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ABSTRACT 

High-resolut ion p i c t u r e s  obta ined  w i t h  a handheld camera 

du r ing  t h e  e a r t h - o r b i t a l  photographic m i s s i o n ' o f  t h e  Apollo I X  space-- 

c r a f t  provided a unique oppor tuni ty  t o  map t h e  a r e a l  e x t e n t  o f  g r a v i t y  

wave; h e r  t h e  southwestern United S t a t e s :  The o r i e n t a t i o n  of cumulus 

streets and c i r r u s  s t r e a k s  augmented conventional '  widd d a t a  for mom- 

entum and k i n e t i c  energy c a l c u l a t i o n s .  

Zonal shea r ing  stress g rad ien t s  i n  s t a b l y  s t r a t i f i e d  a i r  

f lowing over  rugged mountainous t e r r a i n  i n d i c a t e d  very  l a r g e  subgrid-  

s c a l e  v e r t i c a l  f luxes 'o f  zonal  momentum. Maximum s t r e s s  va lues  of 

-2 
s e v e r a l  t e n s  of dynes cm occurred i n  t h e  lower t roposphe r i c  layers 

where t h e  a i r  flow encountered t h e  h igh  Rocky Mountains cf c e n t r a l  

New Mexico. The v e r t i c a l  f l u x e s  of zonal  momentum were d i r e c t e d  up- 
+ 

ward t o  t ropopause l e v e l s  when ex tens ive  a r e a s  of g r a v i t y  waves covered 

e a s t e r n  Arizona, New Mexico, and wes tern  Texas. 

The p o t e n t i a l  energy contained i n  t h e  wave popula t ion  

5 - 2 a t t a i n e d  va lues  through t h e  t roposphere as h igh  a s  9.3 x 10  jou les  IX 

8 -2 (9 .3  x 10 e r g s  crn ) ; t h i s  p o t e n t i a l  energy apparent ly  played a sub- 

s t a n t i a l  r o l e  i n  t h e  energy budget.  The r e s i d u a l  ' Idis-sipation" *. tern? 

i n  t h e  k i n e t i c  energy budget i n d i c a t e d  a subgr id-sca le  fzux  of  energy 

downward from the  lower s t r a t o s p h e r e  concurrent  wi th  t h e  upward f l u x  

of z o ~ a l  momentum. Atmospheric t u rbu lekcg  r o s e  t o  a maximum i n t e n s i r y  

dur ing  t h e  wave occurrence ,  diminishing g radua l ly  t h e r e a f t e r .  
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shearing stresses in zonal and meridional 
direction, respectively. 
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defined = dp/dt 
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angular rotation rate of the earth 
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An understanding of t h e  s t r u c t u r e  and maintenance of t h e  atmos- 
Z . 

pher2c c i r c u l a t i o n  r e q u i r e s  a knowledge of t h e  hoqizonta? and v e r t i c a l  

t r a n s p o r t s  of r e l a t i v e  angu la r  momentum ( B a l d n  and Newton, 1969). 

Ear ly  computations of h o r i z o o t a l  t r a n s p o r t s  revea led  a g e n e r a l  nor th-  

ward movement d i r e c t e d  from t h e  upper l e v e l  w e s t e r l i e s  i n  t h e  s u b t r o p i c s  

t o  t h e  m i d l a t i t u d e  w e s t e r l i e s  (Widger, 1949; Lorenz, 1951).  These com- 

p u t a t i o n s  implied an upward f l u x  of angular  momentum from t h e  low-level 

s u b t r o p i c  b e l t  of easterlies and a n e t  downward movement over temperate  

l a t i t u d e s .  The d i v i d i n g  l i n e  between s u r f a c e  w e s t e r l i e s  i n  t h e  norther-3.r 

hemisphere mid- la t i tudes  and t h e  s u r f a c e  easterlies t o  t h e  sou th  proves 

t o  be an  a r e a  of s p e c i a l  i n t e r e s t  f o r  angular  momentum s t u d i e s  (Starr 

and White, 1.951). 

Hor i zon ta l  Transport  

Considerable  l i t e r a t u r e  e x i s t s  on t h e  h o r i z o n t a l  eddy t r a n s p o r t  

mechanisms which can b r i n g  about t h e  northward f l u x  o f  r e l a t i v e  angular 

momentum, inc lud ing  s t u d i e s  by S t z r r  (1951), S t a r r  and-White - (1951, 

1952a, 1952b),  Lorenz (1952), and Gilman (1964). 'I%$ hori_zontal  t ran-  

s i e n t  eddy t r a n s p o r t  aga ins t  t h e  g r a d i e n t  of zonal  momentun suggesrs  

t h e  p o s s i b i l i t y  t h a t  v e r t i c a l  eddy f l u x  6an"a lso  t ake  p l ace  a g a i n s t  t i l e  

v e r t i c a l  g rad ien t  of angular  morcentum i n  t h e  t r a n s i t i o n  reg ion .  

Fu r the r ,  t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  a  s i g n i f i c a n t  mean meridi.onal 

mass c i r c u l a t i o n  on the  r equ i r ed  o rde r  of onk meter per  second i n  the 



h o r i z o n t a l  i n d i c a t e s  a major role  for  eddy t r a n s p o r t  i n  t h e  genera l  

a tmospheric  c i r c u l a t i o n .  

V e r t i c a l  Transport  , 
I 

e In a d d i t i o n  t o  t h e  s i z e a b l e  c o n t r i b u t i o n  by edd ie s  on v a r i o u s  

Length scales t o  t h e  h o r i z o n t a l  r e d i s t r i b u ~ i o n  of angu la r  momentum, t h e  

v e r t i c a l  f l u x  of rnolzenturn may be l a r g e l y  due t o  edd ie s  on many s c a l e s ,  

from t h e  p l a n e t a r y  wavelengths t o  small-scale s h e a r i n g  s t r e s s e s  ( R e i t e r ,  

1969). The l a rge - sca l e  mean v e r t i c z l  t r a n s p o r t  by mass f l u x  has been 

measured f o r  extended pkr iods  of t i m e  (Palm&n, 1966; Oort and Rasmussnn, 

1970). The v e r t i c a l  momentum f l u x  can be  es t imated  by a s s ign ing  an 

a r b i t r a r y  s u r f a c e  drag  c o e f f i c i e n t  t o  a  f r i c t i o n  to rque  term (IJidper, 

949) ,  bu t  i n  hemispfieric mean c a l c u l a t i o n s  t h i 3  l e a d s  t o  i nconc lus ive  

va lues  i n  a rnoaentum budget.  S t a r r  and Dickinson (1964) measured the 

s t and ing  and t r a n s i e n t  eddy v e r t i c a l  t r ~ a n s p o r t  of r e l a t i v e  angular 

momentum on t h e  l a r g e  s c a l e  u s ing  s t anda rd  meteoro logica l  d a t a ;  they 

found opposing s i g n s  f o r  w in te r  and s p r i n g  v e r t i c a l  =omenturn t r a n s f e r  

over  t h e  no r the rn  herssphere  (averaged 20N t o  80N) and concluded that 

t h e  l a r g e - s c a l e  v e r t i c a l  eddies  a c t  t o  decrease  upper l e e 1  zonal  flow 

i n  January and t o  i n c r e a s e  i t  i n  Apr i l .  Lorenz (1967)'has suggested 

t h a t  t h e  n e t  e f f e c t s  of l a r g e  s c a l e  edd ie s  a r e  i n e f f e c t i v e  i n  v e r t i c a l  

momentum t r a n s p o r t ,  and t h a t  t h e  v e r t i c a l  t r a n s p o r t  requirements  may b e  

mainly accomplished by the.mean c i r c u l a t i o n  of t h e  mer id iona l  c e l l s ,  

The v e r t i c a l  eddy t r a n s p o r t  on v a r i o u s  l eng th  s c a l e s  l e d  Gilman, 

' 1964)  t o  conclude t h a t  those  l eng th  s c a l e s  n o t  v i s i b l e  i n  t h e  conven-- - 
.anal rzwinsonde network may a t  t imes move mo"mentum i n  a  d i r e c t i o n  

oppos i t e  t o  t h a t  of  l a r g e  s c a l e s  n e a r  t h e  t ropopause reg ion .  



Ikasurements  of "negat ive eddy v i s c o s i t y "  n e a r  t h e  m i d l a t i t u d e  jet  

s t r eam w e r e  i n t e r p r e t e d  by G i l m n  as evidence t h a t  n e a r  t h e  j e t  t h e  mi: 

e f f e c t  o f  v e r t i c a l  edd ie s  of  a l l  scales b ~ o u g h t  about  momentua t r a n s p o r t  
I 

i n t o e t h e  jet  stream- Negative eddy v i s c c s i t y  res r i l t s*  whGn eddy momentmi 

f l u x  is  d i r e c t e d  from reg ions  of low mean flow va lues  t o  r eg ions  of 

h ighe r  v a l u e s ,  a c t i n g  i n  t h e  r e v e r s e  d i r e c t i o n  o f  f r i c t i o n a l  drag.  Kranfi 

(1967) a l s o  found "negat ive v i s c o s i t y "  i n  t ropopause reg ions  i n  t h e  

annual  mean k i n e t i c  energy budgets  over  North America. I f  edd ie s  t r ans -  

p o r t  momentum upward, a cons tan t  downward t r a n s p o r t  by mean flow m u s t  

occur  t o  b r i n g  about a t o t a l  n e t  downward f l u x  t o  ba l ance  t h e  hemispher- 

i c a l  requirements  f o r  a s i n k  i n  mid la t i t udes .  This  mean v e r t i c a l .  nlotiolr 

[as measured by Jensen (1961) f o r  January 1958-on t h e  o r d e r  of a few 

t e n t h s  of a cent imeter  per  second, by Saltzman and F l e i s h e r  (1960) f o r  

February 1959 a s  about one-tenth of  a cent imeter  p e r  second and more 

-1 
r e c e n t l y  from .5 t o  .8 cm s e c  by Oort and Rasmusson (1970). Jensen 

specu la t ed  t h a t  t h e  "negat ive d i s s i p a t i o n "  c a l c u l a t e d  a t  t ropopause 

l e v e l s  f o r  January 1958 might be expla ined  by a gene ra t ion  of k i n e t i c  

energy i n  eddies  on a s c a l e  no t  de t ec t ed  i n  t h e  convent iona l  meteor-- - 
o l o g i c a l  d a t a  network. 

v .. 

P r i e s t l e y  (1967) i n d i c a t e d  t h a t  v e r t i c a l  f l u x  of  angular  momen- 

tum i n  t h e  temperate b e l t  of w e s t e r l i e s  was p o s s i b l e  i n  synop t i c  scale 

d i s t u r b a n c e s ,  mesoscaJ.e .motions, and sma l l e r  s c a l e s .  He sug3ested that 

e x i s t i n g  s t eady- s t a t e  t rea tments  r equ i r ed  mod i f i ca t ion  on the  b a s i s  o f  

time v a r i a t i o n .  In  an e a r l i e r  d i scuss ion  P r i e s t l e y  (1959) i nd ica t ed  - 
t h a t  Reynolds s t r e s s e s  above t h e  p l ane ta ry  boundary l a y e r  probably 

played a s i g n i f i c a n t  p a r t  i n  t h e  gene ra l  c i r c u l a t i o n  of t h e  atmosphere,  



and t h a t  a s tudy  of t e r r a i n  d r a g  would be  p r e f e r r e d  t o  s i t e  s t u d i e s ;  

ove r  l a n d  t h i s  d i s t i n c t i o n  may be important .  

These stresses above t h e  lowest  1 km,of t h e  atmosphere inc lude  
I 

(1) t r u 8  d ~ c o u s  d r a g  f o r c e s  which d i s s i p a t e  h e a t  an; hdve 'iu e f f e c r  on 

t h e  t o t a l  h e a t  budget i n  t h e  f r e e  atmosphere and (2) v e r t i c a l  f l u x e s  o f  

monentum, e i t h e r  upward o r  downx~ard. The combined e f f e c t s  of v e r t i c a l  

r e d i s t r i b u t i o n  of  momentum and v iscous  d i s s i p a t i o n  t o  h e a t  n?ay s e r v e  to 

i n t e g r a t e  t h e  e f f e c t  of sma l l  s c a l e  phenomena i n t o  t h e  l a r g e r  s c a l e s .  

. 
Mountain E f f e c t s  

The e f f e c t s  of mountain ranges i n  temperate  l a t i t u d e s  have 

" -n c a l c u l a t e d  by White (19431, R ieh l  and Baer (1964), and Kung (1968) 
6 

'- -.ng o t h e r s .  Riehl  and Baer showed t h a t  t h e  mountainous r eg ion  of 

North America between 30N and 60N played a n  important  r o l e  i n  t h e  

v e r t i c a l  momentum exchange between t h e  e a r t h  and t h e  atmosphere. 

F u r t h e r ,  they found cha t  t h e  momentum exchange could t a k e  p l a c e  e i t h e r  

upward o r  downward. Kung (1968) found t h a t  t h e  mountain e f f e c t  

was a s i g n i f i c a n t  term i n  t h e  momentum exchange and on t h e  same o rde r  

as t h e  f r i c t i o n  torque e f f e c t  - ,  

c a l c u l a t i o n s  were made on t h e  s c a l e  of t h e  s tkndard  d a t a  network. .. 
* 

I n  Kungts terms, a is t h e  r a d i u s  of t h e  e a r t h ,  Ap t h e  p re s su re  d i f f e r -  

ence ac ros s  a  mountain whose h ighes t  peak h a s  t h e  h e i g h t  H,  p i s  the  



-Lmo~pher i c  d e n s i t y ,  u  is  t h e  zonal  component of t h e  geos t roph ic  wind, 
g 

and C is  t h e  geos t roph ic  d r a g  c o e f f i c i e n t .  I n  t h e  30N-40S l a t i t u d e  

b e l t ,  t h e  r a t i o  of t h e  mountain e f f e c t  t o  . the  stress e f f e c t  w a s  5 . 2  i n  

the annual  mean; a t  40N-SON i t  was 0.6. On,an annual  b a s i s ,  t h e  su r -  

f a c e  s;ress w a s  nega t ive  at 30N;  i n  t h e  35N-40N l a t i t u d e  delt t h e  

s t r e s s  was p o s i t i v e  b u t  sma l l e r  i n  magnitude. A wide range of s t r e s s  

va lues  has  been computed, sugges t ing  t h a t  r e g i o n a l  d e s c r i p t i o n s  of this 

parameter  ob ta ined  through d e t a i l e d  s t u d i e s  are impor tan t  f o r  p r e s c r i b -  

i n g  proper  va lues  f o r  numerical  ana lyses  and experiments .  

Transport  Mechanisms 

Rossby (1951) noted t h a t  t h e  wes t e r ly  winds e n t e r i n g  t h e  wesL 

a s t  of t h e  United S t a t e s  o f t e n  experienced an a c c e l e r a t i o n  and a  
e 

change i n  v e r t i c a l  s t r u c t u r e  whi le  t r a v e r s i n g  t h e  mountains. Rossby 

concluded t h a t  t h e  v e r t i c a l  s t a b i l i t y  d i s t r i b u t i o n  played an important  

p a r t  i n  t h e  concen t r a t ion  of momentum i n  shal low l a y e r s  of  a i r ,  

r e s u l t i n g  i n  sha rp  j e t s  i n  s t r a t i f i e d  a i r ;  f u r t h e r ,  t h a t  eddy momentun 

t r a n s f e r ,  l a r g e  i n  comparison t o  t he  d i f f u s i o n  of mass p r o p e r t i e s ,  

e s t a b l i s h e d  a  l i m i t i n g  v e r t i c a l  wind p r o f i l e  c h a r a c t e r i z e d  by a  r ap id  
- 

i n c r e a s e  i n  speed and v e r t i c a l  s t a b i l i t y  w i th  h e i g h t .  I? t h e  v e r t i c a l  

, ." 
eddy r e d i s t r i b u t i o n  of r e l a t i v e  angular  momentum i n t o  upper l a y e r s  

took p l ace  a t  t h e  expense of lower l a y e r s ,  a  corresponding sharpening 
-' , . 

of t h e  h o r i z o n t a l  flow p r o f i l e  followed due t o  t h e  decrease  i n  v e l o c i t y  

i n  t h e  lower l e v e l s .  

The r o l e  of v e r t i c a l  momentum t r a n s p o r t  by convect ive  eddies  " 

i n  t h e  suppres s ion  of t h e  v e r t i c a l  s h e a r  of >he h o r i z o n t a l  wind has  

been d i scussed  by Gray (1968). Gray showed t h a t  t h e  up- and downdrafts 



could a c t  t o  decrease  t h e  wind shea r  a t  t h e  same time t h a t  t h e  baro- 

c l i n i c i t y  i nc reased  dur ing  t h e  i n i t i a l  gene ra t ion  of a  cyc lon ic  d i s -  

tu rbapce ;  t h e  r e s u l t i n g  f r i c t i o n  d i s t u r g e d  t h e  geos t roghic  ba lance .  

