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ABSTRACT 

A new t h e o r e t i c a l  study o f  t h e  m i g r a t i n g  d i u r n a l  thermal t i d e  was 

c a r r i e d  o u t  us ing  c l a s s i c a l  t i d a l  theory  and p l a c i n g  p a r t i c u l a r  emphasis 

upon t h e  response i n  t h e  t r o p i c a l  troposphere. Recent observat ional  

analyses i n d i c a t e  t h a t  preceding t h e o r e t i c a l  t reatments have been i n -  

adequate t o  p rov ide  even a  f i r s t - o r d e r  understanding o f  t h e  measurable 

t ropospher ic  d i u r n a l  v a r i a t i o n s .  Rather than r e s o r t i n g  t o  a  more 

soph i s t i ca ted  t h e o r e t i c a l  t reatment ,  i t  was hypothesized t h a t  a  more 

c a r e f u l  appl i c a t i o n  o f  c l a s s i c a l  t i d a l  theory  should be s u f f i c i e n t  t o  

p rov ide  a t  l e a s t  approximate agreement between the  theory  and t h e  obser- 

vat ions.  Three methodological  improvements were incorpora ted  i n t o  t h e  

c a l c u l a t i o n :  (1) a more rep resen ta t i ve  t ropospher ic  heat ing  func t i on ,  

(2) t h e  use o f  a  g rea te r  number of bas i s  f unc t i ons  t o  represent  t h e  

s t r u c t u r e  of t h e  heat ing,  and (3) g rea te r  h o r i z o n t a l  r e s o l u t i o n  i n  t h e  

r e s u l t s .  Also, r e s u l t s  were ob ta ined f o r  cases w i t h  r e a l i s t i c  atmo- 

spher ic  s t a t i c  s t a b i l i t y  p r o f i l e s .  Heat ing due t o  t h e  absorp t ion  o f  

shortwave r a d i a t i o n  by water vapor and ozone was considered t o  be t h e  

nr imary  f o r c i n g  mechanism. 

The present  r e s u l t s  were found t o  d i f f e r  s i g n i f i c a n t l y  from the  

most d e t a i  1  ed preceding t h e o r e t i c a l  t rea tment  ( L i  ndzen, 1967). An 

i n t e r e s t i n g  t i d a l  c i r c u l a t i o n  p a t t e r n  was d iscovered which opposes t h e  

Hadley c i r c u l a t i o n  a t  t h e  t ime o f  maximum heat ing. No phys i ca l  explana- 

t i o n  was found f o r  t h i s  phenomenon. The a d d i t i o n  o f  a  very approximate 
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cumulus hea t i ng  pa rame te r i za t i on  produced o n l y  a  10 t o  20% am l i t u d e  

inc rease  and a  one t o  two hour phase s h i f t  i n  t h e  d i u r n a l  va r  a t i ons .  i 
Comparisons t o  l o c a l  and reg iona l  observa t iona l  r e s u l t s  were i m  roved, 

b u t  s t i l l  remained d i s a p p o i n t i n g  -- presumably because o t h e r  e f l  t s  a re  

ope ra t i ng  on these scales. However, comparisons t o  t h r e e  , + t i n c t  

observa t iona l  analyses showed a  c o n s i s t e n t  f o u r  hour phase ere e 

between t h e  t h e o r e t i c a l  and observed temperature (and geopc -& :a l l  

v a r i a t i o n s .  The b e s t  comparison was t o  t h e  g loba l  sca le  d  * 

pe ra tu re  v a r i a t i o n  a n a l y s i s  o f  F o l t z  and Gray. It was conc lu  

progress has been made i n  p r o v i d i n g  a  t h e o r e t i c a l  understandin 

'' observed 

t 

g loba l  d i u r n a l  v a r i a t i o n s .  
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1. MOTIVATION FOR A NEW THEORETICAL STUDY OF THE DIURNAL T I D E  

To beg in  w i t h ,  i t  i s  e s s e n t i a l  t o  i d e n t i f y  and d i s t i n g u i s h  t h e  

p a r t i c u l a r  aspect  o f  t h e  atmospheric t i d e  which has been i nves t i ga ted .  

The r e s u l t s  o f  a s tudy  o f  t h e  m i g r a t i n g  d i u r n a l  thermal t i d e  a re  pre-  

sented i n  t h i s  r e p o r t .  I % 

It i s ,  f i r s t  o f  a1 1, t h e  t h e r m a l l y  f o r ced  component o f  t h e  atmo- 

spher ic  t i d e  which i s  t o  be discussed. Al though, j u s t  as i n  t h e  oceans, 

t he  g r a v i t a t i o n a l  f o r ces  o f  t h e  sun and moon produce a t i d a l  response i n  

t h e  atmosphere, t h i s  mechanism accounts f o r  o n l y  a minor  f r a c t i o n  o f  t h e  

observed atmospheric t i d e  (Chapman and L i  ndzen, 1970). Instead,  t h e  

atmospheric t i d a l  response i s  p r i m a r i l y  a response t o  thermal f o r c i n g .  

Very s imply ,  what happens i s  t h a t ,  when t h e  atmosphere i s  d i a b a t i c a l l y  

heated, i t  warms and expands, and t h e  wind components beg in  t o  a d j u s t  so 

as t o  be c o n s i s t e n t  w i t h  t h e  new temperature and geopoten t ia l  f i e l d s .  

I n  t h e  oppos i te  p a r t  o f  t h e  hea t i ng  cyc le ,  t h e r e  i s  a n e t  c o o l i n g  o f  t h e  

atmosphere, and i t  c o n t r a c t s  agai n. Computi ng t h e  dynamic response t o  

t h i s  d i a b a t i c  hea t i ng  on a r o t a t i n g  sphere w i t h  a r e a l i s t i c  atmospheric 

s t r u c t u r e  becomes a f a i r l y  compl icated problem. Th i s  i s  t h e  thermal 

t i d e  which i s  discussed i n  t h i s  r e p o r t .  I n  p a r t i c u l a r ,  t h r e e  components 

o f  thle d i a b a t i c  hea t i ng  w i l l  be considered: hea t i ng  due t o  t h e  absorp- 

t i o n  o f  shortwave r a d i a t i o n  by (1) water  vapor molecules and (2) ozone 

molecules, and hea t i ng  due t o  (3) l a t e n t  hea t  r e l ease  and p r e c i p i t a t i o n  



Second, i t  i s  o n l y  t h e  d i u r n a l  component o f  t h e  thermal t i t l e  which 

i s  considered. For any p a r t i c u l a r  f i x e d  p o i n t  i n  t h e  e a r t h ' s  atmo- 

sphere, t h e  curves rep resen t i ng  t h e  d a i l y  cyc les  o f  shortwave heat ing  

and l a t e n t  heat  re lease can be subjected t o  F o u r i e r  ana lys is .  The t i d a l  

response fo rced by t h e  f i r s t  non-constant F o u r i e r  component o f  t he  

hea t i ng  (which has a p e r i o d  o f  24 hours) i s  t h e  o n l y  component o f  t he  

thermal t i d e  considered i n  t h i s  r e p o r t .  

F i n a l l y ,  i t  i s  o n l y  t h e  "migra t ing"  component o f  t h e  d i u r n a l  t he r -  

mal t i d e  which i s  considered. Due t o  inhomogeneit ies around any par- 

t i c u l a r  l a t i t u d e  c i r c l e  (such as land/sea con t ras t s ,  va ry ing  olzone o r  

water vapor d i s t r i b u t i o n s ,  topography, v a r i a t i o n s  i n  t h e  d i  urnall c y c l e  

o f  l a t e n t  heat  re lease,  e t c . ) ,  t h e  ampl i tude o f  t h e  d i u r n a l  component o f  

t h e  thermal t i d e  w i l l  vary  around a l a t i t u d e  c i r c l e .  The curve rep- 

resen t i ng  t h i s  ampl i tude v a r i a t i o n  can a l s o  be subjected t o  Fou r ie r  

ana lys is .  Again, i t  i s  o n l y  t h e  f i r s t  non-constant component ( w i t h  a 

zonal wavenumber o f  one) which w i l l  be considered i n  t h i s  repo r t .  This  

component i s  c a l l  ed t h e  "migra t ing"  component because i t  propagates 

around t h e  e a r t h  i n  24 hours -- f o l l o w i n g  t h e  sun. None o f  ths! h igher  

o rder  components (which a l s o  migrate,  b u t  w i t h  slower v e l o c i t i s s )  have 

been s tud ied  i n  t h i s  t reatment .  

It i s  impor tan t  t o  remember e x a c t l y  what p a r t  o f  t h e  atmospheric 

t i d e  i t  i s  t h a t  i s  be ing  discussed. Many o f  t h e  s tandard c r i t i c i s m s  

. l e v i e d  aga ins t  t h e  type  o f  t i d a l  c a l c u l a t i o n  used i n  t h i s  research can 

,be obv ia ted  by r e t a i n i n g  a c l e a r  understanding o f  what i s  being con- 

s idered  here. Likewise, much confus ion  about t h e  meaning o f  t he  r e s u l t s  

of t h e  t i d a l  c a l c u l a t i o n  and o f  t h e  comparison between t h e  t h e o r e t i c a l  



r e s u l t s  and the  observed r e s u l t s  can be avoided by remembering t h a t  o n l y  

a very s p e c i f i c  component o f  the  d i u r n a l  thermal t i d e  i s  be ing  con- 

s idered  here. : , . ,  ) , 

It must a l s o  be mentioned a t  t h e  o u t s e t  here t h a t  t h i s  s tudy 

focused e x c l u s i v e l y  on t h e  t r oposphe r i c  t i d a l  response. H i s t o r i c a l  l y ,  

most of  t h e  a t t e n t i o n  rega rd ing  atmospheric m i g r a t i n g  t i d e s  has focused 

on two d i s t i n c t  aspects o f  t h e  meteoro log ica l  response: (1) t h e  wind 

and temperature changes i n  t h e  upper atmosphere ( i n  and above t h e  s t r a -  

tosphere),  and (2) t h e  sur face  p ressure  osc i  1  l a t i o n .  . *. ,. I 

The upper atmospheric t i d a l  response has been i n v e s t i g a t e d  because 

o f  t h e  r e l a t i v e l y  l a r g e  ampl i tude o f  t h e  t i d a l  v a r i a t i o n s  i n  t h a t  

reg ion.  Two f a c t o r s  a re  respons ib le  f o r  these l a r g e  ampl i tudes. F i r s t ,  

i n  t h e  s t ra tosphere ,  t h e  s u b s t a n t i a l  l o c a l  hea t i ng  due t o  t he  abso rp t i on  

o f  shortwave r a d i a t i o n  by ozone i s  i n  p a r t  respons ib le  f o r  t h e  l a r g e r  

s t r a t o s p h e r i c  ampl i tudes .  However, throughout  t h e  upper atmosphere 

(above t h e  troposphere),  these l a r g e  ampl i tudes a1 so r e s u l t ,  theore-  

t i c a l  l y ,  f rom t h e  conserva t ion  o f  energy f o r  v e r t i c a l l y  p ropagat ing  

waves. Th i s  causes t h e  ampl i tudes t o  inc rease  above t h e  f o r c i n g  reg ions  

as tlpe mean a i r  d e n s i t y  decreases; so t h a t  t o  a good approximat ion, 

ampl i  udes a re  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  mean t 
dens i t y .  Because o f  these 1 arge t i d a l  v a r i a t i o n s  , rocket-borne ob- 

se rv ing  systems have been ab le  t o  q u a n t i t a t i v e l y  measure t h e  d a i l y  

v a r i a b i  1  i ty  and v e r i f y  t h e  c l a s s i c a l  t i d a l  c a l c u l a t i o n s .  

The d a i l y  su r face  p ressure  v a r i a t i o n  i s  m i n i s c u l e  and s u b t l e  com- 

pared t o  t h e  p ressure  changes assoc ia ted  w i t h  synopt ic -sca le  systems i n  

m id - l a t i t udes ;  b u t  i n  t h e  t r o p i c s ,  t h e  semi-d iurnal  component of t he  

sur face  pressure v a r i a t i o n  i s  an obvious and dominat ing fea tu re .  By 
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d i f f e r e n t i a t i n g  between v e r t i c a l  propagat ion c h a r a c t e r i s t i c s  

o s c i l l a t i o n s  w i t h  var ious  per iods ,  t he  t i d a l  theory  has p ro  

f i c i e n t  as an exp lanat ion  f o r  t h e  dominance o f  t h e  semi-d iurnal  

' I  * ' . vapor  i s  located.  
I '  

I .Z 8 !I*  

The r e l a t i v e  neg lec t  o f  t h e  t ropospher ic  t i d e  probably  

. , ,p ressure  o s c i l l a t i o n  (as opposed t o  t h e  dominance o f  the  d i u r  a1 com- 

ponent i n  t h e  upper atmosphere) and t h e  dependence o f  i t s  amp1 t u d e  on 

l a t i t u d e .  Because surface pressure can be measured very a c c u r a t , l y ,  and 

because very  l ong  data records of sur face  pressure measurement 1 e x i s t  

i t  i s  a very use fu l  i n d i c a t o r  o f  t i d a l  a c t i v i t y .  

I 
By way o f  c o n t r a s t ,  t h e  s t r u c t u r e  o f  t h e  m i g r a t i n g  t i d e  w 

troposphere i t s e l f  has been g iven  very l i t t l e  a t t e n t i o n .  Th is  

seems paradoxica l  g iven  t h a t :  

(1) over 80% o f  t h e  atmosphere's mass i s  i n  t h e  t r o  

, ,: , + ;*I , (2) "weather", as commonly understood, i s conf  i ned p r i  
- ' Y  ' e  

t h e  troposphere, and t h e  a t t e n t i o n  d f  mokt meteor01 

p a r t  f rom t h e  very  low ampl i tude o f  t h e  s i g n a l .  Preceding c a l c  l a t i o n s  rr 

- , , P I  ' :! < 

l a r g e l y  r e s t r i c t e d  t o  t h e  troposphere; 

( 3 )  t h e  troposphere i s  t h e  most r e a d i l y  access ib le  regiorI1 

- ,  
, I atmosphere, and vas t  amounts o f  data have been c o l l c  

I 
I ' ' ' - '  t h e  troposphere; and 

(Lindzen, 1967) have suggested t y p i c a l  

cm/sec f o r  t h e  wes te r l y  wind component, 0 .1  K f o r  

;I 

o f  t he  

\ t e d  i n  
1 

cm/sec f o r  v e r t i c a l  v e l o c i t y .  Such smal l  ampl i tudes would he ~ , . y  

(4) a s i g n i f i c a n t  p o r t i o n  o f  t h e  e x c i t a t i o n  o f  t h e  s o l a r  m g r a t i n g  

- r l ,  . '  
I 

t i d e  occurs i n  t h e  troposphere, where t h e  b u l k  o f  t i e  water 

d i f f i c u l t  t o  measure accu ra te l y  by us ing  observat ions fro1 andard 



rawinsonde network; b u t  even w i t h  very  accurate measurements, t h e  t ropo-  

sphere i s  a  reg ion  cha rac te r i zed  by ub iqu i t ous  l a r g e  ampl i tude v a r i a -  

t i o n s  caused by many d i f f e r e n t  f a c t o r s ,  so t h a t  i t  would s t i l l  be d i f -  

f i c u l t  t o  i s o l a t e  t h a t  smal l  f r a c t i o n  o f  t he  v a r i a t i o n  f o r  which t h e  

1 .  ! I  d i u r n a l  t i d e  accounts. 

Perhaps another reason why t h e  t ropospher ic  t i d e  has n o t  been g iven  

much t h e o r e t i c a l  a t t e n t i o n  i s  t h a t  geographical  l y  1 ocal  i zed compl i c a t i  ng 

f a c t o r s  appear t o  have such a  s i g n i f i c a n t  impact. P a r t i c u l a r l y  over 

con t inents ,  sur face topography and sens ib le  heat  f l u x  from t h e  sur face 

a f f e c t  t h e  t i d a l  v a r i a t i o n s ,  as do a l s o  t h e  l o c a l  sea-breeze c i r c u l a -  

t i o n s  caused by con t ras t s  i n  t h e  thermal capac i t y  o f  t h e  e a r t h ' s  sur face 

a t  t h e  1  and/ocean boundary. Geographical v a r i a t i o n s  i n  t ropospher ic  

water vapor m ix ing  r a t i o  a f f e c t  t h e  l o c a l  d i a b a t i c  hea t i ng  due t o  ab- 

s o r p t i o n  o f  shortwave r a d i a t i o n .  Likewise, t h e  predominant l o c a l  t ime 

o f  thunderstorm a c t i v i t y  , heavy p r e c i p i t a t i o n ,  and, hence, o f  1  a t e n t  

heat re lease v a r i e s  from p lace  t o  p lace.  From a  study o f  i n l a n d  data, 

W a l l a c l ~  and Tadd (1974) concluded t h a t  such f a c t o r s  as these s t r o n g l y  

i n f  1  uence t h e  d i  u rna l  f 1  uc tua t i ons  throughout  t h e  troposphere over t h e  

Nor th  American con t i nen t .  One might  f u r t h e r  conclude t h a t  i f  indeed 

these f a c t o r s  a re  everywhere overwhelmingly dominant, t h e r e  might  be 

l i t t l e  usefulness i n  s tudy ing  such an i n s i g n i f i c a n t  component o f  t he  

d i u r n a l  t i d e  as t h e  one t r e a t e d  i n  t h i s  r e p o r t .  1 . I  

However, i t  was mainta ined as a  premise o f  t h i s  research t h a t  t he  

m i g r a t i n g  d i u r n a l  thermal t i d e  i s  - n o t  i n s i g n i f i c a n t  i n  t h e  troposphere. 

Furthermore, i t  was mainta ined (Chapman and Lindzen, 1970) t h a t ,  from a  

g loba l  perspec t ive ,  t h e  responses due t o  these i r r e g u l  a r l y  d i  s t r i  buted 

l o c a l  and reg iona l  f a c t o r s  should tend t o  d e s t r u c t i v e l y  i n t e r f e r e  



because t h e i r  phases are  so incoherent .  I f  t h i s  i s  t r u l y  t he  case, i t  

would be, concluded t h a t  t h e  m i g r a t i n g  d i u r n a l  thermal t i d a l  component 
a .  

should comprise a major f r a c t i o n  o f  t h e  observed d i u r n a l  v a r i a t i o n s  -- 
g l o b a l l y ,  and even r e g i o n a l l y .  , 

Ce r ta in  recent  observa t iona l  analyses appear t o  1 end credence t o  

t h i s  l i n e  o f  reasoning. I n  p a r t i c u l a r ,  a t t e n t i o n  should be drawn *? the  

r e s u l t s  shown by F o l t z  and Gray (1979). They analyzed the  temp1 i t u re  

and wind measurements from v a s t  q u a n t i t i e s  o f  rawinsonde data c o l l e c t e d  

a l l  over t h e  no r the rn  hemisphere. T h e i r  r e s u l t s  showed a predomiinantly 

d i u r n a l  v a r i a t i o n  o f  t h e  mean temperature through a deep l a y e r  (85 t o  30 

kPa) o f  t h e  troposphere w i t h  a maximum peak-to-peak ampl i tude o f  about 

0.5 t o  0.7 K i n  t h e  t r o p i c s  and a phase such t h a t  t h e  maximum tenpera- 

t u r e  was reached between 1200 and 1600 LT. According t o  F o l t z  and Gray, 

t h i s  t r e n d  was d e f i n i t e l y  ev iden t  throughout  t h e  hemi sphere, though they 

noted t h a t  t h e  ampl i tude of t h e  v a r i a t i o n  decreases w i t h  i nc reas ing  

l a t i t u d e  and decreased i n  summer r e l a t i v e  t o  w i n t e r .  The seasonal 

change a t  lower l a t i t u d e s  was found t o  be minimal.  Considering t h e  

v a r i a t i o n  o f  i n s o l a t i o n  w i t h  l a t i t u d e ,  these r e s u l t s  seem p l a u s i b l e .  

More impor tan t l y ,  however, t h e  authors a l s o  noted t h a t  t he re  was no 

evidence o f  any systemat ic  l o n g i t u d i n a l  b ias.  These cons i s ten t  l o n g i -  

tude-independent temperature f l u c t u a t i o n s  p o i n t  toward the  ex is tence o f  

a m i g r a t i n g  d i u r n a l  t i d e  o f  measureable ampl i tude i n  t h e  deep t ropo-  

sphere. ..& )I 

A s i m i l a r  ana l ys i s  ( F o l t z  and Gray, 1979) o f  sounding data from 

f i v e  t r o p i c a l  marine experiments spread o u t  around t h e  globe and i n  

which soundings were taken f o u r  t o  e i g h t  t imes pe r  day prov ided f u r t h e r  

8 % 



evidence f o r  t he  ex is tence o f  a m i g r a t i n g  d i u r n a l  t i d d .  Again, tempera- 

t u r e  v a r i a t i o n s  through a deep l a y e r  o f  t h e  troposphere showed an 

average ampl i tude o f  0.58 K,  w i t h  t h e  temperature reach ing  a maximum a t  

1400 LT. 

F o l t z  and Gray i n v e s t i g a t e d  t h e  p o s s i b i l i t y  o f  ins t rumenta l  e r r o r  

due t o  hea t i ng  o f  t he  t h e r m i s t o r  d u r i n g  daytime ascents. They de ter -  

mined ) a t  t h i s  e f f e c t  cou ld  i n t roduce  e r r o r s  no l a r g e r  than about 0.2 

K. T ; i s  a s i g n i f i c a n t  amount, b u t  i t  cannot e x p l a i n  t h e  major p a r t  

o f  t h e  observed temperature v a r i a t i o n .  

F o l t z  and Gray concluded t h a t  a dynamic mechanism f o r  producing 

warming o r  c o o l i n g  i s  requ i red  i n  o rder  t o  e x p l a i n  t h e  observa t ion  o f  a 

temperature maximum severa l  hours be fore  l o c a l  sunset and a temperature 

minimum several  hours be fore  l o c a l  sunr ise.  Wi thout  any dynamics, 

d i a b a t i c  hea t i ng  by shortwave s o l a r  r a d i a t i o n  and c o o l i n g  by atmospheric 

longwave r a d i a t i o n  would y i e l d  a temperature maximum a t  l o c a l  sunset and 

a temperature minimum a t  l o c a l  sunr ise.  They suggested t h a t  t he  " re -  

qu i red  warming" t h a t  i s  needed t o  g i v e  an e a r l y  morning temperature r i s e  

r e s u l t s  from t h e  a d i a b a t i c  hea t i ng  o f  morning subsidence i n  a deep l a y e r  

of t h e  troposphere. S i m i  1 a r l y  , a f te rnoon and evening ascent produce 

ad iaba t i c  coo l ing .  

F o l t z  and Gray found co r robo ra t i ng  evidence f o r  t h e i r  hypothesized 

mechanism f o r  ach iev ing  t h i s  " requ i red  warming" i n  t h e  r e s u l t s  shown by 

McBride and Gray (1978). McBride and Gray showed t h a t  over bo th  t h e  

western P a c i f i c  and t h e  western A t l a n t i c ,  c l e a r  area composites o f  many 

years o f  summer months o f  da ta  i n d i c a t e  r e l a t i v e  subsidence (ad iaba t i c  

warming) i n  t h e  morning hours and r e l a t i v e  upward mot ion (ad iaba t i c  

coo l ing)  i n  t he  evening. 



The observed v e r t i c a l  mot ion f i e l d  a l s o  p rov ided st rong,  indepen- 

dent suppor t  f o r  t h e  phys i ca l  r e a l i t y  o f  t h e  temperature observa t ion  (as 

opposed t o  a t t r i b u t i n g  a l l  o f  t h e  temperature v a r i a t i o n  t o  measurement 

unce r ta in t y ) .  The observed wind f i e l d s  do no t  depend on the  ermo- 

dynamic data, b u t  the  f i r s t  law o f  thermodynamics cons t ra ins  t he  thermal 

changes t o  be cons i s ten t  w i t h  t h e  mot ion f i e l d  and t h e  d i a b a t i c  1 c ing.  

The f a c t  t h a t  t h e  observed wind and temperature f i e l d s  a re  a t  l e a s t  

qua1 i t a t i v e l y  cons i s ten t  s t rengthens t h e  c r e d i  b i  1  i ty  o f  each s e t  of 

observat ions. 

These observat ions have n o t  been adequately exp la ined i n  any pre- 

ceding t h e o r e t i c a l  t rea tment  o f  t h e  d i u r n a l  t i d e .  The o b j e c t i v e  o f  t h i s  

study was t o  remedy t h e  incons is tency  between such recen t  observat ions 

and t h e  p r e d i c t i o n s  o f  preceding t h e o r e t i c a l  t reatments.  A second 

fundamental premise o f  t h i s  research was t h a t  c l a s s i c a l  t i d a l  t heo ry  

should be s u f f i c i e n t  t o  o b t a i n  a f i r s t - o r d e r  understanding o f  t he  mig- 

r a t i n g  d i u r n a l  thermal t i d e  i f  a l l  t h e  impor tan t  f o r c i n g  mechanisms are  - 

taken i n t o  cons ide ra t i on  i n  such a t reatment .  

Since t h i s  i s  by no means t h e  f i r s t  a t tempt  t o  app ly  c l a s s i c a l  

t i d a l  theory ,  i t  i s  necessary t o  j u s t i f y  t h e  r e p e t i t i o n  o f  such a btudy. 

The most recent  thorough p resen ta t i on  of c l a s s i c a l  t i d a l  theory  was 

g iven  by Chapman and Lindzen (1970). The bas i c  methodology used t h i s  

study does no t  d i f f e r  s i g n i f i c a n t l y  f rom t h e i r s .  That i s ,  t he  d i e b a t i c  

heat ing  i s  p resc r i bed  as a f u n c t i o n  o f  l o c a l  t ime,  subjected t o  Fou r ie r  

ana l ys i s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  and then used t o  f o r c e  a l i n e a r  

response i n  t he  atmospheric f i e l d s .  The most d e t a i l e d  preceding t r e a t -  

ment o f  t h e  d i u r n a l  t i d e  (which app l i ed  c l a s s i c a l  t i d a l  theory )  was 

executed by Lindzen (1967, 1968). For t h e  troposphere, t h e  r e s u l t s  



e shows a re  inadequate t o  account f o r  recent  observat ions. I n  

p a r t i c u l a r , e x c e p t  r i g h t  a t  t h e  equator (where t h e  agreement i s  somewhat 

b e t t e r ) ,  t h e  ampl i tudes which h i s  r e s u l t s  p r e d i c t e d  f o r  t he  temperature 

v a r i a t i o n s  appear t o  be too  smal l  by a f a c t o r  o f  f i v e  t o  ten. (It 

should be mentioned t h a t  L indzen 's  p r imary  focus was on t h e  d i u r n a l  t i d e  

i n  t h e  upper atmosphere, and t h a t  t h e  r e s u l t s  which he shows f o r  t he  

troposphere are  somewhat i n c i d e n t a l  .) 

Given t h i s  s i t u a t i o n ,  t h e r e  a re  two poss ib le  courses o f  ac t i on .  

The f i r s t  would be t o  abandon t h e  c l a s s i c a l  t i d a l  theory  and t o  conclude 

t h a t  i t  i s  inadequate f o r  o b t a i n i n g  even a f i r s t - o r d e r  understanding o f  

t h e  d i u r n a l  t i d e .  Proponents o f  t h i s  course would suggest t h a t  un less 

t h e  t i d a l  theory  were mod i f i ed  (and g r e a t l y  compl icated) t o  i nc lude  such 

f a c t o r s  as topography, h o r i  zon ta l  temperature g rad ien ts ,  and 1 ongi t u -  

d i n a l  inhomogeneit ies, i t  w i l l  never p rov ide  s a t i s f a c t o r y  r e s u l t s  com- 

parab le  t o  t h e  observa t iona l  r e s u l t s .  

Iq t h i s  study, i t  was be l i eved  t h a t  t h i s  extreme would n o t  be 

necesc3ry. I f  i t  i s  t r u e  t h a t  t h e  m i g r a t i n g  d i u r n a l  thermal t i d e  i s  t h e  

dominarvt component o f  t h e  d i u r n a l  t i d e ,  and i f  i t  i s  t r u e  t h a t  t h i s  

component i s  p r i m a r i l y  fo rced by shortwave hea t i ng  and l a t e n t  heat  

re lease,  then c l a s s i c a l  t i d a l  theory  should be capable o f  p r o v i d i n g  t h e  

approximate t h e o r e t i c a l  understanding o f  t h e  d i u r n a l  t i d e  which i s  s t i l l  

l ack ing .  

I n  examining prev ious  appl i c a t i o n s  o f  c l a s s i c a l  t i d a l  theory,  

several  ideas evolved f o r  improv ing upon t h e  d e t a i l e d  methodology o f  

e a r l i e r  s tudies.  These improvements i nc lude  t h e  fo l l ow ing :  (1) a more 

r e a l  i s t i c  t ropospher ic  hea t i ng  func t i on ,  (2) t h e  u t i  1 i z a t i o n  o f  more 



bas is  func t ions  f o r  represent ing  the  h o r i z o n t a l  s t r u c t u r e  o f  t he  heat- 

ing ,  (3)  a  g rea te r  h o r i z o n t a l  r e s o l u t i o n  i n  t he  ou tpu t  o f  the  r e s u l t s ,  

and (4) a  r e a l i s t i c  t ropospher ic  s t a t i c  s t a b i l i t y  p r o f i l e .  

It i s  c r u c i a l  t o  remember t h a t  t h i s  t reatment  o f  t h e  d i u r n a l  t i d e  

cannot be expected t o  complete ly  o r  e x a c t l y  account f o r  the  oblserva- 

t i o n s .  A complete t reatment  would have t o  take  i n t o  account t h e  com- 

p l i c a t i n g  f a c t o r s  mentioned above and t o  consider  o the r  components o f  

t h e  d i u r n a l  t i d e .  The o b j e c t i v e  o f  t h i s  s tudy was t o  c a r r y  o u t  a  more 

accurate c l a s s i c a l  t reatment  o f  t h e  d i u r n a l  t i d e ,  thereby p r o v i d i n g  a  

t h e o r e t i c a l  exp lanat ion  f o r  a  much l a r g e r  f r a c t i o n  o f  t h e  observed 

d i u r n a l  v a r i a t i o n s  w h i l e  s imul taneously  r e t a i n i n g  t h e  s i m p l i c i t y  and 

ease o f  i n t e r p r e t a t i o n  a f f o r d e d  by c l a s s i c a l  t i d a l  theory.  As w i l l  be 

shown, t h i s  o b j e c t i v e  was o n l y  p a r t i a l l y  a t t a ined .  

The nex t  chapter  p rov ides  a  d iscuss ion  o f  c l a s s i c a l  t i d a l  theory  

and t h e  assumptions and approximations which i t  e n t a i l s .  Chapter 3 

covers t he  methodological  improvements incorpora ted  i n t o  t h i s  study. 

Chapter 4 conta ins  t h e  r e s u l t s  o f  t h i s  p resent  study and comparisons t o  

preceding t h e o r e t i c a l  and observa t iona l  r e s u l t s .  Inc luded i n  t h i s  

chapter  a re  s tud ies  o f  t h e  s e n s i t i v i t y  o f  t h e  computer model which was 

used and o f  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  t o  t h e  t o t a l  response prov ided 

by t h e  th ree  components o f  t h e  heat ing.  The conclus ions drawn from t h i s  

research w i l l  be summarized i n  t h e  l a s t  chapter.  



The theory  unde r l y i ng  t h e  computer model used t o  produce the  

r e s u l t s  shown i n  t h i s  r e p o r t  does n o t  d i f f e r  i n  any s i g n i f i c a n t  way from 

t h a t  used by Lindzen 15 years ago (Lindzen, 1967). S l i g h t  v a r i a t i o n s  

have belen made i n  t h e  n o t a t i o n  t o  make i t  more cons i s ten t  w i t h  t h e  usual 

meteoro log ica l  convent ions, b u t  t h e  assumptions and s i m p l i f i c a t i o n s  

incorpora ted  i n  t h e  t h e o r e t i c a l  f o rmu la t i on  have n o t  been changed. The 

most organized and thorough t rea tment  o f  t h i s  i t c l a s s i c a l "  t i d a l  theory  

was presented by Chapman and Lindzen (1970). The purpose i n  rev iewing  

t h e  theory  here i s  twofo ld .  F i r s t ,  t o  p rov ide  a  framework f o r  under- 

s tand ing  the  t h r e e  method01 o g i c a l  improvements used t o  o b t a i n  t he  

r e s u l t s  presented i n  t h i s  r e p o r t .  Second, t o  enumerate t h e  var ious  

assumptions and simp1 i f i c a t i o n s  u t i l  i z e d  here which must be considered 

when assessing t h e  s i g n i f i c a n c e  o f  t h e  r e s u l t s  and t h e i r  depar tures from 
I 

r e s u l t s  de r i ved  from observat ions.  
I' 

I n  o rder  t o  s i m p l i f y  t h e  t i d a l  c a l c u l a t i o n  and t o  o b t a i n  r e s u l t s  

which r e  more r e a d i l y  sub jec t  t o  i n t e r p r e t a t i o n ,  a  number o f  asssump- 

t i o n s  and s i m p l i f i c a t i o n s  a re  made. Only t h e  e s s e n t i a l  phys ics  and what 

a re  be l i eved  t o  be t h e  p r i n c i p l e  f o r c i n g  mechanisms are  re ta ined.  F i r s t  

o f  a l l ,  as mentioned by Chapman and Lindzen (1970), t h e r e  i s  a  s e t  o f  

almost u n i v e r s a l l y  accepted approximations which do n o t  pose any r e a l  

l i m i t a t i o n  on t i d a l  theory.  These i nc lude  t h e  f o l l o w i n g :  



A number o f  p o t e n t i a l l y  s i g n i f i c a n t  f a c t o r s  I re  ignored! The 

neg lec t  o f  these f a c t o r s  i s  j u s t i f i e d  i n  var ious  way,. 

The atmosphere i s  i n  l o c a l  thermodynamic e q u i l i b r i u m .  

(1) Neg lec t  r a d i a t i v e  c o o l i n g  o f  t h e  atmosphere. It i s  bssumed 

Th is  

assumption breaks down i n  t he  thermosphere. 

The atmosphere behaves as an i d e a l  gas ( p  = pRT) d i s  o f  

un i f o rm  composi t ion ( R  i s  a  constant ) .  The l a t t e m  

breaks down above t h e  turbopause. 

The e a r t h  i s  regarded as a  sphere ( rad ius ,  a, i s  a  co 

The atmosphere i s  regarded as a  geomet r i ca l l y  t h i n  f 

t h a t  r = a  + z ,  where r i s  t h e  d i s tance  from t h e  cen te  

e a r t h  and z  i s  t h e  d i s tance  above t h e  sur face.  Thus 

equ i va len t  t o  a / a z .  A1 so, t h e  a c c e l e r a t i o n  due t o  g ra  

can be regarded as a  constant .  Th i s  assumption i s  i n  

l e s s  than  3% below 100 km. 

The atmosphere i s  assumed t o  be i n  h y d r o s t a t i c  eq r i  um. 

(2) Neg lec t  sens ib le  hea t  t r a n s f e r  f rom t h e  sur face.  It lLan be 

t h a t  t h e  atmosphere coo l s  a t  a  un i f o rm  r a t e ,  w i t h o u t  
i1V. t  . , :  I , t 

can t  d i u r n a l  v a r i a t i o n .  

