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ABSTRACT OF THESIS 

WINTERTIME CLOUD SYSTEMS OVER THE COLORADO ROCKIES: THREE CASE STUDIES 

This  s tudy focuses  upon t h e  mechanisms by which mountains and 

synopt ic  weather systems i n t e r a c t  t o  produce c h a r a c t e r i s t i c  orographic 

cloud systems. I n  each of t h e  t h r e e  case  s t u d i e s ,  a synopt ic  cloud 

component, an orographic cloud component, and a convect ive cloud compo- 

nent were i d e n t i f i e d  through t h e  a n a l y s i s  of rawinsonde da t a ,  v e r t i c a l l y  

poin t ing  r ada r  da t a ,  and v i s u a l  observat ions.  

The following a r e  considered t o  be t h e  major f i nd ings  of t h i s  

s tudy:  i )  wintertime cloud systems over t h e  Colorado Rockies form by 

v e r t i c a l  v e l o c i t y  components which a c t  on d i f f e r e n t  s i z e  and time s c a l e s  

(synoptic ,  orographic,  and convect ive) ;  i i )  a t  t i m e s ,  a f o l ~ r t h  cloud 

component, generated by t h e  mesoscale s t r u c t u r e  of t h e  synopt ic  d i s t u r -  

bance (e.g., t r a v e l l i n g  g r a v i t y  wave, moving convect ive bands, o r  organ- 

ized convect ive l i n e s ,  e tc . )  i nv igo ra t e s  t h e  e n t i r e  cloud system, 

i i i )  upwind blocking i s  very  important t o  t h e  orographic l i f t  and t h e  

l i f t e d  cloud system; i v )  t h e  deduced cloud is very  s e n s i t i v e  t o  t h e  

l i f t i n g  model and t h e  upwind p r o f i l e s  of temperature and moisture;  and 

v)  synopt ic  storm t r acks ,  t r a v e l l i n g  mesoscale phenomena, l a r g e  s c a l e  

v o r t i c i t y ,  moisture and temperature advect ion,  synopt ic  and topographic 

fo rc ing  of wind d i r e c t i o n  and speed, v e r t i c a l  s t r u c t u r e  of temperature 

and moisture,  cold a i r  pooling, noc turna l  v a l l e y  invers ions ,  blocking,  

and s t agna t ion  a l l  c o n s t i t u t e  c o n t r o l s  on orographic cloud systems. 

The timing and i n t e r a c t i o n  of t h e  above phys ica l  processes  de t e r -  

mine t h e  formation and behavior of t h e  complete cloud system and d e f i n e  



how the local mountain terrain and environment interact with synoptic 

weather patterns to produce each characteristic orographic cloud system 

and the accompanying precipitation. 

Robert Ray Lee 
Atmospheric Science Department 
Colorado State University 
Fort Collins, Colorado 80523 
Fall, 1980 
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CHAPTER I INTRODUCTION 

The formation of many orographic cloud systems can be a t t r i b u t e d  

t o  t he  passage of synopt ic  s c a l e  migratory waves. These atmospheric 

d is turbances  provide t h e  moisture and c i r c u l a t i o n ,  when s u f f i c i e n t l y  

forced by t h e  mountains, t o  form t h i s  type of cloud system. This  i s  

e s p e c i a l l y  t r u e  of con t inen ta l  orographic cloud systems which p lay  a 

s i g n i f i c a n t  r o l e  i n  e s t a b l i s h i n g  t h e  win ter  snowpack i n  t h e  Colorado 

Rocky Mountain region. 

P r e c i p i t a t i o n  i n  mountainous t e r r a i n  can be thought of a s  being 

made up of t h r e e  components: (a)  t h e  synopt ic  p r e c i p i t a t i o n  component, 

(b) t h e  orographic p r e c i p i t a t i o n  component, and (c)  t h e  convect ive pre- 

c i p i t a t i o n  component. These t h r e e  p r e c i p i t a t i o n  components a r e  d i r e c t -  

l y  r e l a t e d  t o  t h e  v e r t i c a l  motion f i e l d s  a s soc i a t ed ,  r e spec t ive ly ,  with 

migratory waves, t e r r a i n  l i f t i n g ,  and t h e  l o c a l  r e l e a s e  of convect ive 

i n s t a b i l i t y  ( E l l i o t t ,  1966; Rhea, 1972; Rhea, 1978). Visual  observa- 

t i o n s  by hlarwitz (1974), r ada r  observa t ions  by Furman (1967), s a t e l l i t e  

observa t ions  by Reynolds and Morris (1978) and Morris (1979), and pre- 

c i p i t a t i o n  network a n a l y s i s  by E l l i o t t  and Hovind (1964) and E l l i o t t  

and Schaffer  (1962), po in t  t o  t h e  ex i s t ence  of p r e c i p i t a t i o n  components 

a s soc i a t ed  with each of t hese  mechanisms. 

The economical importance of t h e  win ter  snowpack t o  t h e  Colorado 

Rocky Flountain region (e.g., s k i  indus t ry ,  avalanche p red ic t ion ,  snow 

removal) c a l l s  f o r  an understanding of how synopt ic ,  migratory waves 

form d i f f e r e n t  types of p r e c i p i t a t i n g  orographic cloud systems. This  

can be achieved by recognizing t h e  f a c t  t h a t  t h e  c h a r a c t e r i s t i c s  of each 

cloud system a r e  determined by a combination of t h e  components a s  t he  

synoptic  s c a l e  d is turbance  passes.  



1.1 Objec t ives  

This  s tudy  p re sen t s  an a n a l y s i s  of t h r e e  d i f f e r e n t  orographic cloud 

systems which occurred dur ing  t h e  win ter  months over t h e  Park Range of 

northwest colorado and a t tempts  t o  understand t h e  d i f f e r e n c e s  and s i m i -  

\ 
larit ies i n  l i g h t  of t h e  s t r u c t u r e  and motion of each accompanying 

synopt ic  s c a l e  d is turbance .  

PRIMARY OBJECTIVES 

Determine t h e  p r i n c i p a l  mechanisms by which mountains and synopt ic  

weather systems i n t e r a c t  t o  produce c h a r a c t e r i s t i c  orographic cloud 

systems. 

Analyze t h e  synopt ic ,  orographic,  and convect ive components t h a t  

comprise an orographic cloud system and i d e n t i f y  t h e  important phys ica l  

processes  which determine each. 

SECONDARY OBJECTIVES 

Develop a n a l y s i s  methods u t i l i z i n g  rawinsonde d a t a  taken i n  t h e  

v i c i n i t y  of t h e  t a r g e t  b a r r i e r  which can be  used t o  desc r ibe  t h e  synop- 

t i c ,  orographic and convect ive components of con t inen ta l ,  w in t e r ,  oro- 

graphic cloud systems. 

Analyze t h e  i n t e r r e l a t i o n s h i p s  between t h e  va r ious  components of 

t h e  orographic cloud system. 

Determine t h e  degree of i n s t a b i l i t y  p re sen t  w i th in  win ter  storm 

systems a s  they impinge upon t h e  northwestern Colorado Rockies. 



1.2 L i t e r a t u r e  Review 

Various v e r t i c a l  v e l o c i t y  components combine cons t ruc t ive ly  and 

d e s t r u c t i v e l y  t o  determine s p e c i f i c  orographic cloud systems. Ultimate- 

l y ,  t h e  shape and t r a c k  of t h e  migratory wave has  t h e  major c o n t r o l  

over t h e  cloud system t h a t  forms. 

Synoptic s c a l e  v e r t i c a l  v e l o c i t y  components, Q 0.01 m/sec, a r e  

determined by d i f f e r e n t i a l  v o r t i c i t y  advect ion and airmass l i f t i n g  by 

f r o n t a l  systems. An e x i s t i n g  orographic cloud can be inv igora ted  by 

t h e  synopt ic  v e r t i c a l  v e l o c i t y  ahead of t h e  upper atmospheric d i s tu rb -  

ance o r  suppressed by subsidence behind t h e  d is turbance  (Chappell, 1970; 

Rhea, 1972; Grant, et a l . ,  1974; Rhea, 1978). 

Orographic v e r t i c a l  v e l o c i t y  components, Q 0.3 m/sec, ( s t a b l e  a i r -  

flow forced v e r t i c a l l y  by t h e  topography) a r e  t h e  dominant components 

i n  t h a t  they  provide a more p e r s i s t e n t  v e r t i c a l  v e l o c i t y  motion f i e l d  

i n  time. They a r e  dependent upon a i r f l o w  d i r e c t i o n  and speed, moisture 

and mountain b a r r i e r  shape and o r i e n t a t i o n  (Schaf fer ,  1950; Scorer ,  

1954; Myers, 1962; Rhea, 1972; Reid, 1976; Walsh, 1977; Rhea, 1978). 

Synoptic s c a l e  d is turbances  provide t h e  moisture and forced a i r f l o w  

t h a t  induces t h e  pure orographic cloud (Myers, 1962; Rhea, 1967; 

Grant, e t  a l . ,  1968; Rhea, e t  al. ,  1969; Chappell, 1970; Grant,  e t  a l . ,  -- 

1974; Cooper and Saunders, 1976; P loos t e r  and Vardiman, 1976; Vardiman 

e t  a 1  1976). The orographic cloud component of t h e  cloud system may - - 9 

f l u c t u a t e  slowly i n  t i m e  o r  may remain r e l a t i v e l y  cons tan t  over a long 

period of time a s  long a s  t h e  a i r f l o w  and thermodynamic parameters do 

no t  change s i g n i f i c a n t l y .  

A s  a cloud system's s t a b i l i t y  decreases ,  t he  dynamics of t h e  oro- 

graphic a i r f l o w  a r e  changed. In  t h e  period before  convection s e t s  i n ,  



it  has  been shown t h a t  t h e  c h a r a c t e r  of t h e  orographic  a i r f l o w  depends 

upon t h e  upwind a i r f l ow ,  topography, and s t a b i l i t y  (Corby, 1947; Queny, 

1947; Scorer ,  1949, 1951, 1953a,b, 1954; Schaf fe r ,  1950; Queny, e t  a l . ,  

1960; Sawyer, 1960; E l l i o t t  and Scha f f e r ,  1962; Myers, 1962; Berkofsky, 

1964; Wallington, 1970; W i l l i s ,  1970; O r g i l l ,  1971; Grant,  e t  a l . ,  1974; 

Mahrer and P i e lke ,  1975; Rhea, 1978). For broad mountains, h a l f  width 

>20 km, t h e  he igh t  a t  which t h e  orographic  v e r t i c a l  v e l o c i t y  f i r s t  

becomes ze ro  is p ropo r t i ona l  t o  one over  t h e  square  r o o t  of t h e  Scorer  

parameter (Wi l l i s ,  1970). 

aLno ~2 = g/u2 -e 
a z (Scorer  parameter f o r  s a t u r a t e d  a i r )  

(Scorer  parameter f o r  d r y  a i r )  

(Fraser ,  1970; F ra se r ,  e t  a l . ,  1973). 

Ym 
= s a t u r a t e d  a d i a b a t i c  l a p s e  r a t e  

yd = d r y  a d i a b a t i c  l a p s e  r a t e  

T = temperature  

E = .622 

L = l a t e n t  h e a t  of vapo r i za t i on  

c = s p e c i f i c  h e a t  a t  cons t an t  p r e s su re  
P 

By c a l c u l a t i n g  Scorer  parameters  f o r  t y p i c a l  w in t e r  a i rmasses  which 

impinge upon t h e  Colorado Rockies,  Rhea (1978) showed t h a t  t h e  he igh t  

a t  which t h e  orographic  v e r t i c a l  v e l o c i t y  f i r s t  becomes zero  i s  between 

2 t o  3 1 / 2  t i m e s  a s  f a r  above t h e  mountain r i d g e  f o r  cloudy a i r  a s  f o r  

c l e a r  a i r  over  t h e  Colorado Rockies. Therefore ,  even t h e  presence of 

mois ture  w i th in  t h e  s t a b i l y  s t r a t i f i e d  a i r  can change i t s  flow chnrac- 

t e r i s t i c s .  When the  cloud system becomes u n s t a b l e  and convect ion s e t s  



i n ,  t h e  above a i r f l o w  models break dorm and the  convect ive component 

of t h e  orographic cloud system e s t a b l i s h e s  i t s e l f .  The degree of in- 

s t a b i l i t y  d i c t a t e s  whether t h e  convect ive motions w i l l  remain embedded 

wi th in  t h e  cloud system o r  i f  they w i l l  dominate t h e  v e r t i c a l  v e l o c i t y  

f i e l d .  

A convect ive v e r t i c a l  v e l o c i t y  component, > 1 m/sec, can be in- 

duced and modified by thermodynamic s t r a t i f i c a t i o n  of t h e  atmosphere, 

t h e  orographic l i f t  encountered, advec t ive  processes  of thermodynamic 

v a r i a b l e s ,  d a i l y  cyc l e s  of s o l a r  i n s o l a t i o n ,  r a d i a t i v e  l o s s e s ,  su r f ace  

roughness, vege ta t ion ,  snow cover,  small  t o  medium s c a l e  t u rbu len t  

motions, wind shear ,  and microphysical  processes  ( O r g i l l ,  197'1; O r g i l l ,  

e t  a 1  1971; Derrickson, e t  a l . ,  1973; Nickerson, e t  a l . ,  1976; Reid, - * 9 -- 

1976; Reid, e t  a l . ,  1976; FJalsh, 1977). Convection may be superimposed 

upon t h e  orographic cloud and t h i s  i n s t a b i l i t y  can be caused by a com- 

b ina t ion  of d e s t a b i l i z a t i o n  by synopt ic  s c a l e  advec t ive  processes  and 

airmass l i f t i n g  by t h e  topography (Scorer ,  1953; Saucier ,  1955; Hess, 

1959; E l l i o t t  and Schaffer ,  1962; Myers, 1962; E l l i o t t  and Hovind, 1964; 

Furman, 1967; Rhea, et a l . ,  1969; Wong and Kao, 1970; Rhea, 1972; 

Fraser ,  e t  a l . ,  1973; Grant, et a l . ,  1974; Marwitz, 1975; Ilarwitz,  

e t  a 1  1976; Walsh, 1977; Reynolds and Morris,  1978). This  component - -. 3 

of t h e  t o t a l  cloud system is  h ighly  v a r i a b l e  i n  t ime and space as 

temperature and moisture f i e l d s  a r e  advected i n t o  t h e  cloud system and 

t h e  a i r  i s  l i f t e d  over t h e  b a r r i e r  ( E l l i o t t  and Schaf fer ,  1962; Dept. 

of t h e  A i r  Force, 1969; Fraser ,  e t  a l . ,  1973; Vardiman, e t  a l . ,  1976). 

The v a r i a b i l i t y  may occur with a d i u r n a l  cyc l e ,  a synopt ic  storm pro- 

gress ion ,  o r  from storm t o  storm a s  each storm t r ack ,  moisture content ,  



temperature s t r u c t u r e ,  and source reg ion  vary (Rhea, et a l . ,  1969; 

Chappell, 1970; O r g i l l ,  1971; Grant, - e t  * a 1  1974; Marwitz, - e t  -* a 1  3 

1976; Walsh, 1977). 

The convect ive component of t h e  orographic cloud system is  impor- 

t a n t  because i t  can phys i ca l ly  a l t e r  t h e  shape, s i z e ,  depth, dynamics, 

water  con ten t s ,  and microphysics of an otherwise s t a b l e  system (Furman, 

1967; Smith, 1970; Walsh, 1977). The presence of convective motions 

can d i r e c t l y  a l t e r  t h e  cloud microphysical processes .  Imbedded convec- 

t i v e  elements can genera te  secondary i c e  c r y s t a l s  by t r anspor t ing  

c r y s t a l s  from higher  l e v e l s ,  accumulating i c e  n u c l e i  o r  c r y s t a l s  a t  a 

given cloud l e v e l ,  mul t ip ly ing  i c e  c r y s t a l s ,  o r  by generat ing seed 

c r y s t a l s  which grow by aggregat ion a s  they f a l l  through lower cloud 

l a y e r s  (Chappell, 1970; Grant and E l l i o t t ,  1974; Hobbs, et  a l . ,  1976; 

Marwitz, e t  al., 1976, Walsh, 1977). Previous r e sea rch  sugges ts  t h a t  

a c c r e t i o n a l ,  as wel l  a s  d i f f u s i o n a l ,  c r y s t a l  growth a r e  important during 

uns t ab le  cloud condi t ions  while  only d i f f u s i o n a l  growth may be important 

i n  many abso lu t e ly  s t a b l e  orographic clouds (Marwitz, e t  a l . ,  1976). 

Convective elements can pene t r a t e  t o  h igher ,  co lder  l e v e l s  where nore  

i c e  n u c l e i  can be a c t i v a t e d  and produce many more n a t u r a l  i c e  c r y s t a l s  

(Grant, e t  a l . ,  1968; Rhea, e t  a l . ,  1969; Smith, 1970; Grant and E l l i o t t ,  

1974; Grant, e t  al. ,  1974; Brown, e t  a l . ,  1976). Ice c r y s t a l  mu l t ip l i -  

c a t i o n  processes  such as; 1 )  f ragmentat ion of i nd iv idua l  cloud d r o p l e t s  

dur ing  f r eez ing ,  2) f ragmentat ion of f r eez ing  d r o p l e t s  fol lowing t h e i r  

c o l l i s i o n  with i c e  p a r t i c l e s ,  3) mechanical breakup of d e l i c a t e  i c e  

c r y s t a l s  due t o  thermal shock they r ece ive  when they c o l l i d e  with and 

nuc lea t e  supercooled d r o p l e t s ,  4) Hallett-Mossop m u l t i p l i c a t i o n  mecha- 

nisms, 5) mechanical f r a c t u r i n g  of f r a g i l e  c r y s t a l s  due t o  random 



c o l l i s i o n s  assoc ia ted  wi th  tu rbu len t  a i r  motions o r  ordered c o l l i s i o n s  

caused by a d i f f e r ence  i n  te rmina l  f a l l  v e l o c i t i e s  between p a r t i c l e s ,  

and 6) rimed i c e  evaporat ing i n  sub-saturated a i r ,  can occur when con- 

v e c t i v e  elements a r e  p re sen t  (Hobbs, 1969; Vardiman and Grant,  1972; 

H a l l e t t  and hlossop, 1974; Hess, 1974; Henmi and Grant, 1974; Aufender 

and Larson, 1976; Mossop, 1976; 1,fossop and Wishart ,  1976; Vardiman, 

1976). The updraf t s  of convect ive elements a r e  a source of cloud water  

and condensate t h a t  a s t a b l e  orographic cloud would l ack  (Grant, e t  a l . ,  

1968; E l l i o t t ,  1969; Grant, e t  a l . ,  1974; Mars~i tz ,  1975; Cooper and 

Saunders, 1976; Marwitz, - e t  -* a 1  3 1976). A s  t h e  above microphysical  

mechanisms suggest,  t h e  presence of convect ive motions can s i g n i f i c a n t -  

l y  a l t e r  t h e  p r e c i p i t a t i o n  processes  from those  found i n  s t a b l e  oro- 

graphic clouds ( E l l i o t t  and Schaffer ,  1962; E l l i o t t  and Hovind, 1964; 

Grant, e t  a l . ,  1965; Furman, 1967; Rhea, et al. ,  1969; O r g i l l ,  1971; 

Grant,  e t  a l . ,  1974; Pfarwitz, - e t  -* a1 , 1976; Rhea, 1978; Reynolds and 

Morris,  1978). 

I n  add i t i on  t o  a l t e r i n g  t h e  microphysical  processes  of t h e  oro- 

graphic cloud system, t h e  convect ive component may a l s o  func t ion  a s  a 

t r anspor t  mechanism f o r  seeding m a t e r i a l  which i s  d ispersed  from ground- 

based generators .  This  t r a n s p o r t  mechanism may be  a he lp  o r  a hindrance 

t o  succes s fu l  cloud modi f ica t ion  (Rhea, et a l . ,  1969; E l l i o t t ,  e t  al., 

1971; Marwitz, 1974, 1975; Cooper and Saunders, 1976). A s  i s  suggested 

above t h e  presence o r  absence of t h e  convect ive component s t rong ly  

a f f e c t s  t h e  p o t e n t i a l  f o r  s t a t i c  and dynamic modif icat ion.  A s t a t i c  

modi f ica t ion  p o t e n t i a l  may e x i s t  because of a d i f f e r e n c e  between t h e  

condensate supply r a t e ,  and the  i c e  growth rate wi th in  a cloud system. 

Evaporation a l s o  has an e f f e c t  upon t h i s  modi f ica t ion  po ten t i a l .  A 



dynamic modification potential, on the other hand, may exist due to the 

fact that by treating a cloud system, an additional latent heat release 

may affect a change in the condensation rate by altering the vertical 

motion field (Elliott, 1966; Chappell, 1970; Elliott, -- et al., 1971; 

Vardiman and Grant, 1972; Grant, -- et al., 1974; Brown, -- et al., 1976; 

Cooper and Saunders, 1976; Marwitz, 1976; Nickerson, -- et al., 1976; Reid, 

1976; Vardiman, -- et al., 1976; Rhea, 1978). 

These three vertical velocity components are important to the en- 

tire cloud system in that they determine the physical processes which 

may or may not operate within the system. These three components are 

generated by the movement, forcing, strength, temperature and moisture 

structure of the synoptic-scale disturbance. A detailed analysis of 

these various elements may lead to an understanding of the workings and 

interactions of the cloud system components which in turn determine each 

characteristic cloud system. 

1.3 Data Source 

In order to investigate the interaction of the orographic cloud 

system components and the control that the synoptic-scale migratory wave 

has upon the cloud system, case studies were designed to describe three 

different cloud systems andtheir accompanying atmospheric disturbances. 

Data collected during the Colorado State University Orographic Seeding 

Experiments (COSE I- January, February, March, 1979 and COSE I1 - 
November, December, 1979) conducted over the Park Range of northwestern 

Colorado, shape the basis for these case studies (see Figures 1 and 2). 

The specific objective of the CSU Orographic Seeding Experiments 

were: i) to quantitatively define the dispersion and transport of 







seeding ma te r i a l s ,  ii) t o  desc r ibe  t h e  dominant microphysical  processes ,  

and i i i )  t o  seek t h e  a v a i l a b i l i t y  of atmospheric cova r i a t e s  (p red ic to r s )  

needed f o r  ana lyses  of r e sea rch  and appl ied  weather modi f ica t ion  pro- 

grams. Basic  d a t a  were obtained from (a)  simultaneous rawinsonde obser- 

va t ions  upwind and downwind of t h e  main b a r r i e r  ( t h e  downwind rawinsonde 

was a v a i l a b l e  during COSE I1 only) ,  (b) observa t ions  wi th  two a i r c r a f t  

equipped wi th  cloud physics  and s t a t e  parameter packages (only one a i r -  

c r a f t  during COSE I ) ,  (c)  v e r t i c a l l y  poin t ing  Ku, K (COSE I1 only) ,  and 

X (COSE I1 only) band radars ,  (d) i c e  c r y s t a l  r e p l i c a t o r s  a t  v a l l e y  and 

mountain s i t e s ,  (e)  observa t ions  of atmospheric p a r t i c u l a t e s  and n u c l e i  

wi th  Bigg-Warner and Mee i c e  n u c l e i  counters ,  h igh  volume and carbon 

cup (COSE I only) samplers,  and snow samples t o  ob ta in  snow f o r  chemical 

ana lys i s ,  ( f )  observat ions of boundary l a y e r  t u rbu len t  s t r u c t u r e  wi th  

an a c o u s t i c a l  sounder, (g) su r f ace  meteorological  obse rva t ions ,o f  wind, 

temperature,  humidity, and p r e c i p i t a t i o n  a t  a minimum of seven v a l l e y  

and mountain s i t e s .  

1.4 Data Used i n  Analysis 

The necessary d a t a  f o r  t h e  a n a l y s i s  of t h e  case  s t u d i e s  included: 

rawinsonde measurements used t o  determine t h e  upwind and l i f t e d  cloud 

components, r ada r  observa t ions  taken v e r t i c a l l y  a t  t h e  upwind base of 

t h e  r idge ,  and v i s u a l  observa t ions ,  taken from t h e  su r f ace  and a i r c r a f t ,  

t h a t  descr ibed each o v e r a l l  cloud system. Rawinsonde d a t a  w a s  gathered 

wi th  an RD-65 rawinsonde u n i t  upwind of t h e  main b a r r i e r  a t  Craig (see 

Figure 2) .  The sounding d a t a  s e t  was comprised of 71 soundings taken 

dur ing  COSE I and 62 soundings taken during COSE 11. I n  genera l ,  

ba l loons  were launched a s  o f t e n  a s  every t h r e e  hours dur ing  storm 



per iods  and l e s s  o f t e n  between storm events ,  depending upon t h e  l o c a l  

weather condi t ions  and the  type of experimental day dec lared ,  i .e . ,  

t r a n s p o r t  and d i f f u s i o n  o r  microphysical s t u d i e s .  A l l  r a w  rawinsonde 

d a t a  were c a r e f u l l y  checked and double-checked f o r  a n a l y s i s  e r r o r s  and 

then reduced by t h e  Environmental Data Network System operated by t h e  

Water and Power Resources Serv ice ,  formerly known a s  t h e  Bureau of 

Reclamation (Pole te ,  -- e t  al . ,  1977). The EDNS provides f o r  var ious  for -  

mats of measured and derived meteorological  parameters.  For a  genera l  

d e s c r i p t i o n  of e r r o r s  inherent  i n  a l l  rawinsonde d a t a ,  s e e  A i r  Weather 

Serv ice  (1955, 1974), S t r i n g e r  (1972), and Wagner (1960a,b). The inher-  

e n t  e r r o r s  wi th in  t h e  rawinsonde raw d a t a  s e t  a r e  acceptab le  i n  l i g h t  

of t h e  a n a l y s i s  t o  be performed. 