" 

This  convect ive-scale  turbulence  involves  mass t r a n s p o r t  which 

v e r t i c a l l y  r e d i s t r i b u t e s  p a s s i v e  p r o p e r t i e s  of t h e  atmosphere a s  well 

a s  momentum i n  convec t ive ly  uns t ab le  condi t ions .  The v e r t i c a l  transfer 

of r e l a t i v e  angular  momentum by convect ive motions can be  very  l a r g e  

du r ing  s u m e r  pe r iods ,  when a  s i n g l e  well-developed s q u a l l  l i n e  can 

account f o r  30-40% of t h e  t o t a l  requirement f o r  v e r t i c a l  t r a n s p o r t  of 

momentum f o r  a 20-degree l a t i t u d e  b e l t .  However, t h e r e  a r e  extensive 

a r e a s  over  which no curnulonimbi can be  found du r ing  t h e  win te r  season ,  
4 

when hemispheric  requirements  f o r  v e r t i c a l  t r a n s f e r  a r e  g r e a t e r  than i n  

summer. It seems un l ike ly  t h a t  convec t ive  turbulence  i n  a  s t a b l e  

e x t r a - t r o p i c a l  reg ion  can account f o r  t h e  necessary  v e r t i c a l  red is - -  

t r i b u t i o n  over con t inen t s  i n  w in te r  (Palrngn and Newton, 1969).  

Purpose of t h e  I n v e s t i g a t i o n  

The r e sea rch  conducted h e r e  i n v e s t i g a t e s  t h e  hypothes is  that . - - 
s i g n i f i c a n t  subsynoptic-scale  v e r t i c a l  t r a n s p o r t  of r e l a t i v e  angular  , .. 
momentum can t ake  p l ace  over mid- la t i tude  mountainous t e r r a i n  i n  a 

s t a b l y - s t r a t i f i e d .  atmosphere through t h e  actdon of ex t ens ive  a r e a s  of 

i n t e r n a l  g r a v i t y  waves. The r e sea rch  a d d i t i o n a l l y  i n v e s t i g a t e s  t h e  

p o s s i b i l i t y  t h a t  t h i s  smal l - sca le  v e r t i c a l  r e d i s t r i b u t i o n  can be 

d i r e c t e d  upward i n t o  t ropopause l e v e l s  t o  main ta in  a high-velocity 

wind maximun a g a i n s t  f r i c t i o n a l  d i s s i p a t i o l ~ " ;  



1 1 0  DESIGN OF THE EXPERIMENT 

Data Sources 

The r e l i a b i l i t y  of the  calculat ion of v e r t i c a l  momentum fluxes,  

o r  shearing stresses, depends on the  accuracy of the  required meteor- 

ological  data. These data consist  of the  height of the  pressure sur- 

faces and the wind di rec t ion  and velocity. The conventional col lec t ion  

iystem provides rawinsonde information on these parameters on the syn- 

op t i c  sca le  a t  0000 GMT and 1200 GMT and, a t  a f e w  s t a t ions ,  a l so  a t  

0600 GXC and 1800 GMT. The Pow-level da ta  density is increased at 

1800 GMT through pilot, balloon soundings. 

Wind direct ions deduced from cloud s t r e e t s  and s t reaks  

(Kuettner, 1959) photographed by the  Apollo I X  astronauts  augment the  

1800 GMT data. The 1800 GMT time was primarily chosen f o r  study t o  

make use of the subsynoptic-scale information recorded i n  the  earth- 

oriented Apollo p i c t u r ~ s  taken during the  March 8-12, 1969 time perisd. 

Center differencing f o r  local  time changes a t  1800 GMT ut i l ized the  

1200 GMT data f o r  the same day and the  0000 GMT data  f o r  the f o l l ~ w i n g  

day; t h i s  allowed the use of ac tual  da ta  for  a 12-hour time in terval .  

Region of Study 

Ttie presence of high, rugged t e r ra in ,  the regular  spacing of 

rawinsonde s t a t ion  locations, and the  coverage by high-resolution 

Apollo I X  photography determined the region selected f o r  study. The 

period of study encompassed the earth-oriented photographic mission of 

the  Apollo crew. The area outlined i n  Figure 2.1 i n  s o l i d  l i n e s  con- 

s t i t u t e d  the region, covering about 1012 m2 i n  Arizona, New Mexico, 

and pa r t s  of western Texas and Oklahoma. Mountain peaks i n  eas tern  
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I 

New Xexico rise t o  4 kn, w i th  numerous e l e v a t i o n s  over  3 km i n  Arizona 

and New Mexico. The r i d g e s  are i r r e g u l a r l y  spaced and o r i e n t e d ,  

a l lowing  i n t e r a c t i o n  between t h e  p e r t u r b a t i o n s  inposed on t h e  a i r f l o w  

p a s s i n g - o v e r  t h e  t e r r a i n .  The f requent  ockurrence of c l e a r  a i r  turbu-  
* - - r a  

l ence  (Re i t e r  and F o l t z ,  1967) r e f l e c t s  t h e  gene ra t ion  and i n t e r a c t i o n  

of mountain waves over  t h e  reg ion .  The r eg ion  is a l s o  an a r e a  over  

which t h e  jet  stream is f r equen t ly  l oca t ed  (Les te r ,  1969).  

Data Treatment 

The March 8-13; 1969, 0000 G%T and 1200 GMT rawinsonde d a t a  

f o r  t h e  n i n e  s t a t i o n s  w i t h i n  and f o r  s i x t e e n  s t a t i o n s  surrounding t h e  

reg ion  were f i r s t  reduced t o  u- and v-components. The time s e r i e s  of 

he  s t a n d a r d  p re s su re  h e i g h t s  and t h e  wind c o ~ n ~ o n e n t s  were then  sub- 

j e c t e d  t o  a cubic  "spline1'  curve f i t t i n g  and i n t e r p o l a t i o n  technique 

t o  e x t r a c t  1800 GMT da ta .  

The one-dimensional s p l i n e  program (Fowler and Wilson, 1966) 

f i t s  a  normalized cubic  polynomial curve t o  a s e t  of p o i n t s  f o r  each 

d a t a  t ime s e r i e s  (u- and v-comyonents and p re s su re  h e i g h t s  fox  stalldard 

l e v e l s ) .  This  s p l i n e  curve f e a t u r e s  continuous p o s i t i o n ,  s l o p e ,  and 
- .- 

curva ture .  I f  no smoothing i s  app l i ed ,  t he  curve pagses exac t ly  
r. .. 

through t h e  given s e t  of d a t a  p o i n t s ;  smoothing of t h e  curve i s  

o p t i o n a l .  For t h e  work performed i n  t h i s . s t y d y ,  smoothing was not  

app l i ed .  In te rmedia te  d a t a  va lues  f o r  1800 GMT subsequent ly were 

i n t e r p o l a t e d  from t h e  continuous cubic  curve pas s ing  through 0000 OfT 

and 1200 G4T rawinsonde d a t a  p o i n t s ,  and these  d a t a  added t o  t h e  

1800 GMT p i l o t  ba l loon  d a t a  popula t ion  w i t h i n  and imnedia te ly  su r - -  

rounding t h e  s tudy  reg ion .  
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Llpollo I X  Data  

The wind d i r e c t i o n s  deduced from t h e  o r i e n t a t i o n  o f  cumulus 

streets and c i r r u s  s t r e a k s  i n  t h e  photographs  t a k e n  s i ' t h  t h e  Apollo IS 

L 

handheld  ,cameras augmented t h e  d a t a  assembled f o r  1800 G:IF oh Xarch 8 - r 

4 

through 1 2 ,  1969. A  few exzmples e x h i b i t e d  h e r e  i n d i c a t e  t h e  e x t e n t  of 

t h e  c loud  s t r e a k s  and s t r e e t s  photographed o v e r  t h e  sou thwes te rn  Uni ted 

S t a t e s  from t h e  Apol lo  s p a c e c r a f t .  These c l o u d  streets and s t r e a k s  v e r y  

n e a r l y  approximated t h e  o r i e n t a t i o n  o f  t h e  a i r  f low a t  c loud  l e v e l s  when 

t h e  c l o u d s  had l i m i t e d  v e r t i c a l  dimension; when compared t o  conven t iona l  
\ 

wind d a t a  from p i l o t  b a l l o o n s  a t  t h e  same l e v e l  and geograph ic  l o c a t i o n  

t h e  agreement was remarkably good. I n  a r e a s  where no p i l o t  b a l l o o n  d a t a  

were  a v a i l a b l e ,  c loud  o r i e n t a t i o n s  were  a p p l i e d  a t  t h e  n e a r e s t  s t a n d a r d  
.. 

s s u r e  l e v e l s ;  t h e  wind v e l o c i t i e s  were de te rmined  from p i l o t  b a l l o o n  

and i n t e r p o l a t e d  rawinsonde d a t a .  

Th in  c i r r u s  c loud  s t r e a k s  v i s i b l e  a t  A i n  F i g u r e  2.2 s t r e t c h e d  

a c r o s s  t h e  b r e a d t h  o f  t h e  Apol lo  pho tograph ,  a  d i s t a n c e  of about  350 km. 

A i r c r a f t  o b s e r v a t i o n s  l o c a t e d  t h e s e  s t r e a k s  a t  22,000 f t  MSL, s l i g h t l y  

above t h e  500 mb l e v e l .  These same c i r r u s  s t r e a k s  can be  s e e n  a t  B in. 

F i g u r e  2 . 3  i n  t h e  36-37N l a t i t u d e  b e l t .  The n o r t h e r n  edge %f t h e  
, 

h e a v i e r  c loud r i b b o n  i d e n t i f i e d  i n  t h e  c e n t e r  o f 0 F i g u r e  2 . 3  co inc ided  

w i t h  t h e  h o r i z o n t a l  a x i s  of t h e  wind maximum a t  t h e  500 mb l e v e l .  
-. , . 

The e x t e n s i v e  wave p o p u l a t i o n s  photographed w i t h  t h e  Apol lo  I X  

cameras i n d i c a t e d  t h e  p r e s e n c e  of meso-sca le  g r a v i t y  waves o v e r  a  l a r g e  

p o r t i o n  of e a s t e r n  Ar izona ,  New Mexico, and w e s t e r n  Texas.  These waves 

m a n i f e s t e d  i n  t h e  c l o u d s  a t  s t a b l e  a tmospher ic  l a y e r s  n e a r  500 mb 
C 

and 700 mb on March 9 ,  1969. 



Figure  2.2. Apollo IX handheld camera photograph 
No. 3446, taken at approximately 1805 GMT March 9 ,  
1969. The e a r t h ' s  hor izon can be  s,een a t  t h e  upper 
p o r t i o n  of t h e  p i c t u r e .  Extensive c i r r u s  s t r e a k s  
can be  seen  through t h e  cen te r  of t h e  photograph 
(see  A) .  



Figure  2.3.  Apollo IX handheld camera photograph 
No. 3441, t aken  a t  approximately 1S04 GMT March 9 ,  
1969. C i r r u s  s t r e a k s  appear i n  t h e  a r e a  no r th  qf 
B. The sha rp  cu t -of f  from B t o  C co inc ides  w i th  
t h e  a x i s  of  t h e  maximum wind a t  cloud l e v e l  (about 
500 mb). 



Figure 2.4.  Apollo I X  handheld camera photog~a~h 
No. 3438, taken at approximately 1302 aT March 9, 
1969. A mesoscale cyclonic -curvature is outlined 
in the cloud streaks at B. Extensive wave struc- 
ture is visible at middle cloud level at A. 



, 
, .. 

F i g u r e  2 .5 .  Apa l lo  I X  handheld  camera photograph 
No. 3443, t a k e n  a t  approx imate ly  1804 GMT March 9 ,  
1969. Long cumulus s t r e e t s  a t  abou t , l2 ,0C3 ft MSL 
can be s e e n  a t  B. C i r r u s  s t r e a k s  are v i s i b l e  at 
A ,  e x t e n d i n g  eas tward  t o  107W 3711. 



The c louds  i n d i c a t e d  ar B i n  F igure  2.4 d e l i n e a t e d  t h e  cyc lon ic  

cu rva tu re  of t h e  a i r  flow at t h e  18,000 f t  ?ISL, o r  approximately 500 ab, 

l e v e l .  C i r rus  s t r e a k s  appeared a t  h i g h e r  l e v e l s  i n  t h e  top p a r t  of t h e  

p i c t u r e .  ~ ~ n <  cumulus streets i n  F igure  2.5 extbnded h o r i z o n t a l l y  f o r  
- . .  

about 180 km at  an e l e v a t i o n  of approximately 12,000 f t  MSL, j u s t  above 

t h e  700 mb l e v e l .  

The d e n s i t y  and a r e a l  e x t e n t  of t h e  ~ 2 n d  informat ion  e x t r a c t e d  

from t h e  Apollo p i c t u r e s ,  i n t e r p o l a t e d  rawinsonde winds, and p i l o t  ba l -  

loons  are e x h i b i t e d  i n  F igures  2.6(a) and (b) f o r  1805 G-XT March 8 and 

9 ,  1969, r e s p e c t i v e l y .  The arrows i n  Figure  2 . 6 ( a )  r ep re sen t  t h e  a i r -  

flow deduced from long  rows of  s m a l l  cumuli w i th  bases  a t  8,000 t o  

10 ? f t  XSL and w i t h  t o p s ,  according t o  a i r c r a f t  r e p o r t s ,  near  
d. 

13,vutI f t  MSL. The cloud s t r e e t s  were more c l o s e l y  spaced than  re -  

qu i r ed  f o r  t h e  one-degree g r i d  network and were concent ra ted  i n  t h e  

mouatainous r eg ions  of e a s t e r n  Arizona and New Plexico, The cloud street 

o r i e n t a t i o n  agreed c l o s e l y  wi th  t h e  d i r e c t i o n s  of t h e  rawinsonde and 

p i l o t  ba l loon  winds. The l eng ths  of t h e  s t r ea l c l ines  approximate the  

l eng ths  of t h e  cloud s t r e e t s  i n  t h e  Apollo I X  photographs. 

The same good agreement between s t r e a k l i n e s  and convsnt iona l  

d a t a  h e l d  f o r  1800 GXT March 9. The cloud he ightserecorded  by a i r c r a f t  

and ground observers  coincided wi th  moist l a y e r s  i n  t h e  Winslow and 
I .  

Albuquerque soundings f o r  1200 GMT Xarch 9.  The cu rva tu re  i n  t h e  

s t r e a k l i n e  n o r t h  o f  Albuquerque i d e n t i f i e d  a mesoscale h o r i z o n t a l  per- 

t u r b a t i o n  i n  t h e  a i r f l o w  p a t t e r n .  No Apollo photographs were a v a i l a b l e  

1 larch 10 ,  and t h e  r educ t ion  of t h e  s t r e a k i n e s s  of  t h e  clouds on 
n 

Piarch 11 and 12 r e s u l t e d  i n  more s p a r s e  information on t h e  a i r f l o w  f o r  

those  days. 



Figure  2 .6 (a ) .  Wind d a t a  used f o r  o b j e c t i v e  a n a l y s i s  f o r  
1800 GNT March 8 ,  1969 a t  t h e  700 mb l e v e l .  Barbs i n d i -  
c a t e  v e l o c i t y  i n  meters  pe r  second. I n d f c a t o r s  o r i g i -  
n a t i n g  on s t a t i o n s  a r e  i n t e r p o l a t e d  from rawinsonde d a t a ;  
t hose  pas s ing  through s t a t i o n s  a r e  from p i b a l s .  Streak-  
l i n e s  a r e  de r ived  from Apollo I X  photographed cloud 
s t r e e t s ,  ba ses  8,000 t o  10,000 f t  IIISL. 

* 

Figure  2 .6  (b) . Same a s  2.6 (a )  except  f o r  1800 GMT March 9 ,  
1969, at t h e  500 mb l e v e l .  S t r e a k l i n e s  a r e  der ived  from 
cloud s t r e a k s  a t  19,000 t o  23,000 f t  MSL. 



? r i d  F i t t i n g  

The t o t a l  d a t a  popu la t ion  from t h e  raxinsonde t i n e  s e r i e s ,  

t lpol lo I X  photographs, and p i l o t  b a l l o o n s ,  was o b j e c t i v e l y  f i t t e d  to 

t h e  g r i d  shown i n  F igure  2.1. l lre l o n g i t u d i n a l  g r i d  l i n e  is t r u e  a t  
b 

.I, 5 104", 3OtNftl, m d  g r i d  l eng ths  are 1.111 x 10 m i n  the x- dnd y- d i r e c r -  

i o n s  (one l a t i t u d e  degree) ;  t h e  x-d i rec t ion  l i e s  a long  l a t i t u d e  l i n e s ,  

The one-degree g r i d  network y i e l d s  a two-degree d i s t a n c e  i n t e r v a l  f a r  

c e n t e r  d i f f e r e n c i n g  i n  h o r i z o n t a l  space .  

I n  a r e a s  of ex t ens ive  cloud s t r e a k i n g  the e x t r a c t e d  wind daea 

were app l i ed  a t  g r i d  p o i n t s .  The p i l o t  ba l loon  and i n t e r p o l a t e d  rawin- 

sonde d a t a  were f i t t e d  t o  t h e  computat ional  g r i d  a t  s t anda rd  p r e s s u r e  

l e v e l s  by a two-dimensional b i c u b i c  s p l i n e  technique  s i m i l a r  t o  tha;  

developed by F r i t s c h  (1969). A sphe re  was f i t - ted t o  t h e  n e a r e s t  f o u r  

d a t a  va lues  f o r  each g r i d  p o i n t ;  t h e  g r i d  p o i n t  d a t a  va lues  were corn-- 

pared wi th  t h e  mean va lues  f o r  t h e  given l e v e l  and parameter. I f  the 

d i f f e r e n c e  was g r e a t e r  than  two s t anda rd  d e v i a t i o n s  a l i n e a r  i n t e r -  

p o l a t i o n  between the  two n e a r e s t  accep tab le  va lues  was used a t  t h e  

p o i n t .  A l l  g r i d  po in t  va lues  were aga in  checked t o  s e e  i f  they v i o i a r + d  

a maximum pe rmis s ib l e  s lope  a t  g r i d  p o i n t s .  The e n t i r e  d a t a  f i e l d  s;s 
- - 

next  smoothed i n  t he  two h o r i z o n t a l  d i r e c t i o n s ,  a l - loying t h e  g r i d  
I " 

p o i n t s  t o  converge t o  a s u r f a c e .  The smoothing could have reduced 

g r a d i e n t s  nea r  d i s c o n t i ~ l u i t i e s  on f r o n t a l  s u r f a c e s ,  b u t  no such events  

were involved i n  t h e  cases  s e l e c t e d  f o r  s tudy  h e r e .  