, ,  * 
argued t h a t  over  a  predominant ly  ocean covered sphe 

I 

s . g n i f i -  

: .*ri 
d i u r n a l  v a r i a t i o n  o f  sens ib le  heat  t r a n s f e r  t o  t h e  atm sphere 

should be r e l a t i v e l y  smal l .  

(3) Neg lec t  g r a v i t a t i o n a l  t i d a l  e f f e c t s .  General l y  , t h e  t i d a l  I 
c! 

response due t o  t h e  g r a v i t a t i o n a l  f o r ces  o f  t h e  sun &d t h e  

moon i s  very  smal l .  It i s  assumed t h a t  thermal f o r c i n  

f a r  t h e  predominant f a c t o r  i n  f o r c i n g  t h e  observed atmo 

t i d a l  response. 



(4) Neglect  d i s s i p a t i v e  processes. Molecular  v i s c o s i t y ,  t u r b u l e n t  

v i s c o s i t y ,  c o n d u c t i v i t y ,  and i o n  drag are  a l l  assumed n e g l i -  

g i b l e .  Th is  assumption breaks down i n  t he  thermosphere. 

Simple d i s s i p a t i o n s ,  such as Newtonian c o o l i n g  and Rayleigh 

f r i c t i o n ,  cou ld  have been inc luded,  b u t  were not .  

(!j) Neglect  thermal f o r c i n g  due t o  absorp t ion  o f  shortwave rad ia -  

t i o n  by dus t  and c louds i n  t h e  atmosphere. Aside from be ing  

very d i f f i c u l t  t o  q u a n t i f y  and h i g h l y  v a r i a b l e ,  t h e  d i u r n a l  

v a r i a t i o n  o f  these e f f e c t s  i s  assumed t o  be o f  secondary 

importance. 

( 6 )  Neglect  sur face topography. The i n f l uences  o f  mountain ranges 

and land/sea d i s t r i b u t i o n s  a re  assumed t o  p rov ide  no s i g n i f i -  

can t  coherent c o n t r i b u t i o n  t o  t h e  f o r c i n g  o f  t he  m i g r a t i n g  

d i u r n a l  thermal t i d e .  Whether o r  n o t  t h i s  i s  a v a l i d  assump- 

t i o n  i s  debatable. The ana l ys i s  o f  F o l t z  and Gray suggests a 

l a c k  o f  l o n g i t u d i n a l  dependence f o r  t h e  d i u r n a l  t i d e  i n  t h e  

t r o p i c s  (Fol  t z  and Gray, 1979). Chapman and Lindzen a l s o  

argue t h a t  e f f e c t s  caused by these f a c t o r s  should be o f  secon- 

dary concern (Chapman and L i  ndzen, 1970). 

( 7 )  Neglect  v a r i a t i o n s  o f  water  vapor concent ra t ion  and ozone con- 

c e n t r a t i o n  around a l a t i t u d e  c i r c l e .  Conceivably, t he  i n -  

f luence o f  these v a r i a t i o n s  cou ld  be g rea te r  than any o f  t h e  

preceding e f f e c t s .  However, i t  i s  assumed t h a t  over t he  vas t  

expanses o f  t r o p i c a l  oceans these parameters w i l l  be r e l a -  

t i v e l y  constant  w i t h  l ong i t ude ,  and t h a t  any v a r i a t i o n s  w i l l  

n o t  produce any coherent c o n t r i b u t i o n  t o  t h e  m i g r a t i n g  d i u r n a l  

t i d e .  



This  i s  n o t  t o  say t h a t  these e f f e c t s  a re  o f  no importance i n  the  

atmosphere. It i s  j u s t  t o  say t h a t  these e f f e c t s  e i t h e r  do n o t  have 

s i g n i f i c a n t  d i u r n a l  v a r i a t i o n s  o r  a re  n o t  o f  any s i g n i f i c a n t  consdquence 

i n  t h e  reg ion  o f  t h e  atmosphere which i s  inc luded i n  t h e  model ca l cu la -  

t i o n .  As noted, severa l  o f  t h e  assumptions upon which t h e  model i s  

based break down i n  the  thermosphere. For t h i s  reason, t h e  mesopause 

was used as the  upper boundary f o r  t he  t i d a l  c a l c u l a t i o n .  Some o f  t he  

quas i -ana l y t i ca l  r e s u l t s  have shown t h a t  t h e  s p e c i f i c  mesospheric s t ruc -  

t u r e  (and presumably t h e  thermospheric s t r u c t u r e  as w e l l )  can s t i l l  have 

a s u r p r i s i n g  e f f e c t  on t h e  t i d a l  response i n  t h e  troposphert! (see 

Appendix 3). However, i t  seemed very l i k e l y  t h a t  i n c l u d i n g  a  simple 

thermospheric s t r u c t u r e  w i t h o u t  account ing f o r  t h e  breakdown o f  these 

severa l  assumptions would i n t roduce  j u s t  as much e r r o r  as i g n o r i n g  the  

thermosphere a l l  together .  , .  

A system o f  f i v e  l i n e a r i z e d  p r i m i t i v e  equat ions i n  f i v e  unkn i s  i s  

so lved t o  o b t a i n  t h e  t i d a l  v a r i a t i o n s  o f  t h e  f i v e  va r i ab les .  The system 

cons i s t s  o f  two h o r i z o n t a l  momentum equat ions,  a  h y d r o s t a t i c  equat.ion, a  

mass c o n t i n u i t y  equat ion, and a  thermodynamic energy equat ion (TEE). 

When w r i t t e n  i n  sphe r i ca l  coord inates,  t h e  equat ions appear i n  t h e i r  

f u l l  non- l inear  form as fo l l ows :  

t 

J 
r 



The v e r t i c a l  coord ina te  z* i s  de f ined  by t h e  r e l a t i o n  z*=-ln(p/po), 

where p i s  t he  pressure, and po i s  a reference pressure taken t o  be 

100 kPa. The h o r i z o n t a l  coord inates,  f o r  l ong i t ude  $, and l a t i t u d e  0 ,  

increase i n  t h e  eastward and northward d i r e c t i o n s  r e s p e c t i v e l y ,  w i t h  9 = 

0 a t  t h e  equator.  The v e l o c i t y  components u, v, and w* are, respec- 

t i v e l y ,  t h e  eastward, northward, and upward v e l o c i t i e s ,  where w* = 

dz*/dt = -w/p and w i s  t h e  v e r t i c a l  v e l o c i t y  i n  pressure coord inates.  

The parameters a, c ,  T, and @ are, respec t i ve l y ,  t he  rad ius  o f  t he  

ear th ,  t h e  Cor i  01 i s  parameter, t h e  temperature, and t h e  geopoten t ia l  . 
The q u a n t i t y  K equals R/C where R i s  t h e  un i ve rsa l  gas cons tan t  and C 

P ' P 
i s  t h e  s p e c i f i c  heat  of a i r  a t  cons tan t  pressure. The hea t i ng  which 

prov ides  the  thermal t i d a l  f o r c i n g  i n  t h e  TEE i s  represented by J. 

Th is  s e t  o f  equat ions incorpora tes  many o f  t h e  complex i t ies  and 

non- l inear  e f f e c t s  o f  t h e  r e a l  atmosphere, and t h e r e f o r e  conta ins  f a r  

more than i s  o f  i n t e r e s t  i n  t h i s  study. The f i r s t  s tep i n  producing a 

s e t  o f  equat ions use fu l  f o r  s tudy ing  t h e  d i u r n a l  t i d e  i s  t o  l i n e a r i z e  

t h e  equat ions and s u b t r a c t  o u t  t h e  bas ic  s t a t e  equat ions. Several 

assumptions are  made i n  doing t h i s .  

(1) The t i d a l  f i e l d s  a re  assumed t o  be l i n e a r i z a b l e  pe r tu rba t i ons  

about t h e  bas i c  s t a t e  f i e l d s .  That i s ,  t he  pe r tu rba t i ons  

n e i t h e r  a l t e r  t h e  bas ic  s t a t e ,  nor  i n t e r a c t  w i t h  o the r  p e r t u r -  

b a t i o n  q u a n t i t i e s .  The way t o  app ly  t h i s  assumption i s  t o  

assume t h a t  t h e  products o f  p e r t u r b a t i o n  q u a n t i t i e s  a re  very 



smal l  -- an assumption t h a t  would seem somewhat quest ionable 

f o r  t h e  l a r g e  t i d a l  v a r i a t i o n s  i n  t h e  upper atmosphere above 

t h e  reg ion  o f  p r imary  i n t e r e s t .  Th is  assumption permiits t he  

q u a n t i t i e s  u, v, w*, T, a, and J t o  be w r i t t e n  as the  sums o f  

mean and p e r t u r b a t i o n  p a r t s  (e. g. , u = ;+u' ). 

(2) The bas i c  s t a t e  parameters a re  assumed t o  be steady i n  t ime 

(vary ing ,  a t  most, w i t h  t ime scales much longer  than t i d a l  

per iods)  and t o  be cons tan t  around l a t i t u d e  c i r c l e s .  They are  

assumed t o  s a t i s f y  t h e  bas i c  governing equat ions when t h e  

p e r t u r b a t i o n s  a re  s e t  equal t o  zero. 

(3) To s i m p l i f y  t h e  problem cons iderab ly ,  i t  i s  assumed t h a t  t he  
- - - 

bas ic  s t a t e  i s  a t  r e s t ;  i. e. , u  = v  = w* = 0. Th is  i n  t u r n  
- - 

i m p l i e s  t h a t  7 ,  p,  p, and t h e  s t a t i c  s t a b i l i t y ,  T., alre a l l  

cons t ra ined t o  be func t i ons  o f  o n l y  z*. This  assumpt.ion i s  

j u s t i f i e d  by n o t i n g  t h a t  t h e  app rop r i a te  v e l o c i t y  sca le  i s  t he  

v e l o c i t y  o f  t h e  m i g r a t i n g  t i d e ,  which i n  t h e  t r o p i c s  i s  on t h e  

order  o f  400 m/sec -- much g rea te r  than  any mean wind. 
- 

A f t e r  s u b s t i t u t i n g  t h e  v a r i a b l e s  i n  t h e  form u  = u+ul i n t o  t he  

p r i m i t i v e  equat ions and s u b t r a c t i n g  o u t  t h e  equat ions which cha rac te r i ze  

t h e  bas ic  s ta te ,  t h e  f o l l o w i n g  s e t  o f  l i n e a r i z e d  equat ions i s  obtained: 

a$ RT' = p 



. . 
re ,  r i s  t h e  s t a t i c  s t a b i l i t y  and equals ( a i / a z * ) + ~ i .  It i s  

impor tan t  t o  remember t h a t  r i s  o n l y  a  f u n c t i o n  o f  z*. 

Allthough more wi 11 be s a i d  l a t e r ,  i t  i s  app rop r i a te  here t o  say a  

few words about t h e  heat ing ,  J ' ,  i n  t he  TEE which prov ides  t h e  f o r c i n g  

f o r  t h e  d i u r n a l  t i d e .  Three k inds  o f  thermal f o r c i n g  are  considered: 

(1) shortwave (p r imar i  l y  i n f r a r e d )  absorp t ion  by water  vapor, (2) shor t -  

wave ( u l t r a v i o l e t  and v i s i b l e  l i g h t )  absorp t ion  by ozone, and (3) l a t e n t  

heat  re lease o r  so -ca l l ed  cumulus heat ing.  The f i r s t  and t h i r d  k inds 

p rov ide  t ropospher ic  f o r c i n g ,  w h i l e  absorp t ion  by ozone occurs p r i m a r i l y  

i n  t h e  s t ra tosphere  and lower mesosphere. I n  a  l i n e a r  t reatment  such as 

t h i s ,  t h e  response produced by each k i n d  o f  f o r c i n g  can be computed 

indeperident ly,  and t h e  t o t a l  response i s  j u s t  t h e  sum o f  t h e  th ree  

component responses. Th i s  makes i t  very  easy t o  determine t h e  r e l a t i v e  

importance of t h e  var ious  k inds  o f  f o r c i n g  i n  producing a  t ropospher ic  

response and i n  causing t h e  var ious  fea tu res  and c h a r a c t e r i s t i c s  o f  t h a t  

response. The f i r s t  o f  t h e  t h r e e  method01 o g i c a l  improvements i ncor- 

pora ted  i n t o  t h i s  research was t o  use a  more rep resen ta t i ve  s t r u c t u r e  

f o r  t h e  t ropospher ic  f o r c i n g  than t h e  approximate f u n c t i o n a l  form used 

i n  t h e  pas t  by Lindzen and o the rs  (Lindzen, 1966). 

Going back t o  t h e  s e t  o f  l i n e a r i z e d  p r i m i t i v e  equat ions, t h e  com- 

ponents o f  t h e  general  s o l u t i o n  t o  t h i s  system o f  equat ions which w i l l  

be considered here a re  those which are  wave- l ike i n  @ and t, such t h a t  



u ' ,  v ' ,  w * ' ,  @I ,  T I ,  and J '  can a l l  be expressed i n  t h i s  form: 

U '  = ~ ~ , ~ ( 0 , z * ) e  i (at+s@) , 

where t h e  unprimed va r i ab les  now have a d i f f e r e n t  meaning than i n  equa- 

t i o n s  (1-5). A t  t h i s  p o i n t ,  t h e  d i u r n a l  t i d e  i s  i s o l a t e d  by choosing 

p a r t i c u l a r  ( cons i s ten t )  values f o r  o and s: a = (2n/day) and = 1. 

A 1  1 o the r  t i d a l  components w i l l  be ignored. The 0,s supe rsc r i p t  u~nique- 
I 

l y  i d e n t i f i e s  which component o f  t h e  t i d e  i s  be ing  examined. Subst i -  

t u t i n g  these wave-1 i ke s o l u t i o n s  i n t o  equat ions (6-10) and cancel 1  i n g  

t h e  exponent ia l  f a c t o r s  y i e l d s  t h i s  f i n a l  s e t  o f  equat ions: 

Wi th a 1 i t t l e  ca l cu lus  and a f a i r  amount o f  a lgebra,  t h e s e  equa- 

t i o n s  can be reduced t o  one equat ion i n  one unknown. The simplesk such 
* 

equat ion i s  t h e  one f o r  w '". I t  has t h i s  form: 

where F i s  a compl icated O opera tor  which ( w i t h  a change o f  v a r i a ~ . ~ s  t o  

p = s ine)  looks l i k e  t h e  fo l l ow ing :  



Here I.,.!, f = 0/2R z 0.5 f o r  t h e  d i u r n a l  t i d e ,  and R i s  t h e  angular  

v e l o c i  Fy o f  t h e  e a r t h ' s  r o t a t i o n .  ! ,,-I . t c t - I  th ,I . 

x t ,  f o r  convenience, a  new va r i ab le ,   GO'^, i s  de f i ned  such t h a t  

, s  = -z*/2 w*n,s r* I + ,  , ' P  : \ , .  ' e  

~ e c a u d b  o f  t h e  exponent ia l  decrease o f  dens i t y  w i t h  he igh t ,  a  v e r t i c a l l y  

sopadsti ng wave w i  11 produce v e l o c i t y  p e r t u r b a t i o n s  which grow expo- 
: ;{; 

~ 0 , s  ' t h  he igh t .  It i s  n i c e r  t o  work w i t h  a  v a r i a b l e  l i k e  w  

s *e n e a r l y  cons tan t  w i t h  he igh t .  When app l y ing  t h e  method o f  
I 

separa i o n  o f  va r i ab les  t o  so lve  equat ion (16), t h i s  v a r i a b l e  causes the  

ve r t i c ! i ,  s t r u c t u r e  equat ion t o  be i n  canonica l  form. Upon s u b s t i t u t i o n ,  

, E  < 2 , 
equal n  (16) becomes: 

I i s  i s  t h e  t i d a l  equat ion which must be solved. The usual method It 
f o r  ! v i n g  t h i s  problem i s  t o  app ly  t h e  G a l e r k i n  ( s p e c t r a l )  method i n  

t h e  ' i t t  na l  d i r e c t i o n  and a  f i n i t e  d i f f e r e n c e  method i n  t h e  v e r t i -  

c a l .  ..... . a i l u r e  o f  t h e  at tempt  t o  so lve  t h e  e n t i r e  problem us ing  

f i n i t e  d i f f e r e n c e  techniques i s  documented i n  Appendix 1. 

,- I le fl.- s t  s tep  i n  s o l v i n g  t h i s  equat ion i s  t o  express w  ~ 0 , s  and f , S  

as sumljations o f  an as y e t  unspec i f i ed  s e t  o f  f unc t i ons  o f  0 w i t h  coef- 
: .: 

j dependent on z*: 
T i  A 

, . 



A t  t h i s  p o i n t ,  the second methodological  improvement i s  suggested. 

I d e a l l y ,  t h e  sums should be i n f i n i t e .  I n  p r a c t i c e ,  they  must be t run -  

ca ted  a t  some p o i n t .  Lindzen and o thers  have assumed t h a t  f i v e  mode 

representa t ions  o f  t h e  t i d a l  parameters a re  s u f f i c i e n t .  As b i l l  be 

shown l a t e r ,  t h i s  assumption appears t o  be inadequate. The s i x teen  mode 

representa t ions  used i n  t h i s  research a re  much b e t t e r .  

S u b s t i t u t i n g  these s e r i e s  expansions i n t o  equat ion (17), blri ng i  ng 

t h e  summation s igns t o  t h e  f r o n t  o f  each s ide ,  and t a k i n g  t h e  appro- 

p r i a t e  d e r i v a t i v e s ,  t h e  f o l l o w i n g  equat ion  r e s u l t s :  

I f  i t  i s  assumed t h a t  t h e  bas i s  f unc t i ons  a re  a l l  mu tua l l y  or thogonal ,  

t h e  summation s igns may be dropped and t h e  e q u a l i t y  holds f o r  each n. 

Then, t h e  equat ion can be e a s i l y  separated i n t o  two second ordelr o r d i -  

nary  d i f f e r e n t i a l  equat ions, one i n  0 and one i n  z*: 

Because t h e  l e f t  and middle p a r t s  of equat ion (21) a re  functl ions o f  

independent v a r i a b l e s  and y e t  a re  s t i l l  equal t o  each o ther ,  th'zy must 

be a t  most equal t o  t h e  same constant ,  w r i t t e n  here i n  t h e  form - l /ghn, 

where g i s  t h e  (constant)  a c c e l e r a t i o n  due t o  g r a v i t y .  The midhle and 

r i g h t  p a r t s  o f  equat ion (21) c o n s t i t u t e  Laplace 's  t i d a l  eqhaticin. 1t 

takes t h e  form o f  an eigenvalue problem, and i t  i s  t he  s e t  o f  f u ~ l c t i o n s  

t h a t  s a t i s f y  t h i s  equat ion which has been chosen (by t h e  ass~.~mption 



a f t e r  quat ion  (20)) t o  be t h e  s e t  o f  h o r i z o n t a l  bas is  func t ions ,  On. 

These func t i ons  are  c a l  l e d  Hough func t i ons ,  and t h e  corresponding eigen- 

va l  ues , hn, a re  c a l l e d  equ i va len t  depths. It has been proven t h a t  t h e  

s e t  o f  Hough func t i ons  i s  complete and t h a t  they  are  a l l  mutua l l y  o r tho-  

gonal ( F l a t t e r y  , 1967). Approximations t o  t h e  Hough func t i ons  and 

equ i va len t  depths can be found by express ing t h e  Hough func t i ons  as 

se r i es  o f  associated Legendre func t i ons ,  s u b s t i t u t i n g  t h e  se r i es  expres- 

s ions . in to Laplace 's  t i d a l  equat ion, t r u n c a t i n g  t h e  se r i es ,  and s o l v i n g  

the  m a t r i x  eigenvalue problem f o r  t h e  c o e f f i c i e n t s  o f  t h e  associated 

Legendlie f unc t i ons  (which are  known func t i ons ) .  

Tbto types o f  Hough func t i ons  r e s u l t :  those which are  symmetric 

about i the equator,  and those which a re  ant i -symmetr ic.  A1 1 c a l c u l a t i o n s  

i n  t h i s  r e p o r t  were done f o r  equinox, and it was assumed t h a t  a l l  param- 

e t e r s  were symmetric about t h e  equator f o r  t h i s  c o n d i t i o n  (which i s  n o t  

s t r i c t l y  t r u e  f o r  t h e  r e a l  wor ld) .  Thus, t h e  s e t  o f  ant i -symmetr ic 

Hough func t i ons  does n o t  en te r  i n t o  t h e  c a l c u l a t i o n  and can be d i s -  

carded. 

Al lp ly ing t h e  Ga le rk in  method now t o  equat ion (ZO), a  v e r t i c a l  

s t r u c t ~ l r e  equat ion can even tua l l y  be derived: 
' *  1 .,r , < , 

where 

and 



The q u a n t i t y  Jn now i s  t h e  p r o j e c t i o n  o f  t h e  hea t i ng  onto t h e  n t h  Hough 
4- 

f u n c t i o n  and i s  i n  general  a  f u n c t i o n  o f  z*. 

Given s u i t a b l e  boundary cond i t i ons ,  equat ion (22) can be solved 

us ing  f i n i t e  d i f f e r e n c e  techniques i n  z*. There are  n  such equat ions 

which must be so lved f o r  t he  Gn(z*) f unc t i ons  requ i red  i n  equat ion (18). 

Knowing the  5,'s a t  each l e v e l  and t h e  On's a t  each l a t i t u d e  incirement, 
* 

i t  i s  a  s imple mat te r  t o  compute w  a t  each g r i d  p o i n t  i n  t h e  model. 

Working backward through t h e  steps r e q u i r e d  t o  o b t a i n  t h e  singlea equa- 

t i o n  i n  w*, t h e  t i d a l  v a r i a t i o n s  o f  t h e  o the r  f o u r  va r i ab les  i n  t he  s e t  

of p r i m i t i v e  equat ions (11-15) can be computed. The f i n i t e  d i f f e r e n c e  

forms used t o  compute these va r i ab les  a re  recorded i n  Appendix 2. I n  

t h e  computer model, t h e  h o r i z o n t a l  increment used i n  t h e  0 d i r e c t l o n  was 

A0 = lo o f  l a t i t u d e ,  and t h e  v e r t i c a l  r e s o l u t i o n  was AZ* = 0.02, which 

i s  on t h e  order  o f  100 meters. 

Something must be s a i d  about boundary cond i t i ons  as w e l l .  The 

lower boundary c o n d i t i o n  a p p l i e d  was w '  = 0 a t  z* = 0. That i s ,  t he  

geometr ic he igh t  v e l o c i t y  goes t o  0  a t  t h e  100 kPa l e v e l .  This  i s  an 

approximation f o r  which Hol t o n  argues t h e  v a l i d i t y  (Hol ton ,  1975). By 

expanding t h e  t o t a l  d e r i v a t i v e  dz/dt ,  1  i n e a r i z i  ng t h e  r e s u l  ti ngj equa- 

t i o n ,  app ly ing  t h e  assumptions l i s t e d  before,  and app l y ing  t h e  Ga le rk in  

method, t h e  lower boundary c o n d i t i o n  can be expressed i n  t h i s  form: 

where To i s  t h e  bas ic  s t a t e  temperature a t  100 kPa. 



It t u r n s  o u t  t h a t  t h e  upper boundary requ i res  two cond i t ions .  I f  

t h e  s t a t i c  s t a b i l i t y ,  TT, becomes cons tan t  near t h e  upper boundary ( t he  

mesopause) and t h e  hea t i ng  goes t o  zero, equat ion (22) reduces t o  t h i s :  

The s e t  o f  symmetric Hough func t i ons  has two subsets: those w i t h  pos i -  

t i v e  equ i va len t  depths and those w i t h  negat ive  equ i va len t  depths. 

Pos i t i v 'e  (and s u f f i c i e n t l y  smal l )  equ i va len t  depths imp ly  s o l u t i o n s  t o  

equat ion (24) which propagate v e r t i c a l  l y .  These so l  u t i o n s  e x h i b i t  

g r a v i t y  wave type  behavior  and, 1  i ke t h e i r  associated Hough func t i ons ,  

a re  p r i m a r i l y  con f ined t o  t r o p i c a l  l a t i t u d e s  -- i .e .  , they  have very 

smal l  np l i t udes  ou ts ide  o f  t he  t r o p i c s  (see F ig .  2.1). The boundary 

c o n d i t i o n  f o r  these modes i s  t h a t  energy cannot be a1 lowed t o  propagate 

i n  from t h e  t o p  o f  t h e  model. Energy i s  o n l y  p e r m i t t e d  t o  l eak  o u t  t he  

t o p  from below. As Wilkes has shown, t h i s  i m p l i e s  t h e  e l i m i n a t i o n  o f  

- iAnz* 
t he  s o l u t i o n  Be , where An 2  = (RrT/ghn - 4) ( W i  1  kes, 1949). This  

i s  c a l  l ' cd  t h e  r a d i a t i o n  cond i t i on .  

Nergative equ i va len t  depths imply s o l u t i o n s  t o  equat ion (24) which 

a re  evanescent -- i .e. which a re  non-propagating and decay exponen t i a l l y  

away from t h e  source o f  f o r c i n g .  These s o l u t i o n s  behave l i k e  Rossby 

waves and, l i k e  t h e i r  associated Hough func t i ons ,  a re  conf ined t o  l a t i -  

tudes more than 30' from t h e  equator.  For negat ive  equ i va len t  depth 

modes, t h e  boundary c o n d i t i o n  i s  t h a t  t h e  k i n e t i c  energy dens i t y  o f  a  

p a r t i c u l a r  mode cannot be a l lowed t o  increase exponen t i a l l y  w i t h  he igh t ,  

unbounded as z* goes t o  i n f i n i t y .  Again, as W i l  kes shows, t h i s  e l i m i -  





Fig. 2 .1  Hough funct ions.  L e f t  side: t he  f i r s t  th ree g r a v i t y  o r  
p o s i t i v e  equivalent  depth modes. R ight  side: the f i r s t  
th ree Rossby o r  negative equ iva lent  depth modes. A rb i t r a r y  
v e r t i c a l  coordinate. 





- iAnz* 
nates tlhe s o l u t i o n  Be where An i s  now a pure p o s i t i v e  imaginary 

quan t i t y .  Th i s  i s  t h e  boundedness cond i t i on .  

Both upper boundary c o n d i t i o n s  can be accounted f o r  by us ing  a 

s i n g l e  equat ion a t  t h e  upper boundary, which i s  obta ined a f t e r  go ing 

through the  same process as f o r  t h e  lower boundary cond i t i on :  

F(11r Lap1 ace 's  t i d a l  equat ion,  a boundedness c o n d i t i o n  i s  appl i e d  a t  

t h e  polles, which ( f o r  s = 1) a c t u a l l y  causes a l l  t h e  symmetric modes t o  

go t o  zero a t  t h e  poles. 

A t  t h i s  p o i n t ,  t h e  general  d iscuss ion  o f  t h e  c l a s s i c a l  t i d a l  theory  

i s  concluded. The assumptions and s i m p l i f i c a t i o n s  which are  made i n  

o rder  t o  make t h e  problem t r a c t a b l e  have been ou t l i ned .  The i n i t i a l  s e t  

o f  equ(irtions has been shown, and t h e  method f o r  o b t a i n i n g  s o l u t i o n s  has 

been d-iscussed. It may be debated whether o r  n o t  t h e  problem has been 

o v e r s i ~ l p l i f i e d .  However, i f  i t  i s  ab le  t o  g i v e  an unambiguous f i r s t  

ordei  nderstanding o f  and exp lanat ion  f o r  t h e  m i g r a t i n g  d i u r n a l  thermal 

t i d e ,  hen the  purpose o f  t h i s  research has been achieved. 



3. METHODOLOGICAL IMPROVEMENTS 

I n  t h i s  research, t h ree  methodological  improvements have been 

incorpora ted  i n t o  t he  c l a s s i c a l  t i d a l  c a l c u l a t i o n  i n  an e f f o r t  t o  o b t a i n  

t h e o r e t i c a l  values f o r  t h e  t ropospher ic  t i d a l  v a r i a t i o n s  which are  i n  

b e t t e r  agreement w i t h  values der ived  from observa t iona l  data. Th12 th ree  

improvements are these: (1) A r a d i a t i v e  t r a n s f e r  r o u t i n e  was w e d  t o  

o b t a i n  a  more accurate t ropospher ic  f o r c i n g  f u n c t i o n  t o  p u t  i r ~ t o  t h e  

thermodynamic energy equat ion (TEE). (2) A g rea te r  number 01 Hough 

func t i ons  were used t o  represent  t h e  f o r c i n g  and the  responses o f  t h e  

var ious  t i d a l  parameters. (3) The r e s u l t s  were produced w i t h  a g rea te r  

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

3 . 1  Improved Fo rc ing  

As mentioned i n  t h e  preceding chapter ,  t h r e e  types o f  heat i l i g  were 

used i n  t h i s  research t o  fo rce  t h e  d i u r n a l  t i d a l  response: heatling due 

t o  absorp t ion  o f  shortwave (SW) r a d i a t i o n  by water vapor (he~*ea f te r  

c a l l e d  H20 heat ing) ,  cumulus heat ing ,  and hea t i ng  due t o  absorpl. ion o f  

SW r a d i a t i o n  by ozone (ozone heat ing) .  The f i r s t  two sources 1  i e  most ly  

o r  t o t a l l y  w i t h i n  t h e  troposphere. Ozone hea t i ng  occurs p r i m a r i l y  i n  

t h e  s t ra tosphere  and lower mesosphere. 

The c h i e f  o b j e c t i v e  o f  t h i s  research i s  t o  o b t a i n  a  b e t t e r  theore- 

t i c a l  understanding o f  t h e  s t r u c t u r e  and ampl i tude of t h e  d i u r n a l  t i d e  

i n  t h e  troposphere. I n  o rder  t o  a t t a i n  t h i s  goal , i t  i s  essen1,ial t o  

have a  rep resen ta t i on  o f  t h e  t ropospher ic  f o r c i n g  which i s  as accurate 



as poss ib le .  A t h e o r e t i c a l  argument can be g i ven  t o  support  t h i s  c l a im  

( B u t l e r  and Small, 1963). The o n l y  f o r c i n g  which occurs above the  

troposphere i s  (presumably) t h a t  due t o  ozone heat ing.  Though t h i s  

f o r c i n g  i s  very s t rong,  i t  i s  almost t o t a l l y  i n e f f e c t i v e  i n  producing 

any s i g n i f i c a n t  t ropospher ic  response. The l a y e r  o f  ozone hea t i ng  has a 

depth  ID^ about 60 km. Most o f  t h e  f o r c i n g  i n  t h e  ozone l a y e r  o f  t he  

tropic!., p r o j e c t s  on to  t h e  Hough func t i ons  w i t h  p o s i t i v e  equ i va len t  

depths - t h e  modes which p e r m i t  v e r t i c a l  propagat ion o f  energy. How- 

ever,  t he  v e r t i c a l  wavelengths associated w i t h  these modes are  much 

smallerb than t h e  th ickness  o f  t h e  ozone l a y e r ,  w i t h  t h e  longes t  wave- 

l e n g t h  be ing  27.9 kin, t h e  second l onges t  be ing  11.1 km, and a l l  t h e  r e s t  

be ing  bhorter.  It happens t h a t ,  f o r  a t h i c k  band o f  f o r c i n g  i n  which 

waves w i t h  s h o r t  wavelengths a re  i n i t i a t e d  a long a v e r t i c a l  continuum, 

d e s t r u c t i v e  i n t e r f e r e n c e  among waves i n i t i a t e d  a t  d i f f e r e n t  p o i n t s  a long 

t h e  continuum w i l l  e f f e c t i v e l y  des t roy  any, response above o r  below t h e  

reg ion  of forc ing.  Thus, t h e  ozone f o r c i n g  produces 1 i t t l e  response i n  

t h e  trcbposphere, and t h e r e f o r e  almost a l l  o f  t h e  t ropospher ic  response 

must brl t h e  r e s u l t  o f  t ropospher ic  f o rc ing .  It f o l l o w s  t h a t  t h e  s t ruc -  

t u r e  o f  t h e  d i u r n a l  t i d e  i n  t h e  troposphere w i l l  depend very much on t h e  
-4 

s t r u c t u ~ r e  o f  t h e  t ropospher ic  f o r c i n g .  

A r a d i a t i v e  t r a n s f e r  r o u t i n e  was used o n l y  f o r  computing t h e  H20 

heat ing  i n  t h e  troposphere and lower s t ratosphere.  (The reason why t h e  

ozone t jeat ing cou ld  n o t  be t r e a t e d  i n  t h e  same way i s  discussed on the  

f 0 1 1 0 ~ i h g  page.) Temperature and water vapor m ix ing  r a t i o  p r o f i l e s  were 

entered i n t o  a s imple broadband shortwave r a d i a t i v e  t r a n s f e r  r o u t i n e  

developed under Stephen Cox (Cox, - -  e t  a1 . , 1976). Temperature p r o f  i 1 es 

(Fig. 3.1) f o r  s p r i n g  equinox were ob ta ined by averaging t h e  January and 



Temperature ( K) 

* L Y 
F ig .  3 .1  ~ e m b e r a t u r e  p r o f i l e s  ;;ed ' i n  the' r a d i a t i v e  t r a n s f e r  r o  ine.  ' 



J u l y  p r o f i l e s  i n  t h e  U. S. Standard Atmosphere supplements, - 1966. Water 

vapor p r o f i l e s  up t o  10 km (F ig .  3.2) were obt<ained from the  same 

source, w h i l e  values a t  h igher  leve ' ls  were obta ined from Manabe and 

S t r i c k l e r  (1964) and from Mastenbrook (1968). The r a d i a t i v e  t r a n s f e r  

r o u t i n e  computed t h e  H20 hea t i ng  r a t e  as a f u n c t i o n  o f  date, l a t i t u d e ,  

t ime o f  day, and he igh t .  The examples shown f o r  equinox a t  t h e  equator 

(Fig. 3.3) and f o r  severa l  he igh ts  (F ig.  3.4) show t h e  v a r i a t i o n s  o t  

s t r u c t u r e  which occur. The SW hea t i ng  i s ,  o f  course, taken t o  be zero 

a t  n igh t .  A t  each h e i g h t  and l a t i t u d e ,  t h e  d a i l y  hea t i ng  curve was 

subjected t o  F o u r i e r  ana l ys i s  i n  o rder  t o  o b t a i n  t h e  d i u r n a l  component 

(F ig.  3.5). I n  terms o f  t h e  n o t a t i o n  o f  t h e  preceding chapter,  where 
, -. , 

J'" has now been determined a t  d i s c r e t e  values o f  0 and z* f o r  0 = 

2n/day and s = 1. The f a c t  \ t h a t  I . J'" .14 i s  n o t  separable i n t o  independent 

func t io r i s  o f  0 and z* adds some d i f f i c u l t y  t o  t h e  problem, i n  t h a t  Jogs 

must even tua l l y  be p r o j e c t e d  onto t h e  Hough func t ions  a t  each l e v e l  

where r a d i a t i v e  h e a t i  ng v a l  ues are  o b t a i  ned. 

