

, four  ca se  s tudy  days) t h r e e  levels were chosen. The f 3 t  he igh t  was 

chosen t o  be i n  t h e  cloud l a y e r  j u s t  above t h e  expecte sloud base. The 

second f l i g h t  l e g  was j u s t  below cloud base  and t h e  t h i r d  l e g ,  confined 

t o  South Park proper ,  was approximately 200 m above the  sur face .  On 

28JUL and 30JUL f o u r  lower f l i g h t  l e v e l s  were chose] 1 belc t he  

middle f l i g h t  l e g  of 14JUL and 15JUL. Two were above 

top l e v e l  and twol in  t h e  con f ines  of South Park. Agai the )west 

f l i g h t  l e g  was flown a t  about  200 m above ground l e v e l .  On 30JUL two 

e x t r a  lower l e v e l  f l i g h t  l e g s  were flown. I k 

This  s tudy  focused only  on t h e  p o r t i o n  of t h e  f l l  egs  flown 

over t he  SPACE base  s t a t i o n  and mountains d i r e c t l y  t o  ~ t ~ e  w ~ ~ t .  This 

.,,,.as shown i n  Fig. 3.1. The f l i g h t  l e g s  chosen wer ge&ra l ly  separa ted  

by about 1 / 2  hour. A summary of t h e  f l i g h t  l e g  times l e v a t  ions  

. , is given i n  Table 3.1. I I- 

A s  evidenced by t h e  concomitant rawinsondes, m f t h e s e  f l i g h t  

l e g s  were i n  t h e  mixed l a y e r  of t h e  boundary l a y e r .  Il'.e @gd"gption t o  

h e  su r f ace  l aye r  t h i s  i s  t h e  h ighes t  f l i g h t  l e g s  on 14JUL and 15JUL. 

was probably n o t  sampled. The lowest  f l i g h t  l e g s  were 00 m above 

.- .3.riucithe s u r f a c e  and t h e  s u r f a c e  l a y e r  does no t  normally 

he ight .  

- . I '  

3 . 3  Observed C h a r a c t e r i s t i c s  of t h e  A i r c r a f t  Data 

The NCAR Queenair 304D a i r c r a f t  is  t h e  primary sc 

.?:$5i.,!.!3 i, 
t h i s  s tudy.  Data from NCAR's Po r t ab le  Automated M ~ S O I  

,&ce  of d a t a  f o r  

system (PAPI) 

,: *..&.j- , 

were a l s o  used, a s  were co inc iden t  rawinsondes Ho e r ,  bo th  of t hese  

systems were used l a r g e l y  i n  a suppor t ive  r o l e .  Th- i r c r a f t  d a t a  I 



SOUTH PARK 

3.1 Topographic map of Colorado and South Park a rea .  
i n d i c a t e s  loca t ion  i n  Colorado of t h e  lower enlarge- 

South Park area .  Black d o t s  represent  t h e  loca t ion  of the  
s t a t i o n s .  The dashed l i n e s  i n d i c a t e  a i r c r a . f t  f l i g h t  pat- 

were launched from t h e  base s t a t i o n .  



Table 3 .1  Times and Height of A i r c r a f t  F l i g h t  egs '1 
7 Height MSL 

I 

F l i g h t  Times 
" 

*. , . 
I 

is most f r e & e n t l y  r e f e r r e d  to .  Some of t h e  observed s r a c  t e r i s t i c s  

of t h e  d a t a  w i l l  now be d iscussed .  

3.3.1 A i r  motion sens ing  

The NCAR Queenair 304D w a s  equipped with an i n - _  -_-. l a v i g a t i o n  

1 
system (INS) and a gus t  probe. Lenschow et a l .  (1978: .ave presented a 

d e s c r i p t i o n  of t h e  NCAR a i r  motion measurement sys~e rn  ~ I L U  d a t a  pro- 1 
ces s ing  techniques.  Included on each f l i g h t  is  a n  in!  w e n t  check. 

I 
I 

Less than 

n o  This  

S a t i s f a c t o r y  INS performance is considered t o  be  a n  el 

0.5 m / s  d r i f t  i n  h o r i z o n t a l  v e l o c i t y  pe r  hour of f l y &  

combined w: a 21.0 m / s  s e n s i t i v i t y  e r r o r  i n  t h e  guqt probe means a 

th-  dependent e r r o r  of t ( 1 . 0  + 0 . 5 t )  m/sec i n  hor' l ~ ~ a l w i n d  where -7 
t i s  t h e  f l i g h t  time i n  hours .  Most f l i g h t s  wer 



a  h o r i z o n t a l  e r r o r  of 5 2  m / s .  On calm days, t h i s  e r r o r  

rge  a s  t h e  wind i t s e l f  d i sa l lowing  t h e  measurement of hor i -  

i n  an  abso lu t e  sense.  According t o  t h e  rawinsonde, two of 

dy days,  14JUL and 15JUL, had winds i n  t h e  f l i g h t  domain of 

t h i s  magnit de (3 m/s). The d a t a  on these  days can t h e r e f o r e  be s t r i c t -  i 
' l y  i n t e r p r e t  

very wind3 

. i  t he se  days, 

ed i n  a  t u r b u l e n t  sense  only. However, 28JUL and 30JUL were 

ays s o  t h a t  t h e  h o r i z o n t a l  e r r o r  was r e l a t i v e l y  small .  On 

a i r c r a f t  measured h o r i z o n t a l  winds were considered t o  be  

q u i t e  accuralte. They matched up w e l l  wi th  t h e  rawinsonde derived winds. 
I '  I 

V e r t i c a l  v e l p c i t y  can u s u a l l y  be  measured i n  a r e l a t i v e  sense  t o  

I ; j .. 

I wi th in  +0.5 /s. I n  an abso lu t e  sense  mean v e r t i c a l  motion over  a  10 km - k 
f l i g h t  domai is  u s u a l l y  l e s s t h a n O . l  m / s  ( i f  no i n t e n s e  convection and 

no l a r g e  amp, f i t u d e  g r a v i t y  waves a r e  p re sen t ) .  Since a l l  f l i g h t  l e g s  

I a r e  from 15-b5 km, we have assumed zero  abso lu t e  v e r t i c a l  motion. Thus, 
I 
I 
! while  absolu  e  v e r t i c a l  v e l o c i t y  cannot be measured d i r e c t l y ,  i t  can be 

est imated t o  a g r e a t e r  accuracy than  h o r i z o n t a l  wind due t o  t h e  inhe ren t  

t 
d 

d r i f t  i n  t h a  I system. 

28JUL a  d  30JUL showed evidence of g r a v i t y  waves covering much of 

, I ,  . A 0 
t he  f l i g h t  1 gs. Assuming zero  abso lu t e  v e r t i c a l  motion, r e l a t i v e  v e r t i -  e 
c a i  v e l o c i t i  1, s on t h e  o rde r  of 3 m / s  (occas iona l ly  a s  high a s  4 m/s) 

I 

i - ,  I L  
were a s soc i a  ed wi th  t h e  waves. Zero abso lu t e  v e r t i c a l  v e l o c i t y  is 

I * :  
a good assumption on these  days f o r  two reasons.  F i r s t ,  

!. .. 
of t h e  wave is  small, and second, most of t he  wave seems 

I 
1 .  

t o  be + th in  t h e  domain of t he  f l i g h t  l e g  where smal l  n e t  v e r t i c a l  
I 

I .  1 I a * '  $ 

motion would be expected. 



Taken toge the r ,  v e r t i c a l  and h o r i z o n t a l  wind v e + ~ i t i e s  can be 

used t o  c o n s t r u c t  a  f low f i e l d  on 28JUL and 30JUL. $his w i l l  prove very 

h e l p f u l  i n  d i sce rn ing  flow f e a t u r e s  on t h e s e  days. 

There was some problem wi th  i c i n g .  The cons t r a  ned vanes of t h e  

gus t  probe a r e  n o t  deiced and should n o t  be expected t o  g ive  accu ra t e  1 
readings  i n  i c i n g  condi t ions .  I c i n g  occurred on one df our ca se  s tudy 

days ( ~ ~ J u L )  upon p e n e t r a t i o n  of 6.5 km of a  cloud ad subfreez ing  

l e v e l s .  The average w-gust component appeared t o  r i d e  by about  0.7 m / s  

and l e s s e n  t h e  q u a l i t y  of d a t a  on t h i s  leg .  However,, t he  b a s i c  cloud 

s t r u c t u r e ,  involving v e r t i c a l  v e l o c i t i e s  on t h e  o rde r  of 3  m / s  is  s t i l l .  

d i s c e r n i b l e .  The 24th of J u l y  (no t  s p e c i f i c a l l y  inclbded i n  t h i s  s tudy)  

a l s o  showed t h i s  same e f f e c t  of s i m i l a r  magnitude f o r ;  about 7 km of 

cloud pene t r a t ion .  V e r t i c a l  v e l o c i t i e s  aga in  were on1 t h e  order  of 3 m / s  

which allowed a good e s t i m a t e  of t h e  clouds' s t ructurei .  However, a t  

t h i s  l e v e l ,  t u r b u l e n t  c a l c u l a t i o n s  must b e  i n t e r p r e t e b  with caut ion .  

J u l y  15  a l s o  had a  cloud p e n e t r a t i o n  wi th  t h e s e  same bubfreezing condi- 

t i o n s .  However, t h e  p e n e t r a t i o n  was only  f o r  3.5 km and no i c i n g  was 

evident .  

Despi te  t h e  f a c t  t h a t  a i r c r a f t - d e r i v e d  winds on low wind days a r e  

r e l a t i v e l y  inaccu ra t e  i n  a n  a b s o l u t e  sense ,  c e r t a i n  cbns i s t enc i e s  w i th in  

t h e  e r r o r  limits would b e  expected wi th  t h e  wind der ibed  from t h e  rawin- 

sonde. This  was indeed t h e  case  on 14JUL d e s p i t e  t h e  above mentioned 

INS e r r o r  where a i r c r a f t  winds of 6 m / s  a t  270° could; be  compared wi th  

rawinsonde derived winds of 3 m / s  a t  270' taken 2 hou s e a r l i e r .  How- 
.-, ! !-./ *;it2 , i 
ever ,  on 15JUL a l a r g e r  a b s o l u t e  wind e r r o r  was noted.  The a i r c r a f t  

I 

measured winds of 5 .5  m / s  a t  340' whereas t h e  rawinsohde ind ica t ed  winds 



of 3.5 m / s  q t  250'. This  t r a n s l a t e s  t o  a n  e r r o r  of about 6 . 3  m / s  i n  

t h e  y-direc i o n  which is  much l a r g e r  than  would be  expected. No r e a d i l y  1 
son f o r  t h i s  discrepancy was found. A comparison of t he  

a t  a common po in t  passed by t h e  a i r c r a f t  b e f o r e  and a f t e r  
I 

t h e  upper f l / i gh t  l e g  which included cloud p e n e t r a t i o n s  gave t h e  same wind 

value.  It das t h e r e f o r e  decided t o  a d j u s t  t h e  y-component on 15JUL s o  

a s  t o  be mode c o n s i s t e n t  w i th  t h e  known rawinsonde wind d i r e c t i o n .  The 

adjustment +es n o t  a f f e c t  any c a l c u l a t i o n s  t o  be done f o r  t h a t  day. 

The gus t  probes were considered t o  be responsive t o  wind f luc tua -  

t i o n s  occurr ing  a t  4Hz. This  t r a n s l a t e s  t o  a s p a t i a l  r e s o l u t i o n  of 20 m 

a t  t y p i c a l  Q e e n a i r  speeds. Therefore,  t h e  t ime response a s soc i a t ed  I 
wi th  measurebents of a i r  motion is  n e g l i g i b l e .  

two s e p a r a t e  s enso r s  on t h e  a i r c r a f t ,  

a Rosemount P5pm platinum wi re  r e s i s t a n c e  thermometer and a reverse-  

flow tempera u r e  sensor .  The Rosemount temperature sensor  is  gene ra l ly  F 
b considered t have an a b s o l u t e  e r r o r  of - + 0 . 5 ' ~  i n  c l e a r  air  and - +lOc i n  

cloudy a i r  ($enschow and Pennel l ,  1974).  Its response time is 1 sec  

which ind icakes  t h a t  i t  t a k e s  t h a t  long t o  respond t o  63.2% of a tempera- 

t u r e  d i scon t ' nu i ty .  I n  t h i s  s tudy ,  t h e  g r e a t e s t  d i f f e r e n c e s  i n  tempera- 

t u r e  d e t e c t e  on any one f l i g h t  l e g  (cons tan t  he igh t )  were 1 .5 '~ .  I f  

i n  t he  unrea i s t i c  event  t h i s  were a sharp  d i s c o n t i n u i t y ,  i t  would take  i 
t h e  ~osemoun i  temperature sensor  2 s e c  t o  respond t o  1 . 3 ' ~  of t h i s  

hange. A t  t y p i c a l  Queenair speeds t h i s  t r a n s l a t e s  t o  a 

g of 160 m. A d i s c o n t i n u i t y  t h i s  sharp  seems somewhat 

u n r e a l i s t i c  d u t  s e r v e s  t o  i l l u s t r a t e  a n  upper l i m i t  t o  t h i s  type of 



error. For most data presentations in this study th s lag effect is 

unimportant where 500 m and 1 km horizontal averages 

temperature are often used. However, correlations of vertical velocity 

I and temperature are computed and for higher frequenc,es this effect can 

be important. 

It is possible to correct for this temperature !.ag with a numerical 

scheme developed by McCarthy (1973). The scheme allows for both the re- 

sponse of the sensing element, as well as conduction between the element 

and its supporting structure. A finite-difference, ;.terative solution 

is used. The technique was tried on a sample of data from one of the 

case study days; the largest correction notedwas O.OSO; the average was 

0.01'. This roughly translates to an error in buoyancy of as much as 6%, 

or an average of about 1% depending on the assumed conditions. Since 

there was a relatively small amount of TKE at the shgrter wavelengths 

and the correction small, the data were not adjusted However, in a 

more rigorous study, this correction might be desira le. 

The reverse-flow temperature sensor is consider d to be accurate 

to within - + 0.5 OC independent of cloud water. To ach 1 eve this, a protec- 
tive housing is necessary which lengthens the response time to 4 or 5 

sec. Hence the reverse-flow sensor was more capable of measuring tem- 

perature independent of cloud water but less capable of measuring tem- 

perature variations. Only two cloud penetrations occur in this study 

and both sensors seemed to be in agreement. That is1 both sensors were 

T usually within 0.3' of each other, independent of the Dresence of cloud 

water. Throughout the study, differences in the two sensors only rarely 

wo~ldreach0.6~. The slower response of the reverse flow sensor was 

obvious upon cloud penetration on 15JUL. The two in truments differed 



0 
by 0.5 at the discbntinuities in potential temperature associated with 

the cloud w ereas in and around the cloud they only differed by 0.2' to 

0 

b 
0.3 at the most. 

There ?as one cloud penetration on July 23 (not included in the 

case study ?resented here) where the reverse-flow sensor proved to be 

more accurate than the Rosemount. The Rosemount sensor measured an 

actively gr2wing cumulus cloud as colder than the environment and hence 

negatively buoyant. However, the reverse-flow sensor measured warm 

cloud which seemed to be more reasonable. Apparently 

was cooling the Rosemount sensor. This was generally an 

infrequent bhenomenon and not observed during any of the periods of 

observation1 in this study. Theref ore the Rosemount derived temperature 

was used th oughout this study. i 
3 .3 .3  - ~stibtion - of potential temperature I <  

In ordler to illustrate the thermal structure of the air i t  i s  

desirable o use potential temperature. However, the calculation of ti 
requires the use of pressure, which has its own 

generally less than 0.1 kPa. For typical condi- 

0 ' tions of th s case study a 0.1 kPa error in pressure will cause a 0.15 

error in temperature. Considering both sources of error (tem- 

perature an pressure) we expect to measure potential temperature in an t' 
0 

se to within an error of - +0.65 . However, the relative dif- 

t w o  adjacent points would be much smaller. 