The r ada r  u n i t s  cons is ted  of a  v e r t i c a l l y  poin t ing ,  .8 cm, K band 

r ada r  provided t o  COSE I1 by t h e  National  Oceanice and Atmospheric 

Administrat ion (NOAA) and a  CSU v e r t i c a l l y  poin t ing  Ku band, 1 .8  cm, 

r ada r  a v a i l a b l e  during COSE I and COSE 11. They were operated through- 

out  s t o m  per iods  and were loca t ed  a t  t h e  base of t h e  upwind edge of t he  

main b a r r i e r  j u s t  southeas t  of Steamboat Springs.  The c r i t e r i a  used t o  

spec i fy  "cloud" f o r  both r a d a r s  w a s  t h a t  t h e  power re turned  must be 

t h r e e  s tandard dev ia t ions  above t h e  r e c e i v e r  no i se  which was determined 

separa te ly .  

Cloud tops i n  t h e  f i r s t  and t h i r d  case  s t u d i e s  were determined from 

K band continuous f ax  s t r i p  c h a r t  d a t a .  Cloud top  e s t ima t ions  from t h e  

f ax  d a t a  format were sub jec t  t o  reduct ion  e r r o r s  so  t h e  cloud tops could 

only be determined t o  t h e  nea re s t  150 meters.  Cloud top determinat ions 

f o r  t h e  second case  s tudy were determined from I<u band r ada r  d i g i t a l  

da t a .  The r e s o l u t i o n  of t h e  Ku r ada r  a n a l y s i s  i s  100 meters i n  the  



vertical. A comparison of the two radar qets reve*q$ed that, in general, 

the K band radar was more sensitive and could detect smaller and fewer 

ice crystals than the Ku band radar. Therefore, the K band radar ob- 

served cloud top approximately 200 meters higher than the Ku band radar. 

This is consistent with the wavelength differences between these two 

radars. The reflectivity data, used in the first two case studies, was 

taken from the Ku band digital data. 

1.5 Climatological Study of Steamboat Springs Precipitation 

In order to place the following case studies in perspective with 

respect to the precipitation that was produced by each different synop- 

tic regime, a ten year climatological study was performed. Daily pre- 

cipitation, accumulated from sunset to sunset during the winter months 

November to April from 1970 to 1980 was recorded. Then a storm type 

was assigned to each disturbance which produced a measurable amount of 

precipitation, .O1 inches at the precipitation gage located in Steamboat 

Springs, Colorado. 

The ten year study revealed that less than .1 inches of precipita- 

tion fell on 37% of the days, on 64% of the days less than .2 inches 

fell, on 80% of the days less than . 3  inches fell, and on 97% of the 

days .6 inches or less fell at Steamboat Springs. Storm types were 

classified according to the movement of the vorticity maximums within 

the 50 kPa (kilopascals) synoptic waves. Table 1 illustrates various 

characteristics of historical storms that were similar to those of each 

case study. 

Notice that none of these storm types were very frequent or pro- 

duced the greatest percentage of the total precipitation with respect 



t o  t h e  h i s t o r i c a l  r e co rd .  Storms s i m i l a r  t o  c a s e  s t udy  #1, however, 

d i d  produce, on t h e  average ,  t h e  g r e a t e s t  amount of p r e c i p i t a t i o n  per  
, '  . . .;&$ -$ ;&,'j-:' .si&3YerPr', , .., :I , ' .  *m&&&~, ; ;~ -&& : v . ,  . &tf$ , i . : p  * &.$dlah , :* .d : i:;yofm evefie. . .  ' !.*.. . - 

Climatology of Storm Type and P r e c i p i t a t i o n  f o r  Steamboat Springs 

H i s t o r i c a l  Weather Systems S imi l a r  t o  Those 
Analyzed i n  

Case Study #1 Case Study /I2 Case Study !I3 

Frequency of s torm type  
t h a t  produced measurable 
p r e c i p i t a t i o n  i n  24 hours  
a t  Steamboat Spr ings  

Percentage of t o t a l  
p r e c i p i t a t i o n  produced 
by each s torm type  i n  t h e  
t e n  yea r  per iod  a t  Steam- 
boa t  Spr ings  

Average amount of 
p r e c i p i t a t i o n  produced 
by each s torm type  i n  
t h e  t e n  yea r  average a t  
Steamboat Spr ings  
( inches)  .27 .21 .21 



- J CHAPTER I1 ANALYSIS METHODS 

2.1 Stability Analysis 

The convective component of the orographic cloud system takes 

several different forms as the degree of instability increases; an.,*-,, 

embedded Bernard Cell type of convection, stationary convective lines, 

and vigorous, moving convective bands (Marwitz, 1976). Many different 

stability analyses and indices have been used by various investigators 

(Saucier, 1955; Schuetz, 1957; Hess, 1959; Gates, 1960; Elliott and . 
Schaffer, 1962; Elliott and Hovind, 1964; Rhea, 1967; Dept. of the Air 

Force, 1969; Chappell, 1970; Fraser, 1970; Orgill, 1971; Grant, -- et al., 

1974; Plooster and Fukuta, 1974; Seinfield, 1975; Marwitz, -- et al., 

1976; Vardiman, -- et al., 1976). a> I , . . 

Parcel methods for analyzing stability can be used to detect large 

scale instability (Elliott, 1969). If a parcel of air is lifted to its 

LCL (Lifted Condensation Level), by an orographic lift for example, and 

the environmental lapse rate in the vicinity of the LCL is such that 

l'saturated < renvironment < l'dry adiabatic 
(conditional instability), ,,;, 

the parcel will continue to rise due to buoyancy (l' = -dT/dZ = lapse 

rate). As the parcel rises, the temperature difference between the 

parcel and the environment will accelerate the parcel upwards while i p  

entrainment of environmental air will tend to decelerate i t .  When l i ,. the ., 

temperature of the parcel again equals the temperature of the environ- 

ment, the parcel will no longer be accelerated by buoyancy. ,,,.,., ,.,, 

There are two types of layer methods which can be used to detect 

smaller scales of instability: layer conditional instability and po- 

tential, convective instability. The first method applies the concepts , . I I. .. 

of conditional instability to an atmospheric layer. The layer is 



classified according to (a) absolutely stable: r 
environment' rsaturated, 

< r (b) : saturated environment' rdry adiabatic , 
or (c) absolutely unstable: rdry adiabatic< Tenvironment. The classi- 

fication (b) is conditional upon moisture, if the layer is saturated, 

then the layer is stable. Processes which bring a conditionally un- 

stable layer to saturation Or drive a saturated absolutely stable layer 

to conditional instability will bring about convective motions through 

the release of latent heat as water vapor condenses to liquid water and 

liquid droplets freeze. Both of these processes may operature during 

an orographic lift. Layers are lifted and cooled, so that condensation 

takes place. On the other hand, vertical airmass stretching upon lift- 

ing can drive the lapse rate of a saturated layer past the saturated 

adiabatic so that conditional instability may be realized (Saucier, 

1955; Hess, 1959; Elliott and Hovind, 1964). 

The second method, potential convective instability, can also be 

applied to an atmospheric layer. A layer is potentially unstable when 

aee/az < 0 and non-saturated. If the layer is stable, lifted, and 

cooled to saturation, it will become convectively unstable. When 

aOe/aZ > 0, non-saturated and stable, the layer is potentially stable. 

After lifting to saturation, it will remain stable (Saucier, 1955; Hess, 

1959). Because layer conditional instability is unable to account for 

the vertical gradient of latent heat which may be present within the 

layer, convective potential instability is a preferred analysis tech- 

nique (see Appendix A). r J 4  , 

Table I1 displays a summary of parcel and layer stability analysis 

performed upon the COSE I and COSE I1 sounding data sets. 



T o t a l  Number 
O f  Soundings 

Time Period I n  Data Se t  

TABLE I1 

P a r c e l  S t a b i l i t y  v s  Layer S t a b i l i t y  f o r  COSE I and COSE I1 

Number of Soundings With 
Some Amount of P o s i t i v e  Area T o t a l  Number 
Generated (Pa rce l  Method, Of P o s i t i v e  
Not Necessar i ly  Real ized)  Area Soundings % of To ta l  

V e r t i c a l  Extent  of P o s i t i v e  Area 

COSE I 

COSE I1 

Number of Soundings With 
Some P o t e n t i a l  Layer 

T o t a l  Number I n s t a b i l i t y  Present  (Layer 
O f  Soundings Method, Not Necessa r i l y  

% of T o t a l  Time Period I n  Data Se t  Real ized)  

COSE I 7 3 67 91.7 

COSE I1 



(The COSE I1 experimental  per iod happened t o  be  except iona l ly  dry  f o r  

t h e  Park Range area . )  It becomes obvious t h a t  t h e  degree and frequency 

of i n s t a b i l i t y  experienced over t h e  Park Range of Colorado i s  no t  excep- 

t i o n a l l y  l a r g e  and s i n c e  the  l a y e r  a n a l y s i s  method i s  more s e n s i t i v e  t o  
I 

t h i s  degree of i n s t a b i l i t y ,  t h e  l aye r  p o t e n t i a l  i n s t a b i f i t ?  a n a l y s i s ,  

r a t h e r  than t h e  p a r c e l  method, i s  b e s t  s u i t e d  f o r  t h i s  a rea .  
1 

I n  order  t o  analyze f o r  t h e  convect ive cloud components p re sen t  

w i th in  each sounding of t h e  ca se  s t u d i e s ,  equiva len t  p o t e n t i a l  tempera- 

t u r e  (Be) was p l o t t e d  a s  a  func t ion  of he ight  and t h e  convect ive poten- 
I 

t i a l  i n s t a b i l i t y  was defined i n  t h e  following way: 

A. P o t e n t i a l  i n s t a b i l i t y  base equals  t h e  poin t  a t  which t h e  O e  

p r o f i l e  begins t o  decrease wi th  height .  (PIB)  111 I- 

L .  

B. P o t e n t i a l  i n s t a b i l i t y  top  equals  t h e  po in t  a t  which t h e  8  , 
e  ,:: 

. / -* 

p r o f i l e  aga in  equals  t h e  Be va lue  a t  t h e  l a y e r  base. (PIT) , -  ? 

The l a y e r  is  l i f t e d  according t o  t h e  simple model used t o  de f ine  

t h e  composite cloud ( see  Cloud Analysis s e c t i o n  2 . 3 ) .  The convect ive 
, . 
4 U , 

cloud component generated by t h e  i n s t a b i l i t y  is determined from t h e  
' -J - 1 L 

following: I (  , 
I 

t 

C. Convective i n s t a b i l i t y  base w a s  taken a s  t h e  LCL of t h e  poten- 

t i a l  i n s t a b i l i t y  base. 

D. Convective i n s t a b i l i t y  top  was taken a s  t h e  p o t e n t i a l  i n s t a b i l -  

i t y  t op  i f  t h e  top of t h e  l a y e r  became s a t u r a t e d  wi th  r e spec t  t o  water  

o r  i t  was equal  t o  t h e  cloud top i f  t h e  water s a tu ra t ed  top was below 

t h e  p o t e n t i a l  i n s t a b i l i t y  top. (CIT) 

1 
This  genera l  l a c k  of ex tens ive  i n s t a b i l i t y  has  been expected because 
win ter  storms which favor  p r e c i p i t a t i o n  over t he  Park Range a r e  gener- 
a t ed  by modified maritime polar  a irmasses (Rhea, e t  a l . ,  1969., pp. 
108-109). 



The a n a l y s i s  procedure ou t l i ned  above is  t h e  same method used by 

f i n ~ i t z ,  e t  a l . ,  (1976) t o  desc r ibe  t h e  convect ive cloud component pre- 

s e n t  i n  San Juan storms ( see  a l s o  Marwitz, 1980). Therefore,  t h e  convec- 

t i v e  cloud component w i l l  be def ined  a s  t h e  l a y e r  t h a t  l i e s  between t h e  

convect ive i n s t a b i l i t y  base  and convect ive i n s t a b i l i t y  t op  ( see  Figure 

3 below) . 1 .  ! I' 

, .  , j . . .  . . =. . 

KPa 0- , ; 41 '; 
8 .. . . 

F 

. f :. , r  1 

P I T  

- 
- , 6 -  ,. ".. ,-!,.,a 

PIT 

Figure 3 .  Examples of convect ive cloud components. , 9 :+c , , l~:  'I: V - . :  ! I < - :  -- 

. . .I . ' J . t  3 4  ,',I . '  '. ?., 



A t  some po in t ,  0 must begin t o  i nc rease  wi th  he ight  i n  order  t o  
e 

determine t h e  top  of t h e  l a y e r  a s  def ined by B. This  seems t o  imply 

some degree of p o t e n t i a l  s t a b i l i t y  w i th in  t h e  l a y e r  of p o t e n t i a l  in- 

s t a b i l i t y .  A s  long a s  t h e  base of t h e  l a y e r  i s  determined a s  def ined 

by A, 0 w i l l  decrease wi th  he ight  from l a y e r  base t o  l a y e r  top  and an e 

average cond i t i ona l  i n s t a b i l i t y  w i l l  e x i s t  throughout t h e  l aye r .  

2.2 Blocking Analysis 

A s e r i o u s  d i f f i c u l t y  encountered i n  a two-dimensional a n a l y s i s  of 

a i r f l o w  p a s t  a r i d g e  i s  t h e  i n a b i l i t y  t o  desc r ibe  t h e  motion of a i r  

which f a i l s  t o  pass  over t h e  b a r r i e r .  This  may be caused by any of t h e  

following: downslope v a l l e y  winds i n  lower l a y e r s ,  thermodynamic 

s t agna t ion ,  cold a i r  pool ing,  l i g h t  winds which p i l e  a i r  up aga ins t  t h e  

r i dge ,  o r  winds which encounter t h e  b a r r i e r  and t u r n  t o  p a r a l l e l  i t  

without ascension. These condi t ions  a r e  termed blocking flows (Kao, 

1965; Wong and Kao, 1970; O r g i l l ,  1971; Fraser ,  -- e t  a l . ,  1973; Marwitz, 

e t  a 1  1976; Reid, 1976; Rhea, 1978). - -. 3 

Blocking condi t ions  may vary i n  t ime and have a l a r g e  e f f e c t  upon 

t h e  orographic l i f t  which, i n  t u rn ,  determines t h e  orographic a s  we l l  a s  

t h e  convect ive cloud components which form over t h e  r idge .  The block- 

ing  f low has  been def ined  wi th  r e spec t  t o  wind d i r e c t i o n ,  a t r a n s b a r r i e r  

wind component, and even a combination of t r a n s b a r r i e r  wind component 

and temperature p r o f i l e  (Myers, 1962; E l l i o t t ,  1969; F ra se r ,  - e t  -- a1 , 

1973; Ilarwitz, -- e t  a l . ,  1976; Rhea, 1978; Flarwitz, 1980). 

The c r i t e r i a  f o r  blocking chosen f o r  t h i s  s tudy  i s  s i m i l a r  t o  t h a t  

of Rhea (1978). A l a y e r  w i l l  be termed blocked i f  t h e  t r a n s b a r r i e r  wind 

0 
component is l e s s  than 2 m/sec o r  i f  d ~ / d P  < 0.4 ~ / 5  k Pa. This  



c r i t e r i a  w i l l  i n su re  t h a t  blocking w i l l  be accounted f o r  and t h a t  t h e  

orographic l i f t  w i l l  be reduced by an appropr i a t e  amount. ( I f  t h e  low- 

e s t  atmospheric l a y e r s  a r e  blocked from ascending t h e  b a r r i e r ,  t h e  up- 

wind a i r f l o w  w i l l  be exposed t o  a l i f t  t h a t  w i l l  be l e s s  than  t h e  topo- 

g raph ica l  he ight  of t h e  b a r r i e r .  See a l s o  Marwitz, 1980.) 

2.3 Cloud Analysis 

I n  order  t o  accu ra t e ly  r econs t ruc t  each storm event ,  i t  becomes 

necessary t o  de f ine  t h e  t h r e e  proposed components of t h e  cloud system. 

This  inc ludes  t h e  upwind po r t ion  of t h e  system which i s  not  orographi- 

c a l l y  l i f t e d  ( t h e  synopt ic  component), t h e  topographica l ly  forced por- 

t i o n  of t he  cloud system ( t h e  orographic component), and t h e  po r t ion  of 

t he  cloud system i n  which convect ive motions a r e  expected t o  occur by 

t h e  r e l e a s e  of p o t e n t i a l  convect ive i n s t a b i l i t y  ( t h e  convect ive compo- 

nen t ) .  The f i r s t  two components must be defined from rawinsonde <loud 

base and cloud top c r i t e r i a ,  w h i l e  t he  convect ive component is  defined 

from a  s t a b i l i t y  a n a l y s i s  performed upon the  rawinsonde d a t a  and t h e  

l i f t i n g  of t he  sounding ( see  S t a b i l i t y  Analysis s e c t i o n  2.1) .  

There a r e  many ways t o  de f ine  a  cloud from rawinsonde d a t a .  Water 

s a t u r a t i o n ,  i c e  s a t u r a t i o n ,  an  a r b i t r a r i l y  def ined dew poin t  depress ion  

o r  a n  a r b i t r a r i l y  def ined r e l a t i v e  humidity, a r e  a  f e w  of t h e  c r i t e r i a  

used (Dept. of t h e  A i r  Force, 1969; E l l i o t t ,  1969; Rhea, 1972; Dumont, 

e t  a l . ,  1974 ;  Dumont, 1975; Marwitz, e t  a l . ,  1976; Vardiman, e t  a l . ,  -- -- -- 
1976; Rhea, 1978). Depending on which c r i t e r i a  is  used, a  cloud top 

may vary by a s  much a s  20 kPa! The upwind synopt ic  component of t h e  

cloud system w i l l  be def ined a s  t h a t  po r t ion  of t h e  sounding which i s  

s a t u r a t e d  with r e spec t  t o  i c e .  This  c r i t e r i a  w i l l  be used with t h e  



unders tand ing  t h a t  t h e  c loud e x t e n t  m y  b e  over  e s t i m a t e d  s imply 

because  t h e r e  may b e  no c loud  p r e s e n t  and t h e  a i r  i s  s a t u r a t e d  w i t h  

r e s p e c t  t o  i c e .  P r a c t i c a l l y ,  t h e  s y n o p t i c  c loud  component was 

determined from each sounding by comparing t h e  observed dewpoint 

d e p r e s s i o n  w i t h  t h e  dewpoint d e p r e s s i o n  n e c e s s a r y  f o r  i c e  s a t u r a t i o n .  

The i c e  s a t u r a t i o n  dewpoint d e p r e s s i o n  i s  approximately  e q u a l  t o  one- 

t e n t h  of  t h e  a b s o l u t e  magnitude of  t h e  t empera tu re  i n  d e g r e e s  C e l s i u s ,  

0 
e.g., a p a r c e l  o f  a i r  which h a s  a t empera tu re  of -25 C i s  s a i d  t o  b e  

0 
s a t u r a t e d  w i t h  r e s p e c t  t o  i c e  i f  i t s  dewpoint d e p r e s s i o n  i s  2.5 C o r  

l e s s .  T h i s  r e l a t i o n s h i p  was developed by H i l l  (1977),  see a l s o  H i l l  

(1974),  Dumont, - e t  - a1 3 (1974) and Dumont (1975). 

The l i f t e d  o rograph ic  c loud was d e f i n e d  by l i f t i n g  t h e  sounding 

and then  c l a s s i f y i n g  a "cloud" by b o t h  wate r  and i c e  s a t u r a t i o n .  These 

c r i t e r i a  should  g i v e  lower and upper  estimates of c loud  dimensions.  

Note t h a t  t h e  determined o r o g r a p h i c  c loud  i s  n o t  a p u r e l y  "orographic  

cloud". The f i g u r e s  which i n c l u d e  t h e  o rograph ic  component, may a l s o  

c o n t a i n  e lements  of t h e  s y n o p t i c  component above 40 kPa. Above t h i s  

l e v e l ,  t h e  s y n o p t i c  c loud  component was s imply "advected" toward t h e  

b a r r i e r .  

I n  a d d i t i o n  t o  t h i s  "advection" e f f e c t ,  m o i s t u r e  p r e s e n t  due t o  

t h e  s y n o p t i c  component a l o n e  may a l s o  be  involved w i t h  m o i s t u r e  which 

was condensed d u r i n g  t h e  o rograph ic  l i f t .  Nothing can be  done t o  sub- 

t r a c t  t h i s  s y n o p t i c  component o u t  o f  t h e  soundings  b e f o r e  they  a r e  

l i f t e d  by t h e  topography. There fore ,  t h e  composite c louds  which a r e  

analyzed a s  e x i s t i n g  over  t h e  r i d g e  may c o n t a i n  e lements  of each of the 

t h r e e  components; s y n o p t i c ,  o rograph ic ,  and convec t ive .  



The orographic l i f t  i s  cont ingent  upon t h e  t r a n s b a r r i e r  wind 

component, t h e  temperature s t r u c t u r e  of t h e  lower l a y e r s ,  t h e  airmass 

s t a b i l i t y  upwind of t h e  b a r r i e r ,  blocking flow, and any convect ive 

motions which a r e  present .  The l i f t e d  orographic cloud was determined 

by employing a simple model which approximates t h e  orographic fo rc ing  

and y e t  a t tempts  t o  account f o r  blocking. The primary l i f t  was defined 

a s  t h e  ascent  t h a t  a i r  near  t h e  su r f ace  undergoes i n  order  t o  be r a i s e d  

over t h e  b a r r i e r ,  i .e . ,  10 kPa i f  no blocking i s  present .  I f  blocking 

i s  present ,  the  primary l i f t  is  reduced by t h e  th ickness  of t h e  blocked 

l aye r .  The l i f t  experienced a t  upper l e v e l s  i s  decreased a s  h igher  

a l t i t u d e s  a r e  reached and becomes zero  above 40 kPa. This  i s  reason- 

a b l e  i n  l i g h t  of a i r f l o w  model r e s u l t s  (Myers, 1962). It was shown t h a t  

f o r  uniform s l i g h t  s t a b i l i t y  i n  t h e  t roposphere,  t h e  f i r s t  s t r eaml ine  

which was n o t  displaced by t h e  orographic inf luence ,  as defined from a 

minimum k i n e t i c  energy outflow c r i t e r i a ,  l i e s  c l o s e  t o  but  below t h e  

tropopause. For a i r f l o w  which possess  g r e a t e r  s t a b i l i t y ,  by v i r t u e  of 

l e s s  moisture o r  s t a b l e  l a p s e  r a t e s ,  t h e  c r i t i c a l  l e v e l ,  as defined 

above, w i l l  be found a t  a lower e leva t ion .  The g r e a t e r  s t a b i l i t y  of 

con t inen ta l ly  modified maritime po la r  a irmasses suggests  a c r i t i c a l  

l e v e l  around 40 kPa. The c r i t e r i a  used t o  l i f t  t h e  soundings and de- 

termine t h e  orographic cloud,  is  shown i n  Table 111. This l i f t i n g  7 

' ,  3 
model has the  fol lowing f e a t u r e s :  (1) blocking can be accounted f o r ,  i . ,.. 

I 

(2) s t reaml ine  displacement decreases  wi th  he igh t  up t o  40 kPa, 

(3)  a i r f l o w  characteristics c o n t r o l  t h e  l i f t ,  (4) soundings a r e  no t  

l i f t e d  en masse, i .e . ,  a decrease of l i f t  wi th  he ight  i s  accounted f o r ,  

and (5) l i f t  is  sca led  towards s t a b l e  airmass condit ions.  However, 



t h i s  model i s  incapable of desc r ib ing  l i f t  con t r ibu t ions  from s t a b i l i t y  

changes, convect ive motions, o r  synopt ic  s c a l e  v e r t i c a l  v e l o c i t i e s .  

