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High-resolution p i c t u r e s  obtained wi th  a handheld camera 

during t h e  ea r th -o rb i t a l  photographic mission of t h e  Apollo I X  space- 

c r a f t  provided a unique opportunity t o  map t h e  a r e a l  ex ten t  of g rav i ty  

waves over t h e  southwestern United S ta t e s .  The o r i e n t a t i o n  of cumulus 

streets and cirrus s t r e a k s  augmented conventional wind d a t a  f o r  mom- 

entum and k i n e t i c  energy ca lcu la t ions .  

Zonal shear ing  stress gradients  i n  s t a b l y  s t r a t i f i e d  air  

flowing over rugged mountainous t e r r a i n  ind ica ted  very l a r g e  subgrid- 

s c a l e  v e r t i c a l  f luxes  of zonal momentum. Maximum stress values  of 

- 2 
seve ra l  tens  of dynes cm occurred i n  t h e  lower t ropospher ic  l a y e r s  

where the  a i r  flow encountered t h e  high Rocky Mountains of c e n t r a l  

New Mexico. The v e r t i c a l  f luxes  of zonal  momentum were d i r ec ted  up- 

ward t o  tropopause l e v e l s  when extens ive  a reas  of g rav i ty  waves covered 

eas t e rn  Arizona, New Mexico, and western Texas. 

The p o t e n t i a l  energy contained i n  the  wave populat ion 

5 -2 
a t t a i n e d  values through the  troposphere a s  high as  9 . 3  x 10 joules  m 

8 -2 
( 9 . 3  x 10 ergs  cm ) ; t h i s  p o t e n t i a l  energy apparently played a sub- 

s t a n t i a l  r o l e  i n  the  energy budget. The r e s i d u a l  "d iss ipa t ion"  term 

i n  t h e  k i n e t i c  energy budget indica ted  a subgrid-scale f l u x  of energy 

downward from the  lower s t r a tosphere  concurrent with t h e  upward f l u x  

of zonal momentum. Atmospheric turbulence rose  t o  a maximum i n t e n s i t y  

during the  wave occurrence, diminishing gradually t h e r e a f t e r .  
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I* INTRODUCTION 

An understanding of t h e  s t r u c t u r e  and maintenance of t h e  atmos- 

pher ic  c i r c u l a t i o n  requires  a knowledge of t h e  hor izon ta l  and vertical 

t r anspor t s  of r e l a t i v e  angular nunuentum (Pal& and Newton, 1969). 

Early computations of hor izonta l  t r anspor t s  revealed a genera l  north- 

ward movement d i rec ted  from t h e  upper l e v e l  westerlies i n  t h e  subtropics  

t o  t h e  midlat i tude westerlies (Widger, 1949; Lorenz, 1951). These com- 

puta t ions  implied an upward f l u x  of angular momentum from t h e  low-level 

subtropic  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 dividing l i n e  between su r face  westerlies i n  t h e  northern 

hemisphere mid-latitudes and t h e  surface  easterlies t o  t h e  south proves 

t o  be an a rea  of spec ia l  i n t e r e s t  f o r  angular momentum s t u d i e s  (S ta r r  

and White, 1951). 

Horizontal Transport 

Considerable l i t e r a t u r e  e x i s t s  on the  hor izonta l  eddy t ranspor t  

mechanisms which can bring about the  northward f l u x  of r e l a t i v e  angular 

momentum, including s tud ies  by S t a r r  (1951), S t a r r  and White (1951, 

1952a, 1952b), Lorenz (1952), and Gilman (1964). The hor izonta l  tran- 

s i e n t  eddy t ranspor t  against  the  gradient  of zonal momentum suggests 

the  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  can a l so  take place agains t  the  

v e r t i c a l  gradient  of angular momentum i n  the  t r a n s i t i o n  region. 

Further,  the  d i f f i c u l t y  i n  es tab l i sh ing  a s i g n i f i c a n t  mean meridional 

mass c i r c u l a t i o n  on the required order of one meter per  second i n  the  



hor izonta l  ind ica tes  a major r o l e  for eddy t ranspor t  i n  the  general 

atmospheric c i rcu la t ion .  

Vertical Transport 

I n  addi t ion  t o  t h e  s i zeab le  contr ibut ion by eddies on various 

length scales t o  t h e  hor izon ta l  r e d i s t r i b u t i o n  of angular momentum, t h e  

v e r t i c a l  f l u x  of momentum may be l a rge ly  due t o  eddies on many s c a l e s ,  

from t h e  p lanetary  wavelengths t o  small-scale shearing stresses (Reiter ,  

1969). The large-scale mean vertical t r anspor t  by mass f l u x  has been 

measured f o r  extended periods of t i m e  ( P a l d n ,  1966; Oort and Rasmusson, 

1970). The v e r t i c a l  momentum f l u x  can be estimated by assigning an 

a r b i t r a r y  surface  drag coef f i c ien t  t o  a f r i c t i o n  torque t e r m  (Widger, 

1949), but  i n  hemispheric mean ca lcu la t ions  t h i s  leads  t o  inconclusive 

values i n  a momentum budget. S t a r r  and Dickinson (1964) measured the  

standing and t r ans ien t  eddy v e r t i c a l  t ranspor t  of r e l a t i v e  angular 

momentum on the  l a rge  s c a l e  using standard meteorological da ta ;  they 

found opposing s igns  f o r  winter  and sp r ing  v e r t i c a l  momentum t r a n s f e r  

over the  northern hemisphere (averaged 20N t o  80N) and concluded t h a t '  

the  large-scale v e r t i c a l  eddies a c t  t o  decrease upper l e v e l  zonal flow 

i n  January and t o  increase  i t  i n  April.  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  eddies 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 ranspor t ,  and t h a t  the  v e r t i c a l  t ranspor t  requirements may be 

mainly accomplished by the  mean c i r c u l a t i o n  of the  meridional c e l l s .  

The v e r t i c a l  eddy t ranspor t  on various length s c a l e s  led  Gilman 

(1964) t o  conclude t h a t  those length scales not v i s i b l e  i n  the  conven- 

t i o n a l  rawinsonde network may at times move momentum i n  a d i rec t ion  

opposite  t o  t h a t  of l a r g e  s c a l e s  near the  tropopause region. 



!leasurements of "negative eddy v iscos i ty1 '  n e a r  t h e  m i d l a t i t u d e  jet 

s t ream w e r e  i n t e r p r e t e d  by Gilman as evidence t h a t  nea r  t h e  jet t h e  n e t  

e f f e c t  o f  v e r t i c a l  eddies  of  a l l  scales brought about momentum t r a n s p o r t  

i n t o  t h e  jet stream. Xegative eddy v i s c o s i t y  r e s u l t s  when eddy momentum 

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

h igher  va lues ,  a c t i n g  i n  t h e  r eve r se  d i r e c t i o n  o f  f r i c t i o n a l  drag. Kung 

(1967) a l s o  found "negative v i s c o s i t y w  i n  tropopause reg ions  i n  t h e  

annual mean k i n e t i c  energy budgets over  North America. I f  eddies  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 must 

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 lance  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  motion 

w a s  measured by Jensen (1961) f o r  January 1958 on t h e  o rde r  of a few 

t e n t h s  of a cent imeter  pe r  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 
recen t ly  from .5 t o  .8 cm s e c  by Oort and Rasmusson (1970). Jensen 

specula ted  t h a t  the  "negative d i s s ipa t ion"  ca l cu la t ed  a t  tropopause 

l e v e l s  f o r  January 1958 might be explained by a genera t ion  of k i n e t i c  

energy i n  eddies  on a s c a l e  not  de t ec t ed  i n  t h e  convent ional  meteor- 

o l o g i c a l  d a t a  network. 

P r i e s t l e y  (1967) i nd ica t ed  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 poss ib l e  i n  synopt ic  s c a l e  

d i s tu rbances ,  mesoscale motions, and smal le r  s c a l e s .  He suggested t h a t  

e x i s t i n g  s teady-s ta te  t rea tments  requi red  modi f ica t ion  on t h e  b a s i s  of 

time v a r i a t i o n .  I n  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 lane tary  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  genera l  c i r c u l a t i o n  of t h e  atmosphere, 



and tha t  a study of t e r r a i n  drag would be preferred t o  s i t e  s tudies ;  

over land t h i s  d i s t inc t ion  may be important. 

These stresses above the  lowest 1 km of t he  atmosphere include 

(1) t r ue  viscous drag forces which d i ss ipa te  heat  and have an e f f ec t  on 

the  t o t a l  heat budget i n  the  f r e e  atmosphere and (2) v e r t i c a l  f luxes of 

momentum, e i t h e r  upward o r  downward. The combined e f f ec t s  of v e r t i c a l  

red i s t r ibu t ion  of momentum and viscous d i ss ipa t ion  t o  heat  may serve t o  

in tegra te  the e f fec t  of small sca le  phenomena i n t o  t he  la rger  scales .  

Mountain Effects 

The e f f ec t s  of mountain ranges i n  temperate l a t i t udes  have 

been calculated by White (1949), Riehl and Baer (1964), and Kung (1968) 

among others. Riehl and Baer showed tha t  the  mountainous region of 

North America between 30N and 60N played an important ro l e  i n  the  

ve r t i ca l  momentum exchange between the  ear th  and the  atmosphere. 

Further, they found tha t  the  momentum exchange could take place e i t he r  

upward o r  downward. Kung (1968) found tha t  the  mountain e f f ec t  

was a s ign i f ican t  term i n  the  momentum exchange and on the  same order 

as the f r i c t i o n  torque e f fec t  

when calculations were made on the sca le  of the  standard data  network. 

In ~ u n g ' s  terms, a is the  radius of the ear th ,  bp the  pressure d i f fe r -  

ence across a mountain whose highest peak has the height H, p i s  the 



atmospheric densi ty ,  u is  t h e  zonal component of the  geostrophic wind, 
g 

and C is t h e  geostrophic drag coef f i c ien t .  I n  t h e  30N-40M l a t i t u d e  

b e l t ,  t h e  r a t i o  of the  mountain e f f e c t  t o  t h e  stress e f f e c t  w a s  5.2 i n  

the  annual mean; a t  40N-50N i t  was 0.6. On an annual b a s i s ,  the  sur-  

face  stress was negative at  30N; i n  t h e  35N-40N l a t i t u d e  b e l t  the  

stress w a s  pos i t ive  but  smaller i n  magnitude. A wide range of stress 

values has been computed, suggesting t h a t  regional  descr ip t ions  of t h i s  

parameter obtained through de ta i l ed  s t u d i e s  a r e  important f o r  prescrib-  

ing  proper values f o r  numerical analyses and experiments. 

Transport Mechanisms 

Rossby (1951) noted t h a t  the  westerly winds en te r ing  the  w e s t  

coast  of the  United S ta tes  of ten  experienced an acce le ra t ion  and a 

change i n  v e r t i c a l  s t r u c t u r e  while t ravers ing the  mountains. Rossby 

concluded t h a t  the 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  the  concentration of momentum i n  shallow layers  of a i r ,  

r e su l t ing  i n  sharp 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 momentum 

t r a n s f e r ,  l a rge  i n  comparison t o  the d i f fus ion  of mass p roper t i e s ,  

es tabl ished a l imi t ing  v e r t i c a l  wind p r o f i l e  characterized by a rapid 

increase i n  speed and v e r t i c a l  s t a b i l i t y  with height .  I f  the  v e r t i c a l  

eddy red i s t r ibu t ion  of r e l a t i v e  angular momentum i n t o  upper layers  

took place a t  the  expense of lower l ayers ,  a corresponding sharpening 

of the  hor izonta l  flow p r o f i l e  followed due t o  the  decrease i n  veloci ty  

i n  the  lower l eve l s .  