The s p l i n e  a n a l y s i s  gave gene ra l ly  accep tab le  d a t a  f i e l d s  f o r  

8 

t h e  u- and v- components of the  wind, b u t  r equ i r ed  excess ive  smooLhing 

., 
f o r  p re s su re  h e i g h t s .  Consequently, he ight%* i n t e r p o l a t e d  from the  



s e r i e s  by t h e  one-dimensional s p l i n e  were  s u b j e c t i v e l y  a n a l y z e d ,  

p roduc ing  a h y b r i d  o b j e c t i v e - s u b j e c t i v e  a n a l y s i s  f o r  t h e  h e i g h t  f i e l d s ,  

The average  computat ions  f o r  a  g i v e n  l a y e r  were assumed t o  h o l d  
* 6 

f o r  a l%yer  c e n t e r e d  a t  each s t a n d a r d  p r e s s u r e  s u r f a - c e ; - t h e  v e r t i c a l  

s t r u c t u r e  is  shown i n  F i g u r e  2 .7 .  The s t a n d a r d  100 ,  150 ,  300, 400,  500, 

and 700 mb p r e s s u r e  l e v e l s  used a r e  shown by s o l i d  l i n e s ;  l a y e r  boundary 

s u r f a c e s  a r e  i n d i c a t e d  by dashed l i n e s .  Nominal p r e s s u r e  t h i c k n e s s e s  

f o r  each l a y e r  appear  a t  t h e  r igh t -hand  s i d e .  

. 
Layer  c e n t e r  Layer  boundary Layer  t h i c k n e s s  (mb) 

F i g u r e  2.7.  V e r t i c a l  l a y e r  s t r u c t u r e  used f o r  momentum, 
stress g r a d i e n t ,  e n e r g y ,  and v o r t i c i t y  budget  c a l -  
c u l a t i o n s ,  



t 

Synoptic  S i t u a t i o n  

The 500 mb and 300 mb 1800 GIT i n t e r p o l a t e d  pressure-he ight  

contour  (F igures  2.8, 2.10, 2.12, 2.14, and 2.16) and zonal  wind i s o t a c h  

(Figures  2.9, 2.11, 2.13, 2.15, and  2.171, ana lyses  i n d i c a t e  t h e  n a t u r e  
I 

of the-  middle and upper t ropospher ic  f lcw f o r  ilafch 8 t i r ough  1 2 ,  1969. 

Susta ined  h i ~ h  zonal  wind speeds i n  t h e  upper t roposphere c h a r a c t e r i z e 6  

t h e  pe r iod  ove r  which t h e  c a l c u l a t i o n s  extended. A weak low-level 

cyc lon ic  d i s tu rbance  en te red  t h e  wes tern  boundary of t he  s t u d y  reg ion  

Xarch 10 ,  t r a v e r s e d  t h e  no r the rn  p o r t i o n  sfarch 11, and e x i t e d  t o  the 

\ 

e a s t  Xarch 1 2 ,  1969. 

The f i x e d  ccrnputational g r i d  l o c a t i o n  was chosen t o  t a k e  advan- 

t age  of good rawinsonde coverage,  t o  con ta in  t h e  c o n s i s t e n t  high- 

v e l o c i t y  upper winds, and t o  cover t h e  rugged- t e r r a in  of Arizona and 

New Mexico. The a x i s  of the  j e t  s t ream was o f t e n  contained i n  the  g r i d ,  



Figure  2.8.  Height contours  i n  t e n s  of meters  f o r  1800 GMT 
March 8, 1969 i n t e r p o l a t e d  300 mb (above) and 500 mb 
(below) maps. 



Figure 2.9. I so t achs  of zonal  wind i n  meters  p e r  second 
f o r  1800 GMT March 8, 1969 i n t e r p o l a t e d  300 mb (above) 
and 500 mb (below) maps. 



Figure  2.10. Height contours  i n  t ens  of meters  f o r  1800 GMT 
March 9 ,  1969 i n t e r p o l a t e d  300 mb (above) and 500 mb 
(below) maps. 



Figure  2.11. I so t achs  of zonal  wind i n  meters  p e r  second 
f o r  1800 GMT March 9 ,  1969 i n t e r p o l a t e d  300 mb (above) 
and 500 mb (below) maps. a 



Figure  2 .12 .  Height contours  i n  t e n s  of meters  f o r  1800 GMT 
March 10 ,  1969 i n t e r p o l a t e d  300 mb (above) alld 500 mb 
(below) maps. 



F i g u r e  2.13. I s o t a c h s  of z o n a l  wind i n  meters p e r s e c o n d  
f o r  1800 GMT March 10 ,  1969 i n t e r p o l a t e d  300 mb (above) 
and 500 mb (below) maps. 

1 



Figure  2.14. Height contours  i n  t e n s  of meters f o r  1800 GXT 
March 11, 1969 i n t e r p o l a t e d  300 mb (above) and 500 mb 
(below) maps. 

* 



Figure 2.15. I s o t a c h s  of zonal wind i n  meters  p e r  second 
f o r  1800 GMT March 11, 1969 i n t e r p o l a t e d  300 mb (above) 
and 500 mb (below) maps. 



F i g u r e  2.16.  He igh t  c o n t o u r s  i n  t e n s  o f  m e t e r s  f o r  1800 GMT 
March 1 2 ,  1969 i n t e r p o l a t e d  300 mb (above) and 500 mb 
(below) maps. - 

m 



Figure 2.17. Isotachs of zona l  wind in meters per second 
fo r  1800 GMT March 1 2 ,  1969 i n t e r p o l a t e d  300 mb (above) 
and 500 mb (below) maps. 



111. ZONAL STRESSES AND ANGULAR ?IOIIENTUPI 

I 

I I n  t h e  m i d l a t i t u d e  b e l t  o f  w e s t e r l i e s ,  t h e  a b s o l u t e  a n g u l a r  
b 

msmelitum i s  o f t e n  i n t e r p r e t e d  a s  an  i n d i c a t i o n  of t h e  s t r e n g t h  of t h e  
I 

r a ' r & l a t i o n .  The v e l o c i t y  o f  t h e  mean w e s t e r l y  motibn and t h e  s p e c t r a l  
i 
i ' .. . .  
i 2  ' -  

a mer-1  of  i t s  v a r i a n c e  g i v e  i n f o r m a t i o n  on t h e  n a t u r e  o f  t h e  g e n e r a l  
I 
I ' a L  c i r c u l a t i o n  i t s e l f  (Wooldridge and Reiter, 1970) .  

Jet s t r e a m s  and j e t  maxima a r e  i n t i m a t e l y  r e l a t e d  t o  wea ther  

i phenomena and i n f l u e n c e  t h e  upper - l eve l  d i v e r g e n c e  f i e l d s  a s s o c i a t e d  
t 

w i t h  m i d l a t i t u d e  cyc lones  ( R e i t e r ,  1963) .  For  t h i s  r e a s o n ,  t h e  s t u d y  

o f  t h e  a b s o l u t e  a n g u l a r  momentum f l u x e s  i n  a p r e f e r r e d  r e g i o n  f o r  j e t -  

s t r e a m  maxima ( L e s t e r ,  1969) seems p a r t i c u l a r l y  a p p r o p r i a t e  i n  any 

4 

s t u d y  r e l a t e d  t o  t h e  g e n e r a l  c i r c u l a t i o n .  

The a b s o l u t e  a n g u l a r  momentum of t h e  atmosphere c o n t a i n s  a, 

I ,  c o n t r i b u t i o n  due t o  t h e  r o t a t i o n  of t h e  e a r t h  i t s e l f ,  c a l l e d  t h e  "omega" 

a n g u l a r  momentum, and z o n a l  motion of t h e  atmosphere r e l a t i v e  t o  t h e  

e a r t h ' s  s u r f a c e .  Th is  momentum can b e  r e p r e s e n t e d  a s  

M = Q,a2cos2@ + ua  cos @ ( 3  1) 
.. 

I 

I . 1~3hich M i s  t h e  a b s o l u t e  a n g u l a r  momentum, ,Q i s  t h k  a n g u l a r  r o t a t i o n  
' 
I 

i - rate of t h e  e a r t h  about  i t s  a x i s ,  a  i s  t h e  mean r a d i u s  o f  t h e  e a r t h ,  

is  t h e  l a t i t u d e ,  and u  i s  t h e  z o n a l  wind v 6 i o c i t y .  

The a n g u l a r  momentum of t h e  a tmosphere  can  change through the 

a c t i o n  of p r e s s u r e  t o r q u e  and f r i c t i o n  t o r q u e  a c c o r d i n g  t o  
I 



# 

per u n i t  mass, where r = a cos @, p is t h e  atmospheric dens i ty ,  ap/ 
a 

i s  t h e  pressure  gradient  due t o  d i f fe rences  i n  zonal pressure  across 

the region of s tudy,  and F is  t h e  f r i c t i o n a l  fo rce  exer ted  by shear ing 
X 

b 

stress gradients  i n  t h e  f r e e  atmosphere o r  by f r i c t i o n a l  "drag" at  the 
. - @ .  

earth-atmosphere i n t e r f a c e .  

A balance equation f o r  absolute  angular  momentum can be w r i t t e n :  

per  u n i t  volume. 1ntegrSt ing over t h e  volume and making use of Reitex 's  

(1969) averaging no ta t ion ,  the  following r e s u l t s :  

2 
cos 0 + u cos cP) I 

(@,A), Pu 

The left-hand term represents  the  l o c a l  change of angular 

lenturn with time; the  f i r s t  ten2 on the  righi-hand s i d e  measures the 

hor izon ta l  convergence; the  second and t h i r d  terms measure t h e  v e r t i c a l  



convergence;  t h e  f o u r t h  t e r m  i s  due t o  p r e s s u r e  t o r q u e ;  t h e  l a s t  t e rm 

r e s u l t s  from t o r q u e  e x e r t e d  by s h e a r i n g  s t r e s s  g r a d i e n t s .  A i s  t h e  

a r e a  o f  t h e  h o r i z o n t a l  upper  and lower  s u r f a c e s  o f  t h e  p r e s s u r e  l a y e r ;  
I 

b 

t h e  subscrisp;. u  d e n o t e s  t h e  upper  p r e s s u r e  l e v e l ;  t h e  subsc;rip< R 

i n d i c a t e s  t h e  lower  p r e s s u r e  l e v e l .  w h a s  t h e  u s u a l  d e f i n i t i o n  

w = dp/dt .  

R e i t e r ' s  (1969) symbolism [ I ( A )  
i n d i c a t e s  a n  a v e r a g e  o v e r  

l o n g i t u d e ,  an  a v e r a g e  o v e r  a h o r i z o n t a l  s u r f a c e  a t  a  g iven  

p r e s s u r e  l e v e l ,  a n  a v e r a g e  o v e r  l a t i t u d e ,  and [ ] (L) an  aver -  

age  o v e r  t h e  p e r i p h e r a l  l e n g t h .  

S t r e s s  Computation 

-+ 
The two-dimensional s h e a r i n g  s t r e s s  f o r c e  p e r  u n i t  mass F2 may 

b e  e x p r e s s e d  (Haurwitz ,  -4-941) a s  

-+ -+ 
where i and j a r e  u n i t  v e c t o r s .  The s t r e s s  f o r c e s  are 

and 

, 
i n  which T and T a r e  t h e  z o n a l  and m e r i d i o n a l  stress components, 

X Y 

r e s p e c t i v e l y .  

The stress f o r c e  components can b e  i n t r o d u c e d  i n t o  t h e  e q u a t i o n s  

f o- i z o n t a l  mot ion ,  p roduc ing  f o r  a  p r e s s u r e  c o o r d i n a t e  sys tem,  a f t e r  
m 

dropping  second-order  t e r m s ,  



and 

@ A l t e r n a t i v e l y ,  (3.8) and (3 .9 )  may b e  written i n  tern o f  t h e  
1. . 

ageos t r cph ic  wind component (P r i e sc l ey ,  1967) 

and 

If t h e  i n e r t i a l  terms duldt and dv/dt are oixi t ted,  as i n  t h e  

s p e c i a l  c a s e  of uniform unacce lera ted  flow, (3.10) and (3.11) can  be 

i r e v i a t e d  t o  C 

and 

a s  suggested by Sawyer (1958), P r i e s t l e y  (1959),  and R e i t e r  (1963). in 

cases  of a i r  flow a t  o r  near  je t - s t ream l e v e l s ,  t h e  a c c e l e r a t i o n s  and 

g r a d i e n t s  encountered prec lude  t h e  use  of (3.12) and (3.13) and demand 
- 

t h e  more r igo rous  t rea tment  of (3.8) and (3 .9) .  
, w 

The v e r t i c a l  s t r e s s  g rad ien t s  were computed a s  r e s i d u a l s  u s ing  - , +' 

(3.8) and (3.9) , with  t h e  three-dimensional Eu le ra in  form f o r  du l  d t  

and dv/dt and assuming w = 0 a t  75 mb, t h e  top of t h e  volume. Simple 

- e n t e r  d i f f e r e n c i n g  was used f o r  t ime,  u s ing  0000 GMT and 1200 GMT data! 

r o  o b t a i n  a d a t  and a t  1800 GW, and far space  d i f f e r e n c e s .  



Zonal S h e a r i n g  S t r e s s e s  

Layer  v a l u e s  of t h e  z o n a l  s h e a r i n g  s t r e s s  g r a d i e n t s  a r e  

-1 - L  
p r e s e n t e d  i n  v e r t i c a l  p r o f i l e  i n  F i g u r e  3:l; t h e  u n i t s  are kgm m sec 

a -4 
p e r  1 0 0  mb p r e s s u r e  t h i c k n e s s  o r  1 0  . The p o s i t i v e  m i d - p r o f i l e  layers 

computed f o r  1800 GXT Flarch 8  underwent a  r e v e r s a l  i n  s i g n  by 1800 GMT 

March 9 ,  1969. The change i n  t h e  p r o f i l e s  of s h e a r i n g  stress g r a d i e n t s  

fo l lowed  t h e  f o r m a t i o n  of an e x t e n s i v e  a r e a  o f  mountain waves o v e r  New 

Mexico. A maximum n e g a t i v e  g r a d i e n t  o c c u r r e d  n e a r  300 mb on March 9* 
11 

Fol lowing t h i s  r e v e r s a l ,  t h e  stress g r a d i e n t s  remained n e g a t i v e  through 

1800 GMT March 1 2 ,  1969. 

The l e v e l  o f  maximum wind was used a s  a z e r o  r e f e r e n c e  p o i n t  t o  
.m 

c o n s t r u c t  p r o f i l e s  of stress, w i t h  l a y e r  i n c r e m e n t s  o f  t h e  s t r e s s  gra- 

d i e n t  summed v e r t i c a l l y  above and below t h e  LZ4'W. The r e s u l t i n g  p ro-  

f i l e s  o f  z o n a l  s h e a r i n g  s t r e s s e s  ( F i g u r e  3 .2)  emphasize t h e  r e v e r s a l  o f  

s i g n  of t h e  stresses. The arrows i n d i c a t e  t h e  d i r e c t i o n  of t h e  

s u b g r i d - s c a l e  v e r t i c a l  f l u x  of z o n a l  momentum th rough  a p p l i c a t i o n  o f  

t h e  f o l l o w i n g  : 

The assumption of  no stress a t  t h e  l e v e l  o f  maximum wind does  n o t  

*' , -' 
a f f e c t  t h e  v e r t i c a l  convergence o f  z o n a l  momentum due t o  t h e  s t r e s s  

g r a d i e n t .  S t r o n g  v e r t i c a l  convergence a t  t ropopzuse  l e v e l s  by s m a l l -  

s c a l e  p r o c e s s e s  dominated t h e  p r o f i l e s  from March 9 th rough  March 12;, 

v e r t i c a l  d i v e r g e n c e  was pronounced a t  t h e  t ropopause  on Ffarch 8 ,  
* 

The s t r e s s  g r a d i e n t s  computed a s  r e s i d u a l s  from (3.8) and 

( 3 . 9 ) ,  t h e  component momentum e q u a t i o n s ,  c o n t a i n  v i s c o u s  d r a g  f o r c e s ,  



6% 
Figure  3.1. V e r t i c a l  p r o f i l e s  of - Ap i n  u n i t s  of kgm 

-1 -2 STx 6p -4 m sec p e r  100 mb, o r  - 
6 P 

i n  10 , a t  1800 @fT f o r  

days i n d i c a t e d .  The pronounced r e v e r s a l  of prof  i l - e  
4 

occurred between March 8 and March 9 ,  1369. 

