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1 ABSTRACT OF THESIS 

EVOLUTION OF MESOSCALE CONVECTIVE SYSTEMS 

OVER MOUNTAINOUS TERRAIN 

Two detailed, multi-sensor case studies of mesoscale convective ! 
storms occurring in summer over the central and eastern Colorado Rockies 

are presented. These case studies use data taken during the 1977 South 

Park Area Cumulus Experiment (SPACE) from surface meteorological stations, 

rawinsondes and tethered balloons, conventional and Doppler radars, 

powered aircraft, and satellites. The case studies are compared with 

previous observations and theories relating to diurnal patterns of con- 

vective storm activity, especially those relating to thermal forcing of 

the boundary layer by the daily cycle of solar heating on elevated 

terrain. 

On one case study day, 19 July, 1977, a north-south oriented line 

of intense convective cells formed and remained within South Park, an 

elevated plain located within the Rocky Mountains, 2.8 km above sea 

level. Elevated surface heating in South Park created a region of low- 

level convergence which imported Pacific moisture from west of the 

Rockies into South Park. The mesoscale thunderstorm line formed over 

this convergence zone. Northerly surface flow, having the appearance 

of a "density current", penetrated into South Park late in the afternoon, 

enhancing the intensity of convective storms. Cases of cell merger, 

storm splitting, and various interactions of the storm systent with the 

mesoscale environment were observed. A single large convective cell 

was then observed to grow on the southern end of the mesoscale line, 
I 

exhibiting supercell characteristics and substantial modification of 

the environmental flow. 



The c a s e  s t u d y  of 4 August ,  1977, documented t h e  c r e a t i o n  of meso- 

s c a l e  convec t ive  s torms i n  t h e  mountains and t h e i r  subsequent  eastward 

p ropaga t ion  a c r o s s  t h e  High P l a i n s .  Morning upslope winds c r e a t e d  cool 

a d v e c t i o n  which s t a b i l i z e d  t h e  atmosphere over  S o u t h i P a r k ,  i n h i b i t i n g  

boundary l a y e r  growth and s u p p r e s s i n g  cumulus cloud development.  A t  

t h e  same t i m e ,  h i g h  l e v e l  h e a t i n g  on t h e  h i g h e r  peaks of t h e  Rocky 

?fountains c r e a t e d  buoyant a i r  p a r c e l s  which r o s e  c o r ~ v e c t i v e l y  t o  s a t u -  

r a t i o n ,  forming t h e  e a r l i e s t  cumulus c l o u d s .  I n  t h e  e a r l y  a f t e r n o o n ,  

convec t ive  p r e c i p i t a t i o n  echoes began t o  move eas tward by a  p rocess  of 

d i s c r e t e  p ropaga t ion  on t h e  east,  o r  downshear s i d e .  These s torms grew 

t o  i n t e n s e  l e v e l s  a s  they  moved o n t o  t h e  High P l a i n s .  Convect ive  

a c t i v i t y  i n  t h e  p l a i n s  was comple te ly  suppressed ,  a p rocess  p a r t i a l l y  

a t t r i b u t e d  t o  d i u r n a l  t h e r m a l l y  induced boundary-layer f low p a t t e r n s ,  

u n t i l  t h e  passage  of t h e  mesoscale s q u a l l  l i n e  r e l e a s e d  t h e  pent-up 

convec t ive  i n s t a b i l i t y .  T h i s  s q u a l l  l i n e  mainta ined i t s  l i n e a r  shape 

and r a p i d  p ropaga t ion  speed w h i l e  e x h i b i t i n g  bo th  ex t remely  s e v e r e  and 

nonsevere  convec t ive  i n t e n s i t y ,  t h e  v a r i a t i o n s  i n  i n t e n s i t y  be ing  caused 

by v a r i a t i o n s  i n  low- leve l  m o i s t u r e  on t h e  High P l a i n s .  The t iming  of 

c o n v e c t i v e  r a i n f a l l  from t h e s e  s to rms  agreed  w e l l  w i t h  c l i m a t o l o g i c a l  

d a t a  which show t h e  t i m e  of  maximum r a i n f a l l  becoming l a t e r  a s  one 

moves f a r t h e r  e a s t .  The mesoscale  convec t ive  s to rms  observed on 4 

August, 1977 formed a l a r g e  n o c t u r n a l  p r e c i p i t a t i o n  a r e a  i n  the central  

p l a i n s .  The o b s e r v a t i o n s  s u g g e s t  t h a t  convec t ive  (wganizn t ion  r e s u l r s  

from large-mesoscnle  thermal  t e r r a i n  e f f e c t s ,  combined wi th  mesosrale 

s q u a l l - l i n e  dynamics r e l a t e d  t o  meso-high p r e s s u r e  c F n t e r  fo rmat ion .  

i i i  
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Figure No. 

LIST OF FIGURES 

Descr ip t ion  

Map of t e r r a i n  i n  South Park,  Colorado. Regions below 
9000 f t .  (2744m) a r e  hatched; reg ions  above 10,000 f t .  
(3049m) a r e  l i g h t l y  shaded, and reg ions  above 12,000 f t .  
(3659m) are heav i ly  shaded. PAM remote s t a t i o n s  a r e  in- 
d i ca t ed  wi th  da rk  c i r c l e s  accompanied by the  s t a t i o n  
number, wi th  a s t a r  f o r  t h e  base s i t e .  CP-3 and CBS-4 
r ada r s  a r e  i nd ica t ed  wi th  da rk  t r i a n g l e s .  

Map of extended SPACE/HIPLEX experimental  a r e a ,  with 
averaged t e r r a i n  contours  every 304.8m (1000 f t . ) .  
The l a r g e  c i r c l e s  r ep re sen t  r ada r  e f f e c t i v e  coverage 
a reas .  

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

a )  Observed i n t e r a c t i o n  of v a l l e y  and s lope  winds near  
l o c a l  noon. S imi l a r  t o  Fig.  3c. b )  Observed down- 
s lope  drainage winds be fo re  sun r i se .  S imi la r  t o  
Fig. 3g o r  3h. From Buet tner  (1967). 

Colorado inap showing normal May-September prec ip i -  
t a t i o n  (1931-1960) e a s t  of longi tude  106OW. I s o l i n e s  
a r e  i n  inches (1 i n .  = 25.4mm). From Dirks (1969). 
Analysis  from U.S. Department of Commerce map. 

a )  S ix  groups of s t a t i o n s  wi th  north-south o r i en t a -  
t i o n s  used i n  t h e  t iming a n a l y s i s  of convect ive 
shower a c t i v i t y .  b )  Timing of major convect ive ac- 
t i v i t y  f o r  ten-year summary of hour ly  p r e c i p i t a t i o n  
> .10 inch f o r  t he  s i x  groups of  s t a t i o n s  (from - 
Crow, 1969). 

Percentage of summer thunderstorm occurrences per  
qua r t e r  day. From Hydrometeorological Report,  1947. 

a )  The mean maximum mixing depth (m) f o r  J u l y ,  from 
10  yea r s  sounding d a t a  over t h e  contiguous United 
S t a t e s .  b )  Differences,  i n  meters, between mean 
l i f t e d  condensation l e v e l  and mean maximum mixing 
depth f o r  Ju ly .  A p o s i t i v e  va lue  (dashed contours)  
i n d i c a t e s  t h a t  t h e  condensation l e v e l  is  h igher  than 
t h e  mixing depth. (From Holzworth, 1964). 
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FIGUKES (con'  t )  

Change i n  d ivergence  between two s u c c e s s i v e  s e t s  of 
b a l l o o n  wind o b s e r v a t i o n s ,  f o r  a l l  days  i n  August 
1947 and August 1945. a )  2200-0400 CST ( C e n t r a l  

! , Standard Time; same a s  KIT, o r  Mountain D a y l i g h t  
,,,( Time) o r  n i g h t t i m e .  b) 0400-1000 CST, e a r l y  morn- 

'1.r 311 i n g .  c )  1000-1600 CST, midday. d )  1600-2200 CST, 
1 

evening.  Leve l s  a r e  1.2knl (4000 f t . ) ,  3.0km.-' 

- '4 (10,000 f  t . ) and 5.5km (18,000 f t  . ) . From ~ 1 e e " k e r  
and Andre (1951).  

$1  . Wester ly  component of t h e  mean d e p a r t u r e  v e c t o r  as 
a f u n c t i o n  of a l t i t u d e  and t i m e ,  d e r i v e d  from 4 x 
d a i l y  b a l l o o n  f l i g h t s .  Data f o r  28 und is tu rbed  
summer days  a t  Denver, Colorado: Amari l lo ,  Texas;  
and Dodge C i t y ,  Kansas. From D i r k s  (1969).  

11 Number of low-level  wind maxima, h e r e  d e f i n e d  a s  a 
wind speed of over  1 2  m s - I  o c c u r r i n g  below 1 . 5  km AGL, 
w i t h  a d e c r e a s e  of  wind speed above t h e  maximum of 
6 m s - 1  o r  more, d u r i n g  two complete y e a r s ,  f o r  

- , soundings  a t  0600 MDT and 1800 MDT. (A t o t a l  of 1462 
soundings  a t  each s t a t i o n s ) .  From Bonner (1968). 

Loca t ion  of c o r e  of t h e  h o r i z o n t a l  low-level  j e t ,  
f o r  28 s e l e c t e d  c a s e s .  The s t a r  r epre - sen t s  t h e  
median l o c a t i o n  of a l l  t h e  j e t  c o r e s .  The envelope 
c o n t a i n s  26 of t h e  28 je t  a x e s .  T e r r a i n  c o n t o u r s  
i n  km a r e  i n c l u d e d .  From Bonner (1968).  

. i  1 3  500 mb a n a l y s i s  f o r  0600 MDT (1200 GMT), 19 J u l y ,  
1977. Areas w i t h  a dew-point d e p r e s s i o n  (T-Td) l e s s  
t h a n  7°C a r e  marked. S t a t i o n s  used i n  c r o s s - s e c t i o n s  

. , >  

a r e  connected w i t h  n bold l i n e .  

Mesoscale s u r f a c e  a n a l y s i s  f o r  0600 MDT, 1 9  J u l y ,  
1977. Temperature and dew-point i n  Deg. C .  Note 
p r e s s u r e  t rough  i n  e a s t e r n  Color:~do. 

1 5  I n f r a r e d  ( I R )  S a t e l l i t e  image of w e s t e r n  U . S . ,  0600 
1 %  MDT, 1 9  J u l y ,  1977. Dotted l i n e s  a r e  s t a t e  boundar ies .  

! Various shades  r e p r e s e n t  d i f f e r e n t  I R  t empera tu res  
accord ing  t o  t h e  s u c c e s s i o n  drawn a t  t h e  t o p  of t h e  
f i g u r e  ( t empera tu re  d e c r e a s i n g  toward t h e  r i g h t ) .  
Thus, l a r g e  co ld  c loud t o p s  r e p r e s e n t i n g  i n t e n s e  

. .  : convec t ive  c e l l s  appear  a s  b l a c k  o r  b lack-ou t l ined  
a r e a s  w i t h i n  t h e  w h i t e  mass of Lower c l o u d s .  

South Park sounding f o r  0600 PfDT (1200 GMT), p l o t t e d  
on skew-T, log-P diagram. 

Page 
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FIGURES (con' t ) 

East-west cross-section including soundings from 
Grand Junction (GJT), South Park (SP), and Limon 
(LI), Colorado and Goodland (GL), Kansas. Solid 
contours are potential temperature (OK) and dashed 
contours are water vapor mixing ratio (gm kg-'). 
Terrain elevations and stable layer boundaries are 
marked with bold lines. Valid for 0600 MDT, 19 
July, 1977. 

PAM surface data taken in South Park. a) at 0600 
MDT, b) at 0800 MDT and c) at 1000 MDT, 19 July, 
1977. Five-minute averaged potential temperature 
(OK), water vapor mixing ratio (gm kg-1) and winds 
are plotted at each station. DM means data missing 
for that time. 

South Park sounding of 1000 MDT, 19 July, 1977, 
plotted on skew-T log-P diagram. 

South Park sounding of 1246 MDT, 19 July, 1977, 
plotted on skew-T log-P diagram. 

Composite PAM-CP-3 radar plot for 1239 MDT, 19 
July, 1977. Surface data as in Fig. 18. Radar 
contours are 5.5' constant elevation scans, pro- 
jected onto a horizontal surface. olid contours 
are 25 dBz, dashed contours are 40 dBz. Key to 
other symbols is given above. 

Same as Fig. 21, for 1333 MDT. 

Same as Fig. 21, for 1452 MDT. 

Same as Fig. 21, 1623 TDT. Individual convective 
cells are labeled C1, C2, etc. Averaged speed and 
direction of the reflectivity core of certain se- 
lected cells are tabulated in the lower left corner. 

Same as Fig. 24, for 1638 MDT. 

Same as Fig. 24, for 1702 MDT. 

Same as Fig. 24, 1720 MDT. 

Same as Fig. 24, for 1742 MDT. 

Same as Fig. 13, for 1800 MDT, 19 July, 1977 
(0000 GMT, 20 July, 1977). 

Same as Fig. 15, for 1800 MDT, 19 July, 1977. 

Page 
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FIGURES (con '  d )  

Limon r a d a r  summary f o r  1930 MDT, 1.9 J u l y ,  1977. 
Dark c o n t o u r s  are r a d a r  echoes ,  with con tour  l e v e l s  
as i n  Table  1. Concen t r i c  c i r c l e s  a r e  r a n g e  from 
Limon In  46 km inc rements .  

Mesoscale s u r f a c e  map, l i k e  F ig .  1 4 ,  f o r  1.800 MDT, 
19 J u l y ,  1977. 

South Park sounding of 1710 MDT, 19 J u l y ,  1977, 
p l o t t e d  on skew-T log-P diagram. Winds between t h e  
s u r f a c e  (720 mb) and 500 mb a r e  e s t i m a t e d .  

Same a s  F ig .  24, f o r  1758 MDT. 

Same as F ig .  24, f o r  1822 MDT. 

Same as F ig .  24, f o r  1844 MDT. 

Same as F i g .  24, f o r  1856 MDT. 

38 Same as F i g .  24, f o r  1922 MDT. 

Same as F ig .  24,  f o r  1939 MIIT. 

T o t a l  r a i n f a l l  i n  mm observed a t  PAM s t a t i o n s ,  f o r  
t h e  t i m e  p e r i o d  1600-2400 MDT, 1 9  J u l y ,  1977. Contour 
i n t e r v a l  5 mm. 

I Q: 

Upper a i r  a n a l y s e s  as i n  F ig .  1 3 ,  f o r  a)  500 mb and 
b )  700 mb l e v e l s ,  0600 MDT, 04 August, 1977. 

4 2  Extended area s u r f a c e  a n a l y s i s ,  s i m i l a r  t o  F i g .  1 4 ,  
f o r  0600 PDT, 04 August L977. 

3 ' ~ i  

S a t e l l i t e  i n f r a r e d  (IR) image of w e s t e r n  U.S. ,  similar 95 

t o  F ig .  1 5 ,  f o r  0400 PDT, 04 August 1977. The huge 
mesoscale  convec t ive  s to rm i n  t h e  c e n t r a l  p l a i n s  i s  
descended from s to rm systems which formed i n  e a s t e r n  
Colorado t h e  p r e v i o u s  day,  (03 August 1977) .  

East-west c r o s s - s e c t i o n ,  as i n  F i g .  21, f o r  0600 MDT, 
04 August 1977. 

South Park  sounding o f  0551 MDT, 04 August 1977, 
p l o t t e d  or1 skew-T log-P diagram. 

PAM s u r f a c e  data from South Park ,  a s  i.n F i g .  18, f o r  
a )  0600 MDT and b )  0700 MDT, 04 August 1977. 



FIGURES (cont  'd) Page 

Boundary Layer P r o f i l e s  (PBL) t e the red  ba l loon  10 1 
soundings. P o t e n t i a l  temperature,  water  vapor mixing 
r a t i o ,  and winds p l o t t e d  a g a i n s t  he igh t  i n  meters  AGL. 
Soundings begun a t  a )  0619 MDT, and b )  0649 MDT, 
04 August 1977, bo th  a t  S i t e  #2. 

Same as Fig. 47, f o r  a )  0720 MDT, S i t e  #2, and 
b )  0836 MDT, S i t e  # l ,  (CSU base  s i t e ) .  

Same as Fig. 46, f o r  a )  0800 MDT, and b )  0900 MDT, 105 
04 August 1977 (water vapor mixing r a t i o  d a t a  missing 
f o r  0900 MDT). Dashed l i n e  enc loses  region w i t h  
mixing r a t i o  >6.5 gm kg-1. 

P l o t  of p o t e n t i a l  temperature and dew-point v s .  time, 105 
a t  t h e  CSU base ,  0600-1300 MDT, 04 August 1977. 

Same as Fig. 46, f o r  a )  1000 MDT, and b)  1100 MDT, 
04 August 1977. 

South Park sounding of 1030 MDT, 04 August 1977, 
p l o t t e d  on skew-T log-P diagram. 

5 3 Same as Fig.  47, f o r  a )  1054 MDT, and b) 1218 MDT, 
taken a t  S i t e  /I1 (CSU base ) .  

Temperature, dew-point, and wind speed p l o t t e d  vs. 
t ime, a t  PAM s t a t i o n  #6 (Horseshoe Peak), f o r  0600- 
1300 MDT, 04 August 1977. 

South Park sounding of  1301 MDT, 04 August 1977, 
p l o t t e d  on skew-T log-P diagram. Cloud Condensation 
Level (CCL) marked. 

5 6 East-west c ross -sec t ion ,  as i n  Fig.  17 ,  f o r  1200- 
1300 MDT, 04 August 1977. Average winds i n  t h e  PBL, 
along w i t h  PBL depth,  are p l o t t e d  f o r  4 s t a t i o n s  
(SP, LI ,  GL, and Denver) i n  t h e  lower margin. Data 
from a west-to-east a i r c r a f t  f l i g h t  a r e  included i n  
ana lys i s .  

- 8 

Surface map us ing  SPACE/HIPLEX mesonet d a t a  on t h e  
High P l a i n s .  Surface pressure  and s u r f a c e  water  vapor 
mixing r a t i o  a r e  contoured. Limon r ada r  o u t l i n e  and 
s t a t i o n  key a r e  provided. 
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V i s i b l e  s a t e l l i t e  images, p rocessed  by v i d e o  imaging 1 2 1  
t e c h n i q u e s  showing e a s t e r n  2 / 3  of Colorado and p a r t  of 
New Mexico. S t a t e  b o r d e r s  i n  Fig .  a )  Town of F a i r p l a y ,  
abou t  10  km n o r t h  of CSU b a s e ,  is l a b e l e d .  The town 
is  l o c a t e d  a t  t h e  lower l e f t  c o r n e r  of t h e  l a b e l .  The 
d a r k  s u r f a c e  f e a t u r e ,  lower  r i g h t  of each f i g u r e ,  is 
t h e  Arkansas River  e a s t  of Pueblo .  The Palmer Lake 
Divide is marked by c l o u d s ,  j u s t  n o r t h  of t h e  Arkansas 
River ,  e s p e c i a l l y  i n  F ig .  58b. P i c t u r e  times a r e  
a )  1200 MDT, b )  1245 MDT, c) 1315 M[)T, d )  1345 MDT, 
e )  1415 PDT, and f )  1442 MDT. 

5 9 Composite r a d a r  summaries from t h e  r e g i o n  between 
F a i r p l a y  (FP) and Limon (LIC) , u s i n g  d a t a  from CP-3, 

, $ .  ! &  -' 
CBS-4, and Limon NWS r a d a r s .  I n t e n s i t i e s  i n  dBz, echo 
t o p s  are i n  h MSL. Cells r e f e r r e d  t o  i n  t e x t  are 
l a b e l e d .  Summary t imes a r e  a )  1245 MDT, b )  1.315 MDT, 
c )  1347 MDT, d )  1416 MDT, and e )  1444 MDT. 

60 PAM-CP-3 summary, as i n  Fig .  24,  f o r  1254 MDT, 
04 August 1977. 

61 CP-3 r a d a r  coun tour  d a t a ,  on same s c a l e  a s  F ig .  24,  
and o t h e r  PAM-CP-3 f i g u r e s  f o r  1316 MDT, 04 August 
1977. Outer  b o l d  c o n t o u r  l e v e l  i s  25 dBz, i n n e r  
b o l d  c o n t o u r  is 40 dBz. (PAM d a t a  n o t  a v a i l a b l e  a t  

' ' t h i s  t ime) . 
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1 

Same as P i g .  60,  f o r  1336 PDT. 

6 3 Same as F i g .  60,  f o r  1413 MDT. 

6 4 SPACE/HIPLEX s u r f a c e  map, similar t o  F ig .  57 w i t h  

. a ,  
mixing r a t i o  c a n t o u r s  o m i t t e d ,  f o r  1500 MDT, 04 

' G  August 1977. Thunderstorm i n t e n s i t y  d e s i g n a t i o n s  
as i n  Tab le  1. 

) 

65 S a t e l l i t e  images of wes te rn  U.S., on  04 August 1977, 
f o r  a )  1530 MDT ( v i s i b l e  image),  b )  2230 MDT ( v i s i b l e ) ,  
c)  1800 MUT ( v i s i b l e ) ,  d )  2100 NDT ( i n f r a r e d  image),  
e )  2230 MDT ( I R ) ,  and 0500 MDT, 05  August 1977 ( IR) .  

S i m i l a r  t o  Pig .  64,  f o r  1700 MDT, 04 August 1977. Bold 1 3 3  
dashed l i n e  i s  edge of Goodland r a d a r  echo. 

Lin~on sounding f o r  1705 MDT, 04 August 1977, p l r l t t e d  
on skew-T log-P diagram. 

Same as F i g .  56, f o r  1700-1800 MIIT, 04 August 1977. 
A i r c r a f t  f l e w  e a s t  t o  w e s t .  
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1.0 INTRODUCTION 

The purpose of t h i s  inves t igat ion is t o  determine the  influences 

of mountainous t e r r a i n  on observed pa t t e rns  of summertime cumulus and 

cumulonimbus a c t i v i t y .  Speci f ica l ly ,  it is desired t o  understand more 

f u l l y  t h e  summertime d iu rna l  p a t t e r n  of convective a c t i v i t y  over the  

mountains and p la ins  of c e n t r a l  and eas te rn  Colorado. To accomplish 

t h i s  object ive ,  da ta  taken i n  the  summer of 1977 during the  compre- 

hensive Colorado S t a t e  University (CSU) South Park Area Cumulus Experi- 

ment (SPACE) a r e  examined i n  d e t a i l .  

1.1 Statement of the  Problem 

It has long been observed i n  mountainous regions t h a t  summertime 

cumulus clouds form e a r l i e s t  i n  the  day over the  s lopes  of high moun- 

t a i n  peaks and ranges. P rec ip i t a t ion  data show t h a t  mountain ranges 

receive more r a i n f a l l  i n  t h e  summer than nearby va l l eys  and pla ins .  

In  Colorado ( l a t i t u d e  37'-41°~), summertime p r e c i p i t a t i o n  shows a 

minimum on the  western edge of t h e  Great P la ins  (elev. 1.5 km), 50- 

100 km e a s t  of the  high r idge  of the  Front Range and Sangre de Cr is to  

mountains (elev. 3.0-4.2 km) (Dirks, 1969). Radar da ta  (Henz, 1974) 

indicate  t h a t  p rec ip i t a t ing  c e l l s  tend t o  form p r e f e r e n t i a l l y  over 

c e r t a i n  east-facing slopes of the  Front Range ("hot spots") ,  and t h a t  

much of the  p rec ip i t a t ion  which does f a l l  i n  t h e  p la ins  immediately 

e a s t  of the  Front Range comes from convective c e l l s  which form over 

the "hot spots" and then move eastward over t h e  p la ins .  Thus, a l a rge ,  

populated a g r i c u l t u r a l  area  is  p a r t i a l l y  dependent on a much smaller 

genesis region f o r  v i t a l  summertime p rec ip i t a t ion .  



".... - 
On a l a r g e r  s c a l e ,  summertime p r e c i p i t a t i o n  gradual-ly i nc reases  

a s  one t r a v e l s  f a r t h e r  e a s t  from near  the Rockies. The high p l a i n s  of 

Eastern Colorado and Western Kansas depend f o r  most of t h e i r  p rec ip i t a -  

t i o n  on t r a v e l i n g  mesoscale convect ive systems, which o f t e n  take  the  

form of s q u a l l  l i n e s  (Brunk, 1953). P r e c i p i t a t i o n  and thunderstorm 

a c t i v i t y  occur progress ive ly  l a t e r  i n  t h e  day, on t h e  average, a s  one 

moves eastward (Crow, 1969; Wallace, 1975). I n  t he  c e n t r a l  U.S. (Iowa, 

&@stern  Kansas and western Nebr.$?k@), t he  d a i l y  p r e c i p i t a t i o n  maximum 

I '  
occurs j u s t  before  s u n r i s e ,  completely out  of phase wi th  t h e  d i u r n a l  

I s o l a r  hea t ing  cyc le .  Many of t h e  phys ica l  mechanisms which have been 

proposed t o  exp la in  t h i s  progress ion  a r e  based on the  presence of t h e  

Rocky Mountain b a r r i e r  t o  t h e  w e s t  and on t he  gradual  s lope  of the  

I ' 4  

p l a i n s  toward the  Rockies. '- '' ' 

By u t i l i z i n g  two case  s tudy days from t h e  SPACE 1977 d a t a  s e t ,  t h e  

processes  by which the topography of c e n t r a l  and e a s t e r n  Colorado in- 

f luences  the  var ious  s c a l e s  of convect ive a c t i v i t y  a r e  descr ibed i n  

t h i s  t h e s i s .  Surface and sounding da tg  a rk  used t o  document themorning 

evolut ion of t he  p lane tary  boundary l a y e r ,  up t o  t h e  s t age  a t  which 

cumulus c l o ~ ~ d s  develop over t h e  mountain peaks. Radar, a i r c r a f t ,  s a t -  

e l l i t e ,  and su r f ace  d a t a  show t h e  growth of thunderstorms over the  

mountains and the  ir p a t t e r n s  of new growth, t r a n s l a  t i o n ,  and propaga- 

t i o n .  F i n a l l y ,  su r f ace  da t a ,  Y'adar, s a t e l l i t e ,  soundings, and a i r c r a f t  

document one of t he  days on which mesoscale convect ive systems formed 

a t  the edge of the mountairls and nosred eastward a c r o s s  t he  p l a i n s ,  

evntua l ly  evolving and merging i n t o  a l a r g e  noc turna l  heavi ly-precipi-  

t a t i n g  mesoscale system over the c e n t r a l  p l a i n s .  



1.2 South Park Area Cumulus Experiment 

The South Park Area Cumulus Experiment (SPACE) of Colorado S t a t e  

Univers i ty  (CSU) is  a comprehensive summertime meteorological  program. 

The f i e l d  po r t ion  of t h e  program is loca t ed  i n  South Park, Colorado, 

a broad e l eva t ed  (2.6-3.2 km MSL) v a l l e y  about 120 km southwest of 

Denver (Fig. 1 ) .  The edge of t h e  p l a i n s  t o  t h e  no r th  and south  drops 

t o  about 1 .6 km, b u t  t h e  Palmer Lake Divide, a broad, p a r t i a l l y  wooded 

r idge ,  extends another  80-100 km eastward,  w i th  e l e v a t i o n s  of up t o  

2.1 krn MSL. 

The wes tern  edge of South Park,  on t h e  s lopes  o f  t h e  Mosquito 

Range, has  long been recognized as a genes is  r eg ion  f o r  cumulus and 

cumulonimbus clouds.  CSU has  p rev ious ly  conducted f i e l d  programs i n  

t h i s  a r e a  i n  1973, 1974, and 1975. The emphasis i n  t hese  programs was 

on cloud microphysics and p r e c i p i t a t i o n  processes  ( s ee  p a ~ i e l s o n ,  1975 

and Huggins, 1975). Instruments  used included rawinsondes, s u r f a c e  

weather s t a t i o n s ,  s t e r e o  cloud cameras, ra indrop  disdrometers ,  a h a i l  

Chase veh ic l e ,  10 cm search  r ada r ,  CHILL pulsed doppler  r ada r ,  powered 

a i r c r a f t ,  and t h e  Nat iona l  Center f o r  Atmospheric Research (NCAR) sail- 

plane. Much of t h e  success  of t hese  programs w a s  due t o  t h e i r  i d e a l  

l oca t ion .  Cumulus and cumulonimbus clouds form wi th  g r e a t  r e g u l a r i t y  

w i th in  a r e l a t i v e l y  small a rea .  The time of f i r s t  cumulus cloud and 

f i r s t  r ada r  echo formation can be  c l o s e l y  est imated us ing  rawinsonde 

and su r f ace  da t a .  

For 1977, t h e  scope of t h e  SPACE w a s  expanded. At ten t ion  w a s  

focused on t h e  r o l e  of t h e  mountains and South Park i n  i n f luenc ing  t h e  

mesoscale p r e c i p i t a t i o n  p a t t e r n s  of t h e  p l a i n s  and Palmer Lake Divide 



F i g u r e  1. Mak) of t e r r a i n  i n  South P a c k ,  Colorado. Regions below 
9000 f t .  (2744111) a r e  ha tched ;  r eg ions  above 10,000 f t .  ( 3 0 4 9 m )  a r e  
l i g h t l y  shaded, and r e g i o n s  above 12,000 f t .  (3659m) a r e  h e a v i l y  s l ~ a d e d .  
PAM remote s t a t i o n s  a r e  i n d i c a t e d  w i t h  dark  c i r c l e s  accompanied by t he  
s t a t i o n  number, w i th  a star  f o r  t h e  base s i t e .  CP-3 and CBS-4 radars 
lrts i n d i c a t e d  wi t h  dark t r i a n g l - e s .  



t o  the e a s t .  The v a r i w s  types of f i e l d  equipment were deployed on 

severa l  d i f f e r e n t  s p a t i a l  sca les .  
1 

The South Park s c a l e  (Fig. 1 )  is  roughly 70 km square. The main 

SPACE base was located about 10 km south of Fairplay,  Colorado on dry, 

f l a t  pasture land,  about 5 km e a s t  of t h e  wooded f o o t h i l l s  of the  Mos- 

quito Range. The base was t h e  s i t e  of t h e  SPACE micrometeorological 

experiment, which included UVW anemometers (which measure th ree  ortho- 

gonal components of t h e  wind) and thermistors,  (which measure air 

temperature) a t  various l e v e l s  on two towers, two Boundary Layer Pro- 

f i l e r  (BLP) t e t h e r  bal loons,  and a Doppler acoust ic  sounder. Rawin- 

sondes were launched fromthe CSU base d a i l y  at  1200 GW (Greenwich Mean 

Time), o r  0600 MDT (Mountain Daylight T ime ,  which i s  6 hours e a r l i e r  

than GMT), 1600 GMT (1000 MDT), and 1900 GMT (1300 MDT). On se lec ted  

days of i n t e r e s t ,  rawinsondes were a l s o  launched a t  2300 GMT (1700 MDT) 

and 0300 GMT (2100 MDT). The base was a l s o  t h e  s i te  of t h e  National 

Oceanic and Atmospheric Administration (NOAA) Lidar system, which in- 

cluded a 1 cm radar and a l a r g e  ar ray  of r a d i a t i o n  sensors a s  w e l l  a s  

the  Lidar equipment (see Danielson and Cotton, ed., 1977). 

The National Center f o r  Atmospheric Research (NCAR) Por table  Auto- 

mated Mesonet (PAM) was deployed on the  South Park s c a l e  (Cotton and 

George, 1978). Twenty remote weather s t a t i o n s  were spaced roughly on 

a 10 x 10 km g r i d ,  with th ree  ( l a t e r  reduced t o  two) remote s t a t i o n s  

located high on t h e  r idge top of t h e  Mosquito Range. Each remote 

s t a t i o n  measured wind speed and d i r e c t i o n  4 m above the  ground, wet- 

and dry-bulb temperatures and pressure from 2 m above the  ground, and 

ra inf  a l l  i n  .24 mm increments wi th  a t ipping bucket r a i n  gauge. The 
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PAM base van was loca ted  a t  the  SPACE base.  The d a t a  were obtained from 

the  remote s t a t i o n s  by r ad io  te lemet ry  once per  minute,  and were in- 

' s t a n t l y  a v a i l a b l e  f o r  d i sp l ay  by a  computer graphics  te rmina l  loca ted  

i n  t h e  base van. 

T r i p l e  Dopple :a were a l s o  taken on t h e  South Park s c a l e .  

NOAA provided t k  3.2 ,avc ngth (X-band) Doppler r a d a r s ,  and NCAR 
ft 

provided the  5 .5  cm (C-band) CP-3 radar .  NOAA-2 was loca t ed  a t  t hebase ,  

N0A.A.-1 was 2 7  km southeas t  of t h e  base,  and CP-3 was 30 km nor theas t .  

During t h e  period J u l y  10-August 1, the  CP-3 r ada r  a l s o  provided f u l l  
t i  . a  , -711  

0 
volume (360 ) scans  i n  add i t i on  t o  coord ina te  s e c t o r  scans.  CP-3 was 

chosen f o r  t h i s  t a s k  because it provides more r e l i a b l e  r e f l e c t i v i t y  d a t a  
. . ~ w s Y -  i 

than the  NOAA r a d a r s ,  and because i t s  scan r a t e  i s  f a s t e r  than the  NOAA 

r a d a r s ' ,  a l lowing i t  more f r e e  time dur ing  t h e  t r iple-Doppler  experi-  

ments t o  perform f u l l  volume scans.  Af te r  August 1, 1977, t he  10 cm CSU 

FPS-18 r ada r  (CBS-4) was a v a i l a b l e  t o  perform f u l l  volume scans.  This  

r ada r  was loca ted  on h igher  ground about 7 km southeas t  of CP-3, where 
. I  . . 1 %  

i t  had a much b e t t e r  view toward t h e  e a s t .  