TABLE I11 

Orographic L i f t i n g  Model 

Layer 

From t h e  top  of t h e  blocked l a y e r  
o r  from t h e  su r f ace  (80 kPa) t o  
r i d g e  top  (70 kPa) 

Note: 1000 mb = 100 kPa 

L i f t  

Primary L i f t  

1 /2  Primary L i f t  
1 /4  Primary L i f t  
1 / 8  ' Primary L i f t  
1/16 Primary L i f t  



CHAPTER I11 CASE STUDIES 

3.1 Case Study /I1 

December 1 0  192 + December 1 2  00Z 1979 

The f i r s t  c a s e  s t u d y  a n a l y s i s  was performed on a wel l -organized 

s h o r t  wave system which passed  over  t h e  s t u d y  area on t h e  1 0 t h  and 1 1 t h  

of December 1979. The s u r f a c e  low p r e s s u r e  c e n t e r  formed a l o n g  t h e  

U.S.-Canadian border  and moved t o  t h e  e a s t - s o u t h e a s t  p a s s i n g  w e l l  t o  

t h e  n o r t h  of Colorado. However, t h e  t r a i l i n g  s u r f a c e  c o l d  f r o n t  

extended from t h e  low t o  t h e  southwest  down o v e r  C a l i f o r n i a  and moved 

q u i c k l y  t o  t h e  s o u t h e a s t ,  p a s s i n g  through t h e  s t u d y  a r e a  around 032 on 

t h e  11 th .  

The upper a i r  d i s t u r b a n c e ,  most e v i d e n t  at  70 kPa c o n s i s t e d  of a 

s t r o n g  s h o r t  wave which a l s o  moved through t h e  s t u d y  a r e a  around 032 on 

t h e  11 th .  Cons iderab le  c o l d  a i r  a d v e c t i o n  and a  s u b s t a n t i a l  amount of 

m o i s t u r e  accompanied t h e  wave. S i n c e  t h i s  d i s t u r b a n c e  moved s o  q u i c k l y ,  

i t  produced heavy p r e c i p i t a t i o n  f o r  a r e l a t i v e l y  s h o r t  p e r i o d  of  t i m e  

( s e e  F i g u r e s  4a-c). 

F i g u r e s  5a-c i l l u s t r a t e  t h e  11032, 11062 and 11092 soundings  t aken  

from Cra ig .  An a n a l y s i s  of  t h e  serial soundings  r e v e a l s  t h e  d e t a i l e d  

t empera tu re  and m o i s t u r e  s t r u c t u r e  of t h e  storm. Note t h e  s t r o n g  cool-  

i n g  i n  t h e  lowes t  20 kPa a s  t h e  d i s t u r b a n c e  passed.  

F i g u r e s  6-7 show t h e  t i m e  s e c t i o n s  of t empdra tu re  (T), p o t e n t i a l  

t empera tu re  ( 0 ) ,  and e q u i v a l e n t  p o t e n t i a l  t empera tu re  (0 ), r e s p e c t i v e -  
e 

l y ,  a s  d e r i v e d  from t h e  upwind Cra ig  rawinsonde. Note t h e  s h a r p  cool-  

i n g ,  e s p e c i a l l y  i n  t h e  lower l a y e r s ,  beg inn ing  around 042 on t h e  11 th .  

F i g u r e  8 shows a t i m e  s e c t i o n  of  t h e  winds,  a g a i n  a s  d e r i v e d  from 

t h e  Cra ig  rawinsonde d a t a .  The winds i n  t h e  lower l a y e r s  a t  C r a i g ,  







Figure  6. Time Cross- 
Sec t ion  Analys is  of 
Temperature of Case 
Study #1. A t  temperatures  
warmer than  -20C, temp- 
e r a t u r e s  a r e  analyzed 
every  5O, and a t  temper- 
a t u r e s  c o l d e r  than -20C, 
tempera tures  a r e  analyzed 
every  10'. 
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F i g u r e  5. Time c r o s s - s e c t i o n  a n a l y s i s  of the wind d i r e c t i o n  and wind 
speed of Case Study ill .  Wind speeds  a r e  i n  mlsec* 



f o r  t h e  most p a r t ,  maintained s t rong  wes t e r ly  components so t h a t  block- 

i ng  was no t  important.  P r i o r  t o  11062, however, a  mesonet wind s t a t i o n  

a t  Milner measured a  weak e a s t e r l y  wind component (Note t h a t  11062 and 

a l l  o t h e r  such des igna t ions  wi th in  t h e  t e x t  i n d i c a t e  a  day and hour, 

e.g., 06Z on t h e  11th.  This  i s  due t o  t h e  f a c t  t h a t  a l l  rawinsonde ob- 

s e rva t ions  were taken on t h e  hour. Such a time des igna t ion  provides 

f o r  a  sho r t  hand n o t a t i o n  i n  r e f e r r i n g  t o  events  wi th in  the  case  

s tud ie s ) .  Af t e r  t h i s  time, t h e  rawinsonde a n a l y s i s  revealed a  veer ing  

of wind d i r e c t i o n  t o  t h e  northwest i n  time and an inc rease  i n  wind 

speed a s  t h e  s t rong  su r f ace  d is turbance  approached. This  impl ies  t h a t  

some n ight t ime co ld  a i r  pooling ac ted  i n  response t o  a d i u r n a l  p a t t e r n  

of v a l l e y  a i r f low.  Since only one mesonet wind s t a t i o n  measured t h i s  

downvalley flow, t h e  cold a i r  pool ing was n o t  s t rong  o r  widespread 

wi th in  t h e  va l l ey .  Even though t h e  f low w a s  no t  blocked a t  Craig, t h e  

a i r  c l o s e r  t o  t h e  b a r r i e r  may indeed have been blocked o r  s tagnated.  

The 70 kPa winds a t  Craig and a l l  su r f ace  winds a t  t h e  observa t ion  s i t e s  

throughout t h e  v a l l e y  veered towards t h e  northwest i n  t ime a s  we l l  a s  

increased i n  speed a s  a response t o  t h e  s h o r t  wave passage, while  t h e  

upper l e v e l  winds remained s t rong  ou t  of t h e  southwest. 

Figure 9 shows t h e  t ime-variat ion of t h e  analyzed ice-sa tura ted  

2 
cloud which formed over Craig i n  time. This  po r t ion  of t h e  cloud 

system has  been defined a s  t h e  synoptic  component s i n c e  the  soundings 

have no t  been l i f t e d  by t h e  topography. Note t h e  trough passage times 

and t h e  genera l  l a c k  of blocking a t  Craig. (The Craig su r f ace  p re s su re  

remains s u f f i c i e n t l y  c l o s e  t o  80 kPa t o  c a l l  t h i s  p re s su re  t h e  su r f ace  

i n  t he  pressure  coord ina te  system.) 

2 
See the  d e f i n i t i o n  of i c e  s a tu ra t ed  cloud i n  s e c t i o n  2 . 3 .  



ZULU HOUR 

F i g u r e  9 .  Time c r o s s - . s e c t i o n  a n a l y s i s  of t h e  s y n o p t i c  c loud  component 
of Case Study i l l .  The s t i p p l e d  a r e a  d e p i c t s  t h e  upwind, 
n o n - l i f t e d  s y n o p t i c  c loud  component. The a r e a  between t h e  
s u r f a c e ,  80 kPa, and t h e  s o l i d  d o t s  d e p i c t s  t h e  b locked 
l a y e r .  T r i a n g l e s  i n d i c a t e  t r o u g h  p a s s a g e  a t  t h e  s u r f a c e ,  
70 kPa, and 50 kPa. 



Figure 10a i l l u s t r a t e s  t h e  derived cloud which formed over t h e  

r idge.  This  composite cloud conta ins  elements from each component. 

The soundings were l i f t e d  according t o  t h e  previous ly  defined model. 

I c e  and water s a tu ra t ed  clouds were determined. Note t h a t  an 

orographic cloud d id  form dur ing  t h e  l a t e r  s t a g e s  of t h e  storm when no 

upwind cloud ex is ted .  The s t i p p l e d  a r e a  r ep re sen t s  t h e  convect ive 

component of t h e  cloud system and was defined as t h e  zone where the  

p o t e n t i a l  convective i n s t a b i l i t y  was re leased .  F igure  11 i l l u s t r a t e s  

why t h e  convective component was shallower than t h e  derived orographic 

i c e  and water clouds. The a i r  w a s  s t a b l e  up t o  t h e  po in t  t h a t  Be 

decreased with he ight  near  50 kPa. Above 50 kPa, t h e  a i r  was 

p o t e n t i a l l y  unstable .  Since t h e  l a y e r  between 50 kPa and 42 kPa became 

sa tu ra t ed  with r e spec t  t o  water upon l i f t i n g ,  i t  a l s o  became convec- 

t i v e l y  uns tab le  a s  ou t l i ned  i n  s e c t i o n  2.1. The depth of t he  derived 

convect ive component extended only t o  t h e  CIT (convect ive i n s t a b i l i t y  

top) .  Also no te  t h a t  a t  11122 t h e  a n a l y s i s  de l inea t ed  t h e  ex i s t ence  

of two cloud decks while  t h e  r ada r  apparent ly  d id  n o t  observe two 

sepa ra t e  decks. (Several  d i s t i n c t  cloud decks have been f r equen t ly  

observed by the  r ada r  dur ing  both COSE I and COSE 11 f i e l d  experiments.) 

A s  ind ica ted  i n  s e c t i o n  2.3, Cloud Analysis ,  t h e  l i f t i n g  model 

could desc r ibe  t h e  f i r s t  o rder  e f f e c t s  of t h e  orographic forc ing ,  but  

it is  a crude model a t  bes t .  I n  order  t o  t e s t  t h e  s e n s i t i v i t y  of t h e  
I , .  

cloud component t h a t  formed a s  a coiisequence of t h e  topographical  

l i f t i n g  a s  a funct-ion of t h e  l i f t i n g  model and va r ious  temperature and 

s e e  the  d e f i n i t i o n  of orographica l ly  forced  i c e  and water s a t u r a t e d  
clouds i n  s ec t ion  2.3. . . 



F i g u r e  1C)a. Time c r o s s - s e c t i o n  a n a l y s e s  of t h e  composite c loud sys tem 
of c a s e  s t u d y  The a r e a  w i t h i n  t h e  dashed l i n e  d e p i c t s  
t112 upwind, n o n - l i f t e d  c l o u d .  The a r e a  w i t h i n  t h e  t h i n  
s o l i d  l i n e  d e p i c t s  t h e  l i f t e d ,  i c e - s a t u r a t e d  c loud .  The 
a r e s  w i t h i n  t h e  convoluted l i n e  d e p i c t s  t h e  l i f t e d ,  wa te r -  
s a t u r a t e d  c loud .  The a r e a  w i t h i n  t h e  heavy s o l i d  l i n e  de- 
p i c t s  t h e  r a d a r  observed c loud .  The s t i p p l e d  a r e a  d e p i c t s  
t h e  c o n v e c t i v e  c loud conponent ,  O e ,  d e c r e a s i n g  w i t h  h e i g h t  
i n  a  w a t e r - s a t u r a t e d  l a y e r .  The a r e a  between t h e  s u r f a c e ,  
80 kPa, and t h e  s o l i d  d o t s  d e p i c t s  t h e  b locked l a y c r .  

i g u r e  l o b .  Time p l o t  of h o u r l y  p r e c i p i t a t i o n  a t  v a r i o u s  p o i n t s  a c r o s s  
t h e  Park  Range b a r r i e r  f o r  c a s e  s t u d y  111. The heavy s o l i d  
l i n e  (-) cor responds  t o  Radar Rase. The dot ted-dashed 
l i n e  (-.-) cor responds  t o  F a l s e  Top. The medium s o l i d  
l i n e  (-) cor responds  t o  P i c n i c  Area.  The dashed l i n e  
(---) cor responds  t o  Highway Camp. The t h i n  s o l i d  l i n e  
(-) cor responds  t o  Colubrnine Locige. 



KPa 

PIS = POTENTIAL INSTABILITY BASE 
PIT = POTENTIAL INSTABILITY TOP ' 

CIB = CONVECTIVE INSTABILITY BASE 
CIT = CONVECTIVE INSTABILITY TOP 
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Figure 11. Convective cloud components of Case Study #l. 
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moisture p r o f i l e s ,  a n  a n a l y s i s  us ing  a s l i g h t l y  d i f f e r e n t  l i f t i n g  model 

was  attempted. This  t ime t h e  primary l i f t  w a s  apport ioned l i n e a r l y  be- 

tween t h e  su r f ace  and 30 kPa. P r i o r  t o  11092, ' the  new a n a l y s i s  ind i -  

ca ted  t h a t  cloud tops  were gene ra l ly  h igher  than  t h e  f i r s t  a n a l y s i s ,  a t  

most 7.5 kPa h igher  (e.g., a t  45 kPa, t h e  f i r s t  l i f t i n g  model i nd ica t ed  

a l i f t  of 1/16 x primary l i f t  whi le  t h e  a l t e r n a t e  l i f t i n g  model ind i -  

ca ted  a l i f t  of 6/16 x primary l i f t ) .  Af t e r  11092, however, a s t rong  

subsidence inve r s ion  w a s  e s t ab l i shed  and t h e r e  w a s  no apprec i ab le  d i f -  

f e r ence  i n  t h e  two analyses .  , , This  shows t h a t  w i th  c e r t a i n  temperature 
. a 

and mois ture  p r o f i l e s ,  t h e  l i f t i n g  model is  c r i t i c a l  i n  determining t h e  

l i f t e d  cloud top,  whi le  d i f f e r e n t  p r o f i l e s  of temperature and moisture 

c l e a r l y  i n d i c a t e  t h e  p o s i t i o n  of cloud top  no matter what kind of model 

is  used. 

The analyzed water-saturated cloud tops  were only  s l i g h t l y  higher  

than those  observed by t h e  K band radar .  On t h e  o t h e r  hand, t h e  r ada r  

d i d  n o t  d e t e c t  t h e  e a r l y  s t a g e s  of t h e  storm progress ion  as de l inea t ed  

by t h e  a n a l y s i s  i n  Fig. 10a. This  l a t t e r  discrepancy is  reconci led  i n  

l i g h t  of t h e  f a c t  t h a t  t h e  air continued t o  r i s e  over t h e  r i d g e  a f t e r  

i t  passed t h e  po in t  a t  which t h e  v e r t i c a l  po in t ing  r ada r  observa t ions  

were made. It is p o s s i b l e  t h a t  t h e  cloud formed over t h e  top of  t h e  

r i d g e  and d i d  n o t  extend upwind f a r  enough f o r  t h e  r ada r  t o  "see" it. 

In  genera l ,  d i s c repanc ie s  between t h e  r ada r  observed and derived cloud 

top  may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  moisture,  temperature,  and 

windf ie lds  observed a t  Craig, n e a r l y  60 km upwind of t he  r ada r  si te,  

may not  be r e p r e s e n t a t i v e  of atmospheric cond i t i ons  i n  t h e  immediate 

v i c i n i t y  of t h e  r idge.  



Ear ly  i n  t h e  storm per iod ,  11002 and 11032, t h e  extreme depth of 

t h e  ice-sa tura ted  cloud i s  questioned. The a i r  was l i k e l y  t o  be 

s a t u r a t e d  wi th  r e spec t  t o  i c e ,  but  t h e  ques t ion  remains, Was t h e r e  ac- 

t u a l l y  a cloud p re sen t  a t  t h i s  extreme a l t i t u d e ?  This  ques t ion  i s  

d i f f i c u l t  t o  answer, however, s i n c e  t h e  r a d a r  d id  not  observe a "cloud" 

anywhere near  t h e  ind ica t ed  tops.  The answer i s  probably t h a t  t h e  a i r  

was sa tu ra t ed  wi th  r e spec t  t o  i c e ,  bu t  no cloud o r  e l s e  an  extremely 

t h i n  cloud (below rada r  de t ec t ion )  was present .  Therefore,  a t  these  

two times, more emphasis should be  placed on t h e  water s a tu ra t ed  

ana lys i s .  

The problem of d e l i n e a t i n g  a cloud from rawinsonde d a t a  can be 

i l l u s t r a t e d  i n  t h e  fol lowing example. D i f f e ren t  cloud tops  were de t e r -  

mined from t h e  11002 and 11032 soundings us ing  d i f f e r e n t  d e f i n i t i o n s  

of "cloud" ( see  Table IV). Which c r i t e r i a  c o r r e c t l y  i d e n t i f i e s  "cloud" 

from "non-cloud"? Note t h a t  t h e  dewpoint depress ions  used a r e  much 

0 
smaller  than t h e  6 C dewpoint depression recommended by t h e  Department 

of t h e  A i r  Force (1969) f o r  t h i s  type of ana lys i s .  

TABLE I V  

Various Cloud Top Pressures  (kPa) a s  Determined from Di f f e ren t  Cloud 
Top C r i t e r i a  

Re la t ive  Humidity Dewpoint Depression I c e  Sa tu ra t ion  

80% 85% 2Oc 3Oc 4Oc 

High r ada r  r e f l e c t i v i t i e s ,  a s  documented by Ku band r ada r  d a t a ,  

corresponded wel l  i n  time with t h e  analyzed r e l e a s e  of convect ive in- 

s t a b i l i t y .  This  f a c t  was t r u e  e s p e c i a l l y  between 11062 and 11092 (see  

Figure 12).  The l e v e l  of maximum r e f l e c t i v i t y  tended t o  l i e  between 





66 kPa and 56 kPa, we l l  below t h e  analyzed zone of convect ive i n s t a -  

b i l i t y .  Note t h a t  i n  t h i s  l aye r ,  t h e  non- l i f ted  temperatures from t h e  

0 
Craig rawinsonde a n a l y s i s  were roughly between' -14 C and -17'~. This  

temperature range approximately d e f i n e s  t h e  d e n d r i t i c  i c e  c r y s t a l  

growth zone. It is  hypothesized he re  t h a t  i c e  c r y s t a l s  f e l l  i n t o  t h e  

d e n d r i t i c  growth zone from t h e  zone of convect ive i n s t a b i l i t y  r e l e a s e  

and produced t h e  higher  r ada r  r e f l e c t i v i t i e s .  The maximum r e f l e c t i v i t y  

va lues  tended t o  be 10 dB2 g r e a t e r  than t h e  r e s t  of t he  storm r e f l e c -  

t i v i t i e s .  

The a n a l y s i s  d id  q u i t e  we l l  i n  por t ray ing  t h e  r ada r  observed com- 

p o s i t e  cloud system. This  ca se  s tudy  i l l u s t r a t e s  t h e  importance of 

using t h e  a n a l y s i s  toge ther  wi th  t h e  r ada r  observa t ions  t o  desc r ibe  t h e  

complete cloud system. 

Figure lob  shows water equiva len t  p r e c i p i t a t i o n ,  accumulated dur ing  

t h e  ind ica ted  hour, a s  a  func t ion  of time. The s t a t i o n s ,  i n  order  of 

e l eva t ion  and d i s t a n c e  away from t h e  r ada r  s i t e  a t  t h e  western base of 

t h e  r idge ,  a r e  a s  follows: Radar, P i cn ic  Area, Fa l se  Top, Highway Camp, 

Columbine. The r i d g e  is  r e l a t i v e l y  broad and f l a t  a t  i t s  top and 

Columbine i s  a t  t h e  f a r  e a s t e r n  edge before  t h e  t e r r a i n  f a l l s  o f f  i n t o  

t h e  North Park a rea .  Note t h a t  a l l  of t h e  p r e c i p i t a t i o n  was post- 

f r o n t a l .  It peaked quickly a t  t h e  beginning of t h e  storm period and 

then f e l l  o f f  slowly i n  t ime as t h e  pos t - f ron ta l  orographic cloud 

e s t ab l i shed  i t s e l f .  The p r e c i p i t a t i o n  s t a r t e d  sooner and l a s t e d  longer  

a t  t h e  higher  e l eva t ion  s i t e s  than a t  t h e  base of t h e  r idge .  The f a c t  

t h a t  t h e  snow s t a r t e d  sooner a t  t h e  h ighes t  e l eva t ion ,  easternmost 

s i t e s ,  before  t h e  trough passed, i n d i c a t e s  t h a t  t h i s  p r e c i p i t a t i o n  

was probably due t o  an  orographic p r e c i p i t a t i o n  component. I f  a  



... ' 8  . . . . .  1 , .  . . . . ' . .  " 
.\, ;, . . 8 ' .  , .. ',. ',' ' .  . . .  . . .  > . . . .  :' . . 

, . .: , ,; . !, ,>. 3;;: , 0 ,  ' ( .  *! :. . _ , . .* . . . . . .  ...... . . * . !  . I . . . . . . . .  * ,  :, :! , ., ,.::: . .,,'i :: . : . . . .  . , .  . ., , . , .~.L.,, ,;: ;y,, !.: . . .  . , " I  

5 .  ' ,  
' 1 '  . 1. . , : ., '.. : ,  .:: , . 2 ' ;! ,,:.*'> . . . . . . . . .  ;;.; ?,,, ;,,, :........ (,,-+!..) . . 

1.; , , ., : .  . , ; . , ,  .,, 

, . . . . . . .  . . . .  . ,  . ,,; ,,. $:./.::,:!,:., ! 

, , ,  . ' .  . .  , 
,< _.-  . , v  ., ' .  . ' . . )  . .  

. . . . . . . . . . . . .  ., .. * ..A; ,..,' , . .  
, ,,,, ,..,'.! 

, . .  . . . . . .  . . ' .  , ... .., ,. . i ' , , , , .  .. ...:..,..:. L . . .  
, . . - , , . . , .  

. . . . . .  . . .  .,,; .,,? :s, ?<(:; 
, . , .,, ,," ,,,.., .,.. c :2 

synopt ic  p r e c i p i t a t i o n  component had been p re sen t ,  i t  seems l i k e l y  t h a t  ;ji:. *.:..?.!!, : .. : . . 
. .  . : :,I .- . . . . . . . . . . . . .  *,, i,, ,,,,:, .;:, 2 ~ ~ ~ ~ ~ . . : ~ + ~ : ~ ~ , ~ ~ ~  : p ? .  . , r :  

, ..,...... .,i! - ..!<i:f...'. ... + f::j:i 
t h e  o t h e r  snow gages would have ind ica t ed  s n o w f a l l a t  this t i m e  aiso. ; ;- ;~::~~~~, ... .....,A...!<!..%... :'L , , * .;, t. : '!i,,.> , C,,', ........ *. / ,.., b ,,.;.:-.,: ..; 

.: Z ,:.>.;$+:.; .,>, ;.,."2.. .::i;: 
:;<;;r. -,., ......... "* .... C 

.fl;,,::;.,,?: 1 . +,: Visual  observa t ions  made w i t h i n  t h e  Yampa' Val ley ag ree  q u i t e  w e l l  '-';,:::~~:,zc~;~~~~~;,:;:>; 
".,,' '?ti.:,..;.;: :, ",: ,-., . ;: 
' . "'. .*"'* ',. . 'j.. ?..h::." .;. 

, %  . 4: ,.,:... ... ,>:? '": 

with t h e  rawinsonde ana lys i s  presented in ~i~~~~ loa. A thin layer of .~ j : '$ ' .~; i i?""!- : :  ., $, . .: i  I,., 
,, , ;..; ,,' ;:.:: ;:. ::,; :;,. ;" : , . . 

: . > : . . ,  . I," , .  ,, ; ., . . . :. ., .i:.<;. ,";,.! . . . .  . . .  . . :  . . . .  :.. 
, . .. '.,. clquds formed over t h e  r i d g e  a t  21302 on t h e  10th. By 23002 on the.-'.'":-,.':.':.'.:i >.. -';':.' ."' 

. . . .  . . \:, .,;*,.,. .'.i 
, . . .  , , 

' ' .: . I .I . . .  : :...' . . . . .  
... a. . . . . . . :  , .  .:. .~,:'', 

l o t h ,  c i r r u s  and s t r a t u s  clouds were observed t o  be  moving from west t o  .: 1 :;:;;:;.; .;.;;: :?,,','": 
,,. , 

. , . , .  . .!,''.. ...I,, j .  ...... .... . a , .  -:. . . . . . .  . . ,  , 
,,,, ;;,,/: ., ;:. ,. >, 
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* . I - . , :  .' invaded t h e  va l ley .  A t  t h i s  time, cloud bases  over t h e  Park Range were s , L.  . t 

I .  I 

s t i l l  we l l  above r i d g e  top. I n  t h e  next  f o u r  hours ,  cloud bases  dropped . ' + 

. , 

below t h e  r i d g e  top,  p r e c i p i t a t i o n  began a t  t h e  radar ,  and moderate t o  , - 
* '  , 

heavy snow w a s  f a l l i n g  halfway up t h e  r idge .  Snow continued throughout 

t h e  n i g h t  on t h e  r i d g e  and f i n a l l y  stopped a t  14002 on t h e  11th. Cloud i' .: .: ,,' < ,. L "  

I .  (.f , 

, . (  * bases  remained below t h e  Park Range r i d g e  top  throughout t h e  r e s t  of " . I -  
\ . - <  < .  

