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ABSTRACT 

LINEAR SPECTRAL MODEL OF TROPICAL MESOSCALE SYSTEMS 

The s e n s i t i v i t y  of mesoscale fea tu res  with respect  t o  l a r g e  s c a l e  

t r o p i c a l  p r o f i l e s  of wind and temperature and t o  small s c a l e  parameteri- 

z a t i o n ~  i s  inves t igated  through a l i n e a r ,  s p e c t r a l ,  non-hydrostatic 

model. The cumulus heating parameterization is the  so-called Wave-CISK 

parameterization, defined by an  ideal ized moisture budget. The momentum 

mixing parameterization is a s  developed by Schneider and Lindzen (1976). 

It is found t h a t  the  growth r a t e s  of d i f f e r e n t  s c a l e s  of motion a r e  very 

s e n s i t i v e  t o  small s c a l e  parameters, such a s  top  of moist l aye r ,  mean 

mixing r a t i o  i n  moist l a y e r  and l e v e l  of maximum heating r a t e .  The 

speed of propagation and t h e  mode of maximum growth r a t e  a r e  not very 

s e n s i t i v e  t o  small s c a l e  parameterization. The fea tu re  of the  b a s i c  

s t a t e  wind t h a t  most se r ious ly  influences the  s e l e c t i o n  of a most un- 

s t a b l e  mode is  t h e  d i r e c t i o n  and t h e  speed of the  upper l e v e l  jet. 

Features i n  the  bas ic  s t a t e  winds can e f f e c t i v e l y  determine t h a t  the 

East At lan t i c  region has, i n  t h e  mean, a most unstable mode t h a t  f a l l s  

i n  t h e  mesoscale length  sca le ,  while t h e  West P a c i f i c  shows no preferred  

mode i n  the  mesoscale length  s c a l e .  Differences i n  wind hodographs be- 

tween d i f f e r e n t  ca tegor ies  of a composited e a s t e r l y  wave i n  the  East 

At lan t i c  lead t o  t h e  conclusion t h a t  t h e  ca tegor ies  t h a t  precede the  

trough c l e a r l y  def ine  a preferred  mode i n  the mesoscale, while t h e  

ca tegor ies  a f t e r  the  trough do not .  

The t i m e  evolution of an i n i t i a l  disturbance shows t h a t  f o r  a small 

s c a l e  i n i t i a l  condi t ion  (20-50 km), an i n i t i a l  l i n e  of convergence 

iii 



evolves i n t o  a convective l i n e  whose v e r t i c a l  extent  reaches the  whole 

troposphere. The s q u a l l  l i n e s  assume a curvature comparable t o  the  

ones reported by Houze (1977). An i n i t i a l  condit ion of l a r g e r  sca le  

(100 km) has  very small growth and does not evolve i n t o  a convective 

:rline. ;r 
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I. INTRODUCTION 

The range of p r e d i c t a b i l i t y  of l a r g e  s c a l e  models o r  gene ra l  

c i r c u l a t i o n  models of t h e  atmosphere is  h igh ly  dependent on t h e  amount 

of physics  s p e c i f i e d  and on t h e  accuracy of t h e  boundary cond i t i ons ,  

a s  we l l  a s  t h e  problems r e l a t e d  t o  i n i t i a l i z a t i o n  and d i s c r e t i z a t i o n  
.' .*' . 

schemes. To improve t h e  raSge of r e l i a b i l i t y  of weather f o r e c a s t s  

i t  has long been recognized t h a t  t h e  t r o p i c a l  reg ions  have t o  be  

proper ly  modeled. I n  t h i s  contex t  t h e  l a s t  10 o r  15  y e a r s  have seen 

an  inc reas ing  number of s c i e n t i s t s  s tudying t h e  weather i n  t h e  t r o p i c s .  

Severa l  observa t ions  and experiments have been designed and executed 

i n  lower l a t i t u d e s  t o  provide la framework upon which t h e o r i e s  ean b e  

developel-?and models i n i t i a l i z e d  o r  t e s t e d .  
"P  ,. ' - ,, 
, - 

The r e s o l u t i o n  of l a rge - sca l e  models and gene ra l  c i r c u l c  

models ranges from about 150 km t o  500 km, so  t h a t  important  t r o p i c a l  

phenomena such a s  cloud c l u s t e r s , a n d  s q u a l l  l i n e s  may f a l l  
I a .  ) 

he 
r b. . : 7 : '  ' L. I . ' I ,  < -  . . . C 

sui 'pr id  s c a l e  of t h e s e  models o r  'be-allowed two o r  t h r e e  g r i d  p o i n t s  

a t  t h e  most. Fig.  1.1 shows a satel l i te  p i c t u r e  of a w e l l  developed 

double cloud c l u s t e r  taken dur ing  t h e  GARP A t l a n t i c  T rop ica l  Experi- 

ment (GATE) on 5 Sept .  1974 a t  1230 GMT. EAch of t h e  cloud c l u s t e r s  

has  a horizontak dimension of about 3' l a t i t u d e .  A s  p e n  from an  I R  
\ 

-tz .% 
'I ,- . C 

' i 

sensor ,  t h e  two c l u s t e r s  appear a s  homogeneous b lobs  of c loudiness .  

The p a t t e r n  of p r e c i p i t a t i o n  and winds is  n o t ,  however, homogeneous, 

but  shows a cons iderable  amount of o rgan iza t ion  a s  may be seen i n  

Figs.  1 . 2  and 1.3.  Fig.  1 .2 i s  a r ada r  composite madeat1200 GMT on 

t h e  same day during t h e  GATE. C lea r ly  defined l i n e s  of heavy p rec ip i -  

t a t i o n  may be seen which a r e  a s soc i a t ed  wi th  t h e  s q u a l l  l i n e s  descr ibed 
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F i g u r e  1.1 F u l l  d i s c  IR s a t e l l i t e  p i c t u r e  (SMS-1) t aken  a t  
1230 GMT on 5 Sept  1974 d u r i n g  t h e  GATE, 
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Figure 1.2 Radar composited picture from the C-band radars on 

the ships Oceanographer (7O45 'N, 22O12'W) , Researcher (7ON, 23O30'W) 
Quadra  O ON, 22040'W) and Gillis (9015'N, 24O48'W) at 1200 GMT on 
5 Sept 1974. (from GATE International Meteorological Radar Atlas,1977) 
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Figure 1.3 Streamline analysis of surface winds from the ship 
array and from a low level (0.5 kin) flight of the UK 130 airplane. The 
observations are representative of 1200 GMT on 5 Sept 1974. 

Y 



by Houze (1977). Fig. 1.3 shows a surf ace streamline analysis repre- 

sentative of 1200 G W  on the same day. This figure shows a highly 

organized mesoscale wind pattern with a cyclonic vortex centered at 

 ON, 23.   OW, just north of the line of cloudiness seen in Fig. 1.2. 

The inclusion of subgrid scale processes in large scale models 

requires the parameterization of momentum and heat transports by 

small scale and mesoscale systems. Observational studies which describe 

mesoscale disturbances (Zipser 1969, 1977; Zipser and Gauthier, 1978; 

Smith et al., 1975 a,b; Houze, 1977) have attempted to determine points 

in common between different systems and to develop some understanding of 

why the different manifestations of mesoscale organization occur. This 

approach is mainly descriptive and cannot by itself provide a consistent 

parameterization scheme unless perhaps a huge amount of observations 

is processed and catalogued. A second approach has been to numerically 

model single clouds (Liu and Orville, 1969; Takeda, 1971, and Moncrieff 

and Miller, 1976, among others) and determine the transports. This 

approach, however, may be considerably underestimating the transports 

that can be generated by an organized set of clouds. The assessment of 

the transports of heat and momentum by mesoscale systems has to be 

done through a mesoscale model. Though several mesoscale models have 

been developed (Cotton and Pielke, 1977; Pielke and Mahrer, 1978; Frisch, 

1978; Brown, 1979), asimpleparameterization scheme suitable for use in 

large-scale models has not been developed. 

This thesis will approach the question of how the mesoscale fea- 

tures depend on large scale characteristics by using a relatively simple 

model. Although we may still have years to go to achieve the goal of 



a comprehensive parameterizat ion scheme t h a t  w i l l  success fu l ly  repre- 

s e n t  t h e  mesoscale con t r ibu t ion  t o  the  l a r g e  s c a l e  p i c t u r e  of atmos- 

pher ic  motions, t h e  work t o  be presented w i l l  a t tempt t o  shed some 

l i g h t  on t h i s  problem. 

The following chapters  present :  a review of mesoscale f e a t u r e s  

t h a t  have been iden t i f ipd ,  throughout the  l i t e r a t u r e ;  the model ., 
I r 

. . assumptions, governing equations and parameterizat ion of small s c a l e  
I L 

processes; t h e  s e n s i t i v i t y  of model r e s u l t s  t o  t h e  parameterizat ion and 

t o  b a s i c  s t a t e  f ea tu res ;  t h e  development of i n i t i a l  pe r tu rba t ions  and 

a , (  d i f fe rences  i n  t r o p i c a l  regimes. 
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I I. BACKGROUND 

The study of mesoscale systems has  received a t t e n t i o n  from the  

pas t  of observat ion and modelling research.  Experimental programs have 

been designed f o r  t h e  s p e c i a l  purpose of understanding and ~ 1 , a s s i f i c a -  

t i o n  of mesoscale systems; seve ra l  models have been designed f o r  the  

s imulat ion of these  systems. This chapter  reviews t h e  r e s u l t s  i n  

these  two d i s t i n t  areas of atmospheric research  i n  order  t o  provide 

some background information f o r  t h e  following chapters .  

2.1 Observational Features 

Several  s t u d i e s  based on GATE da ta  agree  t h a t  t h e  onset  of deep 

convection is preceded by a maximum i n  upward v e r t i c a l  v e l o c i t y ,  

According t o  one school of thought (Reed e t  a 1  1977; Thompson e t  a l ,  
k 

1979; Burpee, 1972), t h i s  maximum is  assoc ia t ed  wi th  t h e  passage of an 

e a s t e r l y  wave trough, wi th  organized convection occurr ing preferen-  

t i a l l y  j u s t  ahead of t h e  700 mb trough (Payne and McGarry, 1977). Ac- 
. - t 

cording t o  o the r s  (Gray, 1968; Frank, 1977 ; Dean and 'smith,  1977), 

t h e  s t r u c t u r e  of t h e  cyclonic d is turbances  which appear i n  GATE i s  

complicated and non-steady and t h e r e f o r e  not  l i k e l y  t o  be accura te ly  

forced by a s i n g l e  s teady s inuso ida l  wave. One way o r  t h e  o t h e r ,  the  

p r o f i l e s  of wind (or  divergence and v o r t i c i t y )  ahead of t h e  trough i n  
I ,  _ r  J .*" 

t h e  Reed et  a l .  (1977) composited e a s t e r l y  wave a r e  very  s i m i l a r  t o  

those i n  c rank's (1977) deep convection category.  
1 4 : i  T[: 

A s  repor ted  i n  t h e  above s t u d i e s ,  t h e  s t r o n g e s t  su r face  con- 

vergence i s  found c lose  t o  t h e  maximum i n  convective a c t i v i t y .  Gray 

(1977) r e p o r t s  t h a t  t h e  s t ronges t  convergence goes up t o  about 800 mb. 

L '  2 1  . 3 '. . . . t r  I ! 4 ) i  



In  Reed e t  a l . ,  (1977) cornposited wave, t h e  t o t a l  wind ahead of the  

trough shows southwesterl ies  a t  the  surface ,  nor theas te r l i e s  a t  700 mb 

and sou theas te r l i e s  a t  200 mb. The wave moves a t  a speed of approxi- 

- 1 
mately 8ms with a typ ica l  wavelength of 2500 km. C 

The wind p r o f i l e s  associa ted  with squal l - l ine  events show strong 

v e r t i c a l  shear i n  upper l e v e l s .  Middle and low-level shear do not  seem 

t o  be essen t i a l .  Mower (1977) reported an almost unsheared environment 

below 300mbon the  2 September convective l i n e .  Zipser(1977) i n  a case 

study of a Barbados mesoscaledisturbancealso repor t s  a l ack  of middle 

l e v e l  shear. The GATE a rea ,  however, had i n  t h e  mean wind f o r  Phase 111 

a low-level e a s t e r l y  jet j u s t  above 700 mb and an upper-level e a s t e r l y  

jet a t  around 200 mb (see GATE Workshop Report, 1977; o r  Thompson et  al. ,  

1979). Direc t ional  shear was a l s o  present  i n  t h e  mean wind of Phase 111; 

around 800 mb the  wind s h i f t e d  from south-southwesterlies below t h a t  

l e v e l  t o  e a s t e r l i e s  above. 

.2.1.1 Convective Line Features 

Aspliden e t  a l . ,  (1976) tabulated a l l  s q u a l l  l i n e  cases occurring 

during GATE. Phase 111, which is  known t o  be the  most disturbed period 

during t h e  whole experiment, had e i g h t  s q u a l l  l i n e s  i d e n t i f i e d  over the  

ocean according t o  t h e  c r i t e r i a  t h a t  they have cloud tops around 15 km, 

a t t a i n  a 2' x 2' s i z e  during t h e i r  l i f e t i m e  and be a c t i v e  f o r  a minimum 

of 6 hours. The squa l l s  had a mean speed of 11.4 m.s-' , extended over 

a d is tance  of more than 500 km long and l a s t e d  f o r  14 hours. I n  65% 

of the  cases, t h e  time of generation was between 0300 and 1200 GMT, a s  

was pointed out  a l s o  by Gray (1977). 

Of t h e  e igh t  cases during Phase 111 of GATE, two a r e  of p a r t i c u l a r  

i n t e r e s t :  t h e  2 September and the  4-5 September cases.  The former has 



been descr ibed  by Kelley (1977) and Mower (1977) and t h e  l a t t e r  by 

Houze (1977), Dean and Smith (1977), among o the r s .  Z ipser  (1977) g ives  

a d e s c r i p t i o n  of a t r o p i c a l  s q u a l l  l i n e  event  dur ing  t h e  Barbados 

experiment. 

According t o  Kelley and Mower t h e  2 September convect ive l i n e  was 

o r i en t ed  i n  t h e  northwest-southeast d i r e c t i o n ,  being 300 km long and 

20-30 km wide; i t  progressed over  t h e  GATE a r r a y  dur ing  i t s  l i f e t i m e  

from 1200 t o  1800 GMT, w i t h  a speed of  6ms-l; by around 1500 GMT, t h e  

su r f ace  s t r eaml ines  revealed a low-level mesoscale c i r c u l a t i o n  which 

p e r s i s t e d  through 1800 GMT. With t h e  appearance of t h i s  mesoscale 

vo r t ex  motion, t h e  convect ive bands became less def ined .  

The 5 September d i s tu rbance  showed similar f e a t u r e s .  Houze (1977) 

r e p o r t s  t h a t  t h e  observed s q u a l l  had a step-wise motion a s  new cumulo- 

nimbus (Cb) elements formed w e l l  ahead of t h e  e x i s t i n g  l i n e  while  

o ld  s q u a l l  l i n e s  elements weakened toward t h e  r e a r ,  t h e i r  r a i n f a l l  be- 

came s t r a t i f o r m  and they  blended i n t o  t h e  t r a i l i n g  a n v i l  region.  The 

s q u a l l  w a s  l oca t ed  along t h e  l ead ing  edge of a mesoscale downdraft 

which formed and spread o u t  i n  t he  middle and lower t roposphere below . 
t h e  a n v i l  cloud. According t o  Dean and Smith (1977), by 1200 GMT a 

mesoscale cyclone developed which extended from t h e  s u r f a c e  t o  400 mb 

and was loca t ed  on t h e  wes tern  edge of t h e  cloud m a s s .  Fur ther  t o  t h e  

west ,  another  cyclone developed. The p a i r  of cyclones p e r s i s t e d  up t o  

1800 W when t h e  cloud reg ion  began t o  decay. 

According t o  Zipser  (1977) a mesohigh i s  o f t e n  observed s h o r t l y  

a f t e r  s q u a l l  passage, wi th  a mesolow f r equen t ly  observed some hours  

l a t e r ,  i n  both  t r o p i c a l  and mid- la t i tude  s q u a l l  systems. F u j i t a  (1963) 



and Williams (1963) had already noted the occasional presence of a 

mesoscale low pressure area some distance behind squall lines, per- 

sisting for 4-6 hours. 

As has been reported by many investigators since the early work of 

Byers and Braham (1949) based on data obtained during the Thunderstorm 

Project, the downdraft plays a very important tole in the propagation 

of squall lines. Miller and Betts (1977) and Zipser (1977) identify two 

types of downdrafts: a cloud downdraft which is nearly saturated and 

an unsaturated mesoscale downdraft, Zipser (1977) suggests that the 

cloud scale downdrafts originate around 650 mb but do not penetrate 

the lowest 150 m. The mesoscale downdraft would originate around 

800 mb below the raining anvil. There is a difference in scale between 

the two downdrafts. Using a numerical model, Miller and Betts (1977) 

show that the mesoscale downdraft is dynamically rather than evapora- 

tively driven as stated by Zipser (1969, 19771, and Brown (1979). 

Betts et al., (1976) in a study of tropical squall lines over 

Venezuela observed marked changes in the dynamic and thermodynamic 

structure of the atmosphere after a squall line passage. Basically, the 

boundary layer air is transported into high levels and replaced by air 

from mid-levels. Except in the lowest 150 mb where a large cooling 
9 2 

occurs and at high levels, this change in equivalent potential tempera- 

ture (0  ) is dominated by a mixing ratio change. In the wind field 
E 

there is significant increase of easterly momentum in lower levels and 

westerly momentum is increased in upper levels. 