A i r c r a f t  measurements were a l s o  concentrated on t h e  South Park 

scg37. The twin-engined , . , N C N i  Queenair  (304D), equipped with a  gus t  
/ 3 i  . 

probe as w e l l  a s  b a s i c  meteoro logica l  ins t ruments ,  f lew "bu t t e r f ly"  

p a t t e r n s  a t  s eve ra l  d i f f e r e n t  l e v e l s .  The f l i g h t  l e g s  covered an  a r e a  

about 33 x 37 km, cenetered on t h e  SPACE base ,  and were flown mostly i n  

t he  mornings during J u l y  1977. The NOMINCAR cloud physics  s a i l p l a n e  

flew cloud pene t r a t ions  i n  South Park during both J u l y  and August, 
. I 

of ten  i n  coord ina t ion  with t h e  Lidar  system and Doppler radar .  The 

s a i l p l a n e  was a l s o  coordinated with the t w o  Thlreau of Reclamation c loud  



' I 
physics  a i r c r a f t ,  which f lew cloud pene t r a t ion ,  f i r s t  echo s t u d i e s ,  and 

small-mesoscale (South Park s c a l e )  p a t t e r n s  dur ing  August. 
I 

I n  conjunct ion w i t h  t h e  Bureau of Reclamation High P l a i n s  Experi- 

m e n t ( H ~ P ~ ~ ~ ) , . t h e  SPACE program a l s o  gathered d a t a  over  a reg ion  ap- 

proximately 500 km ( e a s t  t o  west)  by 200 km (north t o  south)  extending 

from west of South Park t o  e a s t  of Goodland, Kansas (Fig.  2) .  Three 

rawinsondes were launched d a i l y  from Limon, Colorado, u sua l ly  a t  

0600 MDT (1200 GMT.), 1300 MDT (1900 GMT), and 1800 MDT (0000 GMT). Two 

o r  t h r e e  rawinsondes were launched d a i l y  by HIPLEX p e r s o n n e l a t  Goodland, 

Kansas, u sua l ly  a t  0600 MDT (some days) ,  1200 MDT, and 1800 MDT. These 
I 
I 

were supplemented by r egu la r  Nat ional  Weather Serv ice  (NWS) soundings 

Figure 2. Map of extended SPACE/HIPLEX experimental a r e a ,  with I 
averaged t e r r a i n  contours  every 304.8m (1000 f e e t ) .  The l a r g e  c i r c l e s  
r ep re sen t  radar  e f f e c t i v e  coverage a reas .  



a t  0600 MDT and 1800 MDT, taken a t  Denver and o t h e r  NWS s i t e s .  Seven- 

teen  recording su r f ace  s t a t i o n s  were maintained between t h e  Front Range 

and Goodland. I n  a d d i t i o n  t o  t h e  CSU FPS-18 r a d a r  prev ious ly  mentioned, 

d a t a  a r e  a l s o  a v a i l a b l e  from t h e  NWS WSR-57 r ada r  a t  Liinon (PPI photos 

and t r a c e s  only)  and t h e  HIPLEX rada r  a t  Goodland. These t h r e e  r ada r s  

gene ra l ly  provided continuous coverage of eastward moving storms from 

t h e  c e n t r a l  Rockies t o  western Kansas. S a t e l l i t e  d a t a  app l i cab le  t o  

t h i s  l a r g e r  s c a l e  a r e a v a i l a b l e  i n  v i s i b l e  and i n f r a r e d ,  with s e v e r a l  

days' d a t a  having been d i g i t i z e d  and s to red  on magnetic tape .  Two 

days of "rapid scan" satell i te imagery a r e  a v a i l a b l e ,  taken a t  t h r e e  o r  

n ine  minute i n t e r v a l s .  Also on "rapid scan1' days, supplementary rawin- 

sondes were taken a t  1200 MDT a t  f i v e  NWS rawinsonde s i t e s ,  inc luding  

Denver and Grand Junct ion ,  Colorado. 

I n  t h e  two case  s tudy  ana lyses ,  most of t hese  d a t a  sources  have 

been u t i l i z e d .  Soundings and v e r t i c a l  c r o s s  s e c t i o n s  have been con- 

s t r u c t e d  us ing  Grand Junct ion ,  South Park,  Limon, and Goodland rawin- 

sondes, t e t h e r  ba l loons ,  and powered a i r c r a f t .  Surface maps have been 

cons t ruc ted  us ing  PAM and convent ional  s u r f a c e  d a t a ,  composited with 

CP-3 r ada r  da t a .  Radar summaries using CBS-4, CP-3, Limon, andGoodland 

r ada r s  a r e  used on a l a r g e r  s c a l e ,  a l s o  composited wi th  su r f ace  da t a ,  

and compared wi th  s a t e l l i t e  cloud p i c t u r e s .  A s  each d a t a  type i s  in- 

troduced, t h e  a n a l y s i s  technique i s  decribed i n  g r e a t e r  d e t a i l .  



2.0 BACKGROUND 

y ,,' + fdL 

The e f f e c t s  of mountainous t e r r a i n  on the  formation of cumulus 

clouds and cumulonimbus systems can be divided i n t o  two bas ic  c lasses .  

One c l a s s  cons i s t s  of purely dynamic e f f e c t s  r e s u l t i n g  from d e f l e c t i o n  

o r  a l t e r a t i o n  of a pre-existing mean flow by t e r r a i n  fea tures .  Examples 

of t h i s  c l a s s  a r e  orographic cloud formation and genesis of cyclonic 

storms i n  eas te rn  Colorado, on the  lee s i d e  of the  mountains r e l a t i v e  

t o  the  prevai l ing  wester l ies .  This c l a s s  dominates p r e c i p i t a t i o n  pat- 

te rns  i n  t h e  winter ,  and during passage of synoptic storms. 

The second c l a s s  of t e r r a i n  e f f e c t s  includes dynamic and thermo- 

dynamic e f f e c t s  r e su l t ing  from the  d iu rna l  cycle  of s o l a r  heating on 

the  mountainou's t e r r a i n .  Heating and cooling of t h e  a i r  near t h e  s lope  

surface  c r e a t e s  hor izonta l  temperature and pressure gradients ,  r e l a t i v e  

t o  t h e  f r e e  a i r  a t  t h e  same elevation.  These pressure and temperature 

gradients  d r ive  various types of flow pa t t e rns ,  including slope winds, 

mountain-valley winds, ka tabat ic  outflow, e t c .  Surface heating a t  high 

elevations c r e a t e s  a very deep planetary boundary layer  (PBL) and in- 

creases t h e  i n s t a b i l i t y  of the  atmosphere. The combination of a deep 

PBL, enhanced i n s t a b i l i t y ,  and upslope winds can c r e a t e  idea l  conditions 

f o r  the  formation and growth of cumulus clouds and cumulonimbus systems. 

This c l a s s  of motion is most important i n  t h e  summer, and when synoptic 

s c a l e  forcing is  weak. i 

This chapter cons i s t s  of a review of observations and theor ies  - 
by various resharcders which r e l a t e  t o  thermally induced flow pa t t e rns  

around mountainous t e r r a i n ,  and t h e  convective storm systems which a r e  

influenced by these pa t t e rns .  Special a t t e n t i o n  w i l l  be focused on 

the  Colorado Rockies and the  Great P la ins  t o  the  e a s t .  



2.1 Slope Winds and Mountain-Valley Winds 

Local upslope winds on mountain s lopes  have been not iced  f o r  

c e n t u r i e s ,  and have been w r i t t e n  about i n  t h e  l i t e r a t u r e  s i n c e  1840 

(see  Dirks,  1969). Deta i led  a e r o l o g i c a l  s t u d i e s  of s lope  and v a l l e y  

winds were made i n  t he  Alps, i n  t he  1930s. A review of these  s t u d i e s  
1 ' 

by Defant (1951) summarized t h e  e a r l i e r  s lope  wind observatj-ons and 

t h e o r i e s  . 
Bas ica l ly ,  upslope winds a r e  caused by hea t ing  of t h e  a i r  next  t o  

t he  s lope ,  so t h a t  it is  warmer and l e s s  dense than t h e  adja,cent f r e e  

a i r  a t  t h e  same e l eva t ion .  On a mountain s lope ,  upslope winds com- 
r ;> 

mence 114 t o  314 hours  a f t e r  s u n r i s e ,  and cont inue u n t i l  sunse t  (Defant, 

1951). The depth of upslope flow is  t y p i c a l l y  100-200 m, wi th  speeds 

-1 
about 3-5 m s  . A t  sunse t ,  t h e  su r f ace  wind quickly s h i f t s  t o  a  down- 

s lope  d i r e c t i o n  through a  somewhat shal lower l aye r .  

On a l a r g e r  s c a l e ,  d i u r n a l  winds a l s o  blow up and down mountain 

v a l l e y s .  The d i s t i n c t i o n  he re  made between v a l l e y  winds and s lope  

winds is t h a t  v a l l e y  winds occur on hox igon ta l . s ca l e s l a rge r  than any 

ind iv idua l  s lope .  Hence, v a l l e y  winds do no t  n e c e s s a r i l y  blow i n  a  

d i r e c t i o n  p a r a l l e l  t o  t h e  l o c a l  t e r r a i n  f a l l  l i n e ,  a s  do s lope  winds. 

Defant (1951) repor ted  r e s u l t s  of t h e  Alpine v a l l e y  wind observa t ions  

by A .  Wagner and o the r s .  Wagner observed t h a t  t h e  d i u r n a l  temperature 

range is g r e a t e r  i n  t he  h igher  reaches of t h e  v a l l e y  than below. This 

c r e a t e s  a su r f ace  pressure  g rad ien t  which d r i v e s  t h e  v a l l e y  wind. 

Fig. 3  (from Defant,  1951) shows how s lope  winds on t h e  s i d e s  of t h e  

v a l l e y  combine w i t h  the up-and-down v a l l e y  component i n  a  complex 
I 



Schematic i l l u s  t r a t i n n  uf t he  norn~al 
d i u r n a l  v a r i a t i o n s  of t h e  a l r  cur-  
r s n t s  i n  a  v a l l e y .  (Af ter  F. Defant 
[17]. 1 

( a )  Sunr ise ;  onse t  of upslope winds 
(whi te  ar rows) ,  con t inua t ion  of 
mountain wind (b lack ar rows) .  Val ley  

(b) co ld ,  p l a i n s  warm. 
(b) Forenoon (about 1900);  s t r o n g  

s lope  winds, t r a n s i t i o n  from moun- 
t a i n  wind t o  v a l l e y  wind. Val ley  
temperature same a s  p l a i n s .  

(c)  Noon and e a r l y  a f t e rnoon ;  
d iminishing s l o p e  winds,  f u l l y  de- 
veloped v a l l e y  wind. Valley warmer 
than p l a i n s .  

(6) (d)  La te  af ternoon;  s l o p e  winds 
have ceased,  v a l l e y  wind con t inues .  

lel 

Valley con t inues  warmer than p l a i n s .  
(e) Evening; onse t  of downslope 

winds, d iminishing v a l l e y  wind. 
Valley only s l i g h t l y  warmer t han  
p l a i n s .  

( f )  Ea r ly  n i g h t ;  well-developed 
d o w n s l o ~ e  winds. t r a n s i t i o n  from 
v a l l e y  wind t o  mountain wind. Val lsy  
and p l a i n s  a t  same tempera ture .  

(g) Middle of n igh t ;  downslope 
winds con t inue ,  mountain wind f u l l y  
developed. Val ley  co lde r  than p l a i n s .  

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

Figure 3. Schematic of t h e  i n t e r a c t i o n s  between v a l l e y  winds and 
s lope  winds f o r  a  complete 24 hour d i u r n a l  cyc le .  From Defant (1951). 

manner. Wagner found t h a t  t h e  d i u r n a l  temperature and pressure  va r i a -  

t i o n s  over  t h e  c e n t e r  of t h e  va l l eywereequa l i zed  a t  about t h e  he igh t  

of t h e  surrounding r idges .  

Mountain-valley winds u s u a l l y  begin  somewhat a f t e r  s lope  winds, 

according t o  t h e  s i z e ,  shape, and aspec t  of t h e  va l l ey .  Both s lope  

and v a l l e y  winds commence earlier on s l o p e s  which f a c e  eastward and 

thus  receive enhanced s o l a r  hea t ing  dur ing  t h e  morning hours .  

Buet tnTr 
(1967) observed v a l l e y  winds of over  1 km depth ,  somewhat deeper than  

t h e  v a l l e y  i t s e l f  (Fig. 4a) ,  w i th  upslope winds on a t  l e a s t  one s i d e  of 

t he  v a l l e y  (Fig. 4a corresponds t o  Fig. 3c) .  Above t h e  v a l l e y  wind, 

an  an t i -va l l ey  wind, poss ib ly  r e t u r n  flow, e x i s t s  i n  a  l a y e r  about 

500 m deep. A similar, but  reversed ,  f low e x i s t s  a t  n i g h t  (Fig. 4b,  
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Figure 4. a )  Observed i n t e r a c t i o n  of v a l l e y  and s lope  winds near  
l o c a l  noon. S imi la r  t o  Fig.  3c. b) Observed downslope dra inage  winds 
before sun r i se .  S imi la r  t o  Fig.  3g o r  3h. From Buet tner  (1967). 

corresponding t o  Fig. 3g).  Above t h e  d i r e c t  and i n d i r e c t  c i r c u l a t i o n s ,  
I 

/ . khe  g rad ien t  wind p r e v a i l s .  

' 8 ,  Many dev ia t ions  from t h i s  idde_aJ.ized v a l l e y  flow are poss ib l e .  The 

Maloja e f f e c t ,  observed both i n  t he  Alps (Defant, 1951) and the  Cas- 

cades (Buet tner ,  1967) is  a  r e v e r s a l  of t h e  "normal" v a l l e y  wind. It 

.is caused by thermal s lope  winds which occur on a  s c a l e  l a r g e r  than 

k h a t  of t he  v a l l e y  i n  ques t ion ,  a s  might occur i f  a  l a r g e r  v a l l e y  lies 

on the oppos i te  s i d e  of a  mountain pass .  I f  a  v a l l e y  . is  , too broad, the  

I grad ien t  wind w i l l  overcome t h e  v a l l e y  flow. Whiteman and McKee (1977) 

nbserved t h a t  i n  w in te r ,  t h e  v a l l e y  wind can occur above a  s t rong  

1 4*.temperature invers ion ,  which lowers t o  t h e  su r f ace  a s  t h e  day 



. 2  Evolution of the  Subcloud Planetary Boundary Layer 

We have seen t h a t  l o c a l  slope winds and t h e  more general mountain- 

val ley  winds occur i n  response t o  thermal d i f ferences  between mountain 

slopes and t h e  adjacent  f r e e  a i r .  This thermal forc ing a l s o  l a rge ly  

determines the  s t r u c t u r e  of t h e  planetary boundary l ayer  (PBL). 

The pa t t e rn  of PBL evolution over f l a t  t e r r a i n  is w e l l  known 

(Deardorff, 1967; Tennekes, 1973). Before sunr ise ,  a surface-based 

inversion e x i s t s ,  typ ica l ly  300 m deep, above which t h e  v e r t i c a l  lapse  

r a t e  i s  almost neutra l .  After  sunr i se ,  surface  heating generates a 

t h i n  neu t ra l  l aye r  below t h e  inversion,  which slowly grows deeper, a s  

the surface  rapidly  warms. By mid-morning, t h e  nocturnal  invers ion 

is gone, and t h e  neu t ra l  PBL i s  growing rapidly  through the  marginally 

s t a b l e  l ayer ;  however, t h e  surface  temperature i s  increasing more slow- 

ly .  A s  t h e  PBL depth increases,  t h e  depth and s t rength  of the surface  

superadiabatic l ayer  a l s o  increases.  A t  t he  top of t h e  PBL, buoyant 

bubbles from t h e  surface  layer  penet ra te  above the  neu t ra l  l aye r ,  en- 

t r a in ing  mid-tropospheric a i r  and causing the  PBL t o  grow. The depth 

t o  which t h e  boundary l ayer  grows is l imi ted  by mid-tropospheric 

s t a b i l i t y ,  v e r t i c a l  motion, cloud formation, poss ib le  hor izonta l  ad- 

vection,  p rec ip i t a t ion  downdrafts, e t c .  Around sunset ,  the  surface  in- 

version re-establishes i t s e l f ,  causing a rapid ,  l a rge  reduction i n  

v e r t i c a l  mixing and shear s t r e s s .  
" , ; 

Over mountainous t e r r a i n ,  PBL evolution may be f a r  more complex. 

SPACE 1977 data  have already revealed some of these complexities. Be- 

fore  sunr ise ,  t h e  mountain slopes a c t  t o  cool the  surface  l ayer ,  gener- 

a t i n g  downslope drainage winds, which tend t o  pool t h e  coldes t ,  most 

s t a b l e  a i r  (lowest po ten t i a l  temperature) i n  l o c a l  depressions, r i v e r  



v a l l e y s ,  e t c .  (George and Cotton, 1978) .  Upvalley winds i n  South Park 

form wi th in  a  t h i n  convect ive PBL, t y p i c a l l y  1-2 hours  a f t e r  s u n r i s e  

(Banta and Cotton, 1979). The onse t  of upslope wjnds i s  o f t e n  accom- 

panied by a  sudden temperature drop and moisture i nc rease  a t  t h e  sur-  

face .  Some impl ica t ions  of t h i s  cool  upslope flow t o  v e r t i c a l  s t a b i l i t y  

and subsequent PBL evolu t ion  were revealed i n  t h e  course of t he  case  
\ ?  

s tudy  a n a l y s i s  of August 4, 1977. The d a t a  and a  more d e t a i l e d  d i s -  

cussion of PBL evo lu t ion  i n  South Park  a r c  presented  i n  chapters  4  

1 

and 5. 

Cumulus clouds have long been observed t o  form e a r l i e s t  over t h e  

s lopes  of high mountain peaks and r idges .  Rraham and Draginis  (1960), 

using a i r c r a f t  measurements, observed a  wide column of a i r ,  somewhat 

coo le r  than the  environment, over  a  mount;i.in peak i n  southern Arizona 

' : I  

a t  t h e  time of £ & s t  cumulus formation (1000 LST) . This  a i r  had been 

l i f t e d  about 1 .5  km, whereas pre-sunrise  measurements showed t h a t  t h e  

mountain b a r r i e r  produced only 300 m of orographic l i f t i n g ,  with envi- 

ronmental winds of 3-5 m s - l .  Braham and Draginis  a t t r i b u t e d  t h i s  

enhanced l i f t i n g  t o  l o c a l  convergencp over t h e  peaks and r idges  caused 

by s lope  winds. This  mechanism could ovcrc-ome the  negat ive  buoyancy 

caused by a  s t a b l y  s t r a t i f i e d  atmosphere and cool  advect ion caused by 

s lope  winds. Addi t iona l  buoyancy would r e s u l t  from a v i r t u a l  tempera- 

t u r e  excess  caused by moisture advected from low l e v e l s  by  upslope winds.  

A competing mechanism f o r  orogenic inducement of cumulus c.1ouds 

is t h e  idea  t h a t  l a r g e  amounts of p o s i t i v e  buoyancy would be c rea t ed  

by s t rong  hea t ing  on t h e  s t e e p  mountain s lopes .  Thus, a s e r i e s  of 

l a r g e ,  buoyant p a r c e l s  would be produced near  t h e  mountain peaks, and 

would r i s e  because of buoyant fo rces .  A 13assing a i r c r a f t  could sample 



t h i s  parcel  a f t e r  it  had overshot the  l e v e l  of n e u t r a l  buoyancy i n  a 

s t ab ly  s t r a t i f i e d  environment, giving the  appearance t h a t  the a i r c r a f t  

had passed through a "cold core" updraft .  An e a r l y  two-dimensional 

model study of upslope winds (Orvi l le ,  1964) indicated t h a t  cold core 

updrafts  may be important i n  an  i n i t i a l  environment whose p o t e n t i a l  

3 
temperature increased v e r t i c a l l y  a t  1 ° ~ / k m ,  while of course only buoy- 

ant  parcels  a r e  produced i n  a n e u t r a l  i n i t i a l  environment. Thus, t h e  

updrafts  w i l l  be more and more buoyant a s  the  day progresses and the  .* "'9 ? .  .,: 

@ (i". - 
,; - 

environment becomes less s table .  , 4 ,  I ,  

, 3t  i' 

In  Soutb Park, the  f i r s t  c w u l u s  clouds appear, usually over t h e  
.I , r  , : 

Mosqdito Range, a t  about 0930 MDT o r  1000 MDT (sunr ise  a t  0620 MDT) . 
SPACE a i r c r a f t  da ta  (Banta and Cotton, 1979), ind ica te  t h a t  a cold 

updraft ,  s imi la r  t o  t h a t  found by Braham and Draginis (1960) may be 

present  a t  about 0900 MDT over the  Mosquitoes. Other SPACE data ,  pre- 

sented i n  chapter  4, ind ica te  t h a t  surface  a$r parcels  a r e  thermally 
- L+ 

buoyant a t  the  time of f i r s t  cumulus cloud 'formation. 

2 . 3  Mountain Thunderstorm Formation, Movemdnt, and Propagation 

, % 2 ,  

: Convective p rec ip i t a t ion  (Fuj i t a ,  1967) and radar  p r e c i p i t a t i o n  

echoes (Huggins, 1975) a l s o  tend t o  be maximized near the  highest  

mountain peaks, f o r  many of t h e  same reasons t h a t  small cumulus clouds 

" form e a r l i e s t  over these peaks. I n  t h i s  sec t ion,  we w i l l  d iscuss  the  

formation of the  f i r s t  thunderstorWs dver tlie mountains and t h e i r  sub- 

sequent pa t t e rns  of t r a n s l a t i o n  and propagation. 

The regular  occurrence of thunderstorms which a r e  induced by 

thermal heat ing on the  elevated t e r r a i n  (which we c a l l  "orogenic" 

thunderstorms) i n  o r  near South Park makes i t  an i d e a l  s i te  f o r  a 

frafiety of c6nV.fdctive storm research a c t i v i t i e s .  Danielson (1975) 



I I - .  
used steaea photogrammetry t o  measure i n i t i a l  cumulus s i z e  and sub- 

. sequent  growth dur ing  SPACE 1973. Huggins (1975) used a n  M-33 r ada r  

t o  document i n i t i a t i o n  and growth of p r e c i p i t a t i o n  echoes i n  t h e  same 

clouds. Some ideas  of t he  processes  which i n i t i a t e  mountain thunder- 

storms can be  gained by comparing t h e i r  cloud and echo obse rva t ionswi th  

t h e  a v a i l a b l e  South Park rawinsondes. 

South Park soundings from 1973 i n d i c a t e  t h a t  a s t rong ly  s t a b l e  o r  

i nve r s ion  l a y e r  was p re sen t  i n  t he  l a y e r  500 mb - 400 mb on manyconvec- 

t i v e  days, e a r l y  i n  t h e  day. Averaged soundings from 12 experimental 

days (days on which mountain thunderstorms were observed with r a d a r ) ,  

taken a t  0800 MDT and 11.30 MDT (Huggins, 1975),  i n d i c a t e  t he  following: 

i )  The s t r e n g t h  and y e y t i c s l  ex t en t  of t h e  s t a b l e  l aye r  decreased 

between 0800 MDT (before  any smal l  cumulus clouds had formed) 

and 1130 MDT ( a f t e r  formation of orogenic cumulus c louds) .  

i i )  By 1130 MDT, t h e  convect ive PBL extended up t o  550 mb, - o r  -. 

about 5.0 km MSL. 
, 1" . 2 b 

, i&i) Average convect ive c l aud  base was a l s 0 ~ 5 5 0  mb wi th  an a rea  
, '  , 51' 

of p o s i t i v e  buoyancy ( cond i t i ona l  i n s t a b i l i t y )  extending t o  

the  average inve r s ion  l e v e l  a t  460 mb (6 .2  km MSL). 

~ u g g i n s '  average f i r s t  r a d a r  echo f o r t h e  12 cases  i n  1973 extended 

from 505 mb a t  t h e  echo base t o 3 8 5  mb, o r  7.5 kmMSL, a t  t h e  i n i t i a l  echo 

top. Thus, t h e  f i r s t  echooccurred i n a c o n v e c t i v e  thermal which penet ra ted  

t h e  l e v e l  o f t h e  mean i n v e r s i o n a t 4 6 0  mb. Average t i m e  of t h e  f i r s t  echoes 

was 1200 MDT, somewhat a f t e r t h e  1130 MDT rawinsondes, which sugges ts  

t h a t  cumulus convec t ionwasbeing  cappedbyaweakeninginversion a t  460mb 

on the1130 MDT soundings. Danielson (1975) presented a c a s e  i n  wh ich the  



height of small orogenic cumulus clouds grew t o  7.0 km MSL before 

1000 MDT, then remained constant u n t i l  1045 MDT, when one cloud sudden- 

l y  grew t o  over 15 km. The 1000 MDT sounding f o r  t h a t  day shows a weak 

, s t a b l e  l ayer  a t  410 mb, o r  7.0 km. 

The pa t t e rn  of these observations can be explained p a r t l y  a s  being 

a case of clouds modifying t h e  environment. The e a r l i e s t  cumulus clouds 

would form below t h e  inversion,  with cloud top a t  or j u s t  above the  

inversion, due t o  the  upward momentum of the  buoyant cloud parcels .  By 

a process of warming below t h e  inversion through r e l e a s e  of l a t e n t  heat ,  

and cooling above t h e  inversion by evaporation a t  cloud top, the small 

cumulus clouds would tend t o  el iminate the inversion and c rea te  a moist 

ad iaba t i c  l apse  r a t e  i n  the  cloud layer .  Simultaneously, the  deep PBL 

would slowly warm up, f u r t h e r  decreasing s t a b i l i t y .  Thus, t h e  b a r r i e r  

t o  deep convection would be removed by about 1200 MDT, allowing forma- 

t i o n  of clouds deep enough, and wi th  cold enough tops,  t o  i n i t i a t e  

an ice-phase p rec ip i t a t ion  process and form p r e c i p i t a t i o n  radar echoes: 

A radar climatology of f i r s t  echoes (Huggins, 1975) i n  the  South 

Park a rea  revealed the  presence of preferred  mountain thunderstorm I 
genesis areas ,  o r  radar  "hot spots". Two of t h e  s t rongest  of these  a re  

on the  e a s t  s lope of the  Ten-mile Range j u s t  north of Hoosier Pass 

and on the  eas tern  f o o t h i l l s  of the  Mosquito Range a few km northwest 

of the  SPACE base. Using Limon radar data ,  Henz (1974) showed t h a t  

f i r s t  echoes preferred c e r t a i n  areas  of t h e  Front Range, p a r t i c u l a r l y  

east-facing s lopes  between 2.0 km and 2.3 km MSL. Henz' study did not 

include t h e  higher ranges of the  Rockies o r  South Park. Median t i m e  

of e a r l i e s t  echo formation was about 1100 MDT in most of ~ e n z '  Front 

Range "hot spots1'. This might be s l i g h t l y  e a r l i e r  than the  time of 



f i r s t  echo i n  South Park. Henz concluded t h a t  t h e  importance of "hot 

spots"  was a s soc i a t ed  w i t h  t h e i r  favorable  s lope ,  a spec t ,  and acces s  
/ 

t o  P l a i n s  low-level moisture,  which would c r e a t e  mois t ,  convergent 

upslope winds over t he  ,"hot spots" .  Thus l a r g e r ,  mois te r  cloud pa rce l s  

than those occurr ing  i n  South Park might overcome t h e  upper invers ion  

more e a s i l y .  The s i g n i f i c a n c e  of "hot spots"  t o  High P l a i n s  p rec ip i t a -  

t i o n  p a t t e r n s  w i l l  be d iscussed  i n  a l a t e r  s e c t i o n ,  
. -1 

f 

Once formed, e a r l y  mountain convect ive c e l l s  ( p r e c i p i t a t i o n  echoes) 

tend t o  move and propagate downwind r e l a t i v e  t o  t h e  mean upper winds, 

which a r e  u sua l ly  (but  n o t  always) between southwest and northwest.  . ' t * . - r ' l , : i -  
4 ' p1 

Whether o r  no t  t hese  systems can p e r s i s t  and grow as they move away 

from t h e i r  genes i s  reg ion  is  dependent on a complep set of environmental 
-! 1 

condi t ions .  

' , .  , I f  

Erbes (1978) s tud ied  the  motions of echo systems d e t e c t a b l e  from 

t h e  Kenosha Pass  r ada r  s i t e  dur ing  t h e  1974 SPACE f i e l d  program. H e  

'found t h a t  those  systems which moved a s u b s t a n t i a l  d i s t a n c e  downwind 

d id  so by means of  d i s c r e t e  propagat ion on t h e i r  forward edge (downwind 

and downshear r e l a t i v e  t o  t h e  cloud l a y e r ) .  The r i g h t  forward f l a n k  

of t h e  storm system ( r e l a t i v e  t o  mean winds) w a s  t h e  p re fe r r ed  l o c a t i o n  

f o r  new c e l l  growth. C e l l  speed was usua .11~  about h a l f  of mean wind 
', . 

speed, while  system propagat ion speed sometimes exceeded wind speed. 

Erbes proposed t h a t  t h i s  propagat ion could b e  explained a s  occurr ing  

i n  an  a r e a  of convergence between coherent  upslope e a s t e r l y  winds (con- 

t a i n i n g  enhanced low-level moisture)  and p e n e t r a t i v e  downdrafts from 

t h e  a l r eady  e x i s t i n g  c e l l s .  These downdrafts would se rve  t o  b r ing  

wes ter ly  momentum from the  cloud l a y e r  down t h e  sur face .  Being 



h i l l ,  a l s o  tending t o  i nc rease  t h e i r  wes t e r ly  momentum, and thus  in- 

cooler  than t h e  low-level environment, t h e  downdrafts would flow down- 

c rease  t h e  amount of low-level convergence ahead of t h e  storm system. 

A major o b j e c t i v e  of SPACE 1977 w a s  t o  explore  t h i s  concept f u r t h e r ,  

using PAM s u r f a c e  s t a t i o n s  t o  l o c a t e  t h e s e  "downdraft f ron t s "  i n  space 

' 

and time, and r a d a r  t o  d e t e c t  developing c e l l s .  Erbes a l s o  not iced  t h a t  

t h e  s t r e n g t h  of a propagat ing system w a s  g r e a t e r  when mean winds were 

s t ronge r .  This  could be  due p a r t l y  t o  s t ronge r  convergence r e s u l t i n g  

from s t r o n g e r  downdraft winds. 

Eastward propagat ing systems such as those  examined by Erbes (1978) 

were t h e  prime focus  of t h e  SPACE 1977 f i e l d  program. I n  t hese  systems, 

t h e  d i r e c t i o n  of t h e  upper winds, v e r t i c a l  wind shear ,  thunderstorm 

downdrafts, c e l l  t r a n s l a t i o n ,  and system propagat ion a r e  a l l  b a s i c a l l y  

wes ter ly .  Thus, i nd iv idua l  c e l l  downdrafts a c t  t o  i nc rease  convergence 

ahead of t h e  c e l l  and d i r e c t l y  promote system propagation. However, 

t h e  case  s tudy  a n a l y s i s  of J u l y  19, 1977 (chapter  3) has  revealed t h a t  

another  type o f  s torm outflow-induced propagat ion may a l s o  be important 

on c e r t a i n  days. This  is t h e  so-cal led "densi ty  cu r r en t "  observed in 

t r o p i c a l  s q u a l l  l i n e s  (Moncreif f and M i l l e r ,  1976). I n  c e l l  environ- 

ments w i th  b a s i c a l l y  two-dimensional wind shea r  (speed but  n o t  d i rec-  

t i o n a l  s h e a r ) ,  t h e  downdrafts from many convect ive c e l l s  can form a 

pool of cool ,  r a in -ch i l l ed  low-level a i r  which flows a g a i n s t  t h e  pre- 

v a i l i n g  wind, even though each ind iv idua l  downdraft h a s  downwind momen- 

tum. This  low-level flow c r e a t e s  convergence and increased  low-level 

moisture on t h e  upshear-side of t h e  convect ive system, a s  w e l l  as pro- 

v id ing  increased  v e r t i c a l  wind shea r  in t h e  c e l l  environment. Thus, 

the  i n t e n s i t y  of t he  convect ive storms w i l l  be enhanced, whi le  t h e  



storm w i l l  propagate d i s c r e t e l y  from t h e  upshear s i d e .  I n  chapter  3 ,  

we w i l l  r e l a t e  t h i s  concept t o  a c t u a l  observa t ions  from Ju ly  19.  

',$k ' 
2.4 Signi f icance  of Topographic Inf luences  on High P l a i n s  Convective 

A c t i v i t y  

The region of t h e  High P l a i n s  immediately t o  t he  e a s t  of t h e  Rocky 

Mountain f o o t h i l l s  is a heav i ly  populated mixture of a g r i c u l t u r a l  a r e a s  

and urban c e t e r s .  Mean summertime p r e c i p i t a t i o n  d a t a  (Fig.  5) show 

t h a t  much of t h i s  zone r ece ives  l e s s  summertime r a i n f a l l  than e i t h e r  

t h e  mountains t o  t h e  w e s t  o r  t h e  e a s t e r n  Colorado p l a i n s .  High amounts 

of r a i n f a l l  a r e  concent ra ted  over  t h e  h ighes t  ranges,  wi th  a minimum 

coinc id ing  wi th  South Park. A maximum extends ou t  i n t o  t h e  p l a i n s  

no r theas t  of Colorado Springs,  co inc id ing  wi th  t h e  Palmer Lake Divide, 

As one moves e a s t  toward fhk.Kansas border ,  t o t a l  summer p r e c i p i t a t i o n  

gradual ly  i nc reases .  The dry reg ion  immediately east of t he  f o o t h i l l s  

i s  more remote from t h e  Gulf of Mexico source of low-level moisture 

than a r e a s  t o  t h e  e a s t .  A t  t h e  same time, t h i s  r eg ion  l a c k s  the  d i r e c t  

t e r r a i n  fo rc ing  of cumulus clouds p re sen t  i n  t h e  mountains t o  t h e  west.  