The r o l e  of v e r t i c a l  momentum t ranspor t  by convective eddies 

i n  the  suppression of the  v e r t i c a l  shear of the  hor izonta l  wind has 

been discussed by Gray (1968). Gray showed t h a t  the  up- and downdrafts 



could act to decrease the wind shear at the same time that the baro- 

clinicity increased during the initial generation of a cyclonic dis- 

turbance; the resulting friction disturbed the geostrophic balance. 

This convective-scale turbulence involves mass transport which 

vertically redistributes passive properties of the atmosphere as well 

as momentum in convectively unstable conditions. The vertical transfer 

of relative angular momentum by convective motions can be very large 

during summer periods, when a single well-developed squall line can 

account for 30-40% of the total requirement for vertical transport of 

momentum for a 20-degree latitude belt. However, there are extensive 

areas over which no cumulonimbi can be found during the winter season, 

when hemispheric requirements for vertical transfer are greater than in 

summer. It seems unlikely that convective turbulence in a stable 

extra-tropical region can account for the necessary vertical redis- 

tribution over continents in winter (Palm& and Newton, 1969). 

Purpose of the Investigation 

The research conducted here investigates the hypothesis that 

significant subsynoptic-scale vertical transport of relative angular 

momentum can take place over mid-latitude mountainous terrain in a 

stably-stratified atmosphere through the action of extensive areas of 

internal gravity waves. The research additionally investigates the 

possibility that this small-scale vertical redistribution can be 

directed upward into tropopause levels to maintain a high-velocity 

wind maximum against frictional dissipation. 



11. DESIGN OF THE EXPERI!! 

D a t a  Sources 

The r e l i a b i l i t y  of t h e  ca lcu la t ion  of v e r t i c a l  momentum f luxes ,  

o r  shearing stresses, depends on t h e  accuracy of t h e  required meteor- 

o log ica l  data. These d a t a  cons i s t  of t h e  height  of t h e  pressure  sur-  

faces and the  wind d i r e c t i o n  and veloci ty .  The conventional c o l l e c t i o n  

system provides rawinsonde information on these  parameters on the  syn- 

o p t i c  s c a l e  at  0000 CXT and 1200 GM!I' and, at  a few s t a t i o n s ,  a l s o  at  

0600 W and 1800 GMT. The low-level da ta  densi ty  is increased at 

1800 through p i l o t  bal loon soundings. 

Wind d i rec t ions  deduced from cloud streets and s t r e a k s  

(Kuettner, 1959) photographed by t h e  Apollo IX as t ronauts  augment t h e  

1800 GMT data.  The 1800 GYT t i m e  w a s  pr imar i ly  chosen f o r  s tudy t o  

make use .of  the  subsynoptic-scale information recorded i n  t h e  earth-  

oriented Apollo p ic tu res  taken during t h e  March 8-12, 1969 time period. 

Center d i f ferencing f o r  l o c a l  t i m e  changes at 1800 GMT u t i l i z e d  t h e  

1200 GMT da ta  f o r  the  same day and the  0000 GMT da ta  f o r  the  following 

day; t h i s  allowed the  use of ac tua l  da ta  f o r  a 12-hour time i n t e r v a l .  

Region of Study 

The presence of high, rugged t e r r a i n ,  the  regular  spacing of 

rawinsonde s t a t i o n  locat ions ,  and the  coverage by high-resolution 

Apollo I X  photography determined the  region se lec ted  f o r  study. The 

period of study encompassed the  earth-oriented photographic mission of 

the  Apollo crew. The a rea  out l ined i n  Figure 2.1 i n  s o l i d  l i n e s  con- 

12 2 
s t i t u t e d  the  region, covering about 10 m i n  Arizona, New Mexico, 

and p a r t s  of western Texas and Oklahoma. Mountain peaks i n  eas te rn  



10 
Q) 

I ffl 
C ffl 
alo g E 
h 

-0 
C 
a a 

al 



New Xexico rise t o  4 km, wi th  numerous e l eva t ions  over 3 km i n  Arizona 

and New Mexico. The r idges  a r e  i r r e g u l a r l y  spaced and o r i en ted ,  

allowing interaction between t h e  pe r tu rba t ions  imposed on the  a i r f low 

passing over t h e  t e r r a i n .  The frequent  occurrence of c l e a r  a i r  turbu- 

lence  (Rei ter  and F o l t z ,  1967) r e f l e c t s  t h e  generat ion and i n t e r a c t i o n  

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

which t h e  jet stream is f requent ly  loca ted  (Lester ,  1969). 

Data Treatment 

The March 8-13, 1969, 0000 GHT and 1200 GMT rawinsonde d a t a  

f o r  t h e  n ine  s t a t i o n s  wi th in  and f o r  s i x t e e n  s t a t i o n s  surrounding the  

region w e r e  f i r s t  reduced t o  u- and v-components. The t i m e  series of 

t h e  s tandard  pressure  he ights  and t h e  wind components w e r e  then sub- 

jec ted  t o  a cubic "spline" 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 data .  

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 set of po in t s  f o r  each 

da ta  t i m e  s e r i e s  (u- and v-com?onents and pressure  he igh t s  f o r  s tandard 

l e v e l s ) .  This s p l i n e  curve f ea tu res  continuous p o s i t i o n ,  s lope ,  and 

curvature.  I f  no smoothing i s  appl ied ,  the  curve passes exact ly  

through the  given s e t  of da ta  po in t s ;  smoothing of t h e  curve i s  

opt ional .  For the  work performed i n  t h i s  s tudy,  smoothing was not  

applied.  Intermediate da ta  values f o r  1800 GMT subsequently were 

in t e rpo la t ed  from the  continuous cubic curve passing through 0000 @IT 

and 1200 @IT rawinsonde d a t a  po in t s ,  and these  da ta  added t o  the  

1800 GMT p i l o t  bal loon d a t a  population wi th in  and immediately sur-  

rounding the  s tudy region.  



Apollo I X  Data 

The wind d i r e c t i o n s  deduced from the  o r i e n t a t i o n  of cumulus 

s t r e e t s  and c i r r u s  s t r e a k s  i n  t h e  photographs taken with t h e  A p o l l o  I X  

handheld cameras augmented t h e  d a t a  assembled f o r  1800 GllT on March 8 

through 12,  1969. A few examples exh ib i t ed  he re  i n d i c a t e  t he  ex t en t  of 

t he  cloud s t r e a k s  and s t r e e t s  photographed over t h e  southwestern United 
L" . 

S t a t e s  from t h e  Apollo s p a c e c r a f t .  ~ h e s e  ;loud s t r e e t s  and s t r e a k s  very 

nea r ly  approximated t h e  o r i e n t a t i o n  of t h e  a i r  flow a t  cloud l e v e l s  when 

t h e  clouds had l imi t ed  v e r t i c a l  dimension; when compared t o  convent ional  

wind d a t a  from p i l o t  ba l loons  a t  t he  same l e v e l  and geographic l o c a t i o n  

t h e  agreement was remarkably good. In  a r e a s  where no p i l o t  ba l loon  d a t a  

were a v a i l a b l e ,  cloud o r i e n t a t i o n s  were appl ied  a t  t h e  nea re s t  s tandard  

p re s su re  l e v e l s ;  t h e w i n d  ve loc i t i -es  were deterr?;ined from p i l o t  bal-loon 
. I , ,  17, 1 

and in t e rp&a ted  rawinsonde da t a .  

Thin c i r r u s  cloud s t r e a k s  v i s i b l e  a t  A i n  Figure 2.2 s t r e t c h e d  

across  t h e  breadth  of t h e  Apollo photograph, a d i s t ance  of about 350 km. 

A i r c r a f t  observa t ions  loca ted  these  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 seen a t  B i n  

1 
Figure 2.3 i n  t h e  36-37N l a t i t u d e  b e l t .  The nor thern  edge of t he  

heav ie r  cloud ribbon i d e n t i f i e d  i n  t he  cen te r  of Figure 2.3 coincided 

with t h e  ho r i zon ta l  a x i s  of t h e  wind maximum a t  t h e  500 mb l e v e l .  

The ex tens ive  wave populat ions photographed with t h e  Apollo I X  

cameras i nd ica t ed  the  presence of meso-scale g rav i ty  waves over  a l a r g e  
t 

por t ion  of e a s t e r n  Arizona, New Xexico, and western Texas. These waves 

were manifested i n  t h e  clouds a t  s t a b l e  atmospheric l a y e r s  near  500 mb 

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 earth's horizon can be seen at the upper 
portion of the picture. Extensive cirrus streaks 
can be seen through the center of the photograph 
(see A ) .  



Figure  2 . 3 .  Apollo IX handheld camera photograph 
No. 3441, t aken  a t  approximately 1804 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  n o r t h  of 
B. The sharp  cut-off  from B t o  C co inc ides  w i t h  
t h e  a x i s  of t h e  maximum wind a t  c loud level (about 
500 mb). 
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Figure 2.4. Apollo IX handheld camera photog~agh 
No. 3438, taken at approximately 1802 GMT 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. 



Figure 2.5. Apollo IX handheld camera photograph 
No. 3443, taken at approximately 1804 GMT March 9, 
1969. Long cumulus streets at about 12,OGd ft MSL 
can be seen at B. Cirrus streaks are visible at 
A, extending eastward to 107W 37N. 



The clouds indicated  a t  B i n  Figure 2.4 delineated the  cyclonic 

curvature of the  air flow at  the  18,000 f t  YSL, o r  approximately 500 mb, 

level .  Cirrus s t r eaks  appeared a t  higher l eve l s  i n  the  top p a r t  of the  

p ic ture .  Long cumulus streets i n  Figure 2.5 extended hor izon ta l ly  f o r  

about 180 km at an e levat ion of approximately 12,000 f t  MSL, j u s t  above 

the  700 mb level .  

The densi ty  and a r e a l  extent  of t h e  wind information ext rac ted  

from the  A?ollo p ic tu res ,  in terpola ted  rawinsonde winds, and p i l o t  bal- 

loons a r e  exhibited i n  Figures 2.6 (a) and (b) f o r  1800 GYT March 8 and 

9 ,  1969, respectively.  The arrows i n  Figure 2.6(a) represent  the  a i r -  

flow deduced from long rows of small cumuli with bases a t  8,000 t o  

10,000 f t  MSL and with tops,  according t o  a i r c r a f t  r epor t s ,  near 

13,000 f t  MSL. The cloud streets w e r e  more c lose ly  spaced than re- 

quired f o r  the  one-degree gr id  network and were concentrated i n  the  

mountainous regions of eas te rn  Arizona and New Mexico. The cloud s t r e e t  

o r i en ta t ion  agreed c losely  with the  d i rec t ions  of t h e  rawinsonde and 

p i l o t  balloon winds. The lengths of the  s t r e a k l i n e s  approximate the 

lengths of the  cloud s t r e e t s  i n  the  Apollo I X  photographs. 

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

da ta  held f o r  1800 GMT March 9. The cloud heights  recorded by a i r c r a f t  

and ground observers coincided with moist layers  i n  the  Winslow and 

Albuquerque soundings f o r  1200 GMT ?larch 9.  The curvature i n  the  

s t r e a k l i n e  north of Albuquerque i d e n t i f i e d  a mesoscale hor izonta l  per- 

turbat ion i n  t h e  airf low pa t t e rn .  No Apollo photographs were avai lable  

f o r  March 10, and the  reduction of the  s t reakiness  of the  clouds on 

March 11 and 12 resul ted  i n  more sparse  information on the  a i r f low fo 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 GMT March 8, 1969 a t  t h e  700 mb l e v e l .  Barbs ind i -  
c a t e  v e l o c i t y  i n  meters  p e r  second. I n d i 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 da t a ;  
those  pass 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  der ived  from Apollo I X  photographed cloud 
s t r e e t s ,  bases  8,000 t o  10,000 f t  MSL. 