2.1.2 Mesoscale Vort ices 

Mesoscale cyclonic v o r t i c e s  a r e  a l s o  observed without being 

r e l a t e d  t o  convective l i n e s  a s  reported by Zipser and Gautier (1978) 

and Smith e t  a l . ,  (1975a,b). 

According t o  Smith e t  a l . ,  (1975a), the%ma;Sn c h a r a c t e r i s t i c  t h a t  

d i f f e r e n t i a t e s  t h e  mesoscale vor tex  from the  s q u a l l  l i n e  i s  t h e  lack 

of organizat ion i n  the  cumulonimbus downdrafts. On the  o the r  hand, 

Zipser and Gautier (1978) repor t  t h a t  mesoscale downdrafts ex i s t ed  as 

evidenced by mesoscale divergence of low-level winds. According t o  

Zipser and Gautier the  downdrafts i n  the  15 July  1974 mesoscale vortex 

observed i n  t h e  GATE a rea  did not change t h e  thermodynamic p roper t i e s  

of the  subcloud layer  i n  a s i g n i f i c a n t  way. 

I n  both cases the  wind f i e l d  showed a closed c i r c u l a t i o n  of about 
B '  i :. :: ; :(, ;. i f 

0 2' - 4 i n  diameter and a l i f e t i m e  of about 1 2  hours. 
. . c  

Smith e t  a l . ,  (1975a) repor t  t h e  speed of the  vor tex  observed i n  
. r' - 1 

the  BOMEX area  on 26 July  1979 t o  be of 8.2 m a s  from t h e  northwest. 

2.1.3 Summary 

This sec t ion  has described some overa l l  c h a r a c t e r i s t i c s  of pro- 

pagating convective l i n e s  and mesoscale vor t i ces .  Although the  model 

r e s u l t s  w i l l  not  be ab le  t o  reproduce the  t o t a l  p i c t u r e  of e i t h e r  

phenomena, it w i l l  attempt t o  c l a r i f y  t h e  proper t ies  of propagating 

convective l i n e s  and the  s e n s i t i v i t y  of these proper t ies  with respect  

L ' 

t o  large-scale atmospheric conditions. I .. . T: bt 
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2.2 Previous Modelling Results  

Previous at tempts t o  model mesoscale motions f a l l  i n  two main 

categories:  one is the  modelling of the  cumulonimbus s c a l e  dealing with 

hor izonta l  dimensions up t o  about 30 km; t h e  o ther  dea l s  with hor izonta l  

sca les  up t o  1000 km. The bas ic  d i f fe rence  between these two areas  is  

i n  the  parameterization of d i f f e r e n t  physical  processes. The following 

subsections review a few models i n  t h e  cumulonimbus s c a l e  and on the  

l a rge r  mesoscale. A review on previous work using the  Wave-CISK para- 

meterizat ion scheme f o r  mesoscale modelling w i l l  a l s o  be presented. 

2.2.1 Cumulonimbus Scale 

The models of t h e  cumulonimbus s c a l e  c lose  the  system of equations 

by parameterizing microphysical and sometimes turbulent  processes. Al- 

though t h i s  type of model is r e s t r i c t e d  t o  s c a l e s  up t o  20 o r  30 km, 

some r e s u l t s  a r e  extrapolated and used t o  explain fea tu res  of convec- 

t ive l i n e s  i n  the  mesoscale. The main assumption involved i n  t h i s  

ext rapola t ion is t h a t  a convective l i n e  i s  composed by a s e t  of cumulo- 

nimbus clouds. In te rac t ion  between t h e  severa l  components of the  con- 

vect ive  l i n e  is assumed t o  be of secondary importance. This type of 

approach is not a b l e  t o  explain the  s t r u c t u r e  of curved convective 

l i n e s  nor the  extension of mesoscale downdrafts; however, very in- 

t e r e s t i n g  r e s u l t s  have been obtained. The models described below a r e  
7 

a l l  three-dimensional. .r 

Moncrieff and Mil ler  (1976) presented t h e o r e t i c a l  and nupergical 

models of cumulonimbus convection and succeeded i n  determining q u i t e  

w e l l  t he  propagation speed of squa l l  l i n e s  based on a convective 

ava i l ab le  p o t e n t i a l  energy. Bet ts  e t a l . ,  (1976) compared Moncrieff 



and Mi l l e r ' s  (1976) r e s u l t s  t o  observations of squa l l  l i n e s  over Vene- 

zuela. They concluded t h a t  t h e  propagation speeds and t r anspor t  pro- 

p e r t i e s  determined by t h e  model a r e  s imi la r  t o  t h e  observed. 

The experiments presented by Klemp and Wilhelmson (1978a,b) were 

di rec ted  t o  examine convective storms and t h e i r  dependence on t h e  en- 

vironmental wind shear. S p l i t t i n g  of the  o r i g i n a l  storm i n t o  r i g h t  

and l e f t  moving storms was s e n s i t i v e  t o  low-level environmental wind 

shear. They a l s o  found ou t  t h a t  i f  the  wind hodograph turned clockwise 

with height ,  a s i n g l e  right-moving storm evolved from the  s p l i t t i n g  

processes. Conversely, counterclockwise turning of the  hodograph 

favored development of the  left-moving storm. The hor izonta l  s c a l e  of 

t h i s  storm was of about 10 km, so t h a t  they f a l l  in t h e  border l ine  be- 
1 

tween mesoscale and small-scale processes. Thorpe and Miller (1978) 

a l s o  show t h a t  t h e  s p l i t t i n g  process is highly dependent on t h e  environ- 

mental wind shear. 
I 

/ '  Cotton and T r i p o l i  (1978) v e r i f i e d  t h e  a b i l i t y  of a s imulat ion t o  

p red ic t  observed l i q u i d  water content.  Again,the environmental wind 

shear w a s  found t o  play a major r o l e  i n  t h e  accuracy of t h i s  determina- 

t ion .  They conclude t h a t  unless  one o r  two-dimensional models include 

t h e  parameterization of cloud i n t e r a c t i o n  with shear flow i n  some rea- 

l i s t i c  manner, they a r e  not  l i k e l y  t o  successful ly  p red ic t  cloud l i q u i d  

water content a s  w e l l  a s  cloud top height .  

I n  summary, t h e  environmental wind shear seems t o  be extremely 

important i n  determining the  p roper t i e s  of small s c a l e  systems. The 

propagation of these  systems compares f a i r l y  w e l l  with the  propagation 

of squa l l  l i n e s .  , ., , ,.., 
I 
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2 . 2 . 2  Mesoscale 

The models described below a r e  hydros ta t ic  non-linear models with 

a constant  Cor io l is  parameter; t h e i r  r e so lu t ion  i n  t h e  hor izonta l  is 

around 20 km while the v e r t i c a l  r e so lu t ion  is between 0.5 km and 1 km; 

the  governing equations include conservation of momentum, energy and 

moisture. They a l l  use sophis t ica ted  parameterization schemes t h a t  

account f o r  cloud base, cloud top,  updraft  thermodynamics, micro- 

physics, entrainment e f f e c t s ;  subsidence and i t s  e f f e c t s  on the  environ- 

ment; p rec ip i t a t ion ,  c o l l e c t i o n  and evaporation of l i q u i d  water. The 

parameterization used by Kreitzberg and Perkey (1976,1977) a s  w e l l  a s  

the  one presented by Fr i t sah( l978)  take  i n t o  account cloud l i f e t i m e s  a s  

opposed t o  Brown (1979) t h a t  makes t h e  quasi-equilibrium assumption 

(Arakawa and Schubert, 1974). i 
Kreitzberg and Perkey (1977) used a two-dimensional model with 

small-scale convection parameterized through a lagrangian cloud model 

developed and t e s t e d  by Kreitzberg and Perkey (1976). The ob jec t ive  

of Kreitzberg and Perkey (1977) was t o  examine s c a l e  in te rac t ions ;  the  

, r e s u l t s  of t h e i r  s imulat ion showed t h a t  a t  t h e  i n i t i a l  s tages ,  the  

motions a r e  dominated by t h e  small-scale convective heat ing,  while 

a f t e r  6 h r s ,  t h e  motions a r e  dominated by the  hydros ta t i c  mesoscale 

updraft  t h a t  develops i n  response t o  d i a b a t i c  heat ing from t h e  e a r l i e r  

convection. Mesoscaleupdraft produces s t r a t i f o r m  p r e c i p i t a t i o n  t h a t  

exceeds the  earlier convective p rec ip i t a t ion .  I n  t h i s  simulation, there  

is  no v e r t i c a l  shear  i n  the  i n i t i a l  wind f i e l d .  

F r i t s c h ' s  (1978) three-dimensional model successful ly  simulated t h e  ' 

development of s q u a l l  l i n e s ,  mesoscale downdrafts and mesohighs pro- 

duced by mesoscale compensating subsidence. The v e r t i c a l  s t r u c t y r e  of 

I 



the  squa l l  l i n e s ,  a s  i n  t h e  case simulated by Kreitzberg and Perkey 

(1977), is  not t i l t e d  a s  opposed t o  t h e  observations of Zipser (1977), 
I ' 

sanders and Emanuel (1977), and Houze (1977). 

Brown (1979) showed with a two-dimensional model t h a t  t h e  growth of 

mesoscale disturbances i s  highly s e n s i t i v e  t o  the  amount of heat ing im- 

posed through the  small-scale parameterization. Through a series of 

experiments, Brown showed t h a t  t h e  shear of t h e  environmental wind 

and t h e  evaporation of r a i n  a r e  e s s e n t i a l  fo rob ta in ing  a s t r u c t u r e  com- 

parable t o  Zipser (1969, 1977) and Houze (1977) observations. 

The models described above a r e  complex i n  the  sense t h a t  they 

include as many e f f e c t s  as possible.  The r e s u l t i n g  experiments show 

strong resemblance t o  observed systems; however, they do not help  much 

t h e  process of understanding the  physics of these  systems. For t h a t  

matter, t h e r e  is c l e a r l y  a need f o r  simple models. 

2 .>. 3 Wave-CISK and Mesoscale Modelling 

The Wave-CISK parameterization scheme (c.f. subsection 3.3.1) was  

f i r s t  used i n  mesoscale modelling by Raymond (1975, 1976). Its pre- 

vious use by Yamasaki (1969), Hayashi (1970) and Lindzen (1974) was 

d i rec ted  t o  the  modelling of large-scale waves. 

Raymond's model is l i n e a r ,  s p e c t r a l  and three-dimensional; the  

Cor io l i s  parameter isset t o  zero. The cumulus heat ing a s  i n  t h e  pre- 

vious Wave-CISK s tud ies  has a given v e r t i c a l  d i s t r i b u t i o n  and is 

modulated by the  v e r t i c a l  ve loc i ty  a t  cloud base. The r e s u l t s  of 

Raymond's simulation compare f a i r l y  w e l l  wtih propagation of severe 

storms; t h e  shear of t h e  mean wind is shown t o  have a very important 

r o l e  i n  the  s p l i t t i n g  process, a conclusion which has been confirmed 

by Uemp and Wilhelmson (1978) i n  a much more complicated model. 
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Raymond (1976), however, only inves t igated  the  propagation of a 

region of surface  convergence. No attempt was made t o  compare modeled 

v e r t i c a l  s t r u c t u r e  with observations;  t h e  s c a l e  of t h e  region of 
.; .-. 9 l 

convergence 'was of 10 km, h., i n  t h e  border l ine  between t h e  small 

sca le  and the  mesoscale. 

2.2.4 SumYy ' 

2 
:I . A conclusion t o  be drawn from the  above mentioned r e s u l t s  is 

t h a t  t h e  current  s t a t e  of mesoscale modelling has  reached a considerable 

degree of sophis t ica t ion:  the  r e s u l t s  compare f a i r l y  wel l  with observed 

a fea tures .  However, the  understanding of the  physics governing t h e  

'!''1'-meso.4'cale motions is lagging behind t h e  a b i l i t y  t o  model. For t h e  

purpose of understanding t h e  d i f f e r e n t  processes involved, the re  is  a 

need of simple models t h a t  may be ab le  t o  separa te  d i s t i n c t  physical  

mechanisms. The model used by Raymond (1976) is  simple enough t o  be 

used a s  a learning t o o l  and it can be  improved i n  c e r t a i n  aspects  and 

generalized i n  o thers .  This w i l l  be t h e  subject  of chapter 3. 



111. MODEL DESCRIPTION AND ASSUMPTIONS 

The model to be described in the following sections may be con- 

sidered as a generalized version of the one proposed by Raymond (1975, 

1976) in the sense that the method of solution (which has been used 

previously by Yamasaki (1969) among others) is not dependent on the 

particular type of parameterization chosen to represent small scale 

processes; and also in the use of a more general initial condition. 

A one sentence description of the model would be: it is a linear, 

spectral, non-hydrostatic model with a horizontally homogeneous basic 

state on a non rotating plane; cumulus heating is parameterized through 

the so-called Wave-CISK scheme (Yamasaki, 1969; Hayashi, 1970; Lindzen, 

19i4, among others) and momentum mixing by cumulus clouds is parameter- 

ized through the scheme proposed by Schneider and Lindzen (1976). 

Several advantages exist in using a linear spectral model. Spec- 

tral models are especially convenient for theoretical studies where 

it is important to determine the contribution of each mode to the 

overall picture, as well as the structure of each mode separately. 

Furthermore, the major part of numerical problems involving finite 

difference approximations are avoided. 

In comparison to three dimensional mesoscale numerical models 

(e.g. Moncrieff and Miller, 1976; Cotton and Tripoli, 1978; Brown, 1979), 

the linear spectral model has the advantage of providing useful infor- 

mation such as structure and growth of most unstable mode and sensi- 

tivity to model structure and externally specified parameters (c.f, 

chapter 4) without need of extensive computer time. 



The validity of a linear model is restricted to the initial devel- 

opment of a disturbance when the non-linear terms in the governing 

equations may be considered small enough to be neglected. This may 

appear as a disadvantage; but, indeed, much can be learned about the 

linear behavior of the atmosphere under different circumstances, and 

the mathematical simplicity of a linear model as opposed to a non- 
I 

linear one is especially appealing. Considering the present state of 

mesoscale modelling, an assessment of the importance of basic state 

characteristics and small scale processes, at least for the initial 

growth stage, is particularly desirable. 
I 

The next sections will describe the governing equations and :he 

method of solution; test a simplified version of the model against 

theoretical results; and present the parameterization schemes. 

3.1 Governing Equations 

The governing equations are the equations of motion, thermo- 

dynamics and continuity of mass: t 

The symbols have the usual meanings and their definitions may be 

found in the List of Symbols. 



The governing equations w i l l  undergo averaging, l i n e a r i z a t i o n  and 

Fourier decomposition procedures. Three sca les  w i l l  be i d e n t i f i e d  a s  

bas ic  s t a t e  or  large-scale,  mesoscale and small sca le .  The bas ic  s t a t e  

w i l l  be spec i f i ed ,  the  small s c a l e  contr ibut ion w i l l  be parameterized 

and the  model equations solved f o r  the  mesoscale var iables .  

It has been found convenient t o  use height  a s  the  v e r t i c a l  coordi- 

na te  r a t h e r  than pressure o r  log-pressure due t o  the  f a c t  t h a t  t h e  

hydros ta t ic  approximation is  not  made. Although making the  model s u i t -  

able  f o r  inc lus ion i n  a coarser  r eso lu t ion  large-scale model, the  use 

of pressure coordinates f o r  a non-hydrostatic problem involves severa l  

approximations and does not render the  problem more t r ac tab le .  

F i r s t  of a l l ,  denote bas ic  s t a t e  by subscr ip t  zero and the  devia- 

t i o n s  from i t  by primes. The bas ic  s t a t e  has t o  obey the  governing 

equations (3.1) - (3.3), a s  a l s o  does t h e  - sum of the  bas ic  s t a t e  and 

devia t ion q u a n t i t i e s  which is represented by the  non-subscripted, non- 

primed var iab les  of equations (3.1) - (3.3). Subtract ion of the  l a t t e r  

s e t  of equations from t h e  former provides a set of equations f o r  the  

primed var iables .  A non-rotating plane i s  assumed and consequently 

the  t h i r d  term on the  LWS of equation (3.1) is  s e t  t o  zero. The neglect  

of the  e a r t h ' s  r o t a t i o n  i n  a mesoscale model i s  indeed a v a l i d  f i r s t  ap- 

proximation, e spec ia l ly  near t h e  equator where the  Cor io l i s  parameter 

tends t o  zero and consequently the  Rossby number becomes much g rea te r  

than unity. 

The cont inui ty  equation (3.3) is replaced by i ts a n e l a s t i c  form 

(equation 3.7 below) a s  introduced by Ogura and P h i l l i p s  (1962), who 



show t h a t  t h i s  form has t h e  convenient proper ty  of f i l t e r i n g  sound 

waves. Dutton and F i c h t l  (1969) show t h a t  t he  a n e l a s t i c  form of t h e  

c o n t i n u i t y  equat ion i s  appropr i a t e  t o  t h e  modelling of deep convection. 

Poisson ' s  equat ion ,  i n  i t s  l i n e a r i z e d  form, w i l l  be used t o  e l imina te  

t h e  dependence of t h e  above equat ions  on a pe r tu rba t ion  dens i ty .  