A l a r g e  propor t ion  of convect ive p r e c i p i t a t i o n  which f a l l s  on 

t h e  e a s t e r n  Colorado p l a i n s  comes from. mesoscale ca_gy-e.cay> systems, 
I?  3 

wMch o f t e n  take  t h e  form of s q u a l l  l i n e s  (Henz, 1975). These mesoscale 

convect ive systems occur most o f t e n  i n  t h e  a f te rnoon i n  e a s t e r n  Colorado. 

Thus, t h e i r  i n i t i a t i o n  may o f t e n  be co inc ident  i n  space and time with 

t h e  eastwardly propagat ing thunderstorm systems which have t h e i r  o r i g i n s  

i n  mountain thunderstorms. I n  t h i s  s e c t i o n ,  observa t ions  of t hese  

storms immediately e a s t  of t h e  Rockies a r e  examined. The development of 

p l a i n s  mesoscale systems a r e  documented, and poss ib l e  connections with 



Figure 5. Colorado map showing normal May-September p rec ip i t a t ion  
(1931-1960) e a s t  of longitude 106OW. I s o l i n e s  a r e  i n  inches ( 1  in .  = 
25.4m). From Dirks (1969). Analysis from U.S. Department of Commerce 
map 

t h e  d iu rna l  mountain thunderstorms a r e  suggested. Also, some proposed 
j . I  8 

dynamic mechanisms f o r  squal l - l ine  formation which occur on s c a l e s  

l a rge r  than tha t  of mountain thunderstorms w i l l  be examined. Final ly ,  

the connection between these afternoon systems of t h e  western p la ins  
I 

and t h e  well-known nocturnal p r e c i p i t a t i o n  maximum of t h e  c e n t r a l  

Great Pla ins  w i l l  be invest igated.  



The time of maximum echo genera t ion  genera l ly  occurs  a t  about 

1300 MDT f o r  almost a l l  mountainous a r e a s  i n  c e n t r a l  and e a s t e r n  Colo- 

rado (EIenz, 1974). However, t h e  frequency of echo genera t ion  is  much 

g r e a t e r  over a few "hot spots"  than over  t h e  remainder of t h e  mountains 

and f o o t h i l l s .  Henz found t h a t  h o t  s p o t s  e x i s t e d  w e l l  ou t  i n t o  the  

p l a i n s  along the  Cheyenne Ridge and t h e  Palmer Lake Divide. Among 

the  s t ronges t  of t h e  Front Range genes i s  a r e a s  is t h e  v a l l e y  of t h e  

South P l a t t e  River d i r e c t l y  e a s t  of South Park. The no r th  s lope  of 

t he  Palmer Lake Divide is  an eastward ex tens ion  of t h i s  h o t  spot .  A 

storm moving eastward from South Park would pass  through each of these  

reg ions  i n  turn .  Henz d id  n o t  t a b u l a t e  r a d a r  echoes over  mountainous 

a r e a s  h igher  than 2.3 km e l e v a t i o n ,  due t o  a t t e n u a t i o n  of t h e  r ada r  

beam by t e r r a i n  f e a t u r e s  (scan e l e v a t i o n  angle  of t h e  NWS WSR-57 r ada r  

0 at Limon was only $ ) .  A s i m i l a r  p a t t e r n  e g i s t s  on t h e  easL s lopes  of 

rhe Black H i l l s  of South Dakota (Kuo and O r v i l l e ,  1973).  Radar s t u d i e s  

t h e r e  have shown an  echo maximum over  t h e  h ighes t  peaks a t  about 1300 

l o c a l  time, wi th  subsequent movement of t h e  echo maximum downwind a s  
I 1  

t h e  a f te rnoon progresses .  

Both p r e c i p i t a t i o n  and severe  weather even t s  over  t h e  High P la ins  

were r e l a t e d  by Henz (1974) t o  Front Range "hot spots" .  Forty-one 

percent  of convect ive systems and seventy-three pe rcen t  of severe  

weather producirlg systems observed i n  Henz' r ada r  s t u d i e s  o r ig ina t ed  
1 :  . -  > L :  , ,- .'1 

over "hot spots" .  

A two-dimensional numerical v o r t i c i t y  model was used by Dirks 

(1969) t o  s imula te  t h e  p a t t e r n  of mean flow and v e r t i c a l  motion i n  t h e  

l e e  of a north-south mountain b a r r i e r  ( t h e  Front  Range). The model 



predicted t h a t  r e tu rn  flow from l a r g e  s c a l e  slope winds would c r e a t e  

a zone of s t rong subsidence 50-100 km e a s t  of t h e  mountain b a r r i e r .  

Farther e a s t ,  the  model predicted weak upward motion a t  t h e  top of 

the boundary layer .  Thus, t h e  predicted p a t t e r n  of v e r t i c a l  motion was' 

somewh'at consis tent  with t h e  observed summer t i m e  p r e c i p i t a t i o n  shown 

i n  Fig. 5. Henz' (1974) and Wetzel's (1973) radar cl imatologies con- 

f irm t h e  exis tence  of a suppressed region immediately e a s t  of t h e  

mountains, and Wetzel (but no t  Henz) f inds  a moderate genesis area  

f a r t h e r  e a s t .  Both Henz and Wetzel confirm t h e  preference of 

convective development f o r  t h e  Cheyenne Ridge and Palmer Lake Divide 

areas.  Henz a l s o  found t h a t  many areas  of t h e  p la ins- foothi l l s  in te r -  
* ,  

face  had a secondary maximum of convective development a t  about 1600- 

1800 MDT. This may be p a r t l y  due t o  the  i n i t i a t i o n  of thunderstorms 

by evening downslope drainage winds, which would c r e a t e  low-level con- 

vergence a t  the  foot  of the  slopes. 

The l a r g e  north-to-south gradients  of p r e c i p i t a t i o n  and radar 

a c t i v i t y ,  associated espec ia l ly  with t h e  Palmer Lake Divide area ,  point! 

out  the  inadequacy of a two-dimensional approach t o  eas te rn  Colorado 

convective pat terns .  A recent  appl ica t ion of the  Pielke three-dimen- 

s iona l  mesoscale model (Pielke,  1974) t o  the  topography of Colorado was 

done by Hughes (1978). When i n i t i a l i z e d  with an ac tua l  case study 

sounding (from Aug. 4,  1977), and driven by r e a l i s t i c  surface  tempera- 

tu res ,  t h i s  model generates l a rge  s c a l e  pa t t e rns  of terrain-generated 

convergence and divergence which a re  consis tent  with observed convec- 

t i v e  pa t t e rns ,  including the  enhancement of v e r t i c a l  motion over t h e  

Palmer Lake Divide i n  t h e  afternoon. However, t h i s  model f a i l e d  t o  

develop the  upslope surface  winds commonly observed i n  the  afternoon. 



Crow (1969) graphed t h e  d i u r n a l  p a t t e r n  of "major" p r e c i p i t a t i o n  

events  ( r a i n  > 2 . 5  mm/hr) f o r  each of a s e r i e s  of north-to-south l i n e s ,  

extending from t h e  western edge of t h e  p l a i n s  t o  e a s t e r n  Kansas (Fig.6). 

He found t h a t  t h e  d a i l y  maximum occurred a t  17-1800 MDT a t  t he  western 

l i n e  of s t a t i o n s  (F t .  Coll ins-Pueblo) ,  2200 MDT a t  t h e  Colorado-Kansas 

border ,  and 0300 MnT (same a s  Cent ra l  Standard Time, CST) t h e  next  day 

i n  e a s t e r n  Kansas and Nebraska. Wetzel (1973) shows a s i m i l a r  sequence 

f o r  r ada r  echoes i n  e a s t e r n  Colorado, with a maximum i n  r ada r  echoes a t  

2000 MDT i n  e a s t e r n  Colorado, compared t o  2200 MDT f o r  Crow's major 

p r e c i p i t a t i o n  even t s  f o r  t h e  same reg ion .  Thus, l a r g e  r a i n f a l l  events  

- l r  

occur a t  a l a t e r  t i m e  than do a l l  echoes i n  e a s t e r n  Colorado. This  is  

no t  c o n s i s t e n t  with t h e  d i u r n a l  t r end  i n  s t a t i c  s t a b i l i t y ,  s i n c e  t h e  

l a r g e s t  storms occur a f t e r  sunse t ,  when s t a b i l i t y  would be increas ing .  

L 
r .! t 

The well-known Great P l a ins  noc turna l  p r e c i p i t a t i o n  a r e a  is lo-  

ca ted  i n  e a s t e r n  Kansas and Nebraska, near  t h e  Genoa-Wichita l i n e  in 

Fig. 6. Thunderstorm d a t a ,  s t r a t i f i e d  i n t o  qua r t e r  days (Fig. 7 )  
.: 4 .  . < 

demonstrate t h e  ex i s t ence  of t h i s  region and a l s o  show t h a t  t he  High 

P l a i n s  of e a s t e r n  Colorado a r e  a r eg ion  of r a p i d  t r a n s i t i o n  between an 

a r e a  of daytime convection t o  t h e  west  and night-time convection t o  

t he  e a s t .  

The t r a n s i t i o n a l  na tu re  of t h e  reg ion  of e a s t e r n  Colorado is  em- 

phasized i n  a rawinsonde a n a l y s i s  by Holzworth (1964). In  t h i s  s tudy,  

t he  maximum mixing depth, approximately the  maximum a l t i t u d e  reached 

by thermally-forced pa rce l s  i n  the  a f te rnoon,  was determined fox 45 

rawinsonde s t a t i o n s  i n  t he  contiguous United S t a t e s .  The d a t a  were 
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Figure  6. a )  S ix  groups of s t a t i o n s  wi th  north-south o r i e n t a t i o n s  
used i n  t h e  t iming a n a l y s i s  of convect ive shower a c t i v i t y .  b )  Timing of 
major convect ive a c t i v i t y  f o r  ten-year summary of hour ly  p r e c i p i t a t i o n  
> .10 inch f o r  t h e  s i x  groups of s t a t i o n s  (from Crow, 1969). - 



Figure 7. Percentage of summer thunderstorm occurrences per 
quarter day. From Hydrometeorological Report, 1947. 



s t r a t i f i e d  by months. The r e s u l t s  f o r  July a r e  shown i n  Fig. 8a. Dry, 
I .  

mountainous s i t e s  i n  t h e  Southwest have mixing depths of over 3 km AGL 

while the  c e n t r a l  p la ins  have very t h i n  mixing l ayers ,  less than 1.5 km 

AGL (Denver, unfortunately ommitted from t h i s  analys is ,  would be 

expected t o  have an intermediate r e s u l t ) .  When the  afternoon l i f t e d  

condensation l e v e l  (LCL) is  compared t o  the  maximum mixing depth, an 

in te res t ing  pa t t e rn  is  obtained (Fig. 8b).  Even considering t h e  high 

Figure 8. a )  The mean maximum mixing depth (m) f o r  July ,  from 10 
years sounding data  over t h e  contiguous United S ta tes .  b) Differences, 
in meters, between mean l i f t e d  condensation l e v e l  and mean maximum 
mixing depth f o r  July.  A pos i t ive  value (dashed contours) indica tes  
t h a t  the  condensation l e v e l  i s  higher than the mixing depth. From 
Holzworth (1964). 



values  of low-level moisture p re sen t  i n  t h e  c e n t r a l  p l a i n s ,  the  LCL 

is above t h e  mixing depth, whi le  t h e  LCL occ.urs we l l  w i th in  t h e  mixing 

depth f o r  d ry  Southwestern l o c a t i o n s .  Thus, convect ive clouds i n  t h e  

c e n t r a l  p l a i n s  tend not  t o  be  produced by v e r t i c a l  thermal  forc ing  i n  

the  summer. This  r e s u l t  emphasizes t h e  n e c e s s i t y  of mesoscale low- 

l e v e l  convergence i n  t he  c r e a t i o n  of p l a i n s  convect ive storms. 

Wallace (1975) determined t h e  d i u r n a l  p a t t e r n  of p r e c i p i t a t i o n  

over t h e  U.S. by harmonic a n a l y s i s  of t e n  yea r s  of hour ly  p r e c i p i t a t i o n  

da ta .  He found t h a t  a l l  p r e c i p i t a t i o n  events ,  heavy r a i n f a l l ,  and 

thunderstorms have a s t rong  d i u r n a l  peak a t  1700 MDT a t  Denver (June- 

August d a t a ) .  A s  one moves eastward, heavy r a i n f a l l  (>2.5 mrn/hr) has  

a progress ive ly  l a t e r  peak, on about t h e  same schedule a s  Crow's d a t a  

(Fig. 6 ) .  A 1 1  p r e c i p i t a t i o n  events  ( inc luding  t r a c e  events )  peak 

l a t e r  i n  the  n igh t  and have less d i u r n a l  modulation, while  thunder- 

storms peak e a r l i e r  and a r e  more s t r o n g l y  modulated. Thus, i n  e a s t e r n  

Kansas, a l l  p r e c i p i t a t i o n  peaks a t  0500 LST, heavy r a i n  peaks a t  

0300 LST, and thunderstorms a r e  most p reva len t  a t  midnight. This would 

i n d i c a t e  t h a t  whi le  t h e  occurrence  of p r e c i p i t a t i o n  is  complete1.y ou t  

of phase wi th  t h e  d i u r n a l  c y c l e  of s t a t i c  s t a b i l i t y ,  t h e  s e v e r i t y  of 

convection is  more i n  phase with t h e  s o l a r  hea t ing  cyc le .  

While t h e  occurrence of thunderstorms i n  t h e  mountains can b e  

s t r o n g l y  c o r r e l a t e d  with thermodynamic f a c t o r s  caused by d i u r n a l  

hea t ing ,  t h e  r i s e  of p l a i n s  mesoscale systems must be con t ro l l ed  by 

mesoscale dynamic f ea tu re s .  Bleeker and,Andre (1951) used 2 yea r s  of 

4 times d a i l y  P i b a l  d a t a  f o r  ~ u g u s k  t o  compute divergence and conver- 

gence a t  t h r e e  d i f f e r e n t  l e v e l s  (Fig. 9 ) .  They found t h a t  s t rong  



Figure 9. Change i n  divergence between two success ive  s e t s  of I 

bal loon  wind observa t ions ,  f o r  a l l  days i n  August 1947 and August 1948. 
a )  2200-0400 CST (Cent ra l  Standard Time; same a s  MDT, o r  Mountain Day- 
l i g h t  T h e )  o r  night t ime.  b)  0400-1000 CST, e a r l y  morning. c )  1000- 
1600 CST, midday. D) 1600-2200 CST, evening, Levels are 1.2 km (4000 
f t . ) ,  3.0km (10,000 f t . )  and 5.5km (18,000 f t . ) .  From Bleeker and 
Andre (1951) . 
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divergence was generated a t  low l e v e l s  throughout the  Great Pla ins  

during the  day (Fig. 9c, 1000-1600 CST), wi th  a maximum of divergence 

i n  eas te rn  Colorado a t  10,000 f t  (3.0 km). During the  l a t e  afternoon 

and ea r ly  evening (Fig. 9d, 1600-2200 CST), convergence was generated 

a t  10,000 f t (3.0 km) (near the  top of t h e  PBL) i n  the  p la ins ,  with a 

maximum i n  northeastern Colorado. Throughout t h e  n ight  (Fig. 9a, 

2200-0400 CST), s trong low-level convergence was generated over the  

cen t ra l  p la ins ,  with divergence a t  low and middle l e v e l s  over t h e  

western p la ins .  

S e r i a l  rawinsonde da ta  taken a t  Fort  Worth, Texas (Hering and 

Borden, 1962) and a t  Denver, Amarillo, Texas, and Dodge City, Kansas 

(Dirks, 1969) reveal  d iurnal  o s c i l l a t i o n s  a t  both lower and upper 

levels .  The westerly departure from t h e  mean a s  a function of time is 

shown f o r  three  s t a t i o n s  i n  Fig. 1 0 , f o r  28 r e l a t i v e l y  undisturbed 

sunmer days. The diurnal  pa t t e rn  a t  Dodge City and Amarillo l a g s  tha t  

a t  Denver by 5-6 hours. Notice a l s o  t h k  t h e  depth of t h e  lower osc i l -  

l a t i n g  c e l l  is g rea tes t  a t  Denver, such t h a t  t h e  3 km l e v e l  is t h e  l e v e l  

of g r e a t e s t  o s c i l l a t i o n  a t  Denver, while t h i s  l e v e l  is  above the  os- 

c i l l a t i n g  c e l l s  a t  the  o ther  s t a t i o n s .  This agrees q u a l i t a t i v e l y  with 

Fig. 8, where the  l a r g e s t  generation of convergence and divergence a t  

3.0 km occurs over eas te rn  Colorado, but  not  f a r t h e r  e a s t .  Wetzel 

(1973) used s e r i a l  rawinsondes from t h e  NHRE area  i n  northeastern 

Colorado t o  show a s imi la r  d iu rna l  wind s h i f t  f o r  "moderate" convective 

p rec ip i t a t ion  days ("dry" and "wet" days were dominated by westerly 

(dry) and southeas ter ly  (wet) synoptic winds). By 1800 MDT on moderate 

days, winds had s h i f t e d  through north t o  almost due e a s t  i n  t h e  l ayer  



su r f ace  (890"mb) -740 mb ( ~ 1 . 5  km deep).  Modahl (1978) used 3 years  

of NHRE d a t a  t o  show a s i m i l a r  r e s u l t  ( s h i f t  from west t o  e a s t  a t  

low l e v e l s ) ,  bu t  by h i s  s t r a t i f i c a t i o n  of days, h a i l f a l l  days had 

t h e  g r e a t e s t  s h i f t  dur ing  t h e  day, and t h e  g r e a t e s t  westward moisture 

advect ion.  

Dirks (1969, chapter  V I I )  reviewed t h e  many poss ib l e  atmospheric 

waves which could se rve  t o  modulate mesoscale convect'% a c t i v i t y  i n  

t he  l e e  of t h e  Rockies. Of p a r t i c u l a r  i n t e r e s t  were i n t e r n a l  g r a v i t y  

waves a t  t h e  top  of t h e  p l ane ta ry  boundary l a y e r  and mountain l e e  waves. 

Dirks concluded, however, t h a t  no wave phenomenon could be found which 

p e r s i s t e d  a c r o s s  such a broad range of con i t i ons  as t h e  observed con- 

vec t ive  p a t t e r n .  A d e t a i l e d  look a t  t h e  many types  of atmospheric 

waves is beyond t h e  scope of t h i s  paper.  T ,  I 

CI 

A r e l a t e d  boundary l a y e r  phenomenon which may b e  s i g n i f i c a n t  t o  

t t h e  propagat ion process  i s  t h e  so-cal led "low l e v e l  j e t " .  A pe r s i s -  

t e n t  f e a t u r e  of t h e  c e n t r a l  U.S., e s p e c i a l l y  t h e  southern p l a i n s ,  i s  

a low-level maximum i n  wind speed. Blackadar (1957) observed t h a t ,  i n  

many cases ,  t h i s  maximum occurs  be fo re  s u n r i s e  a t  t h e  top of t he  well-  

developed noc tu rna l  inverson ( t y p i c a l l y  500 m AGL). Blackadar showed 

t h a t ,  under cond i t i ons  of cops tan t  geostrophic flow, t h e  excess of wind 

speed over geos t rophic  a t  n igh t  was s i m i l a r  t o  t h e  d e f i c i t  of wind 

speed below geostrophic dur ing  t h e  day. He  der ived an i n e r t i a l  o s c i l -  

l a t i o n  which would have t h e  g r e a t e s t  amplitude j u s t  above t h e  inversion,  

where t h e  d i f f e r e n c e  between daytime and night t ime shear  s t r e s s  would 

be g r e a t e s t .  This  o s c i l l a t i o n  has  a per iod of one-half pendulum day 

o r  1 2 h r / s i n  (I (where 4 = l a t i t u d e ) ,  which would b r i n g  t h e  i n e r t i a l  and 



geostrophic components i n t o  phase 8-12 hours a f t e r  sunset  i n  the  c e n t r a l  

C 

U.S., c rea t ing  a supergeostrophic wind speed maximum. The o s c i l l a t i o n  

would c r e a t e  a departure vector  from geostrophic which would r o t a t e  i n  

a clockwise sense. This clockwise r o t a t i o n  has been observed by Hering 

and Borden (1962), Bonner (1968), and many others .  

Low-level wind maxima occur most frequently i n  the  area  of western 

Kansas and Oklahoma (Bonner, 1968, Fig. 11).  When simultaneous wind 

data a r e  p lo t t ed  f o r  a low hor izonta l  surface  (such a s  t h e  850 mb 

l e v e l ) ,  a coherent p a t t e r n  s imi la r  t o  an upper l e v e l  j e t  stream is 

sometimes revealed. On t h e  northern, o r  downstream s i d e  of t h e  jet 

maximum, low-level convergence occurs, which can be corre la ted  with 

nocturnal thunderstorm a c t i v i t y  (Pitchford and London, 1962). Bonner 

(1968) shows t h a t  these jet maxima tend t o  recur i n  a r e l a t i v e l y  small 

a rea  i n  Kansas and Oklahoma (Fig. 12).  Thus, the  downstream conver- 

gence associa ted  with t h e  low-level jet occurs i n  roughly the  same 

a rea  a s  nocturnal  showers (Fig. 7 )  and low-level convergence (Fig. 8) 

already mentioned. This hor izonta l  jet p r o f i l e  and the  v e r t i c a l  low- 

l e v e l  wind maximum a r e  both re fe r red  t o  a s  a "low-level jet" by d i f -  

f e ren t  authors. 

While t h e  observations of the  low-level j e t  s e e m  t o  r e l a t e  well  

t o  t h e  observed nocturnal  p rec ip i t a t ion  maximum, a complete explanation 

of t h e  jet and its re la t ionsh ip  t o  t h e  west-to-east pa t t e rn  of meso- 

s c a l e  propagation have not  been forthcoming. Blackadar (1957) mentions 

t h a t  the  phase of h i s  f r e e  i n e r t i a l  o s c i l l a t i o n  depends on the  i n i t i a l  

departure vector  from geostrophic a t  sunset .  Extending t h i s  concept, 

we observe t h a t  an e a s t e r l y  component of t h e  d i r e c t  slope wind, coupled 



Figure 11. Number of low-level wind maxima, h e r e  defined a s  a wind 
speed of over  12 ms-I occurr ing below 1.5 km AGL, with a decrease  of wind 

zspeed above t h e  maximum of 6 m s - 1  o r  more, dur ing  two complete years ,  
f o r  soundings a t  0600 MDT and 1800 MDT. (A  t o t a l  of 1462 soimdings a t  

.tieach s t a t i o n ) .  From Bonner (1968). 

Figure 12. Location of co re  of t h e  hor izonta l  low-level j e t ,  f o r  
28 se l ec t ed  cases .  The s t a r  r ep re sen t s  t h e  median loca t ion  of all t he  
j e t  cores .  The envcl-ope conta ins  26 of the 28 j e t  axes. Ter ra in  con- 
t o u r s  i n  km a r e  i-ncluded. Frnm B o n n ~ r  ( 1 9 6 8 ) .  



with f r i c t i o n a l  turning of t h e  wind, could r e s u l t  i n a n e a s t e r l y  turning 

of t h e  bas ic  southerly current  along east-facing slopes during t h e  day. 

Thus, the  western p la ins ,  which a r e  s teeper  than those f a r t h e r  e a s t ,  

would have a departure vector  from geostrophic which would be advanced 

i n  a clockwise d i r e c t i o n  a t  sunset .  This would mean t h a t  the  maximum 

southerly j e t  would occur e a r l i e r  f a r t h e r  west, c rea t ing  a convergence 

zone which would move from w e s t  t o  eas t .  

Lettau (1967) observed t h a t  Blackadar's idea  had two b a s i c  short- 

comings. It predicted t h e  t i m e  of wind maximum t o  be a function of 

l a t i t u d e ,  contrary t o  observation, and i t  f a i l e d  t o  expla in  the  geo- 

graphic d i s t r i b u t i o n  of low-level wind maxima (Fig. 11).  Lettau pro- 

posed the  "thermo-tidal wind", which would apply over any l a r g e  t e r r a i n  

slope. This was an extension of Backadar's theory, t o  include a diur- 

n a l  o s c i l l a t i o n  of t h e  geostrophic wind due t o  heating on even very 

s l i g h t  t e r r a i n  s lopes  (1:400 a t  O'Neill, Neb.). This would tend t o  

keep t h e  period of the  o s c i l l a t i o n  a t  24 hours a t  a l l  l a t i t u d e s .  Data 

showing a d iu rna l  o s c i l l a t i o n  of t h e  east-west he ight  gradient  a t  850mb 

i n  the p la ins  (Dirks, 1969) tend t o  support Let tau ' s  ideas,  a s  does the  

24-hour pe r iod ic i ty  i n  winds found by Hering and Borden (1962) and 

Bonner (1968), among others .  Using an assumed cor re la t ion  between 

t e r r a i n  e levat ion and geostrophic wind, Lettau achieved very good 

agreement with the OINeil l  da ta  s e t  i n  t h e  lowest 1.5 km, f o r  a  dry, 

undisturbed day (Lettau, 1967). 

This discussion of topographic influence on p la ins  convective 

a c t i v i t y  is by no means comprehensive o r  exhaustive. The subject  is 

f a r  too complex f o r  an adequate treatment here. We merely wish t o  



' suggest  a number of ways i n  which terrain- induced flow p a t t e r n s  may 

I ' help  exp la in  t h e  observed p a t t e r n  of  convect ive a c t i v i t y .  a- ; 

, t F: tv, 9 I n  t h e  fol lowing chap te r s ,  ca se  s tudy  ana lyses  of two s e p a r a t e  

ope ra t iona l  days from t h e  SPACE 1977 d a t a  s e t  a r e  examined f o r  evidence 

of various6 terrain- induced e f f e c t s  on t h e  convect ive p r e c i p i t a t i o n  pro- 

cess .  The ana lyses  a r e  p a r t i t i o n e d  i n t o  t h r e e  b a s i c  phases.  The 

f i r s t  phase is t h e  morning evolu t ion  and d e s t a b i l i z a t i o n  of t h e  PBL i n  

I ,  South Park. The second phase documents t h e  appearance of orogenic 

cumulus clouds and thunderstorms, and t h e i r  p a t t e r n s  of t r a n s l a t i o n  

and propagation. The t h i r d  phase inc ludes  the  development of mesoscale 

I convect ive systems and t h e i r  eastward movement a c r o s s  t h e  h igh  p l a i n s .  

., t This phase was observed i n  only one of t h e  ca se  s t u d i e s ,  August 4. I n  

t he  f i n a l  chapter ,  t h e  information from t h i s  chap te r  and t h e  knowledge 

gained from t h e  case  s t u d i e s  a r e  combined i n t o  a - 2 o n c e p t ~ a l  model of 

terrain- induced convect ive p r e c i p i t a t i o n  p a t t e r n s .  F i n a l l y ,  i t  is 

' suggested what poss ib l e  f u r t h e r  a n a l y s i s  of South Park d a t a  might re- 

' v e a l ,  and a l s o  t h e  form f u t u r e  f i e l d  p r o j e c t s  might take .& t v r  
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3.0 19 JUL 1977 CASE STUDY 

One of t h e  two i n i t i a l  ca se  s tudy days chosen w a s  19  J u l y  1977. 

This  day was cha rac t e r i zed  by extremely in t ense ,  long-lived thunder- 

storms which l a s t e d  u n t i l  l a t e  i n  t h e  day, b u t  d i d  n o t  propagate east- 

ward onto t h e  p l a ins .  The storms formed w i t h i n  South Park and moved 

gene ra l ly  northward wi th  t h e  mean flow, a t  r e l a t i v e l y  slow speeds. CP-3 

r ada r  repor ted  echo tops  of over 1 5  km, and r e f l e c t i v i t i e s  of at  least 

55 dBz wi th in  South Park. Although a few s i m i l a r  l a r g e  c e l l s  formed 

i n  t h e  Denver and For t  Co l l i n s  a r eas ,  t h e  p l a i n s  gene ra l ly  remained 

cloud-free throughout t h e  day, w i th  extreme high temperatures  of over  

35Oc. 

This  day w a s  chosen f o r  i n t e n s i v e  a n a l y s i s  because i t  should pro- 

v ide  a d e t a i l e d  d a t a  s e t ,  inc luding  triple-Doppler r ada r ,  of i n t e n s e ,  

quasi-s teady-state  thunderstorm systems. These d a t a  should be s u i t a b l e  

f o r  i n i t i a t i o n  of and comparison wi th  three-dimensional numerical 

thunderstorm models. Thus, t h i s  day se rves  a s  a b a s i s  f o r  comparing 

and c o n t r a s t i n g  t h e  c h a r a c t e r  of mesoscale o rgan iza t ion  on eastward 

propagating days wi th  t h a t  on days when mesoscale storms occur ,  bu t  

do no t  propagate eastward. The storms occurred gene ra l ly  i n  an  env i row 

ment of l i g h t  winds and low v e r t i c a l  wind shear .  The d a t a  which are 

used t o  desc r ibe  these  sytems c o n s i s t  mainly of rawinsondes, su r f ace  

meteorological  s t a t i o n  d a t a  (PAM), and r ada r  PPI scans .  It is demon- 

s t r a t e d  t h a t  t h e  i n t e n s i t y  of convection wi th in  South Park on J u l y  1 9  

was l a r g e l y  dependent on boundary l a y e r  P a c i f i c  moisture which advected 

eastward a c r o s s  t h e  Rocky Mountains dur ing  t h e  day. 



3.1  19 Ju ly  1977 - Synoptic S i t u a t i o n  

On J u l y  18 and f o r  s e v e r a l  days preceding i t ,  most of t h e  United 

S t a t e s ,  inc luding  the  Southwest, was under a v a s t  s u b t r o p i c a l  high 
. r--tc : -1- 

pressure  cen te r .  500 mb winds were l i g h t  and u s u a l l y  sou the r ly  i n  t h e  

Southwest, b r inging  deep P a c i f i c  moisture in land .  East of t h e  Rockies, 

t he  a i r  under t h e  high was ve ry  dry.  On Ju ly  18 ,  500 mb he igh t s  gener- 
L .  

a l l y  f e l l  along t h e  P a c i f i c  c o a s t ,  d i sp l ac ing  t h e  high cen te r  i n t o  

western Kansas and enhancing t h e  southwester ly "monsoonal" flow. Eas t  

of t h e  Rockies and i n  South Park, ve ry  h o t ,  d ry  a i r  remained. The sur-  

f a c e  pressure  p a t t e r n  showed a broad low pressure  cen te r  i n  South Dakota 

wi th  a su r f ace  t rough extending along t h e  e a s t e r n  edge of t h e  Rockies 

t o  southeas te rn  Colorado. 
L8Kf ' :, 8 

Within South Park, deep convection was suppressed throughout the  
1q1 

day on Ju ly  18 due t o  l a c k  of boundary l a y e r  moisture (<5 gm kg-'). 

However, thunderstorm a c t i v i t y  w a s  de tec ted  by s a t e l l i t e  and r ada r  i n  

a band extending from western Colorado t o  e a s t e r n  Wyoming. Around 

1800 MDT, 18 Ju ly ,  moist ,  n o r t h e r l y  and nor thwes ter ly  flow penet ra ted  

i n t o  t h e  northwest corner  of t h e  Park, with a few thunderstorms v i s i b l e  
Y3m " J .n" I: I 

over t h e  mountains t o  t h e  northwest.  This  p a t t e r n  bf canvect ive ac t iv -  

i t y  and su r f ace  flow was repeated t h e  next  day, except t h a t  t he  band of 

s t rong  convect ive storms s h i f t e d  f a r t h e r  e a s t  t o  inc lude  the  South Park 

a rea .  S a t e l l i t e  i n f r a r e d  ( I R )  p i c t u r e s  show t h e  convect ive i n t e n s i t y  

decreasing during the  n i g h t  i n  t h e  no r the rn  Colorado mountains. 

The synopt ic  s i t u a t i o n  f o r  Colorado on t h e  morning of J u l y  19, 
i', a 

1 9 7 7  is  shown i n  F igs .  1 3  through 15. A t  500 mb (Fig. 1 3 ) ,  t h e  center  

of t he  subtropical.  high had r e t r e a t e d  somewhat, i n t o  e a s t e r n  Kansas 



- = X SECTION = T-Td < 7OC 

Figure 13.  500 mb a n a l y s i s  f o r  0600 MDT (1200 GMT), 19 J u l y ,  1977. 
Areas wi th  a  dew-point depression (T-Td) l e s s  than 7OC a r e  marked. 
S t a t i o n s  used i n  c ross -sec t ions  a r e  connected with a  bold l i n e .  



Figure 14. Mesoscale s u r f a c e  a n a l y s i s  f o r  0600 MDT, 19 Ju ly ,1977.  
Temperature and dew-point i n  Deg. C.  Note p re s su re  trough i n  e a s t e r n  
Colorado. 



Figure 15. In f r a red  ( I R )  S a t e l l i t e  image of western U.S., 0600 
MDT, 19  Ju ly ,  1977. Dotted l i n e s  a r e  s t a t e  boundaries.  Various shades 
r ep re sen t  d i f f e r e n t  I R  temperatures  according t o  t h e  success ion  drawn 
a t  t h e  t o p  of t h e  f i g u r e  ( temperature decreas ing  toward t h e  r i g h t ) .  
Thus, l a r g e  cold cloud tops  r ep re sen t ing  in t ense  convect ive c e l l s  
appear as b lack  o r  black-out l ined areas wi th in  t h e  whi te  mass of 
lower clouds. 



and Oklahoma. The reg ion  of high humidity a t  500 mb (T-To < 7 '~ )  ex- 

tended from nor thern  A?-izona northeastward i n  a band t o  Wisconsin and 

beyond, w i th  convergenr flow seeming t o  occur i n  northern Colorado and 

southern  Wyoming. This  eastward movement of t h e  ~ n c i s  t u r e  advect ion 

p a t t e r n  served t o  import s u b s t a n t i a l l y  more deep P a c i f i c  moisture onto 

t h e  e a s t e r n  s lopes  of t h e  Colorado Rockies during t h e  day on Ju ly  19. 