F igure  3.2. V e r t i c a l  p r o f i l e s  of mean s t r e s s  (7 ) i n  u n i t s  
X 

-1 -2 4 
of kgm m s e c  f o r  1800 GMT f o r  days i n d i c a t e d .  The 

d i r e c t i o n s  of  smal l - sca le  f l uxes  a£ zonal  momentum a r e  
= 

i a d i c a t e d  by arrows. Mult iply by 10 t o  o b t a i n  dynes 
-2 c m  . 



subgr id-sca le  momentum t r a n s p o r t ,  and computat ional  and d a t a  e r r o r s .  

Randos d a t a  and computat ional  e r r o r s  were assumed t o  b e  acceptab ly  10'" 

over t h e  l a r g e  a r e a  of t h e  r eg ion ,  

Pressure (mb) 

Figure  3 . 3 .  I n d i v i d u a l  terms i n  t h e  - zonal  ,. stress g rad ien t  

compu ta t ion  The d o t t e d  l i n e  i s  t h e  i n e r t i a l t e r m  

dot-dashed l i n e  i s  t h e  du ld t ;  dashed l i n e  i s  g ax; a-c,/ 
C o r i o l i s  term ( - fv) ;  s o l i d  l i n e  i s  F o r  -g x ' 

-4 
Uni t s  a r e  10 m sec-2 (loe2cm sec-?).  

i 



The i n d i v i d u a l  terms i n  t h e  zonal  s t r e s s  g rad ien t  computation 

f o r  1800 C3T EPsrch 9 are displayed in  Figure 3.3. The pressure-  

g rad ien t  f o r c e  term (gaz /~x)  n e a r l y  balanced t h e  C o r i o l i s  term (-fv); 

t h e  i n e r t i a l  term du/dt l a r g e l y  determined the magnitude apd- s i g n  of 
* .  

FX ' 

Some b i a s  toward low winds a d  f a i r  weather could have occurred 

due t o  t h e  r a p i d  displacement of rawinsondes i n  h igh  winds and t o  s h o r t  

p i l o t  ba l loon runs i n  cloudy areas (Rei ter ,  1963). Subjec t ive  and ob- 

j e c t i v e  a n a l y s i s  techniques would tend t o  smooth d a t a  and reduce the 
-3 

grad ien t s ;  t h e s e  f a c t o r s  would serve t o  reduce t h e  r e s i d u a l  stress 

values  somewhat. 

The v iscous  drag  f o r c e  can be es t imated  through a p p l i c a t i o n  of 
< 

e express ion  

3 j. 

D = V2 .F2 , where , (3.15) 

- 1 
D is  t h e  viscous d i s s i p a t i o n .  I f  t he  viscous d i s s i p a t i o n  i n  50 n sec 

-2 
flow amounts t o  one wa t t  m i n  a l a y e r  200 mb t h i c k ,  t h e  stress gra- 

-2 
d i e n t  t o t a l s  0.2 dynes cm . This i s  two orders  of magnitude smal ler  

than  t h e  zonal  stress g rad ien t s  shown i n  Figure 3.1 over  & 200 mb layer 
, 

a t  t h e  tropopause on March 9 and 10,  1969. , ., 

Contours of zonal  s t r e s s e s  on i s o b a r i c  su r faces  shown i n  
-. , +. 

Figures 3.4 (a)- (d) and 3.5 (a)-(d)  e x h i b i t  t h e  change of d i r e c t i o n  of 

t h e  v e r t i c a l  f l ux  of zonal~momentum on t h e  subgr id  s c a l e s  t h a t  took 

p lace  between 1800 GMT March 8 and 1800 GMT March 9 ,  1969. The strong- 3 

"ownward t r a n s p o r t  on March 8 appeared over e a s t e r n  New Mexico and 

western Texas nea r  35N 104W a t  t h e  lowest l e v e l s .  The g r e a t e s t  upward 



F i g u r e s  3,4(a) and ( b ) .  Contours of zonal  s t r e s s  ( T  ) f o r  
X 

1800 GNT March 8, 1969 a t  t h e  300 mob. and 400 mb l e v e l s .  
--I -2 * 

Uni ts  are kgnt m s e c  M u l t i p l y  by 10 t o  o b t a i n  
-2 

dynes  cm . 



Figures  3.4 (c) and (d) . Same as Figures 3.4 (a) and (b) 
except for 500 rnb and 700 m b .  



115 110 105 100 95 

1000 METERS 

115 110 105 100 

105 100 95 

1000 METERS ---- 2000 METERS 

115 110 105 100 .. ,.. 95 

- (b) 

Figures  3.5 (a) and (b) . Contours o f  zonal  stress (-c ) f o r  
X 

1800 GKC March 9 ,  1969 a t  t h e  300 mb and 400 mb l e v e l s .  
-1 -2 

Uni t s  a r e  k g l n m  sec . Multiply by 10 t o  o b t a i n  
- 2 1* 

dynes c m  . 



I W O  METERS ---- 2WO METERS 

Figures 3.5 (c) and (d) . Same as Figures  3.5 (a)  and (b) ex- 
cept f o r  500 rnb and 700 mb. 8 



T I. Summary of  angular  momentum terms. Uni the  i n d i v i d u a l  l e v e l s  a r e  103 m2sec-2 
07 c r n 2 ~ e c - ~ ) ;  u n i t s  f o r  t h e  t o t a l s  ( i n t e g r a t  r p res su re )  a r e  105 kgm seee2 (109 gm sec-2) .  

Level Local change Horizontal  V e r t i c a l  P res su re  Stress Residual  * Im- 1 
fmh) (computed) convergence convergence torque torque ( l o c a l  change) 6a lance  

1800 GXT March 1969 
100 0.52 0.48 -0.27 -0.71 0.65 0.15 0.19 
150 0.00 1.20 -0.88 -1.30 1.80 0.82 0.82 
200 0.18 -1.10 0.69 0.05 0.62 0.26 0.08 
300 0.21 -1.20 1.70 0.57 -1.10 -0.03 -0.24 
400 0.33 -1.00 1.10 0.98 -1.20 -0.12 -0.45 
5 00 0.06 -0.40 0.10 0.81 -0.43 -0.02 -0.08 
700 0.18 -0.23 -0.35 0.37 0.33 0.12 -0.06 

TOTAL 1.30 -3.20 2.30 2.40 -0.81 0.69 -0.61 

1800 GMT March 9 ,  1969 

. - 
I 

1800 GMT March 10 ,  1969 



Table 3.1. Coil ~ i n u e d  . 

Level  Local  change Hor i zon ta l  V e r t i c a l  P re s su re  S t r e s s  Residual  Imbalance 
(mb (computed) convergence convergence to rque  torque  ( l o c a l  change) 

1800 GXT March 11, 1969 
100 -0.08 -0.56 0.77 -0.94 0.40 -0.33 -0.25 
150 -0.48 -1.20 1.40 -1.80 1.50 -0.10 0 .38  
200 -0.87 -3.00 2.40 -1.80 1 .90  -0.50 0.37 
300 -1.00 -1.30 0.94 -1.20 0= 90 -0.66 0.34 
400 0 .31  -1.20 0.44 -0.83 1.50 -0.09 -0.39 
500 -0.01 -0.63 -0.56 -0.34 1.40 -0.13 -0.12 
700 0.34 -0.04 -0.50 0.30 0.45 0 .21  -0.13 

TOTAL -1.10 -6.70 2.60 -4.80 7.60 -1.00 -0.20 

1800 GHT. March 12 ,  1969 
100 -1.00 -0.77 -0.87 -0.65 1.00 -1.30 -0.30 
150 0.42 -0.83 -0.15 -0.38 0.84 -0.52 -0.94 
200 -0.33 -1.10 -0.OG 0.03 0.78 -0.35 r0 .02  

. *  300 -,O. 37 -4.00 -0.16 1.20 3.10 0.14 0 .51  
400 -0.78 ' -2.80 -0.24 0.82 1.20 -1.00 -0.22 
500 0.38 -2.60 0.54 1.20 1.00 0.14 -0.24 
700 0.09 -1.20 -0.03 0.57 0.90 0.24 ' 0.15 

1 ' 7 

TOTAL -0.96 -14.60 -0.29 4.30 9 -00 -1.60 -0.64 



t r a n s p o r t  took p l a c e  over  t h e  rugged t e r r a i n  of c e n t r a l  and e a s t -  

c e n t r a l  New Mexico, aga in  a t  775 mb, on March 9.  One mountain 

peak n o r t h e a s t  of Albuquerque r i s e s  over  4 km, and s e v e r a l  peaks and 

r i d g e s  sou th  of t h e  c i t y  ex tend  upward i n  excess  of  3  km.. 
A - I 

0 " 

Angular Momentum Budgets 

The magnitudes and s i g n s  of t h e  stress g r a d i e n t s  sugges ted  t h e  

working of  a  vigorous p h y s i c a l  p rocess  which a c t e d  t o  move zona l  monen- 

tum upward a g a i n s t  t h e  momentum g rad i en t .  Th i s  counter -grad ien t  flux 

imp l i e s  a  v e r t i c a l  wave propaga t ion  wi th  a  downstream t i l t  of t h e  ver- 

t i c a l  a x i s  w i t h  h e i g h t .  Three checks were i n s t i t u t e d  t o  v e r i f y  t h e  

n a t u r e  o f  t h e  s t r e s s e s :  an a b s o l u t e  angular  momentum budget ,  a vor- 

t i c i t y  budget ,  and a  s e p a r a t e  c a l c u l a t i o n  of the stress g r a d i e n t  i n  an 

i s e n t r o p i c  coo rd ina t e  system. 

The angu la r  momentum terms l i s t e d  i n  Table  3 . 1  b r i n g  o u t  t h e  

change i n  c h a r a c t e r  of t h e  momentum f l u x e s  which occurred between 

March 8  and March 9.  The s t r e s s  t o rque ,  n e g a t i v e  i n  s i g n  and s m a l l  i n  

magnitude a t  1800 GMT March 8 ,  became p o s i t i v e  by 1800 GMT March 9 and 

dominated t h e  momentum budget ,  t o g e t h e r  w i t h  t h e  p r e s s u r e  t o rque  and 
.- 

h o r i z o n t a l  convergence. The s t r e s s  to rque  remained p g s i t i v e ,  b u t  
# " 

diminished ,  through 1800 GMT March 12 .  From March 9 through March 1 2 ,  

t h e  s t r e s s  to rques  and p r e s s u r e  to rques  r e ~ a i n e d  l a r g e  and oppos i r e  

i n  s i g n .  The p r e s s u r e  to rques  changed s i g n s  on March 9 ,  became l a r g e  

i n  magnitude and n e g a t i v e  on March 10 ,  then  p o s i t i v e  a g a i n  on March II 
8 

and 1 2 ,  1969. 

Except f o r  March 8 ,  t h e  t o t a l  stress to rque ,  i n d i c a t i n g  t h e  

v e r t i c a l  f l u x  of  r e l a t i v e  angu la r  momentum,on smal l  s c a l e s ,  maintained 



s about one o r d e r  of magnitude l a r g e r  than  t h e  sum of thd l a y e r  

vertical convergences due t o  l a rge - sca l e  morions. Tl~e l o c a l  change of 

angu la r  momentum r e f l e c t e d  t h e  gene ra l  i n c r e a s e  i n  zonal  flow i n t e n s i t y  

between March 8 and March 10 ,  and a decrease  fo l lowing  %:arch 10, 1969. 

The c ~ r n ~ ~ ~ t e d  l o c a l  change ( f i r s t  column) d i f f l r e d  from t h e  r e s i d u a l  

"'local change" by t h e  amount shown i n  t h e  "imbalance" column i n  

Table 3.1. Balance over  t h e  volume was l a r g e l y  s t r u c k  between ho r i -  

z o n t a l  convergence, p re s su re  torque ,  and s t r e s s  to rque  f o r  t h e  p e r i o d ,  

The main terms of t h e  angular  momentum budgets  a r e  presented  

i n  v e r t i c a l  p r o f i l e  i n  F igyre  3 . 6 .  The v e r t i c a l  convergence inc ludes  

t r a n s p o r t  by the  mean flow and by synopt ic -sca le  edd ie s .  The p r o f i l e s  

have been cons t r a ined  pass  through computed mean va lues  f o r  each l a y e r  

- inn ing  wi th  700 mb and ending a t  100 mb . - 



Pressure (nb) 
-100- 

Convergence \ 
/ Convergence -400- 

- 500- 

-600-  

-700- 
March 8,1969 

F i g u r e  3 .6 .  V e r t i c a l  p r o f i l e s  f o r  

a n g u l a r  momentum terms f o r  

March 8 through 1 2 ,  1969. 
3 - 2  U n i t s  a r e  1 0  m (10 7 



# 

IV. VORTICITY BUDGETS 

The stress values exhibi ted  i n  v e r t i c a l  p r o f i l e  i n  Figure 3.2 

w e r e  based on c o q u t a t i o n s  u t i l i z i n g  in te rpo la ted  pressure  heights  and 

* 
wind components. The dependence on these  parameters i n  the,pressure-  

* - - 
coordinate system suggested a requirement f o r  a  separa te  check on the  

accuracy of t h e  in te rpo la ted  data .  To t h i s  purpose, a  v o r t i c i t y  

balance equation was applied t o  t h e  1800 GMT d a t a  f o r  t h e  March 8 and 

March 9 cases. On March 8 the  s i g n  of the  shear ing stress indicated  a 

v e r t i c a l  f l u x  downward from t h e  l e v e l  of naximurn wind; t h e  cantra-  . 
d i r e c t i o n a l  f l u x  on March 9 was t e s t e d  through t h e  balance of t h e  vor- 

t i c i t y  budget with twis t ing  and s t r e s s  term included. 

The v o r t i c i t y  balance equation i s  derived from the equations of 
." 

ion i n  pressure  coordinates 

and 

The computational form, using R e i t e r ' s  (1969) no ta t ion  becomes 
- 



< ( 4 . 3 ) i s  t h e r e l a t i v e v o r t i c i t y a b o u t  a v e r t i c a l a x i s ;  c  i s  t h e  n  

v e l o c i t y  normal. t o  t h e  bounding s u r f a c e ,  p o s i t i v ' e  outward.  The mathe-  

m a t i c a l  symbolism [ I (@,A) i n d i c a t e s  an  a r e a  mean; [ ] (L) i n d i c a t e s  

an average la round  t h e  p e r i m e t e r .  S u b s c r i p t s ' w i t h o u t  p a r e n t h e s e s  r e t a i n  
* . '  

- 
t h e i r  us l~a l .  meaning. The l e f t - h a n d  s i d e  measures  t h e  l o c a l  change o f  

v o r t i c i t y ;  t h e  f i r s t  term on t h e  r i g h t - h a n d  s i d e  i s  t h e  h o r i z o n t a l  con- 

ve rgence  o f  a b s o l u t e  v o r t i c i t y ;  t h e  second t e r m  on t h e  r i g h t - h a n d  s i d e  

g i v e s  t h e  v e r t i c a l  convergence o f  abso l -u te  v o r t i c i t y ;  t h e  t h i r d  term 

r e p r e s e n t s  c o n v e r s i o n  of v o r t i c i t y  about  a  h o r i z o n t a l  a x i s  t o  a  con- 
\ 

t r i b u t i o n  about  t h e  v e r t i c a l  a x i s  ( t h e  " t w i s t i n g  term") ; t h e  l a s t  t e rm 

i n d i c a t e s  t h e  c o n t r i b u t i o n  t o  v o r t i c i t y  th rough  t h e  a c t i o n  of s h e a r i n g  

s t r e s s e s .  Cen te red  d i f f e r e n c i - n g  was a p p l i e d  t o  t ime  and s p a c e .  
4 

T a b l e  4.1 c o n t a i n s  t h e  e lements  o f  t h e  a b s o l u t e  v o r t i c i t y  

b a l a n c e  e q u a t i o n  f o r  1800 GXT March 8 and 1800 GMT March 9 ,  1969 .  The 

sum of t h e  f o u r  terms on t h e  r igh t -hand  s i d e  o f  (4 .3 )  i s  e x p r e s s e d  as 

a r e s i d u a l  ( l o c a l  change) ;  t h e  d i f f e r e n c e  between t h e  r e s i d u a l  and t h e  

computed l o c a l  change c o n s t i t u t e s  t h e  imbalance l i s t e d  i n  t h e  l a s t  

column i n  t h e  t a b l e .  Although t h e  imbalance o f  i n d i v i d u a l  l a y e r s  was 

on t h e  same o r d e r  as o t h e r  terms i n  t h e  same l a y e r ,  i t  wasLan o r d e r  o f  
, 

magni tude s m a l l e r  than  t h e  t w i s t i n g  o r  s t r e s s  terms when ' in tegfa ted  

v e r t i c a l l y  o v e r  p r e s s u r e .  
- > -. 