Figure 2.6(b).  Same as 2.6(a) except f o r  1800 GMT March 9 ,  
1969, a t  t h e  500 mb l e v e l .  S t r eak l ines  are derived from 
cloud s t r e a k s  a t  19,000 t o  23,000 f t  MSL. 



Grid F i t t i n g  

The t o t a l  d a t a  population from the  rawinsonde t i m e  series, 

Apollo I X  photographs, and p>i lo t  bal loons,  w a s  objec t ively  f i t t e d  t o  

the  g r id  shown i n  Figure 2.1. The longi tudinal  g r i d  l i n e  is t r u e  a t  

5 104" 30'N, and g r i d  lengths are 1.111 x 10 n i n  the  x- and y- di rec t -  

ions (one l a t i t u d e  degree); the  x-direct ion lies along l a t i t u d e  l i n e s .  

The one-degree g r id  network y i e l d s  a two-degree d is tance  i n t e r v a l  f o r  

center  d i f ferencing i n  hor izonta l  space. 

I n  areas  of extensive cloud s t reak ing  t h e  ext rac ted  wind d a t a  

were applied a t  g r id  points .  The p i l o t  balloon and in te rpo la ted  rawin- 

sonde da ta  w e r e  f i t t e d  t o  the  computational g r i d  a t  s tandard pressure 

l eve l s  by a two-dimensional bicubic s p l i n e  technique similar t o  t h a t  

developed by Fr i t sch  (1969). A sphere was f i t t e d  t o  t h e  neares t  four 

data values f o r  each g r i d  point ;  the  gr id  point  da ta  values were com- 

pared with the  mean values f o r  the given l e v e l  and parameter. I f  the  

d i f ference  was g rea te r  than two standard deviat ions a l i n e a r  i n t e r -  

pola t ion between the two neares t  acceptable values w a s  used a t  the  

point .  A l l  g r id  point values were again checked t o  see i f  they viola ted  

a maximum permissible slope a t  gr id  points .  The e n t i r e  da ta  f i e l d  was 

next smoothed i n  the  two hor izonta l  d i rec t ions ,  allowing the  gr id  

points  t o  converge t o  a surface.  The smoothing could have reduced 

gradients  near d i scon t inu i t i e s  o r  f r o n t a l  surfaces ,  but  no such events 

were involved i n  the cases se lec ted  f o r  study here.  

The s p l i n e  analys is  gave general ly acceptable da ta  f i e l d s  f o r  

the  u- and v- components of the  wind, but  required excessive smoothing 

f o r  pressure heights .  Consequently, heights  in terpola ted  from the  time 



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  analyzed, 

producing a hybrid objec t ive-subjec t ive  a n a l y s i s  f o r  t he  he ight  f i e l d s .  

The average computations f o r  a  given l a y e r  were assumed t o  hold 

f o r  a l a y e r  centered  a t  each s tandard  p re s su re  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  Figure 2.7. The s t anda rd  100, 150, 300, 400, 500, 

and 700 mb p re s su re  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 

su r f aces  a r e  i nd ica t ed  by dashed l i n e s .  Nominal p re s su re  th icknesses  

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

Layer cen te r  Layer boundary Layer th ickness  (mb) 

Figure 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, 
s t r e s s  g rad ien t ,  energy, and v o r t i c i t y  budget ca l -  
c u l a t i o n s .  



Synoptic S i tua t ion  

The 500 mb and 300 mb 1800 C&lT in terpola ted  pressure-height 

contour (Figures 2.8, 2.10, 2.12, 2.14, and 2.16) and zonal wind isotach 

(Figures 2.9, 2.11, 2.13, 2.15, and 2.17) analyses i n d i c a t e  the  nature  

of the  middle and upper tropospheric flow f o r  itarch 8 through 12, 1969. 

Sustained high zonal wind speeds i n  t h e  upper troposphere characterized 

the period over which t h e  ca lcu la t ions  extended. A weak low-level 

cyclonic disturbance entered the  w e s t e r n  boundary of t h e  study region 

Ebrch 10, t raversed the  northern por t ion  Xarch 11, and ex i t ed  t o  t h e  

e a s t  Xarch 12, 1969. 

The f ixed computational g r i d  loca t ion  w a s  chosen t o  take  advan- 

tage of good rawinsonde coverage, t o  contain the  consis tent  high- 

veloci ty  upper winds, and t o  cover the  rugged t e r r a i n  of Arizona and 

New Nexico. The axis  of the jet stream w a s  o f t en  contained i n  the  g r id .  



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.  Isotachs of zonal wind i n  meters per second 
for 1800 GMT March 8 ,  1969 interpolated 300 mb (above) 
and 500 mb (below) maps. 



Figure 2.10. Height contours i n  tens  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. 
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Figure 2.11. I so t achs  of zonal  wind i n  meters per  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. 



Figure 2.12. Height contours i n  t ens  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) and 500 mb 
(below) maps. 



Figure 2 .13 .  Isotachs of zonal wind i n  meters per second 
for  1800 GMT March 10,  1969 interpolated  300 mb (above) 
and 500 mb (below) maps. 



Figure 2.14. Height contours i n  t ens  of meters 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. 



Figure 2.15. Isotachs of zonal wind i n  meters per second 
for  1800 GM'T March 11, 1969 interpolated 300 mb (above) 
and 500 mb (below) maps. 



Figure 2.16. Height contours i n  t e n s  of meters f o r  1800 GMT 
March 12 ,  1969 i n t e r p o l a t e d  300 mb (above) and 500 mb 
(below) maps. 
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Figure 2.17. Isotachs of zonal wind in meters per second 
for 1800 GMT March 12, 1969 interpolated 300 mb (above) 
and 500 mb (below) maps. 



111. ZONAL STRESSES AND ANGULAR PZONENTUFI 

I n  t h e  mid la t i t ude  b e l t  of w e s t e r l i e s ,  t h e  absolu te  angular  

momentum is  o f t e n  i n t e r p r e t e d  as 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 he  

c i r c u l a t i o n .  The v e l o c i t y  of t h e  mean wes ter ly  motion and t h e  s p e c t r a l  

energy of i t s  var iance  g ive  information on t h e  na tu re  of t h e  genera l  

c i r c u l a t i o n  i t s e l f  (Wooldridge and R e i t e r ,  1970). 

J e t  s t reams and j e t  maxima a r e  i n t ima te ly  r e l a t e d  t o  weather 

phenomena and in f luence  t h e  upper-level divergence f i e l d s  a s soc i a t ed  

wi th  mid la t i t ude  cyclones (Re i t e r ,  1963). For t h i s  reason,  t h e  s tudy 

of t h e  abso lu t e  angular  momentum f luxes  i n  a  p re fe r r ed  reg ion  f o r  j e t -  

s t ream maxima (Les t e r ,  1969) seems p a r t i c u l a r l y  appropr ia te  i n  any 

s tudy  r e l a t e d  t o  t h e  genera l  c i r c u l a t i o n .  

The abso lu t e  angular  momentum of t h e  atmosphere conta ins  a  

con t r ibu t ion  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  the  "omega" 

angular  momentum, and zonal 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  su r f ace .  This momentum can be represented a s  

M = ~ a 2 c o s 2 ~  + ua cos Q 

i n  which M i s  t h e  absolu te  angular  momentum, is  t h e  angular  r o t a t i o n  

r a t e  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 ad ius  of t h e  e a r t h ,  

Q is  t h e  l a t i t u d e ,  and u is t h e  zonal wind v e l o c i t y .  

The angular  momentum of t h e  atmosphere can change through t h e  

a c t i o n  of p re s su re  torque and f r i c t i o n  torque according t o  



per unit mass, where r = a cos @, P is the atmospheric density, ap/ 
ax 

is the pressure gradient due to differences in zonal pressure across 

the region of study, and F is the frictional force exerted by shearing 
X 

stress gradients in the free atmosphere or by frictional "drag" at the 

earth-atmosphere interface. 

A balance equation for absolute angular momentum can be written: 

per unit volume. Integrating over the volume and making use of Reiter's 

(1969) averaging notation, the following results: 

- * [ o ( ~ a  cos2m + u cos a) 
g I ( 1  9 Pa 

( 3 . 4 )  

The left-hand term represents the local change of angular 

momentum with time; the first term on the right-hand side measures the 

horizontal convergence; the second and third terms measure the vertical 



convergence; t he  fou r th  term i s  due t o  pressure  torque;  t h e  l a s t  term 

r e s u l t s  from torque exe r t ed  by shea r ing  s t r e s s  g rad ien t s .  A i s  t h e  

a r e a  of t h e  h o r i z o n t a l  upper and lower su r f aces  of t h e  p re s su re  l a y e r ;  

t h e  s u b s c r i p t  u denotes t h e  upper p re s su re  l e v e l ;  t h e  s u b s c r i p t  R 

i n d i c a t e s  t h e  lower p re s su re  l e v e l .  o has  t h e  usua l  d e f i n i t i o n  

a = dpIdt 

R e i t e r ' s  (1969) symbolism [ 1 ( A )  i n d i c a t e s  an average over 

longi tude ,  an average over  a h o r i z o n t a l  s u r f a c e  a t  a given 

p re s su re  l e v e l ,  [ an average over l a t i t u d e ,  and [ ] an aver- 

age over t h e  pe r iphe ra l  l ength .  

S t r e s s  Computation 

The two-dimensional shea r ing  s t r e s s  f o r c e  pe r  u n i t  mass 62 may 

be expressed (Haurwitz, 1941) as  

3 3 
where i and j a r e  u n i t  vec to r s .  The s t r e s s  fo rces  a r e  

and 

i n  which T and T a r e  t h e  zonal and meridional  s t r e s s  components, 
X Y 

r e spec t ive ly .  

The s t r e s s  fo rce  components can be introduced i n t o  t h e  equat ions  

f o r  h o r i z o n t a l  motion, producing f o r  a p re s su re  coord ina te  system, a f t e r  

dropping second-order terms, 



and 

Al ternat ively ,  (3.8) and (3.9) may be w r i t t e n  i n  terms of t h e  

ageostrophic wind component (Pr ies t l ey ,  1967) 

and 

I f  the  i n e r t i a l  terms duldt and dvldt are omitted, as i n  t h e  

s p e c i a l  case of uniform unaccelerated flow, (3.10) and (3.11) can be 

abbreviated t o  

and 

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

cases of a i r  flow a t  o r  near jet-stream l e v e l s ,  the  accelera t ions  and 

gradients  encountered preclude t h e  use of (3.12) and (3.13) and demand 

t h e  more rigorous treatment of (3.8) and (3.9). 

The v e r t i c a l  stress gradients  w e r e  computed as res idua l s  using 

(3.8) and (3.9), with the  three-dimensional Eulerain form f o r  du/ 
d t  

and dvldt and assuming w = 0 at 75 mb, t h e  top of t h e  volume. Simple 

cen te r  d i f ferencing was used f o r  t i m e ,  using 0000 GMT and 1200 GMT da ta  

t o  obta in  and av/at a t  1800 GMT, and f o r  space d i f ferences .  



Zonal Shearing S t r e s s e s  

Layer va lues  of t h e  zonal shear ing  s t r e s s  g rad ien t s  a r e  

-1 -2 
presented  i n  v e r t i c a l  p r o f i l e  i n  Figure 3.1; t h e  u n i t s  a r e  kgm m s e c  

p e r  100 mb p re s su re  th ickness  o r  The p o s i t i v e  mid-profi le  l a y e r s  

computed f o r  1800 GMT March 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 shea r ing  s t r e s s  g rad ien t s  

followed the  formation of an ex tens ive  a r e a  of mountain waves over New 

Mexico. A maximum negat ive  gradien t  occurred near  300 mb on March 9. 