. _ L  . The assumptions made s o  f a r  may be  summarized a s  

. . 
I _ 1 )  Separa t ion  of s c a l e s  between b a s i c  s t a t e  o r  l a rge - sca l e  and 

dev ia t ions  from i t  which con ta in  mesoscale and small-scale  cont r ibu t ions ;  

2)  Model imbedded i n  a non-rotat ing p l ane ,  o r  f=O; 

3) Ind iv idua l  changes of p e r t u r b a t i o n  d e n s i t y  may be neglec ted  

i n  t h e  c o n t i n u i t y  equat ion .  

1 A f o u r t h  assumption i s  introduced i n  t h e  v e r t i c a l  component of t h e  
d l n p o  c 

momentum equat ion:  t h e  t e r m  El- g (H dz  - L) where H is  t h e  
Po 

C 
P 

l o c a l  s c a l e  he igh t ,  is a t  least one o rde r  of  magnitude smal le r  than t h e  

8 ' term- g and t h e r e f o r e  may b e  neglected.  This  &sumption is  consis-  
OO 

t e n t  w i th  t h e  a n e l a s t i c  approximation (Charney and E l i a s sen ,  1964). 

With t h e  above assumptions t h e  p e r t u r b a t i o n  equat ions ,  which a r e  

obtained a f t e r  s u b t r a c t i o n  from equat ions  (3.1) - (3.3) of t h e  cor res -  

. . , I ,  
ponding equat ions  f o r  t h e  b a s i c  state, may be  w r i t t e n  a s  



where 

P -1L = \v' v \v' + - o p t ,  8 ,  = \vl . ve 
2 
0 

Note t h a t  the  non-linear terms are s t i l l  present  i n  t h e  r i g h t  hand s i d e  

of Eqs. (3.5) and (3.6) through the  term 8 = ($,, qY, $,I and $J 8 

defined i n  Eq. (3.8). 

Equations (3.5) - (3.7) a r e  f i v e  equations (equation 3.5 represents  

the  vector  form of t h e  momentum equation) i n t o  f i v e  unknowns \vl (u' , 

v', w'), p' and e ' ,  and a r e  s imi la r  t o  t h e  ones used by Raymond (1975). 

In  the  der ivat ion of Eqs. (3.5) - (3.7) i t  has been assumed t h a t  t h e  

atmospheric motions can be separated i n t o  a bas ic  s t a t e  and the  devia- 

t ions  from it. A qtep f u r t h e r  is taken now when the  deviat ions from the 

bas ic  s t a t e  va r iab les  a r e  broken i n t o  mesoscale va r iab les  and small 

s c a l e  var iables .  Mathematically t h i s  separa t ion of s c a l e s  r equ i res  a 

simple averaging technique. Physical ly,  however, the re  i s  no cer- 

t a i n t y  t h a t  t h i s  i s  poss ib le  o r  even reasonable s ince  very l i t t l e  is 

known about s c a l e  i n t e r a c t i o n  from the  observational  point  of view. A 

j u s t i f i c a t i o n  f o r  the  widespread use of t h i s  technique is  tha t  d i f f e r e n t  

physical  mechanisms govern the  motions i n  each scale :  f o r  example, 

turbulence may play a minor r o l e  i n  long atmospheric waves and meso- 

s c a l e  motions, but  be important i n  cumulus s c a l e  processes. On t h e  

assumption t h a t  d i f f e r e n t  physical  mechanisms govern the  motion of 

each sca le ,  the  separa t ion of mesoscale from small s c a l e  va r iab les  

w i l l  be performed here.  



To s e p a r a t e  t h e  mesoscale from t h e  sma l l e r  s c a l e  phenomena a  

h o r i z o n t a l l y  running average is  def ined  as 

s o  t h a t  t h e  pe r tu rba t ion  f i e l d s  may be  w r i t t e n  a s  

" 

where t h e  two primes r e f e r  t o  t h e  r e s i d u a l  a f t e r  t h e  running average 

is  performed and correspond t o  t h e  small-scale  con t r ibu t ion .  

t .  

The l i n e a r i t y  assumption is  made now. Equation ( 3 . 8 )  may undergo 

a  smoothing by t h e  running average defined above and be  w r i t t e n  a s  
, 1 )  

L ] ,  1 

The l i n e a r i t y  assumption c o n s i s t s  i n  neg lec t ing  t h e  c o r r e l a t i o n  between 

mesoscale q u a n t i t i e s  i n  equat ions  (3.11).  The t r a n s p o r t s  by small-  

s c a l e  processes  as def ined  i n  equat ions  (3.11) ars subseh6%ntly para- 

meter ized ( s e c t i o n  3.3) .  This  assumption w i l l  on ly  be v a l i d  i n  t he  

i n i t i a l  growth s t a g e  where t h e  mesoscale pe r tu rba t ion  q u a n t i t i e s  a r e  

s t i l l  small and s o  t h e i r  products  may be  neglec ted  i n  equat ions  (3.11). 

6 ' .  
I . . ,  . . -  



a )  Basic S ta te  - 

Examining equations (3.5) - ( 3 . 7 )  it may be seen t h a t  the re  is no 

e x p l i c i t  dependence i n  the  spec i f i ed  c o e f f i c i e n t s ,  o r  bas ic  s t a t e  

va r iab les ,  on space va r iab les  o r  time. Choosing a b a s i c  s t a t e  with 

v e r t i c a l  s t r u c t u r e  but hor izon ta l ly  homogeneous and steady makes t h e  

Fourier decomposition of the  mesoscale va r iab les  a p a r t i c u l a r l y  useful  

mathematical t o o l  s ince  i n  t h i s  case the re  is  no coupling between hori- 

zontal ,  v e r t i c a l a n d  time der iva t ives ,  Themesoscale ve loc i ty  f i e ldmaybe  

represented by the  i n t e g r a l  

+oo 

< \ ~ ' ( x , ~ , z , t ) >  = I l \ i ( k , z )  exp i (  Ik . l r -  wt) dk dk 
-00 x Y 

and analogously f o r  the  o ther  var iables .  , ; 3 . ; ;  

I f  t h e  bas ic  s t a t e  va r iab les  depended upon a l l  th ree  space 

dimensions, the  perturbation equations would e i t h e r  have t o  be solved 

by f i n i t e  d i f ference  techniques o r  involve the  so lu t ion  of an eigen- 

value problem f o r  four dimensional matrices with t h e  consequent pro- 

blems of s torage  and extensive computer t i m e  i n  both cases.  On the  

o ther  hand, a th ree  dimensional bas ic  s t a t e  would allow v o r t i c i t y  and 

divergence on t h i s  sca le .  However, the  observed large-scale f i e l d s  may 

already have the  contr ibut ion of mesoscale systems (e.g. <\v' . V \vl > ) 
so tha t  the  consis tent  spec i f i ca t ion  of t h e  bas ic  s t a t e  would involve 

severa l  assumptions and approximations. 

The spec i f i ca t ion  of a more r e a l i s t i c  bas ic  s t a t e  w i l l  be l e f t  a s  

a subject  of fu tu re  work. Here the  bas ic  s t a t e  q u a n t i t i e s  w i l l  be 

assumed t o  be dependent on height  only. Note, however, t h a t  the  p r o f i l e  



du 
O A  

k 
X "  

-1 (o- lk. \V ) L + - w + i- = 
o dz 

0 
qx 

dv 
O A  

k 
-i (w- Ik. \v0) j + - Y A  w+i-p = 

dz . ,..Po $7 

" I d  A 

ilk. \v + - - (p w) = 0 
0 
dz 0 

The solution of the above system for the variables with hat, as will 

be seen in the following sections, consists in finding, for each 

value of wavenumber Ik = k li + k jJ , the values of frequency w for 
X Y 

which the above equations have a solution. This is a so-called eigen- 
A h A A l l  

value problem where w is the eigenvalue and u,v,w,p,8 are the corres- 

ponding eigenfunctions. Clearly, for a fixed Ik several w may be 

found. Also, o may be a complex number: the real part of o is related 

to phase speed c r 

and the imaginary part, to the exponential growth. The exponential 

in equation (3.12) may be rewritten as 

, !  

exp [i ( 1 - t + wit] 



~f wind may have d i r e c t i o n a l  shear s ince  both zonal and meridional 

components of t h e  bas ic  s t a t e  wind w i l l  be speci f ied ,  

If small sca le  processes a r e  neglected,  a consis tent  bas ic  s t a t e  

with only v e r t i c a l  shear of the  hor izonta l  wind contains no v e r t i c a l  

motion, However, the  parameterization of $ 
x' qy which w i l l  be done 

i n  sec t ion 3.3.2, w i l l  involve adding an e x t r a  t e r m  t o  t h e  r i g h t  hand 

s i d e  of the  bas ic  s t a t e  equations i n  which case a consis tent  set of 

equations requires  a bas ic  s t a t e  with v e r t i c a l  ve loc i ty .  As w i l l  be  

seen i n  sec t ion  3.3.2, an optimum p r o f i l e  of bas ic  s t a t e  v e r t i c a l  

ve loc i ty  can be found t o  have approximately constant  mass f l u x  and 

consequen'tly t o  be almost non-divergent. The hor izonta l  components 

of the  wind may then remain a s  functions of height  only. 

The b a s i c  s t a t e  densi ty  w i l l  be speci f ied  a s  having an exponential 

decay with height ,  with densi ty  scale he igh t  equal  t o  R T (z=O) /g. 
0 

As it is, the  problem cons i s t s  of specifying the  bas ic  s t a t e  

quan t i t i e s ,  define a parameterizat ion scheme t h a t  w i l l  give the  terms 

i n  equation (3.11) and solve t h e  equations f o r  the  mesoscale vaeiables.  

b)  F inal  Set  of Equations 

The assumptions and approximations discussed above a r e  applied 

t o  t h e  per turbat ion equations (3.5) - (3.7). The equations a r e  then 

averaged according t o  the  running average defined i n  equation (3.9) and 

Fourier decomposed according t o  equation (3.12). Due t o  t h e  l i n e a r i t y  

assumption the  t e r m  under the  i n t e g r a l  s ign  i n  equation (3.12) w i l l  be 

a so lu t ion  of the  equations f o r  a l l  wave number Ik. I n  t h i s  way, the  

governing equations w i l l  be w r i t t e n  a s  



A positive wr means propagation in the same direction as the wavenumber 

vector Ik= k li + k jlwhile negative (or c ) means propagation in 
x Y r r 

the opposite sense as the one defined by lk. A positive (or ci) 
i 

means exponential growth and a mode for which w is positive is i 

called an unstable mode. A neutral mode is one for which w. is zero 
, ' 1 

and a decaying (or stable) mode is associated with negative w 
. , 3,; 1 : . 1 , '2' ' 

i- 

r . V '  .. 

3.1.1 Finite Difference Scheme 
. I  1 

To solve the system of equations (3.13) - (3,171, a vertical 

differencing scheme has to be defined since the vertical derivatives 
I t :  ;>l i t  

., , 

are not analytical and the large-scale fields depend on height. Fol- 

lowing the scheme proposed by Arakawa and Lamb (1977), the atmosphere 

has been divided into N layers by N-1 levels of constant z .  The layers 
, .-it 1 . .  

are identified by integer index and carry the horizontal components of 
A h A A 

velocity u and v, the potential temperature 8 and pressure p. The 

levels which divide the layers are identified with half indices and 
A 

carry the vertical velocity w. Figure 3.1 shows the vertical struc- 

ture of the model. This scheme conserves integral properties of 

atmospheric parameters (cf. Arakawa and Lamb, 1977). 
1 . '  . - .  

' C .  J 
i#3 

i 1 (duo A du i-% A 

I . "  t 
0 -i (0 - Ik . \V ) ui+ 

+ -  
Wi+% dz W o i-% , ' 1  

, A .  



Figure 3.1. The v e r t i c a l  s t r u c t u r e  of t h e  model 
showing d i s t r i b u t i o n  of v a r i a b l e s ;  s o l i d  l i n e s  (i*) 
i n d i c a t e  t h e  l e v e l s  d iv id ing  t h e  l a y e r s ;  dashed l i n e s  
( i n t e g e r  i )  i n d i c a t e  l e v e l s  w i t h i n  l a y e r s  a t  which t h e  
ind ica t ed  v a r i a b l e s  a r e  c a r r i e d .  



Equation ( 3 . 2 4 )  may, indeed, be  used t o  e l imina te  one of t h e  

components of t h e  h o r i z o n t a l  v e l o c i t y  v e c t o r ,  and t h i s  has  been done 

he re  s i n c e  i t  reduces t h e  computer s t o r a g e  needed; bu t  t h e  formalism 

is  t h e  same and w i l l  no t  be presented.  



3.1.2 Boundary Conditions 

The boundary cond i t i on  a t  t h e  s u r f a c e  i s  t h a t  of no v e r t i c a l  

v e l o c i t y .  A r i g id ' bounda ry  cond i t i on  a t  t h e  top  of t h e  model has  t h e  

e r r o r  of r e f l e c t i n g  t h e  waves back i n t o  t h e  model domain, t hus  in-  

t roducing n o n - r e a l i s t i c  o s c i l l a t i o n s .  Klemp and L i l l y  (1978) examined 

t h e  problem of r e f l e c t i o n  by t h e  upper boundary and concluded t h a t  any 

l o c a l l y  s p e c i f i e d  boundary cond i t i on  does t r a p  wave energy i n s t e a d  

of a l lowing it t o  r a d i a t e  away. They imposed a v i scous  l a y e r  beneath 

t h e  upper boundary designed t o  remove t h e  upward propagat ing wave 

energy be fo re  i t  can be  r e f l e c t e d .  Equat ions (3.16), (3.17) and (3.18) 

would then  have an  a d d i t i o n a l  term v - da, , wi th  v i nc reas ing  g radua l ly  
dz2 

from ze ro  a t  t h e  bottom of t h e  v i scous  l a y e r  t o  some va lue  v a t  t h e  
T 

top. A problem wi th  t h i s  scheme is  t h a t ,  t o  be e f f e c t i v e ,  i t  needs 

a considerableamourit of g r i d  p o i n t s  i n s i d e  t h e  v iscous  l a y e r .  Due 

t o  computer s to rage  l i m i t a t i o n s ,  t h i s  is n o t  convenient f o r  t h e  model 

d e ~ c r i h e d  he re  s i n c e  t h i s  a r t i f i c i a l  v i scous  l a y e r  would occupy most 

of t h e  model atmosphere. The rad ia t ion- type  boundary cond i t i on  p r e s e n t s  

another  a l t e r n a t i v e .  A s  in t roduced  by E l i a s s e n  and Palm (1960) i t  

c o n s i s t s  of imposing, as t h e  s o l u t i o n  i n  t h e  uppermost l a y e r ,  a n  ex- 

1 
prhss ion  f o r  t h e  v e r t i c a l  v e l o c i t y  which al lows t roposphe r i c  energy t o  

be  r a d i a t e d  away t o  upper l e v e l s .  The procedure followed by E l i a s sen  
P 

and Palm (1960) w a s  t o  apply a v e r t i c a l  s t r u c t u r e  equat ion ,  t o  l a y e r s  

of cons tan t  temperature and wind. , , 

i 

Following t h e  same procedure a s  E l i a s sen  and Palm (1960), w e  

examine t h e  v e r t i c a l  s t r u c t u r e  equat ion.  According t o  Raymond (1975), 

t h e  v e r t i c a l  s t r u c t u r e  equat ion  corresponding t o  t h e  system (3.13) - 
1 



(3.17) without eddy terms is  

where v is  \vo . lk/ Ilk! and c is U/ I ~ k l .  
k 

I n  the  uppermost l ayer ,  t h e  coef f i c ien t  i n  equation (3.25) is  assumed 

constant with d \v /dz = 0,  so t h a t  the  solut ion is 
0 

where 

P L  ' 

g d l n  €Io/dz 1 - llkI2 - -- 

, ,  2 1 1 :  I t . !  
The r a d i a t i o n  condit ion cons i s t s  i n  t h e  elirninaeion of one of the solu- 

t ions  of equation (3.26), namely, the  one corresponding t o  downward 

energy f lux.  El iassen and Palm (1960), Charney and Pedlosky (1963), and 
. '. 

Lindzen (1974) discuss the  choice of the  so lu t ion ,  It may be seen from 

equation (3.27) t h a t  t h e  imaginary pa r t s  of c  and h have opposite  s igns  
f a 

s o  t h a t  i n  t h e  case df growth (ci>O), the  imaginary p a r t  of A is  nega- 

t ive .  The requirement t h a t  uns table  waves decay with height  implies 

I - ,  . . *, . 



t h a t  the so lu t ion  t o  be re ta ined i n  equation (3.26) i's &e one with t h e  

negative s ign  i n  the  exponential.  

The equation f o r  t h e  v e r t i c a l  ve loc i ty  a t  the  uppermost l ayer  may 

be wr i t t en  a s  

Equation (3 .28)  shows t h a t  except f o r  t h e  term i n  lk2 - 1 / 4 ~ ~  ins ide  

t h e  brackets  t h i s  expression i s  l i n e a r  i n  c (or  w), and consequently 

consis tent  with t h e  eigenvalue problem t o  be posed i n  t h e  next sec t ion.  