Lirldzen, i n  h i s  work on t h e  d i u r n a l  t i d e ,  and o thers  who have 

fo l l owed  him, used a s imple f u n c t i o n a l  ,? .- form i (separable i n  0 and z*) t o  

descr ibe  t h e  H20 hea t i ng  (Lindzen, 1966). Th is  f unc t i on ,  based upon 

some si lhple phys i ca l  cons idera t ions  and a few numbers i n  t h e  l i t e r a t u r e  

on r a d i d t i v e  t r a n s f e r ,  was extended a t  l e a s t  i n t o  t h e  mesosphere, where- 

as t h e  H20 hea t i ng  i n  t h i s  research o n l y  extended t o  about 40 km. A 

comparison between t h e  v e r t i c a l  s t r u c t u r e  o f  t h e  two H20 hea t i ng  func- 

t i o n s  a t  t h e  equator i s  shown i n  F ig.  3.6. The s p e c i f i c  v e r t i c a l  s t ruc -  

t u r e  o f  t h e  new f u n c t i o n  . i s  q u i t e  d i f f e r e n t ,  b u t  t he  general shape and 

magni tut le a re  n o t  f a r  d i f f e r e n t  from Lindzen' s. 
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T i m e  of Day 

An example showing t h e  d i u r n a l  component o f  the  hea t ing  
funct ion .  





Fig.  3.6 Ve r t i ca l  p r o f i l e s  o f  the amplitudes o f  the d iu rna l  com- 
ponents o f  the heating: (a) the  smoothed H20 heat ing 

p r o f i l e  der ived from the r a d i a t i v e  t r ans fe r  rou t ine ,  (b)  
Lindzen' s H20 heat ing p r o f i l e ,  and (c) cumulus heating. A1 1 

three p r o f i l e s  are f o r  equinox a t  the  equator. 



Heating Hate ( ~ / h r )  



I t  was o r i g i n a l l y  in tended t h a t  ozone hea t i ng  and carbon d iox ide  

hea t i ng  would a l s o  be computed by us ing  t h e  same r a d i a t i v e  t r a n s f e r  

rou t i ne .  However, a f t e r  t i n k e r i n g  w i t h  t h e  i n i t i a l  r e s u l t s  f o r  q u i t e  

some t ime,  t h e  undocumented f a c t  was d iscovered t h a t  t h e  r o u t i n e  cannot 

g i v e  v a l i d  r e s u l t s  above 0.4 kPa. Both t h e  ozone and carbon d i o x i d e  

hea t i ng  extend t o  much g rea te r  he igh ts  than t h i s .  Lacking a  more so- 

p h i s t i c a t e d  r a d i a t i v e  t r a n s f e r  model and be ing  unable t o  l o c a t e  t he  

des i red  data i n  t h e  l i t e r a t u r e ,  i t  was decided t o  u t i l i z e  L indzen's  

ozone hea t i ng  as a  reasonable approx imat ion t o  t h e  r e a l  heat ing  

(L indze-7 1966). When t h e  r e s u l t s  o f  t h i s  research l a t e r  showed t h e  

t ropospher ic  response t o  be q u i t e  i n s e n s i t i v e  t o  t h e  exac t  s t r u c t u r e  and 

magnitude of t h e  ozone f o r c i n g ,  i t  was determined t h a t  t h i s  was a  s a t i s -  

f ac to ry  choice. The ozone hea t i ng  f u n c t i o n  used i n  t h i s  research looked 

l i k e  t h i s :  

where z i s  now t h e  mean geopoten t ia l  h e i g h t  and f (0)  i s  very  n e a r l y  a  

cos ine func t ion .  The ozone hea t i ng  i s  con f ined between zB = 18 km and 

ZT = 78 km. The v e r t i c a l  s t r u c t u r e  o f  t h i s  hea t i ng  f u n c t i o n  a t  t he  

equator i s  shown i n  comparison t o  t h e  H20 f o r c i n g  i n  F ig.  3.7. 

I C02 f o r c i n g  i s  n e g l i g i b l e  i n  t he  r e g i o n  where Cox's model i s  

v a l i d ,  b u t  i t  may n o t  be n e g l i b i b l e  everywhere i n  t h e  atmosphere. Other 

minor cons t i t uen ts  migh t  a l s o  c o n t r i b u t e  t o  t h e  SW hea t i ng  o f  t h e  upper 

atmosphere a t  var ious  l e v e l s .  However, i t  had t o  be assumed t h a t  t h e i r  

c o n t r i b u t i o n  t o  t h e  t ropospher ic  d i u r n a l  t i d a l  response would be n e g l i -  

g i b l e .  
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F ig .  3.7 V e r t i c a l  p r o f i l e s  o f  t h e  ampl i tudes o f  t h e  d i u r r  
ponents o f  t h e  H,O and ozone hea t i ng  ra tes :  (a) t he  

L 

smoothed H20 hea t i ng  p r o f i l e  de r i ved  from t h e  

Both p r o f i l e s  a re  f o r  equinox a t  t h e  equator.  
t r a n s f e r  r o u t i n e ,  and (b) L indzen 's  ozone np 



F i n a l  l y  , w h i l e  d i scuss ing  t h e  improved t ropospher ic  hea t i ng  func- 

t i o n ,  i t  would a l s o  be app rop r i a te  t o  d iscuss cumuluS heat ing.  It was 

hypothesized t h a t  d i u r n a l  v a r i a t i o n s  i n  t h e  r a t e  o f  l a t e n t  heat  re lease 

might  re a s i g n i f i c a n t  e f f e c t  upon t h e  ampl i tude and phase o f  t he  

d i u r n a l  t i d e  i n  t h e  troposphere. To t e s t  t h i s  hypothesis,  a  very crude 

cumulus hea t i ng  f u n c t i o n  was added t o  t h e  SW heat ing.  L i k e  the  ozone 

heat ing,  the  cumulus hea t i ng  was assumed t o  be o f  a  p resc r i bed  func- 

t i o n a l  form separable i n  8 and z*. 

0 L 

bz* - i P J : ; ~ ( ~ , Z * ) = A ~  s i n C i 3 ) e  e , 

where A = 1 . 2 3 ~ 1 0 - ~ ~ / k g - ,  b  = -0.806, z i  i s  t h e  bottom o f  t h e  l a t e n t  heat  

re lease a t  95.1 kPa, zf i s  t h e  t o p  a t  10.0 kPa*, and p i s  t h e  phase o f  

t h e  cumulus heat ing.  I n  a more recen t  paper, Lindzen shows a t a b l e  o f  

t h e  amp1 i t u d e s  o f  t h e  d i u r n a l  and semi-d iurnal  components o f  t h e  r a i n -  

f a l l  r a t e  f o r  var ious  t r o p i c a l  s t a t i o n s  (Lindzen, 1978). The value 

based upon t h e  da ta  from Jacobson (1976), which was an average f o r  a 

number o f  smal l  t r o p i c a l  i s l a n d  s t a t i o n s ,  was chosen t o  be t h e  va lue f o r  

t h e  ampl i tude o f  t h e  d i u r n a l  v a r i a t i o n  a t  t h e  equator f o r  t h e  purposes 

o f  t h i s  research. A t  bes t ,  t h e  assumed d i u r n a l  v a r i a t i o n  o f  t h e  r a i n -  

f a l l  r a t e ,  w i t h  an ampl i tude o f  0.126 cm/day and reaching a maximum a t  

0647 LT, i s  o n l y  approximate. The f u n c t i o n a l  form o f  t h e  l a t e n t  heat  

re lease w r i t t e n  above i s  an educated guess. The values o f  b  and A were 

chosen so t h a t  when t h i s  f u n c t i o n  i s  i n t e g r a t e d  over  t h e  v e r t i c a l  e x t e n t  

o f  t h e  l a y e r  i n  which t h e  l a t e n t  heat  i s  re leased,  i t w i l l  y i e l d  a 
I 

hea t i ng  va lue equ i va len t  t o  0.126 cm o f  r a i  n f a l l  p e r  day. The v e r t i c a l  





p r o f i l e  o f  t h i s  heat ing a t  the equator i s  shown in' Fig. 3.6. The hor i -  

zontal p r o f i l e  i s  j u s t  a Gaussian curve which f a l l s  o f f  t o  a value o f  

l / e  a t  30' from the equator. 

3.2 Improved Hough Mode Representation 

I n  Lindzen's study o f  the d iurna l  t i d e ,  he pro jec ted the l a t i t u d i -  

nal s t ruc tu re  o f  h i s  heat ing func t ion  onto on ly  f i v e  Hough funct ions -- 
the f i r s t  three p o s i t i v e  equivalent  depth modes and the f i r s t  two nega- 

I 
t i v e  equivalent  depth modes (Lindzen, 1968). The sum o f  these f i v e  

pro jec t ions makes a very rough approximation t o  the heat ing p r o f i l e ,  as 

i s  shown on the l e f t  s ide o f  Fig. 3.8. Even i n  the t rop ics ,  the shape 

o f  the f i v e  mode representat ion does not  very c lose ly  resemble the 

actual  s t ruc tu re  o f  the heating; wh i le  i n  middle and upper la t i t udes ,  

the representat ion i s  qu i t e  poor. Presumably, these representat ion 

e r ro rs  might be r e f l ec ted  i n  the response ca lcu la ted by using t h i s  

d i s t o r t  heat ing funct ion,  thereby producing a r t i f i c i a l  and misleading 

feature -- p a r t i c u l a r l y  i n  the deta i  l e d  l a t i t u d i n a l  s t ruc tu re  which i s  

invest igated here, but  which others have not  examined. 

I n  order t o  a l l e v i a t e  t h i s  problem, s ix teen modes were used t o  

represent the long i tud ina l  s t ruc tu re  o f  the heat ing and o f  the d i f f e r e n t  

t i d a l  var iab le  responses. E ight  p o s i t i v e  and e i gh t  negative equivalent  

depth modes were used. The improvement t h a t  i s  made i n  representing the 

heat ing i s  c l e a r l y  shown on the r i g h t  s ide o f  Fig. 3.8. Notice t h a t  the 
? 

l a rges t  representat ion e r ro r s  occur between 25 and 40 degrees from the 1 

equator and very near the  pole. Somewhat unusual behavior i n  the ca l -  

cu la ted responses might be expected i n  these areas. 

An extreme example o f  the  d i f fe rence  t h a t  can occur i n  the calcu- 

l a t e d  response o f  a p a r t i c u l a r  va r iab le  i s  shown i n  Fig. 3.9. This 
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i g .  3.9 Comparison o f  t h e  h o r i z o n t a l  (8) s t r u c t u r e  o f  t h e  ampl i tude 
o f  t h e  t i d a l  w response a t  52.7 kPa us ing  (a) f i v e  and (b) 
s i x t e e n  Hough modes t o  represent  b o t h  t h e  f o r c i n g  and t h e  
response. (Data a r e  p l o t t e d  a t  5' increments. ) 
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example shows how t h e  l a t i t u d i n a l  p r o f i l e  o f  t h e  w response produced by 

t h e  f i v e  mode rep resen ta t i on  o f  t h e  hea t i ng  d i f f e r s  from t h e  w response 

produced by t h e  s i x t e e n  mode representa t ion ,  where w i s  t h e  v e r t i c a l  

v e l o c i t y  i n  pressure coord inates.  

Al though i t  i s  poss ib le  t o  speak o f  t h e  l a t i t u d i n a l  p r o f i l e  o f ,  

say, t he  ozone hea t i ng  be ing  a  cos ine curve, what i s  ac tua l  l y  meant i s  

t h a t  t h e  hea t i ng  p r o f i l e  i s  a  s i x t e e n  mode rep resen ta t i on  o f  a  cos ine 

curve. Some f u n c t i o n a l  hea t i ng  p r o f i l e s  cannot be w e l l  represented even 

when p r o j e c t e d  onto s i x t e e n  Hough func t i ons .  The example i n  F ig.  3.10 

i s  a  s i x teen  mode rep resen ta t i on  o f  a  Gaussian clrrve--the l a t i t u d i n a l  

p r o f i l e  assumed f o r  t h e  cumulus heat ing.  As i s  r e a d i l y  observed, t he  

rep resen ta t i on  i s  p r e t t y  u n r e l i a b l e  a t  more than f o r t y  degrees from t h e  

equator and cannot even g i v e  t h e  r i g h t  s i g n  poleward o f  s i x t y  degrees. 

Th is  example i s  shown because severa l  o f  t h e  t i d a l  va r i ab les  have l a t i -  

t u d i n a l  response p r o f i l e s  which have shapes s i m i l a r  t o  t h i s  Gaussian 

curve. From t h i s  i t  was concluded t h a t  even a  s i x t e e n  mode treatlment o f  

t h e  d i u r n a l  t i d e  i s  inadequate f o r  computing r e l i a b l e  t i d a l  responses 

poleward o f  about f o r t y - f i v e  degrees l a t i t u d e .  For t h i s  reason, com- 

p u t a t i o n a l  r e s u l t s  poleward o f  t h i s  p o i n t  w i l l  n o t  be discussed i n  t h i s  

repo r t .  

3.3 Improved Presenta t ion  o f  Resul ts  . 

Since t h e  c h i e f  focus o f  t h i s  research i s  on t h e  d i u r n a l  t i d a l  

v a r i a t i o n s  i n  t h e  t r o p i c a l  t roposphere, i t was impera t ive  t o  o b t a i n  

r e s u l t s  w i t h  as f i n e  a  v e r t i c a l  and h o r i z o n t a l  r e s o l u t i o n  as requ i red  t o  

reso l ve  t h e  s t r u c t u r e  o f  t h e  t i d e .  Lindzen presented v e r t i c a l  p r o f i l e s  

o f  t h e  t i d a l  response f o r  severa l  t i d a l  v a r i a b l e s  a t  15' increments o f  

l a t i t u d e .  It was f e l t  t h a t  t h i s  migh t  be inadequate t o  reso lve  t h e  
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l a t i t u d i n a l  s t r u c t u r e  o f  the  d i u r n a l  t i d e ;  and t h a t ,  conceivably ,  one o r  

more o f  t he  15' increments cou ld  f a  I 1  near nodes i n  t he  responses o f  

some t i d a l  va r i ab les .  ,-' "p Thus, . .,. t h e  ,a .- r e s u l t s  .. , - . presented - -... by Lindzen , (1966) 
i7  

cou ld  be mis lead ing  ;n these two respects.  
f 

I n  t h i s  research, i t  was poss ib le  t o  show r e s u l t s  a t  1' inckements 

o f  l a t i t u d e .  However, i t  was found t h a t  such f i n e  r e s o l u t i o n  as no t  

so lve  t h e  s t r u c t u r e  o f  t h e  d i u r n a l  t i d e .  I n  1 

T necessary. Resul ts  presented a t  5' increments "ere s u f C ' - i e r "  t o  re -  

lon O f t  

r e s u l t s  a t  15' increments was inadequate o r  mis lead ing  on ly  

v e r t i c a l  v e l o c i t y  v a r i a b l e s  (e.g., w, w*, w, rw*). F ig .  3.11 chi  

t h e  p resen ta t i on  o f  v e r t i c a l  p r o f i l e s  o f  w a t  15' incremen o f  

would n o t  adequately p o r t r a y  t h e  h o r i z o n t a l  s t r u c t u r e  o f  w. 

t roposphere, t h i s  does n o t  happen f o r  any o t h e r  k i n d  o f  t i d a l  v  

i n  such an extreme way, though it i s  s t i l l  much eas ie r  t o  v isual4 

t i d a l  s t r u c t u r e  when t h e  responses o f  t h e  t i d a l  v a r i a b l e s  a re  orL 

how 

as contoured cross sec t ions  based upon data w i t h  a  5' h o r i z o ~  01 u- 

t i o n .  The v e r t i c a l  r e s o l u t i o n  i n  a l l  o f  t h e  r e s u l t s  presented 'I t h i s  

r e p o r t  was Az* = 0.04 -- t w i c e  t h e  s i z e  o f  t h e  increment used i * o i n g  
't, 

I., 

t h e  t i d a l  c a l c u l a t i o n .  '*4% 
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I 4 0-z* cross  s e c t i o n  o f  t h e  amp1 i t u d e  o f  t h e  t i d a l  v e r t i c a l  
v e l o c i t y  f i e l d  f o r ced  by SW heat ing .  Contour i n t e r v a l :  0 . 1  
&Pa/day. The 15' l a t i t u d e  increments a r e  t h e  l a t i t u d e s  f o r  
which Lindzen showed r e s u l t s ,  
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4. RESULTS AND COMPARISONS , , 

6 ' ! 

Th is  chapter  on r e s u l t s  w i l l  be d i v i d e d  i n t o  th ree  sec t ions .  The 

f i r s t  s e c t i o n  con ta ins  d iscuss ions  o f  t h e  r e s u l t s  o f  a  s e n s i t i v 4 i t y  s tudy 
. , t 

and o f  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  o f  t h e  t h r e e  hea t i ng  compbnents t o  

t h e  t r oposphe r i c  t i d a l  response. The p r i n c i p a l  t h e o r e t i c a l  r e s u l t s  o f  

t h i s  research w i l l  a l s o  be presented i n  t h i s  sec t ion .  The second sec- 

t i o n  con ta ins  a  comparison o f  t h e  r e s u l t s  o f  t h i s  research t o  those 

shown by Lindzen i n  1967. Reasons w i l l  be g i ven  t o  account f o r  t he  

d i f f e rences .  There w i l l  a l s o  be a  d i scuss ion  o f  preceding " f o r t s  t o  

i n c l u d e  cumulus hea t i ng  i n  t h e  c l a s s i c a l  t rea tment  o f  t h e  d i u r n a l  t i d e .  

The f i n a l  s e c t i o n  o f  t h i s  chapter  con ta ins  severa l  comparisons between 

t h e  t h e o r e t i c a l  r e s u l t s  ob ta ined  i n  t h i s  research and t h e  more r e c e n t l y  

r epo r ted  va lues o f  d i u r n a l  t i d a l  v a r i a t i o n s  de r i ved  from observat ions.  

It should be remembered t h a t  a l l  o f  t h e  r e s u l t s  presented i n  t h i s  chap- 

t e r  and any conclus ions drawn from them a re  o n l y  f o r  the  t r o p i c a l  o r  

sub - t rop i ca l  t roposphere a t  equinox. i 

4.1 Resul ts  

Before p resen t i ng  t h e  p r i n c i p a l  r e s u l t s  o f  t h i s  research, i t  would 

f i r s t  be app rop r i a te  t o  d iscuss t h e  s e n s i t i v i t y  s tudy and t h e  s tudy o f  

t h e  c o n t r i b u t i o n s  o f  t h e  t h r e e  hea t i ng  components which were c a r r i e d  

out .  Th i s  w i l l  a i d  i n  p r o v i d i n g  a  b e t t e r  understanding o f  t h e  numerical  
, I -  *3 ? t  , ,' 

r e s u l t s  presented l a t e r  and i n  p r o v i d i n g  a  g r e a t e r  conf idence i n  t h e i r  

s i g n i f i c a n c e .  



4.1.a S e n s i t i v i t y  study ( 1  

I n  order t o  determine which parameters most sens i t i ve l y  i n f  1  uence 

the struccture o f  the amplitude and phase f i e l d s  o f  the d iurna l  t i d a l  

response, f i v e  parameters were var ied i n d i v i d u a l l y  i n  d i f f e r e n t  runs 01 

the t ida ' l  ca lcu la t ion .  None of the va r ia t ions  produced order-of-magni - 
tude changes i n  the amplitude f i e l d s ;  nevertheless, several produced 

s i g n i f i c a n t  changes i n  the r esu l t s  t h a t  should be noted. 

I n  the f i r s t  t e s t ,  the number o f  Hough funct ions (o r  modes) used i n  

the ca l cu l a t i on  was varied. One model run used the same f i v e  modes used 

by Lindzen, whi le  the second run used an add i t i ona l  ten  modes. I n  

comparing the r esu l t s ,  s i g n i f i c a n t  d i f fe rences were not iced i n  both the 

v e r t i c a l  and hor izonta l  s t ruc tures o f  the responses. I n  the v e r t i c a l  

d i rec t ion ,  the f i f t e e n  mode response tends t o  osci  1  l a t e  (w i th  height)  

around the v e r t i c a l  p r o f i l e  o f  the f i v e  mode response a t  the same l a t i -  

tude. This i s  a  r e s u l t  o f  the con t r i bu t i on  o f  the higher order p o s i t i v e  

equivalent  depth modes w i t h  t h e i r  shor ter  v e r t i c a l  wavelengths. There 

are a lso s i g n i f i c a n t  d i f fe rences i n  the hor i zon ta l  s t ruc tures o f  the two 

t i d a l  responses. Five modes no t  on ly  provide a  poor representat ion o f  

the 0 - p r o f i l e  of the heating, bu t  they are a lso inadequate t o  capture 

the f inerb hor izonta l  s t ruc tu re  o f  the t i d a l  response. I n  pa r t i cu l a r ,  

the f i f t e e n  mode run tended t o  concentrate a  greater  f r a c t i o n  o f  the 

response i n  the t r op i cs  and subtropics than the f i v e  mode run did.  A t  

more tharh ten  degrees from the equator, the  d i f fe rences between the  

v e r t i c a l  p r o f i l e s  o f  amplitude f o r  the two runs were f requent ly  30 t o  50 

percent o r  more through much o f  the troposphere. The phase d i f fe rences 

are genet'ally l ess  pronounced. It would be i n t e r e s t i n g  t o  see what 

changes would occur i f  the number o f  modes were again t r i p l e d .  Hope- 

f u l l y ,  th~k e f f ec t s  would be less  observable. 



The second t e s t  was t o  observe the changes kaused by mo 

l e v e l  of t h e  t o p  o f  t h e  model. Genera l ly ,  t h e  model c a l c u l a  

te rmina ted  a t  t h e  mesopause. However, i n  one case, r e a l  i s t i  

spher ic  temperature and s t a t i c  s t a b i l i t y  p r o f i l e s  up t o  20 

added t o  t h e  t o p  o f  t h e  model domain, and t h e  r e s u l t s  wer 

regard less o f  whether o*rJmn*ot t h e  thermospheric physics wer 

The r e s u l t s  showed t h a t  t h i s  change g e n e r a l l y  produced f a  

d i f f e r e n c e s  i n  t h e  t ropospher ic  response f o r  bo th  amp1 i tude 

I 10%) and phase ( l e s s  than one h a l f  hour). Also, t h e  f r a c t i o n a l ' s i z e  o f  

t h e  changes i n  bo th  phase and ampl i tude were nea r l y  constant  w i t h  

height:  ' ' > .  /I . i l* 1 

The t h i r d  t e s t  requ i res  some explanat ion.  I n  

equat ion, t h e r e  i s  a  q u a n t i t y  (p2 - f2) which appear i n  

o f  t h e  0 opera tor ,  where p = s i n  0 and f = a/2R i s  t h e  ar 

o f  t h e  t i d a l  component d i v i d e d  by tw i ce  t h e  angular  f 

e a r t h ' s  r o t a t i o n .  The q u a n t i t y  a i s  determined frl--- 

requency 

o f  t h e  

f t h e  

s o l a r  day, w h i l e  R i s  dependent on t h e  l e n g t h  o t h e  s id l  day. 

Thus, f has a  va lue o f  very kebr ly , '  b u t  no ' t  q u i t e  0.5. A t  30' f r o m  the  

equator,  p  = k0.5, and consequent ly t h e  va lue o f  ( p 2 - f 2 ) - I  becodes q u i t e  

la rge .  I n  t h e  Ga le rk in  t reatment  o f  t h e  d i u r n a l  t i d e ,  t h i s  q u a n t i t y  

appears o n l y  a t  t h e  end o f  t h e  t i d a l  c a l c u l a t i o n ,  when produicing t h e  

g raph i ca l ,  two dimensional rep resen ta t i on  o f  t he  so lu t i on .  E 

t h i s  q u a n t i t y  o n l y  appears i n  t h e  computat ion o f  t h e  h o r i z o  

components. As a  t e s t ,  f was s e t  equal t o  0.5 i n  o rde r  t o  p  

apparent s i n g u l a r i t y  a t  t h e  g r i d  p o i n t  30' away from t h e  equ 

li, v e r t i c a l  p r o f i l e s  o f  t h e  wind p e r t u r b a t i o n s  were n o t  computed a t  t h i s '  



I 

p o i n t  (though they  cou ld  have been w i t h  an appl i c i j t i o n  o f  1 'Hosp i ta l  ' s  

ru le ) .  No s i g n i f i c a n t  change occurred i n  t he  wind f i e l d s  away from t h i s  

p o i  n t .  i 
I n  t h e  f o d r t h  s e t  o f  t e s t s ,  t h e  s t r u c t u r e  o f  t h e  H20 hea t i ng  was 

var ied.  The two bas i c  v e r t i c a l  s t r u c t u r e s  used are  shown ( a t  t h e  

equator) i n  F ig.  2.6. The h o r i z o n t a l  s t r u c t u r e  o f  t h e  hea t i ng  f u n c t i o n  

d e r i v e d f r o m  t h e  r a d i a t i v e  t r a n s f e r  r o u t i n e  v a r i e s  w i t h  he igh t .  The 

hor izonqal  s t r u c t u r e  o f  t h e  o the r  hea t i ng  f u n c t i o n  was very  nea r l y  t h e  

same as t h a t  used by Lindzen (1967) and d i d  n o t  vary  w i t h  he igh t .  Two 

version:, o f  t h e  hea t i ng  f u n c t i o n  de r i ved  from t h e  r a d i a t i v e  t r a n s f e r  

r o u t i n e  were used. One was a  s l i g h t l y  smoothed f u n c t i o n  ( i n  t h e  ver- 

t i c a l )  c f  I t h e  o ther .  A t h r e e  p o i n t  smoothing scheme was used, g i v i n g  a  

50% we igh t ing  t o  t h e  center  p o i n t  and a  25% we igh t i ng  t o  each neighbor- 

i n g  p o i n t .  ( A t  t h e  p o i n t  i n  t h e  c a l c u l a t i o n  where t h e  smoothing was 

done, t h e  v e r t i c a l  spacing between da ta  p o i n t s  was 0.5 km below 10 km 

and 1 ky above 10 km.) Th i s  smoothed p r o f i l e  i s  what i s  shown i n  F ig.  

2.6.  he t i d a l  responses t o  t h e  smoothed and unsmoothed hea t i ng  func- 

t i o n s  showed no s i g n i f i c a n t  d i f f e rences .  The smoothed f u n c t i o n  merely 

r e s u l t e d  i n  a  s l i g h t l y  smoother response. Since t h e  smoothed p r o f i l e  

was considered t o  be a  1  i t t l e  more rep resen ta t i ve  o f  t h e  r e a l  atmo- 

sphere, i t  was used f o r  producing t h e  r e s u l t s  shown l a t e r  i n  t h i s  

sect ion.  

Two runs were made us ing  an exponent ia l  H20 hea t i ng  p r o f i l e  1  i ke 

Lindzen's,  where i n  t h e  second case t h e  hea t i ng  f u n c t i o n  was j u s t  mu1 ti- 

p l i e d  by a  cons tan t  va lue o f  1.26. The ozone hea t i ng  used i n  bo th  cases 

was e x a c t l y  t h e  same. The r e s u l t  o f  making t h i s  change was j u s t  t o  





m u l t i p l y  t he  ampl i tude p r o f i l e  by n e a r l y  t h e  same cons tan t  (1.26) 

throughout  t h e  t roposphere w h i l e  l e a v i n g  t h e  phase p r o f i l e s  very n e a r l y  

i d e n t i c a l .  Th i s  p rov ides  evidence t h a t  t h e  t r oposphe r i c  response t o  t h e  

ozone hea t i ng  must be smal l .  The changes i n  ampi i tude  and phase were 

much more s i g n i f i c a n t  i n  the  s t ra tosphere  where t h e  d i f f e r i n g  r e l a t i v e  

magnitud of t h e  two hea t i ng  f u n c t i o n s  make a  d i f f e r e n c e .  

The g r e a t e s t  d i f f e r e n c e  noted i n  t h i s  f o u r t h  s e t  o f  t e s t s  was t h a t  

between the  response t o  t h e  smoothed H20 hea t i ng  f u n c t i o n  de r i ved  from 

t h e  r a d i a t i v e  t r a n s f e r  r o u t i n e  and t h e  response due t o  L indzen 's  H20 

hea t i ng  f unc t i on .  Examples o f  t h i s  a re  shown i n  F igs.  4 . 1  and 4.2. 

No t i ce  i n  p a r t i c u l a r  how r a d i c a l l y  d i f f e r e n t  t h e  v e r t i c a l  s t r u c t u r e s  f o r  

t h e  ampl i tude and phase p r o f i l e s  o f  t h e  temperature p e r t u r b a t i o n s  a re  a t  

f i f t e e n  degrees from t h e  equator.  The e f f e c t s  a re  much l e s s  pronounced 

f o r  t h e  amp1 i t u d e  and phase p r o f i l e s  o f  w a t  t h e  equator ,  b u t  they  a re  

s t i l l  s i g n i f i c a n t  i n  t h e  lower  troposphere. Because o f  t h e  f a i r l y  

compl icated s t r u c t u r e  o f  t h e  smoothed H20 hea t i ng  f unc t i on ,  i t  i s  n o t  

easy t o  f i n d  any c o n s i s t e n t  d i f f e r e n c e s  between t h e  s t r u c t u r e s  o f  t he  

response!; o f  t h e  d i f f e r e n t  t i d a l  v a r i a b l e s  us ing  t h e  two hea t i ng  func- 

t i o n s .  S u f f i c e  it t o  say t h a t  t h e  d i f f e r e n c e s  can be s u b s t a n t i a l .  

Therefore,  as s t a t e d  be fo re ,  i n  o rde r  t o  o b t a i n  an accurate p o r t r a y a l  o f  

t he  d i u r n a l  t i d e  i n  t h e  troposphere, i t  i s  necessary t o  use a  f a i r l y  

r ep resen ta t i ve  t r oposphe r i c  f o r c i n g .  

It i s  a l s o  e s s e n t i a l  t o  use good temperature and s t a t i c  s t a b i l i t y  

p r o f i l e s .  Vary ing  these p r o f i l e s  was t h e  f i f t h  t e s t  o f  t h e  s e n s i t i v i t y  

of t h i s  model. The r e s u l t s  o f  t h i s  t e s t  i n d i c a t e  t h a t  t h e  model r e s u l t s  

a re  q u i t e  s e n s i t i v e  t o  f a i r l y  smal l  changes i n  t h e  s t a t i c  s t a b i l i t y  





Fig. 4 . l a  Ve, ,,cal p r o f i l e s  o f  the  t i d a l  temperature v a r i a t i o n s  a t  15' 
fr m the  equator: (1) using the  improved SW heat ing and the  
s t  t i c  s t a b i l i t y  p r o f i l e  f o r  15ON; (2) same, except us ing 
t h  s t a t i c  s t a b i l i t y  p r o f i l e  f o r  30°N; and (3) us ing 
L i  1 dzen's SW heat ing and the  s t a t i c  s t a b i l i t y  p r o f i l e  f o r  

q~. Amp1 i tude o f  the  temperature response. 









Fig.  4.2a 
<>: 

1. " 







p r o f i l e .  Figs. 4 .1  and 4.2 d i s p l a y  t h e  d i f f e r e n c e s  between u 

n o c t i a l  s t a t i c  s t a b i l i t y  p r o f i l e s  at, 1 5 O N  and 30°N. (The t 
l a ,  

and s t a t i c  s t a b i l i t y  p r o f i l e s  used are  shown i n  F igs.  4 .3 and 

d i f f e r e n c e s  i n  bo th  phase and ampl i tude which a r i s e  from us ng these 

r e l a t i v e l y  s i m i l a r  p r o f i l e s  can be as g r e a t  o r  g rea te r  than t i  se a r i s -  t 
i n g  from us ing  t h e  two very  d i f f e r e n t  H20 hea t i ng  func t i ons  

I? 

'noted t h i s  s e n s i t i v i t y  o f  t h e  model t o  v a r i a t i o n s  i n  t he  tr 
C ." 

4 1  ) s t a t i c  s t a b i  1  i t y  p r o f  i l e, b u t  he never showed any t ropospher i  

sons of t h e  r e s u l t s  obta ined by us ing  d i f f e r e n t  p r o f i l e s  

1968). 

I n  conclus ion,  t h e  s e n s i t i v i t y  s tudy shows t h a t  t h e  resu  

t i d a l  c a l c u l a t i o n  a re  s e n s i t i v e  t o  changes i n  severa l  parame r s .  The 9 
t h ree  most impor tan t  f a c t o r s  as found i n  t h i s  research are, i d  order  o f  

decreasing importance, t h e  s t r u c t u r e  o f  t h e  t ropospher ic  hea ng func- 4 
t i o n ,  t h e  s t a t i c  s t a b i l i t y  p r o f i l e ,  and t h e  number o f  Hough m k e s  used. 

, This  should be remembered when examining t h e  p r i n c i p a l  
(1 

research and comparing them t o  o the r  t h e o r e t i c a l  r e s u l t s .  
17 I ,.- 

4.1. b  Component c o n t r i b u t i o n s  
' I 

' " $ 
' 4 

7 j; 

It i s  impor tan t  t o  understand t h e  r e l a t i v e  importance 

il 
components o f  hea t i ng  i n  producing t h e  t ropospher ic  t i d a l  rc onse. A 
-* 

use fu l  way o f  making t h i s  ana l ys i s  i s  t o  examine Fig.  4.5. The/se gra 5 

r e q u i r e  a  l i t t l e  explanat ion.  They d i s p l a y  amplitande and nd- 

f u n c t i o n  o f  l a t i t u d e  f o r  t h e  t h r e e  terms o f  t h e  thermodyn; 

equat ion: 



Fig.  4. 

Temperature (K) 

Temperature p r o f i l e s  f o r  (1) 1 5 O N  and (2 )  30°N a t  equinox. 

4 





Static S t a b i l i t y  ( K )  

.4 Static stability profiles for (1) 1 5 O N  and (2) 30°N at 
equi nox. 





3 
p a r t i t i o n i n g  among the three terms o f  the thermo- t , ,  3 

energy equation averaged through the layer  from 81.9 '" f 
t 

kPa: J' '~/c .(SW heat ing curve i s  ind is t ingu ishab le  2 I 
P 

e H20 heat ing curve). (1) Total  (SW + Cumulus) + - ---- -d 
'. 

, (2) SW heating, (3) H,O hea t i  

Fig. 

ng, (4) cumulus 
L 

)?ing, and (5)  ozone heating. Note t h a t  the amplitude 
r e  i s  d i f f e r e n t  f o r  a l l  three terms. 
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. .. 
. . .  

;. . .' . . ., . , 

.. , . . 
, . I... ' !\ 

F , .  
. , ".: , :: . .\ 

. . '. :\ 
' 

,,.:,.. s 
: . .$ 
, . .,, .. $.i! 

cV 
d 

I 

6 4 

T i m e  of filaximum 
\O 0 0 *;+:* . .IL) a (V z d (V 0 0 d 





Each cqrve i s  a pressure weighted average f o r  t h a t  term i n  t he  TEE 

'!, l l r rouyh a d w p  layer. o f  l t le  I,rol)osphere (81.9 t o  28.9 kl'a). l he phiis@ 

shows the t ime when l h e  n)a&imu-m pos it i v e  d e v i a t i o n  occurs. 