On t h e  s u r f a c e  (Fig. 14, d a t a  from National Weather Service 

s t a t i o n s )  t h e  presence of a pronounced trough covering e a s t e r n  Colorado 

w a s  apparent ,  a n  ex tens ion  of t he  su r f ace  low p res su re  cen te r  which re- 

mained i n  South Dakota. Winds wi th in  t h e  trough were l i g h t ,  while  

s t ronge r  su r f ace  winds p reva i l ed  t o  t h e  south and e a s t .  The s a t e l l i t e  

p i c t u r e  from t h e  same time (Fig. 15)  shows a band of clouds extending 

from t h e  southwest through western Colorado and northeastward i n t o  

Canada. Bands of c i r r u s  clouds were p re sen t  i n  e a s t e r n  Colorado, in- 

c luding  t h e  South Park a rea .  

3 . 2  1 9  J u l y  1977 - Mesoscale Sounding Data a t  1200 GMT 

The e a r l y  morning (1200 GMT) sounding on 19 Ju ly  from South Park 

i s  shown i n  Fig. 16. The s u r f a c e  inve r s ion  w a s  very  shal low (20 mb) 

wi th  high mois ture  va lues  (7.4 gm kg-l) i n  t h e  iowest  40 mb oE t h e  

sounding. Rais ing t h i s  moisture t o  t h e  cloud condensation l e v e l  (CCL), 

a p o t e n t i a l  cloud base  of 575 mb w a s  ob ta ined ,  r e l a t i v e l y  low f o r  South 

Park, where t h e  nearby mountains extend up t o  about 600 mb, o r  over 

4 km MSL. L i f t i n g  a s a t u r a t e d  p a r c e l  from cloud base  along a moist 

ad i aba t ,  about 2' of convect ive i n s t a b i l i t y  a r e  obta ined ,  a l s o  r e l a -  

t i v e l y  uns tab le .  However, when mixed through a r e a l i s t i c  mixing depth 
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Figure 1 6 ,  South Park sounding f o r  0600 MDT (1200 GMT), p l o t t e d  
on skew-T log-P diagram. 



of 140 mb, t h i s  sounding produces a mixed l a y e r  q of 6.0 gm kg-l v 

and almost no 500 mb i n s t a b i l i t y .  No s i g n i f i c a n t  s t a b l e  l a y e r  was ob- 

served a t  t h e  400-500 mb l e v e l .  Increased humidity a t  350 mb i n d i c a t e s  

t he  l e v e l  of t h e  c i r r u s  deck observed from t h e  ground and by s a t e l l i t e .  

Light  n o r t h e a s t e r l y  downslope su r f ace  winds backed smoothly t o  l i g h t  

sou the r ly  winds i n  t he  upper l e v e l s .  

The p a t t e r n  of moisture advect ion ac ros s  t h e  mountains becomes more 

apparent  on cons t ruc t ion  of a n  east-west c r o s s  s e c t i o n  using 1200 GMT 
A ' 

soundings (Fig. 1 7 ) .  The fou r  s t a t i o n s  used f o r  t h i s  a r la lys i s  a r e  

connected i n  Fig. 1 3  with a heavy l i n e .  S t a b l e  l a y e r  boundaries and 

a schematic t e r r a i n  c r o s s  s e c t i o n  a r e  drawn a s  dark  s o l i d  l i n e s  i n  

Fig.  17. Lines of cons tan t  p o t e n t i a l  temperature ( 0 )  a r e  l i g h t  s o l i d  

l i n e s ,  cons tan t  mixing r a t i o  (qv) l i n e s  a r e  dashed, and rawinsonde 

,winds a r e  p l o t t e d  a s  wind barbs.  Analysis is  omit ted a t  low l e v e l s  

where d a t a  a r e  unrepresenta t ive ,  such a s  near  t he  Front  Range and the  

upper Arkansas va l l ey .  

Fig. 1 7  shows t h a t ,  by 1200 GMT on 1 9  Ju ly ,  t h e  Grand Junct ion  

sounding w a s  s t r o n g l y  inf luenced by deep moist convect ion,  w i th  deep 

moisture,  veer ing  winds, and only a weak e leva ted  s t a b l e  l a y e r .  Con- 

t r a s t i n g l y ,  t h e  e a s t e r n  p l a i n s  exhib i ted  a s t rong ly  suppressed pa t t e rn .  

Both t h e  Limon and Goodland soundings had a deep n e u t r a l  l a y e r  ( t o  

,590 mb) above t h e  su r f ace  invers ion ,  wt ih  a s t r o n g  subsidence inve r s ion  

i n  t h e  l a y e r  500-590 mb. The n e u t r a l  l a y e r  was warmest over Limon, 

i n d i c a t i n g  t h e  thermal  t roughing which appeared on t h e  su r f ace  map 

(Fig. 1 4 ) .  The extremely l i g h t  winds over Limon i n d i c a t e  t h a t  i t  was 
* 



Y/ - - -  I--- J -J -400  , 
--- -2-- --- -- ------ 332'- E 

-2- 

- 
G - -- -- - -__ 

----- -----_ 

a .  - 

--- 
- -800  

DIVIDE 

0 50 lOOkm 

Figure 17. East-west cross-sect ion including soundings from Grand Junction (GJT), South Park (SP),  and 
Limon ( L I ) ,  Colorado and Goodland (GL), Kansas. Solid contours a r e  p o t e n t i a l  temperature (OK) and dashed 
contours a r e  water vapor mixing r a t i o  (gm kg-'). Terra in  e leva t ions  and s t a b l e  l a y e r  boundaries a r e  marked 
w i t h  bold l i n e s .  Valid f o r  0600 MDT, 19 July  1977. 
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near  t h e  trough a x i s .  The dryness  of t h e  a i r  i n  t h e  n e u t r a l  l a y e r  

( qv = 4.5 - 5.5 gm kg-') would suggest  t h a t  l i t t l e  o r  no moist con- 

vec t ion  would occur i n  t h e  p l a i n s  on 19 Ju ly .  

The South Park sounding showed c h a r a c t e r i s t i c s  in te rmedia te  between 

the  d ry  e a s t e r n  and moist  western soundings. The low-level a n a l y s i s  i n  

South Park on Fig. 17 is p a r t i a l l y  der ived from PAM su r face  d a t a ,  which 

-i'il show su r face  mixing r a t i o s  of 7-8 gm kg-' a t  t he  high r idge  of t h e  

Mosquito Range, dr iven  by wes t e r ly  winds of 10 m s - l .  Both South Park 

and Limon had a n o r t h e r l y  component t o  t h e i r  low-level winds, a mani- 

f e s t a t i o n  of t h e  e a s t e r n  Colorado trough. Winds i n  t h e  moist middle 

t roposphere a t  Grand Junct ion  were more wes t e r ly ,  i n su r ing  t h a t  t h e  

deep P a c i f i c  mois ture  would b e  advected eastward dur ing  t h e  day. A s  

w i l l  be demonstcated i n  l a t e r  s e c t i o n s ,  s t r o n g  moisture advect ion oc- 

cur red  a t  low l e v e l s ,  where i t  was inf luenced  by t h e  topography, 

/ 1 ,  : throughout t h e  day. 

3 . 3  19 J u l y  1977 - Evolut ion of t h e  Morning Plane tary  Boundary Layer 
(PBL) t$ 

3 .  * 
We have dgkcrfh'e8 i h  sgc t ion  2 . 2  t h e  complexi t ies  a s soc i a t ed  with 

even an idea l i zed  model of PBL evo lu t ion  over  mo,untainous t e r r a i n .  On 

J u l y  19,  we had the  a d d i t i o n a l  complicat ions a r i s i n g  from t h e  s t rong  
- 

moisture and pressure  g rad ien t s  which e x i s t e d  i n  t h e  v i c i n i t y  of South 

: - ' I  , Park. I n  t h i s  s e c t i o n ,  we w i l l  use rawinsonde and s u r f a c e  d a t a  t o  

!JZ a I 1 document t h e  deepening of t h e  PBL p r i o r  t o  cumulus cloud formation. 

I Surface d a t a  from t h e  PAM network a r e  shown i n  Fig. 18 f o r  0600, 

0 
0800, and 1000 MDT. P o t e n t i a l  temperatures  ( K ) ,  mixing r a t i o s  

(gm kg-'), and winds a r e  p l o t t e d  a t  each working s t a t i o n .  Many of the  
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Figure 18.  PAM su r face  d a t a  taken i n  South Park. a )  at  0600 MDT, 

b)  a t  0800 MDT and c )  a t  1000 MDT, 19 Ju ly ,  1977. Five-minute averaged 
p o t e n t i a l  temperature (OK), water  vapor mixing r a t i o  (gm kg'l) and 
winds a r e  p l o t t e d  a t  each s t a t i o n .  DM means d a t a  missing f o r  t h a t  time. 



more remote PAM s t a t i o n s  were n o t  sending d a t a  due t o  base t r ansmi t t e r  

problems dur ing  t h e  morning. A t  0600 MDT (Fig.  18a ) ,  n ight t ime 

drainage flow had served t o  pool t he  co ldes t  a i r  i n  t h e  low-lying 

r i v e r  va l l eys .  Mixing r a t i o s  were a l ready  unusual ly high compared t o  

o t h e r  days i n  South Park, 6-8 grn kg-l. Note t h a t  a t  ridge-top l e v e l  

(Sta .  5, Mosquito Pas s ) ,  very  moist  a i r  was being advected i n t o  South 

p a r k  from f a r t h e r  west ,  d r iven  by wes t e r ly  winds. By 0800 MDT (Fig. 18b), 

temperatures had increased f a s t e r  in  t h e  cen te r  of t he  Park, decreasing 

t h e  g r a d i e n t s  ac ros s  t h e  Park. Mixing r a t i o s  had become more uniformly 

high a t  about 8 gm kg-1 throughout t h e  Park. Winds were l i g h t  and 

v a r i a b l e  . 
The 1000 MDT rawinsonde (Fig. 19)  showed a w e l l  mixed PBL up t o  

600 mb. This  a i r  mass had 0 of 321°K, mixing r a t i o  of about 6.5 gm 

kg-', and very  l i g h t  winds. Between 600 and 530 mb was a l a y e r  which 

w a s  almost n e u t r a l ,  wi th  a 0 of 3 2 4 ' ~  and much l e s s  mois ture  (3-4 gm 

kg-'). winds i n  t h i s  l a y e r  were much s t ronge r ,  about 10  m s - l ,  from the  

southwest. Thus a s  t h e  day progressed,  we might expect  su r f ace  winds 

t o  have picked up from t h e  southwest and su r f ace  mois ture  t o  decrease,  

a s  t h e  PBL en t r a ined  t h i s  l aye r .  1000 MDT su r face  d a t a  (Fig. 18c) 

show somewhat decreased su r f ace  moisture a t  most s t a t i o n s ,  except f o r  

increased mixing r a t i o s  on t h e  northwestern edge of South Park. The 

amount of PBL moisture observed w i t h  t h e  1000 MDT rawinsonde was mar- 

g i n a l  f o r  deep convection. The low-level moisture apparent ly  present  

t o  t h e  no r th  and west of South Park (as  deduced from s a t e l l i t e  p i c t u r e s  

and t h e  GJT sounding),  however, would i n d i c a t e  a very  uns tab le  atmos- 

phere,  w i th  p o t e n t i a l  cloud tops  t o  a t  l e a s t  12.5 km. 



Figure  19.  South Park sounding o f  1000 NDT, 19 J u l y ,  1977, 
p l o t t e d  on skew-T log-P diagram. 
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Most of South Park and t h e  p l a i n s  t o  t h e  e a s t  remained cloud f r e e  

0 u n t i l  a f t e r  1200 MDT. Surface p o t e n t i a l  temperatures were over 325 K 

i n  most of t h e  Park, wi th  slowly decreas ing  mixing ra t . ios .  Radar, 

s a t e l l i t e ,  and v i s u a l  observa t ions  a l l  repor ted  inc reas ing  cumulus 

a c t i v i t y  i n  t h e  mountains w e s t  and nor th  of t h e  Park. I n  t h e  p l a i n s ,  

extreme temperatures were a l s o  reached (>35'~)  w i th  l i g h t  winds i n  t h e  

e a s t e r n  Colorado s u r f a c e  trough a r e a .  

3 . 4  19 J u l y  1977 - Ear ly  Afternoon Mountain Thunderstorms 

The f i r s t  p r e c i p i t a t i n g  r ada r  echoes appeared i n  South Park around 

1200 MDT, a s  t he  atmosphere continued t o  d e s t a b i l i z e  under s t rong  sur- 

f a c e  hea t ing .  I n  t h i s  s e c t i o n ,  we w i l l  show t h a t  widespread deep, 

-moist convection d i d  n o t  develop i n  most of South Park u n t i l  a f t e r  

'1530 MDT, due t o  l a c k  of PBL moisture.  The thunderstorms which d id  

develop on t h e  edges of South Park a r e  explained a s  r e s u l t i n g  from 
I 

l o c a l  "hot spots"  and moisture advect  ion.  

The rawinsonde launched a t  1246 MDT revealed a s t r o n g l y  heated 

boundary l a y e r  up t o  t h e  500 mb l e v e l  (Fig. 20).  This  l aye r  had 8 of 

0 
342.5 K and a mixing r a t i o  of only 5 .3  gm kg-'. Boundary l a y e r  winds 

0 
were l i g h t ,  veer in$  from e a s t e r l y  a t  the  su r f ace  t o  190 a t  500 mb. A 

, , 

sharp inve r s ion  occurred a t  400 mb (7.0 km MSL) probably caused by a 

l o c a l l y  produced subsidence f i e l d  near  a cumulonimbus c e l l  ( see  Fi.g.21). 

- 1 
A mixing r a t i o  of 7 gm kg would be  necessary t o  break through t h i s  

i nve r s ion  and i n i t i a t e  deep thunderstorm a c t i v i t y .  i 
Shor t ly  a f t e r  1230 MDT, t h e  CP-3 r ada r  began recording da t a .  A t  

about t h e  same time, the  PAM network became f u l l y  ope ra t iona l ,  pro- 

v id ing  s u r f a c e  da ta  from up t o  20 d i f f e r e n t  l o c a t i o n s  a t  any one time. 



i Figure  20. South Park sounding of 1240 PDT, 19 J u l y  1977, 
p l o t t e d  on skew-T log-P diagram. 
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F i g u r e  2 1 .  Composite PAM-CP-3 radar  p l o t  f o r  1239 MDT, 19 Ju ly  
1977. Surface d a t a  a s  in Fig. 18. Radar contours  a r e  5.5* cons tan t  
e l e v a t i o n  scans,  p ro jec ted  onto a  h o r i z o n t a l  su r f ace .  Solid contours  
a r e  25 dBx, dashed contours  a r e  40 dBz. Key t o  o the r  symbols i s  given 
above. . 1 5  1 



I n  Fig. 21 and subsequent f i g u r e s ,  PAM su r f ace  winds, 6, and % a r e  

superimposed wi th  Plan P o s i t i o n  Ind ica to r  (PPI) scans from CP-3. The 

I ; t * :  

0 radar  contours  a r e  taken from 5.5 cons t an t  e l e v a t i o n  scans ,  p ro j ec t ed  

onto a h o r i z o n t a l  plane. So l id  contours  a r e  25 ~ B z ,  i nne r  dashed 

contours  are 40 dBz. The p a t h  of t h e  echo maximum f o r  succeeding times 

is represented by a  series of  small symbols (square,  t r i a n g l e s ,  e t c . ) .  

Table 1 c o r r e l a t e s  observed dB2 levels wi th  p r e c i p i t a t i o n  i n t e n s i t i e s .  
I 

It w i l l  prove e s p e c i a l l y  u s e f u l  i n  l a t e r  s e c t i o n s  when d a t a  from 

s e v e r a l  r a d a r s  w i l l  b e  used t o  d e p i c t  a s i n g l e  storm. On each PAM-radar 
r -i 1. 

composite, a s u b j e c t i v e  s t r eaml ine  a n a l y s i s  has  been done t o  r ep re sen t  

genera l  f low d i r e c t i o n s .  

Table 1. Table r e l a t i n g  Limon NWS r a d a r  summary contour number 
and storm d e s c r i p t o r s  (TRW-, e t c . )  t o  e c f i o r e f l e c t i v i t y  (dBz) and 
expected su r f ace  r a i n f a l l  r a t e .  R a i n f a l l  r a t e  is  only approximate, and 
may be a  func t ion  of many o t h e r  v a r i a b l e s  bes ides  r e f l e c t i v i t y .  I 
Contour Radar R e f l e c t i v i t y  
Number Summary dBz 

6 L *  Descr ip t ion  . ,  I J 

. i- -)< -1 

, : ; r  TRW- 15-30 

R a i n f a l l  Rate 
a t  Surface 

mm/hr . 

<3 Light  

3-13 Moderate 

3 TRW+ 13-25 Heavy 

4 1 , , #  TRW* 25-51 Very Heavy 

5 I# TRWX 51-127 Severe 

6 D TRWXX >57 >I27 Extreme 

7 

I 

I 



Fig. 21 shows the  e a r l i e s t  a v a i l a b l e  PAM-radar over lay ,  f o r  

1239 MDT. A l a r g e  a rea  of convect ive echoes was p re sen t  on t h e  nor th  

edge of t h e  Park, w i th  a s t rong  c e l l  j u s t  west of CP-3. Another ex- 

t ens ive  echo occurred over PAM s t a t i o n  #8 about 10  km northwest of t h e  

base  s i t e .  These two l o c a t i o n s  were found by Huggins (1975) t o  be 

the  l i k e l i e s t  p l aces  f o r  f i r s t  echoes t o  form. Comparing Fig. 21 wi th  

t h e  1246 MDT sounding (Fig. 20) ,  w e  can see t h a t  t h e  e a s t e r l y  su r f ace  

wind p re sen t  on t h e  sounding e x i s t e d  only i n  a f a i r l y  s m a l l  a r e a  

(perhaps 10 x 20 km) d i r e c t l y  e a s t  of t he  Mosquito Range. I n  t h i s  area,  

e a s t e r l y  s l o p e  winds produced by a mountain-plains type i n t e r a c t i o n  may 

have been a b l e  t o  overcome t h e  moderate ambient winds. The e a s t e r l y  

wind would c r e a t e  low-level convergence on t h e  e a s t e r n  s lope  of t h e  

Mosquitoes, producing t h e  "hot spot"  thunderstorm p resen t  i n  Fig.  21. 

The e a s t e r l y  wind would a l s o  a c t  as a b a r r i e r ,  keeping the  moist  

wes t e r ly  flow observed a t  r i d g e  top  out  of t h e  rest of South Park. 

Hence, mixing r a t i o s  through most of South Park continued t o  decrease 

under s t rong  hea t ing .  

The thunderstorms shown i n  Fig.  21 moved almost due nor th  a t  

about 5 m s - l ,  apparent ly  s t e e r e d  by t h e  sou the r ly  winds a l o f t .  By 

1333 MDT (Fig. 22) ,  a l a r g e  group of c e l l s  had formed j u s t  w e s t  of 

t he  base  s i te ,  on the  e a s t e r n  s lopes  o f  t he  Mosquitoes. A north-south 

l i n e  of much more in t ense  thunderstorms was p re sen t  j u s t  no r th  of 

Hoosier Pass  i n  the  Blue River v a l l e y  ( loca ted  i n  Fig. 2 ) .  A t  l e a s t  

one of t hese  c e l l s  o r ig ina t ed  i n  South Park. It was observed t o  in- 

t e n s i f y  g r e a t l y  a s  i t  approached Hoosier Pass from t h e  south .  Range 

Height Ind ica to r  (RHI)  r a d a r  scans  synthesized from PPI st-ans (Knupp, 
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F igure  22. Same as Fig.  21, f o r  1333 MDT. 



e t  a l .  1978) show t h a t  these  c e l l s  had echo tops  of a t  l e a s t  12.5km 

MSL; t h e  c e l l s  w i th in  South Park had tops  of only 7-8 km. This  ind i -  

- 1 c a t e s  t h a t  t h e  increased boundary l a y e r  moisture (qv 8 gm kg ) needed 

t o  support  very  deep thunderstorms, a s  i nd ica t ed  by rawinsonde d a t a ,  

w a s  a v a i l a b l e  i n  t h e  Blue v a l l e y  j u s t  northwest of t h e  Park. PAM 

d a t a  i n  Fig. 22 i n d i c a t e  t h a t  t h i s  mois ture  was being advected ac ros s  

t h e  mountains by wes t e r ly  winds. The remainder of South Park, excluding 

the  nor th  and w e s t  edges,  continued i n  t he  southwester ly flow, wi th  

decreas ing  moisture and extremely high su r f ace  temperatures .  Limon 

r ada r  f o r  1330 MDT revealed t h a t  t h e  Hoosier Pass  s t 6 r m  @%re p a r t  of 

a l a r g e  mesoscale convect ive band which extended 150 km t o  t h e  northeast .  

An a i r  mass boundary and a s soc i a t ed  l i n e  of confluence wi th  d ry  

southwester ly winds t o  t h e  e a s t  and moist  wes t e r ly  and nor thwes ter ly  

winds t o  t h e  west is  ind ica t ed  i n  Fig. 22. By 1452 MDT (Fig. 23),  t h i s  

boundary had moved only about 10 km f a r t h e r  e a s t .  Numerous small r ada r  

echoes continued t o  appear ,  b u t  pene t r a t ing  downdrafts were not  y e t  

de tec ted  a t  t h e  su r f ace .  Notice t h a t  one s t a t i o n  i n  t h e  southeas t  corner  

of t he  PAM network had s h i f t e d  t o  an  e a s t e r l y  wind. This  flow p a t t e r n  

subsequent ly a f f e c t e d  the  e n t i r e  e a s t e r n  edge of South Park. It w a s  

probably caused by a la rge-sca le  e a s t e r l y  upslope wind r e s u l t i n g  from 

t h e  su r f ace  thermal  low pressure  i n  South Park compared t o  t h e  p l a i n s  

t o  t h e  e a s t .  S imi la r  e a s t e r l y  winds a r e  o f t e n  observed i n  t h e  a f te rnoon 

i n  South Park. 

3.5 19 J u l y  1977 - Late  Afternoon Mesoscale 'l%understorm T,ine 

While t h e  onset  of very  deep convec t ion i in  South Park was being 

delayed u n t i l  about 1600 MDT, a number of mesoscale f a c t o r s  were 



Figure  23. Same as Fig .  21, f o r  1452 MDT. 



combining t o  decrease convect ive s t a b i l i t y  i n  t h e  a rea .  Strong su r f ace  

hea t ing  continued t o  deepen t h e  PBL, both i n  t h e  Park and on t h e  p l a i n s  

I t o  t he  e a s t .  The e a s t e r n  Colorado su r f ace  low i n t e n s i f i e d  during t h e  

day, d u e  t o  t h e  continued s t rong  hea t ing .  Winds on t h e  14$4 MDT Limon 

rawinsonde were very  l i g h t  up t o  400 mb, i n d i c a t i n g  the  presence of 

t he  thermal low. Strong P a c i f i c  moisture continued t o  advec t  across  

t h e  mountains, and l a r g e ,  i s o l a t e d  thunderstorms appeared a s  f a r  e a s t a s  

t h e  Denver a r ea .  " 1 

I n  South Park, extremely vigorous convect ion began around 1530 MDT 

i n  t h e  f o o t h i l l s  n o r t h  of CP-3. Knupp, e t  a l .  (1978) observed t h a t  

' 
t he  s t r o n g e s t  convect ive element, l abe l ed  c e l l  C2, r e s u l t e d  from a 

merger of s e v e r a l  smal le r  convect ive elements.  A h a i l  s h a f t  was visu- 

a l l y  observed nea r  t h i s  storm a t  about 1600 MDT, with  maximum echo 

r e f l e c t i v i t i e s  of a t  l e a s t  58 dBz. Unfortunately,  t h e  PAM network w a s  

completely ou t  of s e r v i c e  from 1530 MDTuntil s h o r t l y  a f t e r 1 6 0 0  MDT, 

A complex set of circumstances is revealed by Fig.  24, a PAM-radar 

overlay f o r  1623 MDT. South Park w a s  d iv ided  i n t o  t h r e e  d i s t i n c t  

a i r f l o w  regions.  The nor th  end was covered by co ld ,  w e t  n o r t h e r l y  a i r ,  

apparent ly  o r i g i n a t i n g  wi th  downdrafts from i n t e n s e  storms C1 and C2. 

The western p a r t  of t h e  Park w a s  i n  warm, moist  wes t e r ly  winds, wi th  

-I 
m i f o r m  wind speeds of 7-10 m s  . A t  t he  e a s t e r n  edge of t h e  Park, 

l i g h t e r  e a s t e r l y  winds were br inging  i n  somewhat d r i e r  a i r  from the  

p l a ins .  Where t h e  e a s t e r l y  and wes t e r ly  flows c o l l i d e d  i n  t h e  cen te r  

of South Park, a l i n e  of convect ive c e l l s  was r a p i d l y  developing, 

0 
o r i en t ed  i n  a d i r e c t i o n  of about 160 . 



1623 MDT 

Figure 24. Same a s  Fig.  21, 1623 MDT. Ind iv idua l  convect ive c e l l s  
a r e  l abe l ed  C 1 ,  C2, e t c .  Averaged speed and d i r e c t i o n  of t h e  r e f l e c t i v i t y  
core  of c e r t a i n  s e l e c t e d  c e l l s  are t abu la t ed  i n  t h e  lower l e f t  corner .  



C e l l s  C3-C6 a l l  had c e n t r a l  r e f l e c t i v i t i e s  of about 35-40 dBz, and 

0 
were moving from a d i r e c t i o n  of 160 , along t h e  l i n e  of echoes, a t  

speeds of about 5  m s - I .  C e l l  C2, much bigger  and more i n t e n s e  than the  

o t h e r s ,  had been moving from 100-120~,  o r  50-70' t o  t h e  l e f t  of t h e  mean 

-1 upper winds. C2 was moving a t  a  speed of 10 m s  . This  c e l l  produced 

a t  l e a s t  20 mm of r a i n  i n  15  minutes a t  PAM s t a t i o n  #28 ( t h e  

northernmost).  

During t h e  next  15  minutes ,  the  n o r t h e r l y  meso-cold f r o n t  moved 

very l i t t l e .  The l o c a t i o n  of t h e - f r o n t a l  boundary on a l l  t h e  PAM-radar 
1 

maps was est imated from sing1&s tAt'ion su r f ace  d a t a  by determining t h e  

t i m e  of t h e  windsh i f t ,  accompanied by a rap id  temperature drop, and 

. advec t ing  t h e  gus t  f r o n t  l o c a t i o n  along wi th  t h e  speed and d i r e c t i o n  of 

t h e  winds behind t h e  gus t  f r o n t .  By 1638 MDT (Fig. 25), c e l l s  C 3  and 

C4 had grown r a p i d l y  i n  s i z e ,  and i n  i n t e n s i t y  t o  over 45 dBz. Surface 

winds under c e l l  C4 and f a r t h e r  south  were sou the r ly ,  as was t h e  d i rec-  

t i o n  of c e l l  motion. Temperatures in  t h i s  a i r  f e l l  somewhat, i n d i c a t i n g  

the  p o s s i b i l i t y  t h a t  t h e  sou the r ly  s u r f a c e  winds were downdrafts t rans-  

po r t ing  the  en t r a ined  6outher ly  momentum downward from higher  up i n  t h e  

clouds. C e l l  C3 was no r th  of t he  f r o n t a l  boundary and w a s  moving 20- 

30' t o  t he  l e f t  of t h e  upper winds. East and west from the  c e l l  l i n e ,  

the  convergent flow p a t t e r n  continued. 7 I , 

By 1702 MDT (F ig .  26) ,  t h e  meso-cold f r o n t  had moved about 20 km 

-1 
south on t h e  west s i d e  of t h e  convergence l i n e ,  t r a v e l i n g  a t  8 m s  . Tn 
success ion ,  c e l l s  C4, C5, and C6 had i n t e n s i f i e d  t o  over  40 dBz 

r e f  l e c t i v i t y  as t h e  Fronta l  winds approached, with c e l l s  C4 and C5 1 j 

a decaying r a p i d l y  a s  they passed w e l l  behind thp  f r o n t .  P r e c i p i t a t i o n  
1 " I 



1638 MDT 

Figure 25. Same as Fig. 2 4 ,  f o r  1638 MDT. 



1702 MDT 

Figure 26. Same as F i g .  2 4 ,  f o r  1702 MDT. 



-1 
a t  a r a t e  of over 100 mm h r  was  measured near c e l l  C6. Strong new 

c e l l  development continued on t h e  south end of t h e  mesoscale l i n e .  A 

new l i n e  of in tense  convection had formed in t h e  Blue River area ,  out- 
I 

s i d e  of South Park t o  t h e  northwest. 

The rapid southward movement of t h e  cold f ron t  continued through 

1720 MDT (Fig. 27). Surface a i r  i n  t h e  nor ther ly  wind region w a s  

much colder and wetter under t h e  mesoscale l i n e  of storms than i n  the  

western p a r t  of South Park. Here, t h e  post-frontal  air had the  same 8 

and (%320°~, 9 gm kg-') a s  t h e  wester ly  air which continued t b  advect 

across the  ridge-top s t a t i o n s .  I n  northeastern South Park, winds h a d ,  

I 

sh i f t ed  t o  s t rong wes te r l i e s  i n  cold downdraft air. As the  meso-cold 

f ron t  passed over a l l  of the PAM s t a t i o n s  a t  1742 MDT (Fig. 28), it 

gave the  appearance of being r a d i a l  surface  outflow, centered on the  

northern end of t h e  mesoscale l i n e .  Once again, the  s t rongest  echo 

development had occurred near the  f r o n t a l  loca t ion  ( c e l l  C9). 

The mesoscale convective a c t i v i t y  which exis ted  i n  South Park a t  

1742 MDT was organized i n t o  a coherent c e l l  l i n e .  This l i n e  was a t  

l e a s t  70 km long and 10-15 km wide, consis t ing  of at  l e a s t  f i v e  major 

convective elements ( c e l l s ) .  The c e l l  l i n e  was oriented roughly 

p a r a l l e l  t o  t h e  upper wind d i rec t ion .  Cells were moving downwind along 

- 1 
the  l i n e  a t  5-10 m s  , while new growth was occurring a t  t h e  southern 

end, tending t o  maintain a constant pos i t ion  f o r  t h e  l i n e  a s  a whole. 

The loca t ion  of maximum c e l l  i n t e n s i t y ,  i n i t i a l l y  i n  t h e  north end, had 

sh i f t ed  t o  the  south end, roughly coinciding wi th  the  passage of a 

meso-cold f ron t  with nor ther ly  winds. 
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Cel l  St Speed Direc. L - k i - F C  

1742 MDT 

Figure 28. Same a s  Fig. 24, for 1742 MDT. 



The i n t r u s i o n  of e n e r g e t i c  n o r t h e r l y  sur face  winds i n t o  South Park 

was apparent ly  no t  a l o c a l l y  generated phenomenon. I n  t h e  next  s e c t i o n ,  

an at tempt  i s  made t o  determine t h e  causes of t h e  i n t r u s i o n ,  using 

syn.optic and large-mesoscale d a t a .  Then, t h e  South Park s c a l e  is  re-  

sumed and t h e  more complex cell-environment i n t e r a c t i o n s  which occurred 

a f t e r  1742 MDT a r e  documented. 
L '  ,,;j.=c, . 

3.6 19 J u l y  1977 - 1800 MDT Larger-Scale Observations 

The complex p a t t e r n  of s u r f a c e  f l o w  and convect ive a c t i v i t y  i n  
L.. a 

South Park late i n  t h e  a f te rnoon of J u l y  19 can be  b e t t e r  understood 

a f t e r  looking a t  t h e  l a r g e r  s c a l e  d a t a  from 1800 MDT (0000 GMT, 20 July). 

A t  500 mb (Fig. 29) ,  t h e  s u b t r o p i c a l  high p re s su re ,  cen tered  over 
1 

Figure 29. Same a s  Fig. 13 ,  f o r  1800 MDT, 19 Ju ly ,  1977 (OOOOGMT, 
20 J u l y ,  1977). 



eas te rn  Kansas, had b u i l t  westward during the  day t o  cover a l l  of 

Colorado with bas ica l ly  south winds. Winds a t  Grand Junction, which 

had been 260' i n  the  morning, had s h i f t e d  back t o  190'. A weak short- 

wave i n  northern Utah helped increase convergence i n t o  t h e  a rea  of 

northern Colorado and southern Wyoming. 500 mb dewpoints were high a s  

f a r  e a s t  a s  Limon, a s  w e l l  a s  i n  a band extending northeastward i n t o  

Canada. 

The loca t ion  and extent  of t h e  s t rongest  convective a c t i v i t y  can 

be seen on a s a t e l l i t e i n f r a r e d ( 1 R )  image (Fig. 30) taken a t  1800 MDT. 

Very cold cloud a reas ,  associated with deep thunderstorms, formed 

three  bands extending roughly nor th  t o  south. The easternmost band 

extended from South Park t o  southeastern Wyoming, with t h e  highest  

clouds a t  t h e  southern end i n  South Park. The center  of t h i s  l i n e  

bulged toward the  e a s t ,  w e l l  ou t  i n t o  t h e  p la ins ,  a s  confirmed by the  

Limon radar summary fo r  1830 MDT (Fig. 31) (note - these sununaries do 

not cover Wyoming o r  west of the  Rockies). Note t h a t ,  except f o r  a 

few weak echo a r e a s  i n  southern Colorado, convective r a i n f a l l  was re- 

s t r i c t e d  t o  an  area  nor th  and w e s t  of t h e  s o l i d  a r c  i n  Fig. 31. This 

is consis tent  with the  I R  image i n  Fig. 30. 