For an isothermal l ayer  a t  about 15 km t h e  f i r s t  term is of t h e  order 

- 3  -2 
of 5 x 10 s , while t h e  second term i n  brackets ,  f o r  a shor t  wave- 

-5 -2 
length of about 10 km is  two orders  of magnitude smaller  ( ~ 5 x 1 0  s ) 

so t h a t  i t  can be neglected. With t h a t  t h e  f i n i t e  d i f fe rence  form of 

equation (3.28) is 

3.1.3 Method of Solution 
I 
4 Equations (3.20) - (3.24) form a l i n e a r  homogeneous system of 

equations provided the  parameterizat ions of heating and eddy momentum 



transports are linear function of the dependent variables. In this 

case, the mentioned system may be written as 

where 

and A and B are MxY matrices of the coeficients defined by equations 

(3.20) - (3.24). With a rigid upper boundary condition, M is 5 N-1 

and i does nof have tho tqrm ; With the radiation condition 6 is 
X , - T  +)il - ,  . - N ' N 

allowed to vary and so with the introduction of equation (3.29) the 

dimensions of A and B are increased by 1 (M = 5N). 

' . ( L  

Equation (3.30) is the representation of a complex generalized 

; 
eigenvalue problem, where the frequency w is the eigenvalue and 2 is 

the corresponding eigenvector . For each fixed lk, equation (3.30) 

defines several eigenvalues and eigenvectors. Pedlosky (1964) studied 

the problem of completeness in the set of eigenfunctions. His reasoning 

shows that if the initial condition is wavelike in the horizontal plane 

with a certain wavenumber K and the vertical structure is arbitrary, 

it is necessary to include the continuous spectrum to describe an 

arbitrary condition. Koss (1976) also refers to the impossibility of 

describing arbitrary initial conditions with a non-complete set of 

eigenfunctions. Raymond (1976) defined the initial condition at the 

surface only and let the vertical structure be determined by the 



e igenfunct ions  of i n t e r e s t ,  namely, t h e  ones corresponding t o  t h e  most 

uns t ab le  modes. The s u r f a c e  i n i t i a l  cond i t i on  may then be reproduced 

i f  enough wavenumbers a r e  considered.  The procedure t o  be followed he re  

w i l l  be ,  b a s i c a l l y ,  a g e n e r a l i z a t i o n  of Raymond' s approach. The 

evolu t ion  from t h e  i n i t i a l  cond i t i on  w i l l  be obta ined  wi th  a p a r t i c u l a r  

sub-set of e igenvec tors .  Since t h i s  p a r t i c u l a r  sub-set is no t  complete, 

only t h e  p r o j e c t i o n  of t h e  i n i t i a l  cond i t i on  w i l l  be reproduced and only 

t h e  evolu t ion  of t h i s  p a r t  w i l l  be obtained.  However, i f  t h e  i n i t i a l  

pe r tu rba t ion  i s  given a t  t h e  s u r f a c e  only ,  a s  i n  Raymond (1976), aga in  

t h e  s u r f a c e  i n i t i a l  cond i t i on  w i l l  be  reproduced and t h e  v e r t i c a l  s t r u c -  

t u r e  w i l l  be determined by t h e  e igenfunct ions .  This  approach permi ts  

g iv ing  t h e  i n i t i a l  condi t ion  a t  any l e v e l  and any combination of 

v a r i a b l e s .  For each wavenumber lk, s e v e r a l  uns t ab le  modes e x i s t .  I n  

some cases ,  t h e  most uns t ab le  mode has  growth rate much g r e a t e r  than  

t h e  second most uns t ab le  mode; i n  o t h e r  ca ses ,  t h e  two o r  t h r e e  most 

uns t ab le  modes have comparable growth rates, i n  which case  t h e  r e s u l t i n g  
i I 

s t k u c t u r e  w i l l  be  a combination of t h e s e  modes. The usua l  approach 

(e.g.  Raymond, 1975) is  t o  cons ider ,  f o r  each wavenumber Ik, on ly  t h e  

c o n t r i b u t i o n  of t h e  most uns t ab le  mode. I n  t h e  case  of having s e v e r a l  

modes wi th  comparable growth, t h i s  may l ead  t o  ve ry  d i f f e r e n t  r e s u l t s .  

The procedure t o  be  followed he re  w i l l  a l low f o r  t h e  use  of as many 

uns t ab le  modes, f o r  each Ik, as considered necessary.  It may be  re- 

garded a s  a g e n e r a l i z a t i o n  of Raymond's approach i n  t h i s  a s p e c t  too. 

The mathematical procedure is t h e  fol lowing.  Equation (3.12) 

may be  r e w r i t t e n  f o r  a l l  v a r i a b l e s  i n  t h e  fo l lowing  v e c t o r  form 



.z ( x , y , t )  = z + i ( ~ k ,  t )  e 
i Ik.lr 

'L 'LO 'L 
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where 

, n o '  I j . 4  

P ~ ( x , Y , ~ ) ,  eN(x 'Y, t ) ,  w ~ + ~ ( x , Y  
I 1 

* . I  I and 

A t  t h e  i n i t i a l  t ime equat ion  0 . 3 2 )  g ives  t h e  va lue  9f Q ? (- lk,O) as 

A 

t,, .Z (Ik ,o) = - 
'L k ( x , y , o )  - ko)e-i'k"r dxdy . ,' (3.35) 

( 2 d 2  

. 4 4 .  
The evolu t ion  i n  t ime, based on a  p a r t i c u l a r  sub-set of uns t ab le  modes 

: j 
f o r  each wavenumber Ik, w i l l  be  obtained i f  we d e f i n e  

- l!r I 
I !  ' 

The sub-set of e igenvec tors  may be or'thodbrmalized without  l o s s  of 

' 1 J 
, "  

I '  

g e n e r a l i t y  so  t h a t  



which follows from the  s u b s t i t u t i o n  of equation (3.36) i n t o  equation 

( 3 . 3 2 )  evaluated a t  t he  i n i t i a l  time. The parenthes is  i n  equation 

(3.37) r e f e r s  t o  the  inner  product between two vector  q u a n t i t i e s .  

In  t h e  way i t  has been defined,  equat ion (3.36) de f ines  t h e  

p ro jec t ion  of t h e  i n i t i a l  condi t ion  onto t h e  p a r t i c u l a r  sub-set o i  

eigenfunctions chosen. 

3.1.4 F i n a l  Computations 

Evaluation of t h e  i n t e g r a l s  i n  equations (3.32) and (3.35) re- 

qu i re s  d i s c r e t i z a t i o n  so  t h a t  t h e  i n t e g r a l s  a r e  replaced by sums. The 

wavenumber may be chosen t o  be an inverse  mul t ip l e  of a  ho r i zon ta l  

dimension (n 2n/Lx , n 2n/Ly). I n  t h i s  case  t h e  i n i t i a l  condi t ion  
X Y 

w i l l  be pe r iod ic  with period Lx i n  t h e  x- d i r e c t i o n  and L i n  t h e  y- 
Y 

d i r e c t i o n .  I f  L  and L a r e  l a r g e  enough, t h e  i n i t i a l  development of 
X Y 

t h e  d is turbance  w i l l  be f r e e  from in te r fe rence  from neighboring 

pe r iod ic  so lu t ions .  On t h e  o the r  hand, a  l a r g e  va lue  of L and L re- 
X Y 

qu i re s  a  l a r g e  number of k  and k  's f o r  which t h e  eigenvalue problem 
X Y 

has t o  be evaluated wi th  t h e  consequent need of extens ive  computer 

t i m e .  A compromise has been found using L = L = 300 km and nx, 
x  Y 

n  = -29...-1, 0,  1. , .29 so  t h a t  t h e  h ighes t  mode has a  wavelength of 
Y 

10.5 km. Looking i n t o  an a rea  of 200 km length  and width cenaered i n  

t h e  proximity of t h e  d is turbance  increases  t h e  time f o r  which t h e  

so lu t ion  is f r e e  f rom-in ter ference  from the  pe r iod ic  boundary condi- 

t i o n s  of the  so lu t ion .  The i n t e g r a l  i n  equation (3.35) may be evalu- 

a t ed  a n a l y t i c a l l y  by giving an a n a l y t i c a l  form of t h e  i n i t i a l  d i s t u r -  

bance. The p a r t i c u l a r  form used w i l l  be given i n  t h e  next  chapter .  



Two computer programs have been developed to simulate the model. 

The first resolves the eigenvalue problem subject to imposed basic 

state profiles of temperature and wind and stores the eigenvalues and 

eigenvectors for further use. The second program defines an initial 

condition and computes the time evolution of any desired field. The 

measure of reliability of the second program is seen in its ability to 

reproduce the initial condition by calculating equation (3.33) at the 

initial time. This will be discussed in the next chapter of model 

results. The accuracy of the algorithm that calculates the 

eigenvalues and eigenvectors will be examined in the following two 

sections. 

, . . - 
3.2 Test of the Model without Parameterizations 

I. 
i 

Before going further into the details of parameterization schemes, 

it was found necessary to check the computer program which finds the 

solution to the eigenvalue problem against theoretical studies. 
I In 

1 :  4 
this section, an upper boundary with no vertical velocity will be used 

as boundary condition since this is the boundary condition used in the 

studies that will be referred to below. 

c ,  

3.2.1 Speed of Internal Gravity Waves 

: I  
With the appropriate basic state the model should be able to 

reproduce the speed of internal gravity waves. According to Haltiner 

(1971), the phase speed of internal gravity waves in a non-rotating 

flow with no basic state velocity and isothermal atmosphere is 



where k i s  t h e  v e r t i c a l  wavelength. I n  t h i s  case ,  t h e  phase speed 
z 

c x i s  real s i n c e  t h e  atmosphere is s t a b l y  s t r a t i f i e d .  k i s  s e t  t o  
Y 

zero  i n  t h i s  test. 

A 3-layer model produced t h e  r e s u l t s  of Table 1. Inc reas ing  

t h e  v e r t i c a l  r e s o l u t i o n  t o  a 9-layer model provided b e t t e r  approximation 

t o  t h e  t h e o r e t i c a l  phase v e l o c i t y .  For t h e  longer  v e r t i c a l  wavelengths,  

t h e  e r r o r  is only  10% i n  t h e  3-layer model decreas ing  t o  1% i n  t h e  
I 
I 

9-layer model. A s  t h e  v e r t i c a l  wavelength decreases  i t  becomes l e s s  

w e l l  reso lved  by t h e  v e r t i c a l  g r i d  and t h e  e r r o r  i nc reases .  This  

emphasizes a need f o r  good v e r t i c a l  r e s o l u t i o n ,  The phase v e l o c i t y  

i n  t h i s  ca se  is a real number and no i n s t a b i l i t y  is observed ( t h e  

p!ofile of 8 is  s t a b l e  and t h e r e  i s  no mechanism t o  genera te  i n s t a -  
0 

b i l i t y  . 

3 . 2 . 2  I n s t a b i l i t y  of S t r a t i f i e d  Sheared Flows 

The inc lus ion  of a sheared b a s i c  state wind f i e l d  makes t h e  

t h e o r e t i c a l  problem a b i t  more complicated. With no r o t a t i o n  and no 

small-scale  processes ,  and making t h e  incompress ib i l i t y  assumption, t h e  

system of equat ions  (3.13) - (3.17) can  b e  combined i n t o  a s i n g l e  
L1 

equat ion f o r  w (assume k = 0,  vo (2) = 0 ) .  
Y 



Table  1. Phase v e l o c i t i e s  g i v e n  by t h e  3 - layer  model 
. - - - - 

;,nd by e q u a t i o n  (3.38) f o r  d i f f e r e n t  h o r i z o n t a l  and v e r t i c a l  
wavelengths .  H is  9 km and (g/O-) dOo/dz is  3 .11  x s - ~  , 
(k = 01, nz = 3km. 

Y 

Tab le  2. Same as Tab le  1, but  f o r  9 - layer  model ,Az= lkm. 

4 

c - Eq(3.38) 

(m. s - l )  

48.6 

33.2 

16.8 

15.7 

c-model 

(m. s - l )  

43.5 

29.5 

15.0 

12 .5  

T 

c - Eq(3.38) 

(m. s-l) 

48.6 

33.2 

25.0 

21.9 

16.8 . t 

15.7  -, 
12.6  ' 

t ' 1 2 . 1  , 

11.2  1 

10.9 ' 
8.4  

7 

I . 8 . 3  

\ 5 .6  

5 .6  
- 

L 
z 

(km) 

2H 

2H/ 3 

c-model 

(m . s- ) 

48.1  

" I 1 .\ 32.8 

24.0 

20.9 

c 15.2  . i 

14.2  
1, 

10 .5  

10 .0  

7.4 + ?  

7.2 

5 .1  

4.9 h ,  

3.2 a ! 

3 . 1  

~ ~ 8 1 .  6 1 r.e- 3 

z 
(km) 

2H 

H 

2 ~ /  3 

H/ 2 

4 ~ / 9  

2H/9 

k 
X 

(km-l) 

1 

0 . 1  

. 0.4 

0 . 1  

0 .4  
, I *  

k 
X 

(km-1) 

0 . 1  

0 .4  
1 

0 . 1  

0 .4  

0 . 1  

0 .4  

0 . 1  

0 .[t 

0 . 1  

0 .4  

0 . 1  

0 .4  

0 . 1  

0.4 
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This is the so-called Taylor-Goldstein equation, where 

2 d In P, 
N (z) = 

-g - d z  

. . .. 
is the Burnt-Vaisala frequency. Equation (3.39) has been studied ex- 

tensively in fluid mechanics (e.g. Howard, 1961, Hazel, 1971 among 

others) and therefore the solutions may be compared easily with the 

present model. In order to make this comparison, equation (3.16) has 

been replaced by the corresponding one for a co~npressible fluid 

Hazel (1971) uses the incompressible form of the continuity equation 

to derive equation 3.39 and so it will be used here also. In equation 

(3.13) the last left-hand-side term is substituted using equation (3.4). 

The method of solution of equation (3.41) is to impose boundary 

conditions and find the eigenvalues c as a function of k . Note that 
X 

if the hydrostatic approximation is made, the equation becomes 

4 
and it can be seen that the eigenvalue c is independent of k The x ' 

computer program was run making the hydrostatic approximation with ar- 

bitrary wind and temperature profiles and it was confirmed that c = w / k  
X 

is not a function of k . Equation (3.42) shows that the hydrostatic 
X 
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Figure 3.2 Non dimensional growth rate as a function of non- 

dimensional wavenumber for Richardson number J=0.125: a) 5-layer model 
b) 10-layer model; c) 15-layer model; d) same as c except for the use 
of a 4th order differencing scheme to calculate basic state derivatives; 

-1 O results from Hazel (1971). 
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assumption is  j u s t i f i e d  f o r  long wavelengths where k can be neglec ted  
X 

i n  equat ion  (3.39). 

Hazel (1971) solved equat ion  (3.39) s u b j e c t  t o  t h e  boundary condi- 

t i o n s  of no v e r t i c a l  v e l o c i t y  a t  t h e  top  and bottom of t h e  model. I n  

one of h i s  ca ses ,  t h e  p r o f i l e s  of wind and d e n s i t y  were given by 

2-2 
0 

uo(z)  = Vtanh - 
h 

1 2-2 -- 0 

dz 
= otanh -- 

0 
h 

where V is a  t y p i c a l  v e l o c i t y ,  z  i s  H/2, o  is  a  t y p i c a l  d e n s i t y  measure 
0 

and h  i s  t h e  depth of t h e  shear  l a y e r .  The r e s u l t s  were given i n  terms 

of a  Richardson number def ined  a s  

Figure 3.2 shows t h e  growth r a t e  nondimensionalized a s  i n  Hazel (1971) 

a s  a  func t ion  of nondimensional wavenumber,obtained wi th  J = 0.125 

f o r  d i f f e r e n t  v e r t i c a l  r e s o l u t i o n s .  Hazel (1971) g ives ,  f o r  each J ,  

t h e  va lue  of maximum growth r a t e  and t h e  a s soc i a t ed  wavenumber and a l s o  

t h e  wavenumber where t h e  s t a b i l i t y  is  n e u t r a l .  These t h r e e  p o i n t s  

a r e  p l o t t e d  a s  c i r c l e s  i n  Figure 3 .2  f o r  comparison. The o t h e r  

curves were run with a  1 km shear  l a y e r  i n  t h e  b a s i c  s t a t e ,  t h e  depth 

of t h e  atmosphere being 9 h; it can be seen  t h a t  with increased 

r e s o l u t i o n  of t he  shear  l a y e r  t h e  r e s u l t s  tend t o  t h e  t h e o r e t i c a l  ones.  