Following t h i s  r e v e r s a l ,  t h e  s t r e s s  g rad ien t s  remained nega t ive  through 

1800 GMT March 1 2 ,  1969. 

The l e v e l  of maximum wind was used a s  a zero r e fe rence  po in t  t o  

cons t ruc t  p r o f i l e s  of s t r e s s ,  with l a y e r  increments of 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  LW. The r e s u l t i n g  pro- 

f i l e s  of zonal  shea r ing  s t r e s s e s  (Figure 3 . 2 )  emphasize t h e  r e v e r s a l  of 

s i g n  of t h e  s t r e s s e s .  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  

subgrid-scale  v e r t i c a l  f l u x  of zonal  momentum through a p p l i c a t i o n  of 

t h e  following: 

The assumption of no s t r e s s  a t  t h e  l e v e l  of maximum wind does not  

a f f e c t  t h e  v e r t i c a l  convergence of zonal momentum due t o  t he  s t r e s s  

g rad ien t .  Strong v e r t i c a l  convergence a t  tropopause l e v e l s  by small- 

s c a l e  processes  dominated t h e  p r o f i l e s  from March 9 through March 12;  

v e r t i c a l  divergence w a s  pronounced a t  t h e  tropopause on March 8. 

The s t r e s s  g rad ien 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 equat ions ,  conta in  viscous drag f o r c e s ,  



"x 
Figure 3.1. Ver t i ca l  p r o f i l e s  o f  - Ap i n  u n i t s  of kgm 

6r, 6p m1 sec-2 per  100 mb, o r  - 
6 P 

i n  a t  1800 GMT f o r  

days indicated.  The pronounced reversa l  of p r o f i l e  

occurred between March 8 and March 9 ,  1969. 

Figure 3.2. Ver t i ca l  p r o f i l e s  of mean stress (7 ) i n  u n i t s  
-1 -2 X 

of kgm m s e c  f o r  1800 GMT f o r  days indicated.  The 

d i rec t ions  of small-scale f luxes  of zonal momentum a r e  
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indicated by arrows. Multiply by 10 t o  obta in  dynes 
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subgrid-scale  momentum t r a n s p o r t ,  and computational and d a t a  e r r o r s .  

Random d a t a  and computational e r r o r s  were assumed t o  be acceptably low 

over t h e  l a r g e  a r e a  of t h e  region.  

1800 GMT 
March 9,1969 

Figure 3 . 3 .  Indiv idua l  terms i n  t h e  zonal s t r e s s  g rad ien t  

computation. The do t t ed  l i n e  i s  t h e  i n e r t i a l  term 

duIdt ; dashed l i n e  is  g dot-dashed l i n e  is  t h e  

C o r i o l i s  term (-fv) ;  s o l i d  l i n e  is F o r  -g 2 ~ x 1  

-2 x , -4 6P' 
u n i t s  a r e  l o  m sec- l  (10-~cm s e c  ). 



The individual  terms i n  t h e  zonal stress gradient  computation 

f o r  1800 GMT March 9 are displayed i n  Figure 3.3. The pressure- 

gradient  fo rce  term (gaz/ax) near ly  balanced t h e  Cor io l is  term (-fv); 

t h e  i n e r t i a l  term duldt l a rge ly  determined t h e  magnitude and s i g n  of 

Fx 

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

due t o  t h e  rapid  displacement of rawinsondes i n  high winds and t o  shor t  

p i l o t  bal loon runs i n  cloudy areas (Reiter ,  1963). Subject ive and ob- 

j e c t i v e  analys is  techniques would tend t o  smooth d a t a  and reduce t h e  

gradients;  these f a c t o r s  would serve  t o  reduce the  res idua l  stress 

values somewhat. 

The viscous drag fo rce  can be estimated through appl ica t ion of 

the  expression 

-f -f 
D = V2 .F2 , where 

D is the  viscous d iss ipat ion.  I f  the  viscous d i s s ipa t ion  i n  50 m sec-' 

-2 
flow amounts t o  one watt  m i n  a layer  200 mb th ick ,  the  stress gra- 

- 2 
dien t  t o t a l s  0.2 dynes cm . This is  two orders of magnitude smaller 

than the  zonal stress gradients  shown i n  Figure 3.1 over a 200 mb layer  

a t  the  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  surfaces  shown i n  

Figures 3.4 (a)- (d) and 3.5 (a)-(d) exh ib i t  the  change of d i r e c t i o n  of 

the  v e r t i c a l  f l u x  of zonal momentum on the  subgrid sca les  t h a t  took 

place between 1800 GMT March 8 and 1800 GMT March 9, 1969. The strong- 

est downward t ranspor t  on March 8 appeared over eas te rn  New Mexico and 

western Texas near 3 5 N  104W at the  lowest l eve l s .  The g rea tes t  upward 



Figures  3.4 (a)  and (b) . Contours of zonal  s t r e s s  (T ) f o r  
X 

1800 GMT March 8, 1969 a t  t h e  300 mb and 400 mb levels. 
-1 -2 

Units  a r e  kgm m s e e  . Multiply by 10 t o  ob ta in  
-2 

dynes cm . 



Figures 3.4 (c) and (d l .  Same as Figures 3 .4  (a) and (b) 
except for 500 mb and 700 mb. 
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Figures 3.5 (a) and (b) . Contours of zonal stress (r x ) f o r  

1800 GMT March 9, 1969 a t  the  300 mb and 400 mb l eve l s .  

Units a re  kgm m1 s e c 2 .  Multiply by 10 t o  obtain 
-Z 

dynes cm .. 



Figures 3.5 ( c )  and (d) . Same as Figures 3.5 (a) and (b) ex- 
cept for 500 mb and 700 mb . 



Table 3.1. Summary of angular momentum terms. Units f o r  the individual  l eve l s  a r e  103 m2sec-2 
(107 cm2sec-2); un i t s  f o r  the t o t a l s  ( in tegrated over pressure) a re  106 kgm ~ e c ' ~ ( 1 0 9  gm sec-2). 

Level Local change Horizontal Ver t i ca l  Pressure S t ress  Residual Im- 
fmb 1 (computed) convergence convergence torque torque (local change) balance 

1800 WI' 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 -0.53 -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 
100 0.19 -1.40 1.70 -0.54 0.34 0.10 -0.09 
150 0.13 -3.10 3.40 -1.50 0.98 -0.28 -0.41 
200 1.30 -2.90 1.92 -2.10 3.40 0.32 -0.98 
300 1.10 -3.60 0.24 -1.40 6.20 1.40 0.30 
400 0.42 -2.00 -0.43 -0.70 3.40 0.27 -0.15 
5 00 0.04 -0.65 -1.10 -0.71 2.60 0.16 0.12 
700 0.38 -0.15 -0.23 -0.33 0.65 -0.06 -0.44 

TOTAL 3.50 -11.30 1.70 -6.40 17.90 1.90 -1.60 

1800 GMT March 10,  1969 
100 -0.46 -1.00 1.40 -1.10 1.00 0.30 0.76 
150 0.44 -2.20 2.50 -2 .OO 2.10 0.40 -0.04 
200 0.30 -2.10 ' 2.20 -2.20 1.80 -0.30 -0.60 
300 -0.18 -1.60 0.62 -2.40 3.50 0.12 0.30 
400 0.53 -0.71 0.02 -2.00 3.40 0.71 0.18 
5 00 0.29 -0.08 -0.44 -1.40 2.30 0.38 0.09 
700 0.03 0.17 -0.67 -0.88 1.40 0.02 0.01 

TOTAL 1.10 -5.30 2.10 -11.20 15.70 1.30 0.20 

1 



Table 3.1. Continued. 

Level Local change Hor izonta l  V e r t i c a l  P res su re  S t r e s s  Residual I (mb) 
Imbalance 

(computed) convergence convergence torque  torque ( l o c a l  change) 

1800 GMT March 11, 
100 -0.08 
150 -0.48 
200 -0.87 
300 -1.00 
400 0.31 
5 00 -0.01 
700 0.34 

TOTAL -1.10 

1800 GMT March 12,  
100 -1.00 
150 0.42 
200 -0.33 
300 -0.37 
400 -0.78 
500 0.38 
7 00 0.09 

TOTAL -0.96 



t r a n s p o r t  took p l ace  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, again a t  775 mb, on March 9. One mountain 

peak no r theas t  of Albuquerque r i s e s  over 4 km, and s e v e r a l  peaks and 

r idges  south  of t h e  c i t y  extend upward i n  excess of 3 km. 

Angular Momentum Budgets 

The magnitudes and s i g n s  of t h e  s t r e s s  g rad ien t s  suggested t h e  

working.of  a  vigorous phys i ca l  process  which ac ted  t o  move zonal momen- 

tum upward aga ins t  t h e  momentum g rad ien t .  This  counter-gradient  f l u x  

impl ies  a  v e r t i c a l  wave propagat ion wi th  a  downstream til t  of t h e  ver- 

t i c a l  a x i s  wi th  he igh 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  of t h e  s t r e s s e s  : an abso lu 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 t h e  stress g rad ien t  i n  an 

i s e n t r o p i c  coord ina te  system. 

The angular  momentum terms l i s t e d  i n  Table 3.1 b r i n g  out  t h e  

change i n  cha rac t e r  of t h e  momentum f luxes  which occurred between 

March 8 and March 9. The s t r e s s  to rque ,  nega t ive  i n  s i g n  and smal l  ill 

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 oge the r  wi th  t h e  p re s su re  torque and 

h o r i z o n t a l  convergence. The s t r e s s  torque remained p o s i t i v e ,  bu t  

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

t h e  s t r e s s  torques and p re s su re  torques remained l a r g e  and oppos i te  

i n  s ign .  The pressure  torques changed s igns  on March 9 ,  became l a r g e  

i n  magnitude and negat ive  on March 10,  then p o s i t i v e  aga in  on March 11 

and 12 ,  1969. 

Except f o r  March 8 ,  t h e  t o t a l  s t r e s s  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  angular  momentum.on smal l  s c a l e s ,  maintained 



values about one order of magnitude la rger  than the  sum of the  layer 

v e r t i c a l  convergences due t o  large-scale motions. The loca l  change of 

angular momentum re f lec ted  the  general increase i n  zonal flow in tens i ty  

between March 8 and March 10, and a decrease following Sfarch 10, 1969. 

The computed loca l  change ( f i r s t  column) d i f fe red  from the res idual  

**local changeff by the amount shown i n  the  "imbalanceff column i n  

Table 3.1. Balance over the  volume was largely  s t ruck between hori- 

zontal  convergence, pressure torque, and stress torque fo r  the  period. 

The main terms of the  angular momentum budgets a r e  presented 

i n  ve r t i ca l  p ro f i l e  i n  Figure 3.6. The ve r t i ca l  convergence includes 

transport  by the mean flow and by synoptic-scale eddies. The prof i les  

have been constrained pass through computed mean values f o r  each layer  

beginning with 700 mb and ending a t  100 mb. 
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Figure 3 . 6 .  V e r t i c a l  p r o f i l e s  f o r  -100- 

angular  momentum terms f o r  V ~ I  

March 8 through 1 2 ,  1969. 
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Units  a r e  10 m sec-2 (10 
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IV. VORTICITY BUDGETS 

The stress values exhibited i n  v e r t i c a l  p ro f i l e  i n  Figure 3.2 

w e r e  based on conputations u t i l i z i n g  interpolated pressure heights and 

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

coordinate system suggested a requirement f o r  a separate check on the  

accuracy of t he  interpolated data. To t h i s  purpose, a vo r t i c i t y  

balance equation was applied t o  the  1800 GMT data  f o r  the  March 8 and 

March 9 cases. On March 8 the  s ign  of the  shearing stress indicated a 

v e r t i c a l  f lux  downward from the  l eve l  of maximum wind; the  contra- 

d i rec t iona l  f lux  on March 9 was t es ted  through the  balance of t he  vor- 

t i c i t y  budget with twisting and stress terms included. 