I .  . I , ( *  . - a ,  t h e  day up t o  OOOOZ on t h e  12th ,  even though upwind from Steamboat ,. x ' , .~ . . ' ,  . . 
- , . a .,#), " " '  

' I , : ' +  , , - ' b ' :  

Springs,  t h e  cloud i n  t h e  Yampa Valley had d i s s ipa t ed .  Soon a f t e r  .:*' 
I ' < 7 .  ..!f . ; 

i, ' I f  

I .  I 
, f 

OOOOZ on t h e  12th,  t h e  orographic cloud i t s e l f  d i s s ipa t ed .  Fur ther  3 , 

I ,  

d e t a i l e d  v i s u a l  observa t ions  a r e  presented i n  Appendix B. *'. : I. ,-,. *: . . >, ! , r l  & * ? ,  . . . ) . I .  

, b .. 
\ s 
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3.1.1 The Main Findings of t h e  F i r s t  Case Study I . 

, , I .  

. /  A c l o s e r  look a t  t h e  preceding ana lyses  r e v e a l s  important r e l a t i o n -  . , . .. 
, % 

s h i p s  between t h e  migratory wave and t h e  components of t h e  orographic .: I 
'. 8 

.I 1;. , . $ 4 " <  , . 
cloud system. 

. i (  

1 )  Rapid cool ing  occurred i n  t h e  T, 8, and t h e  8 f i e l d s  follow- 
e 

. i I L , . 
ing  t h e  s h o r t  wave passage, e s p e c i a l l y  a t  lower l e v e l s .  

. ' )  

*, 2) The synopt ic  cloud component became apparent  a s  t h e  s h o r t  wave 

passed. 



"1 - 1  ~?+.:3) The synopt ic  cloud component moved i n t o  t h e  a r e a  a t  mid- 

!;!.:.; . ~ ~ ~ l e v e l s ,  deepened, and then dropped t o  lower l e v e l s .  This  i s  presumably 

due t o  v a r i a b l e  moisture advect ion,  s t rong  v o r t i c i t y  advect ion,  which 

1 8 i y : .  . occurred dur ing  t h e  e a r l i e r  po r t ions  of t h e  storm per iod ,  o r  t h e  t ran-  

-it s i e n t  mesoscale s t r u c t u r e  of t h e  d is turbance .  (The abso lu t e  cloud tops  

of t h e  synoptic  component were d i f f i c u l t  t o  determine. ) . ' -  J;2:rdc. .: 

: 4 The migratory wave t r a c k  was s l i g h t l y  n o r t h  of t h e  s tudy a r e a  

- k. so  t h a t  t h e  low l e v e l  winds were s t rong  enough t o  provide f o r  a con- 

3 .-. s t a n t ,  low l e v e l  l i f t .  )..r~;: 19 . .  - -  . - -  ;- 71 !,::::.::?.i ;;: 

- , . , :  5 The cloud system which formed over  t h e  r idge  was governed by 

moisture advect ion and l i f t i n g .  This  cloud formed s l i g h t l y  before  and 

l a s t e d  many hours a f t e r  t he  synopt ic  upwind cloud component d i s s i p a t e d .  

6 )  The composite cloud system quickly thickened p r i o r  t o  t he  

s h o r t  wave passage a s  d id  t h e  synopt ic  component. This  may be due t o  

t h e  s t rong  v o r t i c i t y  and moisture advect ion which w a s  p re sen t  i n  t h e  

e a r l i e r  p a r t  of t he  storm. 

: r l r 7 )  A pure orographic cloud d i d  form when an  upwind synopt ic  cloud 

was no t  de tec ted  l a t e  i n  t h e  storm period.  : " " "  

: 2 -:.... 8 The convect ive cloud component developed r e l a t i v e l y  e a r l y  with- 

i n  t h e  cloud system t h a t  formed over t h e  Park Range. 

9) Strong cool ing i n  t h e  lower l a y e r s ,  i n  response t o  t h e  f r o n t a l  

passage, e s t ab l i shed  a n  inve r s ion  which s t a b i l i z e d  t h e  lower po r t ions  

of t h e  cloud system. Convective i n s t a b i l i t y  was no t  a s soc i a t ed  wi th  

t h e  cool ing i n  these  lower l a y e r s  a s  t h e  f r o n t  moved through. 
I ,**. . , x p.- , * i SF.. . .. + , .l!s.i. ?jd.! 

10) S l i g h t  convect ive i n s t a b i l i t y  formed a t  11062 due t o  a mois- 

t u r e  decrease with he ight  and d i f f e r e n t i a l  cool ing  of a 4 kPa l a y e r  
.1; 

centered around 60 kPa. S t a b i l i z a t i o n  occurred a s  a consequence of a 



- , r e l a t i v e  moisture i nc rease  wi th  he ight .  The p o t e n t i a l  i n s t a b i l i t y  

s : ?, presen t  i n  t h e  11062 and 11092 soundings developed i n  a s s o c i a t i o n  wi th  

d i f f e r e n t i a l  cool ing  i n  t h e  45 kPa and 50 kPa layer .  This  cool ing  

caused t h e  l a p s e  rate t o  be  s l i g h t l y  g r e a t e r  than moist  a d i a b a t i c  and, 

7 I t he re fo re ,  forced ae,/aZ < 0. L i f t i n g  and condensation r e l ea sed  t h e  

' r p o t e n t i a l  i n s t a b i l i t y  ( s ee  Figures  5a-c and 11) .  : , 

p <-IF 11) The convect ive i n s t a b i l i t y  was a s soc i a t ed  wi th  t h e  wave 

- passage. It w a s  no t ,  however, generated on a l a r g e  s c a l e  by t h e  d i s -  

turbance i t s e l f ,  i .e . ,  n e i t h e r  s t rong  co ld  a i r  advect ion a l o f t  nor  

, , , ; s t rong  warm a i r  advect ion i n  t h e  lower l a y e r s  caused t h e  l a p s e  r a t e s  t o  

become unstable .  The i n s t a b i l i t y  w a s  a s soc i a t ed  wi th  f i n e  s c a l e  tem- 

,,+ I p e r a tu re  and moisture advec t ive  processes  which operated wi th in  a 

, 4-5 kPa l ayer .  The d i f f e r e n t i a l  cool ing  t ipped  an  a l r eady  near  moist 

- . , a d i a b a t i c  l a p s e  r a t e  p a s t  t h i s  va lue  s o  t h a t  aee/8z was negat ive.  The 

( l aye r  became convect ively uns t ab le  when t h e  a i r  was a b l e  t o  reach 

s a t u r a t i o n  a f t e r  l i f t i n g .  - , - - 

, , , r  , ,:. 12) It is hypothesized t h a t  i c e  c r y s t a l s ,  f a l l i n g  from a zone of 

convect ive i n s t a b i l i t y  r e l e a s e ,  f e l l  i n t o  t h e  d e n d r i t i c  c r y s t a l  growth 

0 0 
1 zone, -14 C t o  -17 C,  and were re spons ib l e  f o r  t h e  h igher  r ada r  r e f l e c -  

t i v i t i e s  a t  t h i s  time. ..,, 

( 1  . 
3.'1.2 Important conclusions from Case Study 111 

A ve ry  important f a c t  i l l u s t r a t e d  i n  t h i s  f i r s t  ca se  s tudy  is t h a t  

t h e  d e r i v a t i o n  from t h e  rawinsonde d a t a  of t h e  cloud system which formed 

over t h e  r i d g e  was, a t  t imes, very  s e n s i t i v e  t o  t h e  l i f t i n g  model. 

Temperature and moisture p r o f i l e s  determined t o  a l a r g e  e x t e n t  t h i s  
. . 

"sens i t iv i ty" .  When t h e  mois ture  s lowly decreased wi th  he igh t ,  t h e  
I - .  1 . , 1 '  



t 1  

l i f t i n g  rdod~ i  became important i n  t h a t  t h e  s t r eaml ine  displacement 

determined how t h e  a i r  was l i f t e d  and cooled t o  s a tu ra t ion .  I f  t h e  

s t reaml ine  displacement i s  no t  accu ra t e ly  determined, a  " l i f t e d "  cloud 
* . i i ;!  

can n o t  be analyzed wi th  confidence a t  a l l  t imes ( i .e . ,  i f  t h e  moisture 

slowly decreases  with he igh t ,  t h e  l i f t i n g  model i s  c r i t i c a l ) .  

3.2 Case Study #2 
* 2 1  , . 9 ; * ,  $<,., 

, ' ;  . , February 22 122 -+ February 24 182 1979 
.I 

The second case  s tudy a n a l y s i s  was performed on a complex long 

wave system. Alof t ,  4 s ~ l l  way: passed over t h e  s tudy a r e a  a t  a  time 
:k L ,. ' ;, ; +a 

p r i o r  t o  22122 (Note t h a t  22122 and a l l  o t h e r  such des igna t ions  wi th in  

t h e  t e x t  i n d i c a t e  a  day and hour, e.g., 122 on t h e  22nd. This  i s  due 

t o  t h e  f a c t  t h a t  a l l  rawinsonde observa t ions  were taken on t h e  hour. 

Such a  time des igna t ion  prDeides f o r  a s h o r t  hand n o t a t i o n  i n  r e f e r r i n g  

t o  event: wi th in  t h e r c a s e  s t u d i e s ) .  S l i g h t  r i dg ing  occurred over 
- 1  . . + I  ! r 

Colorado a s  t h e  long wave developed over t h e  western U.S. A s  t h e  long 

wave passed over t h e  s tudy  a r e a  about 24002, t h e  storm t r a c k  gene ra l ly  

moved from t h e  west-southwest. Strong cold a i r  advect ion and r idg ing  
. . , - . - " % - 1 . 3 %  

followed behind t h e  upper a i r  trough. 
.r ' . . , " .  

J - .  . A ,  7 i 

A t  t h e  sur face ,  a t  22122, a  low p res su re  a r e a  was centered i n  
b ' " 1 ' -  

nor t heas t e rn  Colorado while  t h e  accompanying co ld  f r o n t  t r a i l e d  o f f  t o  

t h e  southwest through New Mexico. A,sgcondary cold f r o n t  was pos i t ioned  
\ * .  - 

off  t h e  Oregon coas t  and another  weak s t a t i o n a r y  f r o n t  extended through 

Montana t o  t h e  southeas t ,  gene ra l ly  no r theas t  of Colorado. I n  t ime,  

t h e  f r o n t  of f  t h e  Oregon coas t  propagated quick ly  t o  t h e  e a s t  while  t h e  

s t a t i o n a r y  f r o n t  t o  t h e  no r theas t  slowly re t rograded  t o  t h e  southwest. 

During t h i s  time, co ld  a r c t i c  air,.,moved Snto t h e  Great P l a i n s  from t h e  
i I I .I P' 'i 



north.  A s  i t  d id  so,  it pushed westward toward t h e  Continental  Divide 

and deepened. The two f r o n t s  merged very  c l o s e  t o  t he  s tudy a r e a  about 

24002 and then proceeded t o  t h e  e a s t  toge ther .  By 25002, a high pres- 

s u r e  system had s trengthened i n t o  t h e  Great Basin area ( see  Figs. 13a-f). 

F igures  14a-g show se l ec t ed  soundings from Craig throughout t h i s  

s torm period.  A comparison between Figure 20 and Figure 14a-g i l l u s -  

t r a t e s  t h e  r e l a t i o n s h i p  between 8 and t h e  soundings. Note t h a t  Be 
e 

decreases  w i th  he ight  when t h e  l a p s e  rate becomes less than moist adia-  

b a t i c  o r  t h e  dewpoint depress ions  inc rease  quickly wi th  he ight .  

I >  

Figures  15-16 show t h e  upwind time 's 'ictions of T, 8 ,  and 0 e '  

r e spec t ive ly .  The f i e l d  g rad ien t s  were much weaker than i n  t h e  f i r s t  

s h o r t  wave case  study. This  d i s turbance  seemed t o  be more spread out  

i n  time a s  t h e  long wave moved slower than t h e  previous s h o r t  wave of 

t h e  f i r s t  case  study. Both t ime s e c t i o n s  i n d i c a t e  cool ing  i n  t h e  lower 

l e v e l s  between 23062 and 23122. This  can be a t t r i b u t e d  t o  noc turna l  

cool ing  and v a l l e y  cold a i r  pooling. During t h e  n ight t ime hours ,  a f t e r  
s / a  I ,  

- , I # :  1 

23062 and before  23122, t h e  soundings ind ica t ed  t h a t  s v a l l e y  inve r s ion  

had been e s t ab l i shed .  This  formation of a very  s t a b l e  l a y e r  undoubted- 

l y  cont r ibu ted  t o  t h e  blocking and accounted f o r  t he  cold a i r  pooling 

a t  t h i s  t i m e .  During t h e  n ight t ime per iods ,  however, between 24002 and 

24122, no v a l l e y  inve r s ion  formed. A t  t h i s  t ime, t h e  blocking was 
. . 

a t t r i b u t a b l e  t o  southwester'sy winds a t  70 kPa which produced a cross-  

v a l l e y  flow a t  upper l e v e l s  and was n o t  funneled toward the  b a r r i e r .  

A l l  t h r e e  temperature f i e l d s ,  however, a l s o  ind ica t ed  some cool ing  i n  

response t o  t he  trough an.d su r f ace  passage a f t e r  24002. A s  shown i n  

Figure 16, the  Be f i e l d  d i f f e r e d  from the  0 f i e l d  implying t h e  presence 

, A  ! 

of moisture throughout t h e  e n t i r e  storm period. Note t h a t  a t  t imes 



.. . 

. ! , L . r  
, 4:: - . . .  . 
,*.% 2 . .%, ;. ,. .. . $'$' . . ..,.;. ' 

.IY. 

. ,- ,,, ;:.:.,: 
..,: ; !;- 
', I,: 
,, 

\ - 

e.  Surface - 23122 f .  Surface - 24002 

Figure 13. Synoptic Charts for Case Study #2.  
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Figure 15. Time Cross-Section Analysis of Temperature for Case Study #2. For temperatures warmer 
0 

than -20C, temperatures are analyzed every 5 , and for temperatures colder than -20C, 
0 

temperatures are analyzed every 10 . 
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t h e  8 ana lys i s  ind ica tes  pronounced weak v e r t i c a l  gradients .  The 
e 

important implicat ions of t h i s  observation w i l l  be discussed with 

respect  t o  t h e  convective cloud component t h a t  'was present  within t h i s  

! 
l i 

storm. 

Figure 17 i l l u s t r a t e s  a t i m e  sec t ion  of winds a s  derived from t h e  

Craig rawinsonde data. The 50 kPa and 70 kPa winds re f l ec ted  the  long 

wave passage. They backed in  time a s  t h e  trough approached and then 

veered sharply soon a f t e r  the  passage. The lower l e v e l  winds, however, 

were l i g h t  and va r iab le  and produced a blocking condit ion a s  t h e  dis-  

turbance passed. A t  approximately 24002, the  storm t rack  gave rise t o  

winds t h a t  had strong southwesterly components and were unable t o  funnel 

e f f i c i e n t l y  i n t o  t h e  w e s t  end of t h e  Yampa valley.  This contributed t o  

the  stagnation. The blocking between 23002 and 23182, however, was 

produced by a l o c a l  down va l l ey  drainage flow which gave rise t o  surface  

winds with e a s t e r l y  o r  nor theas ter ly  components. This f a c t  was substan- 

t i a t e d  by rawinsonde da ta  i n  t h a t  a va l l ey  inversion formed i n  conjunc- 

t i o n  with cooling of the  temperature f i e l d s  i n  t i m e .  Down va l l ey  drain- 

age a l s o  explains t h e  extreme depth of t h e  blocked layer  a t  23122. I n  

f a c t ,  severa l  mesonet wind s t a t i o n s  i n  t h e  v a l l e y  near Milner substan- 

t i a t e d  down va l l ey  flow between 23002 and 24062. These observations 

strengthen t h e  arguments fo r  t h i s  d iurnal  va l l ey  a i r f low and cold a i r  

pooling which contributed t o  t h e  extensive blocking p r i o r  t o  t h i s  storm 

passage. 

Figure 18 shows t h e  analyzed, upwind ice-saturated cloud. The 

moisture was advected i n t o  t h e  area  a t  r e l a t i v e l y  low levels .  Note 

t h a t  the  cloud deck thinned a s  s l i g h t  synoptic s c a l e  r idging occurred 

between the  pre-2212Z shor t  wave and t h e  primary 24002 long wave trough 
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Figure  18.  Time c ros s - sec t ion  a n a l y s i s  of t h e  synop t i c  cloud component of 
Case Study 1 2 .  The s t i p p l e d  a r e a  d e p i c t s  t h e  upwind, non- l i f ted  
synop t i c  cloud component. The a r e a  between t h e  su r f ace ,  80 kPa, 
and t h e  s o l i d  d o t s  d e p i c t s  t h e  blocked l aye r .  Tr iangles  i nd ica t e  
t rough passage  a t  t h e  s u r f a c e ,  70 kPa, and 80 kPa. 



passage. This  low l e v e l  moisture preceded t h e  primary 24002 t rough t o  

such an  ex ten t  t h a t  i t  was almost advected i n t o  t h e  f i r s t ,  pre-2212Z 

s h o r t  wave. Consequently, t h e  synopt ic  and l i f t e d  cloud components 

p e r s i s t e d  many hours. As t h e  primary trough passed, t h e  synopt ic  cloud 

thickened and dropped. The pos t - f ronta l  synopt ic  cloud remained f o r  

many hours before  i t  began t o  d i s s i p a t e .  

The a n a l y s i s  i n  Figure 18 a l s o  sugges ts  t h e  presence of c i r r u s  

above t h e  primary synoptic  cloud mass. I f  c i r r u s  c r y s t a l s  were f a l l i n g  

from t h e  upper l a y e r ,  they may have suppl ied secondary i c e  c r y s t a l s  t o  

t h e  lower cloud l aye r .  There is however, no guarantee t h a t  c i r r u s  i c e  

c r y s t a l s  e x i s t e d ,  only t h a t  t h e  a i r  w a s  s a t u r a t e d  wi th  r e spec t  t o  i ce .  

Assuming a  c r y s t a l  f a l l  speed of 0.5 m/sec and mean wind speeds of 12 

and 14 m/sec, from Figure 17, t h e  c r y s t a l s  would have t r a v e l l e d  t o  t h e  

lower cloud mass 23 and 34 km downwind from Craig, r e spec t ive ly .  This  

means t h a t  t h e  c r y s t a l s  could have en tered  t h e  lower cloud mass over 

Milner,  w e l l  ahead of t h e  main b a r r i e r .  From t h i s  po in t ,  they could 

have e a s i l y  been i n j e c t e d  i n t o  t h e  orographic cloud system. This  sec- 

ondary source of i c e  c r y s t a l s  has  important r ami f i ca t ions  upon t h e  seed- 

a b i l i t y  of t h i s  storm event.  

Figure 19a shows a  syn thes i za t ion  of t h e  cloud system which formed 

over t h e  Park Range b a r r i e r .  A pure orographic component formed a s  a  

r e s u l t  of sub-ice s a tu ra t ed  a i r  being l i f t e d  t o  water  s a t u r a t i o n  before  

t h e  upwind cloud formed because of t h e  moisture and l i f t i n g  t h a t  was 

present .4  Around 23122, t h e  cloud system thinned t o  mid l e v e l s  a s  a  

4  
See the  d e f i n i t i o n  of orographica l ly  forced i c e  and water s a t u r a t e d  
clouds i n  s e c t i o n  2.3. 
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F i g u r e  19a .  Tine  Cross-Sect ion Ana lys i s  of t h e  Composite Cloud Syster! 
of Case Study //2. The a r e a  w i t h i n  t h e  dashed l i n e  d e p i c t s  
t h e  upwind, n o n - l i f t e d  c loud .  The a r e a  w i t h i n  t h e  t h i n  
s o l i d  l i n e  d e p i c t s  t h e  l i f t e d ,  i c e - s a t u r a t e d  c loud .  The 
a r e a  w i t h i n  t h e  convoluted l i n e  d e p i c t s  t h e  l i f t e d ,  water- 
s a t u r a t e d  c loud .  The a r e a  w i t h i n  t h e  heavy s o l i d  l i n e  de- 
p i c t s  t h e  r a d a r  observed c loud .  The s t i p p l e d  a r e a  d e p i c t s  
t h e  c o n v e c t i v e  c loud component, O e ,  d e c r e a s i n g  w i t h  h e i g h t  
i n  a w a t e r - s a t u r a t e d  l a y e r .  The a r e a  between t h e  s u r f a c e ,  
80 kPa, and t h e  s o l i d  d o t s  d e p i c t s  t h e  blocked l a y e r .  
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F i g u r e  19b. Time P l o t  of t h e  Hourly P r e c i p i t a t i o n  a t  Var ious  P o i n t s  
Across t h e  Park  Range B a r r i e r  f o r  Case Study !/2. The 
heavy s o l i d  l i n e  (-> cor responds  t o  P r i e s t  Creek.  
The dotted-dashed l i n e  (-.-) cor responds  t o  F a l s e  Top. 
The medium s o l i d  l i n e  (-1 cor responds  t o  t h e  P i c n i c  
Area. The dashed l i n e  (---) cor responds  t o  Highway Camp. 
The t h i n  s o l i d  l i n e  ( )  cor responds  t o  Columbine Lodge. 



r e s u l t  of synoptic r idging which evaporated moisture by subsiding a i r  

and increased the  blocking, which reduced t h e  l i f t .  I n  general,  the re  
c. r 

I 
,,\. was adequate moisture present throughout t h i s  storm t o  produce a sub- 

I 
, . 

i s t a n t i a l  cloud but t h e  amount of blocking severely decreased t h e  amount 
-,' - I 

a r ' l  
P' . j of l c f t  and, consequently, decreased t h e  extent  of t h e  cloud system. 

1, :.: . . 
I i .' t 
l$ci!:y ,5$ - ,,I. . . ; A s  the  primary long wave approached, t h e  cloud thickened and the  cloud 
,: .? ' ' 
',,*1:i.' "' . , t.' . *1  J 

. . $ A ,  . base dropped below r idge  top. After  the  disturbance passed, the  post- . * ?:I$ L #  . 
;*:. ' ' 

a% - 3 .  f r o n t a l  moisture was topographically l i f t e d  t o  water sa tu ra t ion  f o r  ><!. , 
I I 

' " r'i 
'6 I . many hours u n t i l  t h e  moisture supply was cut  of f .  
. ,  

,' The convective component was  very prominent i n  t h e  e a r l y  port ions 
. . . I ,  I 

, . : . > )  of the  storm system from 22122 t o  23122, a s  was previously suggested i n  

the  t i m e  cross-section ana lys i s  of 0 i n  Figure 16 and is  shown i n  e 

Figure 20. The major contr ibutor  t o  t h i s  i n s t a b i l i t y  consisted of a 

lapse  r a t e  which was near ly  o r  s l i g h t l y  more than t h e  moist ad iaba t i c  

value i n  t h e  lower levels .  A t  higher l eve l s ,  however, t h e  moisture 

gradient  e f f e c t  increased the  extent  of t h e  p o t e n t i a l  convective ins ta-  
-. .. - -- . 

b i l i t y ,  making' it- deeper than ' i t  would otherwise have been i f  the  lapse  

r a t e  e f f e c t  alone had been considered. A s  a consequence of l i f t i n g  and 

sa tura t ion,  the  p o t e n t i a l  i n s t a b i l i t y  was rea l i zed  a s  t h e  convective 
I .  

--- .d .I. . 
component. This i n s t a b i l i t y ,  i n  general,  was e i t h e r  caused by cold a i r  

advection associated with t h e  shor t  wave which passed p r i o r  t o  22122, 

o r  v o r t i c i t y  advection associated with the  development of t h e  primary 

wave before i t  passed a t  24002. Without a de ta i l ed  analys is  of t h e  pre- 

22122 wave passage, it is d i f f i c u l t  t o  determine exact ly  how the  poten- 
. z  , 

1s , 1: t i a l  i n s t a b i l i t y  formed a t  t h i s  t i m e  ( t h i s  trough passage was not 

analyzed due t o  t h e  f a c t  t h a t  rawinsonde da ta  was not  gathered with 

s u f f i c i e n t  time resolut ion f o r  i t  t o  be included i n  t h i s  case study!. 



I 

I 
e .  ' 

* 1 

r 

An ana lys i s  of the  thermodynamic diagrams revealed very l i t t l e ,  i f  

any, pos i t ive  energy a rea  which could support convection. Thr 23062 
,) 

sounding was the  most unstable sounding a t  t h i s  t i m e .  Y e t ,  t he  trmpar- 

a t u r e  d i f ference  between a moist ad iaba t i ca l ly  ascending pa rce l  and the  

environmental temperature remained wi th in  one half  of one degree 
. - 

Celsius. With the  e f f e c t s  of entrainment, the  sounding d r i e s  s l i g h t l y  : 
2.: >' ,I. "6 

I I 

above 60 kPa, s t rong convective motions a s  a r e s u l t  of i n s t a b i l i t y  and 

* .,.hb 

orographic l i f t i n g  alone could not have been supported i n  t h i s  environ- * 

ment (see Figure 14b). 