1 .  , I  1 , :  C 
In  o rde r  t o  desc r ibe  the  b a s i c  s t a t e  d e r i v a t i v e s  i n  a  more p r e c i s e  

way, a  fou r th  order  f i n i t e  d i f f e r e n c e  scheme was introduced:  curve d  

of Figure 3 . 2  i n d i c a t e  t h e  improved r e s u l t s .  This  is  a  r a t h e r  extreme 

case  s i n c e  i t  is not  common i n  t h e  atmosphere t o  have such s l ~ a l l o w  

shear  l a y e r s ,  except perhaps i n  b i l l o w  c louds ,  b u t  i t  emphasizes t h e  

I 
need f o r  v e r t i c a l  r e s o l u t i o n  i n  order  t o  accu ra t e ly  desc r ibe  t h e  in- 

s t a b i l i t y  c h a r a c t e r i s t i c s .  I 
3.3 Parameter iza t ion  of Small-scale Processes  

Questions on t h e  v a l i d i t y  of t h e  a t tempts  t o  parameter ize small- 

s c a l e  atmospheric processes  a r e  r a i s e d  by many atmospheric s c i e n t i s t s  

nowadays on t h e  b a s i s  t h a t  very  l i t t l e  is  known about t h e  physics  of 

small-scale  

p a r t i c u l a r  . 

processes ,  i n  genera l ,  and of t he  s c a l e  i n t e r a c t i o n s  i n  

I 
The model lers ,  on t h e  o t h e r  hand, f e e l  t h e  need ' t o  inc lude  

phenomena of s c a l e s  smal le r  than t h e  ones under s tudy  b u t  a r e  con- 

s t r a i n e d  by computing l i m i t a t i o n s .  The s o l u t i o n  f o r  m o d e l l e r s i s  always 

t o  c l o s e  t h e  system of equat ions ,  a t  some p o i n t ,  with t h e  in t roduc t ion  

of a  parameter iza t ion  theory,  Between t h e  o b s e r v a t i o n l i s t s  c laiming 

t h a t  i t  i s  too  soon t o  parameter ize and t h e  model lers  say ing  t h a t  

they w i l l  do i t  anyway wi th  t h e  a v a i l a b l e  techniques ,  very l i t t l e  

work has  been done t o  prove, d i sprove  o r  improve t h e  v a l i d i t y  of 

c u r r e n t  parameter iza t ion  schemes e i t h e r  t h e o r e t i c a l l y  o r  from da ta  

a n a l y s i s .  1 
The model descr ibed i n  t h i s  t h e s i s  i s  intended f o r  mesoscale 

a n a l y s i s  and with t h i s  purpose w i l l  look i n t o  s c a l e s  from t e n  t o  a  

few hundred ki lometers .  The cumulus s c a l e  f a l l s  i n t o  t h e  smal le r  

s c a l e  and obviously p lays  a  very  important r o l e  i n  t h e  d e s c r i p t i o n  and 



understanding of mesoscale motions; t hus  we parameter ize t he  cumulus 

t 
s c a l e .  This  is a c r u c i a l  s t e p ,  however, s i n c e  very  l i t t l e  is known 

of t he  i n t e r a c t i o n  of cumulus s c a l e  and mesoscale motions. But, a s  

model lers  always do, we s t i l l  want t o  t r y ,  and s e e  what we ge t . .  . 
? I ' 

1 It should be s t r e s s e d  h e r e  t h a t  t h e  chosen parameter iza t ion  

schemes do not  inc lude  a l l  small-scale  phys i ca l  processes  t h a t  can 

be considered as inf luenc ing  t h e  mesoscale motions, bu t  r a t h e r  t hose  

processes  t h a t  a r e  be l ieved  more important  and a l r eady  have a de- 

veloped parametr ic  theory.  

3.3.1 Cumulus Heating 

( The d i a b a t i c  hea t ing  i n  t h e  cumulus s c a l e  a f f e c t s  t h e  mesoscale 

i 
temperature f i e l d s  through t h e  t e r m  I/J on t h e  r i g h t  hand s i d e  of 

0 

equat ion (3.16). The h o r i z o n t a l  advec t ion  of temperature by t h e  s m a l l  

s c a l e  i n  $J w i l l  be neglec ted  under t h e  assumption t h a t  t h e  d i a b a t i c  
8 

hea t ing  r a t e  o f f e r s  a  b igge r  con t r ibu t ion .  A f u t u r e  r e v i s i o n  of t h i s  

model should a t tempt  t o  i nc lude  t h e s e  terms perhaps through the  so- 

I 
c a l l e d  pseudoviscosi ty  concept used t o  parameter ize t u r b u l e n t  t r ans -  

p o r t s  ( s ee  Cotton, 1975).  Q is t h e  mesoscale d i a b a t i c  hea t ing  and is 

neglected h e r e  s i n c e  t h e r e  is no mois ture  i n  t h e  p re sen t  model. A l l  

t h e  moisture is i n  t h e  cumulus s c a l e  processes .  

The CISK (Condit ional  I n s t a b i l i t y  of t h e  Second Kind) mechanism 

a s  envisioned by Charney and E l i a s sen  (1964), Ooyama (1963) and very 

we l l  descr ibed  by Ooyama (1969), i s  based on t h e  idea  t h a t  cumulus 

clouds and la rge-sca le  t r o p i c a l  systems support  each o t h e r ,  t he  cumulus 

c e l l  by supplying t h e  hea t  energy f o r  d r i v i n g  t h e  depress ion  and t h e  

depress ion  by providing low-level convergence of mois ture  i n t o  t h e  
1 



cumulus c e l l .  The mid t ropospher ic  a i r  i n  t h e  t r o p i c s  is no t  con- 

, JO .,! :,j , . .  I 

v e c t i v e l y  uns tab le  s o  t h a t  moist  convection depends c r i t i c a l l y  on t h e  

high va lues  of moist s t a t i c  energy i n  t h e  boundary l a y e r .  I n  order  t o  

support  organized convect ive a c t i v i t y  f o r  a period much longer  than the  

time s c a l e  of i nd iv idua l  convect ive clouds i t  i s  apparent ly  necessary 

f o r  t h e  boundary l a y e r  flow t o  converge s o  t h a t  uns t ab le  a i r  w i l l  be 

ci L I 

continuously suppl ied  t o  convective clouds.  Clouds then provide t h e  

l i f t i n g  o f a i r  p a r c e l s ;  i . e . ,  they genera te  p o t e n t i a l  energy t h a t  i s  

r e l eased  i n  compensating downward motions t h a t  w i l l  a d i a b a t i c a l l y  warm 

t h e  environment of c louds;  t h i s  warming enhances t h e  depress ion  and 

therefore. , ,also t h e  1ow:level convergence. This  phys i ca l  mechanism may 
1 : z s  I < .  7 - 3  

be used t o  exp la in  i n t e r a c t i o n  between t h e  cumulus s c a l e  and t h e  meso- 

A ,  
s c a l e  a s  w e l l ,  o r  perhaps i n  a b e t t e r  way, even i f  t h e  time s c a l e  of 

mesoscale events  i s  not  a s  l a r g e  a s  t h a t  of la rge-sca le  systems, 

because t h e  convergence suppl ied  by mesoscale systems may be  one o r  

two o rde r s  of magnitude l a r g e r  than t h a t  provided by t h e  la rge-sca le  

ones. c .  + . i , .  ., _ . I J <  ' ,  

The c l a s s i c a l  way (e.g.  Ooyama, 1969) t o  parameter ize t h e  CISK 

concepts has  been t o  add a d i a b a t i c  hea t ing  term i n  t h e  thermodynamic 
1 

equat ion (3.2) of t h e  form 

r >  1 - I f ,  i l ; l :  1- + . -011 ' 

. I; where w* is  t h e  v e r t i c a l  v e l o c i t y  a t  t h e  top  of t h e  boundary l a y e r  and 

TI is  a func t ion  of he igh t .  This  term would supposedly cance l  t h e  

~ $ ~ i a b ~ a t * + c  coo,ling due t o  l i f t i n g  of a i r  p a r c e l s .  Severa l  c r i t i c i s m s  



1 

have been r a i s e d  t o  t h a t  form of parameter iza t ion .  F i r s t  of a l l ,  W* 

should be a  c h a r a c t e r i s t i c  mean updra f t  v e r t i c a l  v e l o c i t y  and i s ,  

indectl, n mean between up and down motions and  so  i t  may not: balmncc 

the  a d i a b a t i c  cool ing.  This  c r i t i c i s m  a p p l i e s  mainly t o  t h e  e a r l i e r  
1 
1 

ve r s ions  of CISK which were regarded as r ep resen t ing  Ekman l a y e r  

pumping. The second and most s e r i o u s  c r i t i c i s m  is  t h a t  t h e  r e s u l t s  

a r e  s e n s i t i v e  t o  t h e  s p e c i f i e d  hea t ing  p r o f i l e  such t h a t  one can o b t a i n  

any des i r ed  r e s u l t  by simply tun ing  t h e  hea t ing  p r o f i l e .  Chang (1976) 

s tud ied  t h e  s e n s i t i v i t y  of t h e  eigenvalues of t h e  v e r t i c a l  s t r u c t u r e  

equat ion  t o  d i f f e r e n t  i n t e n s i t i e s  and shapes of t h e  hea t ing  func t ion .  

H i s  computations show t h a t  t h e  r e a l  p a r t  of t h e  e igenvalues  a r e  l i t t l e  

a f f e c t e d  by t h e  i n t e n s i t y  of t h e  hea t ing  r a t e  o r  by v a r i a t i o n s  i n  t h e  

l e v e l  of maximum hea t ing  r a t e  whi le  t h e  imaginary p a r t  of t h e  eigen- 

va lue  is  h igh ly  s e n s i t i v e  t o  both. This  meaw t h a t  a s,ound phys i ca l  
1 , l i  , , c I q ! & ,  S t  - ,  . I 7 r j :  j t J l  

reason f o r  choosing t h e  hea t ing  r a t e  p r o f i l e  must be given t o  j u s t i f y  

t h e  use of t h i s  parameter iza t ion .  

The parameter iza t ion  t o  be  used he re  w i l l  be t h e  one used by 

Stevens and Lindzen (1978) and descr ibed  i n  what fo l lows .  Stevens and 

Lindzen (1978) def ined  t h e  i n t e n s i t y  of t h e  hea t ing  r a t e  from a  budget 

po in t  of view, i . e . ,  t h e  i n t e g r a t e d  hea t ing  i n  a  column has  t o  equal  

t h e  n e t  condensation minus evapora t ion  which equa l s  t h e  p r e c i p i t a t i o n  

a t  t h e  su r f ace  P 



where P is given by 
\'.I , , , 

which assumes t h a t  the main moisture source i s  from a  so-cal led moist 

l a y e r  (sub) ML) wi th  mean mixing r a t i o  equal  t o  q  . 
0 wML 

is 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  m o i s t l a y e r .  Now, i f  t h e s h a p e o f  t h e  hea t ing  

. > .  , p r o f i l e  is given by 2 - J ( '  

i J  L ,  , ' e 
0 (2-2,) 

I 
a - exp(bz) s i n  
T z  < Z < Z  

I, i !  ,,' z -z T  c c -  - T 
0 

I y , (z)  = ( 3 . 4 8 )  

.,, . 1 ;  
.., . 

0 z < z  and z b z  
c T 

:I _,., 1 

The magnitude of the hea t ing  r a t e  is  given by 

2 * - Lv x e x p  (-zm/H) (zT-zc) [ ( b - 1 / ~ )  + T / ( Z ~ - Z ~ ) ~ ]  
a = -  - ( 3 . 4 9 )  

, . A .  *:- , v G 8  T c  { exp [ ( b - l / ~ ) z ~  + ( b - 1 / ~ )  z  ] 1 , r l  
P C 

Equations (3.48) and (3.49) a l low f o r  d i f f e r e n t  l e v e l s  of maximumheating 

wi th  t h e  same i n t e g r a t e d  va lue  of t h e  hea t ing  r a t e ,  which is  b a s i c a l l y  

dependent on t h e  mean mixing r a t i o  i n  t h e  moist l a y e r .  Note t h a t  t h e  
, 

eigenvalue cond i t i on  is  given by wm = wt(zm) .  . , 1 )  

- ,  
i i 

3 . 3 . 2  Momentum Mixing i, > .  , 

' I 

Obs&rvat ional  s t u d i e s  (e .g . ,  Houze, 1973) have shown t h a t  v e r t i c a l  

momentum t r a n s p o r t  by cumulus may be of t h e  same order  of magnitude a s  

I 



t h e  l a rge - sca l e  v e r t i c a l  momentum t r a n s p o r t .  The mesoscale c o n t r i -  

bu t ion  i s ,  however, mixed up wi th  t h e  cumulus s c a l e  c o n t r i b u t i o n ,  s o  

t h a t  no r e a l  assessment of t h e  former has  been done. In  modeling t h e  

mesoscale motions, t h e  cumulus s c a l e  t r a n s p o r t s  a l s o  p lay  an important 

r o l e .  Schneider and Lindzen (1976) parameterized t h e  momentum exchange 

by cumulus convection f o r  use i n  l a rge - sca l e  models of t h e  t r o p i c a l  

atmosphere. The main assumption involved is  t h a t  t h e  f r a c t i o n a l  a r e a  

covered by convect ive clouds i s  much l e s s  than one. Though t h i s  assump- 

t i o n  w i l l  b e  only margina l ly  v a l i d  i n  t h e  case  of mesoscale c i r c u l a t i o n s ,  

t h i s  parameter iza t ion  w i l l  be used h e r e  f o r  l a c k  of a  more s u i t a b l e  one. 

The terms $ ly , QZ i n  equat ions  (3.13) - (3.15) con ta in  ( c . f .  equa t ion  
x' Y 

(3.11)) t h e  t r a n s p o r t s  of momentum by t h e  smal l  s c a l e  and t h e  cor re-  

l a t i o n  of smal l  s c a l e  p re s su re  g rad ien t  and dens i ty .  Cloud model lers  

regard the  l ion-hydrostatic p re s su re  pe r tu rba t ion  a s  a  very important 

term i n  the  equat ions .  Holton (1973) presented  a  theory  t o  parameter ize 

t h e  non-hydrostat ic  p e r t u r b a t i o n  pressure .  I n  t h e  p re sen t  model, how-. 

eve r ,  t h e  mesoscale motions a r e  assumed t o  be non-hydrostat ic  and s o  

t h e  small s c a l e  p re s su re  p e r t u r b a t i o n  is  a d e v i a t i o n  about a  f i e l d  t h a t  

a l r eady  conta ins  s i g n i f i c a n t  v e r t i c a l  a c c e l e r a t i o n s .  The theory  pre- 

sen ted  by Holton was intended t o  c o r r e c t  t h e  assumption t h a t  t h e  

p re s su re  i n s i d e  t h e  cloud equa l s  t h e  environmental p re s su re  which was 

h y d r o s t a t i c .  It is not  c e r t a i n  t h a t  Holton 's  scheme is appropr i a t e  

t o  t h e  present  model. This  i s  c e r t a i n l y  an example of l a c k  of under- 

s tanding  of t h e  phys ics  of s c a l e  i n t e r a c t i o n  and sepa ra t ion .  I n  t h e  

p re sen t  work, t h e  c o r r e l a t i o n  between d e n s i t y  p e r t u r b a t i o n  and p re s su re  

g rad ien t  i n  t h e  smal l  s c a l e  w i l l  be  neglec ted .  



The remaining p a r t  of JIy, JI , \ con ta ins  v e r t i c a l  and h o r i z o n t a l  
Y 

t r a n s p o r t s  by small-scale  processes .  The ho r i zon ta l  t r a n s p o r t s  o r  

h o r i z o n t a l  advect ion of v e l o c i t y  a r e  i n  t h i s  s c a l e  sma l l e r  than t h e  

v e r t i c a l  t r a n s p o r t s  s i n c e  t h e  h o r i z o n t a l  t r a n s p o r t s  a r e  more l i k e l y  

t o  average ou t .  Only t h e  v e r t i c a l  advec t ion  of h o r i z o n t a l  momentum 

w i l l  be parameterized. The v e r t i c a l  advec t ion  of v e r t i c a l  momentum 

w i l l  a l s o  be neglec ted  here .  J u s t i f i c a t i o n  f o r  t h e  neg lec t  of hor i -  

zon ta l  advect ion and of v e r t i c a l  advec t ion  of v e r t i c a l  momentum i n  

t h e  cumulus s c a l e  may be found i n  t h e  obse rva t iona l  work of Lenschow 

(1970), and Pennel and LeMone (1974) among o the r s .  

According t o  t h e  scheme developed by Schneider and Lindzen (1976),  

t h e  parameterized v e r t i c a l  advec t ion  of h o r i z o n t a l  momentum may , 

be expressed a s  

C where M i s  t h e  cloud mass f l u x  and\v is  a h o r i z o n t a l  v e l o c i t y  v e c t o r  
c H 

c h a r a c t e r i s t i c  of cumulus clouds.  Stevens e t  a 1  (1977) c o n s t r a i n  t h e  

i n t e g r a l  of equat ion  (3.50) t o  be  ze ro  on t h e  assumption t h a t  c louds 

do no t  genera te  momentum but  on ly  t r a n s p o r t  it from one l e v e l  t o  

L another .  This  assumption is  s a t i s f i e d  i f  \v i s  t h e  h o r i z o n t a l  v e l o c i t y  
H 

vec to r  a t  cloud base. The c o n s t r a i n t  on t h e  i n t e g r a l  of t h e  cumulus 

f r i c t i o n  al lows f o r  3n a c c e l e r a t i o n  of w e s t e r l i e s  a t  t h e  lower atmos- 

phere and e a s t e r l i e s  i n  t h e  upper atmosphere a s  observed a f t e r  a  

passage of a  s q u a l l  l i n e  ( e - g .  B e t t s  e t  a1 1976) and obtained i n  

t h e o r e t i c a l  models (Moncrieff and M i l l e r ,  1976). The v a l i d i t y  of t h i s  



assumption that clouds do not generate net momentum may be questioned 

on the basis that there is work done by the non-hydrostatic pressure 

field as shown by Moncrieff and Miller (1976), but, the results of 

their model still show that the above mentioned constraint is valid at 

least as a first approximation. 

Applying the averaging and smoothing technique? mentioned in the 

beginning of this chapter with 

the term in JI in equation (3.5)  becomes H 

while the basic state equations are 

p l t ~ s  the thermodynamic andhydrostatic equations. Eddy interaction terms 

-- 
have been neglectedinthe dynamics ofthe basic state. M is the cloud 

C 



mass f l u x  i n t o  t h e  l a rge - sca l e  and may be s p e c i f i e d  a s  t h e  one ob- 

t a ined  by Yanai et  a 1  (1973). Note t h a t  t h e  b a s i c  s t a t e  has  t o  a l low ----- 
f o r  a v e r t i c a l  v e l o c i t y  i n  o rde r  t o  s a t i s f y  t h e  governing equat ions .  