The vo r t i c i t y  balance equation is  derived from the equations of 

motion i n  pressure coordinates 

and 

The computational form, using R e i t e r ' s  (1969) notation becomes 



< i n  (4 .3)  i s  t h e  r e l a t i v e  v o r t i c i t y  about a v e r t i c a l  a x i s ;  c i s  t h e  
11 

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  symbol i s m  [ 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  
I ( d ~  , A )  

an  average  around t h e  p e r i m e t e r .  S u b s c r i p t s  wi thou t  p a r e n t h e s e s  r e t a i n  

t h e i r  u s u 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 of 

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

vergence of 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 igh t -hand  s i d e  

g i v e s  t h e  v e r t i c a l  convergence of a b s o l u t e  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  convers ion  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  term 

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 .  Centered diEEerencing w a s  a p p l i e d  t o  t ime and space .  

Table  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  

ba lance  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 ight-hand s i d e  o f  ( 4 . 3 )  i s  expressed  a s  

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 of  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  a s  o t h e r  terms i n  t h e  same l a y e r ,  i t  was an o r d e r  of 

magnitude 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 i n t e g r a t e d  

v e r t i c a l  l y  over  p r e s s u r e .  

The stress term f o r  1800 G4T 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 %arch 9 

t h e  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  

terms. The magnitude of a l l  terms i n d i c a t e d  t h a t  none of them could be  

s y s t e m a t i c a l l y  excluded i n  t h e  computation wi thou t  r e s u l t i n g  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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The twisting term exhibited maxima a t  mid-level and minima a t  

upper levels;  stress values w e r e  greates t  a t  500 mb at 1800 GMT Elarch 8 

and at 300 mb at 1800 GMT March 9, 1969. Horizontal fluxes showed 

maxima  near the leve l  of maximum winds while v e r t i c a l  convergences w e r e  

maximized at 300 t o  400 mb on March 8, and a t  500 mb on March 9. 

The ve r t i ca l  p rof i les  of the  vo r t i c i t y  budget tenns (Figure 4.1) 

indicate  the  change of the  s ign and location of these m a x i m a  i n  un i t  

pressure thicknesses. The reversal  i n  s ign of the stress term appears 

i n  the prof i les  f o r  March 8 and 9. The imbalance of terms fo r  the  

separate layers indicates t ha t  a requirement elristed f o r  ve r t i ca l  re- 

d is t r ibu t ion  of vor t ic i ty  by subgrid-scale motions. The balance of the 

vo r t i c i t y  terms substantiates the  magnitude and direct ion of the  shear- 

ing stresses presented i n  Chapter 111. 



V, KINETIC ENERGY GENERATION AND DISSIPATION 

The l a r g e  shea r ing  s t r e s s e s ,  equated t o  v e r t i c a l  momentum f luxes  

i n  Chapter 111, suggest  a cons iderable  small-scale  a c t i v i t y  of t he  same 

order  of magnitude a s  t h e  synopt ic  s c a l e  motions. These cases ,  then ,  

p re sen t  an opportuni ty 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  

of energy equat ions such a s  those  used by Kung (1966, 1969) t o  a l l  

s c a l e s  of motion. 

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  

product of v e l o c i t y  and f r i c t i o n a l  f o r c e  could no t  be accomplished a t  

any one i n s t a n t  of t ime due t o  t h e  apparent  v e r t i c a l  f l u x  by g rav i ty  

waves. Consequently, 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 he  

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

R e i t e r ' s  (1969) mathematical symbolism has aga in  been used i n  (5.1) t o  

i n d i c a t e  t h e  computational procedure. The f i r s t  term on t h e  r i g h t -  

hand s i d e  r ep re sen t s  t h e  l o c a l  change of k i n e t i c  energy with t ime; 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 re s su re  su r f aces ;  t h e  last term, t h e  genera t ion  of k i n e t i c  

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

k i n e t i c  energy, (u2 + v2),  per  u n i t  mass. 



Kine t i c  Energy Computational Resu l t s  

The r e s u l t s  of  applying t h e  pressure-coordinate  k i n e t i c  energy 

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 GiT :.larch 8-12, 

1969. The l o c a l  change ( f i r s t  column) is  d i r e c t l y  c a l c u l a t e d ;  t h e  

d i s s i p a t i o n  ( l a s t  column) i s  t h e  r e s i d u a l  of a l l  t h e  o t h e r  colunns. 

The es t imated  e r r o r  i n t e r v a l  f o r  each term has  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 t h e  k i n e t i c  energy t e r m s  

i n  Figure 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  terms. 

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

5.2 r e f l e c t  t h e  l o c a l  changes cha rac t e r i zed  i n  Table 5.1. The l a r g e  

l o c a l  chanse inc rease  ind ica t ed  i n  t he  t a b l e  at  300 and 400 mb a t  

1800 GlT March 8 agrees  wi th  the  changing p r o f i l e  r e s u l t i n g  i n  sha rp ly  

increased  mean winds found on ?larch 9 at  upper levels. Decreasing 

l o c a l  changes centered  a t  300 mb on March 10 and 11 i n d i c a t e  t h e  reduc- 

t i o n  i n  zonal flow found i n  t h e  p r o f i l e s  on March 11 and 1 2 ,  1969. 

Except f o r  March 10, a  n e t  outflow of k i n e t i c  energy occurred 

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

from downstream outflow a t  considerably h igher  v e l o c i t y  than t h e  up- 

stream inflow (see  Figure 5.2).  The v e r t i c a l  convergence term included 

only synoptic-scale  eddies  and mean v e r t i c a l  m a s s  f l u x ;  no analogy 

e x i s t e d  i n  t he  s e t  of terms i n  (5.1) f o r  subgr id  f luxes  a s  compared 

t o  t he  shea r ing  s t r e s s  term i n  the  momentum equat ions (3.8 and 3.9).  

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

equat ions .  

Generation on March 8 proved extremely l a r g e  when conpared t o  

long term means (Kung, 19671, occurr ing  through a deep l a y e r  from 
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Table 5.1. Continued 

Level Local Horizoatal Vert ical  Generation Diesipation 
(mb ) change convergence convergence 

1800 GMT March 11, 1969 
100 -0.8 -8.0 4.2 4.2 1.2 
150 -1.8 -2.6 9.2 3.9 12.3 
200 -5.2 -24 4 13.7 13.7 8.2 
300 -13.3 -13.5 -15.4 12.4 -3.2 
400 -2.7 -10.3 -4.2 2.5 -9.3 
500 -1.0 -2.2 1.7 0.1 0.6 
700 -0.5 -0.5 0.7 1.6 2.3 

TOTAL -23.5k2.4 -51.8k7.2 1.2k0.2 32.2k2.9 5.3k10.7 

1800 GMT March 1 2 ,  1969 
100 -7.3 7.4 -15.1 13.1 1 2 . 7  
150 1.6 -6.0 -6.7 15 .O 0.7 
200 9.5 -7.3 12.0 3.9 -0.9 
300 7.0 -1.2 5.6 1.1 -1.5 
400 3.1 -3.7 2.2 3.3 -1.3 
500 0.4 -6.4 0.8 5.8 -0.2 
700 -0.5 -1.4 -0.3 1.6 0.4 

TOTAL 14.0k1.4 -21.7k3.0 6.6k1.1 32.9k3.0 3.7i8.5 

* 
For an explanation of the e r r o r  analysis ,  see  Appendix A, 
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Figure  5 . 2 .  V e r t i c a l  p r o f i l e s  of t h e  mean zonal wind velo- 
-1 

c i t y  f o r  t h e  r eg ion  of s tudy  i n  meters s e c  . The 

s o l i d  l i n e  i s  f o r  t h e  e n t i r e  r eg ion ;  t h e  dashed l i n e  

i s  f o r  t h e  wes tern  boundary; t h e  dot-dashed l i n e  i s  f o r  

t h e  e a s t e r n  boundary. 



Figures 5.3(a) and (b). Streamline analysis for 700 mb (a) 
and 500 mb (b) for 1800 GMT March 8, 1969. 
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Zigures 5.4(a) and (b) . Streamline analysis for 730 mb (a) 
and 500 mb (b) for 1800 GMT March 10, 1969. 



175 t o  600 mb. The genera t ion  r a t e  diminished by 1800 GMT March 9 ,  

wi th  a maximum again  a t  400 mb, becoming negat ive  except f o r  the  lowest 

l a y e r  by 1800 GMT March 10.  The l e v e l  of maximum genera t ion  occurred 

a t  200 mb on March 11 and a t  150 mb and 500 mb on March 12.  

The l e v e l  of maximum h o r i z o n t a l  divergence was by no measure 

uniformly l o c a t e d ,  a s  shown i n  t h e  second column. A maximum was found 

a t  500 mb on March 8 ,  300 mb on March 9 ,  200 mb on March 10 and 11, and 

aga in  a t  500 mb on March 12. Only on March 10 d i d  apprec iab le  i n f l u x  

through v e r t i c a l  boundaries take  p l ace .  Figures  5 .3(a)  and (b) and 

5 .4(a)  and (b) i l l u s t r a t e  t h e  backing of t h e  wind along t h e  southern  

boundary of t h e  computational reg ion  between March 8 and March 10. A t  

700 mb t h i s  caused a l i n e  of convergence along t h e  nor thern  edge of t h e  

reg ion  on March 10;  a t  500 mb t h e  convergence was confined t o  t h e  

no r theas t e rn  po r t ion ,  over Oklahoma and no r the rn  Texas. 

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

- 2 
ranging from over 21 wa t t s  m on March 8 t o  a "negative" d i s s i p a t i o n  

r a t e  of over 29 w a t t s  m-L on March 10.  A f u r t h e r  d i scuss ion  and i n t e r -  

p r e t a t i o n  of t h i s  phenomenon w i l l  be  found i n  Chapter V I .  I f  an  aver- 

age over  t h e  volume f o r  a l l  days i s  taken,  a mean r a t e  of d i s s i p a t i o n  

of 1.1 wat t s  m-' fol lows.  

For comparison wi th  t h e  va lues  computed h e r e ,  t a b l e  5.2 i nd i -  

c a t e s  a range of va lues  f o r  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  atmosphere 

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

mean, and a r e  presented i n  two l a y e r  th icknesses  f o r  comparison with 

t h e  va lues  computed by Trout and Panofsky (1969) i n  t h e  upper tropo- 

sphere.  The va lue  ind ica t ed  by (*) i s  an average over time of t he  

r e s i d u a l  d i s s i p a t i o n  computed he re  i n  p re s su re  coord ina tes ;  t he  value 



shown by (t) is an average of t h e  d i r e c t  c a l c u l a t i o n  of d i s s i p a t i o n  

f o r  four  days computed he re  i n  i s e n t r o p i c  coordinates .  

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  the  f r e e  atmosphere 

F r i c t i o n a l  Diss ipa t ion  i n  I sen t rop ic  Coordinates 

A d i r e c t  ca l cu la t ion  of f r i c t i o n a l  d i s s i p a t i o n  i n  pressure  co- 

ord ina tes  leads  t o  spurious r e s u l t s  because of t h e  na tu re  of the  s t r e s s  

gradient .  Consequently, a  computation of D i n  i s e n t r o p i c  coordinates  

was undertaken. The s t r e s s  computations i n  t h i s  coordina te  system a l s o  

serve  a s  a  check on the  previous c a l c u l a t i o n s ,  which were performed i n  

- 
- 2 

Va t t s  m 

2.28 

1.28 

1.32 

1.44 

6.2 

0.92 

1.09 

5.10 
I 

-- 

Author 

Kung (1969) 

Trout and Panofsky (1969) 

E l l saesse r  (1969) 

Holopainen (1963) 

Jensen (1961) 

(*I 
(f) 

a pressure  coordinate system. 