In acl i t i o n  t o  tile advantages of displayi~zg the tllernlal s t r u c t u r e  Y 
sphere with a conservative variable we are implicitly cor- 

7 

recting for' another source of error. That is, changes in a i r c r a f t  



e l e v a t i o n  due t o  p i l o t  e r r o r  o r  tu rbulence  can in t rodqce  an  i n f e r r e d  

h o r i z o n t a l  temperature f l u c t u a t i o n  

i n  t h e  v e r t i c a l  d i r e c t i o n .  The 

of a s p e c i f i c  he igh t  and i f  t h e  

duced. This  i s  e s p e c i a l l y  important i n  s p e c t r a l  

By using p o t e n t i a l  temperature,  however, we a r e  

i ~ i r  is  a d i a b a t i c  i n  t h i s  region.  This  is 

of temperature because t h e  a i r  is  n o t  

-. 

Park, v a r i a t i o n s  i n  a i r c r a f t  f l i g h t  e l e v a t i o n  were us 

+15 m. Occasional ly,  on h ighly  tu rbu len t  days, 

+30 m were observed. We a r e  e f f e c t i v e l y  assuming t h a t  the  a i r  i n  our  - 

sample i s  i s e n t r o p i c  30 m above and below our designaked a i r c r a f t  

he igh t .  

3.3.4 Humidity measurements 

Humidity is  measured by two s e p a r a t e  s enso r s  on he a i r c r a f t ,  a 

dewpoint hygrometer, and a microwave r e f r ac tome te r  (B l l e t i n  1/22 NCAR). 

The dewpoint hygrometer i s  good f o r  abso lu t e  humidity 1 measurements 

corresponding t o  dewpoints w i t h i n  + ~ O C  above f r e e z i n g  and + ~ O C  below 

f r eez ing .  For t y p i c a l  South Park cond i t i ons ,  t h i s  tr n s l a t e s  t o  an  1 
e r r o r  i n  mixing r a t i o  of 5 . 5  gm/kg t o  51 gm/kg,respec i v e l y .  comparison 

of p red ic t ed  s a t u r a t i o n  mixing r a t i o  and measured s a t  r a t i o n  mixing 

r a t i o  i n  clouds revea led  t h a t  our e s t i m a t e  was w e l l  w t h i n  t h e s e  bounds. 

I n  f a c t ,  v a r i a t i o n s  t o  w i t h i n  one-half of t h e s e e r r o r  1 limits were almost 

always met. The dewpoint hygrometer, however, has  a uch slower response T 
time than  t h e  microwave re f rac tometer .  The r e f l e c t i n  s u r f a c e  of t h e  

I 

dewpoint hygrometer i s  cooled o r  heated a t  a r a t e  of Oc/sec s o  t h a t  I 

' I '  . I  



sharp moisdure d i s c o n t i n u t i e s  a r e  d i f f i c u l t  t o  d e t e c t .  I n  t h i s  s tudy ,  

v a r i a t i o n  i n  dewpoint occurr ing  on one a i r c r a f t  f l i g h t  

w a s  about 7'~.  I f  i n  t h e  u n l i k e l y  s i t u a t i o n  t h a t  

t h e  a i r c r a f t  would t a k e  3.5 s ec  t o  

respond t o  t he  c o r r e c t  dewpoint. A t  t y p i c a l  Queenair speeds t h i s  

would t r a n  1 l a t e  t o  a h o r i z o n t a l  e r r o r  of 280 m. This  de l ay  is  an  abso- 

l u t e  upper l i m i t  f o r  t h e  d a t a  h e r e i n  analyzed. Cross-sect ional  p l o t s  

of mixing a t i o  have been made wi th  500 m averages so  t h a t  t h e  e f f e c t  1 
should be minimal. 

re f rac tometer  has  a much f a s t e r  response time than 

t h e  dewpoi t hygrometer. However i t  is n o t  e f f e c t i v e  f o r  in-cloud "i 
and tends  t o  wander making abso lu t e  measurements d i f f i -  

ue t o  i t s  f a s t e r  response time it can b e  used i n  non-cloudy 

o measure humidity f l u c t u a t i o n s .  This  was done t o  a l imi t ed  

degree i n  '$is study.  i '  I 

' 2  ' 
, C.  

f l ew  were i n t e r p o l a t e d  from the  

concomitant1 rawinsonde. That is,  t h e  a i r c r a f t  measured p re s su re  w a s  

matched t o  l h e  app ropr i a t e  p re s su re  s u r f a c e  (he igh t )  a s  determined from 

t h e  rawinsobde output .  This  rawinsonde der ived  he igh t  more c l o s e l y  f i t  

with known kea tu re s  of t h e  f l i g h t  pa ths  which requi red  t h e  c l ea rance  

opographical  f e a t u r e s .  When t h e  p lane  was w i t h i n  763.5 m of 

t h e  ground abd hence above t h e s e  f e a t u r e s ,  t h e  geometric ( r ad io )  a l t i -  

tude could be measured. When t h e  geometric a l t i t u d e  w a s  compared with 

t h e  new rawknsonde der ived  a l t i t u d e  agreement was t o  w i t h i n  40 m. This  
I 

e r r o r  could be  p a r t i a l l y  explained by l o c a l  v a r i a t i o n s  i n  topography. 



It was evident that the aircraft-derived heights 

all case study days. Gross underestimations of as muc 

70 kPa frequently put the aircraft below ground level, 

increased with height as the 50 kPa height was underes 

much as 480 m on 14JUL. 

re in error on 

as 200 m at 

The rror 

mated by as 

To conclude, heights have been corrected so that Iany error in 

height should be less than 40 m. For the resolution I d to display 

the data in cross-sectional plots, this is very small) 

3.3.6 Data sampling -- 

Some of the instruments on the Queenair were ( 

response" measurements. These included the gust prob 

components) and the microwave refractometer humidity 

struments were sampled at 8 times per second. Since 

aircraft was generally about 80 m/s this translate5 - 

10 m. However, due to a lack of coupling between the 

probe, the data bandwidth for the air motion system w 

ast 

.-* - 

hese in- 

~f the 

ni nt every 

.let and 

- 3  limited to 4 Hz 

or 20 m. The Rosemount temperature sensor, reverse-flow temperature 

sensor, dewpoint hygrometer, and the pressure sensor . :e measured once 

per second. 

L C '  

.% , 
,.3.,i&$ , {,.I: I 



4.0 CASE S ~ Y  DAYS 

Four c L se s tudy  days were chosen t o  i l l u s t r a t e  t h e  development of 

tu rbulence  In t h e  ABL over  South Park. They were J u l y  14 ,  J u l y  15 ,  

J u l y  28, an/l J u l y  30, h e r e a f t e r  abbrevia ted  as 14JUL, 15JUL, 28JLn, and 

30JUL. A s  b group, t hese  days r ep re sen t  two e n t i r e l y  d i f f e r e n t  types 

of boundaryl layer  development seen i n  South Park. One type ,  represented  

by 14JUL a n  15JUL, i l l u s t r a t e s  t he  i n i t i a l  development of t h e  boundary I 
l a y e r  on a ay i n  which vigorous convect ive a c t i v i t y  r e s u l t i n g  i n  prec i -  I 
p i t a t i o n  oc u r s  throughout t h e  day. The o t h e r  type of day, represented  

by 28JUL a n ,  1 30JUL, i l l u s t r a t e s  t h e  f e a t u r e s  of boundary l a y e r  develop- 

ment on a d y when cumulus a c t i v i t y  i s  suppressed o r  delayed and dry t 
wes te r ly  w&ds reach  t h e  su r f ace .  P r e c i p i t a t i o n  was e i t h e r  absen t  o r  

occurred t o  a lesser e x t e n t  later i n  t h e  day. 

A s  obs rved throughout t h e  1977 SPACE program t h e  gene ra l  synopt ic  

cond i t i ons  avorable  f o r  t h e  occurrence of cumulus convect ion over  

t he  c e n t r a l  1 Colorado mountains were th ree fo ld :  

1 )  a 'avorable  s u r f a c e  p re s su re  p a t t e r n  f o r  maintaining t h e  t supply of s r f a c e  mois ture  t o  t h e  mountains, 

2) a l u x  of mois ture  a t  50 kPa and below, and 

3)  we  k flow a l o f t  ( a t  least a t  l e v e l s  near  mountain tops  and 

seve ra l  tho sand f e e t  above) s o  as t o  suppress  t h e  dynamic i n t e r a c t i o n  I 
of t h e  moundain b a r r i e r s  w i th  t h e  wes t e r ly  a i r s t r eam.  

4 These ond i t i ons  were m e t  on  14JUL. A s u r f a c e  low was analyzed on 

t h e  0600 MD su r f ace  map centered  over  t h e  Utah-Colorado border .  A high 

was a l s o  an  lyzed over  New Mexico. Hence a f avo rab le  p re s su re  g rad ien t  1 



was s e t  up which could supply moisture from t h e  (due t o  

topographical  cons ide ra t ions ,  low-level mois ture  

South Park from t h e  south o r  e a s t ) .  The 50 kPa p a t t z r n  f o r  t h i s  e n t i r e  

time per iod  inc luding  15JUL w a s  dominated by a  l a r g e  s u b t r o p i c a l  high 

centered  over t h e  sou theas t e rn  United S t a t e s  (Fig. 4 , , l a ) .  This  s i t u a -  

t i o n  brought upper l e v e l  moisture i n  from sources  t o  t h e  south such a s  

t he  Gulf of C a l i f o r n i a  o r  t h e  Gulf of Mexico. The on 14JUL were 

very  l i g h t  a t  and above r idge top .  The 1000 MDT showed winds 

of about 3  m / s  from j u s t  above t h e  su r f ace  up t o  45 Pa o r  6300 m :4SL 

s a t i s f i e d  on 14JUL. 

k (Fig. 4.2a).  a l l  t h r e e  c r i t e r i a  f o r  cumulus c  nvec t ion  were 

0 
I n  a d d i t i o n  t o  t h e  above-mentioned f e a t u r e s ,  t h e  lower edge of a  

weak, slow-moving, upper- level  s h o r t  wave passed ove South Park dur ing  T t he  morning. Associated wi th  t h i s  was a weak cold f  o n t  analyzed a t  1 
t h e  su r f ace .  General backing of t h e  wind with height/ from 3730 rn t o  

7660 m (MSL) was noted on t h e  1000 MDT rawinsonde and assumed t o  be  

a s soc i a t ed  with t h e  weak co ld  f r o n t .  This  system a i  ed i n  the  e a r l y  d development of cumuli i n  South Park by0900MDT. P r e c i p i t a t i o n  s h a f t s  

were observed by 1030 MDT. Thus, by t h e  t ime the  a i r l c r a f t  had reached 

South Park on t h i s  day, convect ive a c t i v i t y  was we l l  beveloped. 

V e r t i c a l  c ros s - sec t iona l  contour  p l o t s  of . the cobserva t ive  v a r i a b l e s  

p o t e n t i a l  temperature and mixing r a t i o  were made f o r  4JUL (Fig.  4 .3 ) .  

Averages of 500 m l e n g t h  of t hese  v a r i a b l e s ,  as from t h e  a i r -  

c r a f t ,  were p l o t t e d  i n  t h e  app ropr i a t e  s p a t i a l  l o c a t i p n s  f o r  each f l i g h t  

l eg .  The t e r r a i n  is ind ica t ed  below, accen tua t ing  t h  MosquitoMountain e 
Range over  which t h e  a i r c r a f t  flew. The h o r i z o n t a l  d o t t e d  l i n e s  i n d i c a t e  



Fig. 4.1 50 kPa synoptic patterns. Height of 50 kPa surface for 
two differ nt case study days. Upper-level station data for selected 'i up-wind sites includes temperature, dewpoint depression, and winds in 
meters ~ e r  second, 

I 



Figure 4.2 Midmorning rawinsondes for all case1 study days. Pres- 
sure is in mb on left; temperature is represented by diagonal lines 
running to upper right and are in OC; winds are in mEters per second. 



Cross s e c t i o n s  of mixing r a t i o  and p o t e n t i a l  temperature 
do t t ed  l i n e s  are a i r c r a f t  f l i g h t  l e g s  with t imes 

dashed l i n e  r e p r e s e n t s  t h e  pa th  of t h e  
d a t a  p o i n t s  from i t .  Note t h a t  i t  oc- 

v e l o c i t i e s  g r e a t e r  than 12 m / s  1 a r e  
where 1 c m  = 6 m / s .  Cloud water  is  

where t h e  l a r g e s t  c i r c l e s  equal  
on t h e  p o t e n t i a l  temperature p l o t s .  

t he  pa th  t h e  a i r c r a f t  w i th  t h e  corresponding t imes a t  t h e  ends of 

t h e  f l i g h t  Begs. The v e r t i c a l  dashed l i n e  i n d i c a t e s  t h e  pa th  of t he  

rawinsonde e a r e s t  i n  time of t h e  f l i g h t  l e g s  Also included a r e  su r f ace  b 
d a t a  from t r e e  PAM s i t e s  which were i n  t h e  p lane  of t h e  c ross -sec t ion .  h 
These s t a t i  n s  were loca t ed  a t  0, 16, and 27 km downwind of t he  mountain t 
c r e s t .  

Contou s were drawn p r imar i ly  from t h e  a i r c r a f t  da t a .  Where d i s -  

c repancies  rose  i n  t h e  d i f f e r e n t  d a t a  sources ,  u s u a l l y  t he  r e s u l t  of a i 
temporal i n  ons i s t ency ,  t he  a i r c r a f t  d a t a  were used. General ly ,  a l l  1 



a l s o  be pointed out  t h a t  i n  a d d i t i o n  t o  t h e  v a r i a t i o ~  in.  time of t he  

f l i g h t  l e g s  they were n o t  always d i r e c t l y  on top of each o t h e r .  Varia- 

t i o n s  up t o  1 km i n  t h e  north-south d i r e c t i o n  are c o h o n .  

V e r t i c a l  wind arrows are drawn on t h e  mixing r a t i o  contours  where 

t h e  v e r t i c a l  v e l o c i t y  component exceeded 2 m / s .  ~ a r k e  b l ack  d o t s  corres-  

pond t o  p o i n t s  a t  which l i q u i d  water w a s  de t ec t ed ,  t j e  l a r g e s t  d o t s  

correspond t o  l i q u i d  water measurements made by the  gohnson-~ i l l i ams  

sensor  of about 0.4 gmlkg. Hor izonta l  winds a r e  a l s o  p l o t t e d  on the  
< 1 

p o t e n t i a l  temperature c ross -sec t ions .  
. I 

The a i r f l o w  on 14JUL is  dominated by a f a i r l y  e4 tens ive  and a c t i v e l y  

growing cumulus cloud t h a t  had appa ren t ly  formed ove4 the  mountains. 

The cloud was pene t r a t ed  dur ing  t h e  upper f l i g h t  l e g  Mixing r a t i o s  
1 .. 