The surface  weather map (Fig. 32) f o r  1800 MDT ind ica tes  the  pro- 

bable extent  of t h e  region of nor ther ly  flow which intruded i n t o  South 

Park s t a r t i n g  a t  1600 MDT. This region extended from south of t h e  PAM 

network northward i n t o  Wyoming. The s t a t i o n s  with north winds a l s o  

had overcast  sk ies ,  f a l l i n g  temperatures, and rapidly  r i s i n g  surface  

pressures. South and e a s t  of the l i n e  of convective echoes (marked 



Figure 30. Same as Fig. 15, for  1800 MDT, 19 July, 1977. 



Figure 31. Limon radar summary f o r  1830 MDT, 19 July, 1977. Dark 
contours a r e  radar echoes, with contour l eve l s  a s  i n  Table 1. Concen- 
t r i c  c i r c l e s  a r e  range from Limon i n  46 krn increments. 





with a ,cold f r o n t  symbol in Fig. 32) p re s su re s  continued t o  f a l l  with 1 
C 

s t rong  hea t ing  under c l e a r  t o  p a r t l y  cloudy s k i e s .  Winds were l i g h t  

easterlies and s o u t h e a s t e r l i e s .  I 
The boundary of  convect ive a c t i v i t y  v i s i b l e  on r ada r  and s a t e l l i t e  

I images (Figs.  30 and 31) probably marked t h e  easternmost  advance of 

moist P a c i f i c  a i r  i n  t he  p lane tary  boundary l a y e r .  Surface d a t a  (NWS) 

from 1500-2200 MDT i n d i c a t e  t h a t  t h e  f i r s t  occurrence of s t rong  thunder- 

storms east of t h e  Rockies was a t  Cheyenne, Wyo. (CYS on Fig. 32) a t  

about 1500 PDT. A t  t h i s  t i m e ,  Cheyenne winds s h i f t e d  t o  n o r t h e r l y ,  and 

0 t h e  temperature dropped about 10 C. This  phenomenon then occurred se- 

q u e n t i a l l y  a t  each s t a t i o n  f a r t h e r  south a long  t h e  Front Range i n  the  

manner of a synoptic-scale  co ld  f r o n t .  By 1800 MDT, t h e  boundary of 

t h i s  wind s h i f t  had passed south  of Denver and South Park,  a s  i nd ica t ed  

i n  Fig. 32. The Denver rawinsonde f o r  t h i s  time showed a l a y e r  of north- 

n o r t h e a s t e r l y  winds extending from the  su r f ace  (840 mb) t o  above 700 mb, 

o r  about 1.5-2.0 km above ground l e v e l .  Wind v e l o c i t i e s  decreased wi th  

I 
he igh t ,  then  switched t o  l i g h t  sou the r ly  winds a t  t h e  top  of t h i s  l a y e r .  

0 
This l a y e r  had a uniform p o t e n t i a l  temperature of 321 K ,  wi th an  average 

mixing r a t i o  of 7.5 gm kge1. A simultaneous sounding from Limon (LIC) 

0 
revealed a very  w a r m  (8=324 K ) ,  deep ( a t  least 3.5 km) boundary l a y e r ,  

with very  l i g h t  winds extending t o  t h e  400 mb l e v e l .  

E a r l i e r  i n  t h e  day, a t  1333 MDT, South Park r ada r  and PAM d a t a  

(Fig. 22) had shown t h a t  t h e  mountain b a r r i e r  extending t o  about t he  

650 mb l e v e l  ( o r  3.5 km MSL), northwest of t h e  Park, had been s u f f i -  

c i e n t  t o  block t h e  rap id  h o r i z o n t a l  advect ion of very  moist P a c i f i c  

a i r  i n t o  t h e  Park. This  moisture had c rea t ed  deep thunderstorm a c t i v i t y  



7 

j u s t  o u t s i d e  South Park, y e t  t h e  onse t  of deep storms i n  South Park was 
(( 8 

delayed f o r  about t h r e e  more hours .  I n  southern Wynming, however, a 
, 

gap in t h e  Rocky Mountain b a r r i e r  about 2.5 km above MSL (750 mb) 

allowed low-level moisture advect ion t o  proceed more r a p i d i y  Inco the  

$ Cheyenne a rea .  ' 1 
.i, . 11. 

The s t rong  thunderstorm a c t i v i t y  observed j u s t  no r th  of South Park 

d e a r l y  i n  t h e  a f te rnoon extended northward along t h e  Front  Range i n t o  
. , .  

-sWyoming. Low-level a i r  i n  these  mountains was cooled by a combination 

, : of thermal advect ion from t h e  west ,  thunderstorm downdrafts cl-killed 

t by evapora t ing  p r e c i p i t a t i o n  and l a c k  of su r f ace  hea t ing  due t o  cloudi- 
'I ' 

, n e s s .  To t h e  e a s t ,  extreme s u r f a c e  hea t ing  continued i n  t he  cloud-free 

p l a ins .  This  c o n t r a s t  produced a s t rong  east-to-west su r f ace  pressure  

g rad ien t  which l a s t e d  throughout t he  day. Af te r  1500 MDT, deep t h u n d e r  
I .  

storm a c t i v i t y  invaded t h e  p l a i n s ,  beginning i n  t h e  Cheyenne area .  

.. Rapidly r i s i n g  su r f ace  p re s su re  under t hese  storms helped r o t a t e  t h e  

s t rong  pressure  g rad ien t  around t o  a southeast-northwest o r i e n t a t i o n ,  

a s  shown on Fig. 32.  The low-level thermal c o n t r a s t  observed between 

t h e  Denver and Limon soundings emphasizes t h e  thermal n a t u r e  of t h e  

no r the r ly  s u r f a c e  winds. It seems probable t h a t  t h e  n o r t h e r l y  winds 

r. were a b l e  t o  propagate southward i n  a manner simil: t o  t he  "densi ty  

.: curren t"  descr ibed  i n  s e c t i o n  2 . 3 .  Thus, a s  t h e  cool  outf low from a 

number of l a r g e  c e l l s  pushed southward, it c rea t ed  a b e t t e r  environment 

f o r  more l a r g e  c e l l s  t o  form ( i . e . ,  convergence, increased  moisture,  

s t ronge r  wind s h e a r ) ,  t hus  c r e a t i n g  more cool  outflow from t h e  new 

c e l l s .  The l o c a t i o n  of new c e l l  growth a t  t h e  southern  end of t h e  

thunderstorm l i q e  i n  South P a r k i s c o n s i s t e n t  w i th  t h e  dens i ty  currenL 

concept . 



3.7 19 July  1977 - Evening Post-Frontal Thunderstorm Act iv i ty  

I n  t h e  two previous sec t ions ,  the  occurrence of a mesoscale l i n e  

of thunderstorms i n  South Park on 19 July  1977, and t h e  development of 

a coherent region of nor ther ly  surface  flow have been described. Fac- 

t o r s  r e la ted  t o  the  occurrence of t h i s  nor ther ly  flow which a r e  driven 

by a large-mesoscale mountain-plains con t ras t  were shown. I n  t h i s  

sect ion,  the  thunderstorm c e l l  environment which exis ted  i n  South Park 

l a t e  i n  t h e  afternoon w i l l  be described i n  more d e t a i l .  Then, the 

I I 
i n t e r e s t i n g  v a r i e t y  of c e l l  motions and in te rac t ions  which occurred i n  

t h i s  environment w i l l  be documented. Included among these  a r e  c e l l  

s p l i t t i n g ,  simultaneous right-and-left-moving storms, and a quasi- 

s teady-state supercel l .  

The South Park sounding taken a t  1710 MDT on July  19 is p lo t t ed  i n  

Fig. 33. Two major uncer ta in t i e s  e x i s t  i n  the  da ta  f o r  t h i s  sounding. 

The f i r s t  problem was t h e  lack of an adequate basel ine  ca l ib ra t ion .  

This may have created an absolute e r r o r  i n  a l l  values of both tempera- 

tu re  and humidity. However, t h e  r e l a t i v e  fea tu res  of t h e  temperature 

and humidity p l o t s  a r e  physical ly meaningful, and the  estimated base- 

l i n e  is not  gross ly  i n  e r r o r .  The second problem was the  lack of 

wind da ta  between t h e  surface  and 500 mb. These winds have been e s t i -  

mated from v i sua l  observations of t h e  balloon t r a jec to ry  and corro- - 

borating da ta  (such as  winds from t h e  ridge-top PAM s t a t i o n s ) .  Wind 

da ta  a t  500 mb and higher a r e  va l id .  
1 

The sounding i n  Fig. 33 reveals  a s t rong subsidence inversion a t  

490 mb, probably generated within South Park by storm-scale subsidence. 

Below t h i s  l e v e l ,  the  moist PBL was s t r a t i f i e d  i n t o  three  f a i r l y  



Figure  33.  Snufh  Park soundin% oE 1 7 1 0  MDT, 1 9  July 1977 ,  
. 

p l o t t e d  on skew-T log-F diagram. Winds between t h e  surface (720 mb) 
and 500 mb a r e  estimated. 

I 
I 



d i s t i n c t  layers .  The lowest 300 m of the  atmosphere, up t o  690 mb, 
1 V 

\ I 1  - 1 was the  l ayer  of s t rong (10 m s  ) nor ther ly  winds (sounding was launched 

about 25 min. a f t e r  nor ther ly  f r o n t  passed t h e  base s i t e ) .  This l ayer  

w a s  cool (0=320°K) and moist (10 gm kg-'). Winds i n  the  next l ayer  

-1 
were known t o  have a s t rong westerly component ( the  7 m s  northwesterly 

winds shown were consis tentwi thr idge- top PAM da ta ) .  This layer  had a 
\ 
I I t' -1 

p o t e n t i a l  temperature of about 3 2 3 ' ~  and mixing r a t i o  of 8.5 gm kg , 
qui te  moist f o r  a deep mixed layer .  The "northwesterly" layer  extended 

upward t o  about 600 mb. Above t h i s ,  s t i l l  another well-mixed layer  had 

winds wi th  an  e a s t e r l y  component, veering i n t o  t h e  500 mb wind d i r e c t i o n  

of 170'. This l ayer  was warmer and somewhat d r i e r ,  with qv=7 gm kg - 1 

giving a convective cloud base a t  about 540 mb, o r  5.0 km MSL. These 

three  l ayers  may be i d e n t i f i e d  wi th  the  th ree  a i r  masses observed on 

PAM-radar p l o t s  (Figs. 24 through 27). Based on surface  da ta ,  one might 

expect the  depth of moist wes te r l i e s  t o  decrease a s  one moves eastward 

from t h e  base, f ina l lyd i sappear ing  a t  t h e  line of convergence. Thus, 

c e l l s  which formed above t h e  convergence l i n e  had two o r  th ree  po ten t i a l  

sources of low-level inflow. 

bove the  inversion a t  490 mb, t h e  sounding was b a s i c a l l y  moist 

aaz; . t i c ,  indica t ing p o t e n t i a l  cloud tops of a t  l e a s t  12.0 km. The 

shape of the  tropopause would ind ica te  t h a t  thunderstorms may have 

I 
a lready penetrated up t o  1 4  km o r  higher (confirmed by CP-3 radar) .  

0 -1 
Upper winds were bas ica l ly  from 170 a t  10-15 m s  i n  the  cloud layer .  

Af ter  1742 MDT (Fig. 28) the  character  of the mesoscale thunder- 

I storm l i n e  and i ts  associated surface  winds began t o  change. Wind 
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Figure 3 4 .  Same a s  Fig .  24,  f o r  1758 M D T S  



$ 

\ 
1758 MDT (Fig. 34) a new c e l l ,  ca l l ed  C8a, had s p l i t  off from the  north- 

e a s t  s i d e  GI c e l l  C8. Knupp, e t  a l .  (1978) presented a very de ta i l ed  

discussion of t h e  l i f e  h i s t o r y  of c e l l  C8, a s  w e l l  a s  C2 and C 1 1 .  

Cells C8a and C9 were overhung t o  the  e a s t ,  suggesting continued re- 

l i ance  on e a s t e r l y  inflow winds, while c e l l  C8 became overhung t o  the  

I 
northwest. C8 grew la rge r ,  and moved more slowly i n  a d i rec t ion  t o  the  

l e f t  of the  mean upper winds. 

While we have i d e n t i f i e d  two separa te  inflow d i rec t ions  f o r  

opposite s i d e s  of the  c e l l  l i n e ,  the  mean shear environment near the  

ax i s  of the  l i n e ,  where new c e l l s  i n i t i a l l y  formed, must have been cloqe 
I 

t o  the  two-dimensional case  (speed shear only) described e a r l i e r .  A 

mechanism f o r  c e l l  s p l i t t i n g  i n  such an environment has been suggested 

I 
by Thorpe and Miller (1978). Basical ly,  the  p r e c i p i t a t i n g  downdraft is 

1 not removed from t h e  a rea  of t h e  inflow because of a l ack  of d i r e c t i o n a l  

shear.  The downdraft then descends i n t o  t h e  inflow region, cu t t ing  the  

inflow i n  h a l f ,  and thus c rea t ing  two c e l l s .  I n  our case study, t h e  

two c e l l s  (C8 and C8a) had d i f f e r e n t  shear environments, and hence 

traveled i n  d i f f e r e n t  d i rec t ions  a t  d i f f e r e n t  speeds. 

By 187- MDT (Fig. 35) t h e  modification of surface  winds by 

c e l l  outflow had become _unmistakable. A "gust f ront"  of downdraft a i r ,  1 8 .  f 

accompanied by p i e c i p i t a t i o n ,  was moving southwestward out of c e l l s  

C8 and C10. Knupp, e t  a l .  (1978) observed the  rapid col lapse  and 

surfacing of an  intense echo overhang on the  southern edge of c e l l  C10. 

Two new ! y formed c e l l s ,  C 1 1  and C12, were south of the  "gust front".  

C e l l  C8 had been moving slowly i n  a d i rec t ion  well  t o  the  l e f t  of the 
k r 

while C8a had moved almost due north a t  a much f a s t e r  ra te .  

a gap in  the  l i n e  about 10 km wide. 

upper wind: 

This create 
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Figure 35. Same as r l g .  2 4 ,  f o r  187" """ 



Cell. C8a, which moved t o  the  r i g h t  of mean winds, consis tent ly  

moved f a s t e r  than C8 and other left-moving c e l l s .  Surface wind da ta  

I 
indica te  a l a rge  d i f ference  i n  nor ther ly  momentum between t h e  a i r  under 

and e a s t  of tp,e c e l l  l i n e  and surface  air t o  the  w e s t .  Thus, l e f t -  

I s  
moving c a l l s  on t h e  w e s t  edge, which presumably get  t h e i r  inflow from 

the northwest, would en t ra in  much more nor ther ly  momentum than c e l l s  

on the  eas te rn  s ide ,  andi.,would move northward more slowly. 

The downdraft gus t  f r o n t  observed near cells C8 and C l O  a t  1822 

MDT (Fig.. 35) was followed by in tense  p r e c i p i t a t i o n  and fu r the r  rapid 

temperature decreases a t  two PAM s t a t i o n s  (916 and 1/27). This appeared 

t o  ind ica te  a general  surfac ing of downdrafts from severa l  convective 

c e l l s  in southern South Park, including C8 and C10. By 1844 MDT 

(Fig. 36), c e l l  C 1 1 ,  a t  t h e  edge of t h i s  outflow region, had grown 

rapidly  :into t h e  dominant convective storm of the  day. C e l l  C12, I 
located e a s t  of C 1 1  and hence not  gaining a s t rong northwesterly inflow: 

had remained less intense and had moved very rapidly  toward t h e  north.  

I n  the  sixme manner, c e l l s  C7a and C8a had moved rapidly  toward the  

north,  c rea t ing a 20 km dis tance  between C8a and C8, which continued 

t o  move :;lowly and somewhat t o  t h e  l e f t  of mean winds. 
: 

Some unique ' cha rac te r i s t i c s  of c e l l  C 1 1  were apparent by 1844 MDT 

(Fig. 36). The c e l l  had begun t o  coalesce from a c l u s t e r  of weak 

updrafts  which exis ted  before 1830 MDT i n t o  a s ing le  in tense  c e l l .  

Coincideint with t h i s  transformation, the  apparent region of inflow 

changed from predominantly southerly t o  northwesterly (Knupp, 1979). 

A hook-shaped appendage had appeared on the  southern edge of c e l l  C 1 1 .  

This was found t o  contain a separa te  r e f l e c t i v i t y  core,  emanating 
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Figure 3 6 .  Same as F i g .  2 4 ,  f o r  1844 MDT. 



from the  c e n t r a l  co re  (Knupp, et a l .  1978). Also coincident  with the  

i n t e n s i f i c a t i o n  of C 1 1 ,  sur face  nor the r ly  winds w e s t  of the mesoscale 

0 
storm complex s h i f t e d  30 - 40 t o  t h e  e a s t ,  such t h a t  t h e  su r face  

streamlj-nes seemed t o  s p l i t  and flow around the  storm system (Fig. 3 6 ) .  

By 1856 MDT (Fig. 37),  y e t  another new c e l l  had s p l i t  of f  from 

c e l l  C 8  and moved northward ( c e l l  C8b). A l l  of t h e  smaller  cells had 

moved r th  r e l a t i v e  t o  C 1 1 ,  and were a t  l e a s t  20 km away. Cel l  C 1 1  

had just. passed over a su r face  s t a t i o n  (1!15), br inging  s u b s t a n t i a l  

r a in fa l l .  and very cold temperatures (8=311°~) in a s t rong e a s t e r l y  

downdraft. The hooked region of C 1 1  appeared t o  r o t a t e  i n  a cyclonic 

sense, and had i t s  own 40 dBz maximum. Eas te r ly  winds wi th in  and e a s t  

of c e l l  C11 represent  s u b s t a n t i a l  modif icat ion of t h e  mean flow by 

t h i s  storm. 

A change i n  t h e  dynamics of these  storm systems occurred a t  

about 1908 MDT. RHI scans i n d i c a t e  t h a t  storm inflow t o  C 1 1  from t h e  

south ceased e n t i r e l y ,  while  inf low from the  northwest continued. As  

t h e  southern overhang col lapsed,  s t rong westerly outflow began near  the  

F 
l oca t ion  of t h e  hook. C e l l  C 1 1  began t o  move more toward the  nor th ,  a t  

150'. A t  t h e  same time, c e l l  C8 stopped moving e n t i r e l y  and began t o  

d i s s i p a t e ,  c r e a t i n g  s u b s t a n t i a l  sur face  p r e c i p i t a t i o n .  By 1922 MDT 

(Fig. 38), su r face  winds gave t h e  appearance of s trong cyclonic ro ta-  

t i o n  about the  c e l l  l oca t ion ,  c rea t ing  a "col  point" i n  t h e  s t reaml ine  

ana lys i s  on the  nor theas t  s i d e  of the  storm, where t h e  p reva i l ing  

n o r t h e r l i e s  were countered by cyclonic outflow from t h e  storm. 

Generally, t h e  s t r e n g t h  and coherence of no r the r ly  flow had decreaseti 

between 1856 MDT and 1922 MDT. 







Another dynamic change occurred i n  c e l l  C 1 1  a t  1928 MD?', when it  

developed a secondary r e f l e c t i v i t y  maximum i n  t h e  overhanging north- 

western p a r t  of t h e  echo. A s  t h e  t r a i l i n g  echo decreased i t 1  i n t e n s i t y ,  

t h e  c e l l  then appeared t o  b e  moving by a process  of d i s c r e t e  r a t h e r  than 

continuous propagation. Thus, by 1939 MDT (Fig. 3 9 ) ,  cell  C 1 1  seemed 

t o  have moved a t  1 0  ms-' toward the  northwest.  Winds in most of South 

I 
Park had become l i g h t e r  (5 ms-1 o r  l e s s )  and-more v a r i a b l e  i n  very 

co ld ,  moist  air. Some moderate convect ive a c t i v i t y  was occurr ing  i n  

a r i n g  around t h i s  pool of co ld  outflow. 

Af te r  1939 MDT, c e l l  C 1 1  moved over t h e  h igh  mountains of the 

Mosquito Range. Although t h e  CP-3 r a d a r  ceased d a t a  ~ o l l e  t i o n  a f t e r  f 
1952 MDT, PAM d a t a  i n d i c a t e  t h e  probable course of events .  A t  201.0 MDT, 

a cold gus t  f r o n t  passed over  s t a t i o n s  #17 (base)  and ii8. A t  2015 MDT, 

s t a t i o n  i/6 (Horseshoe Peak) repor ted  i n t e n s e  r a i n f a l l  f o r  E L  s h o r t  time. 

Since t h e  mountain top  was wi th in  t h e  cloud, however, very l i t t l e  change 

occurred i n  6 o r  q as the  storm went by. The r idge  tops c:ontinued t o  v 

have s t rong  nor thwes ter ly  winds, whi le  t h e  r e s t  of South Park had l i g h t  

and v a r i a b l e  winds a f t e r  2100 MDT. 2 2  i .  1. 
T o t a l  p r e c i p i t a t i o n  d a t a  f o r  t h e  t ime period 1600-2400 MDT a r e  

contoured i n  F ig .  40. The maximum a t  t h e  northernmost s t a t i o n  (#28) 

occurred s h o r t l y  a f t e r  1600 MDT, and came from c e l l  C2. T?e amount may 

a c t u a l l y  have been greater than 21.0 mm, bu t  t he  PAM d a t a  a r e  missing 

f o r  p a r t  of t h i s  storm. The high amount a t  t h e  southernmost s t a t i o n  

(ii15) came from C 1 1  a t  about 1856 MDT. Except f o r  t hese  two case,s,  

most of t he  p r e c i p i t a t i o n  which f e l l  seemed t o  be  a s soc i a t ed  w i t h l  





~ i g u r e  40.  Tota l  r a i n f a l l  i n  mrn observed a t  PAM s t a t i o n s ,  far t h e  
time period 1600-2400 MDT, 19 J u l y  1977. Contour i n t e r v a l  5 mm. 

- I '  
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#9 seems t o  have come from c e l l  C6, which w a s  r e l a t i v e l y  weak and 

shor t - l ived ,  bu t  d id  spawntwoce l l s .  

Radar and s a t e l l i t e  d a t a  i n d i c a t e  t h a t  most of t h e  Frcnt  Range 

a r e a s  were covered wi th  clouds and l i g h t  p r e c i p i t a t i o n  f o r  much of t h e  

n igh t .  From Denver toward t h e  n o r t h e a s t ,  s e v e r a l  l a r g e ,  sl.ow-moving 

c e l l s  were a c t i v e  u n t i l  a f t e r  0230 MDT, J u l y  20. A few l a r g e ,  i s o l a t e a  

s u p e r c e l l s  were p re sen t  i n  e a s t e r n  Wyoming a t  t h i s  time. 



3 . 8  19 J u l y  1977 - Sunnnary 

J u l y  19 ,  1977 w a s  t h e  f i r s t  of a s e r i e s  of days of high p rec ip i -  

t a t i o n  and severe  weather i n  South Park. J u l y  19 was cha rac t e r i zed  by 

in t ense ,  long-lived convect ive s torms which moved slowly northward 

wi th in  South Park. The moisture mecessary t o  suppor t  t h i s  convect ion 

was provided by a synopt ic  s c a l e  upper l e v e l  sou the r ly  flow p a t t e r n  

(sometimes c a l l e d  "monsoonal" f low).  A complex s u r f a c e  flow p a t t e r n  

w a s  apparent ly  d r iven  mainly by large-mesoscale terrain- induced p re s su re  

and temperature g rad ien t s ,  i n t e r a c t i n g  with s y n o p t i c a l l y  d r iven  flow 

from a c r o s s  t h e  Rocky Mountains. I n i t i a l  convection and some c e l l -  

environment i n t e r a c t i o n s  occurred on smaller s c a l e s ,  c r ea t ed  wi th in  

South Park. Some of t h e  s c a l e s  of motion reviewed i n  chapter  2 ,  such 

as t h e  morning v a l l e y  wind, were obscured by l a r g e r  s c a l e  forc ing .  

A b r i e f  t i m e  sequence of events ,  w i t h  t h e i r  probable causes,  

may he::p c l a r i f y  t h e  r o l e s  which va r ious  s c a l e s  and types of motion 

played on J u l y  19. 

AN t h e  day began, t h e  s u b t r o p i c a l  high a t  500 mb east of Colorado 

c rea t ed  s t rong  subsidence e a s t  of t h e  Rockies, wh i l e  providing the  

southerely winds which imported P a c i f i c  mois ture  i n  a band extending 

through western Colorado i n t o  e a s t e r n  Wyoming. I n  e a s t e r n  Colorado, 

a thermal t rough r e s u l t i n g  from days of i n t e n s e  su r f ace  hea t ing  without 

moist convect ive r e l e a s e  helped c r e a t e  an east-to-west su r f ace  p re s su re  

gradien.t  which produced a b a s i c  no r the r ly  wind d i r e c t i o n  i n  t h e  Front 
I 

Range area .  This g rad ien t  ac ted  i n  a more d i r e c t  manner throughout I 
t h e  day t o  c r e a t e  low-level wes t e r ly  and nor thwes ter ly  fo rc ing  of moist 

P a c i f i c  air a c r o s s  t h e  mountains and i n t o  South Park. 
!' 
I 



After  s u n r i s e ,  s t r o n g  s u r f a c e  hea t ing  i n  t h e  p l a i n s  and i n  South 

_ ,  Park c rea ted  a warm, deep dry convect ive PBL. Ear ly  deep moist con- 

v e c t i o n  in the  mountains northwest of South Park helped maintain the  

pressure  g rad ien t  which pushed t h e m o i s t w e s t e r l i e s  i n t o  South Park,  

Although i n i t i a l  moist  convection i n  South Park d id  occur by 1230 PfDT 

over c e r t a i n  te r ra in- favored  convect ive l o c a t i o n s  ("hot spots" ) ,  most 

of South Park remained cloud f r e e  u n t i l  about 1530 MDT. By t h i s  time, 

e a s t e r l y  s lope  winds from t h e  p l a i n s  had en tered  South Park, thus fin- 

d i c a t i n g  t h a t  t h e  e l eva t ed ,  s t rong ly  heated park had c rea t ed  a meso- 
I. 

thermal low p res su re  cen te r .  South Park was thus a maximum area  of 

low-level convergence and convect ivg i n s t a b i l i t y  ( a s  subs t a r l t i a l  

P a c i f i c  moisture advected from t h e  wes t ) .  

Around 1530 MDT, a l i n e  of convect ive c e l l s  began t o  o~:ganize over 

a north-south l i n e  of low-level convergence i n  t h e  cen te r  of South Park. 

A t  about t h e  same time, s t rong ,  cool  n o r t h e r l y  winds invaded t h e  Park 

from t h e  nor th .  This flow was apparent ly  d r iven  by anA inc reas ing  con- 

1 
trast between t h e  clouded, r a i n y  mountains and t h e  d ry ,  heaired p l a i n s ,  

combined wi th  a d i r e c t  south-to-north p r e s s u r e  g rad ien t  c rea ted  by 

outf low from some l a r g e  convect ive c e l l s  which formed on .thz p l a i n s  

e a s t  of t h e  Front  Range. The passage of t h i s  no r the r ly  f r o n t  through 

South Park enhanced the  i n t e n s i t y  of convection by 

convergence, added moisture,  and increased wind 

environment. 
1' 

After  t h e  passage of t h e  n o r t h e r l y  co ld  f r o n t ,  t h e  convective 

c e l l s  i n  the  quas i - s ta t ionary  mesoscale convect ive l i n e  began t o  e.xhibit  

more ind iv idua l ized  i n t e r a c t i o n s  with t h e i r  e n v i r o 7 t .  C e l l s  moved 

i (I 



both l e f t  an$ r i g h t  of t h e  mean wind, apparent ly  de r iv ing  t h e i r  inf low 

from dfifferent  sources.  Cases of s torm merger and s p l i t t i n g  were ob- 

served,  After 1830 MDT, one l a r g e  c e l l  a t  t h e  southern  end of t h e  l i n e  

0 began l:o dominate, moving up t o  60 l e f t  o f  t he  mean wind. A t  t h i s  

time, most of t h e  o the r  c e l l s  i n  t h e  mesoscale complex d i s s i p a t e d .  The 

l a r g e  (:ell  ~ x h i b i t e d  s u p e r c e l l  c h a r a c t e r i s t i c s  and subs tanf ia l .modi f i -  

c a t i o n  of t h e  environmental flow. Af te r  2000 MDT, t h i s  c e l l  moved 

northwestward o u t  of South Park, whi le  cold outflow a i r  covered most 

of t h e  Park. 

This  concludes the  case  s tudy  of Ju ly  19, 1977. This  case  i s  

u s e f u l  because it provides a d e t a i l e d  look  a t  mesoscale convect ion 

wi th in  t h e  su r f ace  and Doppler r a d a r  d a t a  networks, and because it 

provides an  example of s t rong  mesoscale fo rc ing  by t h e  mountain-plains 

c o n t r a s t .  However, t h i s  ca se  s tudy  i s  no t  p e r t i n e n t  t o  t h e  gene ra l  

problerns of west-to-east propagation and high p l a i n s  mesoscale pre- 

c i p i t a t i o n .  I n  t h e  next  chap te r ,  w e  w i l l  s tudy August 4 ,  1977, t h e  

most icfeal day i n  t h e  SPACE 1977 d a t a  set f o r  s tudying these  processes .  



4. o 4 AUG 1977 CASE STUDY -' AN XASTWARD PROPAGAT~NG MESOSCALE 
CONVECTIVE SYSTEM 
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1 I The p a t t e r n  of convect ive a c t i v i t y  on August 4, 1977 con t r a s t ed  

1 .Z&. sharp ly  wi th  thXf"on J u l y  19. On Augus't 4, mountain thunderstoims 

which formed a t  about 138Q MDT propagated r a p i d l y  toward tQe e a s t .  A 

1 

mesosdale s&all l i n e  formed a t  t h e  e a s t e r n  edge of t h e  mountains a t  

about 1400 MDT. This  tornado-producing storm then propagated south- 

eastward through t h e  Palmer Lake Divide a r e a ,  becoming progress ive ly  

more i n t e n s e  a s  it  gained acces s  t o  l a r g e r  amounts of low-level movisture. 

A s  t h e  storm moved i n t o  western Kansas a t  about 2100 MDT, t h e  area of 

i n t e n s e  convection and p r e c i p i t a t i o n  s h i f t e d  northward i n t o  north-  

western Kansas, where about 50 mn~ of r a i n  ( ~ 1 5 %  of t h e i r  mean f o r  t h e  

:I: 1 e n t i r e  summer) f e l l  over a n  ex tens ive  area. The p r e c i p i t a t i o n  frclm 

t h i s  s torm system f e l l  on a time schedule roughly corresponaing t o  t h e  

' d i u r n a l  maximum of heavy p r e c i p i t a t i o n  presented i n  chap te r  2 (Craw, 
3 

1969; Wallace, 1975). :n I t 
1 

-> - ' August 4 was chosen a s  one of t h e  "rapid scan" s a t ~ l l + + ~ ,  days,. 

High r e s o l u t i o n  satel l i te  photos of t h e  sPACE/HIPLEX udy a r e a  were 

taken a t  i n t e r v a l s  of e i t h e r  3 minutes o r  9 minutes dur ing  t h e  period 

1100 MDT - 1900 MDT. I n  a d d i t i o n  t o  a complete s e t  of SPACE/HIPLE:X 

rawinsonde f l i g h t s ,  supplementary 1200 MDT rawinsondes were taken a t  

f i v e  NWS upper a i r  s t a t i o n s  (DEN, GJT, DDC, AMA, LBF). Two Bureau of 

Reclamation sponsored cloud physics  a i r c r a f t  (lMR and 10UW) made cross-  

s e c t i o n a l  f l i g h t s  from South Park t o  Goodland, Kansas and back during 



August 4 w a s  a l s o  t h e  f i r s t  day on which s u b s t a n t i a l  d a t a  are a v a i l a b l e  

from t h e  CSU FPS-18 r ada r  (CBS-4). CSU boundary l a y e r  p r o f i l e r  (BLP) 

d a t a  were taken s t a r t i n g  at  s u n r i s e  from two d i f f e r e n t  l o c a t i o n s  - "'7 
base and a l o c a t i o n  2.4 km west of t h e  base ,  hear  t h e  edge of t h e  foot-  

L  he Mosquito Range. 

is day w a s  chosen f o r  i n t e n s i v e  a n a l y s i s  because i t  provides  

a well-documented example of  a s i g n i f i c a n t  mesoscale convect ive s torm 

which &?pea s t 9 , h a v e  had i ts  o r i g i n s  i n  d i u r n a l ,  terrain- induced t 
dynamics a thermodynamics. The sequence of even t s  from s u n r i s e  

' through t o  t h e  next  morning e x h i b i t s  many of t h e  d i u r n a l  c h a r a c t e r i s t i c s  

reviewed i n  chap te r  2. I "' 
lugust  1977 - Synoptic S i t u a t i o n  

At 0600 MDT (1200 GMT) on August 4, winds a t  t h e  500 mb- l eve l  were 

e s s e n t i a l l y  zonal  over  most of  t h e  western U.S. (Fig. 41a). The band 

of s t ronge r  westerlies had receded northward, a l lowing l i g h t  south- 

wes t e r ly  winds, r o t a t i n g  around a weak s u b t r o p i c a l  h igh  i n  New Mexico, 

t o  import moist  P a c i f i c  a i r  i n t o  t h e  Rocky Mountain region. High dew 

p o i n t s  preva i led  a t  500 mb i n  Colorado a s  w e l l  a s  t o  t h e  e a s t  and west. 

- 1 
Wind speeds over  Colorado were 12-15 m s . A t  700 mb (Fig. 41b), 

a mesoscale t rough was p re sen t  i n  western Kansas. Winds a t  Goodland, 

near  t h e  t rough a x i s ,  were no r the r ly ,  advect ing cooler  a i r  from t h e  

no r theas t  southward. 