The s t r e s s  term f o r  1800 GXT March 8  exceeded t h e  sum of t h e  

v e r t i c a l  convergence and t h e  t w i s t i n g  terms f o r  t h e  volume:-on ?larch 9 

the s t r e s s  term r e v e r s e d  i t s  s i g n ,  as d i d  t h e  convergence and t w i s t i n g  

n s .  The magni tude of a l l  terms i n d i c a t e d  t h a t  none of them could bc  
m 

s y s t e m a t i c a l l y  exc luded  i n  t h e  computat ion w i t h o u t  r e s u l t i n ?  i n  a  

c o n s i d e r a b l e  e r r o r  i n  t h e . v o r t i c i t y  b a l a n c e .  
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Table 4.1. Summary of v o r t i c i t y  terms. Unn,.. f o r  t he  i n d i v i d u a l  1evt:l.s arc? 10 set : 

u n i t s  f o r  t h e  t o t a l s  ( i n t e g r a t e d  over  p r e s s u r e )  are sec-? .  
e 

Level  Local change Hor izonta l  V e r t i c a l  Twis t i n s  S t r e s s  Kes iduil  L 
1 rub a I :u~ cc 

(mb (computed) convergence convergence term tern1 (Locnl cl~itrigc) -----.-- -I 
1800 GNT March 8 ,  1969 

100 -0.33 -0.88 
150 -0.19 0.48 
200 0.14 0.92 
300 0.33 -0.67 
400 -0.26 -0.22 
500 -0.49 0.00 
700 -0.02 -0.10 

TOTAL -0.85 -0.63 2.40 1.10 -4.00 

TOTAL -4.90 -2.60 -0.22 -4.40 3.10 -4.10 0.80 I -- -- 

+ 

1800 GXT March 9 ,  1969 
100 -0.65 0.31 -0.88 

, 150 -0.79 0.50 -0.56 
200 ', -0.81 . -0.17 -0.33 
300 -0.63 -1.37 -0.40 
400 -0.70 -0.89 0.27 
500 -0.64 -0.33 1 . 2 1  
700 -0.62 , + -0.09 -0.51 



F i g u r e  4.1.  V e r t i c a l  p r o f i l e s  f o r  v o r t i c i t y  bud- 

g e t s  f o r  March 8 and 9 ,  1969. U n i t s  a r e  
4 -2 - 9 -2 z 10 kgm s e c  p e r  m b ,  o r  10 s e c  . 



The twist ing'  term exhibi ted  maxima at mid-levei and minima at 

upper l e v e l s ;  stress values were g r e a t e s t  a t  500 mb at 1800 QE March. 8 

and at 300 mb at 1800 W MArch 9, 1969. Horizontal f luxes  shawed 

m a x i m a  near  t h e  l e v e l  of d m  winds while v e r t i c a l  convergences were 

maxfmized at  300 t o  400 I& on Harch 8; and at  500 &*on March 9 + 

* .  - 

The v e r t i c a l  p r o f i l e s  of the  v o r t i c i t y  budget terns (Figure 4.:) 

i n d i c a t e  the change of t h e  s i g n  a d  Location of these  m a x i m a  in rasait. 

pressure  thiclcnesses. The r e v e r s a l  i n  s ign  of the  stress tern appears 

i n  t h e  p r o f i l e s  f o r  Pkrch 8 and 9. The imbalance of terms f o r  the 

separa te  l ayers  ind ica tes  t h a t  a requirenent  e x i s t e d  f o r  v e r t i c a l  re- , 

d i s t r i b u t i o n  of v o r t i c i t y  by subgrid-scale motions. The balance of ~ 1 7 %  

v o r t i c i t y  t e r m s  s u b s t a n t i a t e s  t h e  mawitude and d i r e c t i o n  of the shear-- 

i n g  s t r e s s e s  presented i n  Chapter 111. 
4 



V. KINETIC ENERGY GENERATION AND DISSIPATION 

The l a r g e  s h e a r i n g  s t r e s s e s ,  e q u a t e d  t o  v e r t i c a l  momentum f l u x e s  

i n  Chap te r  111, s u g g e s t  a c o n s i d e r a b l e  s m a l l - s c a l e  a c t i v i t y  of t h e  same 
b 

o r d e r  of emain i tude  as t h e  s y n o p t i c  s c a l e  mot ions .  These - c a s e s ,  t h e n ,  

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

o f  e a e r g y  e q u a t i o n s  such  a s  t h o s e  used by Kung (1966, 1969) t o  a l l  

s c a l e s  o f  mot ion.  

The d i r e c t  c a l c u l a t i o n  of f r i c t i o n a l  d i s s i p a t i o n  a s  a s c a l a r  

p r o d u c t  o f  v e l o c i t y  and f r i c t i o n a l  f o r c e  cou ld  n o t  b e  accomplished a t  

any one i n s t a n t  of t i m e  due t o  t h e  a p p a r e n t  v e r t i c a l  f l u x  by g r a v i t y  

waves.  Consequen t ly ,  d i s s i p a t i o n  was computed as a r e s i d u a l  i n  t h e  

k j n e t i c  energy  budget  i n  t h e  form: 

R e i t e r ' s  (1969) mathemat ica l  symbolism h a s  a g a i n  been  u s i d  i n  (5.1) t o  

i n d i c a t e  t h e  c o m p u t a t i o n a l  p rocedure .  The f i r s t  t e rm on t h e  r i g h t -  

hand s i d e  r e p r e s e n t s  t h e  l o c a l  change of k i n e t i c  'energy w i t h  t i m e ;  t h e  

second ,  t h e  h o r i z o n t a l  convergence;  t h e  t h i r d ,  t h e  v e r t i c a l  convergence 

between p r e s s u r e  s u r f a c e s ;  t h e  las t  t e rm,  t h e  g e n e r a t i o n  o f  k i n e t i c  

r -gy w i t h i n  t h e  volume. D i s  t h e  d i s s i p a t i o n ;  K i s  t h e  h o r i z o n t a l  

k, , ,et ic energy,  (u2 f v2) ,  p e r  u n i t  mass. 
n 



:Kinetic Energy Computational Resu l t s  

The r e s u l t s  of apply ing  t h e  pressure-coord ina te  k i n e t i c  enern? 

budget  t o  t h e  volume a r e  r e l a t e d  i n  Table  5.1 f o r  1800 i=lT T:.larci.y 8-12, 

1369. T'e l o c a l  change ( f i r s t  colunn) Ts d i r e c t l y  c a l c u l a t e d ;  the 
A 

e 
d i s s i p a t i o n  ( l a s t  column) is t h e  r e s i d u a l  of  a11 t h e  o t h e r  c o l ~ ~ s .  

The es t ima ted  e r r o r  i n t e r v a l  f o r  each tern h a s  been appended t o  t h e  

t o t a l  f o r  each day. The v e r t i c a l  p r o f i l e s  of the  k i n e t i c  energy terms 

i n  F igure  5 .1  e x h i b i t  t h e  r e l a t i v e  importance of t h e  i n d i v i d u a l  terns .  

The v e r t i c a l  p r o f i l e s  of t h e  mean zona l  wind shown i n  Figure 

1 

5 - 2  r e f l e c t  t h e  l o c a l  changes c h a r a c t e r i z e d  i n  Table  5.1.  The l a rge  

l o c a l  change i n c r e a s e  i n d i c a t e d  i n  t h e  t a b l e  a t  300 and 400 ~ ; b  a t  

1800 GdlT Xi~arch 8 ag rees  w i th  t h e  changing p r o f i l e  r e s u l t i n g  i n  sharply 

i nc reased  mean winds found on 3arci1 9 a t  upper levels.  Decreasing 

l o c a l  changes cen t e r ed  a t  300 mb on Xarch 10  and 11 i n d i c a t e  t h e  r e d u c -  

t i o n  i n  zonal  flow found i n  t h e  p r o f i l e s  on !larch 11 and 12,  1969. 

Except f o r  Karch 10 ,  a n e t  outf low of k i n e t i c  energy occurr(23 

through t h e  v e r t i c a l  boundaries  of t h e  volume. This  l a r g e l y  r e s u l t i ! ~  

from downstream outf low a t  cons iderab ly  h ighe r  v e l o c i t y  than  the  up- 

s t r eam inf low ( see  F igure  5 . 2 ) .  The v e r t i c a l  convergence t e r G  i n c l u ? c d  
... 

only  synop t i c - sca l e  edd ie s  and mean v e r t i c a l  mass f l -ux;  no analogy 
e ., 

e x i s t e d  i n  t h e  set of terms i n  (5.1) f o r  subg r id  f l u x e s  a s  compared 

t o  t h e  s h e a r i n g  s t r e s s  t e r m  i n  t h e  momentua.equations (3 .8  and 3 . 9 ) '  

Subgrid-scale  energy sources  and s i n k s  a l s o  were excluded i n  the  

equa t ions  . 
a 

Generat ion on "larch 8 proved extremely l a r g e  when coi~.pnred , a  

long term means (Kung, 1 9 6 7 ) ,  occu r r ing  t3rough a deep l a y e r   fro^^, 



Table 5.1.  Summary of k i n e t i c  energy terms. Uni t s  f o r  t h e  i n d i v i d u a l  l e v e l s  a r e  10-3 r n z ~ e c - ~  
(10 ~ m ~ s e c - ~ )  ; u n i t s  f o r  t h e  t o t a l s  ( i n t e g r a t e d  over  p r e s s u r e )  are  w a t t s  m-2. 

Level  Local Hor izonta l  V e r t i c a l  Generat ion 9 i s s i p a t  i o n  
(mb ) change convergence convergence 

1800 GNT March 8, 1969 
100 -0.9 1.9 -0.5 -0.2 2.2 
150 -0.4 -1.6 -1.0 4.7 2.5 
200 0.8 -12.6 -1.9 17 .3  2.0 
300 7.0 -7.4 -0.5 18.0 3 . 1  
400 6.6 -9.9 4.2 23.5 11.2 
500 , -0.4 -8.3 -0.9 12.2 3.4 
700 -0.1 -1.6 -0.2 0.2 -1.5 

TOTAL 12 .9 t1 .3*  -41.925.9 * -0.1t0.02 * 75.4t6.8* 20.5t14.0* 

1800 GIT ;?.larch 9 ,  1969 
100 0.9 -3.4 3.6 6 . 3  5.6 
150 1.1 -9.3 8.4 3 .3  1 . 3  
200 - -3.5 -15.4 
300 -2.1 -12.4 

y C  500 -0.6 
. 700 

+ 
1 -0; 8 

TOTAL -6.050.6 -30.724.3 6.1kL.1 22.452 .O 

1800 GMT March L O ,  1969 
100 -3 !d 4.4 4 .5  -9 .1  
150 . ' 0.5  t i  

200 0 . 3  -18.3 
300 -2 i 9 
400 -1.4 9.2 -2.9 -10.3 
500 -0.2 4 .O -3.0 -5.5 
700 0. k 0 .8  -0.7 



Table 5.1. Continued 9 

t- 

convergence 

-23.5f2.4 

1800 GMT March 1 2 ,  1969 

Sr 
For an exp lana t ion  of the error a n a l y s i s ,  see Appendix A. 



F i g u r e  5 .1 .  V e r t i c a l  p r o f i l e s  f o r  

k i n e t i c  ene rgy  budget  terms 

f o r  Xarch 8 through 1 2 ,  1969. 
-3 2 -3 U n i t s  a r e  10  m s e c  

2 (10 cm s e c - 3 ) .  





Figures 5.3(a) and (b) . Streamline analysis for 700 mb (a) 
and 500 mb (b) for 1800 GMT March 8, 1969. 

* 



3 igu res  5 . 4 ( a )  and ( b ) .  Streamline analysis f o r  730 ~ b  (a) 
and 500 mb (b) f o r  1800 GXT March 10, 1969. 



# 

- t o  600 mb. The g e n e r a t i o n  r a t e  d imin i shed  by 1800 GMT Plarch 9 ,  

w r t h  a maximum a g a i n  a t  400 mb, becoming n e g a t i v e  e x c e p t  f o r  t h e  l o w e s t  

l a y e r  by 1800 GET March LO.  The l e v e l  of maximum g e n e r a t i o n  o c c u r r e d  

a t  200 mb on March 11 and a t  150 mb and 500 nlb on March 1 2 .  
* 

The" level .  o f  maximum h o r i z o n t a l  d i v e r g e n c e  was by noA measure 
. r  

uni fo rmly  l o c a t e d ,  as shown i n  t h e  second column. A maximum was foulld 

a t  500 mb on March 8 ,  300 mb on March 9 ,  200 mb on March 1 0  and 11, and 

a g a i n  a t  500 mb on March 1 2 .  Only on March 1 0  d i d  a p p r e c i a b l e  i n f l u x  

th rough  v e r t i c a l  b o u n d a r i e s  t a k e  p l a c e .  F i g u r e s  5 . 3 ( a )  and (b) and 

5 .4 (a )  and (b)  i l l u s t r a t e  ,the b a c k i n g  of t h e  wind a l o n g  t h e  s o u t h e r n  

boundary of t h e  comp.utationa1 r e g i o n  between March 8 and Piarch L O .  A t  

700 mb t h i s  caused a l i n e  of convergence a l o n g  t h e  n o r t h e r n  edge  of the  

yngion on March 1 0 ;  a t  500 mb t h e  convergence was ,confined t o  t h e  

. t h e a s t e r n  p o r t i o n ,  over  Oklahoma and n o r t h e r n  Texas.  

The r e s i d u a l  d i s s i p a t i o n  t e rm behaved e r r a t i c a l l y  i n  t i m e ,  

-2 
r a n g i n g  from over  21  w a t t s  m o n  March 8 t o  a. "negati.ve" d i s s i p a t i o : ~  

-2 r a t e  of over  29 w a t t s  m on March 1 0 ,  A f u r t h e r  d i s c u s s i o n  and i n t e r -  

p r e t a t i o n  o f  t h i s  phenomenon w i l l  be  found i n  Chap te r  VL. 115 a n  aver-- 

age  o v e r  t h e  volume f o r  a l l  days  i s  t a k e n ,  a mean rate of d i s s i p a t i o n  

-2 
of 1.1 w a t t s  m f o l l o w s .  

/ " 

For  comparison w i t h  t h e  v a l u e s  computed h e r e ,  t a b l e  5 . 2  i n d i -  

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

above t h e  boundary l a y e r .  Values  by Kung (1969) a r e  f o r  t h e  annilal  

mean, 'and are p r e s e n t e d  i n  two l a y e r  t h i c k n e s s e s  f o r  conlparison w i t h  
* 

t h e  v a l u e s  computed by Trou t  and Panofsky (1969) i n  t h e  upper trropo- 

r e .  The v a l u e  i n d i c a t e d  by (*) i s  an  average'  over  t i n i e  of  t h e  

r e s i d u a l  d i s s i p a t i o n  computed h e r e  i n  p r e s s u r e  coord i .na tes ;  t h e  va lue  



* 

sh y (P) i s  an average o f  t h e  d i r e c t  c a l c u l a t i o n  o f  d i ss i?aLion  

f o r  f o u r  days c o m p t e d  h e r e  i n  i s e n t r o y i c  coo rd ina t e s .  

Table 5.2. F r i c t i o n a l  d i s s i p a t i o n  i n  t h e  f r e e  a tnosphere  

L b 

lr * 

Author 

Kung (1969) 

25,000-40,000 f t  

Trout  and Panofsky (I.969) 25,000-40,000 f t 

E l l s a e s s e r  (1969) 700-100 nb 

Holopainen (1 963) 900-200 mb 

Jensen (1961) 925-100 mb 

(*I 
700-250 mb 

F r i c t i o n a l  D i s s i p a t i o n  i n  I s e n t r o p i c  Coordinates  

A d i r e c r  c a l c u l a t i o n  of f r i c t i o n a l  d i s s i p a t i o n  i n  p r e s s u r e  co- 

o r d i n a t e s  l eads  t o  spu r ious  r e s u l t s  because of t h e  n a t u r e  of  t h e  s t r e s s  

g r a d i e n t .  Consequently,  a  computation of D i n  i s e n t r o p i c  coord ina tes  

was undertaken. The s t r e s s  computations i n  t h i s  coo rd ina t e  system a l s o  

s e r v e  a s  a  check on t h e  previous  c a l c u l a t i o n s ,  which were peFformed i n  
r. " 

a p res su re  coo rd ina t e  system. 

The equat ions  of motion f o r  i s e n t r o p i c  s u r f a c e s  a r e  - .- 



: re M is t h e  Montgomery s t r e a m  f u n c t i o n .  I f  no a p p r e c i a b l e  v e r t i c a l  

mass f l u x e s  t a k e  p l a c e ,  d i a b a t i c  e f f e c t s  are s m a l l ,  and i f  c o n d e n s a t i o n  

o r  e v a p o r a t i o n  a r e  minimal ,  mot ion may b e  c o n s i d e r e d  a d i a b a t i c .  For 

t h e  c a s e s  i n v e s t i g a t e d  h e r e ,  t h e s e  c o n d i t i o n s  were  a p p l i e d  t o  t h e  use 
iL 

o f  the"'Montgornery s t r e a m  f u n c t i o n  b u t  n o t  t o  t h e  i n e r t i a l  term.  I n  the 

t r a n s f o r m a t i o n  t o  i s e n t r o p i c  c o o r d i n a t e s ,  i t  h a s  been  assumed t h a t  

and 

The f r i c t i o n a l  d i s s i p a t i o n  t a k e s  t h e  form 

where t h e  s u b s c r i p t  6 i n d i c a t e s  computat ions  i n  i s e n t r o p i c  c o o r d i n a t e s .  

The d i r e c t  c a l c u l a t i o n  o f  d i s s i p a t i o n ,  th rough  a l a y e r  f rom 

about  700 mb t o  250 rnb, y i e l d e d  5 .1  w a t t s  m-2 when averaged o v e r  a l l  

l e v e l s  f o r  t h e  f o u r  t ime  p e r i o d s .  