. 4.5a d i sp lays  t h e  hea t i ng  term, J " ' ~ / c ~ .  Several t h i n g s  

e noted. F i r s t ,  t h e r e  i s  no ozone hea t i ng  i n  t h e  troposphere. 

t he  H20 hea t i ng  i s  much g rea te r  than  t h e  cumulus heat ing.  

t h e  cumulus hea t i ng  i s  78' o u t  o f  phase w i t h  t h e  water  vapor 

t h e  amp1 i tude o f  t h e  t o t a l  hea t i ng  (shortwave p l u s  cumulus 

i s  increased over  t h e  water  vapor hea t i ng  l e s s  than might  

be expected. F i n a l l y ,  t h e  w igg les  i n  t h e  8 - p r o f i l e  o f  t h e  

urves due t o  t h e  f i n i t e  Hough mode approx imat ion are  p l a i n l y  

-. ri  ., ' . 8 .  
I )  

* 

'1 . 4.5b d i sp lays  t h e  v e r t i c a l  mot ion term, Tw '". (Note t h a t  

t h e  am li' ' 
diagrams o f  p a r t s  b and c o f  F ig .  4.5 have d i f f e r e n t  

* 
v e r t i c a l  s than  Fig.  4.5a. ) Since w 'T 'S i s  computed d i r e c t l y ,  

ing l rves  i n  F ig .  4.5a, i t  would be expected t h a t  some o f  
* 

i n  t h e  0 p r o f i  l e s  o f  r w  a re  d i r e c t l y  c o r r e l a t e d  t o  those 

/Cq curves. The s t r u c t u r e  equatorward o f  25' i s  probably  

s i g n i ~ i c a n t ,  w h i l e  t h a t  poleward o f  25' i s  probably  j u s t  a f i c t i t i o u s  

a r t j  fas  $tem,i  ng from t h e  approximate Hough mode rep resen ta t i on  o f  t h e  

heat.  
I I r e l a t i v e  importance o f  t h e  hea t i ng  components i n  f o r c i n g  

, ,  inn i s  l e s s  c l e a r  cu t .  The response due t o  ozone hea t i ng  

s t ,  but t i s  s t i l l  s i g n i f i c a n t  i n  shaping t h e  t o t a l  SW re -  

r t h e  equator. The v e r t i c a l  mot ion fo rced  by cumulus hea t i ng  

a n t  a t  a1 1 l a t i t u d e s .  However, be ing  again n e a r l y  90' o u t  o f  

t h e  v e r t i c a l  v e l o c i t y  f o r ced  by t h e  SW hea t i ng  ( a t  most 

t h e  d i f f e r e n c e  between t h e  SW hea t i ng  response and t h e  t o t a l  

heat-  ?sponse i s  n o t  very  g rea t .  



ecl 

F ig.  4 . 5 ~  d i sp lays  the  temperature term, icrT. The s i  

q u i t e  d i s t i n c t  here. The s t r a t o s p h e r i c  ozone f o r c i n g  i s  a 

p l e t e l y  incapable o f  d i r e c t l y  producing temperature chan 
., L h- 

: troposphere. The cumulus hea t i ng  i s  a l s o  r e l a t i v e l y '  muc 

,.ill producing a temperature response than i t  was i n  proc , , ica. 

 motion response. Thus, t h e  temperature response i n  t h  ;ph ? i s  

, almost e n t i r e l y  f o rced  by t h e  H20 heat ing,  except very r .h d , equator. 

l : I INot ice two o the r  t h i n g s  as w e l l .  F i r s t ,  t h e  amplitude: .h ti! tempera- 

; t u r e  term responses a re  much g rea te r  than  those o f  t h e  v e r t i  

.,,I term, i n d i c a t i n g  t h a t  t h e  g r e a t  m a j o r i t y  o f  t he  energy i n  

, .  , sphe r i c  d i u r n a l  t i d a l  response goes i n t o  t h e  temperature term. S ~ n d ,  

i n  t h e  process o f  s u b t r a c t i n g  t h e  v e r t i c a l  mot ion term from e hea t i ng  

:, ( te rm t o  o b t a i n  t h e  temperature term, most o f  t h e  wiggles / r e  l o s t .  

I~T.,; : Three conclusioirs Tan be drawn 'from t h i s  study. F i r s t  t h e  H20 1 
hea t i ng  i s  c l e a r l y  t h e  most impor tan t  hea t i ng  component i n  f 

9 d i u r n a l  t i d e  i n  t h e  troposphere. Th i s  p rov ides  a d d i t i o n a l  s  

t he  assumption t h a t  t h e  use o f  an approximate ozone heating! f u n c t i o n  

would p rov ide  re1  i a b l e  t ropospher ic  r e s u l t s .  Second, t h e  cu  

ing,  be ing  much l e s s  than t h e  H20 hea t i ng  and nea r l y  90" o 

& - w i t h  t h e  H20 hea t i ng  gene ra l l y  has o n l y  a smal l  e f f e c t  on t h  

o f  t h e  responses and s h i f t s  t h e  phases by an hour o r  less .  rh i rd ,  by 
I 

f a r  t h e  g rea tes t  f r a c t i o n  o f  t h e  energy goes i n t o  t h e  tempe-+h,ur term 

i n  t h e  troposphere. 

, ::-?-,It i s  wor thwh i le  t o  make a few more comm4'nt.s about t h i  

t i c l u s i o n .  I n  t h e  troposphere, t h e  s t a t i c  s t a b i l i t y ,  T, i s  

v e r t i c a l  mot ion fo rced  by t h e  hea t i ng  i s  i n s u f f i c i e n t  f a  ! re  e 
* 

much response i n  t h e  Tw term o f  t h e  TEE. As a r e s u l t ,  t... term 



behaves somewhat l i k e  a r e s i d u a l  q u a n t i t y ,  w h i l e  t h e  hea t i ng  and tem- - 
pe ra tu re  ( ioT)  terms a re  more n e a r l y  equal i n  ampl i tude and have very 

nea r l y  t h e  same phase. Th is  i m p l i e s  t h a t  t h e  temperature response, 

TO*, always tends t o  l a g  the  hea t i ng  by very nea r l y  90' ( o r  s i x  hours).  

Thus, i f  the  hea t i ng  reaches a maximum a t  noon (as the  SW heat ing  does), 

t he  temperature reaches i t s  maximum value a t  1800 LT. For a r e a l i s t i c  

s t a t i c  s t a b i l i t y  p r o f i l e ,  t h e  o n l y  way t o  achieve an e a r l i e r  temperature 

maximum i n  t h i s  model i s  t o  add an a d d i t i o n a l  source o f  heat ing  which 

achieves i t s  maximum a t  an e a r l i e r  t ime than t h e  SW hea t i ng  does. The 

cumulus heat ing  i s  ab le  t o  do t h i s  t o  some ex ten t ;  though, as noted, i t s  

e f f ec t  was n o t  very g rea t .  Th i s  w i l l  be impor tan t  t o  remember l a t e r  

when egamining t h e  r e s u l t s  shown i n  t h e  nex t  s e c t i o n  and when comparing 

them t o  t h e  observa t iona l  r e s u l t s  shown i n  s e c t i o n  4.3. 

I was a l s o  observed t h a t  i nc reas ing  t h e  s t a t i c  s t a b i l i t y  i n  t he  

troposphere increased t h e  f r a c t i o n  o f  energy t h a t  went i n t o  t h e  v e r t i c a l  

mot ion term, and t h a t  t h e  hea t i ng  and temperature terms were then no 

longer  so n e a r l y  i n  phase. However, even w i t h  an isothermal  atmosphere, 

about 60% o f  t h e  response energy went i n t o  t h e  temperature term f o r  t h i s  

t h i c k  l a y e r  o f  t h e  troposphere. 

4.1. c r i n c i p a l  r e s u l t s  o f  t h i s  research 

There are  many r e s u l t s  t h a t  cou ld  be shown i n  t h i s  s e c t i o n  -- many 

more than cou ld  f e a s i b l y  be shown here. I n  o rder  t o  t r y  t o  o b t a i n  

i n s i g t  i n t o  t h e  g loba l  s t r u c t u r e  o f  t h e  d i u r n a l  t i d e ,  model r e s u l t s  

were obta ined i n  t h r e e  forms. F i r s t ,  ampl i tude and phase cross sec t ions  

i n  t h e  0-z* p lane were obta ined w i t h  r e s o l u t i o n s  o f  5' i n  t he  0-d i rec-  

t i o n  and 0.04 i n  t h e  z * -d i rec t i on .  Second, instantaneous 0-z* cross 

sec t ians  were ob ta ined f o r  var ious  t imes d u r i n g  t h e  course o f  a day. 
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Thi rd ,  instantaneous $-z* cross sec t ions  were obta ined aroun severa l  

l a t i t u d e  c i r c l e s  w i t h  a  15' h o r i z o n t a l  r e s o l  u t i o n .  Cross sec t ions  were 

ob ta ined f o r  t h e  f o l l o w i n g  q u a n t i t i e s :  t h e  th ree  terms o f  t h e  TEE; t he  

p e r t u r b a t i o n  f i e l d s  o f  temperature, geopo ten t i a l ,  h o r i z o n t a l  divergence, 

and the  h o r i z o n t a l  wind components; and t h e  p e r t u r b a t i o n  v e r t i c a l  ve lo -  

c i t y  f i e l d s  i n  pressure, log-pressure,  and geometr ic he igh t  coord inates.  

The instantaneous cross sec t ions  were q u i t e  use fu l  and i l l u m i n a t -  

ing.  Ce r ta in  fea tures ,  1  i ke ti 1  t i n g  axes and c e l l  u l a r  s t ruc tu res ,  

become very  apparent i n  these sec t ions .  It was a l s o  f a i r l y  easy t o  

conf i rm from these cross sec t ions  t h a t  t h e  general  fea tures  o f  t he  

r e s u l t s  a re  i n t e r n a l  l y  cons i s ten t  and are  cons i s ten t  w i t h  t h e  governing 

equat ions. However, because these instantaneous cross sec t ions  do n o t  

convey i n fo rma t i on  i n  a  concise form, they  w i l l  n o t  be shown i n  t h i s  

repo r t .  Instead,  o n l y  9-z* cross sec t ions  o f  ampl i tude f o r  a  number o f  

va r i ab les  w i l l  be shown here a long w i t h  v e r t i c a l  p r o f i l e s  o f  phase a t  

0°, 15O, and 30' o f  l a t i t u d e .  

It was decided t h a t  t h e  most rep resen ta t i ve  r e s u l t s  were obta ined 

by i n c o r p o r a t i n g  t h e  f o l l o w i n g  fea tu res  i n t o  t h e  model : s i x teen  Hough 

modes, t h e  s t a t i c  s t a b i l i t y  p r o f i l e  f o r  15ON, t h e  same ozone hea t i ng  

t h a t  Lindzen used, and t h e  s l i g h t l y  smoothed H20 hea t i ng  der ived  from 

t h e  r a d i a t i v e  t r a n s f e r  r o u t i n e .  The r e s u l t s  o f  two model runs are  shown 

here. The f i r s t  r un  was d r i v e n  o n l y  by shortwave hea t i ng  (ozone and H20 

heat ing) .  The second run  conta ined t h e  a d d i t i o n a l  f o r c i n g  due t o  cumu- 

l u s  hea t i ng  as w e l l .  The r e s u l t s  a re  shown on t h e  f o l l o w i n g  pages i n  

Figs. 4.6 t o  4.12, and a  comparison can 

sponses w i t h  and w i t h o u t  cumul us heat ing.  

made between 

iil,' 

t h e  i d a l  r e -  

I I 11 
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Latitude (degrees) 

Heating. Contour i n t e r v a l :  0 . 3  K/day. Amplitude o f  
t h e  SW (H20 + ozone) heat ing.  





Fig. 4.1fb 

Latitude (degrees) 

Same as F ig .  4 .6a ,  but  f o r  the amplitude o f  the t o t a l  (SW 
+ Cumulus) heating. 





Fig .  4 . 6 ~  

I 

!sting. V e r t i c a l  phase p r o f i l e s  a t  0°, 15O, and 30° 
-om the  equator. The shortwave heat ing i s  maximum a t  
)on a t  a1 1 l a t i t u d e s .  







(A) Amplitude : T (SW) 

Latitude (degrees) 

Fig .  4 .7a  Temperature response. Contour i n t e r v a l :  0 .04  K 
o f  the  response t o  SW heating. 



Latitude (degrees) 

response 





Fig.  4.7~ p e r a t u r e  response. V e r t i c a l  phase p r o f i l e s  a t  0°, 15O, 
1 30' from t h e  equator f o r  responses t o  both SW heat ing 
I t o t a l  heat ing.  

a : ,  

, " , . ., 
+."'I , 
< I '  

' ?. . . $', 
"I., 

I . . (  

1 .: * :,: 3.. ., 







( A )  Arnplilude : u (sw) 

Latitude (degrees) 



Latitude (degrees) 

Same as Fig. 4.8a, but for the amplitude o f  the response 
t o  t o t a l  heating. 
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Fig. 4 . 8 ~  ester ly  wind response. Ver t ica l  phase p r o f i l e s  a t  0°, 
5 O ,  and 30' from the equator f o r  responses t o  both SW 
eating and t o t a l  heating. I 
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Fig. 4.9a 



Latitude (degrees) 

Fig, 43 b Same as Fig. 4.9a, but  f o r  the  amp1 i t ude  o f  the response 

i t o  t o t a l  heating. 





Fig. 4 . 9 ~  
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response. V e r t i c a l  phase p r o f i l e s  
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rom t h e  equator  f o r  responses t o  bo th  
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heat ing.  { 
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Fig. 

Latitude (degrees) 

An~pl i tude o f  Lhe geopote t l t i a l  response t o  SW heat ing .  
t o u r  i n te rva  I :  10m2/sec2. 

Con- 





Fig.  4 .10 
I 

r t i c a l  phase 
a t i n g  a t  0°, 

p r o f i l e s  o f  the geopotential  response t o  S W - - 3  
15', and 30' from the  equator. 

I 





Fig.  4.11 Diurnal  surface pressure v a r i a t i o n s  due t o  (a) t o t a l  heat ing  
and (b)  SW heat ing.  (c) The response ca lcu la ted  by Lindzen 
(1967) i s  g iven f o r  comparison. 



I 
Latitude ( degrees) 

I - 

Fig.  4 .12a Amplitude o f  the  souther ly  wind response t o  SW heating. 
Contour i n t e r v a l  : 0 . 1  m/sec. 
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The r e s u l t s  s tand p r e t t y  much by themselves w i t h o u t  r e q u i r i n g  much 

explanat ion.  Only a  few fed tu res  w i l l  be commented on here. The f i r s t  

s e t  o f  comments p e r t a i n s  t o  t h e  changes which occur w i t h  t h e  a d d i t i o n  o f  

t he  cumulus heat ing.  The ampl i tude and phase o f  the  hea t i ng  f o r  t he  two 

r-uns dr.e showrl ill l i y .  4 .6 .  1 L i s  ev ider l t  t h a t  the addi t i o r l a l  hea t ing  

due t o  l a t e n t  heat  re lease somewhat i n t e n s i f i e s  t h e  t ropospher ic  heat ing  

and produces a  second maximum a t  about 45.0 kPa. The a d d i t i o n a l  heat ing  

a l s o  s h i f t s  t h e  t ime o f  maximum hea t i ng  t o  somewhat e a r l i e r  i n  t he  

morning, t h e  exac t  amount be ing  dependent on t h e  l a t i t u d e  and he igh t ,  

b u t  nowhere by more than t h r e e  hours. As mentioned e a r l i e r ,  t h e  SW 

component o f  t h e  hea t i ng  i s  s t i l l  c l e a r l y  t h e  dominant component o f  t he  

heat ing.  As would be a n t i c i p a t e d  w i t h  t h e  a d d i t i o n  o f  a  r e l a t i v e l y  

minor source o f  heat ing ,  t h e  r e s u l t s  o f  t h e  t i d a l  c a l c u l a t i o n  are no t  

p ro found ly  a l t e r e d  by t h i s  a d d i t i o n .  I n  genera l ,  i t  serves o n l y  t o  

increase the  ampl i tude o f  t he  t ropospher ic  response by ten  t o  twenty 

percent  and t o  s h i f t  t h e  t ime o f  maximum response from zero t o  two 

hours. No impor tan t  s t r u c t u r a l  changes i n  the  t ropospher ic  t i d a l  re-  

sponse a re  caused by t h e  a d d i t i o n  o f  cumulus heat ing.  

The second s e t  o f  comments i s  f i r s t  mot iva ted  by an examinat ion o f  

t h e  v e r t i c a l  v e l o c i t y  f i e l d .  There i s  a  c e l l u l a r  s t r u c t u r e  i n  t h i s  

f i e l d  i n  t he  t r o p i c a l  t roposphere which a t  t he  equator  prov ides downward 

v e r t i c a l  mot ion a t  t h e  t ime of maximum heat ing ,  and a t  twenty degrees 

from t h e  equator  p rov ides  upward v e r t i c a l  mot ion a t  t he  same t ime. This  

was a  r a t h e r  s u r p r i s i n g  and bothersome r e s u l t  f o r  which a  simple physi -  

c a l  exp lana t i on  has n o t  been found. As i s  demonstrated i n  Appendix 3, 

even t h e  mathematical exp lana t i on  f o r  t h i s  phenomenon i s  no t  very 



s t ra igh t fo rward .  However, t h e  mathematical v e r a c i t y  o f  t h e  s o l u t i o n  has 

been conf irmed by two complete ly  independent a n a l y t i c  s o l u t i o n s ,  and the  

phenomenon appeared t o  be q u i t e  p e r s i s t e n t ,  even when f a i r l y  r a d i c a l  

changes were made i n  t he  shapes o f  t h e  f o r c i n g  and the  s t a t i c  s t a b i l i t y  

p r o f  i le. Apl)arclit. l y ,  clveli w i t t i  t.tw assumptiorl o f  f a  i r l y  s imp l e  struc- 

t u res  f o r  the  atmosphere and the  f o r c i n g ,  t h e  problem o f  computing a 

t i d a l  response i n  a t h i n  atmosphere on a r o t a t i n g  sphere i s  s t i l l  so 

complex t h a t  a s imple phys i ca l  o r  i n t u i t i v e  exp lana t i on  f o r  t h e  r e s u l t s  

cannot e a s i l y  be found. 

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

t h e  t ime o f  maximum hea t i ng  i n  F ig.  4.13. The t i d a l  response takes t h e  

form o f  a c e l l u l a r  c i r c u l a t i o n  i n  t h e  t r o p i c s .  Thus, a d i u r n a l  v a r i a -  

t i o n  i s  superimposed on t o p  o f  t h e  t r o p i c a l  Hadley c i r c u l a t i o n  which 

tends t o  oppose t h e  Hadley c e l l  d u r i n g  t h e  day and enhance i t  a t  n i g h t .  

(Though, o f  course, f o r  the  purposes o f  t h i s  problem, a r e s t i n g  bas ic  

s t a t e  was assumed. But  i f  t h e  computed t i d a l  response i s  a t  a l l  charac- 

t e r i s t i c  o f  t h e  r e a l  atmospheric t i d a l  response, t h i s  i s  t h e  e f f e c t  t h a t  

t he  computed response would d i sp lay . )  More w i l l  be s a i d  about t h i s  

l a t e r  when these r e s u l t s  a re  compared t o  t h e  r e s u l t s  de r i ved  from obser- 

vat ions.  

4.2 Comparison w i t h  E a r l i e r  Theo re t i ca l  Resu l ts  

It seems t h a t  Lindzen i s  t h e  o n l y  one who, us ing  c l a s s i c a l  t i d a l  

theory  t o  compute d i u r n a l  t i d a l  v a r i a t i o n s  i n  t h e  troposphere, has 

r e c e n t l y  shown a f a i r l y  complete s e t  o f  r e s u l t s  (Lindzen, 1967). F igs.  

4.14 t o  4.16 show Lindzen's  amp1 i t u d e  and phase p r o f i l e s  a t  0°, 15O, and 

30' o f  l a t i t u d e  f o r  t h e  p e r t u r b a t i o n  f i e l d s  o f  temperature, wes te r l y  

v e l o c i t y ,  and v e r t i c a l  v e l o c i t y .  The corresponding r e s u l t s  obta ined 
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Schematic 8-z* cross sect ion o f  t h e  t i d a l  wind c i r c u l a t i o n  
a t  the  t ime o f  maximum heat ing.  
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Fig.  4.14b Same as Fig.  4.14a, but  f o r  the v e r t i c a l  p r o f i l e s  o f  the  
phase o f  the temperature response. 
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Fig. 4.15a: :omparison between the  new r e s u l t s  (NR) and those presented 
)y Lindzen (L) (1967). V e r t i c a l  p r o f i l e s  o f  the amplitude 
)f the wester ly  wind response a t  0 ° ,  15O, and 30' from the  
!quator a t  equinox. 









Fig.  4.1" Same as F ig .  
phase o f  the  

4.15a, but  f o r  the  v e r t i c a l  p r o f i l e s  o f  the  
wester ly  wind response. 









Fig. 4.16a Comparison between the  new r e s u l t s  (NR) and those presented 
by Lindzen (L) (1967). V e r t i c a l  p r o f i l e s  o f  the amp1 i tude  
o f  the  v e r t i c a l  v e l o c i t y  (w)  response a t  0° ,  15O, and 30' 
from the equator a t  equinox. 













f rom t h i s  research are  a l s o  shown. Both se ts  o f  r e s u l t s  were obta ined 

SW heat ing.  3 I /  

i s d i f f i C I I  l t 1.0 f i 11tl i11ly cons i s t e n t  d i f t erences bet.ween t.he two 
I 
f r e s u l t s .  About a l  l t h a t  carr be s a i d  i s  t h a t  t h e  d i f f e r e n c e s  are  

, f requ,  n t l y  q u i t e  la rge  through most o f  t h e  troposphere. The v e r t i c a l  rl 
, , ,, r l u r l  of bo th  t he  amp1 i tude and phase p r o f i l e s  a re  q u i t e  d i f f e r e n t  

!e l a t i t u d e s  and f o r  a l l  t h ree  va r i ab les .  

jhree ~ c t o r s  a re  respons ib le  f o r  t h e  d i f f e r e n c e s  between these 

f r e s u l t s .  F i r s t ,  Lindzen used o n l y  f i v e  Hough modes i n  h i s  

t i o n s ,  whereas 16 were used here. Second, t h e  two se ts  o f  re -  

e re  ob ta ined us ing  very d i f f e r e n t  H20 hea t i ng  func t i ons  (see Fig.  

However, t h e  most s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  d i f f e r e n c e  i s  

t t h a t  a1 1 o f  t he  r e s u l t s  which Lindzen shows were obta ined us ing  

hermal atmosphere (260 K). Th i s  assumption e s p e c i a l l y  a f f e c t s  

t h e  q r t i ~ , a l  p r o f i l e s  o f  phase. I n  l i g h t  o f  t h e  s e n s i t i v i t y  o f  t h e  
IT 

mod t o  changes i n  t h e  s t a t i c  s t a b i l i t y  p r o f i l e ,  i t  i s  q u i t e  s u r p r i s i n g  

t h a t  o one +as pub l i shed complete r e s u l t s  us ing  a more r e a l i s t i c  pro-  

f i l  
I r 

1 - .  " ,  I,?. 

.indzen d i d  compute t h e  d i u r n a l  t i d a l  response us ing  more r e a l i s t i c  

s t a b i l i t y  p r o f i l e s ,  b u t  he showed no r e s u l t s  below 30 km 

en, 1968). He makes t h e  observa t ion  t h a t  v a r i a t i o n s  i n  t h e  t ropo-  

c s t a t i c  s t a b i l i t y  p r o f i l e  a re  t he  most e f f e c t i v e  f a c t o r  i n  modi- 

t he  t i d a l  f i e l d s  throughout  t h e  atmosphere. However, no th ing  was 

( 1  publ2<hed showing t h e  changes t h a t  occur i n  t h e  t ropospher ic  t i d a l  

. res, nse as a r e s u l t  o f  usi,ng these d i f f e r e n t  p r o f i l e s .  Consequently, 
II 

1 subsequent observa t iona l  s tud ies  have made comparisons t o  t h e  



l1  * inadequate t h e o r e t i c a l  r e s u l t s  obta ined by us ing  an i s o t h e  atmo- 

sphere. Hence, t h e  need t o  show t h e  r e s u l t s  g iven  i n  t h i s  r e p o r t  i s  

made p l a i n .  

" ~0nt j ' 'and Wang (1980) used c l a s s i c a l  t i d a l  theory  w i t h  r P  ' i s t i c  H20 

and ozone hea t i ng  func t i ons  and w i t h  a  r e a l i s t i c  s t a t i c  s t a d . l i t y  pro- 
1 1 

f i l e  t o  determine t h e  dynamic t i d a l  responses i n  t h e  at spt e. The i r  

pr imary o b j e c t i v e  was t o  o b t a i n  a  b e t t e r  agreement between aeory and 

' " ' observat ions f o r  t h e  semi-d iurnal  t i d e ,  and consequently ' t  1 q were 

concerned most ly  w i t h  l h e  ozone hea t i ng  f u n c t i o n  which i! much more 

e f f e c t i v e  i n  producing t h e  semi-di u rna l  t ropospher ic  responsej However, 

they  a l s o  looked a t  t h e  d i u r n a l  t i d a l  responses i n  t h e  s u r f a  

f i e l d  and t h e  n o r t h e r l y  component o f  t h e  wind. I t  i s  un fo r  

; d i d  n o t  p resent  more r e s u l t s  f o r  o t h e r  p e r t u r b a t i o n  v a r i a b l t r  As i t  

stands, t h e  forms i n  which they  present  t h e i r  r e s u l t s  p rov  ue: l - ' t t l e  I I 
:enl ightenment i n t o  t h e  na ture  o f  t h e  t ropospher ic  d i u r n a l  

I sficinse.' 

' ' I n  t h e  same paper, Hong and Wang a l s o  consider  t h e  eff,, o f  l a t e n t  

heat re lease i n  f o r c i n g  t i d a l  o s c i l l a t i o n s .  They compute t h  amount o f  

sur face  pressure v a r i a t i o n s  and t h e  p r e d i c t e d  sur face  pres  

t cumulus hea t i ng  requ i red  t o  account f o r  t h e  d i f f e r e n c e  betwe observed 

osc i  11 a- 
I 

t i o n s  us ing  o n l y  SW heat ing.  Assuming a  p a r t i c u l a r  vet ' ' ca l  ' r o f i  l e  o f  

l a t e n t  heat  re lease,  they  then compute t h e  d i u r n a l  v a r i a t i  , r a i  n f a l  1  
I 

r a t e  i m p l i e d  by t h i s  amount o f  cumulus hea t i ng  and compare th i lp  va lue t o  

observed d i u r n a l  v a r i a t i o n s  i n  r a i n f a l l  r a t e .  They shov u l  LS o n l y  

> I '  f o r  t h e  semi-d iurnal  t i d e .  They make t h e  v a l i d  observa t io  t h a t  com- 

Cut ing  t h e  d i u r n a l  component o f  l a t e n t  heat  re lease from r a  

probably  s u b s t a n t i a l l y  underest imates t h e  magnitude o f  t d i u r n a l  

hea t i ng  component. The d r o p l e t s  which reach t h e  ground as r n account 
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f r a c t i o n  o f  t he  amount o f  water which i s  condensed i n  a 

(1 I o ~ l ( l ,  

t he  yr. ~ d .  Water " t o p l e t s  which do n o t  f a l l  o u t  o f  c louds may l a te r *  

evapori and e x t r a c t  heat  from t h e  atmosphere. Thus, t h i s  process does 

i b u t e  t o  t h e  - n e t  hea t i ng  o f  t h e  atmosphere, b u t  i t  does c o n t r i -  

he o s c i l l a t i o n s  o f  t h e  atmospheric heat ing.  D iu rna l  v a r i a t i o n s  

ness o r  c l oud  water con ten t  may be o f  t h e  same order  o f  impor- 

d i u r n a l  v a r i a t i o n s  i n  r a i n f a l l ,  and t h e r e f o r e  t h e  simple param- 

on o f  l a t e n t  heat  re lease used i n  t h i s  research may s i g n i -  

underest imate t h e  t o t a l  l a t e n t  heat  re lease.  

and Yang f u r t h e r  point, o u t  t h a t  l a t e n t  heat  i s  re leased a t  t he  

condens'ation -- - n o t  a t  t h e  moment t h e  r a i n f a l  l reaches the  

ground, Pnnsequently, t h e  maximum hea t i ng  due t o  l a t e n t  heat  re lease 

should ccu sometime be fore  t h e  maximum r a i n f a l l .  However, Lindzen 

ggests t h a t  t h i s  t ime de lay  should o n l y  be a few minutes. I n  

t h e  many o the r  f a c t o r s  which i n t roduce  inaccurac ies  i n t o  t h e  
< , .  !hl",,. t ' 

t i d a  l a t yon ,  i t s'eems useless t o  qu ibb le  about smal l  phase d i f -  

ference:, ( l e s s  than about 1 hour) between theory  and observat ions f o r  
1 k ..: 

whatevc reason they  may a r i s e .  

any case, f o r  t h e  semi-diuC&i t i d e ,  Hong and Wang determined 

u l  us hea t i ng  praobably produces a l a r g e r  t ropospher ic  response 
. .  - . / ? I  ' ;  
hea t i ng  and l e s s  than ozone heat ing.  Th i s  i s  con t ra ry  t o  t he  

t h e  d i u r n a l  t i d e .  However, i t i s  p o s s i b l e  t h a t  l a t e n t  heat  

cou ld  produce more s i g n i f i c a n t  changes i n  t h e  t i d a l  responses 

been shown i n  t h e  r e s u l t s  o f  t h i s  research. 

i e r ,  Lindzen (1977) s tud ied  t h e  r o l e  o f  cumulus heat ing  i n  

f o r c i n !  emi-d iurnal  t i d a l  response by us ing  a s im i  1 a r  technique. 



Concerning t h e  d i u r n a l  t i d e ,  Lindzen o n l y  notes t h a t  t h e  d  r n a l  com- Ill 
ponent o f  r a i n f a l l  seems t o  be r a t h e r  incoherent  i n  phase Ilkround the  

globe, and t h a t ,  r e l a t i v e  t o  t h e  SW hea t i ng  component, 
r : - ". 

hea t i ng  i s  f a i r l y  smal l .  He assumed, t he re fo re ,  ' h a t  t l a t e n t  

heat re lease wou I d  r lot c:orit,r*i t)j~tc..,~s icjn i f i can t ' l y  t o  t h  

t i d e .  Lindzen a l s o  notes the grea t  d i f f i c u l t y  ot  coniputi 

r a i n f a l l  component from r e a l  data and t h e  l a r g e  unce r ta in  

r e s u l t s  o f  such analyses. (This ,  by t h e  way i s  a  cruc.  1 em which 

gene ra l l y  a r i s e s  i n  a l l  a t tempts t o  compute t ropospher ic  t 

t i o n s  from observa t iona l  data, though t h e  problem i s  p a r t  -I acute 

"'I " "' 1 
i n  computing r a i n f a l l  v a r i a t i o n s .  ) The r e s u l t s  o f  t h i s  resei  h  tend t o  

con f i rm  L i  ndzen' s  concl us ion  t h a t  t h e  cumul us hea t i ng  i s  smi re1 a t i  ve 

t o  t h e  SW heat ing;  though i t  was found i n  t h i s  s tudy t h a  #en i n  t h e  

p o s s i b l y  underest imated form used here, t h e  cumulus hea t i ng  I I  produce 

a s  i gn i  f i cant  respanse. . - . v I +  . - .  , . , . , I  T 
Hami 1  t o n  (1981) t r i e d  t o  examine t h e  e f f e c t s  f Ipeographic 

I I 

d i s t r i b u t i o n  o f  l a t e n t  heat  re lease i n  f o r c i n g  t i d a l  orIli 1  l a t i o n s .  

Again, most o f  h i s  work i n v e s t i g a t e d  t h e  impact o f  t h i s  f a c t (  on the  

semi-diurnal t i d e .  However, he d i d  a l s o  b r i e f l y  examine t h e  a f f e c t s  on 

t h e  d i u r n a l  t i d a l  response. Unfor tunate ly ,  he made a  c r i t i c a l  assump- 
I 

t i o n  which, i n  l i g h t  o f  t h e  observa t iona l  r e s u l t s  presented 

Jacobson (1977), appears t o  be q u i t e  poor.  Gray and Jacnhqnt. 
i v  and 

IT. -:Overed t h a t  g l o b a l l y ,  t h e  d i u r n a l  component o f  deep convect ion a q p i n f a l l  i s  

predominant -- espec ia l  l y  over  t he  oceans. Hami 1  ton, ~ r s  I 1'9 * -  ~ ~ s t l y  

from con t i nen ta l  and coas ta l  s t a t i o n s  concluded t h a t  t h e  d i u r n a l  1- 

ponent o f  l a t e n t  heat  re lease i s  much more impor tan t  (both i p  terms o f  

ampl i tude and i n  terms o f  phase coherfnce qqong sf+tion& 
< ,i' 



areas t an i t  i s  over the  oceans, and t h a t  i t  i s  the  semi-d iurnal  corn- 'l 
..- ponent T l a t e n t  teat re lease which ominates over t h e  oceans. Con- 

s i a e r i ~  t h e  h i g h l y  v a r i a b l e  e f f e ~ ~ s  o f  topography and sens ib le  heat  

e r  con t i nen ts ,  one would h a r d l y  expect t o  f i n d  t h e  d i u r n a l  
!A %," .A 

be mor~ 'coh6 ' reh t  over l and  than over  t h e  oceans (see Wallace and 

t., 1969). I n  any case, Hami 1  t o n  proceeded t o  p o s t u l a t e  a  g loba l  

top. 

h  

t i n g  f u n c t i o n  which was equal t o  zero over t h e  oceans and had 

onal form over l and  w i t h  an unphysica l  d i s c o n t i n u i t y  a t  c loud 

woyl~d be expected from i g n o r i n g  t h e  d i u r n a l  v a r i a t i o n  o f  l a t e n t  .. "- 

ease over 70% o f  t h e  e a r t h ' s  sur face,  he found t h e  d i u r n a l  t i d a l  

t he  p e r t u r b a t i o n  f i e l d  o f  t h e  sou the r l y  wind component t o  be 

j br i  
As h a s  been shown here, t h e  most recen t  t h e o r e t i c a l  c a l c u l a t i o n s  o f  

^ 'C". 
t h e  t r   spheric d i u r n a l  t i d a l  v a r i a t i o n s  us ing  c l a s s i c a l  t i d a l  theory  

)I are  
.I  1 

a t €  The work t h a t  has been done has tended t o  focus on t h e  

semi-d t ide .  Since L indzenls  work i n  1967, no one has g iven  a  

forc  

P  

e q  p resen ta t i on  o f  s i g n i f i c a n t l y  improved values f o r  d i u r n a l  t i d a l  

I ns i n  t h e  troposphere. The r o l e  o f  l a t e n t  heat  re lease as a  "r 
mechanism f o r  t h e  d i u r n a l  t i d e  has a l s o  been discussed i n  t h e  

. owever, no adequate p resen ta t i on  has been g iven  t o  compare t h e  H 
Urns 

I i  
t i d a l  respon2es which a re  produced w i t h  and w i t h o u t  t h e  i n c l u -  

on o  t h i  a d d i t i o n a l  f o r c i n g .  The r e s u l t s  obta ined i n  t h i s  research 

I I i g n i f i c a n t l y  f rom Lindzen's  r e s u l t s .  The need t o  update h i s  

and t o  p resent  new r e s u l t s  showing t h e  e f f e c t s  o f  cumulus heat- 

, 3~ , f? l ,%l. .4::  \:<YTo 



4.3 Comparison w i t h  Observat ions 

I n  o rder  t o  achieve advancement i n  t h e  understanding o f  t h e  atmo- 

sphere, t he re  must be i n t e r p l a y  between t h e o r e t i c a l  and observa t iona l  

analyses o f  t h e  same phenomenon. Th is  s e c t i o n  focuses on t h i s  aspect o f  

s c i e n t i f i c  i n q u i r y .  The t h e o r e t i c a l  r e s u l t s  o f  t h i s  research w i l l  be 

compared t o  a number of recent  observa t iona l  s tud ies  o f  d i u r n a l  t ropo-  

spher ic  v a r i a t i o n s .  