A t  t h e  su r f ace  (Fig. 42) ,  t h e  700 mb trough w a s  r e f l e c t e d  i n  an  

elonga I ed low pressure  cen te r .  A t  850 mb, o r  about 500 m above ground 

l eve l  
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-1 t h i s  low pxessure center ,  wi th  850 mb winds of 21 m s a t  Amarillo, 

TX (AMA) and 18 m s-I a t  Dodge City, KS (DDC), both wind d i rec t ions  

being about 210'. Surface winds within and e a s t  of t h i s  low were 

5-10 m s-I from the  south o r  southeast ,  with high dew points  (up t o  

0 I 23 C), overcast  sk ies  and p rec ip i t a t ion .  This p rec ip i t a t ion  was p a r t  , 

of a l a r g e  area  of nocturnal  p rec ip i t a t ion  v i s i b l e  on s a t e l l i t e  I : R  

images (Fig. 43). S t r ik ingly ,  t h i s  thunderstorm region w a s  centered 

on t h e  a rea  which has a cl imatological  nocturnal  p rec ip i t a t ion  ma:ximum, 

while the low-level j e t  appears a l s o  i n  i t s  cl imatological ly most 

favored loca t ion  (Bonner, 1968). The r e l a t i v e  o r i en ta t ion  of t h e  

j e t  t o  t h e  region of convective storms seems compatible with the concept 

of low-level convergence ahead of t h e  jet presented by Pitchford and 

London (1962). Northwest of t h e  low pressure a rea ,  eas te rn  Color,ado 

w a s  covered by somewhat cooler ,  d r i e r  a i r ,  with l i g h t  nor th  t o  west 

winds and c l e a r  skies .  1 .  I 
The l a r g e  nocturnal  mesoscale system shown i n  Firr. 43 had developed 

from a l i n e  of c e l l s  which had formed over eas te rn  C ,rado and Wyoming 

t h e  previous afternoon (3 Aug). I n  South Park, however, August 3 was a 

day of very l i t t l e  convective a c t i v i t y  because of t h e  l ack  of boundary 

layer  moisture . a I 
An east-west c ross  sec t ion of soundings taken a t  1200 GMT (0600 

1 .I 
MDT) on August 4 is  shown in Figure 44. The po ten t i a l  temperature 

s t r u c t u r e  was f a i r l y  f l a t  with t h e  Limon sounding s l i g h t l y  w a r m e r  i n  

the  lowest l a y e r ,  similar t o  t h e  thermal pa t t e rn  on July  19,  bu t  l e s s  

pronounced. Low-level moisture had a s t rong east-west gradient ,  ,with 

Goodland having about 8.8 grn kg-' average i n  t h e  lowest 100 mb (about 

I 



Figure 43. S a t e l l i t e  infrared ( I R )  image of western U.S.,  similar 
t o  Fig. 15, for 0400 MDT, 04 August 1977. The huge mesoscale convective 
storm in the central plains is descended from storm systems which I 





I 

1.2 km) , Limon with 6.8 gm kg-' and South Park with 4.8 gm kg-'. A l l  

- 1 
s t a t i o n s  had about 3 gm kg a t  500 mb, indica t ing t h a t  l i t t l e  large- 

'1 ' 
s c a l e  subsidence was present .  A s t a b l e  region a t  about 500 mb seemed 

t o  be s t rongest  over South Park, perhaps indicat ing mesoscale subsidence 

due t o  nocti a 1  drainage winds from t h e  mountains. Thus, the  bold 

l i n e s  reprer t ing  the boundaries of t h i s  elevated s t a b l e  l a y e r  i n  Fig. 

44 extend rc h ly  over the  region of high t e r r a i n  i n  c e n t r a l  Colorado. 

I 
Winds were general ly westerly a l o f t ,  12-25 m s-l. Winds below 

660 mb were nor ther ly  a t  Limon and Goodland, ind ica t ing  cool advection 

which would tend t o  increase thermal s t a b i l i t y  of the atmosphere. How- 

I ever, t h i s  cool nor ther ly  a i r  was not  s i g n i f i c a n t l y  d r i e r  than the  

a i r  i t  replaced, s ince  t h e  Great P la ins  w e r e  covered with subtropical  

moisture a l l  the  way i n t o  Canada a t  t h i s  time of year. The winds a t  

South Park had almost no d i r e c t i o n a l  shear,  indica t ing l i t t l e  o r  no 

tllermal advection a t  any l eve l .  

4.2 4 August 1977 - Evolution of the Planetary Boundary Layer 

I n  t h e  previous sec t ion,  t h e  i n i t i a l  v e r t i c a l  and hor izonta l  

s1:ructure of t h e  atmosphere on a s c a l e  l a r g e r  than South Park j u s t  

before sunr i se  (0600 MDT) on August 4 was depicted. I n  t h i s  sec t ion,  

surface data  "?AM), rawinsondes, and t e t h e r  balloons a r e  used t o  

describe the  f i n e r  s c a l e  s t r u c t u r e  of t h e  atmosphere over South Park 

axid the  modi :ations t o  t h i s  s t r u c t u r e  which resu l t ed  from s o l a r  

heating of t h e  surface.  The progressive deepening of the  boundary l ayer  

which, along wi th  various t e r r a i n  e f f e c t s ,  induced the  f i r s t  cumulus 

C 4 * +  
cl-ouds t o  form a t  approximately 1000 MDT over the  Mosquito Range, and 



I I 
which a l s o  produced an environment favorable  f o r  deeper p r e c i p i t a t i n g  

cumulus c~onvection a t  about 1200 MDT i s  shown. ! 

A t  0600 MDT, t h e  South Park sounding (Fig.  45) had a very  t h i n ,  

sharp s u r f a c e  r a d i a t i o n  invers ion .  Above t h e  inve r s  i: .$& e s s e f i t i a l l y  

n e u t r a l  l a y e r  extended t o  630 mb, o r  about 2.3 km above the surface.  

*".A . . . -1 -. . *  fb 

Westerly winds increased  by 7-10 m s w i t h i n  t h i s  1, : r ,  wi th  very  

l i t t l e  d i r e c t i o n a l  shear .  Above 630 mb, t h e  middle t roposphere w a s  

s t r a t i f i e d  i n t o  s e v e r a l  t h i n  mixed l a y e r s ,  separa ted  s t a b l e  l aye r s .  

.The s t r o n g e s t  s t a b l e  l a y e r  w a s  a t  about 480 mb, near  rdei&&age uppet 

i nve r s ion  l e v e l  observed by Huggins (1974). This s t a b l e  l a y e r  was 

pos tu l a t ed  t o  be  a consequence of genera l  subsidence rer t h e  mountains 

due t o  downslope winds, as descr ibed  i n  t h e  previous so--ion. The 

- 1 
average mixing r a t i o  i n  t h e  lowest 100 mb was 4.8 gm . The l e v e l  

on t h i s  sounding a t  which t h i s  amount of moisture would reach s a t u r a t i o n  

is t h e  mixed condensation l e v e l ,  o r  MCL, which i s  an estinhte of the 

r, ! subsequent convect ive cloud base. A cloud wit6 ~ t s  a s e  a t  the  MCL 

of 520 mb would be  capped by t h e  inve r s ion  a t  480 mb. t h i s  in-verg ion  

were e l imina ted ,  t h e  cloud p a r c e l  could then r i s e  t o  a t  ea s t  310 mb 

(9 Ism MSL) before  l o s i n g  buoyancy. Above t h i s  l e v e l ,  a t rongly rstable 

l a p s e  r a t e  was p re sen t  up t o  t h e  tropopause. 

Surface winds, 8, and q f o r  t h i s  t i m e  (Fig.  46< " show t h a t  very v 

l i g h t  winds were preva len t  w i t h i n  t h e  Park, b a s i c a l l v  flowing downhill  

below t h e  noc turna l  invers ion .  Most wind d i r e c t i o n s  were toward the 

reg ions  of lower p o t e n t i a l  temperature i n  low-lying vallepl- i n  t h e  

c e n t e r  of South Park. Water vapor mixing r a t i o s  were almost uniform 
I 

- 1 
throughout South Park, averaging about 5.5 gm kg . ~ r ' t e r  s u n r i s e ,  a t  



p l o t t e d  on skew-T log-P diagram. 
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Figure 46. PAM su r f  ace  d a t a  'from south 
a )  0600 MDT and b)  0700 MDT, 04 August 1977. 

2 . . '  
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0 4  AUG 77 0600-0605 

Park,  

d i r e c t i o n s  s t i l l  b a s i c a l l y  downslope. Mixing r a t i ~ ,  ,,. egun t o  

i nc rease  a t  a ma jo r i t y  of t h e  s t a t i o n s .  

I y :  
Soundings from a Boundary Layer P r o f i l e r  [c - ' b a l l c  - 

system were taken during t h e  e ~ r l y  morning a t  
. . r' 

t h e  CSU base  over a f l a t  p a s t u r e  ("Si te  Number 2") A s i m  sys  tem 

s e t  up a t  t h e  base  i t s e l f  f a i l e d  t o  ope ra t e  on August 4. The working 

P BLP w a s  t r a n s f e r r e d  from t h e  remote s i t e  t o  t h e  CSU b 2 a t  about 0800 

MDT. Case s t u d i e s  of boundary l a y e r  evoluti.on using DLJ oundings 

r , .  taken a t  t h e  CSU base have a l r eady  been publ ished (Ba 5 a Cotton, .-- 
4- * - 

" '1979). These i n d i c a t e  t h a t  t h e  morning downslope I .ds below t h e  

r a d i a t i o n  invers ion  switched t o  upslope 1-2 hours  , r . Up- 

s lope  winds formed i n  a t h i n  convect ive boundary laye  
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Figure  47. Boundary Layer P r o f i l e r  (BLP) t e the red  ba l loon  soundin 

Potentia:L temperature,  water vapor mixing r a t i o ,  and winds p l o t t e d  
aga ins t  he igh t  i n  meters AGL. Soundings begun a t  a)  0619 MDT, and 
k) 0649 PDT, 04 August 1977, both a t  S i t e  #2 .  



p o t e n t i a l l y  coo le r  than t h e  n e u t r a l  l a y e r  above. V e r t i c a l  mixing 

between the  convect ive boundary l a y e r  and t h e  deeper n e u t r a l  l a y e r  

a l o f t  d i d  n o t  occur u n t i l  t h e  p o t e n t i a l  temperature t h e  boundary 
8 ? 

l a y e r  had increased by d i a b a t i c  hea t ing  t o  match t h e  o ten t : ia l  tempera- 

t u r e  of t h e  n e u t r a l  l a y e r .  On t h e  dry suppressed convect ive cloud days 

s tud ied  by Santa and Cotton, r ap id  tu rbu len t  mixing occurred a s  t h e  

convect ive boundary l a y e r  grew i n t o  t h e  n e u t r a l  l a y e r ,  due i n  part. t o  

t h e  s t rong  wes t e r ly  winds which p reva i l ed  i n  t h e  n e u t r a l  l a y e r .  These 

d ry  w e s t e r l i e s  were then en t r a ined  t o  t h e  s u r f a c e ,  c r e a t i n g  a sudclem 

su r face  wind s h i f t  accompanied by a r ap id  decrease  i n  su r f ace  moisture.  

On August 4, however, a somewhat d i f f e r e n t  sequence of' even t s  

occurred. The soundings from S i t e  /I2 (Fig. 47) show t h e  evolu t ion  of 

t h e  boundary l a y e r  j u s t  a f t e r  sun r i se .  A n e u t r a l  mixed l a y e r  40 m deep 

had formed wi th in  t h e  noc tu rna l  i nve r s ion  by about 0700 MDT (Fig. 47b). 

Notice t h a t  t h e  p o t e n t i a l  temperature a t  about 50 my j u s t  albove,the 

top of t h i s  l a y e r ,  decreased by s e v e r a l  degrees between Figs.  47a and 

47b a f t e r  sun r i se .  This was due t o  entrainment of t h e  pote .nt ia l ly-  

warmer a ir  a t  t h i s  l e v e l  downward i n t o  t h e  coo le r  mixed l a y e r .  Winds 

on both  of t hese  soundings were b a s i c a l l y  downslope w e s t e r l i e s  up t o  

over  200 m y  t he  maximum sounding a l t i t u d e .  By about 0730 tIDT (Fig. 48a), 

' I  
t h e  mixed l a y e r  was about 100 m deep a t  S i t e  //2, w i th  very  l i g h t  winds 

compared t o  t he  continued s t r o n g  w e s t e r l i e s  above 100 m. blinds at: t h e  

su r f ace  had swung around almost t o  a n  e a s t e r l y  upslope d i r e c t i o n .  The 

0 l a p s e  r a t e  was somewhat s t a b l e  nea r  t h e  su r f ace ,  i n d i c a t i n g  t h e  pos- 

s i b i l i t y  of coo l  advect ion by t h e  upslope,winds n e a r e s t  t o  t h e  sur face .  
" f 
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Sqme as F ig .  47,  f o r  a) 0720 NDT, S i t e  112, and 
s i t e  #1 (CSU base s i t e ) .  



By 0800 MDT (Fig. 49a),  winds a t  s e v e r a l  PAM s t a t i o n s  hz 

t o  s h i f t  toward an  upslope d i r e c t i o n ,  which is rough1 ior t h e  I 

base and t h e  v a l l e y  l o c a t i o n s  t o  t he  sou theas t .  BLP f l f - " t s  a t  t h e  

CSU base  l o c a t i o n  show very  l i g h t  winds wi th  a n o r t h e r l y  d r i f t  through- 

out  t h e  lowest 300 m of t h e  atmosphere. The CSU base w a s  s t i l l  up t o  

0 
6 K warmer i n  8 than t h e  low-lying v a l l e y s .  Mixing r a t i o s  had increased 

t o  over 6.5 gm kg-' a t  some v a l l e y  PAM s t a t i o n s  ( enc i r c l ed  by a dashed 

l i n e  on PAM maps, F igs .  49 and 51).  Thus, t h e  onse t  of upslope winds 

a t  t h e  base  should have r e s u l t e d  i n  low-level advect ion of cool ,  

moist  a i r .  A BLP f l i g h t  bigun a t  0836 MDT (Fig. 48b) conf ned t h i s  

hypothesis .  Winds wi th  a s t ronge r  upslope component i n  t h  Lowest 510 m 

of t h e  sounding brought increased  mois ture  ( t o  6.5 1 kl somewhat 

cooler  a i r  over t h e  CSU base.  By 0900 MDT (Fig. 4' , , d s  a t  t h e  

-1 
CSU base  had s h i f t e d  t o  t h e  upslope d i r e c t i o n  wi th  eeds of 5 m s . 

0 
The base was s t i l l  up t o  4 K warmer i n  8 than the  downvalley l o c a t i o n s .  

The p a t t e r n  of boundary l a y e r  evo lu t ion  a t  t h e  CSU base  can b e  

b e t t e r  understood by examining a p l o t  of su r f ace  8 and dew po in t  vs .  

time (Fig. 50) .  Af te r  sun r i se ,  0 ro se  r a p i d l y  u n t i l  about 0820 MDT, 

when it l eve l ed  o f f  a t  about 8 = 317.5'~. A t  t h i s  time, cool  advect ion 

began, a long wi th  very r a p i d  f l u c t u a t i o n s  i n  s u r f a c e  d b i s t u r e .  The 
I 

sharp r i s e s  i n  dew p o i n t  seem t o  c o r r e l a t e  w i th  small drops i n  8 ,  

I 
I s i g n a l i n g  t h e  a r r i v a l  of a p a r c e l  of cool ,  moist  r i v e r  bottom a i r .  
I 
i A f t e r  0900 MDT, 0 began t o  i nc rease  aga in ,  b u t  it d i d  not  reach 3 2 1 ° ~ ,  
I 
( t h e  p o t e n t i a l  temperature of t h e  e l eva t ed  n e u t r a l  l a y e r  over  South 

Park on August 4 ( a s  determined from rawinsondes) u n t i l  a f  t e r  11001 MDT. 

- -33 . \  ; 
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]Dashed l i n e  enc loses  region wi th  mixing r a t i o  ?6.5 gm kg-1. 
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Figure 50. P l o t  of p o t e n t i a l  temperature and dew-point vs .  t ime, 
a t  t he  CSU base,  0600-1300 MDT, 04 August 1977. 
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Figure 51. Same a s  Fig. 46, f o r  a )  1000 MDT, and b )  la00  MDT, 
04 August 1977. 

' II 
I I Thus, growth of a  deep, well-mixed PBL, i n  which su r f ace  p a r c e l s  

could rise t o  s a t u r a t i o n  by buoyant fo rces ,  d id  no t  occur over t h e  

base and lower-lying a r e a s  u n t i l  a f t e r  1100 MDT. 

A p a t t e r n  of l i g h t  b u t  coherent  v a l l e y  winds preva i led  i n  c e n t r a l  

South Park a t  1000 MDT (Fig. 51a) .  The g rad ien t  of 8 between t h e  CSU 

base  and t h e  c o l d e s t  v a l l e y  l o c a t i o n  had been reduced t o  2.5'~. A 

- 1 l a r g e  number of s t a t i o n s  had mixing r a t i o s  of QVS $,5 gm kg . The 

l o c a t i o n  of t hese  s t a t i o n s  coincided w e l l  with t h e  v a l l e y  of t h e  South 

P l a t t e  River.  The h igher  western s t a t i o n s  had p o t e n t i a l  temperatures 

0 
of up t o  321.6 K,  i n d i c a t i n g  t h a t  convection through a  deep boundary 

l a y e r  w a s  poss ib l e  a t  those  loca t ions .  I n  f a c t ,  t h e  f i r s t  small  

cumulus clouds were observed oyer..ghe Mosquito Range a t  about 1000 MDT. 

Data sugges t ing  t h e  o r i g i n  of t hese  cumulus clouds w i l l  be  examined i n  

a  subsequent paragraph. 



Tb ef&ct  of coo l  upslope advect ion on t h e  South Park environment, 6 . , ,  
a s  w e l l  as poss ib l e  e f f e c t s  of e a r l y  cumulus convection, a r e  revealed 

i n  t h e  1030 MDT rawinsonde (Fig. 52).  A near ly-neut ra l  l a y e r  extended 

up t o  580 mb, o r  1 .6  km AGL. Winds i n  t h i s  l a y e r  were very  l i g h t ,  

switching from e a s t e r l y  a t  t h e  s u r f a c e  t o  wes t e r ly  a t  580 mb. P o t e n t i a l  

0 
temperature increased from 320 K nea r  t h e  su r f ace ,  t o  3 2 1 ' ~  a t  580 mb, 

-1 -1 whi le  t h e  moisture mixing r a t i o  decreased from 6.3 gm kg t o  5 .2  gm kg . 
These v e r t i c a l  g r a d i e n t s  i n  momentum, mois ture  and p o t e n t i a l  temperature 

can be p a r t i a l l y  a t t r i b u t e d  t o  low-level upslope winds. 

Above 580 mb, t h e  1030 MDT rawinsonde has  a l a y e r  of r e l a t i v e l y  

moist,  cond i t i ona l ly  uns tab le  a i r  extending up t o  430 mb. This  is t h e  

Ilayer i n  which t h e  f i r s t  cumulus clouds formed. Westerly winds in- 

-1 c:reased by about 10  m s wi th in  t h i s  l aye r .  The p o t e n t i a l  temperature 

i nve r s ion  a t  480 mb which had been p re sen t  a t  0600 MDT (Fig. 45) was 

almost e n t i r e l y  el iminated.  A low-level p a r c e l  w i th  a mixing r a t i o  of 

-1 
6 gm kg , i f  l i f t e d  on t h i s  sounding, would reach  s a t u r a t i o n  a t  about 

5140 mb, and could then  r i s e  t o  a p o t e n t i a l  cloud top  of 270 mb (10kmAGL) 

b'efore l o s i n g  buoyancy. 

The onse t  of r ap id  PBL growth as ind ica t ed  by su r f ace  p o t e n t i a l  
J ' 
f F 

temperature,  had occurred o r  w a s  imminent over  most of South Park by 

1100 MDT (Fig. 51b).  Less than 1 ' ~  8 d i f f e r e n c e  remained between t h e  

CSU base  and t h e  v a l l e y  s t a t i o n s .  Thus, w i th  a smal le r  0 grad ien t ,  t he  

cool  advect ion due t o  upslope winds should have decreased,  a l lowing I 
growth of a deeper n e u t r a l  PBL. A BLP sounding taken a t  t h i s  time I 
(Fig. 53) shows a well-mixed PBL t o  a t  l e a s t  350 m y  wi th  8 = 320°K and 

-1 
v > 6 gm kg in  upslope winds. A t h i n  (20m) supe rad iaba t i c  su r f ace  

l aye r  can a l s o  be  seen. 



Figure  52, South Park sounding of 1030 MDT, 04 August 1 9 7 7 ,  
p l o t t e d  on skew-T log-P diagram. 
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F i g u r e  53. Same as F ig .  47, f o r  a) 1054 MDT, and b)  1218 MDT, 
t a k e n  a t  S i t e  111 (CSU base).  



The i n i t i a l  s t a b i l i t y  and v a l l e y  wind e f f e c t s  which prevailed1 over 

lower a r eas  of South Park i n  t he  morning served t o  suppress  deep E'BL 

growth and t o  i n h i b i t  cumulus cloud formation. However, su r f ace  

p o t e n t i a l  temperatures of up t o  3 2 4 ' ~  were observed over  the high 

r i d g e s  of t h e  Mosquito Range ( a t  1100 MDT, Fig. 51b) during t h e  same 

t i m e  per iod ,  i n d i c a t i n g  t h a t  deeper PBL growth had a l r eady  occurred. 

The time evo lu t ion  of t h e  convection i n  t h i s  deeper PBL is  revealed i n  

Fig. 54, a time p l o t  of 8 ,  dew po in t ,  and wind v e l o c i t y  a t  s t a t i on .  6 ,  

which was loca ted  on Horseshoe Peak a t  an e l e v a t i o n  of over 4.2 krr~ MSL 

(615 mb). Shor t ly  a f t e r  0900 MDT, 8 t rended sha rp ly  upward, while t he  

wind speed f e l l  o f f  sharp ly .  J u s t  before  1000 MDT, another  sharp rise 

0 
t o  8 = 323 K was accornpanied by a drop i n  wind speed. Moisture remained 

r e l a t i v e l y  cons tan t  a t  5.5 gm kg-'. The 1030 MDT South Park rawinsonde 
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Figure 54. Temperature, dew-point, and wind speed p l o t t e d  vs .  t ime,  

a t  PAM s t a t i o n  116 (Horseshoe Peak),  f o r  0600-1300 MDT, 04 August 1977 .  



- 1 (Fig. 52) shows t h a t  a p a r c e l  with 8 = 323O~,  = 5.5 gm kg might 

ba re ly  reach  s a t u r a t i o n  and form a cloud wi th  i t s  base  a t  530 mb. It 

is  hypothesized t h a t  t h e  excursion i n  s u r f a c e  8 t o  3 2 3 ' ~  a t  Horseshoe 

present  t h e  entrainment  of coo le r  free-environmental a i r  ( a t  8 = 

0 
321 K) moving i n  from t h e  west i n  t h e  wake of t h e  r i s i n g  bubble. A f t e r  

1000 MDT, Horseshoe Mountain became an  almost continuous source of 

cloud bubbles . 

Peak, wi th  a corresponding marked decrease  i n  wind speed, r ep re sen t s  

0 

Favorable cond i t i ons  f o r  cumulus cloud formation over  t h e  Park d i d  

, 

not  occur u n t i l  a f t e r  1200 MDT, when a p o t e n t i a l  temperature of 3 2 1 ' ~  

I 
was p resen t  a t  most of t he  s u r f a c e  s t a t i o n s  i n  South Park. A BLP 

the  formation of a l a r g e  bubble of a i r  which was heated t o  2 C tempera- 

t u r e  excess  by i n s o l a t i o n  on t h e  mountain peaks and s lopes .  The sudden 

decrease i n  8 a t  1000 MDT, wi th  a sudden rise i n  wind speed, may re- 

sounding taken from the  CSU base a t  about 1220 MDT, t h e  t i m e  of t h e  

f i r s t  ra.dar echoes i n  South Park, is shown i n  Fig. 53b. A p o t e n t i a l  

0 
temperature of a t  l e a s t  320.5 K w i th  almost no v e r t i c a l  l apse  is  indi -  

- 1 ca ted ,  w i th  mixing r a t i o s  of over 6 gm kg i n  southeasterlyupslopewinds. 

To summarize the  boundary l a y e r  evo lu t ion  l ead ing  up t o  deep 

c:umulus convection, noc turna l  dra inage  winds served t o  move cool ,  

s t a b l e  air  t o  t h e  low, f l a t  areas of t h e  Park,  wh i l e  i n h i b i t i n g  t h e  

growth of a deep su r f ace  r a d i a t i o n  inve r s ion  on the  s t e e p e r  mountain 

s lopes .  Af t e r  s u n r i s e ,  l i g h t  s lope  winds wi th in  the  growing boundary 

I 
l a y e r  tended t o  r e d i s t r i b u t e  s t a t i c  s t a b i l i t y  more uniformly over t he  

r e l a t i v e l y  f l a t  Park, whi le  l o c a l  su r f ace  hea t ing  r a p i d l y  c rea t ed  a 

well-mixed, uns t ab le  boundary l a y e r  over  t h e  h ighe r  mountains. Thus, 

.I: 
I ,  
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cumulus growth w a s  enhanced over t h e  mountains and suppressed over South 

Park. Cumulus clouds formed over Horseshoe Peak by 1000 MIIT, while  

clouds were i n h i b i t e d  over t h e  Park u n t i l  a deep uns tab le  boundary l a y e r  

was achieved over t he  e n t i r e  Park a f t e r  1200 MDT. 

-1 
Observed s lope  wind speeds were usua l ly  3 m s o r  l e s s ;  t hese  

winds were e s t ab l i shed  by about 0800 MDT. Thus, t h e  t r a j e c t o r y  of a 

t y p i c a l  upslope p a r c e l  from s u n r i s e  u n t i l  1200 MDT would be l e s s  than 

50 km long,  i n s u f f i c i e n t  t o  a d v ~ c t  moistyre from o u t s i d e  of South 
+ ,  , - 8 - , ,  ,:.< > B 11 

Park t o  t h e  a r e a  of cloud genes i s  west of t h e  CSU bas h e  observed 

inc reases  i n  s u r f a c e  mois ture  a t  many s u r f a c e  s t a t i o n s  were thus  due t o  

low-level and s u r f a c e  moisture i n i t i a l l y  w i th in  South Park. After  

1 

sun r i se ,  evaporat ion and t r a n s p i r a t i o n  may have increased ,  e s p e c i a l l y  

in moist ,  low-lying r i v e r  bottoms. Since su r f ace  meteorological  s t a -  
I c  

t i o n s  a r e  u sua l ly  l oca t ed  on l o c a l  h i l l t o p s ,  advect ion of low-level 

mois ture  over very  s h o r t  d i s t ances  could a l s o  have cont r ibu ted  t o  

enhanced mixing r a t i o s .  

The case  of J u l y  1 9  and s e v e r a l  o t h e r  cases  (some repor ted  i n  

Danielson and Cotton, ed. ,  1977) i n d i c a t k  t h a t  l a r g e r  s c a l e  advect ion 

from t h e  P l a i n s  eastward i n t o  South Park due t o  s l o p e  w h 4 s  is  most 

l i k e l y  t o  occur i n  t h e  l a t e  a f te rnoon,  i n  response t o  t h e  genera t ion  

of a Rocky Mountain thermal low p r e s s u r e  cen te r  by high-level  topo- 

graphic hea t ing .  Thus, advect ion of s t rong  Gulf moisture i n t o  South 

Park is more l i k e l y  t o  occur  on t h e  day before  t he  thunderstorms' which 

11 
feed o f f  t h i s  moisture occur.  I n  t h e  Front  Range "hot spots",  however, 

t h e  advect ion of P l a i n s  moisture can occur on t,he,same morning it is 
I 

used. 



4 . 3  4 August 1977 - Large-Mesoscale Cloud Environment 

I n  t h e  previous sec t ion ,  i t  was shown how t h e  evo lu t ion  of t h e  

p l ane t a ry  boundary l a y e r  over  South Park on August 4 was inf luenced 

I 
by l i g h t  s lope  winds caused by su r f ace  thermal e f f e c t s  on mountain 

s lopes .  These e f f e c t s  r e s u l t e d  i n  t h e  formation of t h e  f i r s t  cumulus 

clouds of t he  day over t h e  high mountain peaks and r i d g e s ,  whi le  cloud 

formation over  t h e  lower a r e a s  of South Park was i n h i b i t e d  f o r  about 

two hours.  I n  t h i s  s e c t i o n ,  a similar phenomenon which occurred over  

a much l a r g e r  a r e a  on a time s c a l e  of 6-12 hours  is  examined. Deep 

thunderstorms occurred over t h e  moutainous a r e a s  of Colorado before  

1300 MDT, whi le  a l l  cumulus convection w a s  i n h i b i t e d  i n  t h e  p l a i n s  of 

e a s t e r n  Colorado f o r  several more hours .  

I n  Figs.  55 through 57, rawinsondes, r a d a r s ,  s u r f a c e  weather 

s t a t i o n s  and instrumented a i r c r a f t  a r e  used t o  d e p i c t  t h e  atmosphere 

over t h e  reg ion  from t h e  c e n t r a l  Rockies e a s t  t o  Goodland, Kansas a t  

1200 - 1.300 MDT, j u s t  as deep cumulonimbus convection w a s  f i r s t  forming 

over t h e  mountains. The 1301 MDT South Park sounding (Fig. 55) shows 

the  in f luence  of t h i s  deep thunderstorm a c t i v i t y  on t h e  South Park 

environment. Downdrafts from t h e  f i r s t  p r e c i p i t a t i n g  cumulus clouds 

which passed near  t h e  CSU base served t o  s t a b i l i z e  t h e  lowest 50 mb 

(0.6 km AGL). Above t h i s ,  t h e  well-mixed n e u t r a l  l a y e r  extended t o  

!580 mb (1.7 km AGL), w i th  l i g h t  winds veer ing  from 170' t o  260'. The 

l a y e r  extending from 580 mb t o  511 mb can be cha rac t e r i zed  a s  a l a y e r  

of p e n e t r a t i v e  convection, which en t r a ined  mid-tropospheric a i r  i n t o  

t h e  p l ane ta ry  boundary l aye r .  This  l a y e r  exh ib i t ed  a very s l i g h t  l a p s e  

- 1 
]rate of 8 ,  decreasing moisture,  and a 5 m s inc rease  i n  wes t e r ly  



~ i & e  5 5 .  South Park souriding of 1301 MDT, 04 August: 1977, 
p l o t t e d  on skew-T log-P diagram. Cloud Condensation Level (CCL)mirked. 



. - -  
7 - -  MDT 

2;"' 
AVG. PBL WINDS 

LV 
(1.6 km) = DEPTH OF PBL 

Figure 56. East-west cross-sect ion,  a s  i n  Fig. 17 ,  f o r  1200-1300 MDT, 04 August 1 9 7 7 .  Average winds 
i n  t h e  PBL, along with PBL depth, a r e  p l o t t e d  f o r  4 s t a t i o n s  (SP, L I ,  GL, and Denver) i n  the  lower margin. 
Data from a west-to-east a i r c r a f t  f l i g h t  a r e  included i n  analys is .  
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wind speed wi th  very  l i t t l e  d i r e c t i o n a l  shear .  A dry  s t a b l e  l a y e r  t o  I 
470 mb l a y  below a deep moist  l a y e r  up t o  240 mb. This  l a y e r  showed t h e  

in f luence  of deep cumulus convection, which had cooled t h e  a r e a  near  

probable cloud t o p  ( a t  240 mb) by about 2 ' ~  s i n c e  t h e  1030 MDT sounding 

(Fig. 52)l. Strong s t a b i l i t y  above 240 mb would i n d i c a t e  t h a t  convect ive 

clouds p1:obably would n o t  grow much h ighe r  than 11 o r  12 km over  South 

Park durj-ng t h e  af ternoon.  

Rawinsonde and a i r c r a f t  d a t a  are combined on an  east-west c r o s s  

s e c t i o n  in Fig.  56. Soundings from Denver and o t h e r  NWS rawinsonde 

s t a t i o n s  a r e  a l s o  a v a i l a b l e  f o r  t h i s  t i m e .  On t h e  lower margin of 

Fig. 56, t h e  average wind speed and d i r e c t i o n  through t h e  depth of t h e  

p l ane t a ry  boundary l a y e r  (PBL) is p l o t t e d  f o r  fou r  rawinsonde s t a t i o n s  

(SPY DEN, LI,  and GL). The PBL depth is h e r e  defined a s  t h e  probable 

depth t o  which surface-based thermals  could rise, based on an in spec t ion  
L 

of t h e  pl.otted soundings. 

The average PBL wind p l o t  r e v e a l s  a s u b s t a n t i a l  amount of divergenke 

being generated a t  low l e v e l s  a t  a l l  s t a t i o n s  e a s t  of t h e  mountains. 

This is c o n s i s t e n t  w i th  t h e  d i u r n a l  p a t t e r n  of divergence observed by 

Bleeker and Andre (1951). A reg ion  of low-level convergence is  seen  t o  

have e x i s t e d  over t he  Front Range a r e a  a t  t h i s  t i m e .  This  r e s u l t s  from 

' t 
t he  entrainment of upper l e v e l  wes t e r ly  momentum i n t o  t h e  deep PBL over  

t h e  mount:ains, whi le  t h e  much shal lower boundary l a y e r  over t h e  p l a i n s  

contained more e a s t e r l y  winds, d r iven  by s lope  e f f e c t s  and a north-south 

su r f ace  pressure  gradien t .  The reg ion  where t h e  two f o r c e s  converged 

coincided wi th  t h e  a r e a  of i n i t i a l  deep thunderstorm formation. 