The v e r t i c a l  p r o f i l e s  o f  z o n a l  s h e a r i n g  s t r e s s  c a l c u l a t e d  i n  

i s e n t r o p i c  c o o r d i n a t e s  and p r e s e n t e d  i n  F i g u r e  5.5 a p p r o x i g a t e  t h o s e  
. 

shown i n  F i g u r e  3 . 2  f o r  t h e  p r e s s u r e  c o o r d i n a t e  sys tem.  'Us ingwthe  con- 

v e n t i o n  of e q u a t i n g  stress t o  v e r t i c a l  eddy f l u x  o f  momentum, t h e  p ra -  
% ,-, 

f i l e  f o r  0000 GL4T tJ.arch 9 e x h i b i t s  t h e  same v e r t i c a l  f l u x  d i v e r g e n c e  

p a t t e r n s  a s  1800 C l f l  !.larch 8. The v e r t i c a l  f l u x  convergences  a t  

0000 F.IT :,larch 1 0  and 11 were lower when c a l c u l a t e d  i n  t h e  i s e n t r o p i c  

-d inaces  t h a n  t h o s e  computed i n  p r e s s u r e  c o o r d i n a t e s  f o r  1800 GMT 
% 



f 

b 9 and 10 respectively; the two coordinate system reach good 

agreement f o r  0000 G1%T a r c h  12 and 1800 (31T I'iarch 11, 1959. 

- 
Figure 5.5. V e r t i c a l  p r o f i l e s  of s t r e s s  (iXJ i n  

-1 -2 
u n i t s  of kgn rn s e c  f o r  OCOO GMT on days indi- 

ca t ed ,  computed i n  i s e n t r o p i c  coo rd ina t e s .  Multi-  

p l y  by 10 t o  o b t a i n  dynes 



t 

1 .  V I .  INTERPRETATION OF CONPUTATIONAL RESULTS 

The l a r g e  z o n a l  s t r e s s  g r a d i e n t s  c a l c u l a t e d  f o r  ;.larch 9-12, 
i 
I 

l . 469  i n d i c a t e d  a v e r t i c a l  f l u x  on  s u b g r i d  s c a l e s  a g a i n s t  t h e  momentum 

g r a d i e n t .  C o n c u r r e n t l y ,  t h e  g e n e r a t i o n  and d i s s i p a t i o n  o$ k i n e t i c  
.L 

* 
energy  underwent a  change from l a r g e  p o s i t i v e  v a l u e s  -on March 8 t o  

+ ,  , - l a r g e r  n e g a t i v e  v a l u e s  on March 1 0 ,  becoming p o s i t i v e  on March 11 and 
I + . 
, + 12 a g a i n .  The c o u n t e r - g r a d i e n t  f l u x  became most i n t e n s e  when t h e  

b r o a d  un i fo rm w e s t e r l y  f low e n t e r i n g  t h e  s o u t h w e s t e r n  Uni ted  S t a t e s  

s t r e n g t h e n e d  and developed a  h i g h - v e l o c i t y  j e t  maximum o v e r  Ar izona  

and New Mexico. 

I The a b r u p t  r e v e r s a l  i n  t h e  d i r e c t i o n  o f  v e r t i c a l  f l u x  o f  

z o n a l  momentwn a s  i n d i c a t e d  by computed s h e a r i n g  s t r e s s e s  ( s e e  r ' g  '1 u r e  
* 

!) accompanied t h e  appearance  o f  l a r g e  a r e a s  o f  wave s t r u c t u r e  photo- 

graphed d u r i n g  t h e  Apol lo  1X f l i g h t  on March 9 ,  1969,  U n f o r t u n a t e l y  no 
I 
I 

c l o u d  p i c t u r e s  were  t a k e n  March 1 0 ,  b u t  photographs  o f  t h e  s o u t h w e s t e r n  

Uni ted  S t a t e s  on March 11 and 12 ind . i ca ted  t h a t  t h e  wave p o p u l a t i o n  h a d  

d imin i shed  p r i o r  t o ' l S 0 0  GI3T March 11, 1969. The l i f e  c y c l e  of t h e  

wave p o p u l a t i o n  can b e  viewed a s  p a r a l l e l  t o  an "energy g e n e r a t i o n  

c y c l e "  e x h i b i t e d  i n  Tab le  5 .1 ,  s u g g e s t i n g  a  r e l a t i o n s h i p  between t h e  

s u b g r i d - s c a l e  waves and t h e  s y n o p t i c - s c a l e  energy  comput%tions, 
! ' .  , 

i 

Momentum T r a n s p o r t  
- 

Momentum f l u x  down t h e  g r a d i e n t  on s c a l e s  from c e n t i m e t e r s  t o  

: k i l o m e t e r s  can  b e  r e p r e s e n t e d  by exchange c o e f f i c i e n t s  and i s  g e n e r a l l y  
\ 

1 

! known as "K-type" t r a n s f e r ,  o r  F i c k i a n  d i f f u s i o n .  Cumulus c l o u d s ,  

' e  t h e y  may t r a n s p o r t  h e a t  a g a i n s t  t h e  gradi-&nt o f  p o t e n t i a l  
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j e r a t u r e ,  a.lso act t o  r e d i s t r i b u t e  momentum by t u r b u l e n t  processes  

down t h e  g r a d i e n t ;  curnulus processes  do n o t ,  however, e x h i b i t  a func- 

t i o n a l  dependence on t h e  m a n  wind s h e a r .  

Momentum, however, can b e  t r z n s p o r t e d  a g a i n s t  t h e  g r a d i e n t ,  
b I 

contras"ising wi th  t h e  t r a n s p o r r  of p a s s i v e  s c a l a r s .  -This p ~ e n o a e n o n  i s  

sometines c a l l e d  "negat ive v i scos i ty ' '  and h a s  becone t h e  o b j e c t  of ia- 

c r e a s i n g  i n t e r e s t  i n  t h e  p a s t  few y e a r s  ( S t a r r ,  1968). The s t a b l y  

s t r a t i f i e d  atmosphere over  t h e  southwestern United S t a t e s  on Harch 8 ,  9 ,  

and 1 0 ,  1969 contained s u b s t a n t i a l  s h e a r s  i n  t h e  upper h a l f  of t h e  

t ropopause,  e f f e c t i v e l y  pkevent ing upward t u r b u l e n t  v e r t i c a l  f l u x  of 

zonal  momentum by eddy mixing. I n  such r eg ions  where eddy tu rbu len t  

momentum t r a n s p o r t  i s  i n h i b i t e d ,  t h e  t r a n s f e r  may p l a u s i b l y  be f u l -  

? l e d  by i n t e r n a l  wave mechanisms (Stewart ,  1969).  

I n  a s t a b l e  atmosphere over  mountainous t e r r a i n ,  t u rbu lence  2nd 

i n t e r n a l  g r a v i t y  waves c o e x i s t ;  a  non l inea r  coupling between them 

causes energy t o  b e  exchanged between waves and t u r b u l e n t  eddies .  'rile 

e f f e c t s  of sach  smal l - sca le  mechanisms on t h e  synop t i c - s c a l e  circrala-- 

t i o n  a r e  poorly understood (Sawyer, 1959). P e r t u r b a t i o n s  i n  a s t a b l y -  

s t r a t i f i e d  atmosphere caused d i r e c t l y  by topography i n c l u d e  smal l - sca le  
A. 

t u rbu lence  i n  t h e  lower t roposphere  and g r a v i t y  o s c i l l a t i o n s  which may 
+ " 

extend upwards a s  f a r  a s  t h e  s t r a t o s p h e r e .  The g r a v i t y  waves, o f t e n  

wi th  very  large displacements  over  m o u n t a i n ~ u s , t e r r a i a ,  sometimes f o r ~ n  

i n t o  t r a i n s  of l e e  waves. Large shea r ing  s t r e s s e s  associ-ated w i t h  t h e  
I 

waves i n  s t a b l e  l a y e r s  extend upward i n t o  t h e  h igh  t roposphere ;  i t  is 
a 

- ene ra l ly  be l i eved  t h a t  t h e s e  s t r e s s e s  e x c i t e  g r a v i t y  waves which 

.ropagate v e r t i c a l l y .  These waves t r a n s p o r t  tionenturn and energy upvnrd 
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lownward w i t h o u t  concomitant  mass t r a n s p o r t  e x c e p t  where s h o r t e r  

"breaking"  waves,  o r  b i l l o w s ,  may o c c u r ,  superimposed on t h e  l o n g e r  

waves.  

Mountainous,  i r r e g u l a r  t e r r a i n  p robab ly  c o n s t i t u t e s  t h e  main 
t 

I 

mechanism-.by which i n t e r n a l  g r a v i t y  waves a r e  i n i t i a t e d  - a n d  deve lop  i n  

t h e  s t reamf low.  B r e t h e r t o n  (1969a; 1969b) e s t i m a t e d  t h a t  t h e  upward 

t r a n s p o r t  o f  h o r i z o n t a l  momentum a s s o c i a t e d  w i t h  such  i n t e r n a l  g r a v i t y  

waves cou ld  b e  q u i t e  l a r g e ,  p o s s i b l y  changing t h e  c h a r a c t e r i s t i c s  of 

t h e  mean f low t o  g r e a t  h e i g h t s .  

S i n c e  waves i n t e r d c t  w i t h  t u r b u l e n c e  weakly i n  a n o n l i n e a r  way, 

and o n l y  under  c e r t a i n  r e s t r i c t i v e  c o n d i t i o n s ,  i t  i s  admissab le  t o  

c o n s i d e r  waves i n i t i a l l y  as d i s t i n c t  from t u r b u l e n c e  even though t h e y  

u s u a l l y  p r e s e n t  t o g e t h e r  (Eusch,  1969) .  A s i m p l e  mathemat ica l  

development o f  g r a v i t y  waves p r e s e n t e d  h e r e  w i l l  a i d  i n  t h e  e x p l a n a r i o n  

o f  t h e  computa t iona l  r e s u l t s  g iven  i n  t h e  t h r e e  p r e v i o u s  c h a p t e r s .  The 

development ( E l i a s s e n  and Palm, 1960)  a l l o w s  a v e r t i c a l  s h e a r  of t h e  

h o r i z o n t a l  wind and can i n c l u d e  a non-uniform b a s i c  c u r r e n t ;  terms for 

buoyant energy  and v e r t i c a l  t r a n s p o r t  o f  energy and h o r i z o n t a l  mo,~. men- 

tum f o l l o w ,  

The p e r t u r b a t i o n  e q u a t i o n s  assume a  p i e z o t r o p y  c o e f f i c i e n t  
< . . 

- 

i n  which d  i s  t h e  i n d i v i d u a l  d i f f e r e n t i a l ;  i s  t h e  v e l o c i t y  of sound.  

The f low i s  f i r s t  t a k e n  a s  a  s t r a i g h t  c u r r e n t  p a r a l l e l  t o  t h e  x -ax i s  
$ 

' a f u n c t i o n  of h e i g h t  U(z) .  The h y d r o s t a t i c  r e l a t i o n s h i p  between - 
p r e s s u r e  and d e n s i t y  becomes 



when t h e  s u b s c r i p t  r ep resen t s  t h e  b a s i c  cu r ren t  c h a r a c t e r i s t i c s .  The 
0 

d e n s i t y  s t r a t i f i c a t i o n  
1 

l eads  t o  a v e r t i c a l  dens i ty  g rad ien t  i n  the  form 

The Brunt-VIisllg (buoyancy) frequency (vo) , r e p r e s e n t a t i v e  of 

t h e  s t a t i c  s t a b i l i t y  of  t h e  f l o ~ ,  i s  then  

This wave mocion behaves independently of y and i s  cons t ra ined  t o  act  

i n  t h e  xz-plane wi th  a  v e r t i c a l  displacement z ' ,  p e r t u r b a t i o n  velo- 

c i t i e s  u' and w ' ,  pressure  p ,  and dens i ty  p.  Rearranging and d i s -  

card ing  a l l  but  f i r s t - o r d e r  terms,  t h e  fol lowing r e s u l t s  : 

S u b s t i t u t i n g  t h i s  expression f o r  dens i ty  i n t o  t h e  equat ions  of motion, 

-' , - 
they become, f o r  s t a t i o n a r y  flow, - 



"he c o n t i n u i t y  e q u a t i o n  'is 

where 

A f t e r  m u l t i p l y i n g  t h e  e q u a t i o n s  o f  mot ion by u ' a n d  w'respec-  

t i v e l y  and t h e  e q u a t i o n  o f  c o n t i n u i t y  by p ,  and add ing ,  t h e  wave 

e q u a t i o n  is  

The r igh t -hand  s i d e  o f  (6 .11)  r e p r e s e n t s  a s o u r c e  o f  wave energy  

th rough  t h e  c o n v e r s i o n  of k i n e t i c  energy o f  t h e  mean c u r r e n t  and can 
.- 

e i t h e r  p o s i t i v e  o r  n e g a t i v e .  The d e f i n i t i o n  

1 sets E e q u a l  t o  t h e  wave energy  p e r  u n i t  volume; - po[ (u t  )' + ( w ' ) ~ ]  i s  
2 

1 
t h e  k i n e t i c  p a r t  and T p (v2zt2 + yp;2p2) s t a n d s  f o r  t h e  a v a i l a b l e  

0 0 

p o t e n t i a l  and i n t e r n a l  e n e r g i e s .  .'. 

The f i r s t  term on t h e  l e f t - h a n d  s i d e  o f  (6.11) k a s u r e s  the 

h o r i z o n t a l  f l u x  d i v e r g e n c e  th rough  v e r t i c a l  b o u n d a r i e s ;  t h e  second 

measures  t h e  v e r t i c a l  d i v e r g e n c e  th rough  h o r i k o d t a l  s u r f a c e s .  Mul t i -  

p l y i n g  by (poUul + P) and i n t e g r a t i n g  o v e r  x from - , to + ,, (6.7) 

becomes 
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~ t e g r a t i o n  of  (6.11) w i t h  r e s p e c t  t o  x f r o n  - t o  f y i e l d s  

L > 

f o r  tE$e case of l a c k  of resonance. 

Thus, i n  a l a y e r  i n  which U # 0 ,  t h e  v e r t i c a l  fl-ux of  energy 

v a r i e s  wLth h e i g h t  i n  p ropor t ion  t o  U ;  sources  of  w a v e  energy vary w i t h  

h e i g h t  i n  p ropor t ion  to aU/ F u r t h e r ,  i f  U i s  everywhere p o s i t i v e  i n  

t h e  l a y e r ,  t h e  v e r t i c a l  flux of energy t akes  a d i r e c t i o n  oppos i t e  LO 

t h e  v e r t i c a l  f l u x  of modenturn; i . e . ,  i f  energy is t r a n s f e r r e d  doliimward, 

momentan f lows upward by wave a c t i o n .  
A, -- ,- 

In Four i e r  r e p r e s e n t a t i o n ,  i t  can be shown that, ~ & e r e  U<<y ", 

3r a s i n g l e  component i n  mountain waves where y $ 0,  

depends upon t h e  t i l t  of t h e  waves w i t h  h e i g h t .  I f  t h e  wave ariis tilts 

downstream wi th  h e i g h t ,  p e r t u r b a t i o n  energy f loxas downward and momi a- 

turn upward; i f  U i n c r e a s e s  w i t h  h e i g h t ,  t h e  k i n e t i c  energy of the wave 

motion conver t s  i n t o  mean motion. Conversely, i f  t h e  a x i s  tilts itp- 

s t r eam w i t h  h e i g h t ,  p e r t u r b a t i o n  energy flows .uprtrard, momentam down- 

ward, and k i n e t i c  energy of mean motion conver t s  t o  wave energy. 
I .  

The downstream t i l t  w i t h  h e i g h t  of t h e  wave a x i s  i s  compatible  

w i t h  e a s t e r l y  a i r  flow i n  t h e  lower l e v e l s  and w e s t e r l y  Flow a t  upper  

t roposphe r i c  l e v e l s ;  upstream tilt f o l l o t ~ s  w i t h  w e s t e r l y  flosa extendiqg 

lpward from t h e  s u r f a c e  1-ayers (R. S. Scorer ,  p e r s ~ n a l  communicatioc). 

The s t r e a m l i n e  a n a l y s i s  of p l a n e t a r y  boundary-layer winds (Figure 6*la) 



125 i20 111 110 105 100 95 90 

ti0 105 100 95 1 

Figures 6.l(a) and (b) .  Streamline analysis for flow 
in the lowest 100 nb of the atmosphere for 
0000 GMT March 9 (a) and March 10 (b) , 1969. 
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o r  0000 GXT March 9 ,  1969 e x h i b i t s  t h e  wester1.y flow t y p i c a l  of up- 

s t r eam tilt; t h e  a n a l y s i s  f o r  0000 (PYrT March 10 ,  1969 shows t h e  con- 

t r a s t i n g  e a s t e r l y  flow i n  t h e  lowest  100 & of t h e  atmosphere over 

wes tern  Texas and New Hexico (Figure 6 . l b ) .  I n  t h e s e  ana lyses  t h e  
, 

I 

avaiPable  1800 GHT Harch 8 and 1800 mT March 9 p i l o t -  ba l loon  d a t a  were 

added t o  t h e  0000 M T  March 9 and 000 GKT March 10 rawinsonde d a t a ,  

r e s p e c t i v e l y .  

The e a s t e r l y  boundary-layer flow r e s u l t e d  from a sourhward 

plunge of co ld  a i r  east of t h e  Rocky Mountains and correspooded t o  a 

n e g a t i v e  zonal  s h e a r i n g  s t r e s s  i n  t h e  atmosphere (upward nomenturn 

t r a n s f e r ) .  Westerly flow a t  0000 GXT ;.larch 9 corresponded t o  a  posi- 

t i v e  zona l  shea r ing  s t r e s s  and downward t r z n s f e r ,  a s  r epo r t ed  i n  

Chapter 111, 

Zonal Shearing Seresses  
" .  