The equations of motion f o r  i s e n t r o p i c  su r faces  a r e  

Layer 

750-70 mb 

25,000-40,000 f t  

25,000-40,000 f t 

700-100 mb 

900-200 I& 

925-100 mb 

775-75 mb 

700-250 nb 



where M is  t h e  Montgomery s t ream func t ion .  I f  no apprec iab le  v e r t i c a l  

mass f luxes  take  p l ace ,  d i a b a t i c  e f f e c t s  a r e  sma l l ,  and i f  condensation 

o r  evapora t ion  a r e  minimal, motion may be considered a d i a b a t i c .  For 

t he  cases  i n v e s t i g a t e d  he re ,  t hese  condi t ions  were appl ied  t o  t he  use 

of t he  Montgomery s t ream func t ion  but  no t  t o  t h e  i n e r t i a l  term. I n  t he  

t ransformation t o  i s e n t r o p i c  coord ina tes ,  i t  has been assumed t h a t  

and v v v z P 9 

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

where the  s u b s c r i p t  0 i n d i c a t e s  computations i n  i s e n t r o p i c  coord ina tes .  

The d i r e c t  c a l c u l a t i o n  of d i s s i p a t i o n ,  through a  l a y e r  from 

about 700 mb t o  250 mb, y ie lded  5.1 wa t t s  m-2 when averaged over  a l l  

l e v e l s  f o r  t h e  four  time per iods .  

The v e r t i c a l  p r o f i l e s  of zonal shea r ing  s t r e s s  ca l cu la t ed  i n  

i s e n t r o p i c  coordinates  and presented  i n  Figure 5.5 approximate those 

shown i n  Figure 3.2 f o r  t h e  p re s su re  coord ina te  system. Using the  con- 

vent ion  of equat ing  s t r e s s  t o  v e r t i c a l  eddy f l u x  of momentum, t h e  pro- 

f i l e  f o r  0000 GMT 2.Iarch 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  divergence 

p a t t e r n s  a s  1800 GMT March 8. The v e r t i c a l  f l u x  convergences a t  

0000 March 10 and 11 were lower when ca l cu la t ed  i n  t he  i s e n t r o p i c  

coord ina tes  than those  computed i n  p re s su re  coord ina tes  f o r  1800 GMT 



March 9 and 10 respectively; the two coordinate systems reach good 

agreement for 0000 GHT March 12 and 1800 GMT March 11, 1969. 

I t I ~ ~ 1  
-1.0 0 I .o 

March 9. 1969 

- 

1 

I 1  

-1.0 0 II) 
March 12. 1969 

Figure 5 . 5 .  Vertical profiles of stress  (T ) i n  
-1 -2 x,e 

units of kgm m sec for 0000 GMT on days indi- 

cated, computed i n  isentropic coordinates. Multi- 
-2 ply by 10 t o  obtain dynes cm . 



V I .  INTERPRETATION OF CONPUTATIONAL RESULTS 

The l a r g e  zonal  s t r e s s  g rad ien t s  ca l cu la t ed  f o r  March 9-12, 

1969 ind ica t ed  a  v e r t i c a l  f l u x  on subgr id  s c a l e s  aga ins t  t h e  momentum 

g rad ien t .  Concurrently,  t h e  genera t ion  and d i s s i p a t i o n  of k i n e t i c  

energy underwent a  change from l a r g e  p o s i t i v e  va lues  on March 8 t o  

l a r g e r  nega t ive  va lues  on March 10,  becoming p o s i t i v e  on March 11 and 

12 again.  The counter-gradient  f l u x  became most i n t e n s e  when t h e  

broad uniform wes ter ly  flow e n t e r i n g  t h e  southwestern United S t a t e s  

s t rengthened and developed a  high-veloci ty  j e t  maximum over  Arizona 

and New Mexico. 

The abrupt r e v e r s a l  i n  t h e  d i r e c t i o n  of v e r t i c a l  f l u x  of 

zonal momentum a s  i nd ica t ed  by computed shea r ing  s t r e s s e s  (see Figure 

3 . 2 )  accompanied the  appearance of l a r g e  a reas  of wave s t r u c t u r e  photo- 

graphed dur ing  the  Apollo I X  f l i g h t  on March 9 ,  1969. Unfortunately no 

cloud p i c t u r e s  were taken March 10,  but  photographs of t h e  southwestern 

United S t a t e s  on March 11 and 12  i nd ica t ed  t h a t  t h e  wave popula t ion  had 

diminished p r i o r  t o  1800 G14T March 11, 1969. The l i f e  cyc le  of t h e  

wave populat ion can be  viewed a s  p a r a l l e l  t o  an "energy genera t ion  

cycle"  exh ib i t ed  i n  Table 5.1,  sugges t ing  a  r e l a t i o n s h i p  between t h e  

subgrid-scale  waves and the  synoptic-scale  energy computations. 

Momentum Transport  

Momentum f l u x  down t h e  gradien t  on s c a l e s  from cent imeters  t o  

k i lometers  can be represented  by exchange c o e f f i c i e n t s  and i s  genera l ly  

known a s  "K-type" t r a n s f e r ,  o r  F ick ian  d i f f u s i o n .  Cumulus clouds,  

while  they may t r a n s p o r t  hea t  aga ins t  t h e  g rad ien t  of p o t e n t i a l  



temperature, a l s o  act t o  r e d i s t r i b u t e  momentum by turbulent  processes 

down t h e  gradient;  cumulus processes do no t ,  however, exh ib i t  a func- 

t i o n a l  dependence on t h e  mean wind shear.  

Momentum, however, can be transported agains t  t h e  gradient ,  

contras t ing  with t h e  t r anspor t  of passive scalars. This phenomenon is  

sometimes ca l l ed  "negative v iscos i ty"  and has become t h e  object  of in-  

creas ing i n t e r e s t  i n  t h e  pas t  few years  (Star 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 ta tes  on March 8, 9 ,  

and 10, 1969 contained s u b s t a n t i a l  shears  i n  t h e  upper ha l f  of t h e  

tropopause, e f f e c t i v e l y  preventing upward turbulent  v e r t i c a l  f l u x  of 

zonal momentum by eddy mixing. I n  such regions where eddy turbulent  

momentum t ranspor t  is  inh ib i t ed ,  t h e  t r a n s f e r  may plaus ibly  be fu l -  

f i 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 ,  turbulence and 

i n t e r n a l  gravi ty  waves coexis t ;  a nonlinear coupling between them 

causes energy t o  be exchanged between waves and turbulent  eddies. The 

e f f e c t s  of such small-scale mechanisms on the  synoptic-scale c i rcula-  

t i o n  a r e  poorly understood (Sawyer, 1959). Perturbations i n  a s tably-  

s t r a t i f i e d  atmosphere caused d i r e c t l y  by topography include small-scale 

turbulence i n  the  lower troposphere and gravi ty  o s c i l l a t i o n s  which may 

extend upwards a s  f a r  as  t h e  s t ra tosphere .  The gravi ty  waves, of ten  

with very l a rge  displacements over mountainous t e r r a i n ,  sometimes form 

i n t o  t r a i n s  of l e e  waves. Large shearing s t r e s s e s  associated with the  
I 

waves i n  s t a b l e  layers  extend upward i n t o  the  high troposphere; i t  i s  

general ly believed t h a t  these stresses exc i t e  gravi ty  waves which 

propagate v e r t i c a l l y .  These waves t ranspor t  momentum and energy upward 



o r  downward without  concomitant mass t r a n s p o r t  except where s h o r t e r  

"breaking" waves, o r  b i l l ows ,  may occur ,  superimposed on t h e  longer  

waves. 

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

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  and develop i n  

t h e  streamflow. Bretherton (1969a; 1969b) es t imated  t h a t  t h e  upward 

t r a n s p o r t  of h o r i z o n t a l  momentum as soc ia t ed  wi th  such int:ernal g r a v i t y  

waves could be q u i t e  l a r g e ,  poss ib ly  changing t h e  c h a r a c t e r i s t i c s  of 

t h e  mean flow t o  g rea t  he igh t s .  

Since waves i n t e r a c t  wi th  turbulence  weakly i n  a  nonl inear  way, 

and only under c e r t a i n  r e s t r i c t i v e  cond i t i ons ,  i t  is  admissable t o  

cons ider  waves i n i t i a l l y  as d i s t i n c t  from turbulence  even though they 

a r e  u sua l ly  present  t oge the r  (Busch, 1969). A simple mathematical 

development of g r a v i t y  waves presented  he re  w i l l  a i d  i n  t h e  explana t ion  

of t h e  computational r e s u l t s  given i n  t h e  t h r e e  previous chap te r s .  The 

development (El iassen  and Palm, 1960) al lows a  v e r t i c a l  shea r  of t h e  

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

buoyant energy and v e r t i c a l  t r a n s p o r t  of energy and h o r i z o n t a l  momen- 

tum follow. 

The pe r tu rba t ion  equat ions  assume a  p iezot ropy  c o e f f i c i e n t  

-3. 
i n  which d  i s  t h e  ind iv idua l  d i f f e r e n t i a l ;  y * i s  t h e  v e l o c i t y  of sound. 

The flow i s  f i r s t  taken a s  a  s t r a i g h t  cu r r en t  p a r a l l e l  t o  t h e  x-axis 

and a  func t ion  of he igh 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 re s su re  and dens i ty  becomes 



when t h e  subsc r ip t  represents  t h e  b a s i c  current  c h a r a c t e r i s t i c s .  The 
0 

densi ty  s t r a t i f i c a t i o n  

leads t o  a v e r t i c a l  densi ty  gradient  i n  the  form 

The Brunt-VZiisHlt (buoyancy) frequency (v o ) , representa t ive  of 

t h e  s t a t i c  s t a b i l i t y  of t h e  flow, is then 

This wave motion behaves independently of y and is constrained t o  a c t  

i n  the  xz-plane with a v e r t i c a l  displacement z ' ,  per turbat ion velo- 

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

carding a l l  but f i r s t -o rder  terms, t h e  following r e s u l t s :  

Subst i tu t ing t h i s  expression f o r  densi ty  i n t o  t h e  equations of motion, 

they become, f o r  s t a t ionary  flow, 

and 

a d  a u w ' + . z  = 0 
'0' + Po az ax 

awl  
PoU ax + p 0 v2z' 0 + % +  ygp = 0 . 



The con t inu i ty  equat ion  i s  

where 

Af te r  mul t ip ly ing  t h e  equat ions  of motion by u'and w'respec- 

t i v e l y  and t h e  equat ion  of con t inu i ty  by p ,  and adding, t he  wave 

equat ion  i s  

The right-hand s i d e  of (6.11) r ep re sen t s  a source of wave energy 

through t h e  conversion of k i n e t i c  energy of t h e  mean cu r ren t  and can 

be e i t h e r  p o s i t i v e  o r  nega t ive .  The d e f i n i t i o n  

1 
s e t s  E equal  t o  t h e  wave energy per  u n i t  volume; - p [ ( u ' l 2  + ( w ' ) ~ ]  i s  

2 0 

1 
t h e  k i n e t i c  p a r t  and 7 p o ( v ~ z l  + Y~;2P2)  s t ands  f o r  t h e  a v a i l a b l e  

p o t e n t i a l  and i n t e r n a l  energ ies .  