4.3.a General remarks about observed d i u r n a l  v a r i a t i o n s  

Before making i n d i v i d u a l  comparisons, i t  would be we r I t o  make a 

few general  comments about how t h e  t h e o r e t i c a l  r e s u l t s  compare t o  t h e  

observa t iona l  r e s u l t s .  Un fo r tuna te l y ,  even w i t h  t h e  improvements i nco r -  

pora ted  i n t o  t h i s  t rea tment  o f  c l a s s i c a l  t i d a l  theory ,  i t was found t h a t  

t h e  agreement between t h e o r e t i c a l  and observa t iona l  r e s u l t s  was n o t  

improved as much as had been hoped. Usua l l y ,  t h e  d i f f e r e n c e  i n  ampl i-  

tude was s t i  11 a f a c t o r  o f  two o r  t h r e e  o r  more, w h i l e  t h e  phase s t ruc -  

t u r e s  o f  t h e  t h e o r e t i c a l  t i d a l  responses s t i l l  d i d  n o t  agree w e l l  w i t h  

t h e  observed phases e i t h e r .  

Obviously,  some way must be found t o  account f o r  t h i s  screpancy. 

Two f a c t o r s  can be mentioned here a t  t h e  ou tse t .  F i r s t ,  i t  i s  apparent 

e i t h e r  t h a t  t h e  magnitudes o f  t h e  f o r c i n g  components used i n  t h i s  re -  

search must be underest imated o r  t h a t  some o f  t h e  neglected e f f e c t s  must 

be important .  Second, t h e r e  i s  s t i l l  a p r e t t y  l a r g e  amount o f  uncer- 

t a i  n t y  i n  t h e  observa t iona l  analyses. 

Wi th rega rd  t o  t h e  second f a c t o r ,  i t  i s  always tempt ing i n  a the- 

o r e t i c a l  t rea tment  o f  a phenomenon t o  blame t h e  descrepanc) w i t h  t h e  

observat ions on t h e  poor q u a l i t y  o f  t h e  observat ions. Th i s  should n o t  

be done unless t h e  f a u l t  i n  t h e  observa t iona l  techniques can be c l e a r l y  
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ed. However, severa l  t h i n g s  shou'dd be s a i d  about how d i u r n a l  

; t i d a l  &ri a t i o n s  a re  deduced from observat ions.  A1 1 t ropospher ic  d i u r -  

na l  vay ia t i ons  have been computed from rawinsonde data o r  from sur face 

pressune measurements. The p o s s i b i l i t y  o t  i nhe ren t  and systemat ic  

e r r o r s  , l i n  rawinsonde measurements o f  wind and temperature a re  w e l l  

known. , I t  has been argued by some t h a t  improved technology and accurate 

schemeq, t o  account f o r  systemat ic  e r r o r s  have s u f f i c i e n t l y  reduced these 

, sources, o f  e r r o r  t o  t h e  p o i n t  t h a t  t h e  d i u r n a l  v a r i a t i o n s  observed i n  

t h e  daqa are  c l e a r l y  s i g n i f i c a n t  ( F o l t z  and Gray, 1979; Wallace and 

Patton,, 1970). It should be remembered though t h a t  eveR w i t h  - a l l  i n -  
I 

strume a1 e r r o r  removed, i t would s t i l l  be d i f f i c u l t  t o  d iscover  t h e  "T 
7 a m p l i t y e s  and phases o f  d i u r n a l  v a r i a t i o n s  i n  t h e  troposphere. This  i s  

. t h e  mogp v a r i a b l e  and complex p a r t  of t h e  atmosphere i n  many respects,  

. and t h e  s igna l  which i s  be ing  sought i s  very  smal l .  Consequently, l a r g e  ,.- 

amount o f  data over l o n g  per iods  o f  t ime and a t  f r eq tknk  t ime i n t e r v a l s  

d u r i n ~  he day are  r e q u i r e d  i n  o rde r  t o  o b t a i n  s t a t i s t i c a l l y  s i g n i f i c a n t  

. va l  ~f t h e  d i u r n a l  t ropospher ic  v a r i a t i o n s .  The necessary q u a n t i t y  

I; seldom ( i f  ever) a v a i l a b l e  f o r  a s i n g l e  s t a t i o n  -- much l e s s  

f o r  a arge region.  As a r e s u l t ,  most observa t iona l  s tud ies  r e p o r t  O f  ""'1; 
I& l a r g e  a r g i n s  o f  e r r o r .  Of ten  these e r r o r  bounds, be ing  as great '  as 30, 

150, o r ,  100 percent  o r  more, a re  s u f f i c i e n t l y  broad t o  a l l o w  agreement 

w i t h  t t h e o r e t i c a l  r e s u l t s  through much o f  t h e  atmosphere. However, 4 I 

t h a t  almost a l l  observa t iona l  s tud ies  a re  cons i s ten t  i n  r e p o r t -  

e r  ampl i tudes f o r  t h e  d i u r n a l  v a r i a t i o n s  than t h e  theory  would 

ms t o  be s i g n i f i c a n t .  

p o s s i b i l i t y  t h a t  neg lec ted  e f f e c t s  a re  impor tan t  i s  t h e  o the r  

fact01 vhich must be considered. Numerous observa t iona l  analyses have 



argued f o r  t h e  s i g n i f i c a n c e  o f  sur face  sens ib le  heat  f l u x ,  ' c on t i nen t /  

ocean d i s t r i b u t i o n s ,  topography, t h e  mean wind f i e l d ,  and l o n g i t u d i n a l l y  

dependent heat  sources (see f o r  example N i t t a  and Esbensen, 1974; 

Wallace and Tadd, 1974; and Yoshida and H i r o t a ,  1979). It appears from 

observat ions t h a t  t he re  a re  1  ocal  and reg iona l  e f f e c t s  everywhere around 

the  g lobe t h a t  have t h e  n e t  e f f e c t  o f  i nc reas ing  t h e  ampl i tudes o f  

d i u r n a l  v a r i a t i o n s  w h i l e  s i g n i f i c a n t l y  a1 t e r i n g  t h e  phase s t r u c t u r e s  

from what t heo ry  would p r e d i c t .  However, one p o i n t  should be remember- 

ed. Th is  research focused e x c l u s i v e l y  on t h a t  m i g r a t i n g  cbmponent o f  

t h e  d i u r n a l  t i d e  which has zonal wavenumber one i n  t h e  assumption t h a t  

t h i s  should be t h e  c l e a r l y  dominant d i u r n a l  component and ' t h a t  these 

neglected f a c t o r s  would n o t  c o n t r i b u t e  much t o  t h i  s  comdonent (see 

Chapman and Lindzen, 1970). I f  i t  i s  s t i l l  t r u e  t h a t  these neglected 

f a c t o r s  do n o t  c o n t r i b u t e  much t o  t h i s  component, i t  i s  then q u i t e  

ev ident  t h a t  t h e  component w i t h  zonal wavenumber one i s  n o t  t he  s i n g l e  

domi nant  component. 

So, i n  l i g h t  o f  these fac to rs ,  what k i n d  o f  da ta  should p rov ide  t h e  

bes t  comparison t o  t h e  t h e o r e t i c a l  r e s u l t s  i n  t h i s  researdh? S ing le  

s t a t i o n  observa t iona l  analyses a re  n o t  1  i k e l y  t o  be very  en1 i gh ten ing ,  

e s p e c i a l l y  i f  they  are  over o r  anywhere near t o  a  con t i nen t  o r  some 

o the r  r e l e v a n t  surface inhomogeneity (such as a  warm ocean cu r ren t )  o r  

atmospheric i r r e g u l a r i t y  (such as a  reg iona l  v a r i a t i o n  i n  water vapor 

content) .  Regional analyses u t i l i z i n g  da ta  from a  number o f  s t a t i o n s  

over a  l a r g e  area are  l e s s  l i k e l y  t o  be sub jec t  t o  l o c a l  6 f f e c t s  and 

inhomogenei t i e s ,  b u t  l a r g e r  sca le  e f f e c t s  ( p a r t i c u l a r l y  cont inent/ocean 

e f fec ts )  a re  s t i l l  l i k e l y  t o  be important .  I f  data cou ld  be c o l l e c t e d  



a t  smal l  i s lands ,  a t o l l s ,  o r  sh ips f a r  from any con t i nen t ,  these region-  

I, 
a1 e f f  'is cou ld  be minimized. Mowever, the m i g r a t i n g  d i u r n a l  t i d e  i s  a  

: i :  c c ) $ >  
i s  t y p i c a l l y  suggested by i d e a l  i s t i c  t h e o r i s t s )  

11 l l e c t i o n  o f  da ta  would be s u f f i c i e n t  t o  d b t a i n  

n  o f  reg iona l  and l o c a l  e f f e c t s  so' as t o  y i e l d  a  data s e t  

111d be analyzed f o r  t he  ampl i tude and phase o f  t he  d i u r n a l  
r -' ; .- J ! i-,tn' 

w i t h  zonal wavenumber one -- a  p r e t t y  t a l l  order .  

F r  m t h e  observat ions,  i t  appears t h a t  t h e  na ture  o f  t h e  d i u r n a l  I 
t roposp e r i c  v a r i a t i o n s  i s  n o t  s imply o r  adequately expla ined by t h e  t , . i r i  
c l a s s i c  1  tid;! $heory ds t r e a t e d  i n  t h i s  Gkp'ort. ~owever , ' i : thou t  t he  

n a l y s i s  mentioned above, i t  i s  a l s o  d i f f i c u l t  o r  impossib le t o  

whether o r  n o t  t h i s  t reatment  i s  adequate f o r  q u a n t i f y i n g  the  

charac t  ' r i s t i c s  o f  t h i s  one component o f  t h e  d i u r n a l  t i d e  -- t h e  mig- f 
r a t i n g  bonal wavenumber one component. As w i  11 be shown, though, t h e r e  

t o  be a  f a i r l y  s i g n i f i c a n t  phase dis&ebancy $f some th ree  o r  

r s  which cou ld  be exp la ined i n  more than one way, b u t  which may 

t h a t  a  s i g n i f i c a n t  t ropospher ic  f o r c i n g  mechanism has been 
q , , ' l ?  . ,  . , f 7  r . i l ' ~ 5 1 ' >  J , . ;  

I neglect& i n  t h i s  treatment.  

bse rva t i ona l  compari sons 
j p J  t4 r i 8 1 i  - i~ 5,: . a *  ' -1 t ~ ! i j .  '- 

Ke p i n g  these precaut ions i n  mind, comparisons wi 11 be made between t . .  . 
J 

t h e  t h y r e t i c a l  r e s u l t s  o f  t h i s  research and t h e  r e s u l t s  der ived  from 

observat ions which are  shown i n  s i x  papers. I n  add i t i on ,  t h e  observa- 

i n  severa l  o t h e r  papers w i l l  a l s o  be commented 

on. I t  should be noted t h a t  comparisons w i l l  be made here between t h e  

t h e o r e t i c a l  r e s u l t s  a t  equinox and observa t iona l  r e s u l t s  ob ta ined i n  t h e  
:, ;\. +i, z 

t r o p i c  regard less o f  t h e  season i n  which t h e  observat ions were c o l -  

lec ted .  / The added assumption made here i s  t h a t ,  i n  t h e  t r o p i c s ,  t he  



seasonal v a r i a t i o n  o f  t h e  d i u r n a l  t i d e  i s  n k g l i g i b l e .  Ce r ta i  l y  t he  SW i 
tleat ir ly w . i l  1 n o t  vary a great  deal i n  t he  t r o p i c s  d u r i n g  the  c irrse o f  a t 
year ,  and thus t h e  t i d a l  response would n o t  be expected t o  v 

-jd".;-'t;  ' 'd a r . " ' L  J < I  , I  . I .  

f i c a n t l y  e i t h e r .  
2 ; t ? , > -.> 1 ,  

The f i r s t  comparison wi 11 be made t o  r e s u l t s  presented by 

Gray (1979). They analyzed rawi  nsonde data from f i v e  t r o p i  c l l '  exper i  - 
ments (GATE, ATEX, LIE, Operat ions Redwind and Hardtack, and BOMEX) i n  1 
order  t o  compute the  d i u r n a l  temperature v a r i a t i o n  i n  t h e  85 0 t o  45.0 

I: y'4"' 

kPa l aye r .  Each o f  t h e  f i v e  curves o f  t h e  d a i l y  temperature. c y c l e  had 
s? J I 

very nea r l y  t h e  same, c h a r a c f q ~  and p h ~ s g .  ( t o  w i t h i n  two hou 
'3' I F,, A ,  . tr?s 

t h e  ampl i tude o f  t he  d a i l y  v a r i a t i o n  v a r i e d  by aboul 

among t h e  experiments, When t h e  f i v e  curves were d , toge ther ,  

they  produced t h e  d a i l y  temperature curve shown i~ 4-17, which 

shows a peak-to-peak ampl i tude o f  0.58OC and which reaches a nldxlmum a t  
I 

1400 LT. Th i s  i s  a n i c e  r e s u l t  w i t h  which t o  make a compari lecause 

these f i v e  experiments were spread o u t  around t h e  g lobe,  erc - m a t e d  i 

d i f f e r e n t  p a r t s  o f  t h e  A t l a n t i c  and P a c i f i c  Ocean< 

cont inents ,  were l oca ted  e i t h e r  on smal l  i s l a n d s  r s h i  

were a l l  w i t h i n  about +5O o f  l a t i t u d e  from 10°N. So, a guor 

and 

might  be expected. Using SW hea t i ng  on l y ,  t he  c a l c u l a t e d  
J:  i =! ,t ,m ,,,, r .ct: 

v a r i a t i o n  i n  t h e  same l a y e r  a t  10' from t h e  equator has a p 

amp1 i t u d e  of 0.42OC and reaches a maximum a t  1800 LT -- a de 
- I 

hours from t h e  observed t ime o f  maximum. Adding t h e  cumu 
t ' l  

increases t h e  peak-to-peak ampl i tude a t  10' away from th- 
*r 

o n l y  0.44OC and o n l y  p u l l s  t h e  t ime o f  maximum back t o  1 T. Thus, 
v ,  r t- T t ' . l  ' " ifi Tb+;-i . )<,  ;, ' b ;' ' 

t h e  theory  p r e d i c t s  a response about 3/4 as l a r g e  as what i s  observed 

w i t h  a phase t h a t  i m p l i e s  a maximum severa l  hours l a t e r .  One conclus ion 
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Fig .  4. J 'lean hour ly  temperature d e v i a t i o n  i n  t h e  85.0 
. a y e r  f o r  the  f i v e  t r o p i c a l  experiments (GATE, 
Opera t i  orls Kedwi nd and Hardtack,  and BOMEX) . 
:ol t z  and Gray (1979). ) 
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(Adapted from 

VERTICAL VELOCITY (mbldoy) 

F i g .  4. V e r t i c a l  v e l o c i t y  p r o f i l e s  f o r  t h e  western A t l a n t i c  back- 
ground composite. (Adapted from McBride and Gray (1978). ) 



t h a t  cou ld  be drawn from t h i s  comparison i s  t h a t  q u i t e  a  j i g n i f i c a n t  

a d d i t i o n a l  amount o f  hea t i ng  would be r e q u i r e d  t o  produce eqact agree- 

ment between these r e s u l t s ,  whether t h i s  might  be from a  source o f  

hea t i ng  n o t  considered i n  t h i s  t reatment  o r  whether i t  might  j u s t  mean 

t h a t  t h e  a d d i t i o n a l  hea t i ng  source (cumul us heat ing)  here has been 

underestimated. On t h e  o t h e r  hand, i t  must be remembered t h a t  Fol t z  and 

Gray s t a t e d  t h a t  t he  magnitude o f  t h e  ins t rument  e r r o r  caus 4 d  by s o l a r  

r a d i a t i o n  absorp t ion  " i s  g e n e r a l l y  be l i eved  t o  be l e s s  thhn 0.2 K". 
I 

Presumably t h i s  imp1 i e s  t h a t  t h e  va lue o f  0.58 K cou ld  be i d  excess by 

as much as 0.2 K and t h a t ,  t he re fo re ,  t h e  t h e o r e t i c a l  r e s u l t  i e s  w i t h i n  

t h e  e r r o r  bound o f  t h e  observa t iona l  r e s u l t .  
1 

A second comparison can be made t o  a  r e s u l t  g i ven  by ~ c ~ r i d e  and 
I 

Gray (1978) which i s  shown i n  F ig.  4.18. They show v e r t i c d l  v e l o c i t y  

p r o f i l e s  a t  0700 LT and 1900 LT f o r  a  background composite over t he  

western A t l a n t i c .  By background composite they  mean a  corndosite over 

many years  o f  summer months o f  data f o r  t h i s  reg ion  and a  comdosite over 

a l l  weather cond i t i ons .  The twelve hour d i f f e r e n c e  between these curves 

i s  shown as t h e  s o l i d  curve i n  F ig.  4.19. I n  making t h i s  t k e l v e  hour 

d i f f e r e n c e ,  a l l  o f  t h e  c o n t r i b u t i o n s  by even (temporal)  t i d a l  harmonics 

i n  t h e  $ - d i r e c t i o n  w i l l  a u t o m a t i c a l l y  be e l im ina ted ,  and t h e  assumption 

i s  made t h a t  t h e  d i u r n a l  component i s  o f  much g rea te r  imporl/tance than 

a l l  h igher  o rder  odd harmonics. The o b j e c t i v e  was t o  reproduce t h i s  

curve. I n i t i a l l y ,  i t was assumed t h a t  t h e  t h e o r e t i c a l  resuk ts  a t  20' 

from t h e  equator would be most rep resen ta t i ve  o f  t h i s  regibn.  As i s  

shown i n  F ig.  4.19a, severa l  d i f f e r e n t  twelve hour d i f f e r e h c e  curves 

were computed t o  compare w i t h  t h e  r e s u l t  shown by McBride and Gray. I t  

seemed t h a t  t h e  c l o s e s t  f i t  was t h e  t h e o r e t i c a l  twe lve  hour d i f f e r e n c e  



Vertical Velocity ( k ~ d d a ~ )  

Fig. 4.19a Comparison o f  the  (w0700-~1900) background composite ver- 

t i c a l  p r o f i l e  o f  McBride and Gray (MG) t o  the  theoret ica l  
(SW) twelve hour d i f f e rence  p r o f i l e s  a t  various times o f  day 
and a t  20' from the  equator: (1) ( w ~ ~ ~ ~ ~ w ~ ~ ~ ~ ) ~  (2) 



Vertical Velocity ( k ~ a / d a y )  1 
Fig .  4.19b Comparison o f  the  ( I U ~ ~ ~ ~ - W ~ ~ ~ ~ )  background compos 

:f, 1 h r ;  

* ,  
- t i c a l  ve loc i ty  p r o f i l e  o f  McBride and Gray (MG) t 

- theore t i ca l  (SW) ( w ~ ~ ~ ~ ~ w ~ ~ ~ ~ )  prof i 1 es a t  var iou 
- a3 , .. tudes: l o 0 ,  1 5 O ,  20°, 2 5 O ,  and 30° from the  equa 



I . v e r t i c a l  Veloci ty  (kka/day) 

9c Comparison of the (w0700-~1900) background composite ver-j 

tical velocity profile of McBride and Gray (MG) to the 
theoretical (SW) 15O to 25' average ( ~ ~ ~ ~ ~ - w ~ ~ ~ ~ )  profile 
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a :.Vertical Velocity (kh/day) 

Fig.  4.19d Comparison o f  t h e  ( w ~ ~ ~ ~ ~ ~ ~ ~ ~ )  background C O ~ P U Z  I w ver- 
. ., \ . .  t i c a l  v e l o c i t y  p r o f i l e  o f  McBride and Gray (MG) t o  I 

t h e o r e t i c a l  t o t a l  (SW + Cumulus) hea t i ng  15' t o  2!j0 .raged i v e r t i c a l  v e l o c i t y  p r o f i l e s  f o r  severa l  t imes o f  dsv .1) 
( ~ O O O O ~ ~ l Z O O )  9 (2) ( w ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ )  9 and ((3 ( w ~ ~ ~ ~ - u  L,,Oo)- 



between 0300 and 1500 LT -- aga in  a  f o u r  hour d i f f e r e n c e  between the  

theory  ~d  the  observat ions.  But  o f  course, 1  i t t l e  can be determined 

about t h e  phase and ampl i tude o f  t h e  v e r t i c a l  v e l o c i t y  p r o f i l e  from the  

two p r o f i l e s ,  twe lve  hours apa r t ,  presented by McBride and Gray. So, 

t h i s  f o u r  hours may be merely c o i n c i d e n t a l .  However, pursu ing  t h i s  l i n e  

o f  thought  y i e l d s  o the r  i n t e r e s t i n g  r e s u l t s .  F ig .  4.19b shows the  

l a t i t u d i n a l  v a r i a t i o n  o f  t he  (~0-300 - w~~~~ ) v e r t i c a l  p r o f i l e .  I n  t h a t  

between ten and t h i r t y  deyrees from the  equator there  i s  q u i t e  a aiarkcrd 

v a r i a t i o n  i n  t h e  v e r t i c a l  p r o f i l e ,  i t  i s  concluded t h a t  reg iona l  aver- 

ages o f  t he  t i d a l  v e r t i c a l  v e l o c i t y  f i e l d  de r i ved  from observat ions - must 

n o t  span more than f i v e  o r  t e n  degrees o f  l a t i t u d e .  Averages should - 

o n l y  be taken over s t a t i o n s  w i t h i n  a  f a i r l y  narrow l a t i t u d e  b e l t .  Fig.  

4 . 1 9 ~  shows t h e  average o f  t h e  ( L U ~ ~ ~ ~  - W1500 ) v e r t i c a l  v e l o c i t y  pro-  

f i 1 es a t  15O, 20°, and 25O from t h e  equator i n  compari son t o  t h e  p r o f  i 1 e  

shown by McBride and Gray. The s i m i l a r i t y ,  i s  q u i t e  su rp r i s i ng .  I f  

no th ing  e lse ,  i t a t  l e a s t  shows t h a t  t h e o r e t i c a l  t i d a l  o s c i l l a t i o n s  are  

1 arge enough i n  amp1 i tude and ( p o t e n t i  a1 l y )  have app rop r i a te  s t r u c t u r e  

t o  e x p l a i n  some observed d i u r n a l  va r - i a t i ons .  F ig .  4.19d shows t h e  

e f f e c t  o f  adding cumulus hea t i ng  and computing t h e  same 15O t o  25' 

average a t  t h r e e  d i f f e r e n t  t imes. The c l o s e s t  f i t t i n g  curve here would 

be approx imate ly  ( u I ~ ~ ~ ~  - W1330 ) Because t h e  t ime when t h e  maximum 12 

hour d i f f e r e n c e  would occur cannot be determined from t h e  r e s u l  t s  shown 

by McBride and Gray, t h e  meaning o f  t h i s  t ime d i f f e r e n c e  between when 

t h e  two curves a re  most comparable i s  n o t  c l e a r ;  b u t  i n  l i g h t  o f  t h e  

comparison t o  t h e  t h e o r e t i c a l  r e s u l t  w i t h o u t  cumul us heat ing,  i t  does 

n o t  loc l i k e  a  s tep  i n  t h e  r i g h t  d i r e c t i o n .  





The nex t  comparison w i l l  be t o  r e s u l t s  shown by R ieh l  and Haurwitz 

(1982) based upon an ana l ys i s  o f  GATE data. They computed t h e  d i u r n a l  

v a r i a t i o n  o f  t h e  he igh ts  o f  pressure sur faces a t  10 kPa increments 

through t h e  depth o f  t he  troposphere. The i r  new r e s u l t s  from GATE and 

two o l d e r  se ts  o f  r e s u l t s  from Bermuda and San Juan, Puerto Rico are 

shown a long w i t h  t he  t h e o r e t i c a l  r e s u l t s  a t  corresponding l a t i t u d e s  i n  

F ig.  4.20. The amp1 i t ude  p r o f i l e s  a re  q u i t e  d i sappo in t i ng ,  because the 

observa t iona l  r e s u l t s  show amp1 i tudes anywhere f rom two t o  twenty t imes 

the  t h e o r e t i c a l  ampl i tudes. The phase p r o f i l e s  a re  more i n t e r e s t i n g  

though. Above about 700 mb, t h e  observa t iona l  p r o f i l e s ,  which come from 

both  s ides o f  t h e  A t l a n t i c ,  very c o n s i s t e n t l y  show a  t ime o f  maximum 

between 1230 and 1400 LT. The t h e o r e t i c a l  p r o f i l e s  f o r  SW hea t i ng  alone 

are  1  i kewise very cons i s ten t  above 700 mb and show t imes o f  maximum a t  

very nea r l y  1800 LT. Adding cumulus hea t i ng  (no t  shown) reduces t h e  

phase d i f f e r e n c e s  between t h e  two se ts  o f  p r o f i l e s  by about one t o  1% 

hours. These phase r e s u l t s  a re  very cons i s ten t  w i t h  t h e  phase r e s u l t s  

shown by F o l t z  and Gray f o r  t h e  temperature v a r i a t i o n s ,  b u t  t h e  ampl i-  

tudes o f  t h e  he igh t  changes appear excessive. 

The nex t  comparison i s  f o r  data from t h e  western P a c i f i c .  Observa- 

t i o n a l  r e s u l t s  from two papers a re  shown i n  F ig.  4 .21 and 4.22: Carlson 

and Hastenrath (1970) and Hastenrath (1972). I n  t h e  l a t t e r  paper, 

rawinsonde data from e i g h t  s t a t i o n s  i n  t h e  t r o p i c a l  western P a c i f i c ,  

seven ( which are  between 0' and lZON, and a l l  o f  which are between 

155' and 175'E were averaged together .  Th is  may be t h e  bes t  reg ion  on 

t h e  globe f o r  t r y i n g  t o  o b t a i n  t i d a l  observat ions,  because i t  i s  f a r  

from cont inents ,  c o n s i s t s  o f  smal l  i s l a n d s  and a t o l l s ,  and does n o t  span 

too  broad a  l a t i t u d e  band. Regional and l o c a l  e f f e c t s  would be expected 





Fig.  4.20a Copparison between t h e  observed geopoten t ia l  v a r i a t i o n s  as 
rebo r ted  by R ieh l  and Haurwi tz  and t h e  t h e o r e t i c a l  va r i a -  

ns f o r  t h e  same l a t i t u d e s :  observed ampl i tude p r o f i l e s  
GATE (8ON) (RHG); f o r  San Juan, P. R. (18.5ON) (RHS); ev 

f o r  Bermuda (32.4ON) (RHB); and t h e  t h e o r e t i c a l  amp1 i- 
e p r o f i l e s  f o r  8O, 18O, and 32' from t h e  equator.  
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T i m e  of Kaxixum 

F i g .  4.21b Same as F ig .  4.21a, b u t  f o r  t he  observed and t h e o r e t i c a l  
phase p r o f i l e s  o f  t h e  temperature v a r i a t i o n s .  





Wester ly  Wind Veloc i ty  (m/sec) 

Fig.  4.2;!a Comparison o f  t he  v e r t i c a l  p r o f i l e s  o f  wes te r l y  wind va r i a -  
t i o n s  de r i ved  from observa t ions  over  t h e  western P a c i f i c  by 
Hastenrath (H) (1972) and Car lson and Hastenrath (CH) (1970) 
t o  t h e  t h e o r e t i c a l  ampl i tude p r o f i l e  (8 )  f o r  t h e  average 
s t a t i o n  l a t i  t,ude: (t i)  e i g h t  s t a t i o n  average f o r  which the  
hatched area de l i nea tes  t h e  margins of e r r o r  shown by 
Hastenrath, (CH) Eniwetok ( l Z O N ) ,  and (8) t h e o r e t i c a l  
ampl i tude p r o f i l e  f o r  8' f rom t h e  equator.  





F i g .  





t o  be minimized here. The averaged temperature and w e s t e r l y  wind re -  

s u l t s  a re  shown i n  F igs .  4 .21  and 4.22. Hastenrath a l s o  showed e r r o r  

bounds on t h i s  data. For t h e  temperature p r o f i l e s  these e r r o r  bounds 

a re  q u i t ?  r e s t r i c t e d ;  whereas f o r  t h e  w e s t e r l y  wind p r o f i l e s  t he  e r r o r s  

may p o s s i b l y  be q u i t e  s i g n i f i c a n t  even f o r  t h i s  e i g h t  s t a t i o n  average. 

For  comparison, t h e  r e s u l t s  f o r  Eniwetok presented e a r l  i e r  by Car l  son 

and Hastenrath a r e  a l s o  shown. The l a r g e  s i m i l a r i t y  between the  s i n g l e  

s t a t  ion  ~ r o f  i les (illd thc! c.! igllt, sl.;il.iorl tIV(.?r'iI!jtD may I)e AII  incl i ca  t. i o ~ )  t.lhit 

t h e  t i d a l  v a r i a t i o n s  a re  f a i r l y  un i f o rm  over  t h i s  whole reg ion .  The 

t h e o r e t i ~ a l  r e s u l t s  f o r  8' f rom the  equator  a re  a l s o  g i ven  f o r  com- 

par ison .  For  t h e  temperature p r o f i l e s ,  i t  can be seen t h a t  t h e  ampl i- 

tudes a re  f a i r l y  comparable i n  t h e  lower  h a l f  o f  t h e  troposphere, though 

they arl? q u i t e  d i s p a r a t e  i n  t he  upper troposphere. However, more 

no tab ly ,  f o r  t h e  temperature phases, t h i s  t h r e e  t o  f o u r  hour phase 

d i f fe rence  appears once aga in  throughout  most o f  t he  troposphere. Th i s  

phenomenon seems t o  be q u i t e  pervas ive  i n  t h e  temperature and t h e  re -  

l a t e d  g t topo ten t ia l  f i e l d s .  For  t h e  w e s t e r l y  wind p r o f i l e s ,  t he  agree- 

ment between ampl i t u d e  p r o f  i les i s  p r e t t y  good i n  t h e  lower (below 70 

kPa) and upper (above 30 kPa) troposphere. I n  f a c t ,  t h e  t h e o r e t i c a l  

ampl i tuce p r o f i l e  l i e s  w i t h i n  t h e  e r r o r  bound on t h e  observa t iona l  da ta  

th roughcut  t h e  t roposphere except  between 37.5 and 67.5 kPa. Th is  i s  

n o t  so t r u e  f o r  t h e  phase p r o f i l e s  o f  t h e  wes te r l y  wind, though they  a re  

s t i l l  w i t h i n  f o u r  t o  f i v e  hours o f  each o t h e r  throughout  most o f  t h e  

t ropospt~ere .  

Yo$ h ida  and H i r o t a  (1979) showed r e s u l t s  f o r  t h e  t i d a l  v a r i a t i o n s  

i n  t h e  t ro r i zon ta l  wind a t  va r i ous  s t a t i o n s  i n  Japan. It would n a t u r a l l y  

be expected t h a t  topography would s i g n i f i c a n t l y  a f f e c t  t h e  t ropospher ic  





t i d a l  v z r i a t i o n s  over Japan, and thus i t  might  be expected t h a t  aver- 

aging a l l  t h e  s t a t i o n s  around Japan might  minimize t h e  discrepancy 

between t h e  t h e o r e t i c a l  and observa t iona l  r e s u l t s .  So, t h e  average 

annual r r o f i l e s  o f  t he  sou the r l y  wind component f o r  e i g h t  s t a t i o n s  were 

averaged together .  The r e s u l t  o f  t h i s  procedure i s  shown i n  F ig.  4.23, 

where t h e  t h e o r e t i c a l  r e s u l t s  a t  t he  average s t a t i o n  l a t i t u d e  o f  36' 

from thcl equator a re  a1 so shown. The agreement i s  n o t  very good. The 

amp l i t u  j are  two t o  t e n  t imes g rea te r  than those p r e d i c t e d  by theory,  

and the  v e r t i c a l  s t r u c t u r e s  o f  the phase p r o f i l e s  a re  q u i t e  d i  f ferbent. 

Wi th t h e  p r o x i m i t y  o f  t h e  Asian l and  mass, t h e  rugged topography o f  

Japan, the Kuroshio cu r ren t ,  and t h e  very s t rong  mean j e t  stream over 

Japan, it would be hypothesized t h a t  l o c a l  and reg iona l  e f f e c t s  might  be 

very im3ortant .  Thus, i t  i s  n o t  very s u r p r i s i n g  t h a t  t h e  theory  and 

observal.ions are  n o t  i n  very good agreement f o r  Japan. It should a l s o  

be poin-;ed o u t  t h a t  even t h e  s i n g l e  s t a t i o n  annual averages o f  Yoshida 

and H i r o t a  show very l a r g e  e r r o r  bounds (50-100%) and t h a t  t h e i r  r e s u l t s  

a re  n o t  t h e r e f o r e  s t a t i s t i c a l  l y  very  s i g n i f i c a n t .  However, i t  probably  

i s  s i g n i f i c a n t  t h a t  an e i g h t  s tat . ion average o f  t h e i r  r e s u l t s  q u i t e  

cons is tc?n t ly  shows l a r g e r  v a r i a t i o n s  a t  a l l  l e v e l s  than t h i s  t reatment  

of c las! ; ica l  t i d a l  theory  would p r e d i c t ,  and t h i s  i s  almost c e r t a i n l y  an 

i n d i c a t i o n  t h a t  var ious  i n f l u e n c i n g  f a c t o r s  (such as those mentioned 

above) a re  p l a y i n g  a  s u b s t a n t i a l  r o l e  i n  producing t h e  d i u r n a l  va r i a -  

t i o n s  o.ier Japan (as Yoshida and H i  r o t a  themselves concluded). 

The r e s u l t s  presented i n  severa l  o t h e r  papers w i l l  now be discussed 

w i t h o u t  showing any f i gu res .  Ni t t a  and Esbensen (1974) analyzed BOMEX 

data  t o  t h e  50 kPa l e v e l  t o  determine t h e  c h a r a c t e r i s t i c s  o f  t h e  d i u r n a l  





f ... 
II - 

? 

i 
' ?  
d - --j 
L 

Fig.  4 .23a Comparison between an e i g h t  s t a t i o n  annual average amplitude 7 
prq l f i le  o f  d iurna l  v a r i a t i o n s  i n  the  souther ly  wind com- 
porjent over Japan computed from data shown by Yoshida and 4 

(YH) (1979) and the  t h e o r e t i c a l  amplitude p r o f i l e  f o r  ! 
s t a t i o n  l a t i t u d e  o f  36ON (36).  





. . 
... . T i m e  of Iiiaximum 
-. . *. - 3 - .. . *e 2 Fig .  4 .23b Same as F i g .  4 .23a ,  but  f o r  the  phase p r o f i l e s  o f  the  

c i " * m - .  
c - -  A :. southerly wind component. 
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v a r i a t i o n s  i n  t h i s  area. They analyzed t h e  v a r i a t i o n s  f o r  tht! hor izon-  

t a l  wind components, temperature, h o r i z o n t a l  divergence, and the  v e r t i -  . 

c a l  v e l o c i t y  i n  pressure coord inates.  They found much l a r g e r  v a r i a t i o n s  

than were p r e d i c t e d  i n  t h i s  t rea tment  o f  c l a s s i c a l  t i d a l  theor'y (though 

t h e i r  c l a im  t h a t  t he  observed and t h e  t h e o r e t i c a l  v a r i a t i o n s  d i f f e r  by 

an order  o f  magnitude i s  exagerated if t h e  whole l a y e r  between 100 and 

50 kPa i s  c:onsidered). 111 p a r t i c u l a r ,  they show st ror lg  maxima ill the 

d i url la I v a r i d t  iol ls of d l I f i e  Ids d t about I.he /O kl'a l eve  I .  I hesc! 

maxima are  n o t  p resent  i n  t h e  t h e o r e t i c a l  r e s u l t s .  Except f o r  t he  

wes te r l y  component of t h e  wind, t h e  phase p r o f i l e s  a re  n o t  a t  a l l  i n  

agreement e i t h e r .  