Zonal shea r ing  s t r e s s e s  i n  t h e  atmosphere a t  t h e  top  of t h e  

- 2 
p l a n e t a r y  boundary l a y e r  averaged a s  h igh  a s  2.5 newtons m , or  

-2 
25 dynes cn  , on occas ion ,  when measured i n  a p r e s s u r e  coo rd ina t e  

system. Local. va lues  over  t h e  h igh  mouatains i n  c e n t r a l  and east- 

c e n t r a l  New Mexico reached a s  niuch as f o u r  t imes t h e  avkrage. The 

s t r e s s e s  f o r  t h e  same per iod  coaputed i n  i s e n t r o p i c  Coordinates were 

somewhat sma l l e r  b u t  of t h e  same o r d e r  of  magnitude and of t h e  same 
* I *- 

s ign .  - 

Current  l i t e r a t u r e  on s u r f a c e  s t r e s s  va lues  a l lows  a  wide l a t i -  

tude  f o r  comparison b u t  cons iderably  fewer va lues  a r e  a v a i l a b l e  for the 

f r e e  atmosphere. Riel11 and Baer (1964) computed t h e  F e b r u ~ r y ,  1960, 

mean s u r f a c e  stress over  t h e  North American mountain r eg ion  a t  about  



-2 
1 5  dynes cm . The r e g i o n  f o r  t h e i r  computat ions  covered b u t  2.5% of 

t h e  p o l a r  c a p  n o r t h  o f  28" N l a t i t u d e  and c o n t r i b u t e d  25.8% of t h e  s 

t o t a l  s t r e s s  f o r  t h e  cap.  The magnitude o f  t h e  mean low-level  z o n a l  
, 

L 

s t r e s s g s  computed h e r e  approximates  t h e  magnitude o f  t h e  3 a l u e s  com- 

p u t e d  by R i e h l  and Baer .  R i e h l  and Baer a l s o  found n e g a t i v e  z o n a l  

s t r e s s e s  i n  some i n s t a n c e s .  

Blumen (1965) ,  u s i n g  a wave model f o r  a i r f l o w  o v e r  a  l i n e  of 

equa l ly - spaced  c i r c u l a r  mounta ins ,  ach ieved  a s u r f a c e  s t r e s s  o f  

-2 
1 6  dynes  c m  w i t h  a  wave ampl i tude  of 300 m e t e r s .  S i n c e  t h e  s t r e s s  

due t o  wave d r a g  i n c r e a s e s  a c c o r d i n g  t o  t h e  s q u a r e  o f  t h e  a m p l i t u d e ,  an 

ampl i tude  o f  about  800 m e t e r s  i n  t h e  same model would approximate  t h e  

r e s s  computed o v e r  c e n t r a l  New Mexico a t  1800 CbfT March 1 0 ,  1969. 

&,,us, t h e  stress v a l u e s  p r e s e n t e d  i n  F i g u r e  3 .2  a r e  on t h e  same o r d e r  

as s t r e s s  o v e r  rugged t e r r a i n .  Sawyer (1959) e s t i m a t e d  t h a t  abou t  one- 

h a l f  of t h e  s t r e s s  i s  i n  t h e  l o w e s t  3 km of t h e  a tmosphere  w i t h  t h e  

remainder  d i s t r i b u t e d  o v e r  t h e  upper  t r o p o s p h e r e  and t h e  s t r a t o s p h e r e .  

-1 
H i s  computat ion o f  wave d r a g  i n  a  f low of 20 m s e c  o v e r  a  300 m 

- 2 
b a r r i e r  i n d i c a t e d  a stress of  7.6 dynes cm a t  t h e  s u r f a c e .  S u r f a c e  

A- 

f r i c t i o n a l  stress v a l u e s  l i s t e d  by Sawyer f o r  v a r i o u s  t y p e s  o f  t e r r a i n  
* e 

covered more t h a n  one o r d e r  o f  magnitude.  

V o r r i c i t y  c o n t r i b u t i o n s  by s t r e s s e s  i n  t h e  a tmosphere  ( s e e  

-2 -2 T a b l e  4 . 1 ,  las t  column) reached  4 x kgm m s e c  ( 4  10-7 

-2 -2 
gm s e c  cm ) on March 9 ,  1969,  r e d u c i n g  t h e  v o r t i c i t y  a t  1800 GMT 

\ 

March 8  and i n c r e a s i n g  i t  a t  1800 GMT March 9 .  T h i s  compared f a v o r a b l y  

v o r t i c i t i e s  due t o  t h e  wave d r a g  c a l c u l a t e 8 '  by Sawyer (1959) o f  

-2 -2 -2 - 2 
1 . 5  x  gm s e c  cm (1.5 x l o m 6  kgm m s e c  ) . I n  t h e  two c a s e s  
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, e l ec t ed  h e r e  f o r  v o r t i c i t y  budget computations,  t h e  stress term and 

t h e  t w i s t i n g  term were s u f f i c i e n t l y  l a r g e  t o  demand i n c l u s i o n ;  i gnor ing  

e i t h e r  of t h e s e  t e r n s  would have l e d  t o  s u b s t a n t i a l  d i f f i c u l t y  i n  estab-- 

l i s h i n g  v o r t i c i t y  balance.  The v o r t i c i t y  *budget c a l c u l a t i o n s  i n d i c a t e d  
A 

t h e  $onsistency of t h e  stress g r a d i e n t  computations .discussed i n  

Chapter L I I .  

K i n e t i c  Energy and t h e  Energy Cycle 

The k i n e t i c  e n e r g i e s  c a l c u l a t e d  f o r  March 8, 9 ,  and 10 ,  1969 

s t r o n g l y  suggested a cyc le  i n  t h e  gene ra t ion  of k i n e t i c  energy. A to"i.1 

-2 
d i s s i p a t i o n  of about 21 w a t t s  rn would have been r e q u i r e d  t o  ba lance  

t h e  energy budget f o r  1800 GMT H a r c h  8; a gene ra t ion ,  o r  "negat ive 

-2 d i s s i p a t i o n "  of about 29 w a t t s  nn was needed £_or 1800 GMT March 10 

< s e e  Table 5.1) .  While t h e  r e s i d u a l  ( d i s s i p a t i o n )  d i sp l ayed  s i z e a b l c  

e r r o r  l i m i t s ,  t h e  s i g n  of  t h e  r e s i d u a l  was e s t a b l i s h e d .  The r o l e  of 

i n t e r n a l  g r a v i t y  waves i n  t h e  energy c y c l e  was i n v e s t i g a t e d  through a 

c a l c u l a t i o n  of t h e  buoyant p o t e n t i a l  energy s t o r e d  i n  t h e  d e n s i t y  v o c i -  

a t i o n s  of t h e  waves. 

A comparison of t h e  Bolgiano and t h e  Lmley-Shur bu.oyancy sub- 
-- 

range t h e o r i e s  by 0. M. P h i l l i p s  (1967) t r e a t e d  t h e  ba,sic assunpt ions  
* - 

of t h e s e  t h e o r i e s .  I f  t h e  mean d e n s i t y  d i s t r i b u t i o n  i s  sCa t i ca l1y  

s t a b l e ,  t h e  working of v e r t i c a l  no t ions  against . .buoyant  f o r c e s  can  act  , 

as a s i n k  a n  t h e  subgr id  s c a l e  t o  t h e  energy of t h e  mean-and tuxbulernt 

flow. When t h e  areal e x t e n t  of t h e  wave popu la t ion  reaches  t h e  syn- 
h 

o p t i c  s c a l e ,  i t  is reasonable  t o  expect  t h a t  the. a v a i l a b l e  p o t e n t i a l  

rergy i n  t h e  waves w i l l  have an  impact on thg  k i n e t i c  energy budget .  



The removal o f  energy  from a t u r b u l e n t  f low f i e l d ,  and t h e  

t r a n s f o r m a t i o n  o f  t h e  energy ,  h a s  been t r e a t e d  by Bolgiano (1962) .  He 

assumed a d i a b a t i c  p r o c e s s e s  i n  d e v e l o p i n g  t h ?  e q u a t i o n s  of motion f o r  
.' 

mountain-per turbed f low i n  s t a b l e  s t r a t i f i c a t i o n s .  Be ~ n t i o d u c e d  poten-  

t i a l  d e n s i t y  ( p  = p j R e )  and dens i ty -normal ized  p r e s s u r e ;  t h u s  t h e  a d i a -  

b a t i c  assumption became a  c o n s e r v a t i o n  s t a t e m e n t  f o r  t h e  p o t e n t i a l  

d e n s i t y .  Nonl inear  i n t e r a c t i o n s  were  n e g l e c t e d  and a s o l u t i o n  made f o r  

n a t u r a l  modes of i n t e r n a l  g r a v i t y  waves f o r  s t e a d y  p r o c e s s e s .  The 

f o l l o w i n g  r e l a t i o n s h i p  o b t i i n s :  

a 1- au 
- (  )  = - U f W 1  - - a 1 
a t 2  1 1  

u '  -(Z u;u; + p ' )  
az i ax i 

where u;, p '  , and p t  a r e  l o c a l  d e v i a t i o n s  a t  xi. 

The t ime  change i n  t u r b u l e n t  k i n e t i c  energy  ( l e f t - h a n d  s i d e )  

depends upon (1) p r o d u c t i o n  th rough  i n t e r a c t i o n  o f  t h e  s h e a r i n g  s t r e s s  

and t h e  s h e a r  o f  t h e  mean f low;  (2 )  t h e  a c t i o n  of g r a v i t a t i o n a l  f o r c e s  
,- 

( t h i r d  term on t h e  r igh t -hand  s i d e ) ;  and (3) e ,  t h e  d i s s $ p a t i o n  due t o  
+ . 

v i s c o u s  f o r c e s .  The second term on t h e  r igh t -hand  s i d e  accounts  f o r  

i n t e r a c t i o n  between t h e  components o f  motion. . ,  ,. 

The g r a v i t a t i o n a l  t e rm measures t h e  a b s t r a c t i o n  of k i n e t i c  

energy  from t h e  t u r b u l e n t  f i e l d  by work done a g a i n s t  t h e  buoyant  f o r c e s .  

I f  t h e  energy  r e a c h e s  s t e a d y  s ta te ,  t h e  f i r s t  t e r m  on t h e  r igh t -hand  

of  (6.1.4) e q u a l s  t h e  s t o r a g e  i n  t h e  buoyancy t e rm and t h e  v i s c o u s  

d i s s i p a t i o n .  The s t o r a g e  t e r m  r e p r e s e n t s  p o t e n t i a l  energy  t h a t  would 



. -e leased  by t h e  r e t u r n  of a l l  f l u i d  elements  t o  e q u i l i b r i u m  l e v e l  
I 

j without  l o s s  o f  buoyancy. P e r  u n i t  rrass, t h i s  is 

I . ;̂P- dFldz r e p r e s e n t s  t h e  v e r t i c a l  g r a d i e n t  of  t h e  mean p o t e n t i a l  

. ' ii ; P '  is t h e  d e n s i t y  dev ia t ion  from t h e  base  d e n s i t y  po. When 
I 

t h e  wave s t r u c t u r e  e rodes  by t h e  a c t i o n  of b reak ing  waves, o r  b i l l o ~ q s ,  

: a c e r t a i n  m o u n t  of  mixing i n  t h e  reg ion  occurs .  (6.17) corresponds 

. t o  t h e  buoyant p o t e n t i a l  ehergy i n  t h e  t h i r d  term on t h e  right-hand 

P o t e n t i a l  Energy of V aves - 
An approximation of t h e  amount of p o t e n t i a l  energy contaened i n  

1 
! I. ' cn s i ty  dev ia t ions  of a wave popula t ion  r e q u i r e s  (1) an  e s t i m a t e  of 
! 

LLL a r e a l  coverage of t h e  waves; (2) a  knowledge of t h e  atmospheric  

s t a b i l i t i e s  i n  t h e  wave r eg ion ,  and ( 3 )  reasonable  e s t i m a t e s  of t h e  

wave ampli tudes . 
The Apollo I X  photographs s e r v e  t o  g ive  a f i r s t - o r d e r  e s t ima te  

e  wave popula t ion  over  western Texas and 1qew Pfexico. T h e  a r e a  

t 

4 

D i n  F igure  2 .3  e x h i b i t s  wave s t r u c t u r e  a t  two l e v e f s :  waves a t  

' A and b i l l ows  a t  116W 35 25N can be seen  i n  F igure  2 . 4 ;  and waves a r e  
- ,- 

apparent  a t  A i n  F igure  2.5 .  Longer l e e  waves a t  A i n  F igure  6 . 2  

"end downstream from t h e  j e t  s t r eam cloud i n t o  western Texas where 

,. I : .  J appear a t  A i n  F igure  6 .3 .  Billow clouds wi th  a  wavelength of I 

I 

t t  500 m a r e  superimposed on t h e  longer  waves a t  B and upstream 

I 



, 
.' " 

F i g u r e  6 .2 .  Apol lo  I X  photograph No. 3447, t a k e n  a t  
approx imate ly  1804 GbfT March 9 ,  1969. Lee wave 
c l o u d s  a r e  v i s i b l e  a t  A;  a  cap c loud covers  t h e  
mountain r i d g e  a t  B. 

, 

- 



Figure  6 . 3 .  Apollo I X  photograph No. 3294, taken a t  
approximately 1805 GHT Earcl~ 9 ,  -1969.  Wave clouds 
a t  A are i n  t h e  lee of t h e  mountains; b i l l o w s  a t  
B are superimposed on t h e  longer  waves. 



F i g u r e  6 4 ( a )  . Winslow, Arizona sounding f o r  1200 GMT 
March 9 ,  1969. The s o l i d  l i n e  i s  t e m p e r a t u r e ;  dashed 
l i n e  i s  dew p i n t  t e m p e r a t u r e .  Wind b a r b s  i n d i c a t e  
v e l o c i t y  i n  k n o t s .  

F i g u r e  6 .4  (b) . Same a s  6 .4  ( a ) ,  e x c e p t  f o r  Albuquerque,  N e w  
Mexico . n 



t 

toward A i n  t h e  sane p i c t u r e .  Cap clouds f r e q u e n t l y  e x i s t e d  over  

i n d i v i d u a l  r i d g e s  such as at  B i n  F igure  6.2. 

The photographic coverage a v a i l a b l e  over  t h e  r eg ion  ama~mted 

t o  about 41%, w i t h  an  average cloud cover  of 28% of t h e  p i c t u r e s ;  
I 

robghly 302 of t h e  c louds  revea led  wave s t ructu;e .  * &ch of t h e  r eg ion  

showed t h e  same s t a b l e  l a y e r s  as found i n  t h e  Winslow, Arizona (F igure  

6.4 a )  and Albuquerque, New Mexico (Figure 6.4 b)  soundings. Only in 

t h e  s o u t h e a s t e r n  s e c t o r  were s t a b l e  l a y e r s  absent  from t h e  soundings,  

I n  view of t h e  cap c louds ,  and because of t h e  e x t e n s i v e  s h e e t s  of 

s t a b l e  l a y e r s  imbedddd i n  t h e  nea r ly  uniform flow a t  midtropospheric  

l e v e l s ,  a  reasonable  e s t i n a t e  of t h e  a r e a l  e x t e n t  of waves would b e  

30%, t h e  f r a c t i o n  of c louds which e x h i b i t e d  waves. 

Wavelengths v a r i e d  f r o n  t h e  500 n e t e r  b i l l ows  t o  t h e  8 I:n 

l e e  waves. A l l  wavelengths were assumed w i t h i n  t h e  range over  which 

buoyant f o r c e s  act s i n c e  t h e r e  appears  t o  be  no d e f i n i t e  upper l i m i t  

f o r  t h e  "buoyancy subrange" of wave d i s tu rbances  (L in ,  Panchev, and 

Cerrnak, 1969). 

The ampli tude of t h e  waves w a s  mare d i f f i c u l t  t o  e s t i m a t e ,  and 

probably ranged from t y p i c a l  va lues  of 100 t o  500 m f q r  t h e  biLlnvs 

(Woods, 1969) t o  two o r  t h r e e  k i lometers  over  mounC?in r i d g e s ,  t?*l?ere 

cap c louds  formed i n  r e l a t i v e l y  dry a i r .  Typica l  l e e  waves extend 

downstream a t  l e a s t  50 t o  100 kin wit11 l i t t l e - d a m p i n g  and have a  total 

v e r t i c a l  displacement  of one k i lome te r  (Vergeiner and L i l l y ,  1969),  

The wave s t r u c t u r e  begins n e a r  t h e  pe r tu rb ing  t e r r a i n ,  d iminish ing  i n  
i 

ampli tude a t  t h e  t ropopause,  and f r equen t ly  extending into t h e  s t r a t o -  - 
sphe re .  For t h e  computations descr ibed  he*re, a mean v e r t i c a l  



disp lacement  o f  350 m was assumed and t h e  Winslow and Albuquerque 

soundings  t a k e n  a t  1200 GMT March 9  (approx imate ly  s i x  h o u r s  p r i o r  t u  

t h e  p h o t o g r a p h i c  m i s s i o n  f o r  Apol lo  I X  f o r  t h a t  day)  were  s e l e c t e d .  
b 

An exaipinat ion o f  t h e  m o i s t u r e  a v a i l a b l e  i n  t h e  s t a b l e  layers a t  

Albuquerque i n d i c a t e d  a r e q u i r e d  l i f t i n g  of 200 m f o r  c o n d e n s a t i o n .  