--.- ------- 
f 

M is  t h e  cloud mass f l u x  i n t o  t h e  mesoscale and, a s  shown by 
C 

Stevens and Lindzen (1978), h a s  t o  be c o n s i s t e n t  wi th  t h e  observed 

hea t ing  i n  t h e  fol lowing Form 

1 

so  t h a t  M may be def ined  as 
C 

according t o  equat ions  (3.42) and (3.43).  The func t ion  f ( z )  i n  equat ion 

(3.50) has  been chosen t o  be  

az ' f ( z )  = e s i n  (nz/zTM) 

with "a" found from equat ion (3.54).  A s  def ined above, t h e  cloud mass 

f l u x  is  zero  a t  t h e  s u r f a c e  and a t  z  = (N-%)A~, but  non ze ro  a t  
TM 

cloud base.  A s  shown by Stevens e t  a l . ,  (1977) t h e  app ropr i a t e  boundary 

condi t ion  a t  t h e  t o p  (due t o  t h e  in t roduc t ion  of one more v e r t i c a l  

d e r i v a t i v e s )  is t h a t  



which has  t h e  e f f e c t  of removing a  s i n g u l a r i t y  from t h e  f o u r t h  order  

d i f f e r e n t i a l  equat ion  i n t o  which t h e  system of equat ions  can, a f t e r  

some s i m p l i f i c a t i o n s ,  be combined. 

I n  order  t o  c o r r e c t l y  apply t h e  r a d i a t i o n  condi t ion  a t  t h e  top of 

t h e  model, M ' has  t o  b e  zero a t  t h a t  he igh t .  On t h e  o t h e r  hand, (3.57) 
C 

has t o  be appl ied  a t  t h e  top of t h e  model (Stevens e t  a l . ,  (1977) .  The 

cloud top  def ined  i n  t h e  cumulus hea t ing  parameter iza t ion  has  t o  b e  

lower than model t o p  i n  order  t o  apply  t h e  r a d i a t i o n  condi t ion .  The 

way t o  i n t e g r a t e  a l l  t he se  d e t a i l s  has  been t o  d e f i n e  cloud top  a t  a  

c e r t a i n  l e v e l  below model top ,  o r  tropopause i n  t h i s  case ,  and l e t  zc 
and Mc ' go t o  zero r i g h t  below model top  s o  t h a t ,  indeed, some over- 

shoooting is allowed i n  t h e  momentum parameter iza t ion .  The boundary 

condi t ions  may then  be app l i ed  without  any f u r t h e r  complicat ion.  

The t h i r d  term on t h e  r i g h t  of equat ion  (3.52) is non-linear and 

has  t o  be neglec ted  i n  a l i n e a r  theory even though i ts  magnitude may,be 

comparable t o  o r  even g r e a t e r  than t h e  o t h e r  terms. 

With t h e  in t roduc t ion  of momentum mixing by cumulus convect ion i t  

is  seen i n  equat ion  (3.53) t h a t  t h e  b a s i c  s t a t e  has  v e r t i c a l  v e l o c i t y  

a s soc i a t ed  wi th  i t .  Since t h e  o b j e c t i v e  of t h i s  s tudy i s  t o  s p e c i f y  

u v and a l s o  s i n c e  t h e  observed p r o f i l e  of % i s  w e l l  known (Yanai 
0' 0 '  C 

e t  a l . ,  1973),  equat ion  (3.53) may be so lved ,  a s  a n  overdetermined 
7-- 

system of equat ions ,  f o r  an opt imal  p r o f i l e  of w . The r e s i d u a l  i n  
0 

equat ion  (3.53) may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e r e  i s  some 



divergence in the basic state contrary to the initial assumption. It 

should be noted that with the introduction of w , equations (3.13) - 
0 

(3.16) contain an extra term, namely w dc/dz, wo dG/dz, w di/de + 
0 0 

id w /dz,and w di/d~, respectively. 
0 0 

The finite difference scheme for the vertical derivatives of 

A , . . .  ,. 
u, v, w and 8 consists of centered differences except at the lower 

and upper boundaries where backward and forward differencing techniques 

1 1 "  are applied. 

3.3.3 Cloud Scale Downdraft 

As mentioned in Chapter 2, Miller and Betts (1977) and Zipser 

(1977) have identified a cloud scale saturated downdraft and a meso- 

scale unsaturated downdraft. Betts and Silva Dias (1979) developed a 
m > ,,r.,.; , 5  3 

parameterization of the thermodynamic characteristics of cumulonimbus 

downdrafts based on data collected during VIMHEX I1 and on a simple 

one dimensional model of rainfall evaporation developed by Kamburova 
I I 

and Ludlam (1966). In the case of a saturated downdraft, it was shown 

that the asymptotic solution 
.. ;I _ ' :! 

(%) downdraft ? ,  . . 

is, vqlid, where is the lapse rate along a moist adiabat (or along 
W 

constant eE). Zipser (1977) shows that a characteristic value of BE 

inside the cloud scale downdraft is 341'~. The level of initiation, 

according to Miller and Betts (1977) is anywhere from 650 mb to 800 mb.  



To in t roduce  t h e  cloud s c a l e  downdraft i n  t h e  p re sen t  model t h e  fol lowing 

term 

.. . I . %. 

' .  I ,  - . . , .  I : - . .  

wat, added t o  t h e  l e f t  hand s i d e  of t h e  thermodynamic equat ion  (3.5), 

whtlre w is  t h e  v e r t i c a l  v e l o c i t y  a t  a c e r t a i n  l e v e l ,  j u s t  above which D 

tht:  downdraft is assumed t o  i n i t i a t e .  The t e r m  i n  equat ion  (3.59) is  

int.roduced only  below t h e  l e v e l  of i n i t i a t i o n  of t h e  downdraft. A s  

i n  t h e  case  of cumulus hea t ing  t h e  cloud s c a l e  downdraft parameteriza- 

b - ,  * - ,  : t i 3 . r  

t i o n  i s  uncondi t iona l ,  i . e . ,  equa t ion  (3.59) i s  used whether w i s  
D 

p o s i t i v e  o r  nega t ive .  The argument used t o  j u s t i f y  t he  nega t ive  cumulus 

hec~ t ing  i n  t h e  l i t e r a t u r e ,  (e .g . ,  Lindzen, 1974) has  been t h a t  i t  i s  a 

pe r tu rba t ion  over  t h e  l a r g e  s c a l e  va lue  of d i a b a t i c  hea t ing  which in- 

cllrdes t he  mean e f f e c t  of cumulus i n  t h e  l a r g e  s c a l e  p lus  r a d i a t i o n  

e f j ' e c t s .  I n  f a c t  w,, cannot r ep re sen t  t h e  a c t u a l  speed of t h e  down- 

drzlft ,  i t  merely shows a mean between updra f t  and downdraft i n  t h e c l o u d  

s c ~ ~ l e  so t h a t  t h e  i n t r o d u c t i o n  of equat ion  (3.59) may be  seen  as a mean 
L I 

I .  1 , * ,  , 

ef l ' ec t  t h a t  t a k e s  i n t o  account t h e  upward and downward moving p a r t s  of 

tht! cumulus c e l l s .  It should be noted t h a t  B e t t s  and S i l v a  Dias (1979) 

de~reloped t h e  above mentioned downdraft parameter iza t ion  based on t h e  

ef:iect of s q u a l l  l i n e s  as a whole on t h e  thermodynamic s t r u c t u r e  of t he  

su1)cloud l a y e r ,  coherent  wi th  a mesoscale downdraft; t h e  cloud s c a l e  

d o ~ m d r a f t  a s  a s a t u r a t e d  flow was a c t u a l l y  de t ec t ed  i n  a few cases  f o r  

wh..ch equat ion  (3.59) is f a i r l y  accura te .  



3.4 Summary 

The main a spec t s  of t he  model descr ibed  i n  t h i s  chapter  a r e  t h e  

fol lowing 

a )  It is a l i n e a r  non-hydrostatic s p e c t r a l  model i n  z-coordinates wi th  

a  h o r i z o n t a l l y  homogeneous b a s i c  s t a t e  on a  non-rotat ing plane.  The 1 

, < r  

f i e l d s  of wind v e l o c i t y ,  temperature and p re s su re  a r e  obtained by 

Four ie r  summations over a l l  s p e c t r a l  components. 
) r  .I 

b) The model, wi thout  small s c a l e  parameter iza t ions ,  i s  a b l e  t o  re -  

produce t h e  speed of i n t e r n a l  g r a v i t y  waves and i n s t a b i l i t y  
: i 

c h a r a c t e r i s t i c s  of waves produced by shea r  i n s t a b i l i t y  i n  s t r a t i f i e d  
, .  8 * J * .  

, . . 3  

flows. 

c )  The cumulus hea t ing  parameter iza t ion  is t h e  so-cal led Wave-CISK 
r '  

parameter iza t ion ,  def ined  by a n  idea l i zed  moisture budget. 

d) The momentum mixing parameter iza t ion  is  a s  developed by Schneider 

and Lindzen (1976). 

e )  A t e n t a t i v e  inc lus ion  of a cloud s c a l e  downdraft parameter iza t ion  

a s  def ined by B e t t s  and S i lva  Dias (*l979) is presented.  
. , >  \; 



. I (  The model descr ibed i n  Chapter 111 has two d i s t i n c t  s t ages :  t he  

f i r s t  is the  eigenmode decomposition through the s o l u t i o n  o f  equat ion 

(3.30); t h e  second s t a g e  i s  t h e  d e f i n i t i o n  of an  i n i t i a l  cond i t i on  and 

consequent Four ie r  summation over  t h e  uns t ab le  eigenmodes as s t a t e d  
q r :  1 

by equat ions  (3.32) - (3.37). The main p a r t  of t h i s  chap te r  w i l l  be  

devoted t o  i n v e s t i g a t i n g  t h e  s e n s i t i v i t y  of t h e  eigenvalues t o  d i f f e r e n t  

parameters r e l a t e d  t o  s m a l l  s c a l e  processes  and t o  b a s i c  state s t ruc tu re .  

F 
The s i g n i f  i&nce of t h i s  a n a l y s i s  is ,  however, c l o s e l y  l i nked  t o  t h e  

f i n a l  p a r t ,  t h e  time and space evo lu t ion  of a n  i n i t i a l  condi t ion .  I n  

. is . Y L  

deal ing  with s p e c t r a l  models, i t  i s  very  common t o  have a preconceived 

idea  t h a t  t h e  most uns tab le  mode w i l l  be t h e  predominant term i n  t h e  

Four ie r  summation a f t e r  some t i m e .  This i s  t r u e  i n  p r i n c i p l e ,  b u t  de- 

J iL*J r 
pending on the  i n i t i a l  condi t ion ,  i t  may t a k e  so  long f o r  t h e  most 

uns tab le  mode t o  predominate t h a t  o t h e r  assumptions, t h e  l i n e a r i t y  

foi: example, a r e  no longer  v a l i d .  Suppose, f o r  example, t h a t  t h e  most 

-1 uns tab le  mode has a wavelength of 25 km and growth rate of (2 h r )  , and 

t h e  mode wi th  100 km wavelength h a s  growth r a t e  of (12 h r ) - l .  Depending 
. l l , 4 l f i l  

t 
on t h e  Four ie r  t ransform of t h e  i n i t i a l  cond i t i on  represented  by C( Ik,m) 

i n  equat ion  (3.37),  t h e  d i f f e r e n c e  i n  growth r a t e  may o r  may not  be 

i m ~ o r t a n t .  An i n i t i a l  cond i t i on  showing a  r eg ion  of convergence with 

s c s l e  of 100 km w i l l  have a Four ie r  t ransform (c( lk,m)) with a  peak 

arcund wavelength of 100 Ism. The va lue  of C( Ik,m) a t  wavelength 100 km . . J  ,> . . - 4 z . , .  .. .* . r. 

may be f i v e  o r  s i x  o r d e r s  of magnitude l a r g e r  than a t  wavelength 25 km, 

i n  which caqq, i t  ygy47) tpge o ? ~ ,  ,?r, $30, days .lQ.r t h e  most uns t ab le  mode 

t o  predominate; by t h a t  time, t h e  l i n e a r i t y  assumption would c e r t a i n l y  



not be va l id  f o r  reasonable amplitudes of i n i t i a l  conditions. 011 the  

o ther  hand, observations of mesoscale disturbances indicate  typ ica l  time 

sca les  of less than a day. 
* : I  

It should be kept i n  mind throughout t h i s  chapter  t h a t  the  

se lec t ion  of apar t icularmode i s  not so le ly  determined by the  so.Lution 

of the  eigenvalue problem, but  a l s o  by the  p a r t i c u l a r  atmospheri~:. 

s i t u a t i o n  chosen a s  i n i t i a l  condit ion,  Although t h e  most unstable 

mode w i l l  be subject  t o  c lose r  sc ru t iny  i n  t h i s  chapter ,  some a t t e n t i o n  

w i l l  be given a l s o  t o  o the r  modes whose wavelengths a r e  important from 

t h e  point of view of i n i t i a l i z a t i o n .  

The f i r s t  p a r t  of Chapter I V  w i l l  be devoted t o  studying the  

model s e n s i t i v i t y  t o  t h e  small s c a l e  parameterization; t h e  second 1 

1 

p a r t  w i l l  show how t h e  eigenvalues a r e  dependent on p a r t i c u l a r  f ea tu res  

of the  bas ic  s t a t e  wind and temperature p ro f i l e s .  A few examples of I 
how the  ve r t i ca l -  s t r u c t u r e  of thkse - modes i s  modified. ?ill a l s o  be , : ; , ; . q , f -  I h 8  , f * +  .I .I ' I, I 

I 

shown. ! . , I 
I +  ' 3 ,  r 

7 1 

I 

, - ?  I 

' 4 . 1  S e n s i t i v i t y  tc small-scale Parameterization 
, . 

Three parameterization schemes have been defiri&dUin Chapter 111, 

namely, cumulus heating,  momentum mixing by cumulus clouds and cloud 

s c a l e  downdraft parameterizations. Several parameters a r e  involved I 

- i 
I n  t h e  d e f i n i t i o n  of these  schemes and the  way chosen t o  test the  

s e n s i t i v i t y  of t h e  eigenmodes i s  the  following: t h e  cumulus heating 

, .. 7.t , $ 4  
t .  is introduced i n  the  model and its parameters t e s ted  (sect ion 4.1.. 1 )  ; 

. .'T. the  cumulus heat ing parameters a r e  f ixed and the  momentum mixing para- 

meterizat ion introduced and i t s  parameters t e s ted  (sect ion 4.1.:!); 

' : f ina l ly ,  the cloud s c a l e  downdraft parameterization is introducl?d, 



w::th t h e  two o t h e r  schemes f i x e d ,  and t h e  involved parameters a r e  

tt!sted ( sec t ion  4.1.3).  

a )  Model S t r u c t u r e  and Basic  S t a t e  

The top  boundary i s  set a t  t h e  tropopause o r  16 km. Af te r  a few 

tests on how much r e s o l u t i o n  w a s  needed, t h e  spacing between l e v e l s  ( c f .  

Fig.  3.1) was set a t  1 km s o  t h a t  t h e r e  a r e  16 l e v e l s  i n  t he  v e r t i c a l .  

Increas ing  t h e  r e s o l u t i o n  t o  890 m (18 l e v e l s )  o r  800 m (20 l e v e l s )  d i d  

no t  change t h e  r e s u l t i n g  e igenvalues  by more than  5%. However, changing 

t h e  r e s o l u t i o n  from 2 km (8 l e v e l s )  t o  1 km (16 l e v e l s )  produced eigen- 

va lues  t h a t  d i f f e r  by as much as 50%. 

The r a d i a t i o n  cond i t i on  is  app l i ed  r i g h t  below t h e  tropopause . 
The b a s i c  s t a t e  throughout s e c t i o n  4.1 w i l l  be chosen a s  t h e  mean 

s t a t e  dur ing  t h e  GATE as computed by Thompson e t  a l . ,  (1979). F ig .  4 .1 

shows t h e  wind hodograph l a b e l e d  Eas t  A t l a n t i c  which was obtained by 

averaging t h e  winds i n  t h e  B-scale dur ing  GATE. It may be  noted t h a t  

t h e r e  i s  cons iderable  d i r e c t i o n a l  shear  of t he  winds from t h e  su r f ace  

u p  t o  700 inb. Above t h a t  l e v e l ,  t h e  winds a r e  b a s i c a l l y  from the  e a s t .  

Fig.  4.2 shows t h e  p o t e n t i a l  temperature l abe l ed  Eas t  A t l a n t i c  f o r  

t h e  same period.  The s t a b i l i t y  (dB /dz)  is  g r e a t e r  between t h e  s u r f a c e  
0 

and 8 km than  between 8 and 1 3  km. Above 1 3  km, t h e  s t a b i l i t y  i s  

increased  a s  t h e  i so thermal  l a y e r  (o r  lowec s t r a t o s p h e r e )  i s  reached. 