There a re  two o t h e r  papers which a l s o  show v e r t i c a l  p r o f i l e s  of 

twelve hour d i f f e rences .  Wall ace and Pat ton  (1970) show the1 ve hour 

d i f f e r e n c e  p r o f i l e s  o f  temperature and wes te r l y  wind f o r  s e ~ e r a l  s ta -  

t i o n s .  They show t h a t  s t a t i o n s  a t  s i m i l a r  l a t i t u d e s  have s i m i l a r l y  

s t r u c t u r e d  v e r t i c a l  p r o f i  l es .  One o f  t h e i r  f i g u r e s  d i s p l  ays th ree  

twelve hour d i f f e r e n c e  p r o f i l e s  from th ree  i s l a n d  s t a t i o n s  i n  the  

Carr ibean Sea a t  about 18ON. When averaged together  and compa~~ed t o  the  

d i f f e r e n c e  p r o f i l e  taken from t h e  t h e o r e t i c a l  r e s u l t s ,  i t  i s  l'ound t h a t  

t h e  agreement i s  n o t  very good. O f  course, l i t t l e  can be s a i d  about t he  

ampl i tude o r  phase o f  t h e  curve presented by Wallace and Patton, b u t  i t  

appears t h a t  t h e  ampl i tude o f  t h e  temperature v a r i a t i o n s  are  gene ra l l y  

l a r g e r  than t h e  theory  would p r e d i c t ,  e s p e c i a l l y  i n  t h e  upper t ropo-  

sphere and lower s t ratosphere.  However, through much o f  t h e  t ropo-  

sphere, t h i s  f a c t o r  i s  p robab ly  l e s s  than two. A t  t h i s  poinl;, i t  must 

be remembered t h a t  t h i s  i s  once again a  comparison t o  an obsc!rvational 

r e s u l t  f rom a  smal l  reg ion ,  and t h e r e f o r e  t h a t  i t  i s  poss ib le  t h a t  



rey iona l  r loca l  in f  l i~ences lnay have 11 layed a s i yn i f i c a n t  o r  perhaps 

even 

Mur 

dominant r o l e  i n  producing t h e  observed d i u r n a l  v a r i a t i o n s .  
' !,- c > ,' ' 

m i  (1979) presents v e r t i c a l  p r o f i l e s  o f  tembekature and t h e  

v e r t i c a l  . 

pos i  t l  

f ~ 1 0 c i t y  i n  pressure coord inates a t  s i x  hour i n t e r v a l s  corn- 

e r  t h e  p e r i o d  o f  GATE. From these, two twe lve  hour d i f f e r e n c e  

can ~ e  computed f o r  each va r i ab le .  These twelve hour d i f -  

ference . )o f  i 1  es were then compared t o  corresponding p r o f  i 1 es computed 

from t h ~  t h e o r e t i c a l  r e s u l t s .  For t h e  v e r t i c a l  v e l o c i t y ,  i t  i s  q u i t e  

- t h a t  t he  ampl i tude o f  t h e  observed v a r i a t i o n s  through much o f  

t he  t posphere are  two t o  t h r e e  t imes g rea te r  than t h e  theory would 

a l low.  For t he  temperature d i f f e rences ,  t h e  s i t u a t i o n  i s  q u i t e  d i f -  

f e ren t .  3elow about 45 kPa, t he  t i d a l  t heo ry  p r e d i c t s  temperature 
r-' 
rT 

var ia t io r rs  w i t h  l a r g e r  amp1 i tudes t h a 8  were observed. Above t h i s  l e v e l ,  

the  ampV'ude o f  t h e  observed v a r i a t i o n s  a re  severa l  t imes l a r g e r  than 

r which t h e  theory  can account. It i s  w e l l  known t h a t  t h e  GATE 

reg ion  ., , a  somewhat a t y p i c a l  oceanic area. It has been proposed t h a t  

squa l l  l i n e s  p ropagat ing  from West A f r i c a  and a r r i v i n g  i n  t h e  GATE 
5 - I t:: 

reg ion  n s t  f r e q u e n t l y  i n  t h e  l a t e  a f te rnoon may p r o i i d e  ( i n  a  composite 

sense) s i g n i f i c a n t  l o c a l  d - iu rna l  f p r c i n g  mechanism w i t h  a  much d i f -  
3 : 

f e r e n t  plliase than t h e  t h e o r e t i c a l  t i d a l  f o r c ing .  Therefore, i t  i s  no t  

+hs+ +ha d i u r n a l  v a r i a t i o n s  i n f e r r e d  from GATE observat ions 

d i f f e  

c lass ic ;  ' 

I n  

.om t h e  v a r i a t i o n s  p r e d i c t e d  i n  t h i s  % t reatment  - o f  
"-1 

t i d a l  t n e o r i .  
, 

+< * 
" I) 

-. 
? I ,  

swer t o  t h e  quest ion, "Does t h e  d i u r n a l  t i d e  have any impact 

on t h e  day t o  day weather?", one o the r  paper w i l l  be referenced. 

McBride Gray (1979) discussed s i x  d i f f e r e n t  f a c t o r s  which c o n t r i b u t e  

t o  t h e  85 kPa v e r t i c a l  mot ion f o r c i n g  (see Table 1) i n  t h e  
2 - 8  - 

\'--. ?<* <"t' 
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- ..* TABLE 1 :: -i .,--. d J .- - CC -. . .- ~. ..., 

,; -. -.. 2 ;* - .  - .- . ' J .-. - - 
Estimated t y p i c a l  magnitude of var ious 1 arge-scal e 850 mb v e r t i c a l  motion f o r c i n g  components i n  mb/d. 

Easter ly  + F r i c t i o n a l  + Convective (::""$&".' (Q 850 mb) Motion :"::a) i n  = ("" n ) + ~ ~ ~ ~ " i o )  ' (W:J;i ng ) (COnVergenc) + fiiii:: ) (i!;lEk 
a Convective Weather Forcing Modulation 
Sys tem 

Region Term 5 + ( 1  (2) (3) .- (4  ( 5 )  . r. ( 6 )  f 
-" - ., - - AM/PM - Trough/Ri dge AM/PM -. 

- + - - 
Western Paci f i c 1 -30 mb/d 0 mb/d +20 mb/d -7 mb/d - - -20 mb/d +60 mb/d .; 

- . - 
Western At1 a n t i c  +10 mb/d - +5 mb/d +15 mb/d -4 mb/d - , +40 mb/d -25 mb/d 

# - - - 
-80 mb/d +45 mb/d +30 mb/d -3 mb/d * +30 mb/d -40 mb/d 

* 

GATE 

(From McBride and Gray, 1978. ) 
. - 

- . - 
- - - 

- -. 
U - +  a .- 
IF - 
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t r o p i c s  They est imated t h e  ampl i tude and phase f o r  each o f  these terms 

f o r  coml~os i ted  da ta  over t h e  western P a c i f i c ,  t h e  western A t l a n t i c ,  and 

t h e  GATE ar ray .  The term which i s  o f  p a r t i c u l a r  i n t e r e s t  here i s  t h e  

d i u r n a l  modulat ion o f  t h e  ITCZ fo rc ing .  Th i s  i s  a  very  la rge-sca le ,  

g loba l  e f f ec t ,  j u s t  as t h e  d i u r n a l  t i d e  i s  a l s o  a  g loba l  e f f e c t .  

McBride and Gray es t imate  the magnitude o f  t h i s  term t o  be small over 

the wes rri A t l a n t i c  and Pac i f i c ,  though i t  was f ourid t o  be very large 

over t h  ?ATE ar ray .  The t i d a l  theory  p r e d i c t s  a  v e r t i c a l  mot ion va r i a -  

t i o n  a t  85 kPa which o f  course v a r i e s  w i t h  l a t i t u d e ,  b u t  which can be as 

much as 3 t o  4  mb/day. Th i s  i s  a  very  smal l  v a r i a t i o n  r e l a t i v e  t o  t h e  

o the r  f o r c i n g  terms i n  t h e  f o r c i n g  equat ion, b u t  i t  i s  o f  t h e  same order  

of magn- tude as t h e  d i u r n a l  modulat ion o f  t h e  ITCZ f o r c i n g  computed from 

observal.ions over t h e  western oceans. The r o l e  o f  t h i s  modulat ion i n  

producir ig weather events i s  diagrammed by McBride and Gray (shown here 

i n  F ig.  4.24). As shown i n  t he  t h i r d  diagram, t he re  may be t imes when 

t h i s  smnl l  d i u r n a l  v a r i a t i o n  may he ab le  t o  p rov ide  t h a t  1 i t t l e  e x t r a  

b i t  o f  f o r c i n g  needed t o  reach t h e  th resho ld  requ i red  t o  o b t a i n  convec- 

t i v e  feedback. O r ,  i t  cou ld  sometimes p rov ide  j u s t  enough subsidence t o  

p revent  t h e  f o r c i n g  i n  an otherwise d i s t u r b e d  reg ion  from reaching t h i s  

thresho-  d. Admit ted ly ,  t h e  t imes when t h i s  smal l  d i u r n a l  v a r i a t i o n  

would be s u f f i c i e n t  f o r  t r i g g e r i n g  o r  suppressing weather events should 

be in f requent .  However, t h e  t i d a l  v a r i a t i o n  i n  t h e  v e r t i c a l  mot ion 

f i e l d  m- . .  a l s o  be ab le  t o  s l i g h t l y  enhance o r  reduce d is turbances which 

were t r i g g e r e d  otherwise.  Thus, i n  t h e  t r o p i c s  where t h e  d i u r n a l  t i d a l  

v a r i a t i o n s  are  l a r g e s t  and where t h e  l a rge -sca le  f o r c i n g  mechanisms a re  

smal le r  ( than  i n  m i d - l a t i t u d e s ) ,  t h e  d i u r n a l  t i d e  may p l a y  some small 





Fig. 4.24 Idea l i zed  associat ion o f  ITCZ v e r t i c a l  motion f o r c i ng  w i t h  
d i i r n a l  cyc le  ( top curve) and eas te r l y  wave modulation 
(second curve). Th i rd  curve i s  sum o f  top two curves. 
Dotted region denotes requ i red upward v e r t i c a l  motion such 
thclt cloud region feedback w i l l  occur. Second from bottom 
curve denotes c loud region feedback. Bottom curve denotes 
thc, sum o f  ITCZ, d iu rna l  , wave and feedback forc ing.  (From 
McE~ri de and Gray, 1978. ) 
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r o l e  i n  ' r i g g e r i n g  and enhancing weather d is turbances.  Fol  t z  and Gray 

(1979) i o  d iscuss the  poss ihl(3 d i u r n a l  t i d a l  enhancement of  subsidence 

over c o ~ ~ t i n e n t a l  s i z e  areas which, i f  concentrated i n  s e l e c t i v e  loca-  

t i o n s ,  . - ~ l d  be l o c a l l y  s i g n i f i c a n t .  However, t h e r e  a re  phase d i sc re -  

nc ies  between t h e  t i d a l  t heo ry  and t h e  hypothes is  proposed by F o l t z  

*. In p a r t i c u l a r ,  F o l t z  and Gray i n d i c a t e  t h a t ,  f o r  a l l  l a t i -  

tu i  t h e r e  should be maximum subsidence d u r i n g  t he  morning hours. The - 9  

r e s u l t s  o f  t h e  c u r r e n t  s tudy do n o t  show t h i s ,  b u t  show i n s t e a d  a  c e l l u -  

l a r  s t r  Lure n o t  observed o r  a n t i c i p a t e d  by F o l t z  and Gray. The pre-  

sen t  r e 1  t s  show more downward mot ion a t  t h e  equator d u r i n g  t h e  daytime 

that1 -+ n i g h t ,  b u t  they  show more upward mot ion d u r i n g  t h e  dayt ime than  

a t  nighl .  f o r  a1 1  l a t i t u d e s  between a t  l e a s t  15' and 40' from the  equa- 

t o r .  - i f  " ~ e  observa t iona l  a n a l y s i s  o f  F o l t z  and Gray i s  c o r r e c t ,  

then  some mechanism o t h e r  than  t h a t  p rov ided  by c l a s s i c a l  t i d a l  

t heo fy  be sought t o  e x p l a i n  it; and i t  appears more app rop r i a te  a t  

h i n k  of  t h e  t i d a l  c i r c u l a t i o n  i n  terms o f  i t s  o p p o s i t i o n  t o  

t he  Had / c i r  a t i o n  d u r i n g  t h e  dayt ime and i t s  enhancement o f  t h e  

Hadley c i r c u l a t i o n  a t   night.^ * -1w i3y,1* , ' , -  , 9 l . > . <  3 

> ? t  , ,! I _* .4 I \ (  
- " 1 : i . ,  I + 
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I n  t h i s  research, t h e  c l a s s i c a l  t i d a l  theory  has been u  I t o  study 

t h e  m i g r a t i n g  d i u r n a l  thermal t i d e .  Several re f inements i n  $ standard 

. .  ( I  methodology o u t l i n e d  by Chapman and Lindzen (1970, dere porated 

. - ,  i n t o  t he  present  c a l c u l a t i o n s .  

, ; .  ,,!, . F i r s t ,  a  g rea te r  number o f  Hough func t i ons  were use represent  

t h e  l a t i t u d i n a l  s t r u c t u r e s  o f  t h e  t i d a l  var iab les .  I t  wa! I lli scovered 

t h a t  even when us ing  s i x t e e n  Hough func t ions ,  h o r i z o n t a l  , t r uc tu res  

resembl ing Gaussian curves cou ld  n o t  be w e l l  r e p r e s e n t e ~  a t  h igher  

l a t i t u d e s .  Since severa l  o f  t h e  t i d a l  va r i ab les  have t l  typt  ~f 

h o r i z o n t a l  s t r u c t u r e ,  i t  was concluded t h a t  even t h e  rr- .a '"? c' t h i s  

s i x teen  mode t rea tment  a re  u n r e l i a b l e  a t  more than about 45' *om t h e  

equator. , I , < ~ ,  I : I ?  

Second, r e s u l t s  were presented w i t h  a  g rea te r  h o r i  zor p e s ~ l l r t i o n  

than had been shown before.  I t  was found t h a t  t h i s  sary 

f o r  t he  v e r t i c a l  v e l o c i t y  f i e l d .  The e a r l i e r  r e s u l t s  pr.esen~ed by 

L i  ndzen (1967), which showed a  15' h o r i z o n t a l  r e s o l u t i o n ,  a re  adequate 

f o r  r e s o l v i n g  t h e  h o r i z o n t a l  s t r u c t u r e  o f  a l l  b u t  t h e  v e r t i c a -  v e l o c i t y  

f i e l d s .  From an observa t iona l  s tandpoint ,  t h i s  r e s u l t  a l s o  i m n l  i e s  t h a t  

reg iona l  o r  g loba l  observat ions o f  d i u r n a l  v a r i a t i o n s  o f ,  pl . i c u l a r l y ,  

t h e  v e r t i c a l  v e l o c i t y  must n o t  be averaged over an area spanning more 

than 10' o f  l a t i t u d e .  11 



H Tht ;h i rd  improvement was t o ,  u-se a  r a d i a t i v e  t r a n s f e r  2cheme t o  

/,,!obtai i a  b e t t e l  t ropospher ic  hea t i ng  func t i on .  As i t  tu rned ou t ,  t h e  

avai  l,,, ,, r a d i a t i v e  b,  ansfer  motlel o ~ l l y  a1 lowed an improvement t o  the  

c o ~  lnel o f  the hea t i ng  due t o  t he  absorp t ion  o f  shortwave r a d i a t i o n  by 

, water v " - -  - molecules. It was found t h a t  t h e  simple f u n c t i o n a l  form 

used by L i  ndzen (1967) d i f f e r e d  q u i t e  s i g n i f i c a n t l y  f rom t h a t  der ived  

w i t h  thc madiative t r a n s f e r  model. ! I  

A , - . l s i t i v i t y  s tudy showed t h a t  t h e  t h e o r e t i c a l  r e s u l t s  a re  f a i r l y  

s e n s i t i *  t o  t h r e e  f a c t o r s .  I n  o rde r  o f  decreasing importance, these 

. are  (1) t h e  s t r u c t u r e  o f  t h e  t ropospher ic  heat ing,  (2) t h e  t ropospher ic  

I s t a t i c  a t a b i l i t y  p r o f i l e ,  and (3) t h e  number o f  Hough func t i ons  used t o  

It 
, r e p r e s e ~  t h e  heat ing.  The o n l y  o the r  d e t a i l e d  p resenta t ions  showing 

t h e  thc _ . , e t i c a l  t ropospher ic  d i u r n a l  v a r i a t i o n s  (computed by us ing  

c l a s s i c a l  tic theory)  a re  t h o s e o f  Lindzen (1967, 1968). H i s  ca l cu la -  

j b t i o n s  u1.i 1  Gu a s i g n i f i c a n t l y  d i f f e r e n t  t ropospher ic  hea t i ng  func t i on ,  

, an i s o t l  lmal atmosphere, and o n l y  f i v e  Hough func t i ons  f o r  represent ing  
I 

t h e  ho r t zon ta l  s t r u c t u r e .  Thus, i t  was n o t  s u r p r i s i n g  t h a t  t h e  present  

1 1  r e s u l t s  were q u i t e  d i f f e r e n t  f rom Lindzen's  i n  ampl i tude, phase, and 

s t ruc tuve .  However, i n  genera l ,  t h e  new r e s u l t s  d i f f e r e d  from t h e  o l d  

r e s u l t s  by much l e s s  than an order  o f  magnitude. It was d i f f i c u l t  t o  

, f i n d  any cons i s ten t  d i f f e r e n c e s  between t h e  two se ts  o f  r e s u l t s .  For 

some va~ r iab les  and i n  some p a r t s  o f  t he  troposphere, L indzen's  r e s u l t s  

showed g rea te r  responses. I n  o t h e r  cases t h e  new r e s u l t s  showed g rea te r  

I responsss. 

An ana l ys i s  was done t o  determine t h e  r e l a t i v e  c o n t r i b u t i o n s  t o  t h e  

t ropospher ic  d i u r n a l  t i d a l  response prov ided by each o f  t h e  t h r e e  heat- 
. fl' 

. ! i ng meca' ]isms. O f  t h e  t h r e e  (H20 heat ing ,  ozone heat ing ,  and cumulus 



heat ing) ,  H20 hea t i ng  was c l e a r l y  the  component responsib f o r  pro- 

ducing t h e  l a r g e s t  f r a c t i o n  o f  t h e  t ropospher ic  response. - r reasons 

discussed e a r l i e r ,  t h e  s t r a t o s p h e r i c  ozone heat ing,  even w i t h  i t s  much 

L:$! g rea te r  ampl i tude, produces o n l y  a  very minor t r opospher i c ' r esponse .  

Cumulus hea t i ng  was p u t  i n t o  t he  c a l c u l a t i o n  i n  a  very approbinate and 

p o s s i b l y  underest imated form. Though t h e  cumulus heat ing  produced a  

g rea te r  t ropospher ic  response than the  ozone heat ing ,  't I i s  1  a  - r e l a t i v e l y  minor response compared t o  t h a t  produced by ..20 1 

general ,  t h e  e f f e c t s  o f  t h e  cumulus hea t i ng  were t o  creasc 

tude o f  t he  t ropospher ic  response by 10% t o  20% 

so as t o  reach a  maximum one t o  two hours e a r l i e r  i n  

t i .  I n  

the ampl i-  

the  phase 

imp1 i c a t i o n  drawn from t h i s  ana l ys i s  was t h e  g r e a t  importance o f  hav ing 

an appropr ia te  t ropospher ic  f o r c i n g  f u n c t i o n  f o r  o b t a i n i n g  a  representa- 

t i v e  t ropospher ic  response. 

::JI r ; r  An ana l ys i s  o f  t h e  way t h e  energy i s  p a r t i t i o n e c  ,,,,,~rg t h e  th ree  

terms o f  t h e  thermodynamic energy equat ion proved t o  be qu. en1 i g h t -  

r ening. I n  t h e  tropGsphere, t h e  temperature change term 'ana ' le heat ing  

: term remain p r e t t y  nea r l y  i n  balance, w h i l e  t h e  v e r t i c a l  vc . . c i t y  term 

behaves more l i k e  a  res idua l  quan t i t y .  I n  t h e  tropo: where the  

s t a t i c  s t a b i l i t y  i s  low, t h e  v e r t i c a l  mot ion fo rced by t h &  , )eat ing i s  

i n s u f f i c i e n t  f o r  t he re  t o  be much a d i a b a t i c  hea t i ng  or rg by t h i s  

means. Also, t h e  near balance between t h e  heacing ana mpera tu re  

change terms i m p l i e s  t h a t  t h e  temperature (and geopotent ia '  . v a r i a t i o n  

lags  behind t h e  hea t i ng  curve by very n e a r l y  90°. Th is  a t  a l l  

l a t i t u d e s  i n  t h e  t r o p i c s  and subt rop ics .  . a  I 

The new r e s u l t s  showed an i n t e r e s t i n g  c i  r c u l a t i c  r n  i l l  t he  

t r o p i c s .  Dur ing  t h e  daytime, a . ' c i r cu la t i on  i s  es tab l  iswdd'WAh opposes 
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t h e  Hadley c e l l  i n  a l l  t h ree  wind components. Th is  means t h a t  t he re  i s  

downward v e r t i c a l  m o t i o ~ ~  and ad iaba t i c  warming a t  the equator a t  l h e  

t ime o f  maximum hea t i ng  -- a cu r i ous  phenomenon f o r  which no s a t i s f y i r l y  

phys ica l  xp lana t i on  was found. A t  n i g h t ,  t he  s i t u a t i o n  i s  reversed and 

t h e  d i u  11 t i d a l  c i r c u l a t i o n  would serve t o  enhance t h e  Hadley c e l l .  

Comparisons between t h e  new r e s u l t s  and observat ions were n o t  as 

favorab le  as had been an t i c i pa ted .  The most i n t e r e s t i n g  d iscovery was 

t h a t  nf a t h r e e  t o  f i v e  hour phase d i f f e r e n c e  between t h e  observa t iona l  

and t c r e t i c a l  temperature (and geopoten t ia l )  f i e l d s .  Th i s  phase d i f -  

f e ren  was found c o n s i s t e n t l y  i n  comparisons t o  t h r e e  complete ly  i n -  

dependent observa t iona l  analyse$. , - 
f J ' i ( ' 1  I 

o f  t h e  e m p i r i c a l l y  obta ined measurements o f  t i d a l  o s c i l l a t i o n s  

,,,,,, s i g n i f i c a n t l y  g rea te r  ampl i tudes (two t o  t h r e e  o r  more t imes 

g r f  ) than  t h e  t h e o r e t i c a l  ampl i tudes computed i n  t h i s  study. The 

empir ~ c r '  r e s u l t s  a l s o  showed very d i f f e r e n t  phase p r o f i l e s  and v e r t i c a l  

s t r u c t u r e s  , than p r e d i c t e d  by t h e  theory.  Almost t h e  s o l e  except ion t o  

t h i s  wa 
1 I 

! r tilt o f  t h e  g loba l  temperature ana l ys i s  c a r r i e d  o u t  by 

': Fol  t z  at1.r (1979). However, even i n  t h i s  case, t h e r e  was s t i  11 a  

f o u r  hol ~ s e  discrepancy and a  30% amp1 i t u d e  d i f f e rence .  

It i s  impor tan t  t o  t r y  t o  account f o r  t h i s  d i s p a r i t y  between t h e  

t h e o r e t i c a l  and observa t iona l  r e s u l t s .  From t h e  t h e o r e t i c a l  s ide,  t h r e e  

f a c t o r s  cl d  be c o n t r i b u t i n g  t o  t h e  d i s p a r i t y .  F i r s t ,  t h e  d i u r n a l  

v a r i  s t  i 1 . cumulus hea t i ng  may be s u b s t a n t i a l  l y  underest imated (Hong 

and Wang, 980). Second, i t i s  p o s s i b l e  t h a t  t h e  d i u r n a l  v a r i a t i o n s  o f  

one o r  more o f  t h e  hea t i ng  mechanisms neglected i n  Chapter 2 may be of 

major s  i a n i  f icance. Th i rd ,  because o f  1  ongi t u d i  na l  i nhomogenei ti es i n  

topogral 1 and heat ing ,  i t i s  p o s s i b l e  t h a t  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  
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observed d i u r n a l  t i d a l  response res ides  i n  t he  components i t h  zonal 

... i wavenumbers g rea te r  that) one -- components which have n o t  t !n t r e a t e d  

3 8 i n  t h i s  study. , , ; I 

t~ ht7 From t h e  observa t iona l  s ide ,  t h e r e  a re  two f a c t o r s  whicl o n t r i b u t e  

t o  t h e  discrepancy. F i r s t ,  t h e  d i u r n a l  t i d e  cons i s t s  o f  v - - 1 d ~ i o n s  w i t h  

very smal l  ampl i tudes -- much smal le r  than  t h e  u b i q u i t o u  ~ p o s p h e r i c  

v a r i a t i o n s  fo rced  by o t h e r  means. The d i u r n a l  v a r i a t i l  i l a t e d  even 

from l a r g e  q u a n t i t i e s  of data t y p i c a l l y  have e r r o r  bou..,, o f  b30 t n  50% 

o r  more. There i s  a l s o  s t i l l  some u n c e r t a i n t y  as t o  whetht! :onven- 

t i o n a l  rawi  nsondes p rov ide  s u f f i c i e n t l y  accurate data fro111 which t o  

compute t i d a l  v a r i a t i o n s  having such smal l  ampl i tudes. 5 ond, most 

observa t iona l  analyses have been made f o r  s i n g l e  s t a t i o n s  c groups o f  

a d  s t a t i o n s  conta ined w i t h i n  a  f a i r l y  smal l  reg ion.  Regional and l o c a l  

, . e f f e c t s  appear t o  dominate on these scales and t o  obscure te smal l e r  

g loba l  e f f e c t  i n v e s t i g a t e d  t h e o r e t i c a l l y  i n  t h i s  rese ch. 

One o the r  cons ide ra t i on  which was discussed was whether r n o t  t he  

d i u r n a l  t i d e  migh t  have any impact on t h e  weather i n  t h e  t r o p i c s .  

Genera l ly ,  t h e  t h e o r e t i c a l  ampl i tudes o f  t h e  t i d a l  v a r i a t i c  a re  much 

smal le r  (by as much as an o rde r  o f  magnitude) than t r o p i c a l  1 pospher ic  

v a r i a t i o n s  fo rced  by o t h e r  means. However, as shown by McBrlur and Gray 

(1978), t h e  d i u r n a l  t i d a l  v a r i a t i o n  o f  t h e  Hadley c i r c u l a t i ~ n  may, a t  

I .  t imes, p rov ide  t h e  e x t r a  k i c k  r e q u i r e d  t o  surmount t h e  th r  hhold and 

$ . r  i n i t i a t e  convect ive feedback i n  an otherwise i n a c t i v e  . -, . , ~ n ,  o r  t o  

suppress convect ive a c t i v i t y  i n  an otherwise d i s tu rbed  region. 

-, . 1 ,,The conclus ions o f  t h i s  s tudy suggest two avenues fc(r f u r t h e r  

research. F i r s t ,  i t  would be use fu l  t o  re -eva lua te  t h e  

' '7. " 
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t h e  neglected hea t i ng  mechanisms and t o  f u r t h e r  i n v e s t i g a t e  t he  amp1 i- 

tude and phase o f  t h e  d i u r n a l  v a r i a t i o n  o f  l a t e n t  heat  re lease.  Second, 

i t  would be use fu l  t o  have more g loba l  analyses o f  rawinsonde data 

s t r a t i f i  ?d by l a t i t u d e  arid l ong i t ude  (as was done by F o l t z  and Gray 

(1979)). I t i i s  would par-LicuIarbIy t a c i  I i t d t e  a study t o  det,er'mintl 

whether o r  n o t  t h e r e  i s  any evidence t h a t  a  s i g n i f i c a n t  f r a c t i o n  o f  t he  

d i u r n a l  thermal t i d e  res ides  i n  t h e  components w i t h  zonal wavenumbers 

g rea te r  fban one. 
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APPENDIX 1 

/ THE FAILURE OF THE FINITE DIFFERENCE APPROACH 
' . I t  

After 1  i near i  z i  ng the  p r i m i t i v e  equat ions,  s u b t r a c t i n g  o u t  t h e  

bas ic  s t a t e ,  choosing a wave- l ike s o l u t i o n ,  and combining the  f i v e  

AU, S 
equatiorbs, t h e  f o l l o w i n g  s i n g l e  equat ion i n  t h e  v a r i a b l e  w i s  der ived  

(as was -L-. .- - - zhapter 2 o f  t h e  main t e x t  o f  t h i s  repo r t ) :  

- Ke -z*/2 - - . F  (p) = 4 4aLRL 4a2Q2 F(J "~) ,  
"2 )/ I*, 1 

( A l -  1) 
; 5 

I ! .'. , - I t  I r  > - " .  d' 3 1.) b : B > & +  ! 

where p s in8  and F  i s  t h e  f o l l o w i n g  8-operator:  
F.-2 t ' c t i . )  4 , 

1." i I , I ) >  . ?;3 , , p g ' ( ~ ,  

Here, q and 6=f2-p2. Th is  i s  t h e  equat ion t h a t  must be so lved t o  

o b t a i n  A(J , s  - t i d a l  f i e l d  o f  t h e  p e r t u r b a t i o n  v a r i a b l e  w . I t & .  a 

second order  p a r t i a l  d i f f e r e n t i a l  equat ion  i n  bo th  p  and z*. The most 

pprvach t o  take  t o  rn l ve  t h i s  problem i s  t o  make a  s t r a i g h t  

4 forward a p p l i c a t i o n  o f  i n i t e  d i f f e r e n c e  techniques i n  bo th  dimensions, 
l 

and so Fh is  i s  t h e  approach t h a t  was f i r s t  pursued. It was unc lear  a t  

. f i r s t  wvy a l l  p rev ious  t i d a l  c a l c u l a t i o n s  had been cqy,i.ed , p ~ t < & i n g  t h e  

I concept ty l  l y  more d i f f i c u l t  G a l e r k i n  methods and why no one p r e v i o u s l y  

had ever  repo r ted  t r y i n g  t o  so lve  t h e  problem us ing  f i n i  t e - d i  f ference 

methods However, i t  was n o t  l o n g  be fo re  t h e  shortcomings o f  t h e  f i n i t e  il 
d i  f f e r e  ? approach became c l e a r l y  evident*,? . ,  Q [ "', . 60 r ; 



The major problem a r i s e s  when t r y i n g  t o  use t h e  radiat ion/bounded- 

ness c o n d i t i o n  a t  t h e  upper boundary. Fo l low ing  t h e  method ' Matsuno 

(1970), i t  tu rns  o u t  t h i ~ t ,  i n  ~ r d e r - t o  apply  the  r a d i a t i o n  c  l i t i o n  a t  
6 f (3' , , 

t h e  upper boundary, t h e  method o f  separa t ion  of  va r i ab les  ml be used 

a t  t h e  t o p  o f  t he  model domain. The r e s u l t i n g  two equatior., i n  t h e i r  

f i n i t e  d i f f e r e n c e  forms can then be solved s  ;aneously w i t h  t he  
$ . I  

approp r i a te  boundary c o n d i t i o n  equat ions. One o f  t r ~ e s e  e----"---  I -  

L a p l a c e i s _ t j d a l  equat ion,  which can be w r i t t e n  i n  t h i !  orm: 
191~ ; - .,' .. 

Except f o r  t h e  appabent s i n g u l a r i t i e s  a t  f2=p2=0.25 and a t  p:=+l, t h i s  

equat ion otherwise s a t i s f i e s  a l l  t h e  c r i t e r i a  f o r  be ing  i n  a  Sturm- 

L i o u v i l l e  form. When p u t  i n t o  a  f i n i t e  d i f f e r e n c e  form (us ing  centered 

d i f f e r e n c e  schemes f o r  t h e  d e r i v a t i v e s  and assuming t h a t  en=O a t  t h e  

poles) ,  t h i s  equat ion can be solved as a  m a t r i x  eigenvalue problem. It 

was discovered, however, t h a t  even though t h e  IMSL r o u t i n e s  EIGRF and 

EIGZF would so lve  t h e  e igenvalue problem and would i n d i c a t e  an e x c e l l e n t  

 performance index,  t h e  e igenval  ues would n o t  converge t o  he r i g h t  

' Ival ues as t h e  number o f  g r i d  p o i n t s  was increased, a r A  - I yznvectors 

had p e c u l i a r  f ea tu res  n o t  c h a r a c t e r i s t i c  o f  t h e  Hough ions  (which 

f ra re  t h e  r e a l  so lu t i ons ,  o r  e igenfunc t ions ,  o f  Laplace 's  t i a a  I quation). 

I 'The apparent s i n g u l a r i t y  a t  f2=p2 seems t o  render  t h e  s o l u t i o  - inacces- 

i ! s i b l e  by f i n i t e - d i f f e r e n c e  methods, and no s imple way was f o w d  t o  g e t  

'around t h i s  problem. 

For t h e  record,  t h e  t h r e e  methods used i n  t r y i n g  t o  sp lve  t h i s  

problem w i l l  be shown. The ' ~ e 2 r l l  t s  ob ta ined us ing  each methdd w i l l  be 

b r i e f l y  discussed, 



I n  t ho  f i r s t  method, t h e  f o l l o w i n g  equat ion  was obta ined by ca r r y -  

i n g  o u t  t h e  two d i f f e r e n t i a t i o n s  i n  t h e  l e f t - h a n d  term o f  equat ion 

Th is  equat ion i s  now no longer  i n  S tu rm-L iouv i l l e  form. I n  f i n i t e  

j - 1 \ns 
d i f f e r e r ~ c e  form, t h i s  equat ion looks l i k e  t h e  fo l l ow ing :  

\ *' '; , '  . f. 

1 .< '.+ , : 4 !  
I . .  , 7 $ ,  \ L h ,  

I .  I 

Eva lua t ing  t h e  terms o f  t h i s  equat ion a t  each o f  t h e  i n t e r i o r  p o i n t s  

r e s u l t s  i n  a  t r i - d i a g o n a l  ma t r i x .  The f i r s t  and l a s t  rows o f  t h e  mat- 
' 7 "  : 

r i x ,  determined by t h e  boundary cond i t i ons ,  had o n l y  one non-zero e le -  

ment on t h e  d iagonal .  So l v ing  t h i s  m a t r i x  e igenvalue problem, i t  was 

founc 

f a c t o r y  

h a t  t h e  r e s u l t i n g  e igenval  ues and e igenvectors were very  unsat is -  

eigenvalues (a cons tan t  f a c t o r  d i v i d e d  by t h e  equ i va len t  

depths) were n o t  o n l y  n o t  anywhere near what they should be, b u t  some o f  

them wi complex -- t h e  imaginary p a r t  be ing  very s e n s i t i v e  t o  t he  

exac t  v,i chosen f o r  f ,  which, as mentioned i n  s e c t i o n  4 .1  o f  , -4 t h e  main 
I . ; . I !  
t e x t .  ' i i n  be s e t  equal o r  n e a r l y  equal t o  0.5. Most o f  t h e  equ i va len t  

deptbc b l i t h  smal l e r  abso lu te  values had associated e igenvectors which 

appeared i n d i c a t e  t h a t  t h e  e igenfunc t ions  would pass through +03 a t  
:i 

- , ! , .A 

t h e  c r i l . i ca1  l a t i t u d e s .  
I .  