. *.ml about  1 .5  gm/kg h igher  than  t h e  surrounding a i r  supp r t e d  t h e  assump- 

t i o n  t h a t  t h e  cloud a i r  mass had o r i g i n a t e d  from low$r l e v e l s  where more 

mois ture  was a v a i l a b l e .  P o t e n t i a l  temperatures  i n  t$e cloud a r e  higher  
h: +I. , '3 ' I /  , . b  

than t h e  surrounding air apparent ry  due t o  t h e  r e l e a  e of l a t e n t  h e a t  f 
from t h e  condensing moisture.  

The c l o u d  s l o w l y  d r i f t e d  t o  t h e  e a s t  arrd had bedun p r e c i p i t a t i n g  

before  1230 MDT a s  shown by a i r c r a f t  camera f i l m .  I t h e  f i g u r e  i t  is 

ev iden t  a s  nega t ive  v e r t i c a l  v e l o c i t i e s  i n  t h e  cen te  of the  middle- 

l e v e l  f l i g h t  l e g .  Regions of upward moving, l o c a l l y  /warm and moist a i r  

were ev iden t  d i r e c t l y  over  t h e  mountains. This  suggds ts  t he  presence 

of thermals o r i g i n a t i n g  on t h e  mountain which, presudably,  would lead  t o  

f u t u r e  cumulus development i n  t h a t  a rea .  

The lower f l i g h t  l e g  was a l s o  under t h e  i n f l u e n  e of r a i n  and 

d r i z z l e  a s  shown by the  a i r c r a f t  camera f i l m  and e v i  1 e n t  on these  f i g u r e s  

a s  p o t e n t i a l l y  cool  a i r  over  the  base s t a t i o n  and muc o f  South Park. 



T h i s  coc 

Park a s  a 
f mass ~f a i r  appeared t o  be working i t s  way ou t  onto t h e  

smal l  g u s t  f r o n t  a s  evidenced by t h e  p o t e n t i a l  temperature  

C r O S S - s r c ~  

and converbin 

Low-level winds were d ive rg ing  ove r  t h e  ba se  s t a t i o n  

Eurther  t o  t h e  east a t  about  t h e  30 km marker. 

evelopment of t h e  boundary l a y e r  on 14JUL is d i sp l ayed  a s  

p r o f i l e s  of p o t e n t i a l  temperature  (Fig.  4.4.a). The d a t a  a r e  

winsondes launched from t h e  base  s t a t i o n .  They a r e  s u b j e c t  

e error of about  +lo - which makes s p e c i f i c  i n t e r ~ o r n p ~ ~ r i s o i l  

/ I 
I , .lr - n ; -C). , .  * '  I. , c L  1 ,.( 

30 JULY 
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- i + ,  4 Figur  4.4 Success ive  p r o f i l e s  of p o t e n t i a l  temperature  f o r  a l l  
c a se  s t u d  da  s. They are based on rawinsondes taken  at ~ 0 6 0 0  PDT (1), 
d ~ ~ l . 3 0 0  MDI (31, and x l700  NOT (4 ) .  



d i f f i c u l t .  Each sounding, however, by i t s e l f  r ep re sen t s  w r i i  L ~ C  s i r u c -  

t u r e  of t h e  developing boundary l a y e r .  

On 14JUL a morning s u r f a c e  inve r s ion  is  ev iden t  £tom t h e  f i r s t  

rawinsonde taken a t ~ D 6 0 0  MDT. The previous days boundbry l a y e r  is evi-  

dent  above t h i s  l a y e r  extending t o  about 3000 m AGL. b e  second sounding, 

taken a f t e r  cumulus a c t i v i t y  had s t a r t e d ,  r evea l s  t h e  resence of a 

superadiaba t ic  l a y e r  near  t h e  sur face .  The formation f t h i s  warm l a y e r  

can then feed t h e  developing cumulus cloud a l r eady  menbioned through the  

mechanism of upslope-valley winds. Winds measured by bhe rawinsonde 

near  the  su r f ace  a t  t h i s  t ime, and extending up t o  100 m AGL, were 5 m / s  

a t  175O, an upsloping condi t ion .  These were the  s t r o n g e s t  h o r i z o n t a l  

winds measured by t h e  rawinsonde throughout t he  boundaby l a y e r  where 

winds of  2.5 m / s  a t  270° were more t y p i c a l .  The l a y e r  of p o t e n t i a l l y  

coo le r  air  (about 1000 m th i ck )  i s o l a t e d  by t h e  formatbon of t h i s  adia-  

b a t i c  l a y e r  seemed t o  suppress  t h e  development of cumubi o u t  over  t he  
. & '  

f l a t t e r  Park a rea .  

The tu rbu len t  k i n e t i c  energy a n a l y s i s  f o r  14 JUL i s  displayed i n  

Fig. 4.5. Included are c r o s s  s e c t i o n s  of TKE and buodant product ion of 

TKE a t  both t h e  l a r g e r  s c a l e  ( a l l  wavelengths) and smdller s c a l e  (wave- 

l eng ths  less than 1 km). Diss ipa t ion  is  a l s o  included wi th  buoyancy 

product ion on t h e  l a r g e r  s c a l e  p l o t .  . I 
t . I  

A s  mentioned previous ly ,  l a r g e r  s c a l e  t u rbu len t  j a l u e s  a r e  calcu-  

l a t e d  by tak ing  dev ia t ions  from an  e n t i r e  f l i g h t  l e g  dean. A l l  wave- 

l e n g t h s  d i s c e r n i b l e  by t h e  a i r c r a f t  a r e  t h e r e f o r e  con idered .  Smaller 

s c a l e  turbulence  is c a l c u l a t e d  by t ak ing  dev ia t ions  from t h e  d a t a  a f t e r  

i t  has  been smoothed t o  a cu to f f  wavelength of about km. Therefore 

wavelengths l e s s  than  1 km are considered.  F i n a l l y ,  0 th  t h e  l a r g e r  
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Fig. 4.5  14JUL TKE analysis (cont) 



and small r scale results are then smoothed with a low-pass filter that ei 
wavelength of about 4 km. 

.: 3 ,  , 8 ,  

. . scale TKE analysis is somewhat complicated due to the 
d 

INS b ssos&ated with penetration of the cloud in the upper-level 
flight leg. Dissipation probably localizes the cloud much better. It 

is calcula ed at much smaller wavelengths (less than 250 m) so that the I' 
INS error oes not affect the calculation. Buoyant production is posi- F 

,, , . , ,  tive in th's area. 1 
. .. I e .  Stron er buoyant production is evident in the mid,dl~,T~&e~el flight .i-,r , ,- I I 

3% . leg. The egion above the mountain crest is supplying the area above 

with warm oist air and possibly allowing subsequent cloud development. t 
The , - centrai maxima located away from the mountain is more precisely 

the rainshaft already noted and possibly with downward 

s turbulent air from aloft. Most of the dissipation was 

ear the mountain. The general lack of smaller scale motion 

in this area might suggest that the buoyancy was due to larger scale 

motion. 

ii.' 

wer flight leg is dominated by two highly turbulent areas re- 

m the divergingcoolair from the rainy area. It should be 

pointed out: here that due to the nature of the way resolved scale tur- 

bulence is calculated different masses of surface air moving in dif- 

ferent directions result in large turbulent values. The actual place- 

ment of the flight leg relative to different air masses will thus have 

a tremend0t.s effect on the values of turbulence calculated by this 

method. A longer flight leg would be more desirable. This has occurred 

because the, scale of motion is nearing the size of the flight leg. 

I 



F i n a l l y ,  h~loyant  product ion of TKE can be noted a t  thl :erminal edges 

of t11( .  divt:r;;ing a i r .  J> iss ipa t ion  i s  ev ident  over  thc lase s t a t i o n .  

?7tci sma l l e r  scale a n a l y s i s  showed t h a t  abnllt nne t e n t h  of t h e  TKE 

occurred on seal-es of motion l e s s  than 1 km change i n  s c a l e s  Note 

used. 

The c loud i n  t he  upper-level f l i g h t  l e g  i s  mor r d i s c e r n i b l e  

in the  TKE a n a l y s i s  because e f f e c t s  of t h e  INS e r r o r  r e n o t  a s p r o n o u n t e d .  

This  e f f e c t  was noted wi th  d i s s i p a t i o n  as we l l .  ~ i n c b  they a r e  both ca l -  

cu l a t ed  from smal le r  wavelengths,  t h i s  would be  expec I .  Indeed, both 

p l o t s  of d i s s i p a t i o n  and smaller s c a l e  TKE look very  a .  The TKE 

over t h e  mountains appears  t o  be a s s o c i a t e d  wi th  buoy 1 ncy product ion,  

but  a t  t h e  lower l e v e l  by o t h e r  means no t  ca l cu la t ed .  Reca l l  t h a t  i t  

was r a i n i n g  a t  t h e  su r f ace .  1 

4 .2  J u l y  1 5  

The genera l  synop t i c  cond i t i ons  on 15JUL were a l :  favorable  f o r  

cumulus convection. Like 14JUL, a  s u r f a c e  low w a s  

t h e  Utah-Colorado border .  A r eg ion  of high 

t o  t he  south over New Mexico. These 

favorable  su r f ace  p re s su re  p a t t e r n  f o r  low-level mois u r e .  The 50 kPa t 
p a t t e r n  was e f f e c t i v e l y  t h e  same as on 14JUL and prov: d upper-level 

moisture from t h e  south .  And aga in  t h e  winds were li 4 h t  a t  about 3 m/s 

from t h e  su r f ace  up t o  50 kPa. The day was t o  a l a r g ~  2nt synopti-  

c a l l y  undisturbed.  The f i r s t  cumulus clouds were obs rved s h o r t l y  a f t e r  

t ec t ed  p r e c i p i t a t i o n  by 1110 hDT. By 1340 

0920MnT. The a i r c r a f t  en tered  t h e  Park st about l r  and had de- 

Lls were ob- 

served t o  be p r e c i p i t a t i n g .  



The c: s s e c t i o n s  of p o t e n t i a l  temperature and mixing r a t i o  f o r  
I .' . 

sented  i n  F ig .  4.6. The flow f e a t u r e s ,  l i k e  14JUL, a r e  
- .  , 

t h e  presence of a cloud over  t h e  mountains. Mixing r a t i o s  

2 gm/kg high r than the  surrounding a i r  show t h a t  t h e  a i r  was derived f 
from lower ~ i l r f a c e  l e v e l s .  The p o t e n t i a l  temperature c r o s s  s e c t i o n  

implies  t h a t  
; J "". ; 

i n  t h e  upper 

winds sene 

they turne  

these  winds 

t h a t  t he re  

a i r  is being forced  up t h e  mountain ( a s  not iced  from d a t a  

v e l  f l i g h t  l e g ) .  The 1021 MDT rawinsonde de t ec t ed  

Lly o u t  of t h e  east a t  3 m / s  up t o  2000 m AGL above which 

0 
r e s t e r l y  a t  245 . The 1318 MDT rawinsonde a l s o  de t ec t ed  

though more turbulence  was noted a s  we l l .  It appears  

5 forced low-level flow up the  mountain b a r r i e r ,  pos s ib ly  

.................................... " I S  
3 0 

I 

r lgul 
t u r e  f o r  . 
here .  Adc 
sur f  ace 

4.6  Cross s e c t i o n s  of mixing r a t i o  and p o t e n t i a l  tempera- 
v 15. Same as Fin. 4.3. The 1021 MDT rawinsonde i s  used - - - 
i o n a l  d a t a  p o i n t s  a t  t h e  0, 16 ,  and 27 km markers a r e  PAM 
ion  observa t ions  co inc ident  wi th  t h e  n e a r e s t  f l i g h t  leg. 



t he  r e s u l t  of a f avo rab le  p r e s s u r e  g rad ien t .  Both P s t i r face s t a t i o n s  

a t  t h e  apex of t h e  mountain range recorded winds gen r a l l y  o u t  of t he  

east averaging about 2 m / s  throughout t h e  day. Thus i t  appears  t h a t  

e a s t e r l y  flow is  a i d i n g  i n  t h e  i n i t i a t i o n  of convect ve  a c t i v i t y .  Also 

t h e  upsloping a i r  i s  seen t o  c a r r y  wi th  i t  an e a s t e r  y component of 

momentum i n t o  t h e  WSW winds de t ec t ed  i n  t h e  upper t w  f l i g h t  l e g s .  Note 

the  two winds barbs a s soc i a t ed  with t h e  cloudy a i r  f i the  upper f l i g h t  

leg .  J u l y  23 (not  s p e c i f i c a l l y  i n  t h i s  s tudy)  a l s o  howed t h i s  po- 

t e n t i a l  temperature f e a t u r e  under s i m i l a r  l i g h t  wind cond i t i ons .  The 

wind on t h i s  day was o u t  of t h e  east a t  140' up t o  2 1 kPa and averaged 

about 2.5 m / s  i n  t h e  boundary l a y e r ,  sugges t ing  t h a t  forced flow up the  

lno l~n ta inba r r i e rwas  a i d i n g  t h e i n i t i a t i o n o f  convec t i  n o n t h i s  day a s w e l l .  

Like 14JUL the a i r c r a f t  passed through a p r e c i p i t a t i o n  s h a f t  on 

its middle-level f l i g h t  l e g  a s  seen on camera f i l m .  This  i s  ev ident  on 

the  c ross -sec t iona l  p l o t s  as cooler  p o t e n t i a l  temperatures  and negat ive  

v e r t i c a l  v e l o c i t i e s .  

Also, a s  on 14JUL, t h e  lower-level seems t o  be uhder t h e  in f luence  

of a cloud c i r c u l a t i o n .  Cooler downsloping a i r ,  converging with warmer 

South Park a i r  is ev iden t  over  South Park near  t h e  25 km marker. The 

PAM s u r f a c e  network a l s o  revea led  t h i s  f e a t u r e .  No r a i n  was observed 

by t h e  a i r c r a f t  i n  t h i s  a rea .  

Also of n o t e  is a r eg ion  of warm upsloping a i r  over  Sheep Ridge. 

P o t e n t i a l  temperatures  h e r e  ("320°) a r e  comparable w ' th  t hose  i n  t h e  

middle f l i g h t  l e g .  

Y 
The development of t h e  boundary l a y e r  on 15JUL disp layed  i n  

Fig. 4.3b wi th  f e a t u r e s  s i m i l a r  t o  14JUL. The a i r  n r t h e  su r f ace  

begins warming be fo re  1 0  MDT s o  t h a t  a l a y e r  forms. The 



cooler air above it seems to suppress cumulus activity over the Park 

area as no clouds were evident here at this time. By 1300 MDT the 

air throug out the boundary layer appears well-mixed. I 
The turbulent kinetic energy analysis for 15JUL is displayed in 

Fig. 4.7 The TKE maximum associated with the upper-level flight leg 

is represextative of the turbulent cloud motion which had vertical 

velocities averaging over 5 m/s. Dissipation is also apparent in this 

region. Yzt buoyancy production on the larger scale was primarily nega- 

tive. The Rosemount temperature sensor (used here) showed no signifi- 

cant devia5on compared to the reverse-flow sensor supposedly more reli- 

able for i-n-cloud measurements. The strong updraft may partly be due 

to a non-hydrostatic pressure field created by cloud-scale dynamics, but 

accurate s.:atements about this feature are difficult to make due to the 

decreased 2apability of in-cloud temperature measurements mentioned in 

Chapter 3. Errors of 1°c can occur at typical Queenair speeds flown in 

South Park 

The T maximum associated with the middle-level flight leg just 

downwind o the cloud represents the subsequent drift of the cloud to 

the east a d formation of a precipitation shaft. It then shows up as 

a producti n of TKE by buoyancy. More precisely, it is associated with 

the downwa f d movement of cooler air possibly due to cloud dynamics or 
the evapor tive cooling effect of the precipitation and drag of the 

falling ra n. 