Between 22182 and 23062, t h e  depth of t h e  convective component 

was reduced. Figure 20 i l l u s t r a t e s  the  Be p r o f i l e s  from 22122, 23002, 
-\," 

and 23062. The Be p r o f i l e s  ind ica te  a f luc tua t ion  of Be with height)  'ri 
L C .r r - - 

i n  time, which caused t h e  po ten t i a l  i n s t a b i l i t y  f i r s t  t o  disappear and i t  ' 

then t o  reappear. The 22182 sounding shows a condi t ional ly  unstable 

l apse  r a t e  below 73.3 kPa and a near ly  moist ad iaba t i c  lapse  r a t e  from 

73.3 t o  66.5 H a .  The r e l a t i v e  moisture gradient  i n  the  upper layer  

was such t h a t  it  forced t h e  Be p r o f i l e  t o  decrease with height.  Hence, .. . I 

I 
. ,  

' a  l a r g e  degree of po ten t i a l  i n s t a b i l i t y  w a s  present  throughout the  - .  

F .  --*lower l e v e l s  of t h e  22182 sounding. The 23002 sounding shows a s imi la r  , , 

s t a b i l i t y  i n  t h e  lowest l a y e r s  a s  t h e  22182 sounding did. Now, however, 

t h e  r e l a t i v e  moisture increased with height  j u s t  above t h e  surface. 

This cancelled the  po ten t i a l  i n s t a b i l i t y  created by t h e  lapse  r a t e  so 

t h a t  the  n e t  8 gradient  with height  was pos i t ive  t o  neutra l .  Above e 

. .* - t h i s  point ,  74.8 kPa, moisture advection and a s l i g h t  lapse  r a t e  de- 

crease  occurred i n  time. This reduced t h e  e f f e c t s  of the  moisture 

gradient  which des tabi l ized t h i s  layer  before. By 23062, the  moisture 

was s t i l l  present ,  but the  lapse r a t e  had once again increased such 
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t h a t  i t  was s l i g h t l y  uns t ab le  w i th  r e spec t  t o  t h e  moist a d i a b a t i c  value. 

L: , -  The change of t h e  Be v e r t i c a l  p ro£ i l e s .&t ime  exp la ins  how t h e  poten- 
I 

_ ,. t i a l  convect ive i n s t a b i l i t y  va r i ed  i n  time.  he i n s t a b i l i t y  could b e  

r e a l i z e d  only  i f  t h e  a i r  w a s  l i f t e d  t o  s a t u r a t i o n ,  a s  is analyzed i n  t h e  

t i m e  s e c t i o n  of F igure  19a. An examination of t h e  v o r t i c i t y  f i e l d s  

a s soc i a t ed  with t h i s  po r t ion  of t h e  storm r e v e a l s  t h a t  two v o r t i c i t y  

maxima were advected over t h e  s tudy  area around . - - - 22182 " 7 z  and 23062, respec- 
I 
I 

. , t i v e l y ,  while  nega t ive  v o r t i c i t y  advect ion occurred between these  two 

times. The v o r t i c i t y  advect ion may have a f f e c t e d  t h e  moisture and 

temperature p r o f i l e s  which, i n  turn ,  changed t h e  p o t e n t i a l  i n s t a b i l i t y .  

These v o r t i c i t y  f i e l d s  must, however, have been a s soc i a t ed  wi th  t h e  

f i r s t ,  unanalyzed, pre-2212Z s h o r t  wave. 

A t  t h e  t ime of f r o n t a l  passage, around 24002, t h e  v e r t i c a l  v e l o c i t y  

component t h a t  c o ~ l t r i b u t e d  t o  t h e  complete cloud system through a re- 

l e a s e  of convective, p o t e n t i a l  i n s t a b i l i t y  was generated by a l a p s e  r a t e  

which w a s  s l i g h t l y  uns t ab le  wi th  r e spec t  t o  t h e  moist a d i a b a t i c  value.  

I n  f a c t ,  t h e  uns t ab le  l a p s e  r a t e  was p re sen t  12 hours  before  24002, bu t  

* ,  a r e l a t i v e  moisture i nc rease  wi th  he igh t  p roh ib i t ed  a e e / a Z  from being 

less than 0. Consequently, t h e  p o t e n t i a  i n s t a b i l i t y  d i d  no t  form. By 

24002, moisture advect ion had taken p l ace  and t h e  p o t e n t i a l  i n s t a b i l i t y  

formed. Orographic l i f t i n g  then provided t h e  s a t u r a t i o n  necessary f o r  

t h e  i n s t a b i l i t y  t o  be  r e a l i z e d .  I n  t h e  24002 and 24062 soundings, a 

sharp r e l a t i v e  moisture decrease  wi th  he igh t  con t r ibu ted  t o  t h e  i n s t a -  

b i l i t y  ( s ee  Figure 20). The form t h a t  t h e  i n s t a b i l i t y  took i n  t i m e  w a s  

very  s i m i l a r  t o  t h e  previous s h o r t  wave case  s tudy  and was n o t  d i r e c t l y  

assoc ia ted  wi th  t h e  l a r g e  s c a l e  pos t - f ronta l  cold a i r  advect ion a t  upper 

l e v e l s .  A s  t h e  d is turbance  passed, t h e  soundings cooled uniformly 



, . , throughout t h e  post-trough period. Destabi l iza t ion corresponded t o  the  

disturbance passage, but  i n  t h i s  case, a warming a t  o r  j u s t  above 70 kPa 

seemed t o  c r e a t e  t h e  i n s t a b i l i t y .  Af ter t h e  nave had passed, t h e  con- 

vect ive  component disappeared and a s t a b l e  cloud system was  indicated 

by t h e  analysis .  Radar observations, however, do not  v e r i f y  t h i s  

conclusion drawn from t h e  analys is  a s  w i l l  be shown. - 11 A 

A t  f i r s t  glance, t h e  analys is  i n  Figure 19a appears not t o  agree 

very well  with the  Ku determined cloud tops. Since none of the  analyzed 

cloud tops were appreciably above 40 kPa, an erroneously determined 

'cloud top advected from an upwind synoptic ana lys i s  could not have 

' ' 'Lcontributed t o  cloud top discrepancies during t h i s  storm. S t i l l ,  ice- 

sa tura ted  a i r  may no t  represent  a cloud, but  more confidence can be 

placed i n  t h e  analys is  i n  t h a t  a cloud is  present  when the  ice-saturated 

cloud top is  near t o  t h e  water-saturated cloud top. The analys is  shows, 

* j .  however, t h a t  a l a r g e  d e g r e e o f  convective p o t e n t i a l  i n s t a b i l i t y  was 

present and released between 22122 and 23062. A s  mentioned before, 

I however, parcel  i n s t a b i l i t y  ana lys i s  indicated t h a t  t h e  environment 

' '"-could not  have supported strong vigorous convective motions a t  t h i s  time. 

f : Figure 21 i l l u s t r a t e s  the  Ku radar p r o f i l e  f o r  t h i s  storm. A s  can 

be seen, t h e  radar observed cloud was c e l l u l a r  with zones of higher 

r e f l e c t i v i t y  embedded i n  the  cloud mass which seemed t o  pass over 

I - t h e  radar i n  time. It is tempting t o  a t t r i b u t e  these zones of higher 

' j r e f l e c t i v i t y  t o  a phenomena s imi lar  t o  t h e  convective bands observed i n  

Cal i fornia  ( E l l i o t t  and Hovind, 1964). Determinations of "zone" width 

and the  d is tance  between t h e  "zones", using t h e  mean wind speed i n  the  

- 
layer ,  revealed dimensions s imi lar  t o  those observed i n  Cal i fornia  

(band width = 7 2  km, d is tance  between bands = 99 km). A s a t e l l i t e  





photograph, however, taken around 00Z on t h e  23rd did not  reveal  vigor- 

ous "convective bands". There did seem t o  be a smaller s c a l e  organiza- 

t i o n  of severa l  cloud l i n e s ,  however, or iented '  from t h e  northwest t o  

southeast  over northwestern Colorado ( these could not  have been oro- 

graphic clouds oriented along t h e  mountains because the  mountains l i e  

mostly north-south i n  t h i s  a rea  of t h e  s t a t e ) .  It is hypothesized here 

t h a t  the  zones of higher radar r e f l e c t i v i t i e s  could have been caused by 

a propagating mesoscale g rav i ty  wave (Lindzen and Tung, 1976; Houze, 

et  a 1  1976). This hypothesis explains t h e  "banded s t ructure"  sug- - -. , 
gested by t h e  zones of high r e f l e c t i v i t y  a s  w e l l  a s  t h e  c e l l u l a r  na ture  

of t h e  radar observations. T 5 i s  same type of "banded s t ructure"  was . . .  . . 
", ',-I R 

, 
,J 

obs&ved i n  the  Park ~ a n ~ e - a r e a  by Rhea, e t  a l . ,  ( 1 9 ' 6 9 ~ ~ a n d  i n  the  cen- 

, t r a l  Rockies by Furman (1967). The continuous p rec ip i t a t ion  record 

idur ing t h i s  e a r l y  storm period ind ica tes  severa l  "pulses" of precipi ta-  

t i o n  which may have corresponded t o  t h e  high r e f l e c t i v i t y  zones observed 

by t h e  radar (see a l s o  Marwitz, 1980; Cooper and Saunders, 1980). 1 

The high radar r e f l e c t i v i t i e s  and convective i n s t a b i l i t y  r e lease  

during t h i s  storm were not  a s  e a s i l y  linked t o  t h e  c r y s t a l s  growing i n  

t h e  d e n d r i t i c  growth region. The -15O~ isotherm averaged near 62 kPa 

but t h e  i n s t a b i l i t y  w a s  so  deep i n  t h i s  area,  t h a t  i t  was d i f f i c u l t  t o  

conclude t h a t  the  c r y s t a l s  were f a l l i n g  from an a rea  of convective in- 

0 0 
s t a b i l i t y  r e l e a s e  i n t o  t h e  dendr i t i c  growth region, -14 C t o  -17 C. 

Cloud top determinations from t,he rawinsonde ana lys i s  and the  radar 
I>. - - 

1 I 
I 1- ..% .- ,-3 + I  

observations during the  f i r s t  unstable period between 22122 and '23042 

were i n  good agreement a t  sounding times. Between the  rawinsonde launch 

times, where the  analys is  was l i n e a r l y  in terpola ted  i n  t i n e ,  the  radar 

observed cloud tops were highly va r iab le  and c e l l u l a r  i n  nature and did 



not  agree w e l l  with t h e  rawinsonde ana lys i s  (see Figure 19a). This 

i l l u s t r a t e s  t h e  importance of seria,l rawinsonde launches. .- - -  4 - One launch 

every th ree  hours i s  reasonable i n  l i g h t  of f i e l d  operat ions and analy- 

sis requirements. I n  the  sense of detec t ing cloud tops and convective 

i n s t a b i l i t y  a t  sounding times, t h e  analys is ,  during t h i s  period, was 
. . 

S U C C ~ S S ~ U ~ .  , : A + . :  .J-., - .. 
- 1  1 1 . 1 1  - , 

I n  general,  t h e  radar cloud top determinations a t  24002 and 24032 

tended t o  agree with the  analys is ;  while a t  24062 and 24122, the re  was 

disagreement. Beyond 24032, t h e  rt&&Aindicated much higher tops - than  

t h e  analysis .  Pa r t  of t h i s  discrepancy may be due t o  the  in te rpo la t ion  

problem and p a r t  may be due t o  the  i n a b i l i t y  of t h e  ana lys i s  t o  i l l u s -  

t r a t e  convective cloud tops. I f  higher cloud tops and a g rea te r  a rea  

of convective i n s t a b i l i t y  had been analyzed at  24062, along with a pos- 

i t i v e  energy area-which could s u p p o ~ t , c ~ n v e c t i v e  fnptions, the  disagree- 

ment would have been less. I n  f a c t ,  Figure 20 shows a l a r g e  degree of 

p o t e n t i a l  i n s t a b i l i t y  above 62 kPa, but Figure 14g ind ica tes  t h a t  with 

l i f t i n g  only a very l i t t l e  amount of pos i t ive  energy a rea  could have 

been generated ( t h i s  is an extremely border l ine  s i t u a t i o n ) .  Three 

possible explanations f o r  t h e  disagreement between . r the  two cloud top 

evaluations beyond 24032 can be advanced. F i r s t ,  the  l i f t i n g  model may 

be unable t o  simulate t h e  orographic l i f t  which a c t u a l l y  sa tura ted  t h e  

a i r  from 62 kPa t o  54 kPa. I n  t h i s  case, cloud tops would have been 

ra ised  and po ten t i a l  i n s t a b i l i t y  which exis ted  between 62 kPa and 45 kPa 

would have been rea l i zed  and t h e  s l i g h t l y  p o s i t i v e  area  between 60 and 

55 kPa could have contributed some convective motions t o  the  cloud 

system. Second, the  l a rge  degree of i n s t a b i l i t y ,  a decrease with 0 e of 

near ly  two degrees, was released a s  analyzed between 62 and 58 kPa. 



Given t h e  support of an  ex i s t ing  p o s i t i v e  energy a rea  o r  the  generation 

of such an area  through l i f t i n g ,  t h e  i n s t a b i l i t y  r e a l i z a t i o n  may have 

set off s t rong convective a c t i v i t y  which would ' have then penetrated t o  

higher and higher levels. A pos i t ive  energy area  could have been gener- 

ated a s  t h e  68 t o  52 kPa layer  was l i f t e d  t o  sa tu ra t ion  and t h e  lapse  

r a t e  forced pas t  t h e  sa tura ted  adiabat ic  value. A s  t h i s  occurred, a i r  

above 58 kPa would have become sa tura ted  and more convective i n s t a b i l i t y  

would have been released. This process would have continued u n t i l  the  

r i s i n g  elements could have no longer sa tura ted  t h e  a i r  o r  t h e  po ten t i a l  

i n s t a b i l i t y  was no longer rea l ized.  (Note t h a t  t h e  po ten t i a l  ins tab i l -  

i t y  tops were near 45 kPa a s  was t h e  observed radar tops.) No s i g n i f i -  

cant  pos i t ive  energy a rea  was present ,  but  the  l i f t i n g  and sa tu ra t ion  

of t h e  62 kPa t o  58 kPa layer  may, indeed, have tipped the  lapse  r a t e  

pas t  the  moist ad iaba t i c  value  and generated a small a rea  of pos i t ive  

. r A .  energy. 

A t h i r d  explanation may a l s o  be advanced t o  explain the  discrepancy 

between t h e  analys is  and radar  observations s ince  zones of higher re- 

f l e c t i v i t y  were present  within t h e  Ku band radar da ta  (see Figure 21). 

A s  before, the  cloud system may have been invigorated by a moving meso- 

s c a l e  gravi ty  wave. These g rav i ty  waves may have been associated with 

the  synoptic s c a l e  weather system or  they may have been generated by 

mountains upwind of the  Park Range. Unfortunately, no useable s a t e l l i t e  

da ta  were ava i l ab le  a t  t h i s  time. 

Once again, an a l t e r n a t e  l i f t i n g  model was t e s ted  fo r  t h i s  unstable 

storm event. The primary l i f t  was apportioned l i n e a r l y  between the  sur- 

face  and 30 kPa, a s  before, i n  order t o  r e l a x  the  condition t h a t  stream- 

l i n e  displacement should decrease with height.  This was done primari ly 



t o  test i f  higher  levels of t h e  soundings would become sa tu ra t ed  by an 

orographic l i f t  t h a t  was not  s o  severe ly  r e s t r i c t e d  by s t a b i l i t y .  The 

newly derived orographic and convective cloud components a t  times over- 

estimated t h e  cloud tops  of t h e  f i r s t  a n a l y s i s  by no more than 5 kPa. 

This  ind ica te s  t h a t  s t a b i l i t y  p lays  a n  important r o l e  i n  c o n t r o l l i n g  

t h e  orographic airf low. Also, t h e  temperature and moisture p r o f i l e s  

determine, t o  a l a r g e  degree, how t h e  derived cloud depth behaves under 

d i f f e r e n t  l i f t i n g  models. For example, a s t rong subsidence invers ion  

a t  mid-levels w i l l  generate s i m i l a r  cloud top  a l t i t u d e s  regardless  of 

t h e  l i f t i n g  model. On t h e  o the r  hand, a cloud top determinat ion from a 

sounding charac ter ized  by a slow inc rease  of dewpoint depression wi th  

he ight  w i l l  be very s e n s i t i v e  t o  t h e  l i f t i n g  model e m p l ~ y e d . , , ~ ~  -:,,, 

Figure 19b shows t h e  p r e c i p i t a t i o n  associa ted  with t h i s  storm 

event , -  Subs tant ia l  p r e c i p i t a t i o n  f e l l  a t  t h e  higher  e l eva t ions  during 

two sepa ra te  periods,  23002 t o  23092 and 24062 t o  24182, while  prec ip i -  

t a t i o n  a t  P r i e s t  Creek, which is t h e  most wes ter ly  s t a t i o n  a t  t h e  top of 

t h e  r idge ,  remained l i g h t  and v a r i a b l e  throughout t h e  e n t i r e  case  s tudy 

period. Clearly,  t h e  period from 24062 t o  24182 was associa ted  wi th  

t h e  f r o n t a l  passage. The h ighes t  p r e c i p i t a t i o n  amounts . . *. occurred e a r l y  

i n  t h e  storm period and then tapered of f  i n  time. 

During t h e  period 23002 t o  23092, however, a f r o n t a l  passage d id  
9 '  . , % -  d- 3 , ?  ,,, ,, 

not  take place. A deep orographic cloud was e s t ab l i shed  and a consider- 

ab le  amount of p o t e n t i a l  convective i n s t a b i l i t y  was r ea l i zed .  The t h r e e  

cloud components combined t o  i n i t i a t e  s i g n i f i c a n t  p r e c i p i t a t i o n  a t  t h i s  

time. The continuous p r e c i p i t a t i o n  records indica ted  s e v e r a l  "pulses" 

of p r e c i p i t a t i o n  during t h i s  f i r s t  period. The pos t - f ronta l  continuous 

1' ' 
p r e c i p i t a t i o n  records, however, d id  not  r evea l  a s i m i l a r  observation. 



When r idging  occurred between t h e  two wave passages, t h e  p r e c i p i t a t i o n  

* i 1 and t h e  cloud system decreased s i g n i f i c a n t l y .  ':- . r 

Once again v i s u a l  observat ions cont r ibuted  t o  t h e  i n t e r p r e t a t i o n  of 

t h e  rawinsonde ana lys i s  presented i n  Figure 19a. A t  16002 on t h e  22nd, 

s k i e s  were broken t o  c l e a r  i n  t h e  Yampa Valley t o  t h e  w e s t  and clouds 

were covering ha l f  t h e  r i d g e  t h a t  l ies t o  t h e  e a s t  of Steamboat Springs. 

- ..I 

Snow began f a l l i n g  a t  22552 on t h e  22nd a t  Steamboat Springs. A t  18412 

on t h e  23rd, a few puffy c e l l s  of s c a t t e r e d  cumulus were forming over 

t h e  mountains a s  observed from t h e  a i r c r a f t .  The c e i l i n g  lowered over 

t h e  s k i  a rea  a t  22502 on t h e  23rd. Ten minutes l a t e r ,  a b r i e f  snow 

shower was reported a t  Steamboat Springs. A t  23332 on t h e  23rd, the  top 

,. ,..., 
of t h e  clouds i n  t h e  steamboat Springs v i c i n i t y  were'*'keported a s  being 

cumuliform while t o  t h e  w e s t  i n  t h e  va l l ey ,  s eve ra l  s t r a t i f o r m  decks 

appeared higher  than t h e  cumulus deck a t  Steamboat Springs. Twenty 

minutes l a t e r ,  t h e  c e i l i n g  over thepark Range was not iceably  lower and 

f a i r l y  t h i c k  while t h e  cloud deck t o  t h e  w e s t  was broken. Light i n t e r -  

m i t t e n t  snow continued t o  f a l l  through 182 on t h e  24th. Af ter  t h i s  

time, these  clouds d iss ipa ted .  Further  d e t a i l e d  v i s u a l  observat ions can 

be found f o r  t h i s  case  study i n  Appendix B. - , '  ->, & R,- ,? ~ 

. > ,  . c . I .  -8  . 

3.2.1 The Mafn Findings of t h e  Second Case Study 
... - r 1 1 ,  

This second case  s tudy revea l s  important s i m i l a r i t i e s  a s  w e l l  a s  

d i f f e rences  between t h e  f i r s t  two cloud system case  s tudies .  

1) The T, 0 ,  and Be f i e l d s  indica ted  cooling a f t e r  t h e  f r o n t a l  
* , , , L  , . * -  ' .  : r  1 

passage. I .  
a - i,Za . ' .. 

7 1 ,  

2) These thermodynamic g rad ien t s  were no t  nea r ly  a s  s t rong a s  i n  r 7 '1,' . .I 

t he  previous shor t  wave case  study. 
! .  ! 



3) The synoptic cloud component formed and f luctuated  i n  t i m e  a s  

the  moisture and v o r t i c i t y  advection varied. , - - -  . . -  -" . - .  , > I .  1:) 

: '3 t 4) The synoptic cloud component thickened and cloud bases dropped 

i n  response t o  t h e  trough passage. .*. 1 -.- : - , P . ~ F  q.% , P i i ;  . i - r . ,  ? 

5 )  The synoptic storm t rack forced upper a i r f low from t h e  south- 

w e s t .  - .  a .  I ,:' - , . , ' ,  , t :  

6) The moisture tended t o  move i n  a t  lower l e v e l s  r a the r - - thaq ,a t  

, . higher levels .  . . i ,-, - . .. . , ; i : j s ~  + > , - , a . l , :  ..<.,:- .,; 
I 

7) Upper port ions of t h e  general  synoptic cloud mass may have been 

"seeded" by i c e  c r y s t a l s  f a l l i n g  from a high c i r r u s  layer.  I f  i c e  

c r y s t a l s  were indeed f a l l i n g  from t h i s  upper c i r r u s  layer ,  t h e  c r y s t a l  

t r a j e c t o r i e s  may have been such t h a t  they f e l l  i n t o  the  cloud mass well  

ahead of t h e  main b a r r i e r  and were introduced i n t o  the  e x i s t i n g  oro- 

graphic cloud system. 

8) The 50 Wa and 70 kPa winds were out  of the  southwest around 

24002 which tended t o  cause a stagnation i n  t h e  v a l l e y  upwind of t h e  

main barr ier .  Stagnation reduced t h e  amount of l i f t  and, a s  a r e s u l t ,  

the  extent  of t h e  orographic cloud. , .  a I I bi M 

9) According t o  T,  8, and 8 analyses,  rawinsonde da ta ,  and sur- 
e 

face  micromet s t a t i o n  da ta ,  blocking was caused by cold a i r  pooling, 

down va l l ey  a i r f low and t h e  formation of a va l l ey  inversion during t h e  

nighttime hours around 23122. : -u- .u  .. . . 1-6, .  ; t . i  , 

10) The r idge  top cloud system quickly thickened and cloud base 

dropped p r io r  t o  the  trough passage. Therefore, the  composite cloud 

may have been invigorated by the  synoptic disturbance a s  i t  brought 

, I -1- ,  . - . ,  ..; '$'j'., 
-. , , more moisture i n t o  the  system. .: . ; - ,  ,.. , , ~, 1 

I . " <  ,%4:; . -;>- \ !  ' .  ' * :  C . . '  , - :sd : .. : :, ' t , ,*4 5- 8,rn.i 3 



' -  - 11) A pure orographic cloud did  form when no upwind synoptic 

cloud was analyzed e a r l y  i n  t h e  storm period. . 1 ,  I 

12) The convective component, p r i o r  t o  t h e  24002 trough passage, 

formed i n  response t o  s l i g h t  i n s t a b i l i t y  with respect  t o  the  moist 

ad iaba t i c  lapse  r a t e  and moisture gradients .  I 

13) The r e a l i z a t i o n  of t h e  p o t e n t i a l  i n s t a b i l i t y  p r io r  t o  24002 

may have been caused by v o r i t i c i t y  advection and t h e  l i f t i n g  of moist 

a i r  t o  sa tura t ion.  Radar da ta  indicated t h e  passage of zones of high 

radar r e f l e c t i v i t y  during t h i s  period and was supported by continuous 

p rec ip i t a t ion  records. This invigorat ion of the  cloud system may have 

been due' t o  the  passage of a mesoscale g rav i ty  wave. . J , 

14) A convective component formed i n  conjunction with the  24002 

f r o n t a l  passage. A s  i n  t h e  f i r s t  shor t  wave case,  the  i n s t a b i l i t y  was 

not a d i r e c t  consequence of the  f r o n t a l  passage and l a r g e  s c a l e  post- 

f r o n t a l  advection. r -  :, er'? 

15) Po ten t i a l  i n s t a b i l i t y  was created by small s c a l e  temperature 

and moisture per turbat ions  which forced lapse  r a t e s  t h a t  were near ly  

moist adiabat ic  t o  become grea te r  than t h i s  value. The p o t e n t i a l  in- 

s t a b i l i t y  was then released by orographic l i f t i n g  and sa tura t ion.  