The f i r s t  term on the  lef t -hand s i d e  of (6.11) measures t h e  

h o r i z o n t a l  f l u x  divergence through v e r t i c a l  boundaries;  t h e  second 

measures t h e  v e r t i c a l  divergence through h o r i z o n t a l  su r f aces .  Multi- 

p ly ing  by (p0uu' + p) and i n t e g r a t i n g  over  x from - - t o  + -, ( 6 . 7 )  

becomes 

CO CO 

1 pw'dx = - UpO 1 u'w'dx ; 
-m -CO 



in tegra t ion  of (6.11) with respect  t o  x from - - t o  + y i e l d s  

f o r  t h e  case of lack of resonance. 

Thus, i n  a l ayer  i n  which U # 0,  t h e  v e r t i c a l  f l u x  of energy 

v a r i e s  with height  i n  proport ion t o  U; sources of wave energy vary with 

height  i n  proport ion t o  a U /  Further,  i f  U is everywhere p o s i t i v e  i n  
az' 

the  l ayer ,  t h e  v e r t i c a l  f l u x  of energy takes a d i r e c t i o n  opposite  t o  

t h e  v e r t i c a l  f l u x  of momentum; i.e., i f  energy is t rans fe r red  downward, 

momentum flows upward by wave act ion.  

-4 
I n  Fourier representa t ion,  i t  can be shown t h a t ,  where U<<y , 

f o r  a s i n g l e  component i n  mountain waves where U # 0 ,  

depends upon the  t i l t  of t h e  waves with height .  I f  t h e  wave ax i s  t i l t s  

downstream with height ,  per turbat ion energy flows downward and momen- 

tum upward; i f  U increases with height ,  t h e  k i n e t i c  energy of the  wave 

motion converts i n t o  mean motion. Conversely, i f  t h e  a x i s  t i l t s  up- 

stream with height ,  per turbat ion energy flows upward, momentum down- 

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

The downstream til t  with height  of t h e  wave ax i s  is compatible 

with e a s t e r l y  a i r  flow i n  the lower l eve l s  and westerly flow a t  upper 

tropospheric l e v e l s ;  upstream tilt follows with westerly flow extending 

upward from t h e  surface  layers  (R. S. Scorer, personal  communication). 

The streamline analys is  of planetary boundary-layer winds (Figure 6 . la)  
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Figures 6.1 (a) and (b) . Streamline analysis for flow 
in the lowest 100 mb of the atmosphere for 
0000 GMT March 9 (a) and ?larch 10 (b) , 1969. 



fo r  0000 GNT March 9, 1969 exhibi ts  the  westerly flow typ ica l  of up- 

stream tilt; the analysis f o r  0000 G3fT March 10, 1969 shows the  con- 

t r a s t i n g  eas te r ly  flow i n  the  lowest 100 mb of the  atmosphere over 

western Texas and New Mexico (Figure 6.lb). In  these analyses the  

available 1800 GMT March 8 and 1800 GMT March 9 p i l o t  balloon data  w e r e  

added t o  the  0000 GMT March 9 and 000 GMT March 10 rawinsonde data ,  

respectively. 

The eas te r ly  boundary-layer flow resul ted from a southward 

plunge of cold a i r  east of the  Rocky Mountains and corresponded t o  a 

negative zonal shearing stress i n  the  atmosphere (upward momentum 

t ransfe r ) .  Westerly flow a t  0000 G?!lT &rch 9 corresponded t o  a posi- 

t i v e  zonal shearing s t r e s s  and downward t ransfe r ,  as reported i n  

Chapter 111. 

Zonal Shearing Stresses 

Zonal shearing stresses i n  the  atmosphere a t  the  top of the  

-2 
planetary boundary layer  averaged as  high as  2.5 newtons m , o r  

-2 
25 dynes cm , on occasion, when measured i n  a pressure coordinate 

system. Local values over the high mountains i n  cen t ra l  and east-  

cen t ra l  New Mexico reached as much as four times the  average. The 

stresses for  the same period computed i n  isentropic  coordinates were 

somewhat smaller but of the  same order of magnitude and of the  same 

sign. 

Current l i t e r a t u r e  on surface s t r e s s  values allows a wide l a t i -  

tude fo r  comparison but considerably fewer values a r e  avai lable  fo r  the 

f r ee  atmosphere. Riehl and Baer (1964) computed the February, 1960, 

mean surface s t r e s s  over the North American mountain region a t  about 



-2 
15 dynes cm . The reg ion  f o r  t h e i r  computations covered but  2.5% of 

t h e  p o l a r  cap nor th  of 28' N l a t i t u d e  and cont r ibu ted  25.8% of t he  

t o t a l  s t r e s s  f o r  t h e  cap. The magnitude of t h e  mean low-level zonal 

s t r e s s e s  computed h e r e  approximates t h e  magnitude of t h e  va lues  com- 

puted by Riehl  and Baer. Riehl  and Baer a l s o  found negat ive  zonal 

s t r e s s e s  i n  some in s t ances .  

Blumen (1965), using a wave model f o r  a i r f l o w  over a l i n e  of 

equally-spaced c i r c u l a r  mountains, achieved a s u r f a c e  s t r e s s  of 

-2 16 dynes cm wi th  a wave amplitude of 300 meters.  Since t h e  s t r e s s  

due t o  wave drag inc reases  according t o  t h e  square  of t h e  amplitude, an 

amplitude of about 800 meters i n  t h e  same model would approximate t h e  

s t r e s s  computed over  c e n t r a l  New Mexico a t  1800 GMT March 10 ,  1969. 

Thus, t he  s t r e s s  va lues  presented  i n  Figure 3.2 a r e  on t h e  same o rde r  

a s  s t r e s s  over rugged t e r r a i n .  Sawyer (1959) es t imated  t h a t  about one- 

h a l f  of t h e  s t r e s s  i s  i n  t h e  lowest 3 km of t h e  atmosphere wi th  t h e  

remainder d i s t r i b u t e d  over t h e  upper t roposphere and t h e  s t r a t o s p h e r e .  

-1 
H i s  computation of wave drag  i n  a flow of 20 m s e c  over a 300 m 

- 2 
b a r r i e r  i nd ica t ed  a s t r e s s  of 7.6 dynes cm at  t h e  su r f ace .  Surface 

f r i c t i o n a l  s t r e s s  va lues  l i s t e d  by Sawyer f o r  var ious  types  of t e r r a i n  

covered more than one order  of magnitude. 

V o r t i c i t y  con t r ibu t ions  by s t r e s s e s  i n  t h e  atmosphere ( see  

-2 -2 
Table 4.1,  l a s t  column) reached 4 x kgm m s e c  (4 x 1f7 

-2 
gm s e c  cm-2) on March 9 ,  1969, reducing t h e  v o r r i c i t y  a t  1800 GMT 

March 8 and inc reas ing  i t  a t  1800 GMT March 9. This  compared favorably 

wi th  v o r t i c i t i e s  due t o  t h e  wave drag  ca l cu la t ed  by Sawyer (1959) of 

-2 -2 -2 -2 
1.5 x gm s e c  cm (1.5 x kgm m s e c  ) . I n  t h e  two cases  



selected here fo r  vo r t i c i t y  budget computations, the  s t r e s s  term and 

the twisting term w e r e  su f f i c i en t ly  l a rge  t o  demand inclusion; ignoring 

e i t he r  of these terms would have led  t o  subs tan t ia l  d i f f i c u l t y  i n  estab- 

l i sh ing  vo r t i c i t y  balance. The vo r t i c i t y  budget calculations indicated 

the  consistency of the stress gradient computations discussed i n  

Chapter 111. 

Kinetic Energy and the  Energy Cycle 

The k ine t i c  energies calculated f o r  March 8, 9,  and 10, 1969 

strongly suggested a cycle i n t h e  generation of k ine t i c  energy. A t o t a l  

-2 
diss ipat ion of about 21 watts  m would have been required t o  balance 

the energy budget fo r  1800 GMT March 8;  a generation, o r  "negative 

dissipation" of about 29 watts  m2 was needed f o r  1800 GMT March 10 

(see Table 5.1). While the  residual (dissipation) displayed s izeable  

e r ro r  limits, the  s ign of the  res idual  was established.  The r o l e  of 

in te rna l  gravity waves i n  the  energy cycle was investigated through a 

calculation of the  buoyant po ten t ia l  energy s tored i n  the  density var i -  

at ions of the waves. 

A comparison of the Bolgiano and the Lumley-Shur buoyancy sub- 

range theories by 0. M. Ph i l l ips  (1967) t reated the basic  assumptions 

of these theories.  I f  the  mean density d i s t r ibu t ion  is s t a t i c a l l y  

s tab le ,  the  working of ve r t i ca l  motions against  buoyant forces can act  

as  a s ink on the subgrid sca le  t o  the  energy of the  mean and turbulent 

flow. When the  a r ea l  extent of the wave population reaches the syn- 

op t ic  sca le ,  i t  is reasonable t o  expect t ha t  the avai lable  po ten t ia l  

energy i n  the  waves w i l l  have an impact on the  k ine t i c  energy budget. 



The removal of energy from a tu rbu len t  flow f i e l d ,  and the  

t ransformat ion  of t h e  energy, has  been t r e a t e d  by Bolgiano (1962). He 

assumed a d i a b a t i c  processes  i n  developing t h e  equat ions  of motion f o r  

mountain-perturbed flow i n  s t a b l e  s t r a t i f i c a t i o n s .  He introduced poten- 

t i a l  dens i ty  ( p  = pIRe) and density-normalized p re s su re ;  thus t h e  ad ia-  

b a t i c  assumption became a conserva t ion  s tatement  f o r  t h e  p o t e n t i a l  

dens i ty .  Nonlinear i n t e r a c t i o n s  were neglec ted  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 teady  processes .  The 

fol lowing r e l a t i o n s h i p  ob ta ins :  

where u' p ' , and p'  a r e  l o c a l  dev ia t ions  a t  xi. i ' 
The time change i n  t u rbu len t  k i n e t i c  energy ( lef t -hand s i d e )  

depends upon (1) product ion through i n t e r a c t i o n  of t h e  shea r ing  s t r e s s  

and t h e  shea r  of t h e  mean flow; ( 2 )  t h e  a c t i o n  of g r a v i t a t i o n a l  fo rces  

( t h i r d  term on the  right-hand s i d e ) ;  and (3)  c ,  t h e  d i s s i p a t i o n  due t o  

viscous fo rces .  The second term on t h e  right-hand s i d e  accounts f o r  

i n t e r a c t i o n  between the  components of motion. 

The g r a v i t a t i o n a l  term 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  tu rbu len t  f i e l d  by work done aga ins t  t h e  buoyant fo rces .  

I f  t h e  energy reaches s teady s t a t e ,  t h e  f i r s t  term on the  right-hand 

s i d e  of (6.14) equals  t h e  s to rage  i n  t h e  buoyancy term and t h e  viscous 

d i s s i p a t i o n .  The s to rage  term rep resen t s  p o t e n t i a l  energy t h a t  would 



be released by the  re turn of a l l  f l u i d  elements t o  equilibrium leve l  

without l o s s  of buoyancy. Per un i t  mass, t h i s  is 

where d;ldz represents the  v e r t i c a l  gradient of the  mean poten t ia l  

density;  p t  is the  density deviation from the  base density po. When 

the  wave s t ruc tu r e  erodes by the  action of breaking waves, o r  bil lows,  

a ce r ta in  amount of mixing i n  the  region occurs. (6.17) corresponds 

t o  the  buoyant po ten t ia l  energy i n  the t h i r d  term on the  right-hand 

s ide  of (6.12). 

Potent ia l  Energy of Waves 

An approximation of the  amount of po t en t i a l  energy contained i n  

the density deviations of a wave population requires (1) an est imate of 

the a r ea l  coverage of the waves; (2) a knowledge of the  atmospheric 

s t a b i l i t i e s  i n  the  wave region, and (3) reasonable estimates of the 

wave amplitudes. 