The 1 I wer-level flight leg maxima of TKE occurring on the larger 
I 

similar to 14JUL and seem to result from the same mechanism. 

tentially cool downsloping air, apparently associated with 

the cloud, was diverging out over the Park. 
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Subgrid s c a l e  TKE seems t o  be a s s o c i a t e d  with t h  l a r g e r  s c a l e t u r b u -  7 l e n c e  al though i t  i s  of smal le r  magnitude. This  i n d i c a t e s  t h a t  we are 

i s o l a t i n g  w e l l  most of t h e  s i g n i f i c a n t  f e a t u r e s  of t h e  boundary l a y e r  

on t h e  l a r g e r  s c a l e .  However, no te  t h a t  t h e  cloud i n  t h e  upper-level 

f l i g h t  l e g  i s  now l o c a l l y  buoyant. Also, more p o s i t i v e  buoyancy pro- 

duc t ion  is  de t ec t ed  a t  t h e  s u r f a c e  a s  might be expected on t h i s  day. 

Unlike 14JUL, i t  was no t  r a i n i n g  a t  t h e  su r f ace .  

5. 3 July 28 

The synopt ic  cond i t i ons  on 28JUL and 30JUL were ot b favorable  f o r  

cumulus convection. These days showed a d i s t i n c t l y  d k f f e r e n t  type  

of boundary l a y e r  development which involved t h e  su r f  c ing  of dry t 
wes te r ly  air .  

On 283UL Colorado was under weak subsidence assokia ted  with t h e  

bu i ld ing  of a r idge  p r imar i ly  t o  t h e  n o r t h  of ~ o l o r a d / o .  A su r f ace  high 

was analyzed over northwest Colorado dur ing  t h e  t i m e  bf t h e  f l i g h t  l e g s .  

This  provided an  unfavorable  p re s su re  g rad ien t  t h a t  i h i b i t e d  t h e  en- n 
t r ance  of low-level mois ture  i n t o  t h e  mountains from t h e  south o r  e a s t  

a s  occurred on 14JUL and 15JUL. 

The 50 kPa he igh t  map c h a r a c t e r i s t i c  of 28JUL ( d 30JUL) is  d is -  

played i n  Fig.  4 . lb .  The flow is  dominated by a l a r  e h igh  pressure  

reg ion  over  t h e  southwestern s t a t e s .  A i r  being adve t e d  over  Colorado 

was very  d r y  and from t h e  northwest .  Thus l i t t l e  upp(er-level moisture 

is a v a i l a b l e  on 28JUL. 

Also i n  c o n t r a s t  t o  14JUL and 15JUL the  winds a1 .nd j u s t  above 

r idge top  were very s t rong .  The lOOOMDT rawinsonde medsured 50 kPa winds  



0 1  17, m / s  a1 .100". The two PAM su r face  s t a t i o n s  a t  t he  top of t he  

.I?., 1. 
mountam ra ge measured winds from t h i s  same d i r e c t i o n  averaging about i 
8 mf s durinl/; t h e  t i m e  t h e  a i r c r a f t  w a s  i n  South Park. Thus, none of t h e  

c r i t e r i a  c i  i ed f o r  cumulus convect ion were s a t i s f i e d  on 28JUL. 

l Iespi t& these  d i f f e r e n c e s ,  t h e  a c t u a l  s t a t e  of t h e  boundary l a y e r  
l 

a i r  i n  Sout Park dur ing  t h e  morning hours  is n o t  a s  d i f f e r e n t  a s  t he  4 
above f e a t u i e s  might imply. I n  f a c t ,  t h e  t o t a l  moisture content  of t he  

Park a r e a  e tending up t o  r i d g e  top  a t  60 kPa was s i m i l a r  on a l l  case  

s tudy  days, averaging about  4 grn/kg. This  is evident  from averages of 

(Table 4.1) 

I 
both 0600MD and 1000 MDT rawinsondes. The p r e c i p i t a b l e  water  a s  ca l -  

cu la ted  f r o  t h e  rawinsondes was q u i t e  similar f o r  a l l  case  s tudy  days I Also, e n e r a l  f e a t u r e s  of t h e  developing boundary l a y e r  a r e  s i m i l a r  

t o  t h e  o the  3 days a s  Fig.  4 . 4 ~  shows. Heating of t he  su r f ace  has  pro- 

duced an a d ' a b a t i c  l a y e r  by 1000 MDT. Surface winds a r e  out  of t he  

east a t  t h i  t ime a t  about  2 m / s  sugges t ing  t h a t  upsloping is occurr ing  1 

.1 P r e c i p i t a b l e  water  of case  s tudy  days based on averages 
and 1000 MDT rawinsondes. 

14JULY 
15 JULY 
2 8 JULY 
3OJLJLY 

Averaged P r e c i p i t a b l e  Water 

1 .02 cm 
1.14 cm 
0.98 cm 
0.85 cm 



The s t a b l e  l a y e r  of a i r  above 3000 m AGL, e s p e c i a ~ l y  acu te  on 28JUL 

and 30JUL, w a s  f r equen t ly  observed over  South Park p r imar i ly  on t h e  

e a r l y  morning rawinsondes. It is u s u a l l y  assumed t o  be t h e  remains of 

t h e  previous days boundary l a y e r  he igh t .  A sharp  drop i n  moisture i s  

usua l ly  p re sen t  on the  rawinsonde p l o t s  a t  t h i s  l e v e l .  Holzworth (1964) 

has  ca l cu la t ed  monthly mean maximum mixing depths over  t he  United S t a t e s  

a t  upper a i r  sounding s i t e s  based on the  he igh t  of t he  dry a d i a b a t i c  

l a y e r .  For Grand Junct ion ,  about 200 km t o  t h e  w e s t ,  t he  maximum mixing 

r a t i o  depth i s  3200 m f o r  mid-July and about 3100 m f o  t h e  end of Ju ly .  

This  corresponds w e l l  wi th  t h e  observed he igh t  of t h e  t a b l e  l a y e r  over 

South Park d e s p i t e  t h e  f a c t  t h a t  Grand Junc t ion  is  s o  ar t o  t h e  west 

and a t  a much lower e l e v a t i o n  (1500 m ASL). 

I 
Tennekes (1973) has  shown t h a t  a p o t e n t i a l  tempeiature d i s c o n t i n u i t y  

may e x i s t  a t  t h e  top  of t h e  boundary l a y e r  due t o  t h e  tu rbu len t  en t r a in -  

ment of a i r  i n t o  t h e  mixed l a y e r .  W e  f u r t h e r  sugges t  t h a t  n ight t ime 

r a d i a t i o n a l  cool ing  a t  t h e  mois ture  d i s c o n t i n u i t y  add t o  t h e  magni- 

tude of t h e  s t a b l e  l a y e r  o r  invers ion .  

has  suggested t h a t  mesoscale cold a i r  

pensa t ing  subsidence of t h e  a ir  above i t .  

v a l l e y s  may accen tua t e  t h e  inve r s ion  due t o  t h e  com- 

S p e c i f i c a l l y ,  on 28JUL and 30JUL, the  e a r l y  mornling rawinsondes 

showed s t rong  inve r s ions  a t  45 kPa and 49 kPa u n t i l  mid- , 

af te rnoon and midmorning, r e spec t ive ly .  They and 1.7O over 

a 1 kPa i n t e r v a l .  Their  presence seemed t o  the  develop- 

ment of l a r g e  cumulus sytems. On 28JUL t h e  s t rengthened be- 

f o r e  its d i s s i p a t i o n  i n  t h e  a f te rnoon.  This  b l y  a s soc i a t ed  



with t n e  t luildi.ng of a  r i d g e  over Colorado and the  advect ion o f  warmer 

a i r  a1oft.I 

~ u r i o b s l ~ ,  t h e  Denver soundings ( j u s t  115 ?an t o  t h e  no r theas t )  d id  

not  show these  invers ions .  In s t ead ,  they showed an a b s o l u t e l y  s t a b l e  

he igh t .  The r e l a t i v e  magnitudes of t he  l a y e r s  a s  measured 

temperature changes, were very s i m i l a r .  This  sugges ts  

were somehow causing an  accentua t ion  of t h e  s t a b l e  

t o  prev ious ly  suggested causes by George (1979), 

i t  is poss b l e  t h a t  t h e  sounding pa th  may have been under t h e  in f luence  I 
of a g r a v i  y  wave. I n  subsequent a n a l y s i s  t he  presence of a g r a v i t y  i 
wave on 3 0 . b ~ ~  is demonstrated a t  t h e  lower l e v e l s  t r ave r sed  by the  

a i r c r a f t .  This ,  and cond i t i ons  s u i t a b l e  f o r  i t s  development sugges t  

1; r ' 

t h a t ' a  g r a  i t y  wave may a l s o  have been p re sen t  a t  t h e  i nve r s ion  he igh t .  I 
The rawins nde w a s  launched j u s t  1 5  km downwind of t h e  mountain b a r r i e r  i 
and may ha e had i ts  a s c e n t  a f f e c t e d  by t h e  wave. 

, " T h e  e r l y  morning soundings on 14JUL and 15JUL showed i so thermal  I j 
and ? t a b l e  l a y e r s  a t  45 kPa, r e spec t ive ly .  Since upper-level winds a r e  

I '  
very l i g h t  and t h e r e  i s  l i t t l e  synopt ic  subsidence,  we expect  these  

s t a b l e  l a y e r s  t o  be the  r e s u l t s  of t h e  previous  days boundary l a y e r  

poss ib ly  by r a d i a t i o n a l  cool ing  and mesoscale drainage.  

o s s - sec t iona l  p l o t s  of  p o t e n t i a l  temperature and mixing r a t i o  

i n  Fig.  4.8. The most n o t a b l e  f e a t u r e  on t h i s  

of h e a t  f l u x  over  Sheep Ridge. The 

e n t i a l  temperature measured i n t h e  e n t i r e  c r o s s  s e c t i o n  

a r  t h e  s u r f a c e  of Sheep Ridge. This  a r e a  appears  t o  be  

a c t i n g  a s  4 l o c a l i z e d  source  of buoyant energy product ion.  Strong 



Figure 4.8 Cross s e c t i o n s  of mixing r a t i o  and p q ~ e n t i a l  tempera- 
t u r e  f o r  28.TUL. Same a s  Fig.  4 . 6 .  The 1007 PDT X~Y-inwdnde is used here .  



v e r t i c a l  v l o c i t i e s  a r e  a l s o  p re sen t  and most no tab le  i n  the  lower mid- I 
d l e  f l i g h t  l e g .  The lower edge of a ragged cloud was in t e rcep ted  on the  

t and is  apparent ly  a s s o c i a t e d  wi th  t h i s  a r e a  of h e a t  f l ux .  

os  nea r  t h e  cloud i n d i c a t e  t h a t  t h e  a i r  w a s  der ived  from 

s u r f a c e  l e  e l s  over  t h e  lower-lying t e r r a i n  of t h e  Park,  

S t ron  v e r t i c a l v e l o c i t i e s a r e  a l s o  p re sen t  nea r  Horseshoe Mountain. i 
t h e  presence of  forced  f low over  t h e  mountain b a r r i e r .  

day r idge top  winds were on t h e  o rde r  of 10  m / s .  There 

a r e a s  of s t rong  v e r t i c a l  v e l o c i t y  i n d i c a t i v e  of t h e  t r e -  

mendous miding of t h e  lower atmosphere. 

The 1 west f l i g h t  l e g  shows t h e  presence of a cool  and moist  l a y e r  1 
of a i r  ove t h e  Park. Winds i n  t h i s  area were l i g h t  a t  t h e  time and 1 
tended t o  b e a s t e r l y  (upslope) .  This  l a y e r  of a i r  was apparent ly  n o t  ie 
y e t  a f f e c t e  by t h e  upper l e v e l  flow. L a t e r  i n  t h e  day, t he  winds were 1 
s t rong  and e s t e r l y  throughout t h e  Park a t  t h e  su r f ace  i n d i c a t i n g  t h a t  

the  su r f ace  l a y e r  a i r  had become well-mixed. 

Cross- e c t i o n a l  p l o t s  of t h e  v a r i o u s  TKE parameters a r e  d isp layed  

i n  Fig. 4.9 I n  a d d i t i o n  t o  TKE, buoyancy product ion of TKE, d i s s ipa -  

t i o n a n d  sh  a r p r o d u c t i o n  is included. The v e r t i c a l  wind p r o f i l e s  used 1 i n  c a l c u l a t  ng i t  f o r  28JUL (and 30JUL) a r e  given i n  Fig. 4.10. The 

0600 MDT an 1000 MDT rawinsonde c a l c u l a t e d  wind va lues  a r e  given a long  

wi th  t h e  f l ' g h t l e g a v e r a g e  of t h e  wind component. General ly ,  t h e  0600MDT 

rawinsonde as more comparable t o  t h e  f l i g h t  l e g  averages than the1OOOMDT 

rawinsonde e s p i t e  t h e  f a c t  t h a t  t h e  1000 MDT sonde would have been more 

temporally c n s i s t e n t .  This  w a s  a t t r i b u t e d  t o  t h e  pa th  t h e  sounding I 
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with the upber-level flow above the sounding site. The increased amount 

e and general tendency for upstream flow are apparent at and 

plots of TKE revealed large isolated regions of 

turbulQe Pownwind of the mountain crest. Shear productional cross 

sectio 4 '  s were well correlated with the TKE cross sections indicating 

that s ear roduction was the primary source of TKE. This is in con- ? P 
trast o pr vious studies of the unstable boundary layer performed over t i =  
flat t rrai and under lighter wind conditions where buoyancy was the i t 
primarl/ probuctive source of TKE . 

-4 . u 1 
B oyan yproductionwas generally positive, but of smaller magnitude 

roduction. As might be expected, it was of higher magni- 

lower levels and became more neutral in the upper-level 

(where it even tended to compensate slightly for shear pro- 

Chis general trend is apparent in other studies over flat 

area of positive buoyancy is evident in the lower- 

middle fligt leg over Sheep Ridge (the small hill located to the lee of ~ k 
crest). Presumably, the area above the ridge is devoid of 

ownslope air which has drained further out into South Park 

ss heating time to produce warm thermals. Therefore, the 

cy maximum seems to be the result of buoyant production from 

low. However, it is probably aided by the flow aloft which 

to reach the surface. 

tion generally tended to compensate for the production modes 

Note also that it is of generally larger magnitude than 

calculated for 14JUL and 15JUL. 

I 



Smaller scale buoyancy production was often a be 

true heat flux from the surface. The effect of essen 

air masses interplaying at the lower levels (that is, 

near Sheep Ridge and cooler South Park 

scale due to the definition of this operator (an 

c.c)urhta, O C C U ~ S  at the boundary of the air 

near the surface of Sheep Ridge is positive. Thus we see that there is 

heat flux associated with this area. Another maximum located above the 

mountain crest is also apparent. 

Shear production on the subgrid scale was genera 

expecially near the surface suggesting that entrainme 

bulent mixed flow from above was accelerating (slowing do the upslope 
I 'T 

flow) the air near the surface. 