16) I n  the  period a f t e r  24002, t h e  composite cloud may have been 

invigorated by a)  sa tu ra t ion  of p o t e n t i a l l y  unstable l ayers  by an oro- 

graphic l i f t  which was not  a s  severely r e s t r i c t e d  by airmass s t a b i l i t y ,  

b) t h e  re lease  of convective a c t i v i t y  which sa tura ted  higher l ayers  

which i n  tu rn  released more convective i n s t a b i l i t y ,  and c)  a t r a v e l l i n g  
. -. 

mesoscale gravi ty  wave. , I , I ,  I , ..-.. . I  . I ,  , 1 , 

17) There was some suggestion i n  t h e  p r e c i p i t a t i o n  record t h a t  a t  

times, a va r iab le  convective p rec ip i t a t ion  component existed.  



3.2.2 Important Conclusions from Case Study #2 

Again, i n  t h i s  second case study, t h e  l i f t i n g  model was very impor- 

t a n t  i n  determining t h e  l i f t e d  cloud under c e r t a i n  condit ions of mois- 

t u r e  and temperature. A t  t h i s  t i m e ,  t h e  s e n s i t i v i t y  of the  l i f t i n g  

model not  only af fec ted  t h e  depth of t h e  "orographic component", but i t  

a l s o  had important ramif ica t ions  upon t h e  convective component. 

Physical processes, however, which complicated the  d e t a i l s  of the  
. . h . 2 .  

l i f t  a r e  seen t o  be of even greater  importance because of t h e i r  impact 

upon t h e  streamline displacement. The physical  mechanism which has the  

s t rongest  impact upon t h e  orographic l i f t  i s  blocking. The s tagnat ion 

of a i r  upwind of the  mountain b a r r i e r  he lps  t o  determine the  primary 

l i f t ,  t ha t  s treamline displacement which determines the  l i f t  a t  upper 

levels .  A s  was shown, blocking did occur i n  t h e  Yampa Valley upwind of 

t h e  Park Range and, therefore ,  s t rongly  af fec ted  t h e  analysis .  To ig- 

nore t h i s  physical process may br ing about se r ious  e r r o r s  i n  the  resu l t -  

ing ana lys i s  and in te rp re ta t ion .  This blocking phenomena, t o  some de- 

gree, depends on the  l o c a l  topography immediately upwind of the  main 

ridge. The Yampa Valley seems conducive t o  blocking. This is  re f l ec ted  

i n  t h e  surface  wind observations and t h e  rawinsonde data. Strong tem-  
. , 

pera ture  s t r a t i f i c a t i o n  i n  t h e  lower l ayers  a l s o  contributed t o  block- 
- T . < J  .: 

ing  and stagnation. 
. r l  j 

A second important f inding of t h e  second case study was t h a t  even 

a f t e r  a l l  the  proposed cloud components were taken i n t o  account, the re  

were s t i l l  discrepancies between t h e  analys is  and t h e  observations. 

Some evidence pointed t o  the  f a c t  t h a t  t h e  cloud system could have been 

invigorated by a moving mesoscale gravi ty  wave. Whether the  discrepan- 

cy was due t o  a gravi ty  wave o r  some other  type of moving mesoscale 



phenomena imbedded within t h e  synoptic wave, t h e  proposed explanation 

ind ica tes  t h a t  t h e  analys is  w a s  co r rec t  t o  t h e  f i r s t  order of magnitude. 

I f  t h i s  is indeed t h e  case, a  four th  cloud component may be present  

within t h i s  storm, i.e., a cloud component associated with t h e  de ta i l ed  

mesoscale s t r u c t u r e  of t h e  synoptic wave. 

+..a - - c 

3.3 Case Study #3 
. . 

. \  . 
December 21 142 -+ December 23 142 1979 

The t h i r d  case  study ana lys i s   as performed on a cutoff low which 
rl. I : 
s t rongly  af fec ted  the  a rea  of study. Aloft ,  the  winds became e a s t e r l y  

which g rea t ly  complicated the  analysis .  There a r e  severa l  reasons, 

however, t o  attempt an  ana lys i s  of t h i s  complicated system: i )  the  

f i n a l  r e s u l t s  can be compared t o  t h e  o ther  two case s tud ies  t o  provide 

ins igh t  i n t o  t h e  analys is  techniques employed, i i )  important f a c t s  may 
. & A +  ' ,'. 

be revealed about these cutoff  synoptic c i rcu la t ions ,  and i i i )  these 

storms do occur and a r e  a s  important a s  one of the  weather pa t t e rns  

t h a t  a f f e c t s  snowfall i n  t h e  area. 

A t  22122, two cold f r o n t s  were posit ioned t o  t h e  w e s t  of the  study 
F * .  . .  

area  (Note t h a t  22122 and a l l  other such designations within the  t e x t  
I/ . 

ind ica te  a day and hour, e.g., 122 on t h e  22nd. This i s  due t o  the  f a c t  

t h a t  a l l  rawinsonde observations were taken on t h e  hour. Such a time 

designation provides f o r  a  shor t  hand nota t ion i n  r e f e r r i n g  t o  events 

within t h e  case s tudies) .  The primary f r o n t  was located i n  c e n t r a l  

Nevada and extended back t o  c e n t r a l  Cal i fornia  while a secondary f ron t  

l i e  along the  Washington-Oregon coast.  I n  t i m e ,  t h e  primary f ron t  

formed a s t rong surface low pressure center  i n  c e n t r a l  Utah by 22002. 

By 22122, the  low had d r i f t e d ,  almost over t h e  study area  t o  the  



east-southeast and deepened i n  southeast  Colorado. A s  t h e  primary sur- 

f ace  disturbance moved eastward, t h e  secondary cold f ron t  s h i f t e d  t o  

t h e  eas t .  By 22122, i t  was located i n  Utah or iented  nor th  t o  south, 

By 23002, t h e  secondary f ron t  had d r i f t e d  towards,western Co<o.rado, 
i. C 

weakened, and was not  analyzed on t h i s  00Z surface  map (see Figures 

A t  70 kPa, t h e  synoptic ana lys i s  revealed t h a t  a t  22122, a long 

wave trough had dug down t o  south c e n t r a l  Nevada, or iented  north-south, 

while i ts  upper por t ions  lagged along t h e  Washington-Oregon coast .  - .- , 
By 22122, a deep long wave trough with i t s  southern port ions over 

Arizona and New Mexico, had formed. The center  of t h e  trough exhibited 

weak height gradients  while t h e  wind f i e l d s  over t h e  northern Colorado 

a rea  suggested cyclonic c i rcula t ion.  By 002 on t h e  23rd, a closed low 

had formed a t  70 kPa over western Kansas. A t  50 kPa, the  synoptic 

ana lys i s  showed t h a t  a t  22122 a cutoff  low had formed over t h e  Texas 

panhandle. This c i rcu la t ion  was evident even i n  northwestern Colorado. 

From t h i s  t i m e  on, t h e  cutoff  low a t  50 kPa moved f i r s t  t o  t h e  north 

and then t o  the  northeast.  This general motion a t  50 kPa was coinci- 

dent with t h e  formation of a long wave a t  70 kPa and a breakdown of t h e  

cutoff  low. This wave a t  70 kPa extended from northern New Mexico t o  

Michigan. A s  t h i s  wave was es tabl ished by 23122, a r idge  b u i l t  t o  the  

west of the  70 kPa trough from southern Cal i fornia  t o  Montana. The 

important fea tures  of t h i s  atmospheric disturbance are:  1)  the  time 

and posi t ion  of t h e  surface low pressure center  a s  i t  moved pas t  t h e  

study area,  and 2) the  formation and movement of the  upper l e v e l  cutoff  

low (see Figures 22a-h). 



. %  , +! * j :K$~.. :- 

f .  Surface 22002 g. Surface - 22122 h. Surface - 23002 
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Figure 22. Synoptic Charts for Case Study 83. 
. -J< I 



Figures 23-24 show t h e  T, 8, and 8 e f i e l d s ,  respectively.  They a l l  

ind ica te  t h a t  cold a i r  pooling occurred between 23002 t o  22122. The 

soundings a l s o  i l l u s t r a t e d  t h e  formation of a ;trong deep va l l ey  inver- 

s ion which points  t o  t h e  cold a i r  pooling a t  t h i s  t i m e .  The pooling may 

sociated with t h e  blocking o r  s tagnation flow a s  i n  the  

previous long wave case study. The surface  wind network da ta  did not ,  

however, c l e a r l y  subs tan t i a te  t h e  down va l l ey  drainage a s  before. The 

Mount Harr is  mesonet wind s t a t i o n  elevated above t h e  va l l ey  f loor ,  

measured an e a s t e r l y  component between 22142 and 22202; but the  Milner 

s i t e  experienced westerly winds. There seems t o  be no simple connection 
i f 

2 - 2 .  . . 
between down va l l ey  flow and cold a i r  pooling a t  t h i s  time. Cold a i r  

pooling and a va l l ey  inversion was suggested by t h e  rawinsonde data ;  

but these may not  have been associated with any va l l ey  s c a l e  drainage. 

The temperature analyses reveals  a slow uniform cooling a f t e r  the  

surface  and upper l e v e l  disturbances passed. The Be f i e l d  d i f f e r s  from 

t h e  8 f i e l d  and contains weak gradients  a t  c e r t a i n  times. This implies 

t h e  presence of moisture and po ten t i a l  < i n s t a b i l i t y  a s  i n  the  second case 
I " 

study. ' .I -. 
Figure 25 i l l u s t r a t e s  a t i m e  sec t ion  of t h e  winds a s  observed by 

t h e  Craig rawinsonde. Due t o  t h e  f a c t  t h a t  t h i s  case study d e a l t  with 

a cutoff low a l o f t ,  the  wind ana lys i s  was v i t a l  i n  determining t h e  form 

of the  cloud system. This storm system Fan e p s i l y  be broken i n t o  two 

wind regimes i n  the  v e r t i c a l ,  a lower l e v e l  westerly flow and an upper 
--..+ - 

L - l e v e l  e a s t e r l y  flow. ' .  
Pr io r  t o  22152, a low l e v e l  blocking flow was observed. This was 

probably control led by: 1 )  nightt ime cold a i r  pooling a s  indicated by 

the  T ,  8, and 8, f i e l d s ,  and 2) a small t o  zero westerly t r a n s b a r r i e r  



ZULU HOUR 

Figure 23. Time Cross-Section Analysis of Temperature for Case Study #3. For temperatures warmer 
than -20C, temperatures are analyzed every 5O; and, for temperatures colder than -20C, 
temperatures are analyzed every lo0. 
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wind component a t  70 kPa. The 70 kPa wind appa ren t ly  cont r ibu ted  t o  

t h e  s t agna t ion  wi th in  t h e  va l l ey .  When t h e  70 kPa wind was ou t  of t h e  

southwest o r  south, blocking occurred. When t h e  wind s h i f t e d  t o  t h e  

west and northwest,  t h e  blocking was el iminated.  This  seems reasonable 

when t h e  topography of t h e  r eg ion  i s  taken i n t o  account ( see  F igure  2).  

By t h e  veer ing  of t h e  70 kPa winds i n  time, a f r o n t a l  passage w a s  i nd i -  

ca ted  a t  22092, and t h e  deep blocking reduced and disappeared a s  t h e  
- I * - .  ,- - - .> . 

wind s h i f t e d  t o  t h e  southwest. 

A s  t h e , b & ~ c k i n g  o r  s t agna t ion  zone decreased, a low l e v e l  f low w a s  
. . 

l i f t e d  over ' t h e  b a r r i e r .  Also dur ing  t h i s  t ime, t h e  synopt ic  cu to f f  

low formed t o  t h e  east-southeast  of t h e  s tudy a r e a  and e s t ab l i shed  an  

e a s t e r l y  flow regime a t  upper l e v e l s ,  The upper l e v e l  winds of t h e  t ime 

s e c t i o n  c l e a r l y  i l l u s t r a t e  t h i s  development. Consequently, a f t e r  22092, 

two a i r f l o w  regimes exiszed;  a low l e v e l  f low which l i f t e d  a i r  from t h e  
,- * \c 

- w . - -  -- - 
west t o  s a t u r a t i o n  and an  upper l e v e l  f low which could have l i f t e d  a i r  

from t h e  east t o  s a tu ra t ion .  A thorough understanding of t h e  b a s i c  a i r  

f low i n  t h e  v i c i n i t y  of  t h e  main b a r r i e r  is  needed i n  order  t o  under- 

s tand  t h e  formation of t h e  orographic component. 

Figure 26 shows t h e  synopt ic  cloud component as derived from Craig 

5 1 . '  4 .  . - - - -- -- 
rawinsonde da ta .  A b i n  body of moisture moved i n  a t  high l e v e l s  begin- 

n ing  a t  22002. A t  t h e  t i m e  o f  f r o n t a l  passage, 22032, t h e  mois ture  

remained a t  upper l eve l s .  By t h e  next  morning, t h e  pos t - f ron ta l  mois- 

t u r e  became evident  i n  t h e  lower l e v e l s  a s  t h e  blocking decreased and 

cloud bases  dropped. Moisture,  which was ind ica t ed  between 50 kPa and 

,-d u 

5 ~ e e  the  d e f i n i t i o n  of t h e  synopt ic  cloud component i n  s e c t i o n  2.3. 
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27 kPa a f t e r  22092, was advected from t h e  e a s t  whi le  above and below 

t h i s  l aye r ,  i t  was s t i l l  being forced from t h e  w e s t .  
I I ! 

1;' brde r  t o  understand how much ino i s t i r e  was being advected toward 

t h e  s tudy a r e a  a t  upper l e v e l s ,  t h e  rawinsonde d a t a  taken over Hebron, 

which l i e s  t o  t h e  east, was analyzed ( s e e  F igure  2) .  Figure  27 shows a 

t ime s e c t i o n  of t h e  synoptic  cloud component which formed over Hebron. 

Some,of t h i s  moisture was advected over t h e  main b a r r i e r  toward t h e  Craig 

rawinsonde (The Hebron s u r f a c e  p re s su re  l e v e l  is near  75 kPa). 

Figure 28 i l l u s t r a t e s  a t ime s e c t i o n  of t h e  cloud t h a t  formed over 
L 

t h e  Park Range wi th  t h e  assumption t h a t  winds a t  a l l  l e v e l s  had wes ter ly ,  

t r a n s b a r r i e r   component^.^ This  assumption could produce e r r o r s  which 

would i n v a l i d a t e  t h e  ana lys i s .  F i r s t ,  a i r  from lower l a y e r s  w a s  l i f t e d  

i n t o  a wind regime which w a s  flowing away from t h e  b a r r i e r ,  i.e., e a s t e r -  

ly .  Second, a i r  which o r ig ina t ed  with.$-n the- reg ime of e a s t e r l y  flow was 
. -. 

0 .  ' - ,  

a l s o  advected towards t h e  b a r r i e r  and l i f t e d  according t o  t h e  l i f t i n g  

model. Third, a i r  which was advected from t h e  e a s t  may, i n  f a c t ,  have 

been l i f t e d  and sa tu ra t ed .  These t h r e e  cond i t i ons  have n o t  been 

accounted f o r  i n  F igure  28. 

I n  order  t o  c o r r e c t  f o r  t h e  above inaccu rac i e s ,  a n  a n a l y s i s  of t h e  

a i r f l o w  f i e l d  between Craig and Hebron was performed. Figure 29 i l l u s -  

t r a t e s  cross-sect ions i n  time of t h e  wind f i e l d  a t  Craig, t o  t h e  l e f t ,  

and Hebron, t o  t h e  r i g h t .  This  a n a l y s i s  shows t h a t  a t  t h e  lower i n t e r -  

f a c e  of e a s t e r l y  and wes t e r ly  flow, t h e  Craig winds back wi th  he igh t  

0 
through 180 while  t h e  Hebran winds veer  wi th  he ight  through 00'. A t  

6 ~ e e  t h e  d e f i n i t i o n  of t h e  orographic and convect ive cloud components 
i n  s e c t i o n  2.3 and 2.1, respec t ive ly .  
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Figure 2 7 .  Time cross-sec t ion  a n a l y s i s  of t h e  synoptic  cloud component 
over Hebron i n  case  s t u d y . # 3 .  The s t i p p l e d  a r e a  d e p i c t s  t he  
non- l i f ted  synopt ic  component. The a r e a  between the  su r f ace ,  
75 kPa, and the  s o l i d  do t s  d e p i c t s  t he  blocked l aye r .  
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F i g u r e  28a. Time c r o s s - s e c t i o n  a n a l y s i s  of t h e  unad jus ted  composite 
c loud system of c a s e  s t u d y  # 3 .  The a r e a  w i t h i n  t h e  dashed 
l i n e  d e p i c t s  t h e  upwind, n o n - l i f t e d  c loud .  The a r e a  w i t h i n  
t h e  t h i n  s o l i d  l i n e  d e p i c t s  t h e  l i f t e d ,  i c e - s a t u r a t e d  c loud .  
The a r e a  w i t h i n  t h e  convoluted l i n e  d e p i c t s  t h e  l i f t e d ,  
w a t e r - s a t u r a t e d  c loud .  The a r e a  w i t h i n  t h e  heavy s o l i d  
l i n e  d e p i c t s  t h e  r a d a r  observed c l o u d .  The s t i p p l e d  a r e a  
d e p i c t s  t h e  c o n v e c t i v e  c loud  component, B e ,  d e c r e a s i n g  

. w i t h  h e i g h t  i n  a w a t e r - s a t u r a t e d  l a y e r .  The a r e a  between 
t h e  s u r f a c e ,  80 kPa, and t h e  s o l i d  d o t s  d e p i c t s  t h e  blocked 
l a y e r .  
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F i g u r e  2Sb. Time p l o t  of t h e  h o u r l y  p r e c i p i t a t i o n  of v a r i o u s  p o i n t s  
a c r o s s  t h e  b a r r i e r  f o r  c a s e  s t u d y  #3 .  The heavy s o l i d  
l i n e  ( )  cor responds  t o  Radar Base. The dot ted-dashed 
l i n e  (----) cor responds  t o  F a l s e  Top. The medium s o l i d  
l i n e  (-) cor responds  t o  P i c n i c  Area.  The dashed l i n e  
(---) cor responds  t o  Highway Camp. The t h i n  s o l i d  l i n e  
(-) corresponds t o  Columbine Lodge. 
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t h i s  i n t e r f a c e  e i t h e r  a mesoscale mountain wave e f f e c t  i n  t h e  horizon- 

t a l  caused t h e  winds t o  f low o u t  of t h e  south  a t  Craig and ou t  of t h e  

no r th  a t  Hebron, o r  mesoscale low p res su re  areas l i e  t o  t h e  w e s t  of 
rr 

Craig and t o  t h e  e a s t  o f  Hebron, The synopt ic  a n a l y s i s  g ives  no ind i -  

c a t i o n  a s  t o  which of t hese  p o s s i b l e  explanatkons occurred. Above t h i s  
. . - - 

po in t ,  t h e  winds a t  t h e  rawinsonde sites a r e  i n  f a i r  agreement. 

F igure  30 shows an i s e n t r o p i c  c ross -sec t ion  a n a l y s i s  i n  time be- 

tween Craig and Hebron while  F igure  29 shows a  d e t a i l e d  a n a l y s i s  of 

wind d i r e c t i o n s  and speeds over Craig and Hebron i n  t i m e .  Note t h a t  

w i th in  t h e  e a s t e r l y  component a t  upper l e v e l s ,  a i r  t h a t  flows along t h e  

i s en t ropes  sometimes r i s e s  and sometimes s i n k s  a s  it flows from Hebron 

7 
t o  Craig. From t h i s  f a c t  i s  seems l i k e l y  t h a t ,  a t  t imes,  po r t ions  of 

t h e  cloud system could have been formed by a i r  which t r a v e l l e d  wes ter ly  
- - 

from Hebron a t  upper l e v e l s  and was l i f t e d  t o  s a t u r a t i o n .  

Figure 31a i l l u s t r a t e s  t h e  ad jus t ed  orographic and convect ive 

cloud components of  t h e  t h i r d  ca se  s tudy  wi th  t h e  upper l e v e l  e a s t e r l y  

8 
flow accounted f o r .  This  composite cloud system w a s  synthesized by 

l i f t i n g  t h e  Hebron soundings i n  t h e  upper l a y e r s  according t o  t h e  a i r -  

f low and i s e n t r o p i c  analyses.  This  t rea tment  of  Craig t o  Hebron a i r f l o w  

i n  order  t o  r econs t ruc t  t h e  cloud system impl ies  t h a t  t h e  0 s u r f a c e s  

a r e  f l a t  a c r o s s  t h e  mountain b a r r i e r .  This  may be  a poor assumption and 

could in t roduce  e r r o r s  i n  t h e  upper l e v e l s  of t h e  synthesized composite 

cloud system. 

8 er 

7 ~ h i s  a i r f l o w  l i f t i n g  and s inking  between Hebron and Craig my be  a t t r i b -  
uted t o  a  synopt ic  s c a l e  e f f e c t  s i m i l a r  t o  over running a i r  a s soc i a t ed  
wi th  a  warm f r o n t  o r  an upper a i r  mesoscale e f f e c t  due t o  the  pecul ia r -  
i t y  of t h e  synopt ic  c i r c u l a t i o n  on a smal le r  s ca l e .  

'See t h e  d e f i n i t i o n s  of orographic and convect ive c loud components in 
s e c t i o n s  2.3 and 2.1, respec t ive ly .  
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Figure 31a. Time Cross-Section Analysis  of the  Adjusted Composite 
Cloud System of Case Study # 3 .  The a r e a  wi th in  the  t h i n  
s o l i d  l i n e  dep ic t s  the  l i f t e d ,  i ce-sa tura ted  cloud. The 
a r e a  wi th in  the  convoluted l i n e  d e p i c t s  the  l i f t e d ,  water- 
s a t u r a t e d  cloud. The a r e a  w i t h i n  the  heavy s o l i d  l i n e  
d e p i c t s  t h e  r ada r  observed cloud.  The s t i p p l e d  a rea  de- 
p i c t s  the  convect ive cloud component, B e ,  decreasing with 
he ight  i n  a water -sa tura ted  l a y e r .  The a rea  between the  
su r f ace ,  80 kPa, and the  s o l i d  d o t s  d e p i c t s  t he  blocked 
l a y e r .  
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Figure 31b. Time P l o t  of t he  Hourly P r e c i p i t a t i o n  of Various Po in t s  
Across t he  Park Range Bar r i e r  f o r  Case Study # 3 .  The 
heavy s o l i d  l i n e  (\ corresponds t o  t he  Radar Base. 
The dotted-dashed l i n e  (-.-) corresponds t o  Fa l se  Top. 
The medium s o l i d  l i n e  ( )  corresponds t o  P icn ic  Area. 
The dashed l i n e  (---) corresponds t o  Highway Camp. The 
t h i n  s o l i d  l i n e  ( )  corresponds t o  Columbine Lodge. 



The agreement between t h e  K band radar  observat ions and t h e  ana- 

lyzed orographic component was acceptable  i n  t h e  lower l a y e r s  where the  

cloud base dropped below r i d g e  top, 70 kPa.   he disagreement a t  a l l  

h igh  l e v e l s ,  however, even a f t e r  an  attempt w a s  made t o  account f o r  t h e  
I 

complications of deep e a s t e r l y  flow, can be  a t t r i b u t e d  t o  seve ra l  fac- 

to r s .  F i r s t ,  t h i s  cu tof f  synoptic  system was accompanied by a compli- 

cated a i r f l o w  system. Second, t h e  soundings w e r e  genera l ly  character-  

ized  by temperature and dewpoint t r a c e s  t h a t  w e r e  e i t h e r  p a r a l l e l  o r  

slowly separa t ing  wi th  height.  This makes any l i f t i n g  model c r i t i c a l  

i n  analyzing f o r  sa tura t ion .  Clear ly  t h e  orographic l i f t i n g  model used 

as  wel l  a s  t h e  simple a t tempts  t o  l i f t  t h e  upper l e v e l s  of t h e  Hebron 

soundings d i d  not  properly treat t h e  a c t u a l  a i r f l o w  condit ions.  Third, 

t he  v e r t i c a l l y  poin t ing  radar  observed t h e  cloud a t  t h e  wes ter ly  edge 

of t h e  b a r r i e r .  Fourth, t h e  analyzed cloud system only accounted f o r  an 

orographic and an implied mesoscale l i f t  which operated a t  upper levels .  

Synoptic v e r t i c a l  v e l o c i t i e s  which accompanied t h i s  complicated system 

could have e a s i l y  added t o  t h e  orographic cloud component s ince  t h e  

moisture wi th in  t h e  soundings was c r i t i c a l  and only slowly decreased 

wi th  height .  Synoptic a n a l y s i s  of v o r t i c i t y  advect ion hinted t h a t  t h i s  

may be t h e  case,  but  no p o s i t i v e  i d e n t i f i c a t i o n  could be made. Last ,  

but  not  l e a s t ,  t h e  a i r  t h a t  i s  indica ted  a s  being sa tu ra t ed  wi th  r e spec t  

t o  i c e  may, i n  f a c t ,  not  conta in  a "cloud". 