- II 
;econd method used t o  so lve  t h i s  problem was designed t o  r e t a i n  

t h e  qua -Sturm-Liouvi l  l e  form o f  equat ion (Al -2)  i n  t he  f i n i t e - d i f f e r -  

ence sche~ Th is  r e q u i r e d  t h a t  p be evaluated a t  t h e  midpo in t  o f  each 



increment i n  a d d i t i o n  t o  eva lua t i ng  i t  a t  each g r i d p o i n t .  Tie f i n i t e -  

d i f f e r e n c e  equat ion then takes t h i s  form: 1 1  > 

where tij++ - = (f2-)12 j24) and r l  . = ( 1 - 2 j ) .  Th is  method produced 
J r3 

somewhat b e t t e r  r e s u l t s ,  b u t  they  were s t i  11 unsa t i s fac to ry .  It was 

found t h a t ,  as t h e  g r i d p o i n t  dens i t y  was increased from 12 t o  48 p o i n t s  

between t h e  poles,  t h e  eigenvalues d i d  converge t o  l i m i t i n g  values. 

However, t h e  values were n o t  anywhere near t h e  values shown b.{ F l a t t e r y  

(1967) o r  o thers .  The eigenvalues were found i n  t h i s  case t o  be f a i r l y  

i n s e n s i t i v e  t o  v a r i a t i o n s  o f  f i n  t he  range between 0.49 and 0.50, b u t  

t h e  behavior  o f  t h e  e igenvectors around t h e  c r i t i c a l  p o i n t  d i d  vary 

no t i ceab l y  as f was var ied .  I n  p a r t i c u l a r ,  s e t t i n g  f equal t o  0.49 and 

us ing  a  48 p o i n t  g r i d  p laced t h e  c r i t i c a l  p o i n t  equatorward o f  t h e  p 

g r i d  p o i n t  nearest  t o ,  b u t  l e s s  than 0.5. Th is  made a l l  ,he eigen- 

vec tors  go t o  zero poleward ( f o r  p o s i t i v e  equ i va len t  depth modes) o r  

equatorward ( f o r  negat ive  equ i va len t  depth modes) o f  t h i s  p o i  i t .  A1 so, 

f o r  fZ0.500, i t  seemed t h a t  t h e  numerical  method was causing t h e  der iva-  

t i v e  o f  On t o  go t o  zero near t h e  c r i t i c a l  p o i n t .  Th i s  behav i o r ,  which 

was undesi rable,  mot iva ted  t h e  t h i r d  method. 

Since t h e  d i f f i c u l t y  appeared t o  be r e l a t e d  t o  eva lua t i ng  the  

f i n i  t e - d i  f f e rence  equat ion  very near t h e  c r i t i c a l  p o i  n t ,  an a1 t e r n a t e  

equat ion was sought f o r  eva lua t i on  a t  t h i s  p o i n t .  Equat ion ( A l - 3 )  was 

mu1 t i p 1  i e d  by ti2 and eva lua ted  a t  p=kf=kO. 5. Assuming t h a t  f i s  non- 



duces equation (Al-3) t o  the f o l  1  owing: 

I n  f i n i t c l -d i f fe rence  form a t  p=+0.5 and f o r  f=0.5, t h i s  equation looks 

l i k e  LII lowing: 

where 

. !J :tix,fl: ;, 
1-5) was used a t  a l l  po in ts  except a t  the  c r i t i c a l  po in ts ,  

a t i o n  (Al-7) was used instead. This s t i l l  d i d  not  solve the 

I t  was found t h a t  mu l t i p l y i ng  (Al-7) by 1, 100, and 1000 made 

qu i t e  a  d i f fe rence i n  the resu l t s ,  whereas no d i f fe rence  should have 

ar isen there were no numerical problems involved. Mu l t i p l y i ng  (Al-7) 

roduced some eigenvalues very c lose t o  the co r rec t  values, bu t  

". a lso jroduced a  number o f  complex equivalent  depths. Using (Al-7) as 

n above (mu l t i p l i ed  by 1) produced equivalent  depths which were a l l  

rea l  ar which, w i t h  the exception of two very la rge equivalent  depths, 

were c loser  t o  those produced by the second method. This appeared t o  be 

proof  t t there was some k ind  o f  numerical i n s t a b i l i t y  a t  the heart  of 

the proa lem. Both o f  the IMSL rout ines mentioned before were used t o  do 

t h i s  t k  d  method. Though the two rout ines use d i f f e r e n t  methods t o  do 

; r i x  eigenvalue problem, both y ie lded  very s im i l a r ,  bu t  not  iden- 

the 

s  was a  b a f f l i n g  obstacle which appeared insurmountable. For 

ar t i de ,  where f i s  smaller than one, the 0-operator, F, ap- 

pears to be unmanageable w i t h  f i n i t e - d i f f e r e n c e  methods, and no way 

could t found t o  avoid having t o  handle t h i s  operator. Although using 
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1 /i # 71 , : I .. 

a d i f f e r e n t  upper boundary c o n d i t i o n  (e. g. Newtonian coo l  i ) obv ia tes  

t h e  need t o  so l ve  Laplace 's  t i d a l  equat ion,  t h i s  ope ra to r  n.--. t  s t i l l  be 

handled when s o l v i n g  t h e  d i f f e r e n t i a l  equat ion  i n  t he  i n t e r i o r  p a r t  o f  

t he  model domain. I t  was decided t h a t  the r e s u l t s  o f  sllr 

would be, a t  bes t ,  suspect. So, i t  was understood 

f i n i t e  d i f f e r e n c e  methods i n  two dimensions (0 and L - - )  t 

na l  t i d a l  v a r i a t i o n s ,  and i t  was concluded t h a t  t h e  f i n i t  

I c a l c u l a t i o n  

ne uses 

pu te  d i u r -  

d i f f e r e n c e  

approach would have t o  be abandoned. 
:;. : I  i c'! i : t  * 
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APPENDIX 2 

NOTES ON THE COMPUTER MODEL 

I n  t h i s  appendix, a  b r i e f  sketch i s  g iven  o f  t h e  rou t i nes ,  equa- 

t i o n s ,  and methods used t o  per form t h e  t i d a l  c a l c u l a t i o n .  The s i x  

programs used i n  t h e  c a l c u l a t i o n  a re  discussed i n d i v i d u a l l y .  The course 

of t h e  c a l c u l a t i o n  i s  summarized i n  t h e  schematic diagram shown i n  F ig .  

A2.1. A t  t h e  o u t s e t  o f  t h i s  d iscussion,  one p o i n t  should be made. For 

convenience, var ious  parameters w i l l  be s a i d  t o  be " f unc t i ons "  o f  par-  

t i c u l a r  va r i ab les .  I n  f a c t ,  o n l y  a  couple o f  t he  parameters handled 

were a c t u 3 l l y  i n  a  f unc t i ona l  form. Here, " f unc t i on "  w i l l  mean a  s e t  o f  

d i s c r e t e  values f o r  a  one, two, o r  t h r e e  dimensional g r i d  o f  po in ts .  

The f i r s t  program i n  t h e  sequence was t h e  r a d i a t i v e  t r a n s f e r  rou- 

t i n e ,  IRPDSOL. Th is  program was developed a t  Colorado S ta te  U n i v e r s i t y  

and was nore f u l l y  documented by Cox, - -  e t  a l .  (1976). It was mod i f i ed  

somewhat so as t o  om i t  unnecessary r o u t i n e s  and t o  o b t a i n  r e s u l t s  i n  a  

format s d i t a b l e  f o r  t h e  nex t  program. As s t a t e d  i n  Chapter 3, t h i s  

r o u t i n e  *as used o n l y  t o  o b t a i n  a  rep resen ta t i on  o f  t h e  H20 hea t i ng  

func t i o r  For t h i s  purpose, t h e  o n l y  data which were requ i red  were t h e  

v e r t i c a ;  p r o f i l e s  o f  temperature and water  vapor m ix ing  r a t i o  a t  a  

number o f  l a t i t u d e s .  The r o u t i n e  must be executed once f o r  each l a t i -  

tude and each t ime o f  day a t  which a  v e r t i c a l  p r o f i l e  o f  t h e  hea t i ng  

r a t e  i s  desi red.  For t h i s  e q u i n o c t i a l  study, t h e  temperature and mix ing  

r a t i o  da ta  were i n t e r p o l a t e d  t o  l o 0  increments o f  l a t i t u d e .  IRADSOL was 
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Fig.  A2.1. Schematic diagram of t h e  system o f  r o u t i n e s  used t o  do 

t h e  t i d a l  c a l c u l a t i o n .  .' I I 
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then r l ln 1 

0630 t o  

. . ---.. -- . ~ t i t u d e  increment and f o r  each h a l f  Qour from 
d .  

, < 

1 t . It was assumed t h a t  the d a i l y  h e a t i k  'curve was 

symmetric a u v u i  l o ca l  noon, and t h a t  the shortwave heat ing i s  zero 

between 1800 and 0600 hrs. From t h i s  rout ine,  the H20 heating r a t e  was 

obta i  nec' 3 f unc t ion  o i  ' ime (or  longi tude),  l a t i t u d e ,  and pressure- 

height. 

I n  order t o  ex t r ac t  the d iu rna l  component o f  the heating, the H20 

heat ing funct ion was subjected t o  Four ier  analysis ( i n  t ime or ,  equiva- 

l e n t l y ,  i n  longi tude) a t  each l a t i t u d e  increment and pressure-height. 

This was accomplished i n  the rou t ine  FOURIER. The equations used f o r  

the analysis were obtained from Panofsky and B r i e r  (1958). It was found 
( I  ' 

t o  be mos ' -0nvenient t o  obta in  the ampl i t ude  and phase o f  the d iurna l  
8 ' ,  I 

i . , ,  ,. .iIc '" I L 
* .  

component th,, form: 
. i  . . *I 3 ,'+I,'\* L, i .  . < j . 1 ,  : 1. q 'y?  .tt 

(6,p) cos ( a t  + p), 

where J i ~ s  the ampl i tude o f  the heat ing r a t e  as a func t ion  o f  l a t i t u d e  

and pressure, p i s  the phase, and a equals 2n/day. For the equ inoct ia l  

case w i  t = 0 a t  midnight, the phase o f  the d iurna l  component o f  the 
< I ,  ' I '  K 

H20 heating i s  + 180'. 
, . f  s t -  ' 

The task o f  the next program, COMAJS, was t o  compute as a func t ion  

o f  z* the s ixteen Hough func t ion  p ro j ec t i on  coe f f i c i en t s  o f  the t o t a l  

(H20, ozone, and cumulus) heat ing o r  any component thereof .  For the 

ampl i tuc 
41 , . 

F the  d iu rna l  component o f  the H20 heat ing funct ion,  

J ~ ~ ( , , , ,  a Hough analysis was ca r r i ed  out  by doing the fo l l ow ing  

n f o r  n = 1 t o  16: 



" . ',, . , : 11 ? 

Because t h e  H20 hea t i ng  was n o t  separable i n  8 and z*, t h i l j  had t o  be 

done a t  a l l  o f  t h e  t h i r t y  t o  f o r t y  l e v e l s  where heat ing  r a t e s  were 

obtained. The i n t e g r a t i o n  was done us ing  Simpson's me1 hod, where 

J ' , ~ ( ~ * Z * )  was f i r s t  i n t e r p o l a t e d  t o  lo increments. The Ho h f unc t i ons  

were a l s o  requ i red  f o r  t h i s  i n t e g r a t i o n .  The values 01 . 
Hough func t i ons  a t  lo increments were taken from a data filc leveloped 

1 ' 1  

i n  e a r l i e r  work on the  d i u r n a l  t i d e .  A f t e r  c c l ~ ~ ~ ~ u t i n g  the  p r o j e c t i o n  
a - 8  

c o e f f i c i e n t s  a t  t h i r t y  t o  f o r t y  l e v e l s ,  t h e  r e s u l t s  were i t -  r po la ted  t o  
8 5' 7 '  

* I  
o b t a i n  values a t  z* increments o f  0.02. 

( i l ,  ' 11  1 ll., ,. 
The ozone and cumulus heat ing ,  f o r  which -he 8 and 7* d~nendences 

were separable, were handled somewhat d i f f e r e n t l y .  F lese two heat- 

i ng components, t h e  amp1 i tude of t h e  d i  u rna l  compontllc che hea t i ng  

can be w r i t t e n  i n  t h i s  way: 
? y-, ... C,!, ;..I ;:,:,,* . ?': . . -<. .. . " r . ! [ . J (  ,:.: 4-1 ' ' . '  ! 

,. - .. i 

where f and g are  normal ized func t ions ,  and A i s  an a m p l i t  
I 

f a c t o r .  

Here, f and g were o r i g i n a l l y  cont inuous func t i ons  f o r  bo th  t h e  ozone 

and cumulus heat ing.  However, even though they  were cont inuous func- 

t i o n s ,  they  had t o  be eva lua ted  a t  d i s c r e t e  p o i n t s .  The s i    teen Hough 
: , *  I .* ( ,  + +, ,: 

mode p r o j e c t i o n  c o e f f i c i e n t s  f o r  t h e  f u n c t i o n  g were com us ing  a 

separate program and were j u s t  en tered  i n t o  COMAJS on a c a f i l e .  A t  
C " i ! 

each increment o f  z* ( f o r  Az* = 0.02), t h e  p r o j e c t i o n  c o e f f i c i e n t s  were 

m u l t i p l i e d  by t h e  cons tan t  A and t h e  app rop r i a te  va lue 

t o  o b t a i n  t h e  same type  o f  v e r t i c a l  p r o f i l e s  o f  t h e  p r o j e c t i o n  coef-  

f i c i e n t s  as were ob ta ined f o r  t h e  H20 heat ing.  Th i s  procer 



. tw ice  -- ance I the ozone heat ing and once f o r  the cumulus heating -- 

, , and then (B, , three ! s o f  v e r t i c a l  p r o f i l e s  were summed together mode 

, , by mode. , I t  should be remembered a t  t h i s  po i  n t  t ha t  i f the three heat- 

i ng  funct ions do no t  a1 1  have phases o f  O0 o r  + 180°, then these projec-  

t i o n  cot i c i e n t s  w i l l  be complex quant i t ies .  ., , 
- 1  . 

Ihe v e r t i c a l  p r o f i l e s  o f  temperature, s t a t i c  s t a b i l i t y ,  and geopo- 

t e ~ .  - .  - .  hp iaht  (as funct ions o f  zX),ygrg .,s,tp;,ed, . p r g  ,separate data f i le .  

P F This 

i ncremer I L 

s entered i n t o  the ca l cu l a t i on  i n  COMAJS. Here again, the 

z* was 0.02. The p r o f i l e s  were f o r  a  spec i f i c  l a t i t u d e  

(15ON o 30°N). The temperature (as a func t ion  o f  pressure) was ob- 

ta ined from the U.S. Standard Atmosphere Supplements, 1966. A coor- 

d i  nate t rans format i  on was made, and the temperature p r o f  i l e  was i n t e r -  
31'12 f i  

polated t o  z* increments o f  0.02. The IMSL cubic sp l ine  i n t e rpo la t i on  

schemes HCSICU and ICSEVU were used t o  do t h i s  i n t e rpo la t i on ,  and second 

order one-sided second de r i va t i ve  schemes were used t o  provide the 

I I 
boundary condi t ions f o r  the i n t e rpo la t i on  rout ines.  The s t a t i c  sta- 

b i  1  i t y  c ~ r o f  i 1 e was obta i  ned by d i  f f e r e n t i  a t i  ng the ,i nterpo)>ated tem- 

peratur  p r o f i l e  using a  simple centered d i f fe rence  scheme. This 
-I., ! 

y ie lded  tl popn p r o f i l e s  shown i n  Fig. 4 . 3 b ,  i nd i ca t i ng  t h a t  t h i s  was 

no t  an iac ~ l e  sequence t o  fo l low. The geopotential  he ight  was ob- 
i ?  t 

ta ined by i !g ra t ing the hydrosta t ic  equation using the in te rpo la ted  

tempera re p r o f i l e :  

z * . . l;;i ,. 
.A .. - . . I, 

. 
+! J T(x)dx, .,,'. G - I .?-spf; 

ilZ0 o .-. . 

where 2 i s  the geopotential  he ight  o f  the 100 kPa surface. 



The f o u r t h  program,  rut, was t h e  a i r r e r e n z i a i  equa '.! 2n so lver .  

For each o f  t h e  s i x t e e n  v e r t i c a l  p r o f i l e s  o f  p r o j e c t i o n  c o e f f i c i e n t s ,  

t h i s  r o u t i n e  so lved t h e  v e r t i c a l  s t r u c t u r e  equat ior  :equaltion 22 i n  

Chapter 2) t o  o b t a i n  t h e  s i x t e e n  component p r o f i l n c  q f  ,.,, ~ e r t i c a l  

v e l o c i t y  t h a t  i s ,  t o  o b t a i n  Gn(zA). The program was based upon a  method 

shown i n  a  no te  by Lindzen and Kuo (1369). I t  

ve rs ion  o f  Gauss ia l i  el i n ~ i n a t  i on  which i s  par t ic i11ar . l -  use 

c21, i ly j u s t  a  

fur s o l v i l l g  

a  t r i d i a g o n a l  m a t r i x  problem. The method was designed t o  sc ve the  more 

. , 
8 .  

I 4 general  equat ion, ' I  

! I  . '  \ a v -  i i t .  +,  + - ! . ( L  .-- 

I, 1 1  

1 , . \  I '  . '  . f; 

w i t h  t h e  f o l  low ing  two boundary cond i t ions :  
1 (. 1 , -  - 1. - '  I .i I 1.1 

and 

, A u c :  ' 1  * ,  

The program was s t r u c t u r e d  so as t o  be f l e x i b l e  enoug,, 

general  problem; however, w i t h  t h e  c o e f f i c i e n t s  requ i red  f o r  . h i s  speci-  

f i c  a p p l i c a t i o n  o f  t h e  r o u t i n e ,  t h e  problem was e f fec '  ' reduced t o  

s o l v i n g  t h e  f o l l o w i n g  s e t  o f  equat ions: 



and 

where x I f ( x )  a re  now rep laced by z* and Pn, r i s  a f u n c t i o n  o f  z*, 

To i s  t h e  temperature a t  t h e  lower boundary, and TT i s  t h e  s t a t i c  s ta -  

b i l i t y  a t  t h e  upper boundary. Lindzen and Kuo repo r ted  t h e i r  method t o  

be very r k l i a b l e  f o r  a l l  o f  t h e  inhomogeneous, wel l -posed problems t o  

which t h e j  had a p p l i e d  it. Lindzen a p p l i e d  t h i ~  method t o  t h e  c l a s s i c a l  
! 

t i d a l  a t i o n  (us ing  t h e  r a d i a t i o n  c o n d i t i o n )  i n  1968. The ou tpu t  

from t h e  r rnqram cons i s ted  o f  t h e  s i x t e e n  v e r t i c a l  p r o f i l e s  o f  kn; where 

again, Q, i s  g e n e r a l l y  a complex q u a n t i t y .  *? 

The ~~rlrt --?gram, TIDEPR, performed t h r e e  func t i ons .  F i r s t ,  i t  

recons t i  t e d  t h e  hea t i ng  f u n c t i o n  (equat ion  A2-6), computed t h e  t o t a l  

, v e r t i c a l  o t i o n  v a r i a b l e  On (equat ion A2-l) ,  and from these computed a l l  
I 

inf t h e  1 1.r t i d a l  f i e l d s .  The sequence observed i n  t h e  computation o f  

t h e  t i d a l  f i e l d s  i s  diagrammed i n  F ig.  A2.2. For reference,  t h e  f i n i t e  

d i  l rerer ? equat ions which were used a re  shown below. The subsc r i p t s  j 

and k i 

general  l y  

t h e  l a t i t u d i n a l  and v e r t i c a l  i nd i ces ,  r e s p e c t i v e l y ,  where 

j = 1 a t  t h e  equator and k = 1 a t  z* = 0. The l a t i t u d i n a l  

:::; aga in  lo and t h e  v e r t i c a l  increment was again 0.02. The 

t o  t h e  number of t h e  Hough func t i on .  S ix teen Hough modes 

' 7  t h e  rep resen ta t i on  o f  a l l  o f  t h e  t i d a l  va r i ab les .  The 

const  is p- and To a re  t h e  pressure and environmental  temperature a t  z* 

= 0. The v a r i a b l e  jk i s  t h e  environmental  temperature. A l l  o the r  

no ta t io r .  ,, ;he same as i n  Chapter 2. 
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' ( ~ 2 -  l l a )  

There are  severa l  t h i n g s  t o  note about these equa t i j ns .  F i r s t ,  

these q u a n t i t i e s  a re  aga in  general  l y  complex. Second, 

ways t o  compute t h e  geopoten t ia l  f i e l d .  One i nvo l ves  a  s  

i n t e g r a t i o n  o f  t h e  h y d r o s t a t i c  equat ion  (equat ion A2-8 

method i s  n o t  as obvious. E l i m i n a t i n g  T'" between t h e  - lrmodynamic 

energy equat ion and t h e  h y d r o s t a t i c  equat ion  (equat ions ly and 15 
I 

Chapter 2), i t  can be i n f e r r e d  t h a t  @o's and (and hen( Xu'S) have 

t h e  same h o r i z o n t a l  s t r u c t u r e .  A f t e r  a  f a i r  amount o f  manip l a t i o n ,  t he  6 



h o r i z o n t a l  momentum equat ions and t h e  c o n t i n u i t y  equat ion  (equat ions 11, 

12, and 14 o f  Chapter 2) can be combined i n t o  one equat ion i n  t h e  two 

unknowns @('" and X o 9 S .  Wi th  some use of Laplace 's  t i d a l  equat ion, i t  

can f i n a l  lby be shown t h a t  @'yS i s  equal t o  a  (pure imaginary) constant  

t imes Xu'S (equat ion  A2-5). As a  cross check, bo th  methods were used, 

and i t  was lountl th ' i t  t.tic!y yieltlecl r e s u l t s  which d i  f f e r cd  t)y less t h a n  

1%. A t h i r d  t h i n g  t o  n o t i c e  i s  t h a t  t he  computat ion o f  the  h o r i z o n t a l  

wind components i nvo l ves  a  h o r i z i n t a l  d i f f e r e n t i a i o n ,  and t h a t  t h e  bas i s  

f unc t i ons  which represent  t h e  h o r i z o n t a l  s t r u c t u r e  o f  t h e  wind com- 

ponents a re  d i f f e r e n t  than  t h e  bas i s  f unc t i ons  ( t he  Hough func t i ons )  f o r  

a l l  o f  t he  o t h e r  va r i ab les .  The s t r u c t u r e s  o f  these new bas is  f unc t i ons  

were compared t o  t h e  corresponding s t r u c t u r e s  shown by Chapman and 

L i  ndzen (1970). The agreement was good. The h o r i  zon ta l  wind components 

can o n l y  be computed a t  t h e  po les  i f  1  ' H o s p i t a l  I s  r u l e  i s  appl ied.  The 

same i s  t r u e  a t  30' f rom t h e  equator i f  f=a/ZQ=0.5. F i n a l l y ,  t he  

methods used f o r  i n t e g r a t i o n  and d i f f e r e n t i a t i o n  should be noted. For 

computing Xu'S, t h e  v e r t i c a l  d e r i v a t i v e  o f  irn was computed us ing  a  

simple centered d i f f e r e n c e  scheme i n  t h e  i n t e r i o r  and f i r s t  o rder  one- 

s ided d i f f e r e n c e  schemes a t  t h e  boundaries. The i n t e g r a t i o n  o f  t h e  

h y d r o s t a t i c  equat ion  was c a r r i e d  o u t  us ing  t h e  t rapezo ida l  method. For 

t h e  computation o f  t h e  h o r i z o n t a l  wind components, a  simple centered 

d i f ferencle scheme was used f o r  t h e  i n t e r i o r  d i f f e r e n t i a t i o n ,  w h i l e  a  

second order  forward d i f f e r e n c e  scheme was a p p l i e d  a t  t h e  equator.  

The second f u n c t i o n  o f  program TIDEPR was t o  p r i n t  o u t  ampl i tude 

and phase cross sec t ions  ( i n  t h e  8-z* p lane)  f o r  each o f  t h e  t i d a l  

var iab les .  The f o l l o w i n g  equat ions were used f o r  computing t h e  ampl i-  

tude and phase o f  t h e  (complex) t i d a l  va r i ab les :  



-1 'r + f o r  wi > 0 
p = k cos - f o r  wi < 0 

Here, wr and wi a re  t h e  r e a l  and imaginary p a r t s  o f  w respec t i ve l y ,  l w  1 
i s  t h e  ampl i tude o f  w, and p i s  t h e  phase. The phase was de f ined  such 

t h a t  O0 corresponded t o  a t ime o f  maximum a t  l o c a l  m idn igh t ,  and so t h a t  

i nc reas ing  t h e  phase t o  +180° corresponded t o  a backwards s h i f t  i n  t h e  

t ime o f  maximum t o  l o c a l  noon. The amp1 i t u d e s  f o r  ' b 8 c h  v a r i a b l e  were 

d i v i d e d  by a power of t e n  chosen such t h a t  a l l  o f  t h e  ampl i tudes p r i n t e d  

o u t  i n  t h e  cross s e c t i o n  would be between zero and ten. The phases were 

d i v i d e d  by one hundred so as t o  y i e l d  a phase cross s e c t i o n  w i t h  values 

between -1.80 and +1.80. The r e s u l t s  were p r i n t e d  t o  t h ree  decimal 

p laces r e l a t i v e  t o  t h e  l a r g e s t  ampl i tude o f  t h e  cross ' sec t ion .  The 

cross sec t ions  were p r i n t e d  i n  a two dimensional a r r a y  w i t h  data a t  5O 

increments o f  l a t i t u d e  and w i t h  a v e r t i c a l  increment o f  0.04. 

The t h i r d  f u n c t i o n  o f  TIDEPR was t o  compute pressure-weighted 

averages o f  t h e  th ree  terms o f  t h e  thermodynamic energy equat ion and o f  

t h e  temperature v a r i a t i o n  f o r  t h e  l a y e r  between 81.8 and 28.9 kPa (o r ,  

i n  one case, between 81.8 and 44.9 kPa). These averages were computed 

a t  5' increments o f  l a t i t u d e  f o r  each o f  t h e  f o u r  q u a n t i t i e s  J'"/c 
P ' 

~ w * " ' ~ ,  i o ~ ' ' ~  and T"", and t h e  r e s u l t s  were p r i n t e d  o u t  i n  terms o f  

ampl i tude and phase. The equat ion  used t o  compute t h e  press l i re  weighted 

average was o f  t h e  f o l l o w i n g  form: 



he i n t e g r a t i o n  was executed us ing  Simpson's r u l e .  

' u  The +/I dal  f i e l d s  computed i n  TIDEPR were a l s o  saved (as complex 
&J(f .- 1. " , , : ' Z , .  I !  ,; X l l ,  J , I ( '  

numbers) 1 permanent f i l e s  and used l a t e r  as i n p u t  f o r  t h e  r o u t i n e s  

LATCIRC. Both o f  these r o u t i n e s  u t i l i z e d  the  f o l l o w i n g  

I cos (ot  + sg + p ) ,  

where g wa/s chosen t o  be zero f o r  use i n  these two rou t i nes .  The pro-  

gram INST T produced 8-2" cross sec t ions  w i t h  t h e  same s p e c i f i c a t i o n s  9 
i t u d e  cross sec t ions  produced by TIDEPR. However, i n  t h i s  

t i c u l a r  t ime, t, was chosen, and t h e  equat ion was evaluated 

d p o i n t  i n  t he  cross sec t ion .  The c ross  sec t ions  so de r i ved  

ov ided an instantaneous p o r t r a y a l  o f  t h e  t i d a l  f i e l d s  a long 

a r  mer id ion  g=O. The t ime was v a r i e d  so as t o  o b t a i n  cross 

wo hour increments from 0000 t o  1200 hrs .  

~ i n a $ ~ ,  t h e  program LATCIRC u t i l i z e d  t h e  same data produced i n  

program ,,PR t o  produce 24 hour t ime sec t ions  o f  t h e  var ious  t i d a l  

f i e l d s  fqf a  chosen p o i n t  (@=O) on a  s p e c i f i e d  l a t i t u d e  c i r c l e  (o r ,  

viewecc I +I.....,. way, i f  a  f i x e d  t ime were chosen ins tead,  t o  produce 

i nstanta cross ~ c t i o n s  around t h e  s p e c i f i e d  l a t i t u d e  c i r c l e ) .  

Equat ion ~ 2 - 1 2  was used again; however, i n  t h i s  case, t h e  t ime was 

one hour increments, and t h e  v e r t i c a l  p r o f i l e s  o f  t he  t i d a l  

v a r i a b l e  computed a t  t h e  s p e c i f i e d  l a t i t u d e  f o r  each hour. Such 



t - z *  (o r  @-z*) cross sect ions were computed f o r  0°, lo0, 20°, and 30' 

from the equator w i t h  a  ho r i zon ta l  r e s o l u t i o n  o f  one hour ( 

tude). 

15' l ong i -  

The instantaneous 9-z* cross sect ions and the  24 hour t ime sect ions 

were q u i t e  easy t o  produce and proved t o  be very h e l p f u l  i n  the  i n t e r -  

p r e t a t i o n  of the  amp1 i tude and phase p r o f  i l e s  produced by program 

TIDEPR. Trends, re la t i onsh ips ,  and the th ree  dimensional 

the  d iu rna l  t i d e  a l l  became much more recognizable. 
< ; d t  . !r 6. ( ? a ,  ' 

r uc tu re  o f  



APPENDIX 3 t i:'!." .!, .A .,!?!', :;: ,LC?$ :' i :. 

STUDY OF ANALYTIC AND QUASI-ANALYTIC SOLUTIONS : ' ' 'l ' 'V " 

' .  . . .A ( t 

: 1 5 "  j $I,, ; u .  # ! ' ! ,  , ( d  "!&,, ,: 1 ' Lp#* :~,~;.:*:!~;! (<.:> ,$i . . . .  

When the method o f  separ*ation of' var iables i s  app l ied t o  the s ing le  

h 0 , S  t i d a l  equation i n  w , (Eq. 17 o f  chapter 2), the fo l l ow ing  v e r t i c a l  
.., 

, s t ruc tu re  equation i s  obtained: 8 1. : '!,< 
' . '  . P  .. ,J 11:: 4 +.: 

where 
I 

!;,;";, : , J h . ; :  h;&; t#d.s.,L, .:.,;.s b ' . . 1 : : , p.,.f ,.!,, 5 :3 r ~ f n ' i  2 ., : .y :: , * 'It; 
4 

= ( - ) , , , ,  j f , .  1.9: . : ; . \  6 ?4:i* i;,!' ; i . l  : . . A n  

,. 1 ir.,, , ,*,?,,; , \ ,  >[$, j  . v < . ; . > ,  :;a'&.. ! :;;.;.: * !  $&g.,l:, 1 ! i l l  
I ' 1  : , .  .u,* , .s 

Th is i s  the equation which i s  solved (using appropr iate boundary condi- 

t i ons )  i n  order t o  determine the v e r t i c a l  v e l o c i t y  f i e l d ,  and from t h a t  

t o  determine a l l  the o ther  t i d a l  f i e l d s .  , . , +. p : , +ie J L ~ , ? ~ .  t: V,IIW 

Solut ions t o  t h i s  equation were obtained i n  three ways. F i r s t ,  

so lu t ions were obtained a n a l y t i c a l l y  by apply ing the s t r a i g h t  forward 

method o f  undetermined c o e f f i c i e n t s  t o  solve t h i s  non-homogeneous or-  
%. , . . , '  ' r .n 7 

dinary d i ~ f f e r e n t i a l  equation. Second, another so l u t i on  was obtained 
I 

ana l y t i ca l  l y  using Green's functions, xh i rd ,  numerical so lu t ions were 

evaluated using the same numerical model (w i th  s l i g h t  modi f icat ions) 

t h a t  produced a l l  o f  the r e s u l t s  shown i n  the main t e x t  o f  t h i s  report .  

There were three reasons why i t  was deemed des i rab le  t o  obtain, 

evaluate, and compare the so lu t ions obtained by these three methods. 
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F i r s t  o f  a l l ,  i t  was e s s e n t i a l  t o  be sure t h a t  t h e  numeri 

s u l t s  t o  

I e r j  i imple 

y i e l d i n g  t h e  same r e s u l t s  as t h e  a n a l y t i c a l  so lu t i ons .  It I is v e r ' - i e d  

t h a t  t h e  r e s u l t s  were t h e  same t o  a t  l e a s t  t h r e e  decimal p l  !s. It was 

a l s o  found t h a t  t h e  numerical  r e s u l t s  i n  t h e  t r o p o s ~  (/re n o t  very 

s e n s i t i v e  t o  where t h e  t o p  o f  t h e  model i s  placed. lt?v: 

The second reason was t o  t e s t  t h e  s e n s i t i v i t y  o f  1 

changes i n  t h e  hea t i ng  and s t a t i c  s t a b i l i t y  p r o f i  

s t a t i c  s t a b i l i t y  p r o f i l e s  and f u n c t i o n a l  hea t i nq  p r o f i l r  

t h e  model t o  see if they  would g i v e  r e a l i s t i c  r 

were v a r i e d  i n  s imple ways t o  see how t h e  charac ter  

be a l t e r e d .  

However, i t was r e a l l y  a  t h i r d  reason t h a t  mo t i va ted  t h  I S  exerc ise.  

Simple a n a l y t i c a l  s o l u t i o n s  were ob ta ined and evaluated 

1 
'dpr t o  t r y  

t o  f i n d  a  mathematical exp lana t i on  f o r  t h e  r e s u l t s  o b t a i n  d  from t h e  1 

i n t o  rUW 

f u l l  numerical c a l c u l a t i o n  us ing  r e a l  data. It  as hoped t h a t  once a  

mathematical exp lana t i on  was found i t  would be poss ib le  t o  \d ~ h y s i -  

c a l  exp lana t i on  as we1 1. I n  par t i cu l i& ,  .a8 sought f o r  

why t h e r e  should be downward v e r t i c a l  mot ion a t  t h e  equato 

o f  maximum heat ing.  I n  t h i s  respec t ,  t h i s  exe'rcise f a i l p  

it the  t ime 

I t  was 

found t h a t  t h i s  phenomenon occurs f o r  even very  s imple appr 

t h e  r e a l  atmosphere and t h a t  t h e  phenomenon i s  n o t  very 

changes i n  any p a r t i c u l a r  parameter. It was '&ncb%kaglng t o  Tina 

n s i t i v e  t o  

' h i s  

i n s e n s i t i v i t y  i n  t h e  r e s u l t s ,  b u t  no new phys i ca l  i n s i g h l  

I n  f a c t ,  even t h e  mathematical. i n g i g h i  was n o t  very 
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,,,ding p r o f i l e s  were plugged i n t o  equat ion  (A3-1): 

I . ?  )!,if .- ,\..!, ,v - j s ! g v '  t a  

(1) In = ~ ~ ~ e ~ * / ~ c o s ~ z *  f o r  p = 6/7 
J s 

I1 

= ~ ~ , ~ e ~ * ' ~ c o s ( ~ l z *  + 1 )  f o r  11 = 6/7,  $ = -0.358 

I?,  

Th i s  w i  11 be c a l l e d  t h e  "phase s h i f t e d  p r o f i l e " .  ) 

= 0.75, 1.00, 1.50 
c8  . r ,  b - .  ,, 

* .  