4.4 July 30 

As mentioned previously, the synoptic conditions on 3DJUL did not 

generally favor cumulus convection. Although a surface lo was analyzed 

at0600MDT, which would tend to favor convection, the wind aloft were I 
dry and very strong. The 50 kPa map was similar to 28JUL pith winds of 

18.5 m/s at 280'. Ridgetop winds were also very stro 

surface stations located at ridgetop measured winds a 

10 m/s at 2800 throughout the morning. By 1200 MDT t 

no longer present. 

Small cumulus clouds were observed to form at 0930 MDd which was 

towards the end of the aircraft flight. By 1100 MDT 

the entire sky, but never developed to any significan 

cipitation was observed during the day. 



1 A s  t een  i n  Fig. 4.4d, t he  boundary l a y e r  was becoming well-mixed 

T. This  is e a r l i e r  than on any of t h e  o t h e r  case  s tudy days. 

apparent  t h a t  t h i s  was a r e s u l t  of t h e  c l o s e  proximity 

range and n o t  i n d i c a t i v e  of  t h e  e n t i r e  South Park a rea .  

Cro s s e c t i o n s  of p o t e n t i a l  temperature and mixing r a t i o  f o r  30JUL i 
a r e  ld i sp  ayed a s  two s e p a r a t e  s e t s  of p l o t s  (Fig.  4.11). The a i r c r a f t  i flew/ s i x  f l i g h t  l e g s  on t h i s  day, of which t h e  two lower ones were 

This  allowed a more thorough sens ing  of t h e  evolving boun- 

r .  Note t h a t  t h e  upper two f l i g h t  l e g s  a r e  t he  same on both 

The contours ,  however, a r e  drawn t o  be  more consis-  

f o r  t h e  lower two l e v e l s .  

f e a t u r e  on 30JUL was t h e  wave-like na tu re  

of pbtent l ia l  temperature and mixing r a t i o  shown b e s t  e a r l i e r  i n  the  

morning. V e r t i c a l  v e l o c i t i e s  agreed we l l  with t h i s  assumption. Some 

tu rbg len t  a c t i v i t y  w a s  ev iden t  nea r  t h e  c r e s t  of t h e  wave over  South 

lsewhere t h e  flow seemed t o  b e  somewhat laminar .  

ower-level f l i g h t  l e g  allowed a comparison t o  b e  made with 

r y  l a y e r  p r o f i l e r  i n  ope ra t ion  a t  t h i s  time and a t  t he  same 

he igqt .  temperature,  mixing r a t i o ,  wind speed, and d i r e c t i o n  a l l  
, 

wel l .  The a i r  below t h e  l e v e l  of t h e  f l i g h t  l e g  was 

b u t  tu rbulence  was s t i l l  ev iden t  a s  f l u c t u a t i o n s  

Gusts up t o  7 m / s  were observed between 150 m and 

200 4 AGI Poss ib ly  t h e  turbulence  noted above t h i s  l a y e r  was be ing  

t h e  su r f ace  as w e l l .  

e day progressed , ' a  s t r o n g  a r e a  of h e a t  f l u x  was noted over  

e s i m i l a r  t o  28JUL. Warm p o t e n t i a l  temperatures and s t rong  

posi tbve d e r t i c a l  v e l o c i t i e s  were wel l .  c o r r e l a t e d .  The upper l e v e l  
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winds ap eare to be working their way down to the surface where tempera- 7 1  
ris n to comparable amounts. 

tures ha! I 
A c 01 a d moist layer of air is evident, as on 28JUL, over the 4 P 

Park are4 at bbout 1000 MDT. Again winds were light and predominantly 

(upslope). Later in the day, the westerlies surfaced 

came dry and well-mixed throughout the study regime, 

~ro$s-sebtional plots of the various TKE parameters for the latter 

four fli nt I gs are displayed in Fig. 4.12. In addition to previously f r 
calculated pahameters, two TKE transport terms are calculated including 

' , ,  , 
advection of TKE and the horizontal cdnvergence of TKE. 

The larg r scale TKE maximum was located nearly 15 km downwind of I t  
the moundain brest. As on 28JUL, it was primarily due to shear produc- 

I 

I ,  ( 1  
tion. 'kfgatitre buoyancy production and dissipation tended to compensate 

upper two flight levels. In the lower levels, buoyancy 
, 1 

tributed to TKE, but also seems to be the result of the 

descend1 gup er-level flow. The symmetrical sink-source buoyant region =I' 9 
uction region located over the mountain crest is more pre- 

ted with forced flow over the mountain barrier. Also the 

negative maxi urn of shear production and the positive maximum of buoyancy I t  
the lowest level can be associated with the descending of 

1 flow, which is warm, well-mixed,and rising in this region. 

The trankport terms calculated for 30JUL were generally of larger 
*,,' ,I a 
magnitude tha-n shear production or buoyancy production. Advection of 

TKE was t:he largest measured term of the TKE equation indicative of the 

1 I high winis and localized nature of the turbulence. It was approximately 

er than the production terms. However, it was to a large 

extent cdmDengated for by the horizontal divergence of TKE which was 



approximately one-half of t h e  advect ion.  This  w a s  ex l a i  a b l e  by t h e  f ' n  
Fact  t h a t  i n  t h e  r e f e rence  frame of t h e  mean wind t h e  

a i r  (u' < 0 )  as soc ia t ed  wi th  t h i s  a r e a  w a s  working i t s  wa upstream. I Y 
This  comes about  p a r t i a l l y  through t h e  system of TKE per  t o r s  used, i 
b u t  s e rves  t o  i l l u s t r a t e  t h e  more s t eady- s t a t e  n a t u r e  of he  tu rbu len t  i t  
f i e l d  n o t  ev iden t  i n  t h e  t r a n s p o r t  c ross -sec t ions .  is d f f e c t  was T I 
a l s o  noted on 28JUL al though t h e  c ross -sec t ions  a r e  nbt d isp layed .  

An e s t ima te  of t h e  v e r t i c a l  divergence i n  t h e  

convergence a r e a  was poss ib l e .  The average 

l e n t  t o  w') a t  t h e  lower boundary of t h e  convergence was 3 m / s .  

The TKE as soc ia t ed  wi th  t h i s  a r e a  w a s  about 19 ~ / k g .  

zero v e r t i c a l  motion i n  t h e  upper- level  f l i g h t  l e g ,  a bonv$rgence of 

2 -3 0.09 m s r e s u l t s  anc!the n e t  t r a n s p o r t  i n  t h i s  a r e a  

Somewhat lower magnitudes of v e r t i c a l  motion a s s o c i a t  

s t ream advec t ion  maximum sugges ts  t h a t  i n  t h i s  a r e a  abvect 

t a n t  and l a r g e r  than t h e  compensating convergence. 

ion  is impor- 

The most no tab le  f e a t u r e  of t h e  smal le r -sca le  T K ~  crolss s e c t i o n s  

i s  t h e  gene ra l  l a c k  of tu rbulence  a s s o c i a t e d  wi th  themoun t a i n  c r e s t .  

The f low i n  t h i s  a r e a  i s  somewhat laminar  over  t h e  mo n t a '  so  t h a t  I +  
small-scale  turbulence  is minimal. The s c a l e  of motion i s  e f f e c t i v e l y  

g r e a t e r t h a n l  km. Shear product ion is  gene ra l ly  pos i  

28JUL. It is  a maximum i n  t h e  lowest  l e v e l  where t h e  

i s  converging wi th  t h e  coo le r  South Park a i r .  Buoyan 

where the  well-mixed air has  sur faced .  

The smal le r -sca le  t r a n s p o r t  of tu rbulence  r e v e a l  a i n  t h e  l a r g e  

magnitudes of advec t ion  noted on 28JUL. The hor izont  



erally much smaller and could not compensate for the advection. 

ange in scale necessary to display horizontal convergence 

with alvection. Although it was of very small magnitude in the two upper- 

I 
legs, convergence was noted upwind of the turbulent areas 

ce within these areas. This effect can also be noted in the 

flight leg where TKE is diverging from the two TKE peaks 

between them. In the lowest flight leg a broad area of 

where the upper-level mixed flow has surfaced. Di- 

vergen e re ults when the cooler South Park air is entrained into the t r 
flow aioft. It must be kept in mind, however, that divergence of TKE 

I 

is a t ree- imensional phenomena and we have only calculated it in one F 
direct: Vertical divergence, for example, is usually of primary con- 

cern id mosb boundary layer studies. 



5.0 DISCUSSION 

Many of t h e  t u r b u l e n t  f e a t u r e s  of t h e  boundary 1 over t h e  moun- 

t a i n s  are exp la inab le  by va r ious  mechanisms pecul ic -  11n t a inous  

topography. A d e s c r i p t i o n  of TKE without  r e f e rence  t e f e a t u r e s  is 

nisms of i t s  formation a r e  considered i n  t h i s  chap te r  

incomplete. Both t h e  l o c a l i z a t i o n  of tu rbulence  and 

e c t i o n  began 

5 .1  - J u l y  14 and --- .Tuu -.- 1 5  

Ju ly  14 and J u l y  1 5  were days cha rac t e r i zed  by 1 

the  su r f ace  t o  above 50 kPa and a f avorab le  moisture 

d i t i o n s  have been observed t o  suppor t  t h e  development 

convect ion over  South Park. Clouds a r e  gene ra l ly  obsl t o  form over 

t h e  mountains betweenC930MDT and 1000 MDT. On 14JLTL 

at0900MDT and on 15JUL s h o r t l y  after0920MDT. 

A s  observed from t h e  a i r c r a f t  d a t a ,  t h e r e  was r e n t  l o c a l i -  

z a t i o n  of h e a t  f l u x  over  t h e  mountains. Both 14JUL a. JUL show tu r -  

bu len t  cloud development above t h e  mountain c r e s t  i n  ~ e r w i s e  un- 

d i s tu rbed  flow. Presumably t h i s  is  due t o  converging 3pe flow re- 

s u l t i n g  from l o c a l  h e a t i n g  w i t h  l a r g e r  s c a l e  f o r c i n g  

pressure  g rad ien t  induced by t h e  hea t ing  of t he  mount 

and Cotton (1979) have presented  a summary of t h e  cha 

t h i s  upval ley flow r e l y i n g  on f o u r  ca se  s tudy  days f r  

August. Their  r e s u l t s  sugges t  n igh t t ime  dra inage  (we, y t o  north-  

wes ter ly)  of cool  a i r  i n t o  South Park g ives  l l e y  (souther- 

l y  t o  sou theas t e r ly )  flow gene ra l ly  between0730MDT Sunr ise  

is about0600MDT. The upval ley  winds a r e  gene ra l ly  

t y p i c a l l y  approach magnitudes of 2-5 m / s .  



t h i s  tem o 

d i t i o n  o t development is  observed on our  case  s tudy  days. The con- 

winds i n  South Park a f t e r  t h e  upval ley winds were e s t a -  

splayed i n  Fig. 5 .1  f o r  14JUL and 15JUL. On 14JUL upval ley 

190 m t h i c k  and had magnitudes approaching 5 m / s .  

15JUL were a l i t t l e  more d i f f i c u l t  t o  d e t e c t  on the  

had e a s t e r l y  flow up t o  and above r idge top .  This  was 

appareilt ly d e co a f avorab le  l a rge - sca l e  p re s su re  g rad ien t  r z s u l t i n g  

from a 1 I, w c 1 nte red  over  t h e  Utah-Colorado border  approximately 250 km 

The t r a n s i t i o n  from morning downvalley winds t o  upval ley 

su r f ace  Vas,however, observed s h o r t l y  after0300MDT. The 

opment of t h e  s u r f a c e  wind regimes f o r  14JUL and 15JUL 
: J 

( a l s o  28% nd 30JUL) a r e  summarized i n  Fig.  5.2. The r e s u l t s  a r e  

based on look'ng a t  success ive  p l o t s  of winds such a s  those seen i n  

Fig. 5 . 1  and b t a i n i n g  a n  average cond i t i on  of the  winds over  South Park. 

Upvalley winds converge over  t h e  mountains and r e s u l t  i n  cloud for -  

mation t y p i c a  I l y  seen i n  South Park a t  fromOf330MDT t o  1000 MDT. Clouds 

a r e  gene8al ly no t  p re sen t  i n  South Park a t  t h i s  time. The boundary l a y e r  

has  n o t  bad s 1 f f i c i e n t  time t o  m i x  up. Also, subsidence over  t h e  Park, 

ss c nserva t ion ,  would e f f e c t i v e l y  s t r eng then  any s t a b l e  

l a y e r s  ar ti f u  t h e r  de lay  t h e  formation of a mixed l a y e r  over  South Park. 

due I . 
Clo d f o  mation i s  f r equen t ly  observed i n  t h i s  region j u s t  downwind 

i i I 

of t h e  m un ta  n c r e s t .  Two a d d i t i o n a l  days (not  included i n  t h i s  s tudy)  

under s i  i l a r  meteoro logica l  cond i t i ons  a l s o  showed t h i s  tendency. 

Other c l  uds e r e  p re sen t  above t h e  mountain range t o  t h e  nor th  and 

l o c a l  r eg ion  seemed t o  be  p re fe r r ed .  Huggins (1975), 

cm) r a d a r  i n  h i s  c l ima to log ica l  sfugy I of f i r s t  echoes 

mountains i nd ica t ed  the  p;esence of prefer red  
, . a " . .  - ,  . ., --, 
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Figure 5.1 Surface winds on 14JUL and 15JUL. Th 
measured by the PAM system are in knots. Temperature 
peratures are in OC. Refer to Fig. 3.1 for placement 
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5.2  Time development of wind regimes from PAM data 

s to rm genes i s  a r e a s .  He l o c a t e s  one maxima i n  t he  South 

~ c i a t e d  wi th  t h e  Mosquito Range. This  occurred a t  Fa i rp lay  

14 km t o  t h e  e a s t  and 6 km t o  the  no r th  of where t h e  

~ p i c a l l y  observed. Huggins' maximum may b e  a s soc i a t ed  wi th  

Poss ib ly ,  he  could n o t  p i ck  up t h e  small cumuli 

Mountain (%mountain cre .s t )  u n t i l  they had 

reached i 
I 

I 
Two of t l  

time t 

been c  

anomal 

dow 

cumuli 

a b l e  s 

r e q u i r  

he 
riff 5sd? - 

moisture 

.c. f P tI * , : ' ,  .;.-1, ' 1  * I ) .  2 , -  

s t a g e  of development and d r i f t e d  f u r t h e r  t o  the  e a s t .  

I 
Ir above-mentioned examples were p r e c i p i t a t i n g  by the  

reached Sheep Ridge. The M-33 r ada r  would probably have 
.< 1:: 1 

)f picking them up. However, t h e  wes t e r ly  winds were 

-.T ($3 m/s) on these  days sugges t ing  slower advec t ion  

14) has  a l s o  shown t h i s  "hotspot" e f f e c t  f o r  Front  Range 

~nc luded  t h a t  t h e i r  importance was inf luenced  by 1 )  favor- 
. ' a  I 

I aspec t ,  and 3) acces s  t o  low-level moisture.  These 

;eem t o  be l o c a l l y  s a t i s f i e d  i n  t h i s  a r ea .  The bowl where 

:med f a c e s  t o  t h e  ESE and has a  s lope  t h a t  w i l l  i n t e r c e p t  

int of s o l a r  r a d i a t i o n .  The a r e a  apparent ly  d e r i v e s  i t s  

the  l a r g e r  v a l l e y  f ac ing  t o  the  sou theas t .  As shown bv 



t h e  PAM network, t h i s  a r e a  was gene ra l ly  of maximal + i s t u r f  r e l a t i v e  

t o  o t h e r  a r e a s  i n  South Park. Indeed, low-level moislture must gene ra l ly  

6 e n t e r  from t h e  south  o r  east due t o  topographical  s i t u a t i o n s .  The hor i -  i 

zon ta l  wind c r o s s  s e c t i o n  a t  1030 MDT der ived  from t e a i r c r a f t  d a t a  . '  

? 
I 

i nd i ca t ed  upsloping a i r  derived from t h e  small elow Horseshoe I 
I 

I 
Mountain. The topographical  f e a t u r e s  of t h i s  l o c a t i o n  of t he  

cloud a r e  shown in Fig.  5.3. 