A comparison between t h e  Craig and Hebron soundings f o r  coinciding 

launches of t h e  t h i r d  case  revealed t h a t  i n  most, but not  a l l ,  cases  

t h e  l'downwind" soundings were not iceably  d r i e r  than t h e  "upwind" sound- 

ings. This  was t r u e  f o r  Hebron i n  t h e  lower l a y e r s ,  when the  flow was 

from the  west, and f o r  Craig i n  the  upper l aye r s ,  when the  flow was from 



the  eas t .  This dryness within t h e  "downwind" sounding may ind ica te  t h a t  

moisture was extracted a s  p rec ip i t a t ion  from the  a i r  a s  it flowed over 

the  Park Range. 

Figures 28b and 31b i l l u s t r a t e  t h e  observed p rec ip i t a t ion  which 

f e l l  during t h i s  storm event. Once again,  t h e r e  is  a sharp peak e a r l y  

i n  the  period, then amounts f e l l  of f .  The f igure  implies t h a t  convec- 

t i v e  showers occurred around 22202. No soundings were taken a t  t h i s  

time-and Ku radar r e f l e c t i v i t y  da ta  could not  be used t o  v e r i f y  t h e  

ana lys i s  (The Ku radar had been moved t o  Milner f o r  t h i s  storm. Its 

r e f l e c t i v i t y  data  showed no h i n t  of convective a c t i v i t y  a t  t h i s  s i t e ) .  

A t  12272, i n  the  v i sua l  observations sec t ion i n  Appendix B, t he re  i s  a 

s ign i f i can t  increase of snow accumulations a s  e levat ion increases. 

This points  t o  t h e  presence of a t r u e  orographic p rec ip i t a t ion  compo- 

nent. 

Since two wind regimes were operating, one forc ing a i r  from t h e  

w e s t  and another forc ing a i r  a t  higher l e v e l s  from t h e  e a s t ,  i t  is 

poss ib le  t h a t  i c e  c r y s t a l s  blowing from t h e  e a s t  could have f a l l e n  in- 

t o  the  lower cloud l ayers  which were being formed from the  low l e v e l  

flow. A simple ca lcula t ion using t h e  mean wind speeds i n  the  e a s t e r l y  

flowing a i r  from Hebron and an assumed c r y s t a l  f a l l  va loc i ty  of 

0.5 m/sec, revealed t h a t  c r y s t a l s  f a l l i n g  from these  upper l ayers  could 

have entered the  lower cloud l ayers  and westerly wind regime near 

Milner. Here the  i c e  c r y s t a l s  could have been caught up i n t o  the  cloud 

system and provided f o r  a self-seeding mechanism. A s  mentioned above, 

t h i s  type of cloud system which seeds i t s e l f  is  sometimes refer red  t o  

a s  a "seeder-feeder" system. 



Visual  observa t ions  of t h i s  t h i r d  cloud system d id  he lp  i n  recon- 

s t r u c t i n g  t h e  s torm progress ion  but  they  d i d  no t  g r e a t l y  exp la in  t h e  

complexi t ies  of t h i s  system. A t  14002 on t h e  21s t ,  s k i e s  were broken 

a t  Craig as t h e  storm began t o  move in.  By 16302, a few hours  later,  

a widespread orographic cloud deck was repor ted  over t h e  Park Range 

w i t h  no convect ion observed. A t  00132 on t h e  22nd, a i r c r a f t  observa- 

t i o n s  documented some patchy scud clouds over t h e  area wi th  a h igher  

cloud l a y e r  a l l  t h e  way up t o  25,000 f e e t  o r  so. Snow began t o  f a l l  

a t  Steamboat Springs a t  08502 on t h e  22nd. By 12272 on t h e  22nd, one- 

ha l f  i nch  of snow had accumulated a t  PIilner, one inch  a t  Steamboat 
1 

Springs,  and one and one-half inches  halfway up t h e  r idge.  Snow con- 

t inued  t o  f a l l  i n  t h e  area through 14002 on t h e  23rd. Fur ther  d e t a i l e d  

v i s u a l  observa t ions  can be  found i n  s Appendix B. 

3.3.1 The Main Findings of t h e  Third Case Study t 1 

I 

This  c losed  low c a s e  s tudy  supported f ind ings  from o the r  cases  

t h a t  revealed important r e l a t i o n s h i p s  between t h e  migratory wave and 

t h e  components of t h e  t o t a l  cloud system: 1 ,  
C - 

1) The mois ture  moved i n  a t  high l e v e l s  and then  deepened a f t e r  

t h e  low p res su re  cen te r ,  a t  t h e  su r f ace  and a l o f t ,  had passed. 

.. 2) Some of t h e  moisture a t  t h e  h ighes t  l e v e l s ,  later i n  t h e  storm 

per iod ,  had been advected from t h e  east due t o  t h e  e a s t e r l y  wind regime 

e s t ab l i shed  by t h e  upper a i r  dis turbance.  I 

3) The composite cloud formation was delayed u n t i l  t h e  70 kPa 

winds, moisture,  and co ld  a i r  pool ing provided f o r  a c i r c u l a t i o n  which 

el iminated blocking and provided f o r  l i f t i n g  and sa tu ra t ion .  The cold 



a i r  pooling was weakly supported by s u r f a c e  a i r f l o w  and t o  a g r e a t e r  

ex t en t  by t h e  presence of a noc tu rna l  v a l l e y  invers ion .  

4 )  I n  t h i s  storm, t h e  cloud over t h e  r i d g e  w a s  formed by two 

d i f f e r e n t  wind regimes; a low l e v e l  orographic l i f t ,  and an  upper a i r  

mesoscale l i f t .  

5 )  Even a f t e r  a l l  orographic and mesoscale l i f t i n g  had been con- 

s idered ,  t h e  analyzed orographic component could s t i l l  no t  be matched 

t o  r ada r  observat ions.  This  may be due t o  i naccu ra t e  l i f t i n g  models, 

i n a b i l i t y  t o  inc lude  synopt ic  v e r t i c a l  v e l o c i t i e s ,  e r r o r s  i n  spec i fy ing  

whether a cloud i s  present  o r  no t ,  o r  t h e  d i f f i c u l t i e s  a s soc i a t ed  wi th  

analyzing a disorganized atmospheric system. 

6) The complicated east-west wind regime a s soc i a t ed  wi th  t h e  syn- 

o p t i c  storm c i r c u l a t i o n ,  which formed t h i s  cloud system, may have 

c rea t ed  a "seeder-feeder" cloud system. The cloud blowing from t h e  

east, a l o f t ,  may have fed  t h e  lower cloud l a y e r s ,  which were formed as 

a i r  was topographica l ly  l i f t e d  from t h e  w e s t ,  wi th i c e  c r y s t a l s .  

7) "Downwind" soundings tended t o  b e  d r i e r  than "upwind" sound- 

ings.  This  i n d i c a t e s  t h a t  p r e c i p i t a t i o n  and t h e  removal of mois ture  

occurred between t h e  two rawinsonde s i t e s .  

8) The convect ive component occurred i n  t h e  lower l e v e l s  which 

was wi th in  t h e  wes ter ly  wind regime and was o rog raph ica l ly  l i f t e d .  

9 )  The form of t h e  convect ive component dur ing  t h e  trough passage 

was very  s i m i l a r  t o  t h e  o t h e r  ca se  s t u d i e s ,  

10)  The convect ive component occurred f a i r l y  e a r l y  i n  t h e  s torm 

period and t h e  g r e a t e s t  amount of i n s t a b i l i t y  developed with r e spec t  t o  

the orographic cloud t h a t  formed a f t e r  t h e  d i s tu rbance  passed. 



11) A l l  of t h e  i n s t a b i l i t y  a s soc i a t ed  wi th  t h e  e a r l y  po r t ions  of 

t h i s  s torm ex i s t ed  p o t e n t i a l l y  a t  21002 and a f t e r .  I t ' w a s  r e l ea sed  . 

a f t e r  an orographic component was formed by condensation of t h i s  poten- 

t i a l l y  uns t ab le  a i r .  

12) The i n s t a b i l i t y  was n o t  caused on a l a r g e  s c a l e  by t h e  synopt ic  

s c a l e  dis turbance.  

13) The p r e c i p i t a t i o n  record a t  t imes suggested t h e  presence of a 

showery, convect ive p r e c i p i t a t i o n  component, whi le  a t  o t h e r  t imes,  a 

s teady ,  orographic p r e c i p i t a t i o n  component was suggested., , I , ,  

> > I  Y 
. , 

3.3.2  Important Conclusions from Case Study 83 

Once aga in  t h e  upwind blocking s i g n i f i c a n t l y  a f f e c t e d  t h e  cloud 

system. During t h e  f i e l d  experiments of COSE I and COSE 11, t h e  block- 

ing  phenomena was observed f a i r l y  r e g u l a r l y  i n  t h e  Yampa Valley. In  

t h i s  reg ion  a t  least, i t  is  ve ry  important t o  a t tempt  t o  measure t h e  

amount of blocking and account f o r  i ts  e f f e c t s .  

. 1 1 1  + ,  . - I 
A s  i l l u s t r a t e d  i n  t h e  t h i r d  ca se  study, t h e  type of l i f t i n g  model 

i s  n o t  on ly  c r i t i c a l  when t h e  mois ture  s lowly decreased with he igh t ,  bu t  

a l s o  when t h e  gene ra l  a i r f l o w  i n  t h e  v i c i n i t y  of t h e  r i d g e  i s  no t  uni- 

form. Strong wind d i r e c t i o n  changes wi th  he igh t  complicated t h e  l i f t i n g  

model and only ve ry  rough approximations of l i f t i n g  could be made which 

y ie lded  l e s s  than p e r f e c t  agreement between t h e  a n a l y s i s  and t h e  obser- 
I 

v a t  ions,  



CHAPTER I V  SUMMARY AND CONCLUSIONS 

This study has focused upon the  mechanisms by which mountains and 

synoptic  weather systems i n t e r a c t  t o  produce c h a r a c t e r i s t i c  orographic 

cloud systems. Case s t u d i e s  were constructed from rawinsonde da ta ,  

radar  da ta ,  v i s u a l  observat ions,  su r face  winds, temperature, and precip- 

i t a t i o n  observat ions and synoptic  analyses. These cloud systems were 

described with respect  t o  t h r e e  p r i n c i p l e  a i r  motion components of which 

they were comprised: synoptic ,  orographic, and convect ive components. 

The t h r e e  storm systems s tudied  w e r e  q u i t e  d i f f e r e n t  i n  t h e  sense 

t h a t  each represented a d i f f e r e n t  type synoptic  sca le :  s h o r t  wave, 

long wave, cutoff  low. This was f o r t u n a t e  i n  t h a t  t h e  a n a l y s i s  methods 

could be applied t o  d i f f e r e n t  types of storms so  t h a t  t h e i r  d i f f e r e n t  

s t r u c t u r e  could be envisaged. It was, however, unfor tunate  i n  t h a t  

analyses of s i m i l a r  type storms could not  be  made t o  document t h e  var ia-  

b i l i t y  wi th in  storm types. A l l  t h r e e  storms s tud ied  possessed some de- 

gree  of convective i n s t a b i l i t y ,  and i n  a l l  cases ,  t h e  presence of upwind 

blocking was important t o  t h e  topographic l i f t .  Other s i m i l a r i t i e s  in-  

clude storm t r acks  t h a t  provided wind flows which produced favorable  

orographic l i f t ,  and a l l  t h r e e  storms produced s i g n i f i c a n t  p r e c i p i t a t i o n  

f o r  t h e  Park Range. 

I n  terms of c l imatologica l  d i s t r i b u t i o n ,  t h e  storms analyzed i n  

t h i s  study d id  not  represent  t h e  most f requent  storm type t h a t  produces 

t h e  h ighes t  percentage of p r e c i p i t a t i o n  which f a l l s  i n  t h e  Steamboat 

Springs area.  Storms s i m i l a r  t o  t h a t  of c a s e  s tudy #I, however, do 

produce t h e  g r e a t e s t  amount of p r e c i p i t a t i o n  per  storm event. 



P r e c i p i t a t i o n  a t  Steamboat Springs is  cha rac t e r i zed  a s  being f a i r l y  

l i g h t  and occurr ing  a t  f requent  i n t e r v a l s .  This  is  i l l u s t r a t e d  by t h e  

f a c t  t h a t  .3  inches  of p r e c i p i t a t i o n  o r  less f e l l  on 80% of t h e  days 

which produced snowfal l  a t  Steamboat Springs dur ing  t h e  pas t  t en  years .  

The storm systems which produce g r e a t e r  amounts than t h e  . 3  inches of 

p r e c i p i t a t i o n  per storm event  are important i n  t h a t  even though they a r e  

f a i r l y  inf requent ,  a l a c k  of  such events  may r e s u l t  i n  seasonal  snowfal l  

de f i c i enc i e s .  This  i s  what happened during t h e  drough years  of 1976- 

1977 throughout t h e  e n t i r e  s t a t e  of Colorado. 

The cl imatology o f  mountain p r e c i p i t a t i o n  a s  given by Grant, e t  a l ,  

(1974) i n d i c a t e s  a s t rong  d i u r n a l  p r e c i p i t a t i o n  maximum between midnight 

and 7:00 a.m. l o c a l  t i m e .  Four of t h e  f i v e  l a r g e s t  p r e c i p i t a t i o n  pe r i -  

ods dur ing  t h e  t h r e e  case  s t u d i e s  a l s o  ind ica t ed  t h i s  n ight t ime maxim. 

It appears  t h a t  t h e  synopt ic  d is turbances  passed through t h e  s tudy a r e a  

dur ing  t h e  e a r l y  evening hours, bu t  i t  is d i f f i c u l t  t o  b e l i e v e  t h a t  even 

i n  t h e  c l ima to log ica l  averages,  t h e  synoptic  storms completely c o n t r o l  

t h e  e a r l y  morning p r e c i p i t a t i o n  maxima. It can be hypothesized t h a t  as 

t h e  a i r  cont inues  t o  coo l  i n  i t s  d i u r n a l  cyc le ,  it i s  unable t o  hold as  

much water vapor a s  i t  could a t  warmer daytime temperatures.  Another 

explana t ion  may be t h a t  a s  a i r  is cooled i n  i t s  d i u r n a l  cyc le ,  downslope 

v a l l e y  winds converge wi th  inf low air  from t h e  west and an  e f f e c t i v e  

l i f t  i s  r e a l i z e d  due t o  convergence i n  t h e  v a l l e y  upwind of t h e  main 

b a r r i e r  . 
4.1 Major Findings 

The important f ind ings  i n  t h i s  s tudy are: 

1 )  Wintertime cloud systems over t h e  Colorado Rockies a r e  formed 

by v e r t i c a l  v e l o c i t y  components t h a t ,  i n  t u rn ,  a r e  generated by very  



d i f f e r e n t  phys ica l  processes.  Synoptic s c a l e  v e l o c i t y  components a r e  

determined by d i f f e r e n t i a l  v o r t i c i t y  advect ion and airmass l i f t i n g  by 

f r o n t a l  systems. Orographic v e r t i c a l  v e l o c i t y  components a r e  determined 

by s t a b l e  a i r f l o w  t h a t  is forced  v e r t i c a l l y  by t h e  topography. Convec- 

t i v e  v e r t i c a l  v e l o c i t y  components a r e  determined by t h e  r e l e a s e  of con- 

v e c t i v e  i n s t a b i l i t y  a s  l a y e r s  of a i r  are l i f t e d  t o  s a tu ra t ion .  These 

v e r t i c a l  a i r  motions combine c o n s t r u c t i v e l y  and d e s t r u c t i v e l y  i n  t i m e  

t o  produce t h e  ind iv idua l  c h a r a c t e r i s t i c s  of each cloud system. 

2) It is  s i g n i f i c a n t  t h a t  t h e  second case  s tudy cloud system may 

have been invigora ted  by a mesoscale d i s tu rbance  a s soc i a t ed  with t h e  

synopt ic  storm s t r u c t u r e .  Rhea, e t  al., (1969) and Furman (1967) have 

made r ada r  observa t ions  i n  t h e  Colorado Rockies s i m i l a r  t o  those  made i n  

t h i s  study. They both concluded t h a t  t h e  observed r ada r  c h a r a c t e r i s t i c s  

were due t o  convective a c t i v i t y  organized i n t o  banded s t r u c t u r e s .  The 

banded zones of higher  r ada r  r e f l e c t i v i t y  a s  observed i n  1967, 1969, 
- 

and 1979 may be a t t r i b u t e d  t o  a moving mesoscale phenomena. I n  a d d i t i o n  

t o  t h e  radar  s t u d i e s ,  weak g r a v i t y  waves have been observed wi th in  cloud 

systems over t h e  San Juan Mountains of Colorado (Marwitz, 1980; Cooper 

and Saunders, 1980). A l l  of t h e s e  observa t ions  imply t h a t ,  a t  t imes, a 

f o u r t h  cloud-forming component is a l s o  important.  

3) Bar r i e r  blocking w a s  very  important i n  determining t h e  oro- 

graphic component of t h e  l i f t  and t h e  depth of t h e  " l i f t e d "  cloud. 

Blocking o r  s t agna t ion  occurred i n  conjunct ion with night t ime cold a i r  

pool ing,  noc turna l  v a l l e y  invers ions ,  weak su r f ace  winds, and cross-  

v a l l e y  a i r f l o w  ou t  of t h e  southwest a t  70 k i l o p a s c a l s  (kPa) t h a t  pre- 

vented e f f i c i e n t  channeling and fo rc ing  of t h e  lawer s l e v a f i o n  w i p d s  i n t o  
i l t  t '  I ' * (  - - t  b:m,c , r 4  ,* 

t h e  Yampa Valley and over t h e  Park Range b a r r i e r .  Neglecting t h i s  



phys i ca l  process  can l ead  t o  s e r i o u s  a n a l y s i s  e r r o r s .  

4 )  The l i f t e d  cloud a n a l y s i s  w a s  s e n s i t i v e  t o  t h e  type of l i f t i n g  

model employed. I n  a sense,  t h e  temperature and moisture p r o f i l e s  

determine t h e  p o t e n t i a l  f o r  s a tu ra t ion .  When t h e  mois ture  slowly de- 

creased wi th  he igh t ,  t h e  phys i ca l  synopt ic  cloud was d i f f i c u l t  t o  iden- 

t i f y  and t h e  model used t o  l i f t  t h e  sounding became c r i t i c a l  i n  de f in ing  

t h e  depth  of  t h e  " l i f t e d "  cloud. When t h e  moisture sharp ly  decreased 

wi th  he igh t ,  a s  a t  a  subsidence invers ion ,  t h e s e  two problems were 

el iminated.  

5) Synoptic storm t r ack ,  l a r g e  s c a l e  v o r t i c i t y ,  moisture and 

temperature advect ion,  t r a v e l l i n g  mesoscale phenomena a s soc i a t ed  wi th  

cyc lonic  waves, synopt ic  and topographic fo rc ing  of wind d i r e c t i o n  and 

speed, v e r t i c a l  s t r u c t u r e  of temperature and moisture,  cold a i r  pooling, 

noc turna l  v a l l e y  inve r s ions ,  blocking,  s t agna t ion ,  and orographic l i f t  

a l l  combine i n  t i m e  t o  d e f i n e  t h e  a c t u a l  orographic cloud. The t iming 

and i n t e r a c t i o n  of  t hese  phys ica l  processes  determine t h e  formation and 

behavior  of t h e  complete cloud system and d e f i n e  how t h e  l o c a l  mountain 

t e r r a i n  and environment i n t e r a c t s  w i th  synopt ic  weather p a t t e r n s  t o  pro- 

duce each c h a r a c t e r i s t i c  orographic cloud system and t h e  accompanying 

p r e c i p i t a t i o n .  

4.2 Addi t iona l  Findings 

1 )  Various cloud components occurr ing  wi th in  these  win ter  oro- 

graphic storm systems were deduced from rawinsonde ana lys i s ,  phys ica l  

reasoning,  and v e r t i c a l l y  po in t ing  r a d a r  da ta .  Case s t u d i e s  based on 

r ada r  observa t ions  o r  thermodynamic a n a l y s i s  a lone ,  however, l e a d s  t o  

erroneous conclusions o r  incomplete d e s c r i p t i o n s  wi th  r e spec t  t o  



dynamical and microphysical  processes  which occur w i th in  t h e  cloud 

systems. . ~ : i  r i f  , .!.- . , .  I . I  

2) Both s p r i n g  and f a l l  1979 sounding d a t a  s e t s  i n d i c a t e  t h a t  most 

*" cloud systems t h a t  formed over t h e  Park Range of Colorado experienced 

only  a small degree of i n s t a b i l i t y  t h a t  was r e spons ib l e  f o r  convect ive 

v e r t i c a l  v e l o c i t y  motions. Therefore,  microphysical  processes  a s soc i a t ed  

wi th  convect ive motions were no t  of primary importance wi th in  these  cloud 

s y s  terns. 

3) Because t h e  l i f t e d  cloud a n a l y s i s  w a s  so  s e n s i t i v e  t o  t h e  upwind 

p r o f i l e s  of wind, temperature,  and moisture,  rawinsonde opera t ions  and 

d a t a  reduct ion  should be  c l o s e l y  monitored t o  maintain t h e  h ighes t  s tan-  

dards  of qua l i t y .  

4 )  The case  s tudy  method se rves  as a va luab le  t o o l  i n  desc r ib ing  

t h e  important phys ica l  p r o p e r t i e s  of cloud systems and t h e  mechanisms 

by which they a r e  produced. This  approach, however, r e q u i r e s  d e t a i l e d  

observa t ions  i n  t i m e  of thermodynamic and microphysical  p rope r t i e s .  

Radar a s  w e l l  as v i s u a l  observa t ions  are f a i r l y  continuous i n  time. 

Rawinsonde observa t ions ,  on t h e  o t h e r  hand, a r e  r e s t r i c t e d  i n  time by 

t h e  prepara t ion  of t h e  instrument  package, t h e  ascension t i m e  of t h e  

bal loon,  and t h e  i n i t i a l  d a t a  reduct ion.  Since t h e  preceding opera t ions  

can be performed i n  2 t o  2 1 /2  hours ,  s e r i a l  rawinsonde launches a t  

i n t e r v a l s  of no more than  every 3 hours  a r e  recommended f o r  a reasonably 

d e t a i l e d  c h a r a c t e r i z a t i o n  of  cloud systems i n  a case  s tudy format. 

5 )  The K band r ada r  a n a l y s i s  of cloud top agreed we l l  with t he  

a n a l y s i s  methods used i n  t h e  f i r s t  ca se  s tudy except when the  a i r ,  as 

depic ted  by t h e  a n a l y s i s ,  was s a t u r a t e d  wi th  r e spec t  t o  i c e  a t  ex,tr$ne 

a l t i t u d e s ,  but  no "cloud" was "seen" by t h e  radar .  Most of t he  time, 



t h e  Ku r ada r  was found t o  underest imate t h e  cloud tops  of bo th  t h e  K 

band r ada r  and t h e  ana lys i s .  The K band r ada r  w a s  more s e n s i t i v e  than 

t h e  Ku band r a d a r  because it  was capable of d e t e c t i n g  a lower threshhold 

of "cloud". When t h e  Ku r ada r  i nd ica t ed  cloud tops  s u b s t a n t i a l l y  h igher  

than t h e  a n a l y s i s  i nd ica t ed ,  however, as i n  t h e  second case  s tudy,  i t  

was i n f e r r e d  t h a t  t h e  discrepancy was due t o  t h e  d e f i c i e n c i e s  of t h e  

a n a l y s i s  t o  i n d i c a t e  convect ive t u r r e t  cloud tops  o r  d i sc r imina te  a meso- 

s c a l e  g r a v i t y  wave d i s tu rbance  which inv igora ted  t h e  composite cloud 

system. " I '  L q -  I 

6 )  I n  t h e  f i r s t  ca se  s tudy,  i t  was hypothesized t h a t  i c e  c r y s t a l s  

f e l l  from a l a y e r  of cond i t i ona l  i n s t a b i l i t y  i n t o  t h e  d e n d r i t i c  c r y s t a l  

0 
growth r eg ion  centered  on t h e  -15 C isotherm and t h a t  t h i s  accounted f o r  

a zone of h igher  r a d a r  r e f l e c t i v i t i e s  observed a t  t h i s  time. A d e t a i l e d  

c r y s t a l  t r a j e c t o r y  a n a l y s i s  and a complete c ross -sec t iona l  a n a l y s i s  

would have t o  be  performed i n  o rde r  t o  v e r i f y  t h i s  hypothesis .  

7) I n  t h e  second and t h i r d  ca se  s t u d i e s ,  i t  i s  a l s o  hypothesized 
u 

t h a t  t hese  storms could have had a "self-seeding" mechanism operat ing.  

Again, a d e t a i l e d  c r y s t a l  t r a j e c t o r y  a n a l y s i s  would have t o  be performed 

t o  s u b s t a n t i a t e  t h e  hypothesis .  