4.1.1 S e n s i t i v i t y  wi th  Respect t o  Cumulus Heating Parameters 

Severa l  parameters a r e  involved i n  t he  cumulus hea t ing  parameteri-  

za t ion  a s  def ined  by equat ions  3.45, 3.48, 3.49, namely, t h e  l e v e l  of 

rraximum hea t ing  r a t e ,  t h e  top of t he  moist  l a y e r ,  cloud base  and cloud 
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Figure  4.1.  Wind hodographs f o r  GATE R-scale (E. A t l a n t i c )  from 
Thompson e t  a l . ,  (1979) and f o r  KEP t r i a n g l e  (W. P a c i f i c )  from Reed 
and Recker (1971).  I '  . , , ' (  a 7 
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B Figure  4.2. P o t e n t i a l  t empera ture  f o r  GATE B-scale (E. A t l a n t i c )  from Thompson e t  a1.,(1979); 
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L o p ,  ralx3n;5 rat l o  i n  the moist l a y e r .  In p a r t  (a )  below, t h e  phy:;ical 

b a s i s  f o r  a s s ign ing  a p a r t i c u l a r  va lue  t o  t hese  parameters w i l l  bc  

discussed a s  w e l l  as t h e  expected v a r i a b i l i t y  of t h e  ass igned  valires; 

p a r t  (b) w i l l  look  t o  t h e  e f f e c t  of vary ing  these  parameters on t h e  

eigenvalues;  p a r t  (c )  w i l l  p r e sen t  and d i s c u s s  t h e  v e r t i c a l  s t r u c t u r e  

of a few modes; p a r t  (d) w i l l  b r i e f l y  d i s c u s s  t h e  e f f e c t  of s u b s t i t u t i n g  

the  r a d i a t i o n  cond i t i on  a t  t h e  top  of t h e  model by a boundary conki t ion  

of ze ro  v e r t i c a l  v e l o c i t y .  4 - . , . 

a )  Heating parameters 
r . . 

. I  ? 
Among t h e  parameters involved i n  t h e  cumulus hea t ing  parameteriza- 

t i o n  t h e  most s t r a igh t fo rward  t o  d e f i n e  a r e  c e r t a i n l y  cloud base  and 

cloud top. Observations dur ing  t h e  GATE r e p o r t  cloud bases  between 

400 and 600 m and tops  of cumulonimbus from 10  t o  15 km (GATE Workshop 

Report,  1977, pp. 289-397 and pp. 441-503). 

The moist  l a y e r  i s  understood, according t o  equat ion  3.47, a s  a 

l a y e r ,  with depth zm and mean mixing r a t i o  q above which t h e  mixing 
0 '  

r a t i o  f a l l s  r a p i d l y  t o  ze ro  w$th inc reas ing  he igh t .  The t o t a l  h e a t i n g  

i n  a coluuy is made equal  t o  t h e  p r e c i p i t a t i o n  by assuming t h a t  most of 
i l. 

t h e  mois ture  convergence i n  t h a t  column occurs  i n s i d e  t h e  moist  I.ayer. 

According t o  Gray (1977) t h e  s t r o n g e s t  convergence i n  t h e  GATE systems 

goes up t o  about 800 mb o r  2 km. The mean mixing r a t i o  a t  2 lun has  a 

, I  
value  between 6 and 10 g-kg whi le  t h e  s u r f a c e  va lue  is about l ( i  o r  

- 1 .. 1 
17 g'kg s o  t h a t  a mean va lue  f o r  a 2 km l a y e r  is  about 12 g*kg . 
The mixing r a t i o  a t  2 km is a l r eady  decreas ing  r a p i d l y  wi th  inc reas ing  

he igh t  bu t  s t i l l  some c o n t r i b u t i o n  t o  p r e c i p i t a t i o n  by advec t ion  of 

moisture may be coming from above 2 km, up t o  perhaps 4 o r  5 km. 



The most c o n t r o v e r s i a l  of t hepa rame te r s  involved i n  t h e  cumulus 

h'zating parameter iza t ion  is  t h e  l e v e l  of maximum hea t ing  r a t e .  The 

d i f f i c u l t y  i n  spec i fy ing  t h i s  parameter i s  t h a t  obse rva t iona l  s t u d i e s  

h4we concent ra ted  i n  c a l c u l a t i n g  t h e  p r o f i l e s  of hea t ing  rate i n  la rge-  

s c a l e  budgets.  N i t t a  (1977) f o r  example, shows t h e  r e s u l t s  of la rge-  

s c a l e  budgets dur ing  t h r e e  per iods  of vary ing  mesoscale a c t i v i t y .  The 

r e s u l t i n g  p r o f i l e s  of hea t ing  r a t e  are, then ,  t h e  combined r e s u l t  of 

mc?soscale and small s c a l e  hea t ing  r a t e s .  The p re sen t  model, however, 

r e q u i r e s  a p r o f i l e  of hea t ing  r a t e  t h a t  r e p r e s e n t s  t he  e f f e c t  of  t h e  - , , ' , 

c~lmulus s c a l e  on t h e  mesoscale,  and it is  no t  known whether t h e  maxi- 

mum hea t ing  r a t e  l e v e l  is t h e  same as t h e  one obta ined  i n  l a rge - sca l e  

budgets.  Another complicat ion is t h a t  l a rge - sca l e  s t u d i e s  have found 

g r e a t  v a r i a b i l i t y  i n  t h e  l e v e l  of maximum hea t ing  r a t e ,  probably due 
I '  ( :  

t o  d i f f e r e n t  types  of mesoscale and smal l  s c a l e  processes .  Yanai e t  a l . ,  
- F -' .: 
(1.973) and N i t t a  (1977) ag ree  wi th  a l e v e l  of maximum hea t ing  r a t e  (zMH) 

at.  about 400 mb o r  7.5 km. Thompson e t  a l . ,  (1979) f i n d s  t h e  maximum 

hea t ing  r a t e  a t  about 4.5 km. W i l l i a m s  and Gray (1973) r e p o r t  t h i s  

l e v e l  a t  about 8.5 km. Johnson (1978) r e p o r t s  t h a t  zMH is  between 6 and 

8 kin. It is n o t  known i f  t h e  v a r i a b i l i t y  encountered is due t o  t h e  

mesoscale o r  t o  t h e  small s c a l e  con t r ibu t ion ,  s o  t h a t  f o r  l a c k  of more 

s p e c i f i c  information i t  w i l l  be  assumed t h a t  t h e  same range of va r i a -  

b i l i t y  i n  t h e  l e v e l  of maximum h e a t i n g  r a t e  found i n  l a r g e  s c a l e  budgets 
< , > *  ,> I ' 1" ' " . *-I ' 7.t - , d '  $1 4 b . 3  

a p p l i e s  t o  t h e  p re sen t  case .  
.L 4 . J  . *:;,. a * .  ~ C A  JL $! : $ > ?  

In  summary, t h e  cumulus hea t ing  parameters  assume t h e  va lues  i n  
1 -, .I 

Table '1, except  when s t a t e d  o therwise  i n  t h e  t e x t .  
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Table 1. Values of Cumulus Heating Parameters ., , , ;# 

;'. . ,. s.! ; '6" *: 
b)  Eigenvalues 

With the  in t roduct ion  of t h e  cumulus parameterizat ion and t l e  
. #  . > .  

C . ? \  : 

parameters l i s t e d  i n  Table 1, t h e  model G i s  run f o r  d i f f e r e n t  wave- 
' ' 

numbers n and n (kx = 2nnx/200 km, k = Znn 1200 km). For each 
X Y Y Y 

. . r - i  I, 

p a i r  of (n n ) t h e  so lu t ion  of equation (3.30) produces a set of 
x' Y 

eigenvalues,  t he  most uns tab le  one being t h e  one with g r e a t e s t  imaginary 

p a r t  w (cf .  equat ion 3.19) o r  f a s t e s t  growth r a t e .  Fig. 4.3 shows 
i - 

the  most uns table  eigenvalues f o r  n = -24, ..., 0 ,  ..., 24 and 
X 

n = 0,  ..., 24. The p a r t  of the  diagram corresponding t o  n = -24. 
Y Y 

..., 0 is  no t  shown s i n c e  i t  is  equal t o  t h e  one shown (obtained by 

r o t a t i o n a l  symmetry around t h e  o r i g i n ) .  It is  e a s i l y  v e r i f i e d  from 

equations (3.13) - (3.17) t h a t  i f  w is  a s o l u t i o n  f o r  wavenumker 
. # T I , -  t , . ' . . . , .  

(nx, n ) then -w*  (* denoting complex conjugate) is a s o l u t i o n  f o r  
Y 

wavenumber (-nx, -ny), s o  t h a t  t h e  r e a l  p a r t  of o changes s ig r ,  and 
I 

* . , . I [  
' r.7 

t h e  imaginary p a r t  still corresponds t o  an uns table  mode, The two 
1 

so lu t ions  correspond, indeed, t o  a s i n g l e  phys ica l  s o l u t i o n  o b t ~ . i n e d  I 
by adding the  two complex conjugate p a i r s  i n t o  a s i n g l e  r e a l  qu rn t i ty .  1 

' I< " ,&:; 
Fig. 4.3(a) shows i s o l i n e s  of w and Fig. 4.3(b) ,  i s o l i n e s  of I( r ' i *  

For wavenumber (-10, 10) corresponding t o  a wavelength of 14 km the  



Figure 4.3. Eigenvalues of most uns t ab le  mode f o r  model run  wi th  
only  t h e  cumulus hea t ing  parameter iza t ion  (parameters i n  Table 1 ) .  
(a) r e a l  p a r t  of w; (b) imaginary p a r t  of w, o r  growth r a t e .  Dashed 
lines i n  Fig. 4 .3(a)  denote nega t ive  va lues  of phase speed. Symbol H 
and L denote reg ions  of r e l a t i v e  maximum and minimum, r e s p e c t i v e l y ,  i n  
t h a  growth rate. 



- 3  -1 -1 I 

growth r a t e  is 0.544 x 10 s o r  (31 min) wi th  or equal  t o  0.62 x 
-2 -1 -1 

~ 
1 10 s o r  phase speed c ( c f .  equa t ion  3.18) of 14 m . s  . The d i r e c t i o n  , 

r 

of propagation of t h i s  p a r t i c u l a r  mode is  along t h e  wavenumber vez tor  
% ,. 1 

(-10,lO) which p o i n t s  towards t h e  northwest .  P o s i t i v e  phase s p e e i  means , 
wave propagat ion i n  t h e  sense  def ined  by t h e  wavenumber vec to r .  Segat ive 

c means propagat ion i n  t h e  d i r e c t i o n  oppos i t e  t o  t h e  wavenumber vector .  r 

The p a r t i c u l a r  mode shown i n  Fig.  4.3 wi th  wavenumber (-10,10), t aen ,  

- 1 
t r a v e l s  toward t h e  northwest wi th  phase speed 14 m , s  . The wavenumber 

-1 
(10, l o ) ,  on t h e  o t h e r  hand, has  growth rate of (34 min) and phase speed 

- 1  
i .e. towards t h e  southwest.  of -14.4 m . s  , I 

8 8 

I n  t h e  ca se  of wavenumber (-10,lO) t h e  second most uns t ab le  node has  

- 1 -1 
growth r a t e  of (33 min) and phase speed of -10 m . s  (not  shown i n  

Fig.  4.3) s o  t h a t  i t  would t a k e  4 hours  f o r  t h e  most uns t ab le  mode t o  

I have amplitude two t i m e s  t h e  amplitude of thesecondmost  uns t ab le  mode. , 
I 
I 

During t h e  i n i t i a l  growth s t a g e ,  a combination of t h e  two modes raxy be , 
I 

seen. It can even happen, i n  some cases  t o  b e  presented  l a t e r  i n  t h i s  
! 

chapter  , t h a t  t h e  second most u n s t i b l e  mode (def ined  by ' c o n t i n u i t  y i n  

phase speed) becomes t h e  most uns t ab le  f o r  a p a r t i c u l a r  s e t  of wave- 

numbers. The graph f o r  phase speed i n  t h i s  case  shows a packing of l i n e s ,  
7- 

denoting a d i s c o n t i n u i t y  i n  phase speed; t h e  r o u t i n e  t h a t  genera tes  

graphs l i k e  t h e  ones i n  Fig.  4 .3  is designed t o  p i ck  up t h e  eigenvalues 

w i th  g r e a t e r  va lue  of w sc hat sudden s h i f t s  i n  olr j u s t  mean t h a t  is 

d i f f e r e n t  modes, w i th  qu i t -  U,,,L,,,,, w become t h e  most uns tab le  r' 
' .  

mode a t  p a r t i c u l a r  sets of wavenumbers. , 
' ) I + ; - ,  rf 

, ! 3 :- Fig. 4.3(b) shows t h e  growth r a t e  s t e a u ~ l y  inc reas ing  from t h e  

. I 
lower cen te r  of t h e  f i g u r e ,  o r  wavenumber (0,O) , towards t h e  h ighe r  

J P  5 ,.? . , A.7 4 



wavenumbers. The h i g h e s t  growth rates a r e  found a t  progress ive ly  

h igher  wavenumbers o r  sma l l e r  wavelengths s o  t h a t  no preff?xr&ed,,s~@$e 

can be def ined  i n  terms of maximum growth r a t e .  This  r e s u l t  is s i m i l a r  

t o  previous wave-CISK s t u d i e s ,  (e.g. Hayashi, 1970).  For n n g r e a t e r  
x' Y 

than  about 20 t h e  wavelengths f a l l  i n  t h e  cumulus s c a l e  and should no t  
.,., I . ' ,  . v  - " . < " , J ,  

1 

be considered.  

A t  t h i s  po in t  it is  u s e f u l  t o  , d i scus?  the. concept of group v e l o c i t y .  
'! ' . 7  . r I )  - .  

Grwp v e l o c i t y  as def ined  i n  n e u t r a l  wave s t u d i e s  (zero  growth r a t e )  is 

the  v e l o c i t y  a t  which a packet  of waves wi th  d i f f e r e n t  wavelengths w i l l  

propagate.  The mathematical experess ion  f o r  t h i s  concept is r e l a t e d  t o  .(. '. 7 - ' J b , .  - A  ,z r 

the  d e r i v a t i v e s  of phase speed (Bre ther ton ,  1969). .. 1 . 4  ' ,;. i 

I ? .  r t i  , ; , I  2 '  b a t  . . , J  :( 

It can be  argued t h a t  t h i s  express ion  may be approximately v a l i d  a t  t h e  
" I . . I  3 1 .  

ve ry  i n i t i a l  s t a g e  of growth, bu t ,  a s  t ime goes on and a p a r t i c u l a r  wave 

, wit.h h igher  growth rate starts t o  predominate, t h e  propagat ion speed 
8, 

t ends  t o  t h e  phase  speed of t h i s  p a r t i c u l a r  uns t ab le  mode. The theore t -  
: r 

i c a l  b a s i s  of t h e  above argument should be s u b j e c t  t o  f u r t h e r  s tudy;  

the. r e s u l t s  i n  chapter  5 show t h a t  indeed t h e r e  is a tendency f o r  t h e  
" ' ,  . . 9: 

, p r c~paga t ion  speed t o  go from a n  i n i t i a l  v a l u e  t o  t h e  phase speed of a 

p a r t i c u l a ~ , . , ~ ~ d ~ ~ , .  The i n i t i a l  va lue ,  however, i s  n o t  q u i t e  t h e  one ob- 
-' 1 

t a ined  by equat ion 4.1, b u t  then,  t h i s  equat ion  does n o t  t a k e  i n t o  ac- 

cou.nt t h e  ex i s t ence  of s e v e r a l  uns t ab le  modes f o r  t h e  same wavenumber. 

The s e n s i t i v i t y  of t h e  e igenvalues  w i th  r e s p e c t  t o  cloud base  and 

cloud top is  minimal. Changing cloud base  from 400 m t o  600 m and cloud 

 to^ from 10 km t o  15 km had the  e f f e c t  of changing t h e  phase speed and 



growth r a t e  by less than 10% while  keeping t h e  o v e r a l l  dependence on 

wavenumber a s  i n  Fig.  4.3.  

( 1  . I ' - 
: The e f f e c t  of changing t h e  h e a t i n g  amplitude has  been d iscussed  by ' 

Chang (1976), and h i s  r e s u l t  i s  confirmed he re .  The growth r a t e  Linearly 

i nc reases  with inc reas ing  qo whi le  t h e  phase speed remains cons tan t .  An 

increase  o r  decrease  i n  q i s  r e l a t e d  t o  a n  inc rease  o r  decrease i n  t he  
0 

in t eg ra t ed  va lue  of hea t ing  and t o  t h e  p r e c i p i t a t i o n ,  according t o  equa- 

t i o n  3.47. This  va lue  can b e  e x t e r n a l l y  s p e c i f i e d  i n  accordance ,wtih ob- 

s e rva t ions .  Furthermore, t h e  r e l a t i o n s h i p  between growth r a t e  and hea t ing  

amplitude is expected,  i. e .  , t he '  i o g t  .uns t i b l e  waves, which have increas-  

i n g  va lues  of v e r t i c a l  v e l o c i t i e s  , being we l l  c o r r e l a t e d  t o  h igh  

p r e c i p i t a t i o n .  