<' 
f o r  p = 6/7, I$ = -0.358 

.. , , 3 .  !, , 0 ' ' I ! ' I  I 

z$ = 2.25 

The t o p  o r  t h  ' i ea t i ng  l a y e r  was z;, t h e  cons tan t  A was t h e  ampl i tude o f  

. - - I ng, and pn was t h e  p r o j e c t i o n  c o e f f i c i e n t  f o r  t h e  cor -  

Hough f u n c t i o n  p r o j e c t i o n  o f  t h e  heat ing.  ~ h e s t r d i ' g h t  

d i  nary d i f f e r e n t i a l  equat ion  s o l u t i o n s  were ob ta ined  us ing  

h i r d  and f i f t h  hea t i ng  f unc t i ons .  Only one s o l u t i o n  was 

I ob ta ined  ~y us ing  t h e  Green's f u n c t i 6 n  "hdthod, and t h e  f i f t h  hea t i ng  

p r o f i l e  d - - - d  t h a t  case. Once i t  was v e r i f i e d  t h a t  t h e  numerical  

mode 1 t h e  same r e s u l t s  as t h e  a n a l y t i c  s o l u t i o n s ,  a l l  sub- 

acquell , dere r u n  us ing  t h e  numerical  model. These t e s t s  w i l l  be 

c a l l  e Ie "quas i -ana l y t i c "  because they  coul  d have been done analy- 

t i c a l l y  yl l ~ u t  t o o  much d i f f i c u l t y ,  b u t  i t  was more convenient  t o  use 

t h e  mod6 



I n  runn ing  these t e s t s ,  severa l  parameters were v a r i e d  / t o  see what - 

e f f e c t s  would be produced: 
I 

' L t  I 1 
1. E f f e c t  o f  changing t h e  boundary cond i t ions .  

> ~ 
a. P e r f e c t  energy r e f l e c t i n g  boundaries (6 = 0  
Y, 

bottom). 

b. P e r f e c t  energy r e f l e c t i n g  bottom (6 = 0) anc 

boundedness condi t i  on a t  t h e  top. 

R i g i d  bottom (w' = 0) and rad ia t iodboundedne 

a t  t h e  top. 

2. E f f e c t  o f  p u t t i n g  i n  t h e  e  -Z*'2 f a c t o r .  4 b  

3. E f f e c t  o f  va ry ing  t h e  s t a t i c  s t a b i l i t y  p r o f i l e .  

a. Constant everywhere (r = 25). 
< I ., 

b. Two T ' s :  r = 25 K i n  t h e  reg ion  o f  heat ing ,  80 K above. 

Three T ' s :  same. b u t  w i t h  r reduced t o  45 i n  t h e  meso- 

. t- 
sphere. 

4. E f f e c t  o f  a  v e r t i c a l  d i s c o n t i n u i t y  i n  t h e  

height .  - -. i * ! , ?  ' I;. ,i Y . 
t I '  

Cross sec t ions  i n  t h e  0-z* p lane were made ' a  t i n g  t h e  0- 

s t r u c t u r e  o f  t h e  hea t i ng  t o  be a  cos ine func t i on .  I . . w ,  

sec t ions  were produced f o r  t h e  responses i n  each o f  le f i r  

6-z* cross 

nodes 

( t he  modes w i t h  t h e  th ree  l a r g e s t  p o s i t i v e  equ i va len t  de 

t h r e e  l a r g e s t  negat ive  equ i va len t  depths). Also, 0-z* 

! were produced f o r  t h e  sum o f  t h e  responses i n  t h e  

( t h ree  p o s i t i v e  and two negat ive  equ i va len t  depth modes) and f o r  t h e  sum /I 
o f  s i x t e e n  modes ( e i g h t  p o s i t i v e  and e i g h t  negat ive).  !I 

I j \ i t +  It should be noted t h a t  each o f  these heat ing  prrz'''-* i nvol  ves 

. d i f f e r e n t  amounts o f  energy, , No e , f f o r t  has been mad db make them 5 
'I' 



. .... . .- thql s i  

o n l y  constr  

. . l tegrated amount o f  energy o r  any o t h e r  q u a n t i t y .  The 

t h a t  they  a1 1 have t h e  same maximum hea t i ng  val;e''&t 

t h e  sur f  'o r  near t h e  sur face  i n  t h e  case o f  t h e  phase s h i f t e d  pro-  

f i l e s ) .  , f  g f ,  
, ; ! . i ' i . r  

- I 
~ b e r  o f  t h i n g s  were obse'r'ved i n  t h e  fe '$u l ts .  

. . t i 3 ! !  
1 :  I 

;1) . r i g i d  l i d  case produced a much g rea te r  (16 mode summed) 

response tl i d  t h e  cases us ing  a r a d i a t i o n  c o n d i t i o n  a t  t h e  upper 

[ , h e  r i g i d  l i d  was s e t  very low -- j u s t  above t h e  t o p  o f  t h e  

h e a t i  ng. -esumably, t h i s  i s  because energy i s  t rapped between t h e  

boundaries. However, t h e  phase o f  t h e  response a t  t h e  equator was s t i  11 

such t h t  t h e r e  was downward v e r t i c a l  mot ion a t  t h e  t ime o f  maximum 
. - 

heat ing. I 

'2) Vh=-nninn t h e  lowe; ~ o u n d a r y  c o n d i t i o n  from w* = 0 t o  w = 0 \ 

ed i ;mall, cons i s ten t  decrease i n  t h e  ampl i tude o f  t h e  

a smal l  s h i f t  i n  t h e  phase o f  t h e  response throughout t h e  

I - 13) n changing t h e  wavenumber o f  t h e  heat ing,  p ,  two e f f e c t s  were 

sought. 11 t h e  c o e f f i c i e n t  i n  f r o n t  o f  a l l  t h e  terms o f  t h e  a n a l y t i c  

s o l u t i o n ,  $ h e  f a c t o r  ( A  - p 2 )  appears i n  t h e  denominator. I t  was 
I 

thought  r&it, as p swi tched from be ing  smal le r  than hl (= 0.899) t o  

be ing  l a r k ,  than  Al, t h e  s i g n  o f  t h e  response i n  t h e  mode w i t h  t h e  
I I 

l a r g e s t  p d F i t i v e  equ i va len t  depth' w&ld s i i t c h  s ign.  Such was n o t  t h e  
I 

case. 
~ h f  

averaged throughout  t h e  troposphere, a l l  t h r e e  cases (p = 

, and 1.50) produced downward mot ion a t  t h e  equator very  near 

t h e  t ime spf ximum heat ing.  The reason f o r  t h i s  was never r e a l l y  

d iscover  



The second e f f e c t  sought was evidence o f  resonance. The q u a n t i t y  

(A: - p 2 ) - I  should grow w i t h o u t  bound as p  approaches hl. It was v e r i -  

f i e d  t h a t  t h e  ampl i tude o f  t h e  response a t  t h e  equator  was everywhere 

g r e a t e r  as p  grew c l o s e r  t o  hl. A t  20' f rom t h e  equator where t he  

Hough f u n c t i o n  corresponding t o  hl, has a node, i t  was v e r i f i e d  t h a t  

1 i t t l e  change occur red  as p was var ied .  

(4) It was found t h a t  i t  i s  p o s s i b l e  f o r  an exponent ia l  hea t i ng  

p r o f i l e  ( l i k e  L indzen 's )  and a cos ine  hea t i ng  p r o f i l e  (more l l i ke  the H20 

hea t i ng  de r i ved  from t h e  r a d i a t i v e  t r a n s f e r  r o u t i n e )  can ( l i v e  n e a r l y  

i d e n t i c a l  e q u a t o r i a l  responses i n  b o t h  phase and ampl i tude. 
I 

(5) Changing t h e  s t a t i c  s t a b i l i t y  f rom a cons tan t  vat ue o f  25 K 

everywhere, t o  25 K i n  t h e  hea t i ng  r e g i o n  and 80 K every f~here  above 

t h a t ,  had no s i g n i f i c a n t  e f f e c t  on t h e  e q u a t o r i a l  ampl i t u i l e  p r o f i l e .  

However, t h e r e  was a l a r g e  decrease i n  t h e  ampl i tude o f  t h e  s t r a t o -  

sphe r i c  v e r t i c a l  v e l o c i t y .  

(6) Adding a reduced mesospheric s t a t i c  s t a b i l i t y  o f  45 K t o  t h e  

p reced ing  case ( t o  make a system w i t h  t h r e e  T ' s )  had a s u r p r i s i n g  e f -  

f e c t .  For t h e  e q u a t o r i a l  ampl i tude p r o f i l e s ,  a g r e a t e r  change was 

i n c u r r e d  by go ing  from a two system t o  a t h r e e  system th~nn by go ing  

f rom t h e  cons tan t  r system t o  t h e  two r system; though !!he l a r g e s t  

change i n  amp1 i t u d e  was s t i l l  o n l y  about 20%- Thus, t h e  s1;ructure o f  

t h e  upper atmosphere does a f f e c t  t h e  t r oposphe r i c  response. Idowever, i t  

i s  n o t  t h e  predominant i n f l u e n c i n g  f a c t o r  by any means. I 

For t h e  phase p r o f i l e s ,  go ing  from a two r system t o  a t h r e e  r 

system produced a lmost  - no d i s t i n g u i s h a b l e  change, whereas goli ng from a 

cons tan t  T system t o  t h e  two T system pushed t h e  t ime o f  maximum t o  

between one and two hours l a t e r  i n  t h e  troposphere. 



(7) One purpose o f  these quas i -ana l y t i c  t e s t s  was t o  t r y  t o  d u p l i -  

ca te  t h e  t i d a l  response t o  t h e  H20 hea t i ng  by us ing  a  simple s t a t i c  

s t a b i l i t y  p r o f i l e  and hea t i ng  f u n c t i o n  t o  represent  t he  r e a l  atmospheric 

system. Tho two I '  system w i t h  t h e  phase s h i f t e d  hea t i ng  does t h i s  q u i t e  

w e l l  f o r  bb th  phase and ampl i tude. However, t h e r e  a r e  some s t r u c t u r a l  

d i f f e r e n c e s  i n  t h e  ampl i tude p r o f i l e s .  I n  genera l ,  t h e  quas i -ana l y t i c  

case y i e l d c d  g rea te r  ampl i t udes  i n  t h e  lower (85 t o  60 kPa) and upper 

(22.5 t o  9 lkPa) troposphere. The d i f f e r e n c e s  were as much as a  f a c t o r  

o f  two, b u t ~ t h e y  were smal le r  than t h e  d i f f e r e n c e s  caused by many o f  the 

I 
o the r  changes made i n  t h i s  s e r i e s  o f  t e s t s .  Presumably these d i f f e r -  

ences were caused more by t h e  d i f f e r e n t  t ropospher ic  s t a t i c  s t a b i  1  i t y  

p r o f  i 1 es than by t h e  d i f f e r e n t  hea t i ng  p r o f  i 1 es. 

The nf lx t  s tep was t o  examine t h e  c o n t r i b u t i o n s  o f  t h e  responses 

w i t h i n  ind- iv idua l  modes t o  t h e  t o t a l  response. The case which had a  

response must c l o s e l y  resembl ing t h a t  due t o  H20 hea t i ng  was chosen f o r  

ana l ys i s  - - v  i . e .  t h e  case us ing  t h e  phase s h i f t e d  cos ine hea t i ng  func- 

t i o n  and a  two r s t ruc tu re .  Two l a t i t u d e s  were chosen f o r  examination: 

t h e  equato~t  and 20' away from t h e  equator.  

F i r s t ,  consider  t h e  s i t u a t i o n  a t  t h e  equator.  Three t h i n g s  should 

be noted. F i r s t  o f  a l l ,  no s i n g l e  mode i s  c l e a r l y  and dominant ly re -  

sponsib le . o r  t h e  charac ter  o f  t h e  response a t  t h e  equator.  Through a l l  I 
o f  t h e  trpposphere, except t h e  lowest  20 kPa, t h e  graves t  p o s i t i v e  

I 

equ i va len t  depth mode ( t he  mode w i t h  t h e  g r e a t e s t  p o s i t i v e  equ i va len t  

depth) prciduces t h e  l a r g e s t  response; however, i t  i s  c l e a r l y  ev iden t  

t h a t  t h e  slecond and even t h e  t h i r d  p o s i t i v e  equ i va len t  depth modes a re  

n o t  n e g l i g i b l e  i n  t h e i r  c o n t r i b u t i o n s  t o  t h e  ampl i tude p r o f i l e .  From 

t h e  phase p r o f i l e s ,  i t  appears t h a t  t h e  t o t a l  response (5 o r  16 modes) 



tends t o  be a  compromise between t h e  responses i n  t h e  f i r s t  and second 

modes. The 11eya t i vc, c?qu i va l etl t dep t,h modes, 011 the other' tia nd , prov ide  

no s i g n i f i c a n t  response a t  t he  equator.  

Second, i t  should be noted t h a t  when averaged through the  t ropo-  

sphere, i t i s  t h e  f i r s t  and second p o s i t i v e  equ i va len t  depth nodes which 

are  p r i m a r i l y  respons ib le  f o r  t he  downward mot ion a t  t h e  equator a t  t he  

t ime o f  maximum heat ing.  The response i n  t h e  graves t  mode changes phase 

q u i t e  s l ow ly  through t h e  troposphere. The response i n  t h e  second mode, 

when averaged through t h e  troposphere, s t i  11 y i e l d s  downward mot ion a t  

t h e  equator,  b u t  t h e r e  i s  g rea te r  than  a  180' phase v a r i a t i o n  through 

t h e  troposphere f o r  t h i s  mode. The h igher  t h e  order  o f  t h e  p o s i t i v e  

equ i va len t  depth mode, t h e  more r a p i d l y  t h e  phase o f  t h e  lnode va r i es  

w i t h  he igh t .  Th is  i s  because o f  t h e  decreasing v e r t i c a l  wavelength w i t h  

h ighe r  o rder  modes. As a  general  conclus ion,  i t  can be hypothesized and 

v e r i f i e d  t h a t  i t  i s  t h e  h igher  o rde r  modes, w i t h  t h e i r  more r s p i d  va r i a -  

t i o n  o f  phase w i t h  h e i g h t  and t h e i r  more f requent  s i g n  chan~ges between 

the  equator and t h e  po le ,  which a re  p r i m a r i l y  respons ib le  f o r  t h e  t i l t e d  

c e l l  i n  t h e  t o t a l  (16 mode) v e r t i c a l  mot ion f i e l d .  The respmse i n  t h e  

graves t  mode cannot do i t  alone. 

There i s  a l s o  a  t h i r d  t r e n d  which i s  q u i t e  i n t e r e s t i n g .  The t o t a l  

f o r c i n g  on t h e  r i g h t  s i de  o f  equat ion (A3-1) can be w r i t t e n  i n  i t s  

complete form as fo l l ows :  

where pn i s  t h e  n t h  - Hough mode p r o j e c t i o n  c o e f f i c i e n t  o f  t h e  h o r i z o n t a l  

s t r u c t u r e  o f  t h e  hea t i ng  (a cos ine func t i on ) .  I n  t he  case t h a t  t he  



f o r c i n g  i s  separable i n  O and z* (as i t  i s  f o r  t he  a n a l y t i c  so lu t i ons ) .  

a s i n g l e  component o f  the f o r c i n g  cat1 be w r i t t e n  i t )  t h i s  form: 

A t  t he  e q ~ l a t o r ,  and cons ide r i ng  o n l y  p o s i t i v e  equ i va len t  depth modes, 

t h e  o n l y  parameter which v a r i e s  from mode t o  mode i s  (pn/hn). Th i s  

parameter increases by a f a c t o r  o f  t h r e e  i n  going from the  graves t  mode 

t o  t h e  e i g h t h  p o s i t i v e  equ i va len t  depth mode, thereby imp ly ing  t h a t  

f o r c i n g  - i rc reases  as one goes t o  h ighe r  o rder  modes, whereas t h e  f r a c -  

t i o n  o f  t h e  hea t i ng  p r o j e c t e d  onto an i n d i v i d u a l  mode decreases as one 

goes t o  h igher  o rder  modes. However, t h e  response decreases w i t h  t h e  

h igher  o rder  modes, desp i t e  t h e  f a c t  t h a t  t h e  f o r c i n g  increases. Con- 

s i d e r i n g  t h e  p a r t i c u l a r  form o f  t h e  s o l u t i o n  (which i s  rough ly  propor-  

2 t i o n a l  t o  ln), it  i s  n o t  d i f f i c u l t  t o  see how t h i s  decrease comes 

about. Hljwever, p h y s i c a l l y  i t  i s  a  1  i t t l e  hard t o  understand what t h i s  

means. I t  should probably  be v i s u a l i z e d  i n  terms o f  t r y i n g  t o  f o r c e  

o s c i l l a t i ~ ~ n s  w i t h  d i f f e r i n g  v e r t i c a l  and h o r i z o n t a l  scales i n  a  s t a b l e  

atmosphc . It i s  apparent ly  e a s i e s t  t o  g e t  t h e  atmosphere t o  respond 

t o  t h e  fo iLc ing  w i t h  l ong  wavelengths. Th i s  seems i n t u i t i v e l y  p l a u s i b l e .  

,.,, :onsider t h e  s i t u a t i o n  a t  20' f rom t h e  equator.  A t  t h i s  l a t i -  

tude, t h e  graves t  mode i s  near a  node, and t h e  f o r c i n g  i n  t h i s  mode 

produces o n l y  a  very  smal l  response. The responses i n  t h e  second and 

t h i r d  modes are  o f  very s i m i l a r  amp1 i t u d e ,  w i t h  t h e  t h i r d  mode domin- 

a t i n g  below 30 kPa, and t h e  second mode dominat ing above t h i s  p o i n t .  

The ind iv l idua l  responses i n  t h e  f i r s t  t h r e e  negat ive  equ i va len t  depth 

modes ar6 smal l ;  b u t  when summed together ,  because they  a l l  have t h e  

same phasle, they  do make a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  t o t a l  r e -  

sponse. 
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What i s  t o  be concluded from these observat ions? A t  the equator,  

t h e  f i r s t  and second p o s i t i v e  equ i va len t  depth modes aihe p r i m a r i l y  

respons ib le  f o r  producing t h e  downward mot ion a t  t h e  equator a t  t he  t ime 

o f  maximum heat ing.  That i s ,  t h e  e q u a t o r i a l  response . s  p r i m a r i l y  

f o r ced  by t h e  hea t i ng  i n  these two modes. These two modei; a l s o  fo rce  

upward mot ion away from the  equator a t  t he  sane time, bul, n o t  i n  t he  

same place. I n  examining the  0-Z* cross  s e c t i o n  o f  t he  t o t a l  (16 mode) 

v e r t i c a l  mot ion f i e l d ,  i t  i s  q u i t e  ev iden t  t h a t  t he  h igher  o rder  pos i -  
' -t 

\ < 
" , 

t i v e  equ i va len t  depth modes cannot be neglected i n  an exp lanat ion  o f  t he  

t o t a l  response. Nor can t h e  negat ive  equ i va len t  depth modes be neglect -  

ed complete ly  beyond about 10' o r  15' f rom t h e  equator.  ,Whereas two 

modes are  p r i m a r i l y  respons ib le  f o r  t h e  e q u a t o r i a l  response, i t  cannot 

be s a i d  o f  even a l l  t h e  t r o p i c s  t h a t  these are  the  o n l y  important o r  
I J * , I , { .  . , $ , \ i ) ~ * ; ~  3' i ; I . . ' J  I 

even t h e  l a r g e s t  c o n t r i b u t o r s  t o  t h e  t o t a l  response. One o the r  evidence 

t o  suppor t  t h i s  statement comes from a  comparison o f  t h e  f i v e  and s i x -  
I 

t een  mode summed responses a t  20° from t h e  equator.  Thf! d i f f e r e n c e  

between t h e  ampl i tude p r o f i l e s  o f  these responses i s  mucL grea ter  a t  

t h i s  l a t i t u d e  than a t  t h e  equator.  I n  f a c t ,  t h e  s i x t e e n  I..-_le response 
4 ,  < % '  

i s  more than 30% g rea te r  than  t h e  f i v e  mode response through most o f  t he  
, ' Chl L 

troposphere. 
>! c 

Does t h e  s o l u t i o n  ob ta ined by us ing  a  Green's f u n c t i o n  approach 

p rov ide  any f u r t h e r  i n s i g h t ?  No, i t  r e a l l y  does no t .  A : i o l u t i o n  was 

obta ined f o r  t h e  case w i t h  a  s imple cos ine hea t i ng  having 3 maximum a t  

t h e  ground, w i t h  a  s i n g l e  cons tan t  s t a t i c  s t a b i l i t y ,  and w i t h  t h e  boun- 

dary c o n d i t i o n  w* = 0 a t  z* = 0 and t h e  r a d i a t i o d b o u n d e d n e ; ~  c o n d i t i o n  
* 

a t  t h e  top. The s o l u t i o n  ( i n  t h e  reg ion  f o r  which 0 - < z* - < takes t h e  
1 .- , . I 4  

3 .  

f o l  l ow ing  form: 
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t h e  t o p  o f  t h e  heat ing,  and F(x) i s  t h e  same f o r c i n g  as i n  

equat ion ( 3-2). Th is  q u a n t i t y ,  Pn, must of  course then be m u l t i p l i e d  t l 
by the  app/ p r i a t e  Hough f u n c t i o n  t o  o b t a i n  t h e  v e r t i c a l  mot ion f i e l d  i n  t IF, r 1 'L( I ,  ' r 

,.# 1 If.! I ,  

a g iven  moa . 
. ' I .  ' 8  , , 

It c a r  be argued t h a t ,  i f  t he  f o r c i n g  i s  a monoton ica l l y  decreasing 

func t ibn '  c!! t 'ght ,  t h e  f i r s t  i n t e g r a l  w i l l  always be p o s i t i v e ,  and 

hence the- 

t h e  f i  

pern 

near t n e  

- - - - f f i c i e n t  i n  f r o n t  o f  t h e  exponent ia l  phase f a c t o r  o f  
, yrl : 

n w i l l  always be negat ive. It should a l s o  be noted t h a t ,  

+,he hea t i ng  l a y e r ,  t h e  second term w i l l  vanish. Th is  

m i n a t i o n  o f  t h e  s i g n  o f  t h e  v e r t i c a l  v e l o c i t y  a t  o r  
. . , , G  : I ! 

o r  t h e  heat ing.  However, even i n  t h e  case f o r  which t h i s  

s de r i ved  and evaluated, t h e r e  was weak upward v e r t i c a l  
*)!."* , ' ,  . , * f .  ; 

motion ai .he equator a t  t,he t in~e of maximum heat  i ny  f o r  the f i r s t  two 

p o s i t i v e  u i v a l e n t  depth modes. So, t h i s  i s  n o t  a very h e l p f u l  p iece  I 
o f  i nforma l ion. 

N e i t h  r term o f  t h e  s o l u t i o n  i s  c l e a r l y  dominant throughout  t h e  I 
t ropospher f o r  e i t h e r  o f  t h e  f i r s t  two p o s i t i v e  equ i va len t  depth modes. I , a  J 

. <  F 

! *  , I 

I n  t h e  low :r h a l f  o f  t h e  troposphere, t h e  second term i s  respons ib le  f o r  

J t h e  m a j o r ~ t y  o f  t h e  response i n  these two modes; w h i l e  i n  t h e  upper 

tropospherc~l, t h e  s i t u a t i o n  i s  reversed. Since the  charac ter  o f  t he  

v e r t i c a l  mlbtion f i e l d  produced by t h e  second term i s  r a t h e r  obscure, i t  

i s  hard t o  say whether o r  n o t  t h i s  term w i l l  produce downward v e r t i c a l  

motion. Likewise, i t  i s  n o t  obvious from l o o k i n g  a t  t h e  terms what t h e  

v e r t i c a l  ",,on f i e l d  w i l l  l ook  l i k e  when t h e  two c o n t r i b u t i o n s  are  

added togelther. 



So, from t h e  Green's f u n c t i o n  approach, i t  has been qhcl uded t h a t  

t h e  s i g n  o f  t h e  v e r t i c a l  v e l o c i t y  a t  t h e  t o p  o f  t h e  hed i n g  can be i r 
determined, b u t  t h a t  i t  can be o f  e i t h e r  s ign,  depending on how h igh  the  

hea t i ng  extends. The v e r t i c a l  v e l o c i t y  w i l l  have t h e  sal s i g n  down 
1 "  

i n t o  t he  hea t i ng  l a y e r  f o r  some d is tance,  b u t  nnt tnn f a r .  I n  general ,  

t h e  f i r s t  term i s  more impor tan t  ( e s p e c i a l l y  f o r  h igher  
I ,  

equ i va len t  depth modes), b u t  t h e  charac ter  o f  t he  sl nnot be 

determined w i t h o u t  cons ider ing  t h e  c o n t r i b u t i o n  o f  . . ... . I t 
, 6 .  2b-.  1 ,  

appears t h a t  no new mathematical o r  phys i ca l  i n s i g h t  !d from t h i s  
* -  . . , 

approach. I 

1 ", I 
The t h r e e  terms o f  t h e  s o l u t i o n  obta ined by apl ! in4  i i t r a i g h t  

I 

fo rward method o f  undetermined c o e f f i c i e n t s  t o  so lve  t h e  i f f e r e n t i a l  11 
equat ion were a l s o  evaluated. No i n s i g h t  was gained i ~ a l  r e s u l t  

.- ij;J L./k 
takes t h e  form o f  a  smal l  d i f f e r e n c e  between much l a r g e r  n  r s .  Thus, 

i t  cou ld  n o t  be s a i d  which term was most important .  1 : ;  :I ,. 11, : 

Th i s  s tudy o f  a n a l y t i c  and quas i -ana l y t i c  s o l u t i o n s  t o  t h e  v e r t i c a l  

s t r u c t u r e  equat ion was f r u i t f u l ,  b u t  n o t  t o t a l l y  successfu l .  Much 

conf idence was gained from the  knowledge t h a t  t he  numerical 

produce t h e  same r e s u l t s  as a  complete ly  independent z 

Also, a  much b e t t e r  understanding o f  t h e  s e n s i t i v i t y  o f  t 
,I .di. , ., ' p i : .  
t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t h e  responses i n  eact 

However, t he  phys i ca l  i n t e r p r e t a t i o n  sought a f t e r  remained 
. "r, - 7. 

l n , - h l  and o f  

its obtained. 

I scovered. 
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APPENDIX 4 

HEQUIREMEN'TS FOR A SOLSTICE CALCULATION 

:I . I ,  ) 

Accor ng t o  th-  --;ginal design f o r  t h i s  p ro jec t ,  the t i d a l  var ia-  

t i ons  w 3 t o  be computed for  the t ime o f  s o l s t i c e  as we l l  as f o r  equi- 

nox. Thi! ) a r t  o f  the p r o j e c t  was deleted f o r  two reasons. F i r s t ,  i n  

the 1 o f  the r e s u l t s  presented i n  t h i s  repor t ,  i t appeared t h a t  

a t  s o l s t i c e  would probably no t  provide much b e t t e r  

and observations than was obtained f o r  the 

ca l cu l a t i on  a t  equinox. As discussed i n  sect ion 4.3 o f  t h i s  repor t ,  i t  

does not  fieem l i k e l y  t h a t  i n  the t r op i cs  the seasonal changes o f  the 

t-id31 var t i o n s  should be very great ,  and there fore  i t  d i d  not  appear 

probable ha t  any s i g n i f i c a n t  new understanding would be gained from P 
doing a cA , cu la t i on  f o r  the t ime o f  so ls t i ce .  The resu l t s  o f  such a 

c a l c ~  ti jn j h t  be q u i t e  d i f f e r e n t  i n  middle and upper l a t i t udes ,  bu t  

the resu 1'- - re  o f  somewhat questionable re1 i a b i  1 i t y  there anyway. 

, , Secoq . consider ing the l i m i t e d  ga in  i n  understanding expected t o  

bm doing a s o l s t i c e  ca lcu la t ion,  the amount o f  work requ i red t o  

l o t  seem j u s t i f i a b l e .  As w i l l  be shown here, the changes 

- ,  requ i red i gn i f i can t .  , I t, . L l .  4 . I  , 

Becarrse o f  the di f ferences i n  the s o l s t i c e  ca lcu la t ion ,  the f o l -  

, ,  _ - I  - 
. . d have t o  be. taken. - ! t , .  ., c t  . . .. : 1 $ - v r j ' .  ' 

. . 
., . ,j>,);i .I . ' ' , , , .? .:4.")! ; ' ; ,  . , ,  ; I . :,,I 8 ,  1 , , < 8 $ 3 , !  : I ;I(,,>, 



I 
(1) V e r t i c a l  p r o f i l e s  o f  temperature, water  val ' [ x i n g  r a t i o ,  

and ozone m ix ing  r a t i o  would have t o  be obtainecl d 

tudes f o r  bo th  t he  summer and w i n t e r  hemispheres. TI should be 

obta ined as func t i ons  o f  pressure -- - n o t  o f  geometr ic t 

(2) It would be wise t o  use a  r a d i a t i v e  t r a r c f e r  ,,,, 

v a l i d  a t  l e a s t  t o  t h e  mesopause. Perhaps some f u n c t i o n a l  ) r m  o f  t he  

ozone hea t i ng  cou ld  be deduced from phys i ca l  r easons -1 ,  b u t j i t  would be 

much b e t t e r  t o  use a  r e l i a b l e  r a d i a t i v e  t r a n s f e r  r o u t i n e .  Perhaps the  

r o u t i n e  developed by Hong and Wang (1980) cou ld  be usr ' I'k would a l s o  
I 

probably  be good t o  i nc lude  SW absorp t ion  by C o p  

(3 )  The F o u r i e r  ana l ys i s  o f  t he  d a i l y  hea t i ng  r i v e d  from 

t h e  r a d i a t i v e  t r a n s f e r  r o u t i n e  would be somewhat 

s o l s t i c e  c a l c u l a t i o n ,  because t h e  l e n g t h  o f  t h e  

l a t i t u d e .  I f  r a d i a t i v e  t r a n s f e r  da ta  a r e  used, one 

z*-dependences f o r  t h e  d i u r n a l  component o f  t h e  H20 and n7nr 

Lindzen d id .  Th i s  i m p l i e s  t h a t  F o u r i e r  ana l ys i s  would I 

a t  every pressure l e v e l  where hea t i ng  r a t e s  were obt-;. 
I 

t h r e e  h e a t i  ng components. , ,, I , : ,  . I l l  
11;, (4) I f  r a d i a t i v e  t r a n s f e r  data a re  used, t h e  hea t i ng  unc t ion  i s  

no longer  separable i n  0 and z*. Consequently, Hough anah\ s  (pro- 

j e c t i n g  t h e  d i u r n a l  component o f  t h e  hea t i ng  onto Hough funcl i ions) would 

have t o  be done a t  every pressure l e v e l  where hea t i ng  -= 

. .  . . 
t a i  ned. : ; . ' ' I . . ,.; j 4 

(5) The ant isymmetr ic  Hough func t i ons  woula nave 1 
- rmputed. 

c , (6) The methods i nco rpo ra ted  i n t o  t h e  programs ;ed ll\n t h i !  *e- 

search ( e s p e c i a l l y  t h e  program which p r i n t s  o u t  a l l  o f  t h e  til ldal f i e l d s )  

would have t o  be s i g n i f i c a n t l y  a l t e r e d  t o  handle 32 modes. 

1 1  
' I  



(7) Resul ts  would have t o  be p r i n t e d  o u t  from p o l e  t o  p o l e  r a t h e r  

Lt~atl  from equator t o  po le .  I l l i s  would a l s o  imply a s i g n i f i c a n t  a l ter 'a-  

t i o n  t o  t he  r o u t i n e  used t o  p r i n t  o u t  t h e  data f o r  equinox. 1' ~4 

, ;! (8) I f  cumulus hea t i ng  were used i n  a  s o l s t i c e  c a l c u l a t i o n ,  i t  

should p rc~bab ly  be s h i f t e d  so as t o  have i t s  maximum about 10' i n t o  t he  

summer heuisphere i n  o rder  t o  s imu la te  t h e  s h i f t  o f  t h e  ITCZ. + i 5  

(9) A more s a t i s f a c t o r y  i n t e r p o l a t i o n  scheme should be found. O r  

a t  leas1 I b e t t e r  way should be found t o  handle t h e  boundary cond i t i ons  

f o r  t h e  IMSL cub ic  s p l i n e  i n t e r p o l a t i o n  scheme. Two impor tan t  i n t e r -  

p o l a t i o n s  need t o  be done. The amp1 i t u d e s  o f  t h e  d i u r n a l  component O T  

t h e  hea t i qg  must be i n t e r p o l a t e d  t o  o b t a i n  data a t  lo increments o f  

l a t i t u d e .  Th is  must be done a t  each pressure l e v e l  and i s  r e q u i s i t e  f o r  

t he  Hough ana lys is .  Then, t h e  p r o j e c t i o n  c o e f f i c i e n t s  r e s u l t i n g  from 

t h e  Hough ana l ys i s  must be i n t e r p o l a t e d  t o  a  very  f i n e  g r i d  spacing i n  

t h e  z*-d i t *ect ion.  Th is  i s  f o r  t h e  d i f f e r e n t i a l  equat ion s o l v i n g  rou- 

t i n e .  Tht! 1  i m i t e d  amount o f  r e a l  da ta  makes t h e  i n t e r p o l a t i o n  q u i t e  a  

I severe t e  it f o r  any i n t e r p o l a t i o n  r o u t i n e .  It might  be s u f f i c i e n t  t o  

use second-order forward and backward d i f f e r e n c e d  second d e r i  v a t i  ve 

expressioqs a t  t h e  boundaries f o r  a cub ic  s p l i n e  i n t e r p o l a t i o n  rou t i ne .  

(10) One o the r  problem a r i ses .  What s t a t i c  s t a b i l i t y  p r o f i l e  

should be used? I t  was assumed i n  developing t h i s  model t h a t  I' i s  n o t  a  

f unc t i on  o f  8. Therefore, t h e  l o g i c a l  l a t i t u d e  a t  which t o  take  t h e  

s t a t i c  s t l l b i l i t y  p r o f i l e  would be a t  t h e  equator.  But  t h i s  p r o f i l e  i s  

p r e t t y  n e j r l y  cons tan t  throughout  t h e  year ;  and thus, 1  i t t l e  change from 

t h e  e q u i n ~ x  c a l c u l a t i o n  would be expected. I n  a  study o f  t h e  mid- 

l a t i t u d e  1,idal response, perhaps t h e  summer and w i n t e r  p r o f i l e s  o f  r a t  

4 5 O N  cou l t l  be p u t  i n t o  t h e  model i n  separate runs, keeping i n  mind t h a t  

t h e  r e s u l t ~  i n  t h e  oppos i te  hemisphere should be disregarded. It would, 



however, be i n t e r e s t i n g  t o  see how d i f f e r e n t  t h e  t i d a l  rt ,.- 

f o r ,  say, the  w i n t e r  hemispheres, using t h e  two d i f f e r e n t  

4 5 O N .  

A1 1 o f  t h i s  would r e q u i r e  a g r e a t  deal o f  work bey what has 

already been done, and the  i n s i g h t  gained from suct ct I would 

probably be l i m i t e d ,  o r  perhaps even misleading. 

r .( a{; . . - r ,  I ,  I ' . I 1 ,  ' I  " , r, r I*]? ' *'Z 
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