I n  genera l ,  t h e  s i z e  of t h e  t u r b u l e n t  (cloud) a r ea ,  a l though some- : 

what v a r i a b l e ,  seemed t o  b e  c l o s e l y  coupled wi th  t h e  topography below. i i 
t 

O r v i l l e  (1967), us ing  an extremely s t e e p  mountain ( 1  Ian high and 2 km ! .I 

wide) s imulated a cloud 1/2-2i3 t h e  ws$peof The clouds 
cr,q -;:P E F ~ ~  . 

presen t  over Horseshoe Mountain were 

rounding topography a s soc i a t ed  wi th  

and about t h e  same h e i g h t  (1 km). 

mechanism and hence is  in  agreement w i th  our  assumed cause of development. 

A s  mentioned previous ly  a d d i t i o n a l  f a c t o r s  seem d t o  a i d  i n  t h e  e i 
e a r l i e r  development of c louds over  t he  mountains. C mulus clouds were Y 
observed t o  form by 0900 MDT on 14JUL and s h o r t l y  a f t  r 0920 MDT on 1 5  JUL. E This  i s  s l i g h t l y  e a r l i e r  t han  a more t y p i c a l  t ime of between0930MDT I '  

! 

and 1000 MDT. On 14JUL we  a t t r i b u t e d  t h e  earlier c l  ud development t o  

a weak co ld  f r o n t a l  passage occu r r ing  a t  approximately t h e  same time. I 

On 15JUL forced  upslope f low from t h e  e a s t  i n  t h e  2000 m of t h e  
1 

atmosphere probably a ided  i n  t h e  s l i g h t l y  e a r l i e r  of f i r s t  cumulus 

convect ion.  ~ 
The p o t e n t i a l  temperature c ross -sec t ion  f o r  1 5  sugges ts  t h a t  t h e  T= 

air  surrounding t h e  cloud has  been f o r c i b l y  l i f t e d .  We have a l ready  I 



A =  UP-DRAFT-5.5 m/s 
B = LIQUID WATER 

re 5.3 Shaded contour  p l o t  of t h e  t e r r a i n  over which t h e .  
flew. The p o s i t i o n  of t h e  cloud on 15JUL i s  a l s o  ind ica t ed .  



a t t r i b u t e d  some of t hese  coo le r  temperatures  t o  t h e  forced  l i f t i n g  

r e s u l t i n g  from e a s t e r l y  flow below 2000 m AGL. I n  a d d i t i o n ,  Braham 

and Dragins (1960) observed a wide column of a i r  p o t e n t i a l l y  coo le r  

than t h e  environment over t h e  mountainous peaks of southern  Arizona a t  

t h e  t i m e  o f  f i r s t  cumulus formation (Q~l000 LST). They could a t t r i b u t e  

20% of t h i s  t o  forced  orographic l i f t i n g ,  bu t  t h e  o t h e r  80% was a t t r i -  

b u l t a b l e  t o  t h e  convergence of upslope winds and t h e  r e s u l t a n t  forced  

l i f t i n g  of t h e  a i r  above t h e  peak. O r v i l l e  (1965), i n  h i s  model of 

mountain upslope winds, a l s o s i m u l a t e d t h i s  f e a t u r e  of l i f t i n g  t h e  upper 

l e v e l  a i r  above a mountain due t o  organized upsloping from t h e  mountain. 

Thus, we can a t t r i b u t e  some of t h e  forced  l i f t i n g  t o  t he  convergence 

of upsloping winds. 

S l i g h t  nega t ive  buoyancy o r  n e u t r a l l y  buoyant a i r  was noted i n  t h e  

updra f t  of t h e  cloudy a r e a  on 15JUL. I f  we assume tha,: t h e  temperatures  

a r e  real, t h e  updra f t  ( ~ 5 . 5  m / s  f o r  1 .5  km) must be a t t r i b u t e d  t o  some- 

th ing  o t h e r  than buoyancy pr'oduction a t  t h i s  he igh t .  l ion-hydrostatic 

p re s su re  f o r c e s  c r ea t ed  by buoyant a i r  above t h i s  h e i g h t  could f o r c i b l y  

l i f t  t h e  a i r  from below (e .g , ,Orv i l l e ,  1965) b u t  t h e  r2,winsornde taken 

a t  t h i s  t ime does n o t  suppor t  t h i s  assumption. Also t e s i z e  of t h i s  

e a r l y  morning small cumulus cloud would n o t  sugges t  £0 ced inf low of 

t h i s  magnitude. 
I 

It i s  p o s s i b l e  t h a t  t h e  Rosemount temperature 

temperatures t oo  low i n  t h i s  cloudy a r e a  which was 

0 
mentioned be fo re ,  e r r o r s  as l a r g e  a s  1 C can e x i s t .  T 

account f o r  t h e  v e r t i c a l  

s i n c e  both t h e  Rosemount 
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A summa: 

occurr ing on 

d a t a  and inf t  

ment (%1000M 

of t h e  mount2 

and f o r c e  thc 

t h e  r eve r se  flow sensor  is pro tec ted  from cool ing by 

suspec t  t h a t  t h e  measured va lues  of temperature a r e  

u r a t e .  

c a l  v e l o c i t i e s  may be  a t t r i b u t e d  t o  warm thermals  o r i g i -  

.e mountains. Indeed, thermals  j u s t  0 . 3 ' ~  warmer than t h e  

a i r  below the  cloud approach v e r t i c a l  v e l o c i t i e s  o f  t h i s  

e cloudy a i r  de t ec t ed  by t h e  a i r c r a f t  may have reached a 

a 1  o r  s l i g h t l y  nega t ive  buoyancy and cont inue  t o  r i s e  due 

ns ide ra t ions .  Fur ther ,  some l i f t i n g  may be t h e  r e s u l t  

up t h e  mountain b a r r i e r .  

conclusions are d i f f i c u l t  wi thout  knowledge of the  thermal 

he a i r  near  t h e  mountain which may be  q u i t e  d i f f e r e n t  

rawinsonde, taken over  South Park, would i n d i c a t e .  

both cloudsonl4JUL and 15JUL were p r e c i p i t a t i n g  soon 

rmation. Small gus t  f r o n t s  a s soc i a t ed  wi th  the  evapora- 

nd drag of t h e  r a i n  formed over  South Park. Thus i t  seems 

, cloud-induced dynamics were becoming important  i n  t h e  

a. PAM s t a t i o n  d a t a  a f t e r  t hese  t i m e s  tends t o  show more 

, i n d i c a t i v e  of cloud a c t i v i t y  over South Park. 

of important  f e a t u r e s  of t h e  boundary l a y e r  development 

ow wind days is  presented  i n  F ig .  5.4. It is  based on 

ences from both 14JUL and 15JUL. I n i t i a l  cloud develop- 

) r e s u l t s  from t h e  convergence of upslope flow t o  t h e  lee 

n. Warm p a r c e l s  of  a i r  rise over  t h e  mountain, condense, 

r way i n t o  more s t a b l e  flow a l o f t .  The cloud i s  drawn 
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buoyant. P o t e n t i a l  temperature l i n e s  below r idge-  

some forced  l i f t i n g  of t h e  a i r  up a g a i n s t  t h e  

mois ture  i n  from t h e  e a s t .  A super -ad iaba t ic  

l a y e r  forms nea r  t h e  su r f ace .  By e a r l y  a f te rnoon ('~1300 MDT) t h e  cloud 

is p rec ip i tA t ing  and cloud-scale dynamics begins t o  t a k e  over .  Higher 

momentum sit , presumably der ived  from higher  l e v e l s ,  has reached t h e  

su r f ace  as b small gus t  f r o n t .  The cont inued gene ra t ion  of cloudy ma- 

oyancy product ion i s  i n d i c a t e d  over  t h e  mountain c r e s t .  

were days cha rac t e r i zed  by s t rong  wes t e r ly  

i nc lud ing  t h e  lower l e v e l s  a t  r idge top .  The 

f t  and t h e  su r f ace  p re s su re  g rad ien t  d i d  no t  

i n t o  South Park. These condi t ions  

ed t o  be  unfavorable  f o r  cumulus convec- 

clouds were observed t o  form atO'i30MDT bu t  

p t o  any s i g n i f i c a n t  s i z e .  Only a few i s o l a t e d  

dgetop l e v e l  on 28JUL and 3OJUL 

allowed f o r  a dynamical i n t e r a c t i o n  wi th  t h e  wes t e r ly  a i r s t ream.  Cross- 

s e c t i o n a l  pl.ots of l o c a l l y  averaged wind d i r e c t i o n  were made t o  d i sce rn  

the  cha rac t e r  of f low on these  days. Evidence t o  be presented  w i l l  

show t h a t  many of t h e  upper-level f e a t u r e s  observed i n  t h e  e n e r g e t i c s  

s tudy  f o r  IJUI, a r e  exp la inab le  through t h e  a c t i o n  of a n  u n s t a b l e  wave- 

caused by t h e  mountain c r e s t .  This  f e a t u r e  i s  l e s s  



Cross-sectional streamline analyses done for 3 0 4 ~ ~  are presented in 

Fig. 5.5. Wind vectors in the xz plane were plotted levery 500 m and 

projected vertically by drawing parallel wind barbs. A best fit stream- 

line was then drawn through the vector field paralle to the local wind 

direction. The streamlines revealed the presence of a wave-like phe- 

nomena to the lee of Horseshoe Mountain. 

The cross-sectional plots are considered to be dccurate representa- 

tions of flow on these days. The large horizontal v locity component i 
makes the INS drift error relatively small. The fli 

sidered to be long enough (15-35 km) to accurately m 

vertical velocities relative to 

possible to follow constant lines of potential 

regions of the flow suggesting that a great 

interpretable as trajectory paths, 

done for 30JUL. The three upper-level flow patterns bligned very well 

with each other indicating a somewhat steady-state f ow and further sup- 

porting our ability to follow isentropes representat' 1 e of parcel 
trajectories. A slight cooling trend, arising from clold air advection. 

is evident. 

The 30JUL 1010 MDT rawinsonde indicates a stab1 

4.6' 0/km just above the upper flight leg. This lay r is evident on 

the cross-sectional wind analysis in the troughs of 

the air has been initially displaced upwards, it is 

late a frequency of buoyant oscillation (Brunt-VZisZ 

stable air, advect it downstream, and arrive at an e 

wavelength. If stability is estimated from the soun 

length of about 9.5 km is calculated. However, this is not necessarily 

a good esti.mate O F  the stability of the air 1.5 hrs I a r l i c r  and  a t  a 



5.5 Streamline analysis for 30JUL. The earlier aircraft 
on top and the later flights on the bottom. The lines indi- 
lines indentifiable from both the UW wind component and po- 
erature. They are drawn relative to each flight leg which 
ted by dotted lines. Note that the streamlines are not con- 
respect to temperature from flight to flight. They were 
time by %%-hour and cooling trend is evident. 



lower( f1 ight  l e g )  he igh t .  In s t ead  we use a p o t e n t i a l  emperature l i n e  

r ep re sen ta t ive  of t he  flow f i e l d  a t  a p a r t i c u l a r  heigh t o  c a l c u l a t e  

a wave amplitude. By comparing r idge  and trough tempe&atures with 

t h i s  amplitude, and assuming p a r a l l e l  i s e n t r o p i c  flow, 1 i t  is poss ib l e  

t o  a r r i v e  a t  an  e s t ima te  of t h e  average s t a b i l i t y  of the a i r  a t  t h a t  

he ight .  The ca l cu la t ed  wavelengths then correspond wekl with the  

s p e c t r a l  e s t ima te  of wavelength (Table 5.1). 

The Scorer  parameter 

is o f t e n  used as  a c r i t e r i o n  f o r  t h e  p o s s i b i l i t y  of gdavi ty  wave forma- 

t i o n  t o  the  l e e  of 2-D t e r r a i n .  " . . . waves can e x i s t  on ly  i f  t h e r e  is 

a l a y e r  low down i n  which R exceeds its va lue  h igher  p and the  l e e  wave- 4 
i l eng th  is such t h a t  k is equal  t o  an in te rmedia te  v a l  e of R . "  (Scorer ,  

1954). The parameter k is the  wavenumber d e f i n e d a s k  Znlwnvelength. 

From t h e  1000 MDT rawinsonde, t h e  es t imated  R f o r  t h e  s t a b l e  l a y e r  a t  i 
56 kPa g ives  a va lue  of k equal  t o  6. OXI.O-~ bas  d on a i;lcon wind d 

Table 5 .1  Est imation of t h e  g r a v i t y  wavelength 30JUL. Sensi- 
t i v i t y  of both a0/az andlU v e l o c i t y  measurement t o  Wave- 
length, = ZnU(gl3 ae/az)* . 

U 

l a m /  s 

l a m /  s 

16mIs 

ae /az  

4.6Oe/km 

3. oOo/km 

3. OOO/km 

- 
8 

320° 

320' 

320' 

L 

Wavelength 

9.5 km 

11.8 km 

10.5 km 

.- - 



-4 -1 of 16 m / s ;  \ the  a i r c r a f t  der ived va lue  i s  5 . 3 ~ 1 0  m , based on a mean 

wind of 18 &n/s. Above t h i s  l a y e r  II i s  obviously s m a l l  due t o  t h e  mini- 

mal p o t e n t i a l  temperature g rad ien t  ev ident  on the  sounding which satis- 

f i e s  t h e  f i ~ s t  c r i t e r i o n .  The va lue  of k ( 5 . 3 ~ 1 0  -4 m-l)  
s a t i s f i e s  t h e  

second requ:irement based on t h e  sounding and comes c l o s e  based on t h e  

a i r c r a f t  de:rived va lue  of A. Thus, t h e  p o s s i b i l i t y  of a g r a v i t y  wave 

e x i s t s .  

s o  poss ib l e  t h a t  t h i s  wave f low f e a t u r e  is due t o  topographic 

t h e r  east-west f l i g h t  l e g  occurred f a r t h e r  t o  t h e  no r th  of 

i m e  and a t  t h e  same a l t i t u d e  a s  t h e  upper- level  f l i g h t  l eg .  

f o r  a comparison. ~ f t ~ r  p l o t t i n g  wind v e c t o r s  of t h e  UW 

obvious t h a t  t h e  f low corresponded t o  t h e  topography. The 

ighe r  and more mountainous, however, which meant t h e  air- 

en wi th in  400 m of t h e  peaks. Topography would then  be ex- 

o r e  i n f l u e n t i a l  on t h e  f low i n  t h i s  ca se .  

back t o  Fig. 5.5, i t  appears t h a t  t h e  f low i n h e  30JUL 

i m e  a l s o  corresponds with t h e  t e r r a i n .  The wave-like f low 

rm near  Sheep Ridge a t  t h e  9 km marker. Hence, i t  is  

ch of t h e  f low p a t t e r n  i s  due t o  topographic fo rc ing .  

e f low becomes u n s t a b l e  near  its c r e s t  over South Park. 

r ev ious ly  been noted i n  t h i s  area. We suggest  t h a t  i t  

ar i n s t a b i l i t y  a r i s i n g  from a low Richardson number and 

in-Helmholtz b i l lows .  They are a commonly observed 

ena (e.g. ,Gossard e t  a l . ,  1970; Hicks st a l . ,  1968). 

eir onse t  i s  gene ra l ly  considered t o  be a Richardson 

5 (e .g. ,Miles  and Howard, 1964).  Radar observa t ions  

ave  revea led  d e t a i l e d  s t r u c t u r e  of t he  b i l l ows  (e.g., 



Browning et al., 1973). Our somewhat limited observat ons suggest a wave- 

length of about 2.5 km and an amplitude of over 300 m This is consistent t 
with observed structure andsize noted in previous ob$ervati.ons. 