The Winslow and Albuquerque soundings  were  d i v i d e d  i n t o  s e v e r a l  

l a y e r s  h a v i n g  un i fo rm l a p s e  r a t e s ,  and (6.17) was a p p l i e d  t o  each  l ayer  

from 800 mb t o  t h e  t ropopause .  The computed p o t e n t i a l  energy  i n  t h e  

5 - 2 
wave s t r u c t u r e  t o t a l e d  6 . J  x 1 0  j o u l e s  m a t  Winslow and 9 . 3  x  LO 

5 

- 2 5 -2 j o u l e s  m a t  Albuquerque,  o r  an  average  o f  8 .0  x 1 0  j o u l e s  m 

8 - 2 - 2 
(8.0 x 1 0  e r g s  cm ) The 2 1  w a t t s  m i n d i c a t e d  a s  a n  energy  r e s i d u a l  

5 
-t  1800 GMT March 8 cou ld  s u p p l y  t h e  8 .0  x 1 0  j g u l e s  f o r  30% of  t h e  

-udy r e g i o n  i n  a p e r i o d  of 3.2 h o u r s .  

D i s s i p a t i o n  o f  Wave E n e r a  

The ampl i tudes  o f  i n t e r n a l  g r a v i t y  waves w i l l  c o n t i n u e  t o  grow 

a s  l o n g  as energy  i s  s u p p l i e d ,  u n t i l  t h e  wave mot ion becomes potentiaL1.y 

u n s t a b l e .  Once i n s t a b i l i t y  o c c u r s ,  p a t c h e s  o f  t u r b u l e n c e  w i l l  r e s u l t  

i n  l o s s  of energy  th rough  v i s c o u s  d i s s i p a t i o n  t o  h e a t  (0.33. P h i l l i p s ,  
a. 

1967) .  I f  energy i s  no l o n g e r  c o n t i n u o u s l y  s u p p l i e d  t o - t h e  i n t e r n a l  

g r a v i t y  waves t h e  mot ion w i l l  remain s t a b l e .  

Mesoscale f e a t u r e s  s u c l ~  as g r a v i t y  w&ve>'have been  observed  t o  - 

b e  s t a t i o n a r y  f o r  p e r i o d s  o f  one o r  s e v e r a l  h o u r s  (Reed, 1969) .  Lee 

waves o f t e n  remain i n  p l a c e  l o n g  enough f o r  two o r  more a i r c r a f t  pene- 

' s t i o n s  (Verge iner  and L i l l y ,  1969) .  A s  a me_ans o f  e s t i m a t i n g  t h e  

&dte a t  which t h e  energy  supp ly  exceeded s t a b i l i t y  l e v e l s  i n  t h e  



i n t e r n a l  g rav i ty  waves and of determining t h e  approximate period of 

pers i s t ence  of the  wave populat ion,  a synopsis  of  t h e  clear air  turbu- 

l ence  repor t s  w a s  prepared. 

On &rch 8 during t h e  t i m e  , i n t e r v a l  from 1800 t o  2000 Gi'r9 
I 

* l i g h t  t o  moderate turbulence was reported Gver* soLtheas tem N e ~ d  ::exico 

;rind western Texas. Using Tnour and Pz;llofskyTs (1969) values of about 

2 -3 6Q a s e e  over 58 mb of the  mid-troposphere, this represented 

-2 3 wat t s  ra over an a r e a  approximating 10% of t h e  study region,  or 

-2 0.3 watts  m averaged over t h e  e n t i r e  region. 

A nrixturk of l i g h t ,  moderace, and severe  c l e a r  a i r  t u r h ~ ~ ~ e i l c e  

prevai led  over c e n t r a l  and sourhem Nec~ Hexico, southeas tern  Arizoca, 

and extreme western Texas at 1800 t o  20630 Q+T $larch 9. Using a va lue  

2 -3 of 85 cn s e c  over 50 mb, again ac  ml&-troposphere, thLs ~ I E O U ~ L C ~  t o  

-2 - 2 
4.2 w a r t s  rn over about 30Z of the region,  o r  1 . 3  watts m aversge 

d i s s i p a t i o n .  

The turbulence dia in ished t o  light-to-moderate over scser~"rs,- 

e a s t e r n  Arizona and southem New Flexico on B r c h  20, becoming lig'i.it 

and patchy over c e n t r a l  New 1.lexico a d  western Texas on Xarcla II and I.?* 

The turbulence es t imates  i n d i c a t e  t h a t  a maximuzn t r a n s f e r  o f  -- 

energy t o  t h e  g rav i ty  waves occurred on March 9, w i t h _ f e s s e r  arcaunt-s an 

the succeedi~zg th ree  days. The t o t a l  &-type energy d i s s i p a t i o n  in the  

tu rbu len t  areas  was considerably less than the  energy generation rp.te 
- 

ca lcu la ted  f o r  i800 GI-= March 8 ,  1969. 

An average over area  and tirce of the  res idua l  i n  the  k i n e t i c  

energy ca lcu la t ion  might be errpecfed t o  y i e l d  a reasonable rate o t  

energy. d i s s i p a t i o n  t o  heat a t  each levkl i n  the  atmosphere if no 



s y s t e m a t i c  v e r t i c a l  r e d i s t r i b u t i o n  o f  energy  took  p l a c e .  Tab le  6 . 1  

g i v e s  t h e  a v e r a g e  v a l u e  o f  t h e  r e s i d u a l  f o r  1800 GMT March 9 through 1 2  

- 2 
i n  watts m . 

Table  6 .1 .  Energy r e s i d u a l  o v e r  computa t iona l  r e g i o n .  

The e x c e s s  k i n e t i c  energy above 200 m b  and d e f i c i e n c y  from 200 

500 mb p o r t r a y s  t h e  v e r t i c a l  energy r e d i s t r i h u i i o n  c h a r a c t e r i s t i c  o!  

t h e  g r a v i t y  waves f o r  t h e  March 9 through 1 2  p e r i o d  of t ime .  The ex.- 

p e c t e d  downward f l u x  o f  k i n e t i c  energy  a c c o r d i n g  t o  t h e  g r a v i t y  igave 

t h e o r y  d i s c u s s e d  e a r l i e r  i n  t h i s  c h a p t e r  would c a u s e  t h e  d e p l e t i o n  of  

t h e  h i g h - l e v e l  r e s i d u a l  and would f u l f i l l  t h e  b a l a n c e  requ i rements  f o r  

-. , -. 
k i n e t i c  energy  i n  t h e  l a y e r s  below. - 



V I I .  S AM) CONCLUSIONS * 

A series of  p i c t u r e s  taken  from t h e  e a r t h - o r b i t i n g  P~po11o IX 

spacecya f t  provided a  wide coverzge o f  c3oud f e a t u r e s  f o r  Xarch 8, 9 ,  

11, *md 12,  1969. The h igh- reso lu t ion  handheld camera photographed 

e x t e n s i v e  a r e a s  of  wave s t r u c t u r e  i n  cloud l a y e r s  over  Arizona,  New 

- Ekxico, and western Texas. Long cumulus streets and c i r r u s  s t r e a k s  i n  

t h e  p i c t u r e s  c l o s e l y  approximated t h e  wind d i r e c t i o n s  recorded by con- 

v e n t i o n a l  meteorol.ogical devices  and augmented t h e  rawinsonde and 

p i l o t  ba l loon  wind d a t a  i n  mesoscale d e t a i l .  The wave s t r u c t u r e  and  

t h e  c m u l u s  rows were undetected by t h e  h ighe r - f ly ing  weather  sat- 

e l l i t e s  due t o  t h e  coarse  r e s o l u t i o n  of t h e  ESSA v id i con  cameras. 

Zonal s h e a r i n g  s t r e s s  g r a d i e n t s ,  measnred as r e s i d u a l s  i n  

t h e  u-component momentum equat ion ,  a t t a i n e d  va lues  of  a f e w  t e n s  of 

-2 
dynes cm over  t h e  rugged, i r r e g u l a r  t e r r a i n  of c e n t r a l  New Mexico, 

On March 8 ,  t h e  s t r e s s  g r a d i e n t s  i n d i c a t e d  a subgr id-sca le  v e r t i c a l  

f l u x  divergence of  zonal  momenturn f r o n  t h e  l e v e l  of maximum wind. On 

March 9 ,  and f o r  t h e  remaining period u n t i l  Marc11 12 ,  t h e  stress grad- 
.- 

i e n t s  were c o n t r a d i r e c t i o n a l  t o  those  of  March 8, wi>h a  change t o  
6 ., 

v e r t i c a l  f l u x  convergence i n t o  upper t roposphere and t ropopause levels .  

The zonal  wind v e l o c i t i e s  i n  thedup;?er t roposphere and lower 

s t r a t o s p h e r e  inc reased  sha rp ly  wi th  t h e  onse t  of s t rong- subgr id - sca l e  

v e r t i c a l  f l u x  convergence of  zona l  momentum at those  l e v e l s .  The 

coun te rg rad ien t  f l u x  of zonal  momentum coincided wi th  a change of  

low-level f low from w e s t e r l i e s  t o  e a s t e r l i e s  over  and e a s t  of t h e  



t 

~ n o u n t a i n s ,  s u g g e s t i n g  a  downwind t i l t  w i t h  h e i g h t  o f  t h e  v e r t i c a l  

wave a x e s .  Mean v a l u e s  o f  t h e  energy  budget  r e s i d u a l  a t  s t a n d a r d  

l e v e l s  i n d i c a t e d  a f l u x  of k i n e t i c  energy downward i n t o  t h e  t ropo-  

s p h e r e  -ahen z o n a l  momentum was t r a n s p o r t e d  upward. 
I 

0 " >  

Based on Apol lo  LX pho tographs ,  t h e  a r e a l  coverage of 

g r a v i t y  waves o v e r  t h e  computa t iona l  r e g i o n  was e s t i m a t e d  a t  30%. 

Winslow, Ar izona  and Albuquerque,  New Mexico soundings  a t  1200 GNT 

fjlarch 9 were  used t o  c a l c u l a t e  t h e  buoyant  p o t e n t i a l  energy c o n t a i n e d  

i n  t h e  d e n s i t y  d e v i a t i o h s  o f  t h e  waves. Th is  energy  t o t a l e d  8 x 1 0  
5 

- 2 
j o u l e s  m i n  t h e  wave a r e a  below t h e  t ropopause  f o r  a n  e s t i m a t e d  

mean p a r t i c l e  d i sp lacement  of 350 m e t e r s .  While t h e  e s t i m a t i o n  of 

' h i s  energy  cou ld  be  i n  e r r o r  by a f a c t o r  o f  two o r  t h r e e ,  t h e  energy 

s i n k  i n  t h e  e x t e n s i v e  wave p o p u l a t i o n  was of t h e  same o r d e r  of mag- 

n i t u d e  a s  t h e  s y n o p t i c  s c a l e  energy  g e n e r a t i o n  and d i v e r g e n c e .  

Clear a i r  t u r b u l e n c e  i n t e n s i t y  reached  a  maximum d u r i n g  t h e  

g r e a t e s t  a r e a l  coverage  of waves,  d e c r e a s i n g  i n  i n t e n s i t y  a s  t h e  

k i n e t i c  energy  g e n e r a t i o n  d imin i shed  and a s  t h e  wave p o p u l a t i o n  

reduced .  The "eps i lon"  energy  l o s s  t o  h e a t  due t o  v i s c ~ u s  f o r c e s  

was e s t i m a t e d  t o  be  n e a r l y  one o r d e r  of magni tcde s m a l f e r  t h a n  t h e  

s y n o p t i c - s c a l e  energy  g e n e r a t i o n  d u r i n g  t h e  e x t e n s i v e  wave c o v e r a g e ,  

d i m i n i s h i n g  g r a d u a l l y  as t h e  wave p o p u l a t i o n  d e c r e a s e d .  - 

Conclusions  - 

Through t h e  a c t i o n  o f  l a r g e  a r e a s  o f - g r a v i t y  waves w i t h  a 
% 

downstream t i l t  of t h e i r  v e r t i c a l  a x e s ,  a  s u b s t a n t i a l  c o u n t e r g r a d i e n r  

f l u x  o f  z o n a l  momentum can converge i n  t h e  upper  t r o p o s p h e r e  and 



lower stratosphere t o  maintain o r  inc rease  tropopause-level flow 

a g a i n s t  f r i c t i o n a l  d i s s i p a t i o n  t o  heat. The buoyant p o t e n t i a l  energy 

contained i n  extens ive  g raP i ty  wave populat ions can be l a r g e  enough 

t o  act as an energy s i n k  of t h e  s a w  o ~ d e r  of magnitude as t h e  
A 

s&optic-scale k i n e t i c  energy generat ion.  
- I 

The s tudy described h e r e  supports  t h e  f e a s i b i l i t y  of acquir ing  

mesoscale meteorological  d a t a  from a manned spacec ra f t  over an area 

s u f f i c i e n t l y  l a r g e  t,o measure t h e  mesoscale i n t e r a c t i o n  wi th  synoptic 

scale phenomena. Trained observers on board spacec ra f t ,  o r b i t i n g  the 

e a r t h  a t  a l t i t u d e s  of 200 t o  300 ki lometers ,  have t h e  advantage o f  

being a b l e  t o  recognize meteorological  processes i n  t h e  context  of .- 
s e v e r a l  s c a l e s  of motion, and of s e l e c t i n g  a reas  f o r  photograpl-2y- The 

amount o f  d a t a  obtained can be held commensurate with opera t iona l  m e e d s  

and i n v e s t i g a t i o n a l  purposes ktithorrt overwhelnzing d a t a  processing 

f a c i l i t i e s  wi th  a g rea t  d e a l  of extraneous information. 

I n  c o n t r a s t  t o  t h e  f ixed c a p a b i l i t i e s  of  most unmanned weatlicr 

s a t e l l i t e s ,  t h e  manned spacec ra f t  would be capable of opera t iona l  

f l e x i b i l i t y  . Migh-resolution cameras i n  p rec i s ion  mo&tings could be  

+ ., 
programmed t o  record pa r t i cu la r  a reas  of i n t e r e s t  i n  s u f f i c i e n t  detail 

t o  provide near  real-time in fo rna t ion  f o r  a i r c r a f t  f l i g h t s  i n  areas of 
- > .' 

wave clouds and accompanying c l e a r  a i r  turbulence.  Parameterized 

r e l a t i o n s h i p s  between atmospheric s c a l e s  of motion could be researched 

and incorpora ted  i n t o  numerical models f o r  fo recas t ing  purposes, 
\ 
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E r r o r  A n a l y s i s  

The e r r o r  a n a l y s i s  performed on t h e  k i n e t i c  energy  terms makes 

A 
h 

u s e  ~f -two r u l e s  : 

Rule  A. The p e r c e n t a g e  e r r o r  o f  t h e  p r o d u c t  of numbers i s  t h e  

sum of  t h e  p e r c e n t a g e  e r r o r s  o f  t h e  v a r i a b l e  q u a n t i t i e s  e n t e r i n g  i n t o  

t h e  computat ion.  

Rule B. The n u n e r i c a l  e r r o r  o f  a sum i s  t h e  sum o f  t h e  numeri- 

c a l  e r r o r s  of t h e  i n d i v g d u a l  q u a n t i t i e s .  

The p e r c e n t a g e  e r r o r  of each t e rm on t h e  r igh t -hand  s i d e  o f  

e q u a t i o n  (5.1) was a r r i v e d  a t  th rough  a l o g a r i t h m i c  d i f f e r e n t i a t i o n  of 

t h e  v a r i a b l e  q u a n t i t i e s  i n  each term. Thus t h g  e r r o r  i n  t h e  f i r s t  tern1 

on t h e  r igh t -hand  s i d e  was 

where i t  was a.ssumed t h a t  t h e  v e l o c i t y  e r r o r  6v w a s  2 rn sec-' and t h e  

-1 
mean v e l o c i t y  v was 40 m s e c  . The r e s u l t  was a n  e r r o r  of 10%. 

The second term i n  (5.1) c o n t a i n s  t h e  p r o d u c t  Kc . t h e  e r r c r  
n ' 

was t h e n  

A mass b a l a n c e  was imposed on each l a y e r  f o r  each  t i m e  p e r i o d ,  

r e d u c i n g  t h e  e r r o r  i n  t h e  normal v e l o c i t y  component cn.  T h e r e f o r e  

- 1 jcn was t a k e n  a s  1 m s e c - l ,  and t h e  mean cn as 25 m s e c  ; t h e  e r r o r  

was (10 + 4 )  %, or 14%.  



t 
c 

The product  of v a r i a b l e s  j.n t h e  t h i r d  t e r m  i n  (5.1) i s  K ; 

the e r r o r  becomes 

49 - . '  
~ s s d n g  Bw/w at about 8%, t h e  e r r o r  i n  t h i s  term was taken t o  be 

3 

The l a s t  t e r m  i n  (5.1) conta ins  t h e  product  V.Vz, wi th  the 

e r r o r  

Es t imat ing  ~ ( V Z )  at 5 meters  and u s ing  a mean Vz of 120 meters  yields 

an e r r o r  of (5 4- 4 ) % ,  o r  9%. 
a 

I n  t a b l e  5 . 1  t h e  t o t a l s  ( i n t e g r a t e d  over  p re s su re )  f o r  each 

term i n  t h e  energy budget were n ~ u l t i p l i e d  by t h e  app ropr i a t e  per-  

centage t o  o b t a i n  the  numerical e r r o r ;  t h e  i n d i v i d u a l  e r r o r s  were a-ldcd 

t o  g ive  t h e  e r r o r  shown f o r  t h e  r e s i d u a l  (d i s s ipa t ion ) .  