The p a t t e r n  of v e r t i c a l  PBL development a l s o  r e v e a l s  rked d i f -  P 
fe rences  among t h e  sounding l o c a t i o n s .  Both Denver and Goodland had 

t h i n  boundary layers  (0.8 km), whi le  t h e  Limon PBL was much warmer and 

deeper (1.6 km). This  d i f f e r e n c e  may be due t o  t h e  l o c a t i o n  of Limon 

on t h e  Palmer Lake Divide, whi le  Denver and Goodland arc m low-lying 
! L t  _ . 

a r e a s  where deeper s t a b l e  l a y e r s  had b u i l t  up overn ight .  lvergence 

I of s lope  winds over  t he  Palmer Lake Divide may have c rea t ed  enough up- 

ward v e r t i c a l  motion t o  counterac t  t h e  gene ra l  subsidence : f ie ld over  

t h e  p l a i n s  pos tu l a t ed  by Dirks (1969). Cold advect ion by n o r t h e r l y  

winds was a probable f a c t o r  i n h i b i t i n g  PBL growth a t  Goodlimd, where 
I l . r t , f I  I> 

t h e  PBL was capped by a sharp 3 ' ~  invers ion .  This  s t a b l e  :Layer was 

1 analyzed i n  t h e  c r o s s  s e c t i o n  (Fig.  56) t o  i n t e r s e c t  t h e  su r f ace  between 

1 Limon and Goodland i n  t he  same fash ion  a s  a cold f r o n t ,  and i n  agreement 

I> wi th su r f ace  temperatures ( see  Fig. 5 7 ) .  The PBL extended t o  2.8 km AGL 

o r  h igher  over t h e  Front Range and the  Mosquito Range, with the  South 

] Park PBL being somewhat coo le r  and more s t a b l e .  . . 
I _ > ,  

The cross-sec t ion  of water  vapor mixing r a t i o  i n  Fig.  56 shows 

the  e f f e c t s  of mesoscale v e r t i c a l  motion and deep cumulus convection. 

A t  upper l e v e l s ,  thunderstorms increased  t h e  moisture over South Park, 

whi le  subsidence g r e a t l y  decreased t h e  moisture over Goodlimd. A t  l o w  
1 ;  ' ; ' . L L T 4 " i  > T ,  

- 1 
l e v e l s ,  however, t he  h ighes t  mixing r a t i o  w a s  a t  Gbodland (15 gm kg-') 

-1 
with more modest va lues  of 8 gm kg a t  Limon, and s t i l l  l e s s  f a r t h e r  

w e s t .  A t  Grand Junct ion ,  high humidity i n  l i g h t  southwester ly winlds 

continued t o  supply P a c i f i c  moisture i n t o  Colorado a t  500 r b .  

A mesoscale su r f ace  map covering t h e  a r e a  from South Park t o  Good- 

land a t  1200 MDT is shown i n  Fig. 57. Included on t h i s  map a r e  d a t a  

from 8 NWS su r face  r epo r t ing  s t a t i o n s ,  17  s p e c i a l  SPACE/HII?LEX reclording 



su r f ace  s t a t i o n s ,  and t h e  PAM base  s t a t i o n  i n  South Park. Raw pressure  

da t a  from t h e  SPACE~HIPLEX s t a t i o n s  were normalized wi th  NWS pres su re  

I 
d a t a  i n  t h e  manner descr ibed by F u j i t a ,  e t  a l . ,  (1956). P re s su re  devia! 

t i o n s  from t h e  mean f o r  t h i s  day were computed us ing  t h e  repor ted  a l t i -  

meter s e t t i n g  a t  t h e  NWS s t a t i o n s  i n  o rde r  t o  minimize t h e  e f f e c t s  of 

t h e  r a p i d  temperature changes observed on convect ive r a i n f a l l  days. The 

change i n  pressure  from t h e  previous hour is  p l o t t e d  f o r  each s t a t i o n .  

Poten t ia  I temperature,  water vapor mixing r a t i o ,  and winds are a l s o  

p lo t t ed  a t  each s t a t i o n .  Contours of p re s su re  and mixing r a t i o  a r e  

drawn. Ou t l ines  of t h e  minimum r a d a r  echo observed a t  Limon a r e  drawn 

w i t h  a dark l i n e ,  taken from t h e  r ada r  summaries which a r e  produced on 

the h a l f  hour ( s ee  Danielson and Cotton, eds. ,  1 9 7 7 ) ;  thus ,  t h e  r a d a r  

d a t a  a r e  v a l i d  from 5-30 minutes a f t e r  t h e  s u r f a c e  da t a .  Comparisons 

of Limon r ada r  i n t e n s i t i e s  wi th  o t h e r  r a d a r s  can b e  made us ing  Table 1 
1 .  

I 
The su r f ace  d a t a  show a coherent  east-west moisture g rad ien t  ex- 

tending from Goodland west t o  t he  mountains. South of t h e  Palmer Lake 

i 
Divide, however, a moist  tongue extended up t h e  Arkansas v a l l e y  t o  t h e  

edge of t h e  mountains. The Palmer Lake Divide s tood ou t  a s  an a rea  

of h igher  B(an e l eva t ed  h e s t  source)  and lower mixing r a t i o .  Radar 

echoes occurred only  over mountainous a r e a s ;  s a t e l l i t e  photos confirm 

t h a t  cumulus convection w a s  s t i l l  being t o t a l l y  suppressed over t h e  

p l a i n s ,  - & .  

Ti.: . . 

4.4 4 August 1977 - Formation and Propagation of Ear ly  
Mountain Thunderstorms 

By 1230 MDT, a deep boundary l a y e r  e x i s t e d  over South Park, the  

Front Rarlge, and along the  Palmer Lake Divide, w i th  a p a t t e r n  of low- 

l e v e l  convergence and s u f f i c i e n t  moisture t o  s u s t a i n  deep convection. 



I n  t h i s  s e c t i o n ,  t h e  occurrence of t h i s  deep convection during t h e  

period of i ts  t r a n s i t i o n  from a group of mountain thunderrh Owers it0 a 

l a r g e  High P l a i n s  mesoscale convect ive system is documenttzd, using 
1 

r ada r ,  rapid-scan s a t e l l i t e ,  and PAM s u r f a c e  da ta .  

High r e s o l u t i o n  close-up s a t e l l i t e  p i c t u r e s  of  t h e  SIJACE/HIP:LE~ 

area are shown i n  Fig. 58. These images were c rea t ed  using video 

imaging of d i g i t a l  b r i g h t n e s s  d a t a  ( P h i l l i p ,  1979). A t  1:!00 MDT (Fig. 

58a),  cumulus c louds  were forming throughout t h e  f o o t h i l l s  and South 

I 
Park a rea .  The s m a l l  c e l l s  shown i n  Fig.  57 had j u s t  begun t o  appear 

on r ada r .  

The 1245 MDT satel l i te  image (Fig. 58b) shows a r ap id  inc rease  i n  

cloud b r igh tnes s  i n  a n  east-west s t r e a k  pass ing  a c r o s s  t h e  no r th  end 

of South Park,  and a group of b r i g h t  c louds appearing i n  the  Colorado 

Springs a rea .  These b r i g h t  areas c o r r e l a t e  w e l l  wi th  t h e  l o c a t i o n s  o i  

growing p r e c i p i t a t i o n  echoes in Fig. 59a. The sequence oE r ada r  sum- 

maries i n  Fig. 59 w a s  c r ea t ed  us ing  t h e  lowest  d e t e c t a b l e  s i g n a l  a t  

Limon (TRW-) t o  o u t l i n e  a l l  p r e c i p i t a t i o n  reg ions ,  and then adding re- 

f l e c t i v i t i e s ,  upd ra f t  o u t l i n e s ,  and echo tops  us ing  d a t a  from t h e  Limon 

hourly summaries, NcAR/cP-3 r ada r ,  and t h e  f i r s t  usable  d a t a  from t h e  

CSU 10-cm rada r  (CBS-4). 

Focusing i n  more c l o s e l y  on South Park, a PAM-CP-3 dep ic t ion  

(Fig. 60) f o r  1254 MDT shows one member of t h e  east-west l i n e  of c e l l s ,  

h e r e  designated Cln, a t  t h e  no r th  end of t h e  Park. This  c e l l  had 

a r e f l e c t i v i t y  of over 40 dBz, whi le  another  c e l l  i n  t h e  140squito Range, 

southwest of t h e  base  (Cls) was j u s t  s t a r t i n g  t o  i n t e n s i f y .  Down~draft 

gus t  f r o n t s  from both  of t h e s e  c e l l s  appear i n  t h e  su r f ace  d a t a ,  %with 

winds s h i f t i n g  t o  west o r  southwest behind t h e  f r o n t s ,  temperatures 



Figure 58. V i s i b l e  s a t e l l i t e  images, processed by video imaging 
techniques showing e a s t e r n  213 of Colorado and p a r t  of New Mexico, S t a t e  
borders  i n  Fig.  a )  Town of  Fa i rp lay ,  about 10 km nor th  of CSU base,  is  
labe led .  The town is loca t ed  a t  t h e  lower l e f t  corner  of t h e  l a b e l .  The 
dark su r f ace  f e a t u r e ,  lower r i g h t  of each f i g u r e ,  is t h e  Arkansas River 
e a s t  of Pueblo. The Palmer Lake Divide is marked by clouds,  j u s t  no r th  
of t h e  Arkansas River ,  e s p e c i a l l y  i n  Fig. 58b. P i c t u r e  t i m e s  a r e  
a )  1200 :MDT, b)  1245 MDT, c )  1315 MDT, d) 1345 MDT, e )  1415 MDTy and 
f )  1442 ;MDT. 
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F i g u r e  59. Composite r a d a r  summaries from t h e  r e g i o n  between 
F a j r p l a y  (FP) and Lirnon (LIC), u s i n g  d a t a  from CP-3, CBS-4, and Lirroll 
NWS r a d a r s .  I n t e n s i t i e s  i n  dBz, echo t o p s  a r e  i n  km MSL. C e l l s  r e -  
f e r r e d  t o  i n  t e x t  a r e  l a b e l e d .  Summary t i m e s  are a )  1245 gDT, b )  1315 
NDT, c) 1347 MDT, d )  1416 >IDT, and e )  1444 MDT. 
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Figlire 60. PAM-CP-3 summary, as in Fig.  24, f o r  1254 MDT, 
04 August- 1977. 



decreasing, and mixing r a t i o s  increasing s l i g h t l y .  Undist:urbed areas  of 

southern and eas te rn  South Park showed mostly l i g h t  southt:asterly and 

e a s t e r l y  winds and warm temperatures ( 0  = 322' -325'), suggesting t h a t  

a deep, heated boundary l ayer  extended t o  about 2.8 km AGI, over these 

areas  a s  indicated on the  1301 MDT SP sounding (Fig. 55). Northern areas  

of t h e  Park had already been influenced by downdrafts frorz the  northern 
2 t - / .'iW 

tier of c e l l s  by t h i s  time. ip:~/ ;.I 1 
8 \ .L'J . 
i 1, \ 'a 

Cumulonimbus developmen; proceeded rapidly  a f t e r  1300 MDT. Ey 

1316 MDT (Fig. 61) CP-3 radar showed two l a r g e  c e l l s  near the  base, 

the  southernmost one being i n  the  process of s p l i t t i n g  i n t o  two c e l l s ,  

C l s  and C2s, both associated with the  downdraft gust-front which passed 

the  base a t  1254 MDT (PAM data  a r e  unavailable a t  1316 MDrr, s ince  the  

PAM system had been disabled by lightning-caused power surges) .  Ilhe 

combined radar summary f o r  1315 MDT (Fig. 59b) shows three  strong c e l l s  

i n  South Park. The northernmost two c e l l s ,  including Cln, l ined  up 

e a s t  t o  w e s t  with a rapidly  expanding p rec ip i t a t ion  a rea  in  the  Front 

Range northeast  of South Park, i n  a cl imatological ly favored area  f o r  

echo development (Henz, 1974). S a t e l l i t e  data (Fig. 58c) show an in- 

crease i n  br ightness  ovex Park and the  a rea  t o  the northeast: and 

a southward bulge i n  t h e  east-west convection l i n e  caused by c e l l s  C l s  

and C2s. A l i n e  of c e l l s  had a l s o  formed from Colorado Springs north- 

eastward onto the  Palmer Lake Divide. 

The nature  of t h e  cold outflow behind the  c e l l s  i n  South Park i s  

indicated i n  Fig. 52, f o r  1336 MDT. Winds a t  t h e  gust  f r o n t  locat ion 

w e r e  northwesterly, switching t o  due north f a r t h e r  w e s t  of c e l l  C,2s.  

Note the  s t rongly  divergent flow between t h i s  c e l l  and t h e  decaying 



sector CP-3 

I 

Figure 61. CP-3 radar  contour  d a t a ,  on same s c a l e  a s  F ig .  24,  and 
o the r  PAM-CP-3 f i g u r e s  f o r  1316 MDT, 04 August 1977. Outer bold contour 
l e v e l  is 25 dBz, inner  bold contour is 40 dBz. (PAM d a t a  no t  a v a i l a b l e  
at: t h i s  t ime).  
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c e l l s  near t h e  CSU base. This appears a s  a c lear ing are& on the  sa te l -  

l i t e  photo fo r  1345 MDT (Fig. 58d). Fig. 62 a l s o  shows t h a t ,  while the  

c e l l s  near the  base had decayed, c e l l  Cln had in tens i f iec . ,  and was the  
\ \. y X' 

s t rongest  c e l l  i n  South P*. The importance of t h i s  c e l l  is  shown on 

the  radar summary f o r  1347 PDT (Fig. 59c). CBS-4 data  indicated t h a t  a 

new c e l l ,  l abe l l ed  C2n, was growing 30 km e a s t  of c e l l  C1.n within the 

l a r g e  echo mass northeast  of the  Park, while no new echoes w e r e  forming 1. 
e a s t  of C2s. C e l l  C2s propagated i n  a continuous fashion from a westerly 

(260') d i rec t ion  a t  about 10 m s-' u n t i l  1413 MDT, when :.t began t o  
\ ? 

break up i n t o  d i s c r e t e  cells propagating on the  nor theas t  edge (Fig. 63). 
1 

A t  t h i s  time, the c e l l  was over the  eas te rn  edge of South Park, with new 

growth occurring over much lower t e r r a i n  of the  P l a t t e  R-ver val ley .  - 
Surface winds behind t h i s  c e l l  were strong, divergent ,  and very coherent 

from t h e  north. With c lear ing s k i e s  due t o  surface  divergence ( v i s i b l e  
i ' 
t 

on s a t e l l i t e  photo, Fig. 58e), surface  0 was againincrea8;ing rapidly  in  

southern South Park. 

North of t h i s  s trong thunderstorm, and v i s i b l e  on the  1416 M[DT 

radar summary (Fig. 59d), the  second c e l l  i n  t h e  west-to--east sequence, 

CZn, was located 20 km nor theas t  of t h e  edge of the  Park. The t h i r d  and 

most important cell  of t h i s  sequence, c e l l  C3n, had growl and in tens i -  

f i e d  rapidly  t o  over 45 dBz, and was located a t  the eas te rn  edge of 

the Front Range f o o t h i l l s .  I n  con t ras t ,  no new growth wirs apparent 

east of c e l l  C2s. It may be s i g n i f i c a n t  t h a t  the  surface  winds i n  

northern South Park, under the  evolving east-west l i n e  oE thunderstorms, 

had a s t rong  westerly component, while those t o  t h e  sout'l did not:. This 

could have created enhanced low-level convergence i n  regions east: of 
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Fig.  62. Same as Fig.  60, for 1336 MDT. 





South Pank, a id ing the  process of d i s c r e t e  eastward propagation 

which took place there .  

After 1415 MDT, the  a rea  of s t rong cumulonimbus development had 

s h i f t e d  completely t o  t h e  p l a i n s  - Front Range in te r face ,  a s  shown on 

s a t e l l i t e  p ic tu res  (Fig. 58f) .  South Park radar echoes had d i s s i -  

pated rapidly ,  with t h e  northern sequence of cells disappearing 

e a r l i e s t .  The locus of cumulonimbus a c t i v i t y  on the  Front Range w a s  a t  
I 

cell C3n, the  t h i r d  of our northernsequenceof cells. This l a r g e  s t o d  

was the  f i r s t  echo of t h e  day t o  grow up t o  near the  tropopause (12.5 
! I 

Ian o r  41,000 f e e t ,  as observed by CBS-4 radar) .  This c e l l  was observed 

by both radar (Fig. 59e) and satell i te (Fig. 58f) t o  be moving f a s t e r  

t:han the  small, in tense  c e l l s  emanating from t h e  Colorado Springs area. 

4..5 4 August 1977 - Evolution of t h e  In tense  High P la ins  Mesocale Storm 

It w x s  shown i n  the  previous sec t ion  t h a t  t h e  f i r s t  in tense ,  

e.astward-?ropagating cumulonimbus c e l l  t o  appear on the  High Pla ins  

had its erolut ionary  and probably a l s o  its dynamic o r i g i n s  i n  an 

i1 
e a r l i e r  series of mountain thunderstorms i n  northern South Park. A t  

about 15011 MDT, rapid growth and i n t e n s i f i c a t i o n  of thunderstorms 

occurred ,it the  western edge of t h e  p la ins ,  concentrated on the nor- 

thern and southern f lanks  of t h e  Palmer Lake Divide. The balance of 

t h i s  chap.:er w i l l  t r a c e  t h e  continued evolution of t h i s  mesoscale 

system £01: the  remainder of August 4. 

Surfiice da ta  a t  1500 MDT, when superimposed with t h e  1530 MDT 

Limon sumrlary (Fig, 64), show s t rong e a s t e r l y  inflow i n t o  the region 

of rapid c:umulonimbus in tens i f i ca t ion .  The northernmost in tense  storm, 

located southeast  of .-. . Denver, spawned a small tornado a t  approximately 
a.1. 
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Figure  64. SPACE/HIPLEX s u r f a c e  map, s i m i l a r  t o  Fig,. 57 with mixing 
r a t i o  contours  omi t ted ,  f o r  1500 MDT, 04 August 1977. Tl~understorm 
i n t e n s i t y  de s igna t i ons  a s  i n  Table  1. 
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1545 MDT. Surface winds i n  tb.e AXkaqsas v a l l e y  ind ica t ed  s t ronge r  

- 1 I 
convergence and more low-level moisture (11-12 gm kg ) t o  t h e  southeas t  

oE t h e  s tcrm area compared t o  less coherent winds and l e s s  s u r f a c e  

-1 moisture (7-8 gm kg ) i n  t h e  Limon a rea .  The s t r o n g e s t  cumulonimbi 

w e r e  subsequently observed t o  grow in t h e  Arkansas va l l ey .  Strong 

p re s su re  f a l l s ,  most ly g r e a t e r  than  0.5 mb/hr, continued i n  e a s t e r n  

Colorado. 

After 1530 MDT, a s o l i d  mass of thunderstorms, a s  seen  on s a t e l -  

l i t e  photos (Fig. 65a,b),  proceeded southeastward from t h e  Colorado 

Springs altea. Limon r ada r  resolved t h i s  mass i n t o  at  least four  

s e p a r a t e  storms, each wi th  i n t e n s i t i e s  of over  50 dBz. Surface winds 

behind t h i s  group of c e l l s  were s t rong  n o r t h e r l i e s ,  j u s t  as i n  South 

Park e a r l i e r  i n  t h e  day, while  winds ahead of t h e  c e l l s  were e a s t e r l y  

- 1 o r  sou theas t e r ly  a t  5 m s . These storms produced up t o  18  mm of 

r a i n  c l o s e  t o  t h e  f o o t h i l l s ,  and 29 mm w a s  repor ted  t o  t h e  sou theas t ,  

along t h e  southern s lopes  of t he  Palmer Lake Divide. 
I 

By 1700 MDT (Fig. 66),  t he  most s eve re  convect ive c e l l s  were 

loca t ed  about 50 km due south of Lirnon. A broad lower- in tens i ty  echo 

reg ion  extended northward and eastward from these  c e l l s  t o  cover 

al-most a l l  of t h e  Palmer Lake Divide a r e a .  The e a s t e r n  edge of t h i s  

echo reg ion  extended t o  35 km e a s t  of Limon. This  was confirmed by 
1 

d a t a  from t h e  ~ o o d l a n d  HIPLEX r ada r .  The dashed l i n e  i n  Fig.  66 shows 

t h e  e a s t e r n  edge of a 20 dB2 echo reg ion  recorded on Goodland r ada r  

B-scans ( a l l  v e r t i c a l  l e v e l s  checked, h ighes t  r e f l e c t i v i t y  r epo r t ed ) .  

Southeast  )f Limon, a heavy thunderstorm (TRW+) embedded i n  an echo 

region a b o i t  40 km i n  diameter  w a s  observed from Goodland, b u t  no t  from 

L .  

H,imon, i n d i c a t i n g  t h a t  no p r e c i p i t a t i o n  from t h i s  storm had ye t  f a l l e n  





Figure 65, S a t e l l i t e  images of western U . S . ,  on 04 August 1977, 
for a) 1530 MDT ( v i s i b l e  image), b) 2230 MDT ( v i s i b l e ) ,  c) 1800 MDT 
( v i s i b l e ) ,  d) 2100 MM: (infrared image), e )  2230 MDT (IR), and 0500 MDT, 
05 August 1977 ( I R )  . 







0 low enough t o  en te r  t h e  Limon radar ' s  very low (% ) scan. Another 

heavy thunderstorm nor theas t  of Denver was p a r t  of another l a r g e  echo 

mass which was separa te  from t h e  Limon storm but  seemed t o  be propa- 

gat ing i n  a s imi la r  manner. By t h i s  t i m e ,  thunderstorms i n  the  moun- 

- t a i n s  were mostly small and sca t t e red .  

Surface winds ahead of the  mesoscale convective system were gener- 

a l l y  e a s t e r l i e s  a s  surface  pressures continued t o  f a l l .  An exception 

t o  t h i s  was Limon, which had r i s i n g  pressure i n  calm winds. The 

-1 :+ s t rongest  e a s t e r l y  wind, about 7 m s , was observed 30 km e a s t  of 

. 
" Limon near the  edge of the  echo overhang. Surface po ten t i a l  tempera- 

'c" t u r e  ahead of the  storm and a t  Limon were almost uniformly 316'~. Thus, 

Limon had not ye t  been af fec ted  by storm downdrafts o r  mesoscale out- 

.( 

.'; flow. Sta t ions  w e s t  of the  storm line, such a s  Colorado Springs (COS) 
U I 

1 i 
* e  had moderate nor ther ly  winds and cool temperatures. Mixing r a t i o s  

-. continued t o  be d r i e r  near Limon (6-8 gm kg-') than i n  the  Arkansas 

- 1 
7 .  va l l ey  o r  a t  Goodland, which had 9-12 gm kg . 

I Concurrent with the  surface  data  i n  Fig. 66, a t  1700 MDT, rawin- 

k-.-: sondes were launched from Limon and Goodland. A skew-T log-P p l o t  - .  4, i 
I of the  ~ - h o n  sounding (Fig. 67) reveals  its uGsual nature,  a s  i t  

apparently passed through the  overhanging raincloud. Except f o r  a 

:: s l i g h t  inversion i n  the  lowest 50 m, t h e  boundary l ayer  was dry-adiabatic 
I 

up t o  620 mb, o r  2.5 km AGL. Light e a s t e r l y  (inflow) winds preva:lled 

i n  t h e  lowest 1.0 lun of t h i s ,  above which t h e  wind was nor ther ly  up to  

550 mb , w e l l  above cloud base. Above t h i s ,  very l i g h t  southerly winds 

extended above 500 mb t o  a s t rongly  s t a b l e  l ayer  a t  460 mb, above which 
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Figure  67. Limon sounding f o r  1705 MDT, 04 August 1 9 7 7 ,  p l o t r e d  
on skew-T log-P diagram. . 
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strong westerly winds prevailed. Thus, t h e  p a r t  of t h i s  balloon 1 1 f l i g h t  below 460 mb occurred i n  an updraft  o r  o ther  region of storm- 
* --.. 

modified dynamics. 

11 The dominance of storm sca le  and mesoscale dynamics over the 

l a r g e r  s c a l e  ambient flow is c l e a r l y  evident on construction of a meso- 

sca le  east-west c ross  sec t ion f o r  1700 MDT - 1800 MDT (Fig. 68).  

Soundings from Limon and Goodland a t  1706 MDT, South Park and Grand 

Junction a t  1800 MDT, and an east-to-west a i r c r a f t  f l i g h t  which passed 

over Limon a t  about 1740 MDT (NlOUW, f ly ing  a t  4.7 km MSL, o r  about 
, .! 

560 mb) were used i n  t h i s  c ross  sec t ion.  

A t  Goodland, ahead of t h e  storm system, t h e  planetary boundary 

l ayer  was s t i l l  capped by a sharp inversion 2.2 km AGL. Beneath t h i s  

inversion,  very moist a i r  i n  moderate e a s t e r l y  and nor theas ter ly  flow 
; 

served t o  c r e a t e  a very condi t ional ly  unstable atmosphere. The Good- 

land sounding had a Totals  Totals  index of 58 and a 500 mb LlfGed 
.? , 

Index (LI) of -4. ~ O C ,  both very unstable. However, t h e  inversiort a t  

the  top of the  PBL prevented the  re lease  of t h i s  i n s t a b i l i t y  by means 

of cumulus convection. The continued maintenance of t h i s  invers$on 
11:  1 

-through an e n t i r e  day of s t r o h t  Solar  hea t  f l u x  i n t o  t h e  PBL sugdests 

, : that some outs ide  influence,  possibly mesoscale subsidence o r  cold 
L" 

P " 
advection i n  the  PBL, acted during t h e  day t o  suppress deep convection. 

A s  l a t e r  da ta  w i l l  show, t h i s  suppressed i n s t a b i l i t y  was released only 

a f t e r  t h e  a r r i v a l  of a mesoscale convective system with its or ig ins  
s . c  - 

i ,.in the  Front Range area .  

The con t ras t  between t h e  L h o n  and Goodland soundings on the  cross 

sec t ion  i n  Fig. 68 revea l s  the  s t rong g rad ien t s -h tempera tu re ,  moisture, 

and v e r t i c a l  s t r u c t u r e  which exis ted  over eas te rn  Colorado a t  t h i s  time. 





I n  the  lowest 2 km, a p o t e n t i a l  temperature gradient  of over 3 ' ~  

exis ted  between Limon and Goodland. Thus, the  e a s t e r l y  and nor theas ter ly  

winds observed i n  t h i s  l ayer  should have created a subs tan t i a l  amount 

of coldadvection,  perhaps enough t o  maintain the  690 mb inversion which 

suppressed convection a t  Goodland. Between 700 mb and 500 mb, a s trong 

i 
moisture gradient  ex i s t ed  between t h e  moist cloud layer  over Limon. 

and t h e  much d r i e r  a i r  above the  Goodland inversion. Ai rc ra f t  da ta  from 

t h i s  layer suggest t h a t  the  nor the r ly  cloud layer  winds observed 

Limon exis ted  only in a band extending 50 km o r  l e s s  from e a s t  t o  w e s t .  

Above 460 mb, l a t e n t  heat  re leased i n  deep cumulus clouds a t  Limon 
E 

and f a r t h e r  west created s u b s t a n t i a l  warming of t h e  atmosphere, r e su l t ing  

i n  a strong hor izonta l  gradient  of p o t e n t i a l  temperature between 1,imon 

and Goodland. I . '  
I '  

Cold, s t a b l e  outflow a i r  occupied t h e  region t o  the  west of Limon 

a t  1700 MDT. This region is bounded by a bold l i n e  on the  cross-section 
. 

(Fig. 68), extending up t o  660 mb, the  top of a surface  based inversion 

observed a t  South Park. Ai rc ra f t  v e r t i c a l  motion measurements indicate  

coheqent subsidence extending from South Park t o  Limon, with the  stron- 

ges t  subsidence being near Limon, j u s t  w e s t  of the  nor ther ly  wind a rea  

a t  560 mb. Averaged PBL winds, p lo t t ed  on Fig. 67, show mean nor l~her ly  

winds a t  Limon and Denver, with a convergent a rea  between Goodland 

and Limon. 

The rapid apparent motion of the  convective squa l l  line can be 

seen by comparing surface  and radar  observations from 1800 MDT (Fig. 69) 

with da ta  from one hour e a r l i e r  (Fig. 66). The echo f ron t  e a s t  of 

Liman had moved eastward a t  15 m s-I during t h i s  time. All s t a t i o n s  
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Figure 69. Same as Fig. 66, for 1800 MRT, 04 August 1977. 



i n  eas te rn  Colorado reported pressure beginning t o  r i s e ,  with the  

l a r g e s t  one hour rises occurring 50-90 km behind the  echo f ron t .  Po- 

0 t e n t i a l  temperatures decreased 1-2 K a t  a l l  s t a t i o n s .  This indica tes  

t h a t  the  surface  was cooling due t o  overcast  sk ies  over the  mesonat, 

but  no penet ra t ing  downdrafts had y e t  reached t h e  surface e a s t  of Limon. 

Although the  edge of t h e  p rec ip i t a t ion  echo was already 90 km east: of 

Limon, no p rec ip i t a t ion  was observed before 1800 MDT anywhere east: of 

Limon. I n  f a c t ,  t o t a l  p rec ip i t a t ion  f o r  t h e  e n t i r e  day i n  t h e  area  e a s t  

of Limon was only 3-5 mm. Thus, a coherent,  eastward propagating s q u a l l  

line was ab le  t o  maintain i t s e l f  without a region of s t rong p rec ip i t a t ing  

downdrafts. However, a region of increased surface pressure,  o r  mneso- 

s c a l e  high, d id  e x i s t  behind t h i s  storm system. A s imi la r  l i g h t l y  pre- 

c i p i t a t i n g  storm system was moving on a p a r e l l e l  course about 50 km 

north of the  Limon system. 

I n  con t ras t ,  deep, in tense ,  heavily p rec ip i t a t ing  thundersto~ms 

were associated with t h e  squa l l  l i n e  i n  the Arkansas va l l ey ,  50 t o  100 

km south of Limon. The g rea te r  i n t e n s i t y  of these storms was a conse- 

quence of the  presence of l a r g e r  amounts of low-level moisture t o  the  

south. Both the  in tense  and the  moderate storm systems were p a r t  of a 
'l 

north-south l i n e  of mesoscale convective systems extending almost from 

Canada t o  Mexico, a s  seen on s a t e l l i t e  photos (Fig. 65c). The most 

in tense  storms of t h e  e n t i r e  l i n e  were those located i n  the  Arkansas 

va l l ey  of Colorado. By 2100 MDT (Fig. 65d), however, a l i n e  of intense 

convective a c t i v i t y  had appeared i n  an a rea  near t h e  Colorado-Kansas 

border extending north from Goodland. Surface da ta  throughout the  day 

had shown a s t rong west-to-east moisture gradient  i n  t h i s  region, with 

- 1 
surface  mixing r a t i o s  of 7-8 gm kg t o  t h e  w e s t  and 14-15 gm kg-'L to  



t h e  e a s t  of t h i s  a rea .  Radar d a t a  document t he  migrat ion of a  r e l a t i v e l y  

weak mesoscale storm system from t h e  region of t h e  Front  Range nor th  ofi 

Denver toward t h e  no r theas t e rn  Colorado border  during t h e  day. Af t e r  1 
1.900 MDT, t h i s  sytem began t o  i n t e n s i f y  as i t  encountered enhanced low- 

l e v e l  moisture and formed a very coherent  l i n e  of i n t ense  thunderstorms. 

By 2100 MDT (Fig. 70),  t h i s  l i n e  w a s  approaching Goodland, br inging  

severe  weather with r e f l e c t i v i t i e s  of over  60 dB2 and echo tops of a t  

l e a s t  15.3 km (51,000 f  t )  . A reg ion  of coherent  n o r t h e r l y  winds i n  

cold,  moist a i r  extended a t  l e a s t  100 miles  west from t h e  thunderstorm 

l i n e ,  r epea t ing  t h e  p a t t e r n  of n o r t h e r l y  outf low winds behind convect ive 

regions,  seen i n  South Park and t h e  Front  Range e a r l i e r  i n  t h e  day. 

I n f r a r e d  s a t e l l i t e  d a t a  (Fig. 65d,e) confirm t h e  r a p i d  i n t e n s i -  
\; f 

f i c a t i o n  of the r e l a t i v e l y  narrow north-south l i n e  of storms near  

Goodland a t  2100 MDT (Fig. 65d) i n t o  t h e  dominant system on t h e  p l a i n s  

by 2230 MDT (Fig. 65e) ,  with a simultaneous decrease i n  i n t e n s i t y  of 

t h e  Arkansas v a l l e y  storms. The nor thern  system produced approximately 

50 mm of p r e c i p i t a t i o n  over a  l a r g e  reg ion  of northwestern Kansas. This  
.m* " . ,, . 

I >  - I 
was about 15% of t h e  summer seasonal  mean i n  t h i s  dryland farming r e g i o k  

By 0530 MDT on August 5,  1977, a  l a r g e  a r e a  of noc turna l  storms covered 

e a s t e r n  Kansas and p a r t s  of Missouri  (Fig. 65f) .  This  w a s  t h e  t h i r d  

consecut ive n i g h t  of noc turna l  storms i n  t he  same genera l  reg ion ,  an 

area wi th  a  c l ima to log ica l  maximum of p r e c i p i t a t i o n  occurr ing a t  n igh t  
ri' 

i n  t he  surmner. W 

, . !t 

4.6 4 August 1977 - Summary 

The p a t t e r n  of convect ive a c t i v i t y  which evolved on August 4 

c l o s e l y  dup l i ca t e s  many of t h e  previous ly  observed c l ima to log ica l  mean 



Figure 70. Same as Fig.  6 6 ,  for 2100 MDT, 04 August 1977.  



p a t t e r n s  put  f o r t h  i n  chapter  2 .  Included among t h e s e  p a t t e r n s  a r e  

t h e  growth of f i r s t  cumulus clouds over the  h ighes t  peaks, t h e  formation 

of p r e c i p i t a t i n g  c e l l s  over c e r t a i n  "hot spots" ,  d i s c r e t e  propagation 

of mountain thunderstorms eastward with t h e  mean winds, p reference  of 

e a r l y  storm development f o r  t h e  Palmer Lake Divide a rea ,  i n t e n s i f i c a t i o n  

of t h e  mesoscale storms as they passed i n t o  reg ions  of g r e a t e r  low-level 

moisture,  and widespread noc tu rna l  showers i n  t h e  c e n t r a l  Great P l a ins .  