Richardson numbers for the laminar flow regions kwhere it was 

possible to estimate stability) were calculated and shown to be slightly 
greater than this criterion (i.e., Ri Q 1). Hence we would not expect 

billows to form in these regions. It proved difficult ( to obtain an accu- 

rate estimate of stability in the turbulent regions a though its magni- 

tude was low. Scorer (1967) has shown that the distor ion of an otherwise 

stable linear flow can alter the local Richardson numher and allow the 

formation of billows in certain areas. Contrary to exJectation, the most 

stable layers develop the smallest Richardson numbers 1 in waves, and so 
billows are most likely to develop there. The effect Crises from the 

tilting of a stable layer of air and the resulting gnbration of vorticity 

due to solenoidal considerations. Also deceleration cguses a decrease in 

Richardson number. Generally, billows are most likelk to form at a 

wave crest. We suggest that the turbulence appearingl on the early morn- 

ing of 30JUL at the upper three levels arises from sh ar instabi.lit:y. t 
It does not appear to be induced by lower-level buoya t activity s&ce P 
the early morning air at the lower-middle height is c oler under the wave iD 
crest (Fig. 4.11). 

However, some forcing may be present by 0830 MDT from upsloping air 

over Sheep Ridge. The convergence of air above the may be initi- 

ating some of the turbulence by perturbing the flow Up-valley , 

II 
winds in South Park appear to have become , .  

two upper-level flight legs were f lawn. Generally lber momentum air 



is  p re sen t  i n  t h i s  area sugges t ing  t h a t  t h e  flow is  mixing somewhat with 

t h e  lower nomentum a i r  below. 

A s t r eaml ine  a n a l y s i s  was a l s o  done f o r  28JUL. The a i r f l o w  was 

less organized than  on 30JUL, e s p e c i a l l y  over  South Park where t h e  

turbulence  w a s  more t r a n s i e n t .  This  w a s  appa ren t ly  due t o  t h e  very  

low s t a b i l i t y  of t h e  air and high v e r t i c a l  wind g rad ien t  a t  t h e  t ime. 

Reca l l  t h a t  t h e  f l i g h t  l e g s  occurred later i n  t h e  day than on 30JUL 

and hence the  boundary l a y e r  was more developed. Forced laminar flow 

was appare, l t  over t h e  mountain c r e s t  b u t  i t  gave way t o  turbulence 

Park. It is  p o s s i b l e  t h a t  a g r a v i t y  wave e x i s t e d  

and t h a t  w e  were observing a l a t e r  s t a g e  of develop- 

MDT rawinsonde gene ra l ly  suppor ts  t h i s  assumption. 

of t h e  wind was approximately 30° normal t o  the  

r i d g e l i n e .  Reca l l  t h a t  ang le s  g r e a t e r  than t h i s  a r e  n o t  normally 

o t h e  formation of g r a v i t y  waves. Therefore i t  is  poss ib l e  

was p re sen t  e a r l i e r  i n  t h e  day when t h e  boundary l a y e r  w a s  

and t h a t  we observed only  a remnant of t h i s  f e a t u r e .  

f o u r  ca se  s tudy  days,  t h e r e  i s  evidence of t h e  d i u r n a l  

f  morning upslope winds fol lowing n ight t ime drainage.  How- 

e 14JUL and 15JUL, t h e  upslope on 28JUL and 30JUL was con- 

e low-lying South Park a r e a  (Fig. 5 .6) .  Higher PAM su r f ace  

t h e  west (e.g. ,Fourmile and Horseshoe Mountain) show no 

upslope. The a i r  is  d r y  and probably a s soc i a t ed  with t h e  

The )wer-level a i r c r a f t  f l i g h t  l e g s  on both 28JUL and 30JUL 

e convergence of coo le r  and mois te r  South Park a i r  and 

downsloping a i r  a s s o c i a t e d  wi th  t h e  forced  f low over  t h e  
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Figure 5.6 Surface winds on ~ J U L  and 30JUL. ~ 4 e  as Fig. 5.1. 



mountain arrier. The aircraft measured magnitude of the upsloping t 
air's westerly component was about 2 mls, but the possible INS drift 

-- error is also of this magnitude. The results could not be considered 
. ' . p.4; 

ful by themselves. However, between the hours of 0735 MDT and 

1000 MDT ~n 30JUL, the mixing ratio of the air, as measured by the 

surface fl/ight leg, increased from 5.5 @/kg to 7.0 @/kg (~ig. 4.11). 

The source of this increased moisture, as suggested by the PAM data, 

was associated with the upslope advection of more moist air 

utheast, We therefore conclude that upslope activiiy was 

resent but underdeveloped to its usual extent due to the 

. . , - 

UL and 30JUL heat flux was largest over Sheep Ridge. Anorna- 

temperature (1-2'~) with respect to the upper 

the two lower flight legs. July 28 had higher 

Ridge, but this may be attributable to the fact 

ight legs were later in the day. The ridge had received more 

ation and hence was a better source of heat flux. 

he larger scale and the smaller scale showed significant 

buoyant pr duction near Sheep Ridge. However, the larger-scale produc- 9 tion can be somewhat misl-eading. There are three reasons for this: 1) 

I The elevatqon of the lowest flight leg is not constant due to terrain 

considerat jon. Any potential temperature gradient near the surface 

tuate the magnitude of measured production. 2) There appears 

entially cooler and more moist area over the Park proper (as 

potential temperature and mixing ratio considerations) which 

to magnify the actual production term. 3) Thirdly, wind direc- 

ticln plots suggest the possibility of an interaction with the upper-level 



flow. High v e r t i c a l  v e l o c i t i e s  nea r  t h e  s u r f a c e  may be a t t r i b u t a b l e  t o  

t h e  e f f e c t s  of t h e  descending wave. 

The smal le r -sca le  buoyancy product ion showed s i g  h i f i c a n t  l o c a l i z a -  

t i o n  of product ion near  Sheep Ridge. Since each of t hese  po in t s  i S  no t  

d i r e c t l y  dependent on t h e  l a r g e r - s c a l e  s i t u a t i o n ,  theb  a r e  considered 

more r e p r e s e n t a t i v e  of' t r u e  hea t  f l u x .  On both days, f l u c t u a t i n g  s c a l e  

buoyant product ion l o c a l i z e d  i t s e l f  over  Sheep Ridge. Two reasons a r e  

suggested f o r  t h i s  p a r t i c u l a r  l o c a l i z a t i o n  of buoyant  product ion.  F i r s t ,  

t h e  s lope  is  of f avo rab le  a spec t  f o r  t h e  i n t e r c e p t i o n  of morning s o l a r  

r a d i a t i o n .  Secondly, i t  is  devoid of coo le r ,  d ra ined ,  downslope f low 

0 
from t h e  previous n igh t .  On 30JUL, p o t e n t i a l  temperalures  were about 2 

warmer i n  t h e  e a r l y  morning on t h e  e a s t  s i d e  of Sheep Ridge, 20-50 m 

higher  than t h e  r e s t  of t h e  f l i g h t  l e g  flown neqr t h e  s u r f a c e  of South 

Park. 

The c ros s - sec t iona l  wind p a t t e r n  f o r  both days spggests  t h e  pos- 

s i b i l i t y  of an  i n t e r a c t i o n  of upper-level flow wi th  llbuoyantly ac t ive"  

Sheep Ridge. General ly  high h o r i z o n t a l  and v e r t i c a l  wind speeds were 

ev iden t  near  t h e  su r f ace  i n  t h i s  area. P o t e n t i a l  t e  e r a t u r e s  a r e  7' higher  t han  could be  der ived  from t h e  upper- level  £ 1 0 ~ ~  and gene ra l ly  

more moist .  There must b e  some mixing b e f o r e  t h e  e f f  c c s  of t h e  wave 

a r e  f e l t  a t  t h e  sur face .  Apparently,  t h e  two f a c t o r s  e a r e  i n t e r a c t i n g  

t o  p,roduce t h e  above-mentioned flow f e a t u r e s .  We sug/gest t h a t  t he  en- 

t ra inment  of s m a l l  buoyant plumes o r  bubbles  above Sh ep Ridge a l lows  

the  f a s t e r  upper- level  a i r  t o  approach t h e  su r f ace  an  subse,quently 

a i d  i n  t he  washing ou t  of coo le r  South Park a i r .  ~ v i b e n c e  of  en t r a in -  I It 1 :. 

ment comes from two sources.  F i r s t ,  smal l  reg ions  of moist a i r ,  ap- 

pa ren t ly  deri.ved from t h e  lower boundary l a y e r ,  are e 



i n  t h e  c ross-sec t ional  p l o t s  of mixing r a t i o .  These p l o t s  

done t o  accentuate t h i s  e f f e c t  (Fig. 5 .7) .  Note a l s o  the  

t v e l o c i t i e s  associa ted  wi th  t h e  boundary of moist su r face  

a i r  over  t Park. This seems t o  suggest  a dev ia t ion  of the  sur fac ing  

wave by t h e  r i s i n g  and subsequent entrainment of low-level moist 

pa rce l s  of i r .  Hence, some of the  energy noted i n  t h i s  a r e a  seems t o  
I ;, 

be derived rom t h e  upper-level flow. Secondly, chaff was observed 

by radar  t o  be ent ra ined  i n t o  t h r e e  clouds s l i g h t l y  downwind of the  

d been re leased  i n  a low f l i g h t  l e g  near  Sheep Ridge. 

s t o  be a focus of convective motion loca l i zed  by the  

ernoon on 30JUL and la te  af ternoon on 28JUL t h e  winds 

Park had become dry  and s h i f t e d  t o  t h e  d i r e c t i o n  of 

low. Apparently, t h e  boundary l a y e r  over t h e  Park had 

c i e n t  ex ten t  t o  a l low v e r t i c a l  mixing with t h e  more 

1 flow. The lower, more moist l a y e r ,  could then be 

Park through t h e  tu rbu len t  exchange of momentum. The 

( a  high t o  t h e  west) could a l s o  a i d  i n  t h i s  process. 

important f e a t u r e s  of boundary l a y e r  development oc- 

ind days is  presented i n  Fig. 5.8. It is  based on d a t a  

m both 28JUL and 30JUL. The formation of a wave-like 

t h  t h e  topography is immediately obvious. It be- 

t h e  western edge of South Park and forms b i l lows 

ing  of a ir  a t  t h i s  level. A s  e a r l y  as 0800 MDT up- 

and f u r t h e r  pe r tu rbs  t h e  upper-level flow. Upslope 

flow is  st1 1 present  by 1100 MDT and continues t o  br ing  p o t e n t i a l l y  

cooler  and t o i s t e r  air i n  from t h e  lower-lying areas t o  the  southeas t .  
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Figure 5.7 CC 
P o t e n t i a l  t e m ~ e . r a t u r e  l i n e s  a r e  drawn n e a r  Sheep ~ i d k e  where warm a i r  
w : ~ s  d t > r s c t . ~ d .  Arrows i n d i c a t e  r e g i o n s  of s t r o n g  v e r  i c a l  v e l o c i t i e s  
a a s n c i a t ~ c i  wi th  t h i s  3rea. 1 cm = 4 m / s .  



Figure 5.8 Model of development for dry and windy days. See test 
for details, 



Figurc - .8 (cont) 



inues and the strong morning inversion diminishes. Over 

a strong area of heat flux is noted. Subsequent rise of 

ally warmer air into the westerly airstream aids in bringing 

ell-mixed air down to the surface through an exchange of 

e potentially cool and moister South Park air is entrained 

r-level flow as it advects in from the east. Later in the 

ce heating continues, the dry westerly airstream surfaces 

sh out the remaining cool pool of air out of South Park. 

out the Park becomes dry and well-mixed. 



6.0 CONCLUSION 

Two different types of case study days, one char cterized by light 

winds and mid-level moisture, and the other by strong and dry mid-level 

winds, illustrated features of boundary layer develop ent over mountainous 

terrain in the summertime. Among these features was he surfacing of I 
higher momentum, upper-level flow which was noted on 0th types of days 

but occurred by different mechanisms. Analysis of th 1 spatial variability 
of TKE terms, cross-sectional plots of potential tempq2rature and mixing 

ratio, and other sources, helped to reveal the presence of these features. 

On days characterized by low winds throughout the lower levels of 

the atmosphere, buoyancy production of turbulent kinetic energy occurred 

in localized areas due to organized upslope winds. I is inferred that 

this occurs in certain preferred hot spot areas that ave a favorable 

slope and access to low-level moisture. Initial clou 1 development 
(%lo00 MDT) seems to be the result of convergence of d pslope winds which, 
once organized, can advect low-level moisture in from lower-lying areas 

to the southeast. Warm thermals rise over the mounta 1 ns and force their 
way into the more stable air aloft. Initially the clduds are neutrally 

or slightly negatively buoyant. Later in the day posjtive buoyancy at 

cloud levels allows more vigorous and extensive cumul s cloud growth. 

As the clouds reach the upper levels of the atmospher , turbulent mixing 

and associated evaporational cooling creates downdrafts which allow for 

the downward movement of higher momentum air aloft. e resulting winds 

at the surface are of a magnitude comparable with th se aloft at 40 kPa 

in this case. 

r 
On days characterized by high vertical wind shear/ in the boundary 

layer, the formation of turbulent areas downwind of the mountain crest 



occurs.' Thk turbulence is caused by shear instability, expressed as a 

low Richardson number, and results in the mixing of air at that level. 

A buoyantlyrdriven, well-mixed region over the lower-terrain levels 

of the Park, deepens as a consequence of surface heating. The upper- 

level momen.:um can reach the surface when the upper-level air, being 

well-mixed aue to shear instability, and the lower-level air, being well- 

mixed due to surface heating, approach the same potential temperature. 

The higher rlomentum air can then reach the surface through an exchange 

of momentum throughout the deep layer of nearly constant potential tem- 

perature. is occurs first to the lee of mountain crests. The shear 

downwind of the mountain due to the formation of an 

unstable £1 pattern, possibly an unstable gravity wave. Strong areas 

of buoyancy roduction occur over the lower mountain slopes to the lee 

of the mount in peak on the sunny side. This area is devoid of the 

potentially ooler air present over South Park in the morning. The air 

above the lo 1 er mountain slopes can heat to a higher temperature earlier 

in the day. When the potential temperatures of these two areas reach 

a comparable magnitude the strong upper-level winds rapidly descend to 

the surface. 

On both types of days, the initial state of the boundary layer was 

quite simila . A potentially cool layer of air exists in South Park, 
presumably t 1 e result of nighttime drainage and radiational cooling. 
Moisture in t/he boundary layer was about the same on both types of days. 

~ ~ s l o ~ e - u ~ v a ~ l e ~  winds formed on both days. Flow above mountain ridge- 

top levels r mained distinctly decoupled from the below ridge-top 4 
levels throu hout the early morning period. By late morning, however, 

the two days 1 became grossly different. 