The Apollo I X  photographs serve t o  give a f i rs t -order  estimate 

of the  wave population over western Texas and New Mexico. The area  

ABCFED i n  Figure 2.3 exhibi ts  wave s t ruc tu r e  at  two levels :  waves a t  

A and billows at  116W 35 25N can be seen i n  Figure 2.4; and waves a r e  

apparent a t  A i n  Figure 2.5. Longer l e e  waves a t  A i n  Figure 6.2 

extend downstream from the jet stream cloud i n t o  western Texas where 

they appear a t  A i n  Figure 6.3. Billow clouds with a wavelength of 

about 500 m are superimposed on the longer waves at B and upstream 



Figure 6 . 2 .  Apollo I X  photograph No. 3447, taken a t  
approximately 1804 GMT March 9 ,  1969. Lee wave 
clouds are v i s i b l e  a t  A; a cap cloud covers the 
mountain r idge  a t  B.  



Figure 6.3. Apollo I X  photograph No. 3294, taken a t  
approximately 1805 GMT March 9 ,  1969. Wave clouds 
a t  A a r e  i n  t h e  l e e  of t h e  mountains; b i l l ows  a t  
B a r e  superimposed on t h e  longer  waves. 



displacement of 350 m was assumed and t h e  Winslow and Albuquerque 

soundings taken a t  1200 GMT March 9 (approximately s i x  hours  p r i o r  t o  

t h e  photographic mission f o r  Apollo IX f o r  t h a t  day) were s e l e c t e d .  

An examination of t h e  moisture a v a i l a b l e  i n  t h e  s t a b l e  l a y e r s  a t  

Albuquerque ind ica t ed  a requi red  l i f t i n g  of 200 m f o r  condensation. 

The Winslow and Albuquerque soundings were d iv ided  i n t o  s e v e r a l  

l a y e r s  having uniform l a p s e  rates, and (6.17) w a s  app l i ed  t o  each l a y e r  

from 800 mb t o  t h e  tropopause. 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  6.7 x 10 jou le s  m at  Winslow and 9.3 x 10 5 

-2 5 - 2 
j ou l e s  m a t  Albuquerque, o r  an average of 8.0 x 10 jou le s  m 

8 -2 - 2 (8.0 x 10 e rgs  cm ) The 21 watts m i n d i c a t e d  as an energy r e s i d u a l  

5 
a t  1800 GMT March 8 could supply t h e  8.0 x 10 jou le s  f o r  30% of t h e  

s tudy reg ion  i n  a per iod  of 3.2 hours .  

D i s s ipa t ion  of Wave Energy 

The amplitudes of i n t e r n a l  g rav i ty  waves w i l l  cont inue t o  grow 

a s  long a s  energy i s  suppl ied ,  u n t i l  t h e  wave motion becomes p o t e n t i a l l y  

uns tab le .  Once i n s t a b i l i t y  occurs ,  patches of tu rbulence  w i l l  r e s u l t  

i n  l o s s  of energy through v iscous  d i s s i p a t i o n  t o  hea t  (0. M. P h i l l i p s ,  

1967). I f  energy i s  no longer  cont inuously suppl ied  t o  t h e  i n t e r n a l  

g rav i ty  waves t h e  motion w i l l  remain s t a b l e .  

Mesoscale f e a t u r e s  such a s  g r a v i t y  waves have been observed t o  

be s t a t i o n a r y  f o r  per iods  of one o r  s e v e r a l  hours  (Reed, 1969). Lee 

waves o f t e n  remain i n  p l ace  long enough f o r  two o r  more a i r c r a f t  pene- 

t r a t i o n s  (Vergeiner and L i l l y ,  1969). A s  a means of e s t ima t ing  t h e  

r a t e  a t  which t h e  energy supply exceeded s t a b i l i t y  l e v e l s  i n  t h e  



in te rna l  gravity waves and of determining the approximate period of 

persistence of the wave population, a synopsis of the c lear  a i r  turbu- 

lence reports was prepared. 

On March 8 during the t i m e  i n t e rva l  from 1800 t o  2000 @IT, 

l i g h t  t o  moderate turbulence w a s  reported over southeastern New Mexico 

and western Texas. Using Trout and panofsky's (1969) values of about 

2 -3 60 cm sec  over 50 nib of the mid-troposphere, t h i s  represented 

-2 3 watts m over an area approximating 10% of the study region, or  

-2 0.3 watts m averaged over the e n t i r e  region. 

A mixture of l i g h t ,  moderate, and severe c lear  air turbulence 

prevailed over central  and southern New Mexico, southeastern Arizona, 

and extreme w e s t e r n  Texas at 1800 t o  2000 GMT March 9. Using a value 

2 -3 of 85 cm sec  over 50 mb, again a t  mid-troposphere, t h i s  amounted t o  

-2 -2 4.2 watts m over about 30% of the region, o r  1.3 watts m average 

dissipation.  

The turbulence diminished t o  light-to-moderate over south- 

eastern Arizona and southern New Mexico on March 10, becoming l i g h t  

and patchy over cen t ra l  New Mexico and western Texas on March 11 and 12.  

The turbulence estimates indicate  t ha t  a maximum t ransfer  of 

energy t o  the gravity waves occurred on March 9, with lesser amounts on 

the succeeding three days. The t o t a l  E-type energy diss ipat ion i n  the 

turbulent areas was considerably less than the energy generation r a t e  

calculated f o r  1800 GMT March 8, 1969. 

An average over area and t i m e  of the residual i n  the k ine t ic  

energy calculation might be expected t o  y ie ld  a reasonable r a t e  of 

energy diss ipat ion t o  heat a t  each leve l  i n  the atmosphere i f  no 



mountains, sugges t ing  a  downwind t i l t  wi th  he igh t  of t h e  v e r t i c a l  

wave axes.  Mean va lues  of t h e  energy budget r e s i d u a l  a t  s tandard  

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  tropo- 

sphere  when zonal  momentum was t r anspor t ed  upward. 

Based on Apollo I X  photographs, t h e  a r e a l  coverage of 

g rav i ty  waves over  t h e  computational reg ion  was es t imated  a t  30%. 

Winslow, Arizona and Albuquerque, New Mexico soundings a t  1200 GMT 

March 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 contained 

i n  t h e  dens i ty  dev ia t ions  of t h e  waves. This energy t o t a l e d  8 x 10 5 

-2 
j ou l e s  m i n  t h e  wave a r e a  below t h e  tropopause f o r  an  est imated 

mean p a r t i c l e  displacement of 350 meters.  While t h e  e s t ima t ion  of 

t h i s  energy could be i n  e r r o r  by a  f a c t o r  of two o r  t h r e e ,  t h e  energy 

s i n k  i n  t h e  ex tens ive  wave popula t ion  was of t h e  same o rde r  of mag- 

n i t u d e  a s  t h e  synop t i c  s c a l e  energy genera t ion  and divergence.  

Clear  a i r  turbulence i n t e n s i t y  reached a  maximum dur ing  t h e  

g r e a t e s t  a r e a l  coverage of waves, decreas ing  i n  i n t e n s i t y  a s  t h e  

k i n e t i c  energy genera t ion  diminished and a s  t h e  wave popula t ion  

reduced. The "epsilon" energy l o s s  t o  h e a t  due t o  v iscous  fo rces  

w a s  es t imated  t o  be nea r ly  one order  of magnitude smal le r  than the  

synoptic-scale  energy genera t ion  dur ing  t h e  ex t ens ive  wave coverage, 

diminishing gradual ly  a s  t he  wave popula t ion  decreased. 

Conclusions 

Through t h e  a c t i o n  of l a r g e  a reas  of g rav i ty  waves with a  

downstream tilt  of t h e i r  v e r t i c a l  axes,  a  s u b s t a n t i a l  countergradien t  

f l u x  of zonal momentum can converge i n  t h e  upper t roposphere and 



lower s t r a tosphere  t o  maintain o r  increase  tropopause-level flow 

agains 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  extensive g rav i ty  wave p o ~ u l a t i o n s  can be l a r g e  enough 

t o  act as an energy s i n k  of t h e  same order  of magnitude a s  the  

synoptic-scale k i n e t i c  energy generation. 

Recommendations 

The study described here  supports  t h e  f e a s i b i l i t y  of acquiring 

mesoscale meteorological da ta  from a manned spacecraf 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  with synoptic 

scale phenomena. Trained observers on board spacecraf t ,  o r b i t i n g  t h e  

e a r t h  a t  a l t i t u d e s  of 200 t o  300 kilometers,  have t h e  advantage of  

being ab le  t o  recognize meteorological processes i n  t h e  context of 

severa l  sca les  of motion, and of s e l e c t i n g  areas  f o r  photography. The 

amount of da ta  obtained can be held commensurate with opera t ional  needs 

and inves t iga t iona l  purposes without overwhelming da ta  processing 

f a c i l i t i e s  with a great  deal  of extraneous information. 

I n  contras t  t o  the  fixed c a p a b i l i t i e s  of most unmanned weather 

satellites, the  manned spacecraf t  would be capable of opera t ional  

f l e x i b i l i t y .  High-resolution cameras i n  precis ion mountings could be 

programmed t o  record p a r t i c u l a r  areas  of i n t e r e s t  i n  s u f f i c i e n t  d e t a i l  

t o  provide near real-time information 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 

re la t ionsh ips  between atmospheric s c a l e s  of motion could be researched 

and incorporated i n t o  numerical models f o r  forecas t ing purposes. 



APPENDIX A 

Error  Analysis 

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 

use of two r u l e s :  

Rule A.  The percentage e r r o r  of t h e  product of numbers i s  t h e  

sum of t h e  percentage e r r o r s  of 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  

the  computation. 

Rule B. The n m e r i c a l  e r r o r  of a sum is  t h e  sum of t h e  numeri- 

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

The percentage e r r o r  of each term on t h e  right-hand s i d e  of 

equat ion  (5.1) was a r r i v e d  a t  through a logar i thmic  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 e  e r r o r  i n  t h e  f i r s t  term 

on t h e  right-hand s i d e  was 

where i t  was assumed t h a t  t he  v e l o c i t y  e r r o r  6v was 2 m sec - l  and the  

- 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 an e r r o r  of 10%. 

The second term i n  (5.1) conta ins  t h e  product Kc t h e  e r r o r  
n ' 

was then 

A mass balance was imposed on each l a y e r  f o r  each time pe r iod ,  

reducing t h e  e r r o r  i n  t h e  normal v e l o c i t y  component cn. Therefore 

- 1 
6c, was taken a s  1 m sec - l ,  and t h e  mean cn a s  25 m s e c  ; t h e  e r r o r  

was (10 + 4) %, o r  14%. 



The product of va r iab les  i n  t h e  t h i r d  term i n  (5.1) is  K ; 

t h e  e r r o r  becomes 

Assuming 6 w l U  at about a%, t h e  e r r o r  i n  t h i s  term w a s  taken t o  be 

(10 + 8 ) % ,  o r  18%. 

+ 
The l a s t  tern i n  (5.1) contains t h e  product V.Vz, with the  

e r r o r  

Estimating 6(Vz) at 5 m e t e r s  and using a mean Vz of 120 meters y i e l d s  

an e r r o r  of (5 + 4)%, o r  9%. 

I n  t a b l e  5 .1  the  t o t a l s  ( in tegra ted  over pressure)  f o r  each 

term i n  the  energy budget were mul t ip l ied  by t h e  appropriate per- 

centage t o  obtain the  numerical e r r o r ;  the  individual  e r r o r s  w e r e  added 

t o  give the  e r r o r  shown f o r  the  res idua l  (d iss ipat ion) .  