August 4 was t h e  second of a series of e i g h t  consecut ive  days on which 
16 1 

mesoscale convect ive storms formed on t h e  High P l a i n s  and moved eas t -  

ward through t h e  noc turna l  storm region.  Many of t hese  were observed 

t o  maintain t h e i r  i d e n t i t i e s  f o r  s e v e r a l  days a s  they t r ave l ed  ac ros s  
, >  

t h e  U.S. and o u t  i n t o  t h e  A t l a n t i c  Ocean. 

Severa l  synoptic-scale  f a c t o r s  appeared t o  con t r ibu te  t o  t h e  

I 

c r e a t i o n  of an  environment s u i t a b l e  f o r  eastward mesoscale propagation 

on August 4. Colorado was loca t ed  a t  t h e  nor thern  edge of a 500 mb 

s u b t r o p i c a l  high pressure  c e n t e r ,  such t h a t  winds were moderate wester- 

l i e s  conta in ing  s u b s t a n t i a l  P a c i f i c  moisture a t  500 mb. East  of t h e  

Rockies, low l e v e l  Gulf moisture was p re sen t  a s . f a r  w e s t , a s  South Park, 
( U  * 1 1 -  

b I 

having been advected up from t h e  p l a i n s  by s lope  winds on the  a f te rnoon 

of August 3.  Over t h e  High P la ins ,  cool  n o r t h e r l y  winds, poss ib ly  

c r ea t ed  by c i r c u l a t i o n  around t h e  previous day 's  mesoscale storm, helped 

i n h i b i t  boundary l aye r  growth and suppress  convection, while a t  t he  same 

time conta in ing  enough moisture t o  support  deep thunderstorms once the  

mesoscale fo rc ing  from t h e  west t r i gge red  storm formation. The presence 

of d i u r n a l  p r e c i p i t a t i o n  p a t t e r n s  i n  t h e  long-term c l ima to log ica l  d a t a  

i n d i c a t e s  t h a t  synopt ic  condi t ions  which al low thermally dr iven  convec- 

~ i v e  p a t t e r n s  t o  predominate occur q u i t e  o f t e n  during the  summer. 



A b r ie f  t i m e  sequence of events w i l l  help point  out  the  most 

. s ign i f i can t  f indings  of t h i s  case study. The f i r s t  phase shows th.e t 

i 

evolution of the  morning boundary l ayer  over South Park. Short ly a f t e r  

sunrise,  very small s c a l e  slope winds began i n  t h e  lowest 50 m o r  less 
t 

of the  atmosphere. After  two hours, a l a r g e r  s c a l e  val ley  wind comenced 

in t h e  South P l a t t e  val ley .  This created cool, moist advection a t  the  

CSU base and other  up-valley locat ions .  This cool advection helped 

suppress t h e  growth of a deep PBL over South Park u n t i l  about 1200 MDT. 

Over t h e  higher peaks, however, a-deep heated PBL induced cumulus cloud 

: formation by 1000 MDT. These small cumuli acted t o  el iminate the  upper 

inversion a t  480 mb, allowing deep p rec ip i t a t ing  clouds t o  form by 

1200 MDT. 

The second phase began a s  convective p r e c i p i t a t i o n  echoes appeared 

on radar a t  1220 MDT, tending t o  occur i n i t i a l l y  over c e r t a i n  "hot: 

spots". Two groups of these c e l l s  began t o  propagate rapidly  eas-t:ward 

a t  1300 MDT, i n  associa t ion with a westerly surface  gust  f ron t .  The 

c e l l s  i n  northern South Park formed a l i n e  of d i s c r e t e  cells which 

propagated eastward t o  the  edge of the  High Pla ins ,  where the  storm 

rapidly  i n t e n s i f i e d  t o  severe leve l s .  A north-south l i n e  of s trong 

thunderstorms began t o  form a t  t h e  edge of the  p la ins  a f t e r  1430 NDT, 

c rea t ing  a tornado. 

The t h i r d  phase commenced as t h i s  mesoscale squa l l  l i n e  began t o  

propagate southeasmard across  t h e  Palmer Lake Divide. The northern 

p a r t  of t h e  l i n e  became less intense a s  it -erased the  Limon a r e a ,  which 

w a s  somewhat d r i e r  i n  t h e  lower levels than t h e  Arkansas val ley  t o  the  

south. The e n t i r e  l i n e  maintained its l i n e a r  shape and continued t o  



move r a p i d l y  eastward, however. Thus, most of no r theas t e rn  Colorado, 

d e s p i t e  being crossed by a mesoscale s q u a l l  l i n e ,  received very l i t t l e  

moisture,  a common r e s u l t  i n  t h i s  semi-arid region.  A t  abcut 1900 MDT, 

a r e l a t e d  s q u a l l  l i n e  t o  t h e  n o r t h  r a p i d l y  i n t e n s i f i e d  t o  severe  l e v e l s  

a s  i t  encountered g r e a t e r  low-level moisture near  Goodland. Previous 

t o  t h i s  s q u a l l  l i n e  passage, convection i n  t h e  Goodland a r e a  had been 

suppressed, probably by d i u r n a l  p a t t e r n s  of s lope  winds, cold advect ion 

and poss ib ly  PBL o s c i l l a t i o n s ,  i n  a manner s i m i l a r  t o  t he  suppression 

of cumulus development over South Park i n  t h e  morning. The Goodland 

storms produced 50 mm of p r e c i p i t a t i o n  over a l a r g e  a rea  before  con- 

t i nu ing  eastward t o  form a noc tu rna l  storm system over t h e  c e n t r a l  

p l a ins .  

If 



5.0 Summary and Conclusions 
I . @ a  I 

I n  t h i s  t h e s i s ,  we  have performed de ta i l ed  case s tud ies  of two 

I 

contras t ing  days, using a multitude of data  sources from the  SPACE/ 

HIPLEX 1977 f i e l d  program. On both days, severe mesoscale convective 

storm systems formed i n  o r  near t h e  c e n t r a l  Colorado mountains. On 

July19,1977,  a coherent quasi-stat ionary l i n e  of convective storms 

formed i n  South Park and remained the re  throughout i t s  l i f e t i m e ,  while 

l i t t l e  convective a c t i v i t y  occurred on the  p la ins  t o  the  e a s t .  I n  

con t ras t ,  on August 4 ,  1977, thunderstorms which formed e a r l y  i n  the  

day over the  Rockies tended t o  propagate eastward onto the  High Pla ins ,  

forming a t r ave l ing  mesoscale s q u a l l  l i n e  which moved across the  dry 

p la ins  of eas te rn  Colorado and i n t o  Kansas. The case of August 4 f i t s  

the  pa t t e rn  of d iu rna l  terrain-induced convection which was developed 

i n  Chapter 2. This is  a l s o  the  case  which has a g rea te r  ly s o c i e t a l  im- 

pact ,  s ince  t h e  mesoscale storms traveled across an a g r i c u l t u r a l  area  

which depends on very marginal summertime p rec ip i t a t ion  f o r  crop 

production. 

I n  t h i s  chapter ,  w e  w i l l  present  a conceptual model which relates 

most of the  t e r r a i n  e f f e c t s  of Chapter 2 t o  a case of eastward-propa- 

gat ing mesoscale storms such a s  August 4. Then we  w i l l  review and. dis-  

cuss t h e  most important conclusions t o  be drawn from both case s tudies .  

F inal ly ,  w e  w i l l  suggest what f u r t h e r  research and ana lys i s  using the  

SPACE da ta  might be expected t o  yie1d;as w e l l  as t h e  form of fu tu re  

f i e l d  p ro jec t s  r e l a t i n g  t o  these  problems, 



5.1 Conceptual Model of Eastward Propagating Orogenic Mesoscale Systems 

The observations taken on August 4, 1977 and similar days of 

eastward mesoscale propagation can be used to construct a chronology of 

events, into which the various' scales of motion and the terrain-induced 

flow patterns that occur on these scales, as discussed in Chapter 2, 

can be integrated. The chronology can be divided into three basic 

phases. The first phase lasts from before sunrise until the first 

radar echoes from mountain thunderstorms appear, usually at about 11- 
i!.' 

1200 MDT. The second phase then c~ntinues until the first mesoscale 

convective systems appear on the western plains, usually late in the 

afternoon. The third phase then follows these large systems into the 

night, until they merge with the late-night precipitation zone in the 

central plains. 
t ;  $ 

The morning phase begins before sunrise, when the atmosphere over 

the mountains is most stable. Nocturnal drainage of cool air acts to 

transfer static stability away from the peaks and ridges into the 

valleys and nearby plains. After sunrise, a very thin heated PBL forms 

below the inversion. Winds in this layer are light and tend to go up 

any local slope. As the depth of the PBL increases, more coherent 

valley winds develop, typically 2-3 hours after sunrise. These valley 

winds tend to increase stability by advecting the cooler air upslope 

at low levels. At the same time, slope and valley winds begin to create 

mass and moisture convergence over the peaks and ridges. The large 
(t ' ; L  

heat flux coming from the steep slopes, heating the thinner, less 

stable boundary layer over those slopes, creates a large buoyancy flux I 
which also serves to induce formation of the first cumulus clouds, 



usually 3-5 hours a f t e r  sunr ise .  As t h e  va l l eys  and elevated p la ins  

continue t o  warm up, a deep, unstable boundary l ayer  is formed, allowing 
17 ? r  

widespread cumulus development. These cumulus clouds a c t  t o  el iminate 

the  upper inversion,  which is o f ten  present  a t  about 450 mb. Clouds 
. I, :i' 

which penet ra te  t h i s  inversion a r e  then deep and long-lived enough 

t o  form prec ip i t a t ion  echoes, usually a t  about 1200 MDT. 

The second phase commences a s  the  f i r s t  p rec ip i t a t ing  c e l l s  appear, 

' I  over both the  highest  peaks and over c e r t a i n  lower s lopes  which induce% 

favorable mass and moisture advection ("hot spots").  These c e l l s  ex- 

tend i n t o  the middle troposphere, where stronger westerly winds prevai l .  

These winds cause the  c e l l s  t o  t r a n s l a t e  and propagate eastward. Some 

cells quickly d i s s i p a t e  a s  they move i n t o  the  subsidence a rea  of the  
r . 1  

I slope c i rcu la t ion ,  o r  over a s t a b l e ,  l e s s  mature PBL. Prec ip i t a t ing  

downdraft a reas  begin t o  form, c rea t ing  a meso-high due t o  more dense 
- .  

r a i n  c h i l l e d  a i r  and carrying westerly momentum from a l o f t  down t o  

the  surface ,  c rea t ing  a westerly gus t  "downdraft front",  which may gain 

energy a s  it flows down h i l l .  
7 .  . 

I Upslope winds continue t o  develop and grow s t ronger  over cloud- 
1 

f r e e  a reas  i n  the  deepening PBL during the  afternoon. The in te r sec t ion  of 
f .  . . .  

t h i s  flow withthethunderstorm gust  f ron t  o r  densi ty  current  may c rea te  

a zone of in tense  low-level convergence ahead of t h e  propagating storm 

system, which would serve a s  an area  f o r  new c e l l  development. As the 

storm systems move down t o  t h e  eas te rn  edge of the  RijcWes, they grow 

more intense,  due t o  t h e  g rea te r  amounts of low-level moisture ava i l ab le  

on t h e  p la ins .  Thunderstorms and convective systems 'may Lend t o  d i s s i -  

pa te  i n  t h e  l e e  of t h e  large-scale slope c i r c u l a t i o n  of the  Front Range, 



bu t  some systems f i n d  f avorab le  a r e a s  f o r  growth and propagat ion over  

t h e  ~he$enne Ridge and t h e  Palmer Lake Divide, perhaps merging wTth 

a l ready  e x i s t i n g  convect ive c l u s t e r s  i n  t hose  regions.  I 
The development of major mesoscale convect ive systems on t h e  

p l a i n s ,  u s u a l l y  a t  1600-1800 MDT, begins  t h e  t h i r d  phase of our  chron- 

ology. These s torm systems can c r e a t e  convect ive edd ie s  f a r  l a r g e r  

than t h e  th inne r  PBL of  t h e  p l a i n s  (1:5-2.0 kmdeep) could genera te  by 

i t s e l f .  Thus, t h e  cond i t i ona l  i n s t a b i l i t y  which,had beenisuppressed 

during t h e  day could then be  r e l ea sed .  These l a r g e r  systems c r e a t e  

la rge-sca le  downdrafts and meso-high p re s su re  a r e a s  a s  w e l l  a s  br inging  

more wes t e r ly  momentum down t o  enhance convergence and propagation a t  

low l e v e l s .  Eastward moving systems would i n t e n s i f y  a s  they passed 

through dry  l i n e s  o r  o t h e r  mosi ture  g rad ien t  zones, i n t o  t h e  humid reg ion  

hm ! 
of t h e  midwestern U.S. 

Diurnal  o s c i l l a t i o n s  of t h e  PBL may c r e a t e  a gene ra l ,  low-level 

convergence zone over e a s t e r n  Colorado i n  t h e  l a t e  a f te rnoon.  Around 1 
sunse t ,  t h e  boundary l a y e r  quickly s t a b i l i z e s ,  c r e a t i n g  a c c e l e r a t i o n  of 

t h e  sou the r ly  PBL winds. These s t rong  winds c r e a t e  increased  advect ion 
< 

of Gulf moisture and perhaps a l s o  inc reased  cdhvergence ahead of t h e  

t r a v e l i n g  storm. The degree t o  which t h e  va r ious  f a c t o r s  promoting l o w  

l e v e l  convergence co inc ide  i n  t ime may determine t h e  longevi ty  and v igor  

of t h e  mesoscale storm system. The p a t t e r n  of t h e  low-level j e t ,  i n t e r -  

a c t i n g  wi th  t h e  eastward moving mesoscale system gus t  f r o n t s ,  c r e a t e s  
4"-: 

low-level convergence and a favorable  wind shear  environment f o r  deep 

storms over a l a r g e  a r e a  of t h e  c e n t r a l  p l a i n s .  These storms tend t o  

form and propagate near  t h e  weak east-west o r i en t ed  s t a t i o n a r y  f r o n t  
. . 

/ 



which i s ~ , d t e n  a p e r s i s t e n t  f ea tu re  of t h e  c e n t r a l  U.S., in. summer. The 

Jarge complex of nocturnal  storms c rea tes  a t r ave l ing  zone of conver- 

rgence which resembles a synoptic short-wave. This-disturbance can 

continue t o  move eastward f o r  s e v e r a l d a y s ,  re in tens i fy ing i n  the  l a t e  

: afternoon each day. r e ;  nr,.: VIVI:  :i.'.. , , .-. & :  & a #  , 
f 

. 5.2 S ign i f i can t  Results  of Case Studies ,,:- , - - .+:, c t : ,  
' r  , ' n L -  - 

1. ,,+Under2:,the broad category of "mesoscale convection over mountainous 

5 t e r ra in"  w e  have inves t igated  boundary l ayer  and o.o.nv,ective ( a c t i v i t y  

, . a on a -wide range of s p a t i a l  and temporal sca les ,  ranging from~ihess, than 

+a.kilometer t o  500 km o r  more, and from a few minutes to~.moret&ham~ane 

,%&day. Using ~ n l y  two case  study days, i t  is, of course, n o e ~ a s s i b l e  

a-*to,,draw conclusions of a fundamentab nature  ab,out..diurnal *phamma. 

, ;&o~e~er ,  t h e  highly de ta i l ed  da ta  here in  p r e s e n t e d , ~ ~ a & ~ n g  w i t h  ;@&her 

  data too voluminous t o  include,  s t rongly  suggest c e r t a i n  ph+ys;i.cal~-%er- 

v ~ p r e t a t i o n s ,  most of which r e l a t e  t o  thermal forcing of the  aemosphere 

. =  through heat  exchange a t  the  s u r f  ace. I n  t h i s  section,- we w;lll:p-meent 

-he atos t s i g n i f i c a n t  physica le ins ights  w e  .have gained i n  the  praoess of 

a&se analyses. ,., 

. , Since ,the environment over South Park on July  19, 1917 -was domi- 

a-nated by large-scale "monsoonal" souther ly  forcing,  wacmight expect 

;carnost d iu rna l  e f f e c t s  r e la ted  t o  thermal winds t o  h a m b e e n  obscured by 

.,.,#larger-scale flow. However, t h i s  was not  necessar i ly  Xhe ,case. The 

,*first p r e c i p i t a t i n g  thunderstorms observable by radar formed a t  prac- 

, ;?; t i c a l l y  ithe ..same time (1230 MDT) a s  on most o the r  thunderstorm days. 

,&Also, the  l aca t ion  of the  f i r s t  p rec ip i t a t ing  cumulus c e l l s  lco.&naMed 

+with  the  cl imatological  "hot spots1' observed by Huggins (1975). This 
I - 



l ends  support  t o  t h e  s tatement  by Henz (1974) t h a t  "hot spots? '  use  

thermal s lope  , fo r s ing  t o  pe r tu rb+ . the  me?n flow and c r e a t e  l o c a l  conver- 

gence a r e a s ,  which i n  t u r n  genera te  deep cumulus clouds.  

The genera t ion  of s t r o n g  mesoscale flow p a t t e r n s  by a l a rge r - sca l e  

mountain-plains thermal c o n t r a s t  seemed t o  be of overwhelming importance 

on Ju ly  19. Since cumulus development over  t h e  f l a t  a r e a s  of South 

Park w a s  delayed u n t i l  l a te  i n  t h e  a f te rnoon,  exsreme s u r f a c e  hea t ing  

c rea t ed  a meso-low p res su re  area over  South Park. This  was s u f f i c i e n t  

t o  c r e a t e  e a s t e r l y  inf low from t h e  p l a i n s  as w e l l  as a i d i n g  t h e  advec- 

t i o n  of moist  a i r  from t h e  west i n t o  t h e  Park. This  meso-low provided 

t h e  i n i t i a l  o rgan iza t ion  of t h e  mesoscale convect ive l i n e  which subse- 

quent ly developed. On a l a r g e r  s c a l e ,  e a r l y  storm a c t i v i t y  over t h e  

mountains t o  t h e  no r th  apparent ly  c r ea t ed  a s t rong  c o n t r a s t  wi th  t h e  

heated p l a i n s ,  producing a s u r f a c e  p re s su re  g rad ien t  which drove 

s t rong  no r the r ly  winds along t h e  e a s t e r n  s l o p e s  of t h e  Front Range and 

i n t o  South Park. These low-level fo rc ing  p a t t e r n s  a l s o  emphasized t h e  

r o l e  of t h e  Colorado Rockies as a b a r r i e r  t o  r ap id  h o r i z o n t a l  mixing 

of c o n t r a s t i n g  a i r  masses. 

The genera t ion  of s t rong  n o r t h e r l y  winds a t  t h e  su r f ace  d e s p i t e  

sou the r ly  la rge-sca le  ambient winds may a l s o  have been r e l a t e d  t o  a 
1 

mesoscale g r a v i t y  c u r r e n t ,  o f  t h e  kind o f t e n  observed i n  t r o p i c a l  re- 

g?. 
l?+f,,Jqly 19 case  s tudy  inc ludes  d e t a i l e d  observa t ions  of a 

mesoscale s q u a l l  l i n e  which propagated d i s c r e t e l y  i n  a n  upwind d i r ec t ion .  

While t h i s  phenomenon may not  b e  d i r e c t l y  r e l a t e d  t o  t e r r a i n  e f f e c t s ,  

t he  occurrence of t h i s  event  i n  t h e  c e n t e r  of South Park,  w i th in  t h e  

a r e a  of i n t e n s i v e  d a t a  ga the r ing  by t h e  SPACE program, was r e l a t e d  t o  



the  r o l e  of South Park i n  storm organizat ion p r e v i o ~ s J y  mentioned. 

3 

-''-]From the  standpoint of research operat ions,  the  choice of South Park a s  

a loca t ion  f o r  t r i p l e  Doppler radar ,  PAM, and other  in tens ive  obser- 

va t iona l  equipment was s t rongly  j u s t i f i e d  by the  volume and qual i ty  

of datayGken on July  19. Further ins igh t  i n t o  t h e  densi ty  current  

and other  storm-mesoscale in te rac t ions  should be provided by the  t r i p l e -  

Doppler s tud ies  of Knupp (1979). 

The case  study of August 4 suggests  physical  in te rp re ta t ions  on 

- ' ' a  much l a rge r  range of sca les ,  due t o  t h e  less disturbed environment 

w 
on t h a t  day. On a synoptic s c a l e ,  t h e  conditions under which eastward 

propagating mesoscale systems formed serve a s  a useful  s t q t i n g  point  

f o r  more de ta i l ed  synoptic s tudies .  Among these conditions a r e  moderate 

westerly flow a t  500 mb, advection of P a c i f i c  moisture i n  the  layer  from 

700-500 mb, and the  presence of s u b s t a n t i a l  Gulf moisture a t  low l e v e l s  
I 

~l 
i n  ea&terii Colorado. 

- 1 1  f :> The most important concept t o  emerge from t h e  study of the  South 

Park boundary layer  evolution on August 4 was t h e  r o l e  of weak slope 

winds i n  suppressing PBL growth,vert ical  mixing, and cumulus cloud for- 

mation over t h e  f l a t  Park. This concept seems t o  be analogous t o  

1 large-scale suppression of cumulus a c t i v i t y  over t h e  western p la ins ,  

which occurs over a l a r g e r  space and time sca le .  Inhibi ted  v e r t i c a l  

mixing would seem t o  have s i g n i f i c a n t  i .hplications f o r  s tudies  of d i f -  

I fusion and convective f luxes  i n  mountainous t e r r a i n .  I 

1 On August 4 ,  t he  f i r s t  s i g n i f i c a n t  cumulus clouds occurred a s  a 

r e s u l t  of excess buoyancy gengration over the  high r idge  of t h e  Mosquito 

Range. The moisture f o r  these clouds was advected over r e l a t i v e l y  shor t  



d i s t a n c e s  by s l o p e  winds - probably less than 20 km. Thus, t h e  i n i t i a l  

environment i n  South Park and t h e  nearby mountains l a r g e l y  c o n t r o l s  

t he  t iming of f i r s t  cumulus formation. 

An important o b j e c t i v e  of SPACE 1977 w a s  t o  observe t h e  eastward 

propagat ion of mountain thunderstorms which subsequent ly c o n t r i b u t e  

ts t h e  formation of l a r g e  mesoscale convect ive systems over t h e  High 
181 " ' o ,  , . -  
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Pla ins .  The CSU 10  cm r a d a r  (CBS-4) was intended as t h e  p r i n c i p a l  t o o l  

w i th  which t o  make these  observa t ions .  Although performance and d a t a  

q u a l i t y  of t h e  CBS-4 r a d a r  were less than  opt imal  on August 4 ,  t h e  

. , d a t a  agreed w e l l  enough wi th  Limon r ada r  and s a t e l l i t e  d a t a  t h a t  they  

were included in t h e  case  s tudy .  An apparent  ca se  of eastward d i sc re t e -  

$y propagat ing mountain thunders t o m ,  c o n s i i  t e n t  wi th  t h e  mechanism 

proposed by Erbes (1978), was observed by t h i s  r ada r .  This  ca se  may 

have g r e a t  s i g n i f i c a n c e  t o  p o s s i b l e  f u t u r e  weather modi f ica t ion  hypothe- 

s e s .  These showers were precursors  of a very  l a r g e ,  rain-producing m e  b o- 

s c a l e  convect ive system. _ I _  . . .  *--" 

A subs tan t ia lamount  of low-level divergence w a s  generated i n  t h e  

p l a i n s  dyr ing  t h e  day on August 4. The growth of t h e  boundary l a y e r  was 
T 

i n h i b i t e d  by a combination of i n i t i a l  s t a b i l i t y ,  cool  advec t ion ,  and 

subsidence. This  r e s u l t e d  i n  suppress ion  of small cumulus formation and 

t h e  bui ldup of t h e  i n s t a g i l i t y  which w a s  l a t e r  r e l ea sed  by t h e  mesoscale 
$. .. 

s q u a l l  l i n e .  This p a t t e r n  of cloud formation is a very common occur- 

rence ip , , skgwer ,  l ending  suppor t  t o  t h e  concept t h a t  t h e  p a t t e r n  of 
T 

low-level' divergence observed on August 4 is produced by d i u r n a l  

hea t ing  e f f e c t s .  Wind observa t ions  were a l s o  c o n s i s t e n t  with d i u r n a l  

o s c i l l a t i o n s  previous ly  observed by Dirks (1969) and o the r s .  

I 
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Th&.kisrrge l i n e a r  s q u a l l  line which passed through eas te rn  Colorado 

:i on August 4 re ta ined its north-south o r i en ta t ion  desp i t e  the  existence 

of s t rong north-south gradients  of moisture i n  eas te rn  Colorado. Dif- 

1 1 4  fe ren t  sec to r s  of t h e  l i n e  had r a d i c a l l y  d i f f e r e n t  i n t e n s i t i e s  of 

convection and r a i n f a l l ,  y e t  the  speed of propagation was roughly uni- 

1 form. This would ind ica te  t h a t  t h e  dynamic organizat ion f o r  t h e  squa l l  

line may have come from a s c a l e  l a r g e r  than the  storm. ' 

' 1 
The mechanism of storm propagation on August 4 was i n  some ways 

s imi la r  t o  t h a t  observed on July  19. A surface  high pressure center ,  

I.':-', caused by cool ,  subsiding a i r  behind t h e  squa l l  l i n e ,  apparently con- 

4. a* Ttributed t o  the  generation of low-level convergence'ahead of the  l i n e .  

IEhis served t o  propagate t h e  l i n e  eastward desp i t e  the  lack of a s t rong 

w e s t e r l y  "gust front".  

. . I m m n t r a s t  with t h e  case of July  19, however, t h e  low-level 

+ia@margence was generated on the  downshear s i d e  of the  storm on Awgust 

4 .  This created a rapidly  moving mesoscale system on August 4 ,  con- 

eras-t ing with t h e  almost s t a - t i ~ ~ a r y  system of J ~ l y  19. 

5.3 Suggestions f o r  Future Analysis of SPACE ~ i t a  

*4,.Ln:.the development of the  case s tud ies  presented i n  t h i s  t h e s i s  

we  have trLed t o  use a s  many of t h e  South Park da ta  sources a s  was 

fleasible. However, a s  of t h i s  wr i t ing  (May 1979) much poleentially 

.aa.lxmble analys is  remains t o  be done, both on t h e  case days and on 

i 
lother days. Poss ib le  ana lys i s  e f f o r t s  which could y-ield ~ e ~ s u l t s  per- 

t a in ing  t o  the  questions brought up i n  these  case s tud ies  a r e  here 

suggested. 

Banta and Cotton (1979) have already published ease s tud ies  of 



boundary l a y e r  evolu t ion  on dry,  suppressed days, using t h e  BLP and PAM 

su r face  da t a .  Use of PAM d a t a  i s  p r e s e n t l y  r e s t r i c t e d  by t h e  l a c k  of 

adequate compute; software'  f o r  a n a l y s i s  and d i s p l a y  of t h e  da t a .  With 

modest programming e f f o r t ,  however, PAM d a t a  as w e l l  a s  micrometeor- 

o l o g i c a l  tower and a c o u s t i c  sounder d a t a  should become r e a d i l y  

' &ccess ib le .  A more d e t a i l e d  d e s c r i p t i o n  of bounday l a y e r  evolu t ion  

should then  be  undertaken. A day wi th  modest, wes t e r ly  upper winds 

such as August 4 would show very  f i n e  d e t a i l  about  t h e  t iming and 

d i r e c t i o n  of i n i t i a l  upslope winds. The va r ious  l o c a l  t e r r a i n  f e a t u r e s  

present  a t  each of t h e  20 PAM s i t e s  would provide numerous examples I 
of va r ious  t e r r a i n  e f f e c t s .  V e r t i c a l  d a t a  from t h e  micrometeorological 

towers, BLP, 

r a t e  and t h e  

and a c o u s t i c  sounders could be used t o  guage t h e  l a p s e  
,<. . J , 

magnitude of t h e  cool  upslope advect ion term. This  might 

a l s o  he lp  i n  t he  formulat ion of a s u r f a c e  energy budget. An i n t e r e s t i n g  

a p p l i c a t i o n  of t hese  d a t a  would be t o  e s t ima te  t h e  v e r t i c a l  mixing and 
- ."I 

a i r  p o l l u t i o n  d i spe r s ion  p o t e n t i a l  a t  low l e v e l s .  
-, . , *  *, 

Enough d a t a  may e x i s t  t o  d i r e c t l y  deduce t h e  o r i g i n  of t h e  p a r c e l s  
. 4 * ,  

which form t h e  f i r s t  cumulus clouds. BLP, PAY, and poss ib ly  powered 

a i r c r a f t  d a t a  could determine va r ious  parameters of t he  inhomogeneous 

boundary l a y e r  which could be  compared wi th  LIDAR d a t a  and s t e r e o  photo- 

grammetry on t h e  dimensions of t he  f i r s t  cumul-us clouds (cloud base,  

e t c . )  as we l l  a s  in-cloud parameters measured by t h e  s a i l p l a n e .  On a 
7 .  . 

l a r g e r  s c a l e ,  more d e t a i l e d  PAN a n a l y s i s  f o r  mesoscale storms occurr ing 

wi th in  South Park, inc luding  p re s su re  d a t a  (not  a v a i l a b l e  f o r  these  case  

s t u d i e s )  may he lp  e s t a b l i s h  t h e  r o l e  of orogenic meso-low p res su re  

cen te r s  and storm-generated meso-high pressure  a r e a s  i n  t h e  formation 

and propagat ion of t hese  storms. 
I 



A very significant goal of the SPACE 1977 experiment which was 

not adequately resolved in the August 4 case is the observation of 

eastward translating and propagating storms as they make the transition 

from South Park to High Plains system. This task was basically assigned 

to the CBS-4 (FPS-18) radar, which did not perform well on August 4, 

it's first full day of operation. Similar eastward propagation days such 

as August 8 and August 10 should have much better CBS-4 data. An 

important reason to conduct analyses on these days is to confirm the 

proper operation of the radar and establish the credibility of its data, 

since this radar has not been back to the field in the intervening time. 

Analysis of data from the mesonet of surface stations between 

Limon and Goodland should be extended to include time series analysis 

of individual station data, in the manner described by Fujita -- et al. 

(1956). This will give a better depiction of gust fronts and meso-high 

pressure areas. These data could also be used to determine diurnal 

patterns of surface pressure and divergence, and possible east-west 
-1  

gradients thereof. The results could be compared with analyses from the 

National Hail Research Experiment (NHRE) surface mesonet, which was 

deployed in northeastern Colorado on a similar scale at a similar dis- 
A * , .  ~ j . .I 7 

tance from the mountains. 
I .  , 

The rawinsonde data set from SPACE/HIPLEX in 1977 as well as the 

South Park soundings from previous years represent a largely untapped 

resource. It should be possible to determine average daily heat fluxes 
t , .  _ . I  . + 

into the boundary layer and other factors relating to PBL evolution by 

examining the time sequence of soundings at eachistation. Modification 

of the envirhnt by cumulus clouds, such as the elimination of the upper 

inversion discussed in Ch. 2 and Ch. 4, should be observable on most 



days over South Park. Averaged soundings from undisturbed days on the  

High P l a i n s  should be examined f o r  evidence of t he  PBL o s c i l l a t i o n  d i s -  
I 

cussed a l s o  i n  Ch. 2 .  

5.4 Suggestions f o r  Future  F i e l d  Programs I 

While t h e  des ign  of f u t u r e  f i e l d  s t u d i e s  should hinge on r e s u l t s  of 

t he  maximum p o s s i b l e  a n a l y s i s  and modeling s t u d i e s  of t h e  1977 d a t a  s e t ,  

some gu ide l ines  f o r  t h e  next  i t e r a t i o n  of t he  SPACE program a r e  suggested 

by t h e  r e s u l t s  of t h i s  s tudy.  Most impor tan t ly ,  a change i n  t he  loca t ion  

of t h e  f i e l d  program should be  considered. For s t u d i e s  of eastward pro- 

pagat ing systems, t h e  a r e a  of t he  Front  Range e a s t  of South Park a s  w e l l  

as t h e  Palmer Lake Divide should r ece ive  maximum a t t e n t i o n .  This  should 

inc lude  a r e l i a b l e  r e sea rch  r ada r  ( i n s t ead  of using NWS Limon da t a )  

which w i l l  view t h e  f o o t h i l l s  "hot spots"  cont inuously,  a s  w e l l  a s  

poss ib l e  Doppler r a d a r s  l oca t ed  t o  view one p a r t i c u l a r  h o t  spo t .  1Jumer- 

ous su r f ace  s t a t i o n s  should a l s o  be  loca t ed  i n  t he  e a s t e r n  f o o t h i l l s ,  

e s p e c i a l l y  i n  reg ions  which should have morning upslope winds advect ing 

p l a i n s  moisture i n t o  t h e  f o o t h i l l s .  

A rawinsonde s t a t i o n  should be loca t ed  i n  t h e  f o o t h i l l s  near  t h e  

expected zone of t r a n s i t i o n  between the  deep heated boundary l a y e r  of t he  

mountains and the  suppressed PBL of t he  p l a i n s .  Rat~insondes loca ted  t o  

t h e  no r th  and south ,  g iv ing  a b e t t e r  3D d a t a  s e t  f o r  use i n  i n i t i a l i z i n g  

mesoscale numerical models, should be considered i f  resources  permit .  

A d e t a i l e d  mesoscale d a t a  s e t  emphasizing boundary l a y e r  flow i n  t h e  

Front  Range a r e a  a s  w e l l  a s  c e r t a i n  eas t - forc ing  v a l l e y s  would be of 

g r e a t  va lue  t o  a i r  p o l l u t i o n  s t u d i e s  of t h e  Denver bas in ;  hence, some 

new sources of funding could be uncovered. 
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