On days characterized by strong winds and dry 

levels, the coupling between the above-ridge-top and 

air masses resulted in the washout of moisture out of 

minimal cloud development. On days characterized by 

moist air above ridge-top levels, the coupling betwee 

I 
jr above ridge-top 

below-ridge-top 

he Park and only 

low-speed winds and 

two air I 
masses resulted in the formation of surface gust fron and convergence I I 
zones and their concomitant precipitating cloud syste s. t. 
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APPENDIX A 

Filtering 

The data have been filtered on several occasions 

rived from the formula 

with weights de- 

I 
where the subscript k identifies the weight, M is ha1 :he totalnumberof 

weights minus one, and v is the half-amplitude point in cycles per data 
C 

interval. This is the complement of a Lanezos (1956) igh pass filter. 1 I 
A 

t 
Depending on the desired effect and sampling rates of the instruments, 

different values of M md.vc have been used. A su%ym: :v is given in 

Table A.1. 

Table A.l Filtering Parameters 

Desired Cutoff Data Sampling M 
Effect Wavelength Rate 

lowpass filter 4km 8Hz 5 12 
I I 11 1Hz 64 
I I lkm 8Hz 128 
I I 11 1Hz 16 

1 high pass filter .25km 8Hz 64 

v 
C 

.0025 

.02 

.01 

.08 

.04 



The high p ~ s s  filter weights are simply calculated by changing the sign 

on all of t e weights and adding 1 to the central weight. Also the L 
Of vb have been determined by assuming the aircraft was flying 

at 80 m/s. This was not always the case so that the actual filtered 

wavelength ay vary. Occasionally, the plane would fly up to 90 m/s. pl 
Whenevkr filtering is performed on the data, a small portion is of 

necessity 1 st at the terminal ends of the series. There are many dif- t 
ferent arti icial techniques empl.oyed to preserve this data. For pur- t 
poses of th s study, a least squares linear fit is added to the pre- t 
filtered te inal ends. The fit is based on the same amount, or length, I=' 

would be lost at the ends. For example, if a set of weights 

Aining 1001 points, 500 points would normally be lost at 

each end of the data set. To prevent this complete loss of data, the 
. . I 

I least squar~ linear fit is calculated for the terminal 500 points and 

. ; >-, ; the dara arc :x~ended by 500 points using the linear trend. 

. :  . . All of khe data is smoothed to about 4 km and hence is gg~escarily 

somewhat ar; icial within 2 km of the terminal ends. Caution must be 

used on inte pretations in this region. 

L 1 . '  I 



APPENDIX B 

Estimate of the Dominant Scales of IfotiQn 

Spectral properties of the aircraft data were an lyzed using NCAK's 4 
PFT package for all four case study days. Emphasis wjs on defining 

dominant scales of motion through the use of wind, te perature, and Ip 
humidity data. This allowed the choice of an approprtate averaging 

scale that would resolve the majority of turbulent motion in the TKE 

analysis. 

Method 

Spectra of vertical motion, kineticenergy, poten i ial temperature, 
and humidity were plotted using area-conserving coord'nates. For the T purpose of defining major scales of motion a "no domi ant scale" null r 
hypothesis was used. As described by Zangvil (1977) this is effectively 

a simplified version of the red noise hypothesis for egrees of persis- 

tence between 0.3 and 0.7. Most atmospheric spectra esemble red noise. 

The raw data are detrended and the raw spectra are co I servativelysmoothed 
using a 9-point Hamming filter. Due to the nature the type of display 

used, only the longer wavelengths show up as being othed, and only to 

a small degree. However, most of the motion will to occur at 

these longer wavelengths and the plots considered 

General Characteristics of Result4 

Generally the results showed a tendency for mos of the significant 

variance to occur at wavelengths greater than 1 km. Contrastingly, verh I 
tical turbulent motion spectra associated with the lqwest flight legs 



typically howed a maximum variance near 1 km wavelengths with signifi- 1 
I cant variance below this wavelength. This was probably indicative of the 

close proxtmity to the surface of the South Park area ( ~ 2 0 0  m) and pos- 

sibly the lize of the local topography. 

potential temperature, mixing ratio, and TKE spectra were often 

dominated by an air mass effect in the lowest flight legs. On 2SJL.2 and 

30JUL poter.tially cool and moist air was converging with warm downslope 

air such tt-.at the spectra represented a step function of these parameters. 

addition all.^, potential temperature spectra of the lowest flight leg 

tended to te meaningless due to the fact that the plane followed the 

some cases meant a 200 m elevation 

leg. A relevant mean value from 

considered beyond the capability of the temperature 

temperature fluctuations in a cloud. This 

meant that potential temperature spectra were inaccurate on 14JUL and 

15JUL for the upper flight leg which had cloud penetrations. Also, 

humidity, as measured by the microwave refractometer, is inaccurate in 

a cloud so that these spectra are also subject to error. The dewpoint 

hygrometer,witha better estimate of in-cloud humidity, has a response 

time too s l ~ w  for accurate spectra. 

In gen~=ral, vertical velocity spectra were very useful for isolating 

the sizes oE different scale of vertical motion. This was partly due 

that they were most compatible with our cross-sectional 

easily interpretable considering the topography, but also 



due t o  the  f a c t  t h a t  much tu rbu len t  motion a r i s e s  frbm i n s t a b i l i t i e s  

i n  t h e  v e r t i c a l  d i r e c t i o n .  TKE s p e c t r a l  p l o t s  had tendency t o  be 

too complicated f o r  i n t e r p r e t a t i o n .  Most showed a minance of motion 

a t  t h e  longer wavelengths, bu t  were d i f f i c u l t  t o  r p r e t  near  the  

sur face  apparently due t o  t h e  r e l a t i v e  increase  nnitude of the 

horizon t a1 winds. 

28JUL and 30JUL 

On 28JUL and 30JUL,spectral p l o t s  of v e r t i c a l  ve!locity, p o t e n t i a l  

temperature and mixing r a t i o  showed two sepa ra te  t u r  u l en t  regimes i n  

the  upper f l i g h t  l e v e l s  of the  d a t a  s e t .  The vert ica.1 v e l o c i t y  s p e c t r a  

a r e  given i n  Fig. R 1 .  The f i r s t  longer wavelength pe k was as soc ia t ed  

wi th  forced flow over t h e  mountain b a r r i e r ,  t he  seco d with smal ler  

s c a l e  turbulence noted over t h e  Park. Ju ly  30 spec t  a showed a r e l a -  

t i v e l y  small  amount of va r i ance  i n  t h e  small-scale regime. This was 

apparently due t o  t h e  e a r l i e r  s t a t e  of boundary ' l aye r  development under 

study. 

Addit ional  a n a l y s i s  f o r  3O.TIJL i n  t h e  upper f l i g h t  l e g s  showed po- 

t e n t i a l  temperature and v e r t i c a l  v e l o c i t y  f i e l d s  t o  be 90' out  of phase 

(Fig. ~2). The quadrature spectrum of these two va r i3b les  was negative 

in t h e  wave-like region  and of s i g n i f i c a n t l y  g r e a t e r  lmagnitude than 

the  cospectra.  This  is  what would be expected i n  a g rav i ty  wave s i t u a -  

t i o n  because v e r t i c a l  v e l o c i t y  should lead  t h e  tempe,a ture  change by 114 

of a wavelength. The cospec t ra l  a n a l y s i s  done on 28;'UL showed t h a t  only 

1 / 3  of t h e  w, 8 c o r r e l a t i o n s  could be a t t r i b u t e d  t o  a, wave-like flow. 

The remaining 213 was caused by some s o r t  of forced l i f t i n g ,  which i s  

a t t r i b u t e d  t o  shear  i n s t a b i l i t y  over t h e  Park. 
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Figure B 2  
flight legs on 28JUL and 30JUL. Note the different sca.les on each day. 



e c t r a  of t he  lowest  f l i g h t  l e g s  were s i m i l a r  i n  shape and 

magnitude n both  days. A broad well-defined maximum a t  1 .25 km is 4 
appayent. Most of  t h e  va r i ance  w a s  a s s o c i a t e d  wi th  t h e  turbulence  of 

a i r  nea r  Sheep Ridge. 

14JUL and l5JUL 

4 Tne v L L L C ~ I .  v e l o c i t y  s p e c t r a l  ana lyses  f o r  14JUL i s o l a t e d  t h e  
9 'r 

cloud asc i a t e d  turbulence  ve ry  w e l l  (Fig.  B 3 ) .  Despi te  t h e  previous ly  

ment ionec 

W i l l i a m s  

cloud war 

u s t  probe e r r o r  on 14JUL, a s p e c t r a l  peak of 8.8 km seemed 

of t h e  cloudy a rea .  Liquid water  was observed by t h e  Johnson- 

-W) f o r  about 6.5 km. Remembering t h a t  t h e  J-W only measures 

drops and t h e  a c t u a l  tu rbulence  a s soc i a t ed  with a cloud i s  

of neces: y l a r g e r  than t h e  v i s i b l e  cloud,  t h i s  observa t ion  makes 
I 

sense.  Fu t h e r ,  we a r e  approximating a cloud form wi th  a s i n e  form and i 

I JULY 14 JULY 15 

LL (FREQUENCY) 

Figure 83 Power s p e c t r a  of v e r t i c a l  v e l o c i t y  f o r  t h e  upper- level  
a i r c r a f t  f l i g h t  l e g s  on 14JUL and 15JUL. See F ig .  B 1  f o r  d e t a i l s .  
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the two are not necessarily the same. The vertical velocity spectrum 

on 15JUL is also capable of showing the cloud. It isolates a spectral 

peak at 4.2 km. Liquid water is observed for 3.5 km. 

A comparison of above mountain vs. above Park va-riance was done 

for 15JUL indicating the tremendous point to point va.riability in sta- 

tistical parameters on these days. While the general forms were similar 

(the kominance of energy at longer wavelengths) variance over the moun- 

tains, associated with the cloud, was 36x greater thqn over the Park 

(Fig. B4). 

The mountainous sections, including the cloud typically 

contained over 90% of the total variance associated 

velocity. Contrasting 28JUL and 30JUL showed a 

MOUNTAINS 
L N  (FREQUENCY 

KILOMETERS 

Figure B4 Power spectra of vertical velocity coxpparing turbulence 
above the mountains with turbulence over South Park 04 a convective day. 
The upper-level aircraft flight leg on 15JUL is used $ere. A cloud was 
present over the mountains. 



Much of the  turbulence was loca ted  downwind of the  

- l eve l  s p e c t r a  were d i f f i c u l t  t o  i n t e r p r e t  on both days. 

n t l y  due t o  t h e  presence of a l a r g e r  s c a l e  c i r c u l a t i o n  

eve r ,  a common peak nea r  .85 km (containing most of t h e  

5JUL and a l a r g e  por t ion  on 14JUL) was noted. This might 

t i v e  of t h e  boundary l a y e r  a t  t h i s  he ight  a s  opposed t o  

on 28JUL and 30JUL. The peak on 28JUL and 30JUL was 

uence of upper-level flow. 

t h e  power spectrum a n a l y s i s  showed t h a t  most of the  

t i o n ,  a s  measured by t h e  var iance ,  occurred on s c a l e s  of 

than 1 km. Near t h e  su r face  (b200 m AGL) s i g n i f i c a n t  

d below 1 km a s  w e l l .  I n  order  t o  resolve  t h i s  motion, 

t t o  s p e c i f i c  causes through use of t h e  TKE equation,  i t  

average on an appropr ia te  s c a l e  of motion. We have 

chosen 1 kml 



APPENDIX C 

Method of Calculation of TKE ~e&s 

Shear Production, Buoyancy Production, Advection & ~brizontal u-Divergence 

The TKE data are displayed for two scales of mo,:ion. The larger 

scale, which represents all wavelengths measurable b the aircraft, 

and the smaller scale which represents wavelengths 1 ss than 1 km. 

The fluctuating quantities associated with the wo scales of motion f 
are calculated in different ways. For the larger schle ieviations are 

taken with respect to the entire flight leg mean. 0 the smaller scale, r 
deviations are taken from the smoothed time series i~ 1 which a cutoff 

wavelength of 1 km was used. The calculated terms, ith the same defini- "r 
tions as were given for equations 1 and 2, are displkved below in 

Table C. 1. 

Table C.l Calculated Terms of the TKE El 

from wavelengths less 1 
TKE t ems Eq. 2 lwavelengths 

shear - au 
production -uw - - a u 

a z -Ct -G 

buoyancy 
production 

- 
horizontal 2 
u-divergence -% - ax 

than 1 km -I 



A subscript s has been added to the smaller scale quantities to 

distinguisl. between the two types of fluctuating quantities. The brackets 

indicate srloothing to a cutoff wavelength of 4 km. Note that the over- 

bars used in (2) have effectively been replaced by smoothing. That is, 

the local 2.verage is calculated as opposed to the entire flight leg 

average used in (2). Remember that the quantities calculated represent 

time serieg whereas the terms of (2) represent one value each. 

~issi~atiod 

It is possible to obtain an estimate of dissipation from the variance 

tial subrange. Presumably the variance of the wind, as a 

aircraft measured frequency, is describable by the Kolmogorov 

equat .ion 

r:, .% I 
where E(f)is the variance of a velocity component per unit frequency, 

a is a constant, TAS is the true air speed of the aircraft sensor, and 

f is the frequency. This should be true for scales of motion less than 

a wavelength of about 250 ID. By considering a range of small scale 

motion corresponding to wavelengths from 20 m to 250 m, and knowing the 

variance of this range, an estimate of dissipation is possible. The 

variance agcounted for in this range can be obtained by integration. 



f=0.32correspondsto a wavelength of 250 my and f=4 40 20 m y  for an air- 

craft speed of 80 m/s. The left side of (C2) is thelvariance accounted 

for by the range of the integration. Dissipation do& not depend on the 

frequency so can be removed from the integral. The dquation for dissipa- 

tion becomes : 

v3/2 
E = 4.2 - 

TAS Y 

where V is the variance, and an u of 0.5 has been used corresponding to 

the longitudinal velocity component. 

An estimate of the variance at each data point qan be obtained by 

high pass filtering the longitudinal velocity time slries so that only 
I 

frequencies greater than .32Hz are passed, and then squaring the terms. 
I 

Dissipation is then calculated by applying ((23).  ode that each data 
I 

point is assumed to contain a spectrum of frequencied, predictable by 
I 

(Cl), that contribute to the variance. The data are then smoothed with 
I 

the same filter used for the other TKE variables. 
-, \ ,, '. . , I  , . r , , ,  ; .  , 
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the surface as a st front by turbulent mixing and evaporational cooling. The second 
type of day is ch cterized by strong dry westerly winds at mountain ridgetop that, by 
midafternoon, wor eir way down to the surface and the boundary layer becomes well- 
mixed and dry. trong winds aloft reach the surface when below-ridge-top air, 
being well-mixed to surface heating, and the above-ridge-top air, being well-mixed 
due to shear ins ity, approach the same potential temperature. 

; 
I 

117. Key Words and Docum nt Analysis. t 
1) Convective Bou ary Layer, mountainous terrain 
2) Turbulent Kinetic ? Energy Analysis 
3) Upslope-Upval y Winds 

I I I I 

FORM NTIS-35 (Rev. 3-72)' 

7 . ._ ----.-.-- -- 
18. Availability ~ t a t e m ~ t  19. Security Class (This 

Report) 
UNCLASSIFIED X 

20. Security Class (This 
Page) 
UNCLASSIFIED 

21. No. of 

104 
22. Price 

I 