8) Visual  observa t ions  upwind of t h e  main b a r r i e r  tended, i n  a l l  

c a ses ,  t o  v a l i d a t e  t h e  use  of t h e  defined ice-sa tura ted  cloud f o r  non- 

l i f t e d  soundings, a l though t h e  e x t e n t  of t h e  analyzed cloud overest imated 

t h e  v i s u a l l y  observed cloud. This  was expected, however. 

9 )  Approximately 17 percent  of t h e  time, a pure ly  "orographic" 

cloud d id  form when no upwind synopt ic  cloud was ind ica t ed  by t h e  rawin- 

sonde a n a l y s i s  o r  v i s u a l  observat ions.  This  i n d i c a t e s  t h a t  a synopt ic  

cloud component produced by synopt ic  s c a l e  v e r t i c a l  v e l o c i t i e s  is  not  



necessary t o  t h e  formation of t hese  win ter t ime cloud systems. 

10)  The low l e v e l  winds upwind of t h e  main b a r r i e r  were n o t  always 

t h e  only dominant c o n t r o l l i n g  a i r f l o w  i n  t h e  formation of t h e  composite 

cloud system. A s  was noted i n  t h e  l a s t  ca se  s tudy,  upper atmospheric 

synopt ic  o r  mesoscale c i r c u l a t i o n s  may have a  s t rong  in f luence  i n  l i f t -  

i ng  a i r  t o  s a t u r a t i o n  from any d i r e c t i o n .  

11) I n  a l l  cases ,  t h e  composite cloud thickened while  t h e  bases  

dropped below r i d g e  top  l e v e l  i n  response t o  t h e  synopt ic  d i s tu rbance  

passage. 

12) The convect ive p o t e n t i a l  i n s t a b i l i t y  a n a l y s i s  (aee/aZ < 0 i n  

a  s a t u r a t e d  l aye r )  can be proper ly  used t o  i d e n t i f y  t h e  i n s t a b i l i t y  

r e spons ib l e  f o r  t h e  convect ive v e r t i c a l  v e l o c i t y  cloud component. This  

conclusion is  supported by t h e  f a c t  t h a t  t h e  s t r o n g e s t  v e r t i c a l  v e l o c i t y  

components, a s  deduced from t h e  s t a b i l i t y  a n a l y s i s ,  were accompanied by 

high r ada r  r e f l e c t i v i t i e s  and r ada r  t tcloud tops" t h a t  were c e l l u l a r  i n  

nature.  I n  c o n t r a s t ,  t h e  r ada r  d a t a  taken when t h e  i n s t a b i l i t y  was no t  

a s  deep o r  a s  s t rong  was cha rac t e r i zed  by high r e f l e c t i v i t i e s  embedded 

wi th in  a  cloud mass which was non-cel lular .  The maximum rada r  r e f l e c -  

t i v i t y  observed i n  any of t hese  storms was 25 dBz. 

13) The cloud system of ca se  s tudy  #2, a t  t imes,  e x i s t e d  i n  an 

uns t ab le  airmass.  This  i l l u s t r a t e s  t h e  f a c t  t h a t  some cloud systems 

t h a t  formed over t h e  northwestern Colorado Rockies can genera te  convec- 

t i v e  v e r t i c a l  v e l o c i t y  components. These orographic systems may support  

a completely d i f f e r e n t  microphysical  regime than most of t h e  s t a b l e  

orographic types t h a t  a r e  common t o  t h i s  c o n t i n e n t a l  mountainous a rea .  



CHAPTER V RECOMMENDATIONS FOR FURTHER RESEARCH 

x .  
'I. - .  

The type  of case  s t u d i e s  performed he re  provides i n s i g h t  i n t o  t h e  . 
workings of orographic cloud systems. Advances need t o  be made i n  de- -. 

f i n i n g  var ious  phys ica l  processes that con t ro l  orographic clouds: 

s p e c i f i c a l l y ,  complexit ies  t h a t  r e l a t e  v e r t i c a l  displacement of an a i r -  

flow a s  a funct ion  of topography and s t a b i l i t y ,  l i f t e d  and non-l i f ted 

cloud formation, and blocking and s tagnat ion  a s  defined from rawinsonde 

data. 

More d e t a i l e d  s t u d i e s  of t h e  phys ica l  i n t e r a c t i o n s  between the  

var ious  l i f t i n g  processes which contr ibuted t o  cloud formation over 

mountainous t e r r a i n  a r e  necessary f o r  a proper understanding of oro- 

graphic cloud systems. Future research  should focus on t h e  mechanisms, 

loca t ions  and t i m e s  t h a t  t h e  var ious  v e r t i c a l  motion components i n t e r -  

a c t  t o  form cloud systems. S a t e l l i t e  d a t a  may be of some help  i n  making 

some of these  determinations. Care must be taken t o  choose the  proper 

radar  system, i ts  loca t ion ,  and t h e  mode of operation. 
. . ::..;-:' 

More work needs t o  be done i n  t h e  a r e a  of de tec t ing  and analyzing 
t 4 

mesoscale g rav i ty  Wavq formation and propagation. Radar observat ions,  
8 .t; 

i n  both t h e  PPI and v e r t i c a l l y  poin t ing  modes, can be used t o  s tudy how 

grav i ty  waves propagate and how they phys ica l ly  inf luence  pre-exist ing 

cloud systems. 

The most important parameter t o  be understood is  t h e  p r e c i p i t a t i o n  

t h a t  forms a s  a consequence of t h e  i n t e r a c t i o n s  between the  var ious  

orographic cloud components i n  t i m e  and space. Perhaps a combination 

of accura te ,  q u a l i t a t i v e  cloud desc r ip t ions ,  microphysical da ta  which 



can be  used to  infer precipitation formation, and crystal trajectory 

calculations may reveal an answer to  th is  d i f f i cu l t  question. 
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APPENDIX A 

I n  order t o  compare l ayer  condit ional  i n s t a b i l i t y  and layer  poten- 

t i a l  i n s t a b i l i t y ,  t h e  f i r s t  s t a b i l i t y  analys is  method must be defined 

:; \; i n  the  normalized form ca l l ed  s t a t i c  s t a b i l i t y .  ? , ~ . I J L . . L J ~ ~  -, ( 4  

. (F7; - - ,xi+4 .17 r, 1 ) i :: , j' E = -  
dry (renvironment rdry adiabat ic  t.1- e:. k r  ' 

- 
= - - ': ld 

Esaturated glT (renvironment rsa tura ted  ad iaba t i c  ) 

(Saucier, 1955) 

The s t a t i c  s t a b i l i t y  normalizes t h e  layer  condit ional  i n s t a b i l i t y  

by multiplying i t  by g, t h e  accelera t ion of gravi ty ,  and dividing by 

the  mean temperature i n  t h e  layer. Other than these  normalizing quan- 

t i t i e s ,  t h e  s t a t i c  s t a b i l i t y  is  nothing more than layer  condit ional  

i n s t a b i l i t y .  t , --- .  - --. 



d e 
E = g le  z = -BIT - 

(r environment rdry a d i a b a t i c  
1 

d r y  

It i s  tempting t o  c a r r y  t h i s  analogy over t o  t h e  s a t u r a t e d  case  

by equat ing 110. aee/az, a normalized l a y e r  p o t e n t i a l  i n s t a b i l i t y ,  t o  

( s i m i l a r  t o  Fraser ,  et  a l . ,  1973). 
Esa tu ra t ed  

Lw e e = e exp (a) 
P 

d Lw 
de l l e e  ( p  exp-) 110, ze = 

c P T 

Lw d0 d Lw - '"P (3) I = 1 l e e  [exp (3) + e dZ 'lee ~ I Z  P P 

Lw dB Lw d Lw 5 = l l e e  [exp (-) + exp (3) 3 1  'lee ~ I Z  c P T P P 

d e EJ= = 1 / e e  (ee l / e  , + ee 5) 'lee ~ I Z  P 

- - - 
Esa tu ra t ed  - -gIT ('environment ' sa tura ted  a d i a b a t i c  1 

d0 
3 does n o t  equal  E 

g l e e  d~ s a t u r a t e d *  

The l a y e r  p o t e n t i a l  i n s t a b i l i t y  is composed of E d ry  and t h e  

v e r t i c a l  g rad ien t  of l a t e n t  heat .  The f i r s t  component is  t h a t  p a r t  of 

t h e  i n s t a b i l i t y  which is governed by t h e  r u l e s  of l a y e r  cond i t i ona l  

i n s t a b i l i t y .  The v e r t i c a l  g rad ien t  of l a t e n t  h e a t ,  on t h e  o the r  hand, 

may a l s o  e f f e c t  t h e  s i g n  of t h e  l a y e r  p o t e n t i a l  i n s t a b i l i t y .  I f  t h i s  

grad ien t  happens t o  b e  more nega t ive  than  E is  p o s i t i v e ,  t he  l a y e r  
dry  

p o t e n t i a l  i n s t a b i l i t y  w i l l  b e  negat ive.  This  i n d i c a t e s  t h a t  t h e  l a y e r  

w i l l  become convect ive i f  i t  becomes sa tura ted .  Clear ly ,  Esaturated 



o r  l a y e r  condi t ional  i n s t a b i l i t y  alone cannot proper ly  t ake  t h e  v e r t i -  

c a l  gradient  of l a t e n t  hea t  i n t o  account a s  t h e  l aye r  is  i n  a s t a t e  of 

becoming sa tura ted .  Layer condi t ional  i n s t a b i l i t y ,  a s  w e l l  a s  l a y e r  

p o t e n t i a l  i n s t a b i l i t y ,  i s  cond i t iona l  upon moisture i n  t h e  sense t h a t  

t h e  l aye r  must be cooled t o  s a t u r a t i o n  before  t h e  i n s t a b i l i t y  can be 

rea l ized .  However, l aye r  p o t e n t i a l  i n s t a b i l i t y  depends upon t h e  

i n i t i a l  temperature and moisture g rad ien t s  before  and while  the  l aye r  

is  becoming saturated.  Layer condi t ional  i n s t a b i l i t y  is  only dependent 

upon t h e  i n i t i a l  temperature gradient .  

A p o t e n t i a l l y  uns table  l aye r  w i l l  become convective, because, a s  

the  l aye r  i s  l i f t e d  dry ad iaba t i ca l ly ,  t h e  base of t h e  l aye r  w i l l  be- 

come sa tu ra t ed  f i r s t ,  due t o  t h e  moisture gradient  wi th in  the  layer .  

Then t h e  l aye r  base w i l l ,  cool  moist ad iaba t i ca l ly .  A s  t h e  l aye r  is  

l i f t e d  f u r t h e r ,  t h e  top of t h e  l a y e r  continues t o  be cooled dry  

a d i a b a t i c a l l y  u n t i l  s a tu ra t ion ,  at  which poin t  i t  a l s o  cools  moist 

ad iaba t i ca l ly .  The i n i t i a l  moisture gradient  can steepen t h e  l apse  

r a t e  because of d i f f e r e n t i a l  a d i a b a t i c  cooling wi th in  t h e  l aye r  a s  i t  

becomes saturated.  When t h e  l apse  r a t e  is dr iven  pas t  t h e  sa tu ra t ed  

ad iaba t i c  value, t h e  l aye r  becomes cond i t iona l ly  uns table ,  

< r < r Therefore, t h e  l apse  r a t e  of t h e  
rsa tura ted  l aye r  dry  adiabat ic '  

l aye r  has been a l t e r e d  by t h e  o r i g i n a l  moisture gradient  a s  l i f t i n g ,  

d i f f e r e n t i a l  a d i a b a t i c  cooling, and s a t u r a t i o n  has occurred. These 

a r e  t h e  processes in fe r red  by applying t h e  l aye r  p o t e n t i a l  i n s t a b i l i t y  

a n a l y s i s  method (Saucier,  1955; Hess, 1959). 

A s  was s t a t e d  before,  airmass s t r e t c h i n g  may a l t e r  t h e  l apse  r a t e  

wi th in  a l aye r ,  but  now, l aye r  p o t e n t i a l  i n s t a b i l i t y  descr ibes  how t h e  

l apse  r a t e  can be changed by t h e  i n i t i a l  temperature a s  we l l  a s  



moisture gradients  wi th in  t h e  layer  a s  i t  is  l i f t e d  over the  mountain 

ba r r i e r .  I n  order t o  i l l u s t r a t e  t h e  e f f e c t  of the  temperature and 

moisture gradients  in determining the  d i f ferences  between l ayer  condi- 

t i o n a l  i n s t a b i l i t y  and l ayer  p o t e n t i a l  i n s t a b i l i t y ,  an analys is  was 

performed upon atmospheric l ayers  of varying degrees of i n s t a b i l i t y .  

An a r b i t r a r y  layer  base was chosen and various l ayer  tops were chosen 

which represented t h e  layer  condit ional  i n s t a b i l i t y  c lasses  of abso- 

l u t e l y  s t ab le ,  and condi t ional ly  unstable. The change of equivalent 

p o t e n t i a l  temperature with height  was calculated f o r  each layer  with 

varying moisture gradients  so  t h a t  t h e  two s t a b i l i t y  analyses could be 

compared. The indicated s t a b i l i t y  represents  the  condition of the  

l ayer  a f t e r  being l i f t e d  t o  sa tura t ion.  

Tables V and VI, it can be seen t h a t  l ave r  p o t e n t i a l  

i n s t a b i l i t y  agrees with l ayer  condit ional  i n s t a b i l i t y  i n  the  most 

unstable c lass i f i ca t ion .  (Both methods w i l l  i nd ica te  i n s t a b i l i t y  

under absolutely unstable conditions.) Layer p o t e n t i a l  i n s t a b i l i t y ,  

however, w i l l  a t t r i b u t e  some i n s t a b i l i t y  t o  l ayers  t h a t  would be 

c l a s s i f i e d  a s  absolute ly  s t a b l e  by l ayer  condit ional  i n s t a b i l i t y .  

This i n s t a b i l i t y  of apparently absolutely s t a b l e  l ayers  i s  brought 

about by the  v e r t i c a l  gradient  of l a t e n t  heat  which is  present i n  the  

layer.  Layer condi t ional  i n s t a b i l i t y  is unable t o  i d e n t i f y  t h i s  

moisture ef fec t .  
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APPENDIX B 

This  appendix con ta ins  t h e  s p e c i f i c  d e t a i l s  o f  v i s u a l  observa t ions  

made wi th in  t h e  Yampa Valley and v i c i n i t y  from t h e  ground a s  w e l l  as 

from t h e  a i r c r a f t  dur ing  t h e  t h r e e  case  s tud ie s .  

Case Study # 1  

The fol lowing is a d e s c r i p t i o n  of t h e  cloud system a s  i t  formed, 

p r e c i p i t a t e d ,  and d i s s ipa t ed .  A s  can b e  seen, t hese  observa t ions  agree  

w e l l  w i th  t h e  analyzed storm sequence i n  Figure 1Oa. 

12-10-79 21302 A t h i n  l a y e r  of c louds a r e  forming over t h e  r idge .  

12-10-79 ' 22212 A t h i n  l a y e r  of c louds cont inue  t o  form over t h e  r idge .  

12-10-79 23002 C i r rus  and s t r a t u s  clouds move i n  from t h e  west about 
Craig. Some small cumulus clouds form over t h e  r i d g e  
a long  wi th  t h e  e x i s t i n g  clouds. 

12-11-79 00002 Al to  s t r a t u s  i s  invading t h e  va l l ey .  The orographic 
cloud which formed over t h e  r i d g e  has  bases  above 
r i d g e  top. 

12-11-79 02152 The r a d a r  r e p o r t s  good cloud. 

12-11-79 04212 P r e c i p i t a t i o n  is  beginning a t  t h e  radar .  

12-11-79 04302 Light  p r e c i p i t a t i o n  i s  beginning a t  Craig and a t  t h e  
r i d g e  top. 

12-11-79 04452 Snowing moderately on t h e  r idge .  

12-11-79 05452 Snowing heav i ly  on t h e  r idge.  

12-11-79 08002 Snowing moderately on t h e  r idge .  

12-11-79 13102 Snowing l i g h t l y  on t h e  r idge .  

12-11-79 14002 Snow has  stopped on t h e  r idge .  

12-11-79 14302 A t h i c k  orographic cloud s t i l l  e x i s t s  over t h e  r i d g e  
whi le  its base  is w e l l  below c r e s t .  

12-11-79 15302 Same a s  14302. 



12-11-79 20302 The orographic cloud over  t h e  r i d g e  i s  beginning t o  
t h i n  a t  i ts  upwind edges. 

12-11-79 24302 The upwind edge is s t i l l  d i s s i p a t i n g .  The cloud over 
t h e  r i d g e  i s  hugging t h e  r idge ,  and bases  a r e  below 
t h e  c r e s t .  

Case Study 82 

The fol lowing observa t ions  made wi th in  t h e  COSE s tudy  a r e a  ( see  

Figure 2) helped t o  d e f i n e  t h e  a c t u a l  storm sequence wi th  r e spec t  t o  

t h e  a n a l y s i s  t ime s e c t i o n  of Figure 19a. 

2-22-79 16002 Skies  a r e  broken t o  c l e a r  t o  t h e  west,  Snow is  f a l l i n g  
on t h e  Divide. Clouds a r e  covering t h e  r idge  halfway 
up a t  Steamboat Springs,  

2-22-79 20302 The sky i s  overcas t  a t  Craig. 

2-22-79 22552 A t  Steamboat Springs,  cloud bases  a r e  below 9000 f e e t ,  
l i g h t  snow is f a l l i n g .  

2-23-79 00002 Snow is  f a l l i n g  a t  Steamboat Springs. 

2-23-79 00002 It is ove rcas t  w i th  snow a t  Craig, 50' winds a t  4 knots.  

2-23-79 05452 Snow i s  f a l l i n g  a t  Steamboat Springs wi th  t h e  wind from 
t h e  southeas t .  

2-23-79 07452 Snow is  f a l l i n g  a t  Steamboat Springs. 

2-23-79 11152 The sky i s  overcas t  a t  Craig. 

2-23-79 14302 Thin ove rcas t  l i e s  t o  t h e  n o r t h  and west ,  thickening t o  
t h e  sou theas t  wi th  l i g h t  f l u r r i e s  a t  Craig. 

2-23-79 18412 A few i s o l a t e d  s c a t t e r e d  cumulus a r e  forming over t he  
mountaintops. A s  seen from t h e  a i r c r a f t ,  i t  doesn ' t  
look v e r  continuous, they  a r e  a l l  i n  n i c e  puffy l i t t l e  
c e l l s .  

2-23-79 19002 Broken a l t o s t r a t u s  clouds repor ted  over Craig. 

2-23-79 22502 From t h e  a i r c r a f t ,  i t  can be seen t h a t  t h e  c e i l i n g  is  
lowering over  t h e  s k i  a rea .  The top  of t h e  a r e a  i s  
obscured. The top  of  Storm Peak i s  no t  v i s i b l e .  To the  
west, t h e  tops  of t h e  r i d g e s  e a s t  of Hayden a r e  v i s i b l e .  

2-23-79 23002 X b r i e f  snow shower was repor ted  a t  Steamboat Springs. 



-79 23122 From t h e  a i r c r a f t  i t  can be seen t h a t  j u s t  west of Craig, 
t h e  cloud bases  a r e  about 10,000 f e e t  and v a r i a b l e ,  The 

sun is  dimly v i s i b l e  through t h e  overcas t .  There is  
v i r g a  f a l l i n g  j u s t  west of Craig. 

2-23-79 23332 From t h e  a i r c r a f t  it can b e  seen t h a t  t h e  top  of t h e  
clouds look cumuliform, To t h e  west s t r a t i f o r m  decks 
a r e  h igher  than t h e  cumulus deck. Then they  a l l  i n t e r -  

weave toge ther .  There is a c i r r u s  deck q u i t e  a  b i t  
h igher  than  t h e  a i r c r a f t ,  

2-23-79 23542 From t h e  a i r c r a f t  i t  can be seen t h a t  t h e r e  is  a lower 
c e i l i n g  over  t h e  Park Range now. The clouds look q u i t e  
t h i ck ,  a t  t h i s  po in t ,  towards t h e  e a s t .  To the  west,  
t h e  deck i s  n o t  s o l i d .  Blue sky is  v i s i b l e  through i t  
and t h e  sun i s  v i s i b l e ,  bu t  t h e  clouds seem t o  be get-  
t ing  th i cke r .  

2-24-79 04002 The sky is  ove rcas t  and i t  is no t  snowing a t  Steamboat 
Springs. 

2-24-79 06002 Overcast s k i e s  are repor ted  wi th  snow f a l l i n g  a t  Craig,  

2-24-79 06002 Snow is  f a l l i n g  a t  Steamboat Springs. 

2-24-79 13452 Overcast c i r r o s t r a t u s  clouds a r e  repor ted  a t  Craig, 

2-24-79 15002 Light  snow is  f a l l i n g  a t  Steamboat Springs. 

2-24-79 16302 Clouds over t h e  Park Range have cumuliform embedded with 
s t r a t i f o r m  tops  as observed from t h e  a i r c r a f t .  

2-24-79 17072 There i s  a low cloud l a y e r  a t  about 9-10,000 f e e t ,  a s  
observed from t h e  a i r c r a f t .  Clouds a r e  very  t h i n  around 
Craig. Another t h i n  cloud deck i s  a t  12,000 f e e t .  

Case Study /I3 

The fol lowing i s  an  account of v i s u a l  observa t ions  taken during 

t h e  storm period and should be compared t o  Figure 31a. 

12-21-79 14002 A t  Craig, t h e  sky is broken t o  t h e  no r th ,  e a s t  and 
west, whi le  i t  is  s c a t t e r e d  towards the  south,  

12-21-79 15252 A t  Craig,  t h e  e a s t  and west i s  a l l  s c a t t e r e d  wi th  very  
few clouds on t h e  southern hor izon  and heavier  c louds 
t o  the  n o r t h  with mostly a s t r a t i f o r m  s t r u c t u r e .  



12-21-79 16302 A i r c r a f t  observa t ions  document a widespread orographic 
deck over t h e  Park Range. No convection was observed, 
on ly  smooth tops.  

12-21-79 16492 From t h e  a i r c r a f t ,  i t  can be  seen t h a t  broken clouds 
( a  t h i n  cloud deck) a r e  d r i f t i n g  over t h e  Park Range 
and t h e  Yampa Valley. 

12-21-79 21032 A t  Craig, t h e  sky is  overcas t .  There i s  a snowshower 
a t  t h e  a i r p o r t .  

12-22-79 00132 A i r c r a f t  observa t ions  dccument some patchy scud clouds 
over t h e  a r e a  and a h igher  cloud l a y e r  a l l  t h e  way up 
t o  25,000 f e e t  o r  so. There is  j u s t  haze and scud 
clouds. 

12-22-79 02152 Clear  s k i e s  are repor ted  a t  Milner. 

12-22-79 05452 A t  Milner,  t h e  sky looks b a s i c a l l y  c l e a r  with s t a r s  
missing t o  t h e  southwest. 

12-22-79 08502 A t  Steamboat Springs,  snow is  reaching t h e  ground. 

12-22-79 09002 A t  Hebron, no p r e c i p i t a t i o n  i s  f a l l i n g ,  bu t  t h e  sky 
i s  overcast .  

12-22-79 10362 A t  Steamboat Springs moderate snowfa l l  i s  reaching t h e  
ground, up t o  .5 cm agglomerates. 

12-22-79 12272 A t  Steamboat Springs,  t h e r e  i s  one inch  of snowfal l  a t  
t h e  X band site,  about .5 inch  a t  t h e  Ku s i te  a t  
Milner,  and about 1 1 /2  inches  h a l f  way up t h e  r idge ,  
Snowfall i s  decreas ing  wi th  t ime a t  t h e  surface.  

12-22-79 14302 A t  Milner no snow is  f a l l i n g .  There i s  100% overcas t  
present .  Cloud bases  a r e  low i n  a l l  quadrants.  

12-22-79 15202 A t  Craig snow is f a l l i n g  l i g h t l y  from overcas t  sk i e s .  

12-22-79 16002 Heavy snow is  f a l l i n g  a t  Craig. 

12-22-79 16002 Snow has  s t a r t e d  f a l l i n g  a t  Milner.  

12-22-79 17002 Snow is  l i g h t l y  f a l l i n g  a t  Flilner. 

12-22-79 18202 The snow has stopped f a l l i n g  a t  Craig. 

12-22-79 21472 There i s  l i g h t  snow f a l l i n g  a t  Efilner. 

12-22-79 23402 Overcast s k i e s  and l i g h t  snow is  repor ted  a t  Craig. 



12-23-79 06162 Snow has been f a l l i n g  most of t h e  evening a t  Craig. 

12-23-79 10152 Light  snow i s  reaching the su r face  a t  Steamboat Springs. 

12-23-79 11302 Snow is  s t i l l  f a l l i n g  a t  Craig. 

12-23-79 14002 Snow is f a l l i n g  only l i g h t l y  a t  Craig. 

12-23-79 14002 Overcast s k i e s  a r e  reported a t  Milner. No snow is  
f a l l i n g .  