The e f f e c t  of changing t h e  top  of t h e  mois t  l a y e r  is no t  s o  s t r a i g h t -  

forward and is very  much model dependent due t o  t h e  p a r t i c u l a r  v e r t i c a l  i 
+ a  d . ,  2 ,  r 

s t r a t i f i c a t i o n  and v e r t i c a l  e x t e n t  o £  ' the model, which tends  t o  f o r c e  I 
I 
1 

' waves of a p a r t i c u l a r  v e r t i c a l  wavelength. Figs .  4.4, 4.5, and 4.6 show I 

t h e  same p l o t  a s  i n  Fig. 4.3 except  f o r  t h e  top  of moist  l a y e r  which i s  

a t  3 km, 4 km and 5 km rei$ectively, a s  opposed t o  2 krn i n  Fig.  4.3. The 

main e f f e c t s  of a n  upward displacement of t h e  top  of t h e  moist  l a y e r  is 
b 

r educ t ion  of t h e  va lue  of growth r a t e  and t h e  appearance of more d i s -  

c o n t i n u i t i e s  i n  t h e  w diagrams (F igs .  4.4a, 4.5a, 4 .6a) ,  denot ing t h e  r 

appearance of  uns t ab le  modes t h a t  have q u i t e  d i f f e r e n t  phase v e l o c i t i e s  

than f o r  neighboring va lues  of wavenumber. When t h e  top  of t h e  moist 

' .  l a y e r  is changed, t h e  v e r t i c a l  v e l o c i t y  t h a t  i s  used i n  t h e  cumulus 

C .  ; ,  . . I .  
hea t ing  parameter iza t ion  is  a l d b  khanged ( c f .  eq;ation 3.45 and 3.47) s o  

t h a t  depending on t h e  s t r u c t u r e  of t h e  e igenvec tors ,  t h e  t o t a l  va lue  of 

I , . .  



Figure 4.4. Eigenvalues for model run with only cumulus heating 
parameterization; parameters in Table 1 except for zML = 3 h. (cf. 
Fig. 4.3 for details). 
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Figure 4.5. Eigenvalues for model run with only cumulus heating 
parameterization; parameters in Table 1 except for z = 4 km. (cf.  ML 
Fig. 4.3). 



Figure 4.6. Eigenvalues for model run with only cumulus heating 
parameterization; parameters in Table 1 except for z = 5 km. (cf. 
Fig. 4.3). ML 
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Figure 4.7. Eigenvalues for model run with only cumulus heating 
parameterization; parameters in Table 1 except for z MH = 4.5 km. 
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Figure 4.8. Eigenvalues for model run with only cumulus heating 
parameterization; parameters in Table 1 except for z = 6 km. MH 



Figure 4.9. Eigenvalues for model run with only cumulus heating 
"' parameterization; parameters in Table 1 except for zm = 9 km. 
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heating is increased o r  decreased. This w i l l  be discussed again i n  t h e  

next sec t ion on the v e r t i c a l  s t r u c t u r e .  , 
I' ' 

The s e n s i t i v i t y  with respect  t o  t h e  l e v e l  of maximumheatingratemay 

be seen i n  Figs. 4.7, 4.8, 4.9 f o r  which z is  4.5 km, 6 km and 9 km, 
MH 

respectively.  Fig. 4.3 had a l e v e l  of maximum heating r a t e ' a t  7.5 km. A 

t r a n s i t i o n  may be observed from low to  high values of growth r a t e  

I while z changes from 4.5 t o  9 km. Figs. 4 . 3  and 4.9 a r e  p a r t i c u l a r l y  m 
s imi la r ,  except f o r  t h e  value of growth r a t e  increasing about 60% f o r  an 

increase of 20% i n  zMH (from 7.5 km t o  9 km). The change i n  growth r a t e  

from Fig. 4.7 (zm = 4.5 km) t o  Fig. 4.8 (zMH = 6 km) is very small. I n  

r . f a c t  f o r  z a t  4.5 km and 6 km, the re  is a f a c t o r  of 80 between wr and MH 
- ; r- ... w so  t h a t  the  waves a r e  almost neu t ra l .  This i s  i n  accordance with i 

Hayashi (1970) which found out  t h a t  the  heat ing i n  upper troposphere 

should be g rea te r  than i n  lower troposphere a s  a condit ion f o r  ins ta-  

b i l i t y .  From Fig. 4.8 t o  Fig. 4.3 (zMH = 7.5 km) the re  is a b ig  change 

' . '  i n  growth r a t e s  again of about one order of magnitude. Chang (1976) re- 

ported a l i n e a r  increase i n  growth r a t e  with t h e  increase of z but  he 
MH ' 

looked i n t o  l e v e l  of maximum heat ing r a t e s  higher than 7.5 km. For zMH 

grea te r  than 7.5 km the  r e s u l t s  obtained here  agree with Chang's (1976). 

There a r e  two noteworthy aspects  on t h e  v a r i a b i l i t y  encountered i n  

t h e  eigenvalues a s  a r e s u l t  of varying the  top of the  moist l aye r  and 

the  l e v e l  of maximum heating r a t e :  t h e  s t rong dependence of the  value of 

growth r a t e  on z and so  t h a t  t h e  model can be "tuned" t o  give a ML 

s p e c i f i c  growth r a t e ;  however, the  o v e r a l l  shape of the  i s o l i n e s  of 

growth r a t e  is not modified f o r  s u f f i c i e n t l y  high z and s u f f i c i e n t l y  m 
low zML), i.e., a l l  modes have t h e i r  growth r a t e  increased by t h e  same 



amount. This  means t h a t  i f  a  given mode is t h e  most uns t ab le  mode f o r  

c e r t a i n  z and z i t  w i l l  remain t h e  most uns t ab le  mode f o r  varying MH ML' 

, values  of z and z MH ML* The phase speed i s  no t  very  s e n s i t i v e  t o  zm, 

z except  f o r  h igh  wavenumbers, o r  s h o r t  wavelengths,  where t h e  d i s -  
ML 

c o n t i n u i t i e s  tend t o  appear .  .. . . J 

c )  V e r t i c a l  S t r u c t u r e  r ,  I . . l l l  

I I The s tudy  of t h e  v e r t i c a l  s t r u c t u r e  of a  p a r t i c u l a r  mode may be done 

I i n  two ways. One of them is  t o - j u s t  p l o t  t h e  v e r t i c a l  p r o f i l e  of 
, . , . A h , .  

t h e  e igenvec tors  u ,  v ,  p, 8,  w, Since t h e  e i g e n v e c t o ~ g  a r e  complex 

r numbers, e i t h e r  t h e  r e a l  and imaginary p a r t s  are p l o t t e d  sepa ra t e ly  

o r  t he  amplitude and phase a r e  p l o t t e d .  Although t h e  procedure is indeed 

very  s imple,  t h e  i n t e r p r e t a t i o n  of t h e  d i f f e r e n t  p r o f i l e s  is n o t  s t r a i g h t -  

forward s i n c e  i t r e q u i r e s a  cons iderable  degree of imaginat ion on the  

p a r t  of t h e  reader .  This  can be c e r t a i n l y  avoided by p l o t t i n g  in s t ead  

of t h e  e igenvec tors ,  t h e  a c t u a l  mesoscale f i e l d s  of v e l o c i t y  p re s su re  

and p o t e n t i a l  temperature i n  v e r t i c a l  c r o s s  s e c t i o n s .  Equations (3.32)- 

(3.37) a r e  used i n  a  s i m p l i f i e d  manner. A p a r t i c u l a r  wavenumber Ik is 

r - chosen and f o r  t h i s  wavenumber, t h e  mode m of h ighes t  i n s t a b i l i t y  

is se l ec t ed .  I n  equat ion  (3.36) ,  t h e  summation is e l imina ted  and t h e  

c o e f f i c i e n t  (I:( lk,m) is s e t  equal  t o  1 and t h e  c a l c u l a t i o n  is c a r r i e d  

f o r  t = O .  A t  l a t e r  t i m e s ,  t h e  s t r u c t u r e  is  t h e  same due t o  l a c k  of 

i i n t e r a c t i o n  wi th  o t h e r  modes; t h e  ampli tudes grow exponent ia l ly ,  b u t  

t h i s  does not  modify the  shape of t h e  c r o s s  s e c t i o n s .  From equat ion 

(3.32) t he  i n t e g r a l  is e l imina ted  and Z '  (x,y,O) = 6 (x,y,O) - Co may 
'b 

be  ca l cu la t ed .  i l  I ,. ,.. , . ,,,: b, . .  .:.. , . ; :  . ,3n.i  ,;.ru,d....r 



The? s t r u c t u r e  of wavenumber (2,  1 .3)  wavelength (100 km, 150 km) i n  

Fig. 4.3 corresponding t o  t h e  cumulus hea t ing  parameters i n  Table 1 may 

be seen i n  Figs.  4.10 - 4.13. Fig.  4.10 shows a p l o t  of t h e  h o r i z o n t a l  

v e l o c i t y  vec to r  a t  t h e  f i r s t  v e r t i c a l  l e v e l ,  k., 0.5 km. This  is a 

t y p i c a l  wave wi th  reg ions  of convergence and divergence sepa ra t ed  by 

42 km (wavelength of 84 km) t r a v e l i n g  i n  t h e  d i r e c t i o n  ENE - WSW wi th  

- 1 - 1 
phase speed 9.6 m . s  and growth r a t e  of (6 h r  15  min) . Fig.  4.11 

shows a v e r t i ~ a l  c r o s s  s e c t i o n  of t h e  vec to r  (v ' ,  w') f o r  t h e  north-  

south p lane  along x = 0. Fig .  4.12 shows a p l o t  i n  t h e  same p lane  of 

8 '  and Fig. 4.13 of w' .  Note t h a t  t h e  v e r t i c a l  coo rd ina t e  i s  s t r e t c h e d .  

The main f e a t y r e  i n  t h e s e  f i g u r e s  is t h e  v e r t i c a l  t i l t i n g  t h a t  may 

?. 
be observed mainly i n  c r o s s  s e c t i o n s  of 8 '  and of w' (F igs .  4.12 and 

4.13, r e s p e c t i v e l y ) .  There a r e  b a s i c a l l y  two c e l l s  i n  t h e  v e r t i c a l .  

For y = 45 km, t h e  v e r t i c a l  v e l o c i t y  is  small and nega t ive  up t o  2 km; -. . *  

a t  9 km, t h e r e  is a maxhum i n  upward v e r t i c a l  v e l o c i t y  and a secondary 

maximum around 3.5 km. The p o t e n t i a l  temperature v e r t i c a l  c r o s s  

s ec t ion  p r e s e n t s  a more complicated s t r u c t u r e  and a s t e e p e r  t i l t i n g  

of t h e  t r a n s i t i o n  l i n e s  between p o s i t i v e  and nega t ive  va lues  of 8' .  

I n  Appendix A l ,  t h e  energy equat ion  f o r  t h e  p re sen t  model is  derived 

and it may be seen  t h a t  t h e  term w'8' is r e l a t e d  t o  t h e  conversion of 

p o t e n t i a l  energy t o  k i n e t i c  energy. A p o s i t i v e  va lue   of^ w'8' ( up-warm, 

down-cold) decreases  t h e  va lue  of p o t e n t i a l  energy and inc reases  t he  

k i n e t i c  energy of v e r t i c a l  motions. A p o s i t i v e  mean va lue  of w'8' over  

t h e  wavelength corresponds t o  a n e t  i n c r e a s e  of t h e  mean k i n e t i c  energy 
--- 

of v e r t i c a l  motions. Appendix A2 shows how t h e  terms u'w', v 'w',  p'w' 

and f3'wt, where b a r  denotes  t h e  mean over  a wavelength, may be  ca l -  

cu l a t ed  from t h e  eigenvalues and e igenvec tors  of equat ion  (3.30). F ig .  

I 



Figure 4.10. Horizontal  c ross  sec t ion  a t  z  = 0.5 km showing 
t h e  f i e l d  of t h e  hor i zon ta l  v e l o c i t y  vec tor  f o r  wavenumber (2 ,  
1.3) (cf.  Fig. 4 . 3 )  f o r  cumulus hea t ing  parameters i n  Table 1. 



Figure 4.11. V e r t i c a l  c r o s s  s e c t i o n  a t  x = 0 (meridional  
plane)  showing t h e  f i e l d  of vec to r  (v ' ,wl)  f o r  wavenumber (2,1.3) 
( c f .  Fig.  4.3) f o r  cumulus hea t ing  parameters i n  Table 1. 



Figure  4.12. I s o l i n e s  of mesoscale p o t e n t i a l  t empera ture  i n  
t h e  mer id iona l  p l a n e  a t  x = 0; wavenumber (2,1.3) ( c f .  Fig .  4.3) 
f o r  cumulus h e a t i n g  parameters  i n  Table 1. 



Figure 4.13. Xsolines of mesoscale v e r t i c a l  v e l o c i t y  i n  t h e  
meridional plane a t  x = 0; wavenumber (2,  1 .3)  ( c f .  Fig. 4.3) f o r  
cumulus hea t ing  parameters i n  Table 1. 



I .,....-.- r 4 - -  - 
Figure 4.14. Vertical structure of (A) u'wt;(B) v'w'; - 

(C) p'w' ; (D) 8'wt. (cf. Appendix Al, A2). For wavenumber 
(2,1.3) and with cumulus heating parameters in Table 1. 
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Figure 4.15. V e r t i c a l  c ros s  s e c t i o n  a t  x = 0 (meridional plane)  
showing t h e  f i e l d  of  vec to r  (v' ,wl) f o r  wavenumber (2 , l .  3) ( c f .  Fig. 
4 f o r  nulus hea t ing  parameters i n  Table 1 except f o r  zm = 6 km. 

c e .  4s 

I 



Figure 4.16. Vertical cross section of x = 0 (meridional plane) 
showing the field of vector (vl,wl) for wavenumber (2,1.3) (cf. Fig. 
4.9) for cumulus heating parameters in Table 1 except for zMH = 9 km. 



Figure 4 . 1 7 .  Vertical structure of (A) u'w'; (B)  v'w'; ( C )  p'wl; 
(D) 8 ' ~ ' .  For wavenumber (2,1.3) and with cumulus heating parameters 
i n  Table 1 ,  except for z = 6 km. 

MH 



- - 
Figure 4.18. Vertical structure of (A) u'wT; (B) vfwy; (C) ptw'; 
O'w'. For wavenumber (2,1.3) and with cumulus heating parameters 

in Table 1 except for zm = 9 km. 



I 
I ---- 

4.14 shows a p l o t  of u'w', v'w', p'w', 0'w' a s  a function of the  v e r t i c a l  

11' coordinate. From Appendix A 1, i t  is  seen t h a t  a p o s i t i v e  value of 

u'w' du /dz decreases t h e  t o t a l  energy of the  disturbance. Fig. 4.14A 
0 

shows a p o s i t i v e  value of u'w' from the  surface  up t o  12.5 km while Fig. 

4.1 shows t h a t  the  zonal wind shear f o r  t h e  East At lan t i c  hodograph is 

negative almost a l l  the  way from 950 mb t o  175 mb with negative values 

from 600 mb t o  450 mb so t h a t  u'w' duo/dz is negative Poralmostthewhole 

troposphere denoting an  increase i n  t o t a l  energy i n  the  form of hori-  

zontal  k i n e t i c  energy. The meridional wind shear i s  smaller than the  

zonal wind shear i n  the  East At lan t i c  hodograph of Fig. 4.1. The cor- 
- 

r e l a t i o n  v'w' is  a l s o  smaller  than u'w' . The t e r m  v'w' dvo/dz is nega- 

t i v e  up t o  6.'5 km then p o s i t i v e  up to. 10 km. A negative value of u'w' 
- 

duo/dz o r  v'w' dv /dz is a l s o  re fe r red  t o  a s  downgradient momentum trans-  
0 

por t  (e.g. Dutton, 1976) and according t o  El iassen and Palm (1960), the  

wave e x t r a c t s  energy from the  mean flow (cf .  Appendix A 1 ) .  The term - 

d w'pl/dz according t o  Eliassen and Palm (1960) corresponds t o  the  energy 

divergence associa ted  with the  per turbat ion pressure f i e l d ;  i n  Appendix 

A 1, it  is seen t h a t  a pos i t ive  v e r t i c a l  de r iva t ive  of p'w' decreases 

the  t o t a l  energy. Fig. 4.1 C does not show a predominant s i g n  f o r  

j ' l  Figs. 4.15 and 4.16 show the  v e r t i c a l  c ross  sec t ion  along x = 0 01 

the  vector  (vl,w') f o r  l e v e l  of maximum heat ing a t  6 km and 9 km, re- 
( .  .. 

specrively.  For zm equal t o  6 km t h e  s t r u c t u r e  is  mostly hor izonta l  

with v e r t i c a l  v e l o c i t i e s  very small when compared t o  hor izonta l  veloci-  

t i e s .  For z a t  9 km, on t h e  o ther  hand, a s i n g l e  c e l l  i n  the  middle MH 

troposphere is c l e a r l y  dominant with about the  same t i l t i n g  a s  i n  

I 



Fig. 4.11 f o r  z a t  7.5 km. Figs. 4.17 and 4.18 show the  v e r t i c a l  
I I.-. MH 

s t r u c t u r e  of the f luxes  f o r  a t  6 km and 9 km respect ively .  For z 
MH 

a t  6 km, the  same fea tu res  already discussed concerning Fig. 4 r f o r  

zm a t  7.5 km s t i l l  hold. For z a t  9 km, however, m ig. 4 ,  

the p l o t  of 8'w' with the  p o s i t i v e  values from 5.5 km 

shows 

corresponding t o  an increase of k i n e t i c  energy of ve 
3Y' ,- 

ions. 

The term d plw'/dz is negative from the  surface  up t o  5.3 km, and 
: t i :  

then pos i t ive  up t o  12 km corresponding t o  an increase of wave 
1 ,  , . ,gnergy 

i n  the  lower troposphere and a decrease of wave energy i n  the  middle 
. , . . - ..I I "  

troposphere. .,; 3 , -  1 

Changes i n  the  top of the  moist l aye r  from 2 km t o  4 km, although 
Yl", V l .  ;!., ( 

a f f e c t i n g  the  growth r a t e  a s  seen i n  the  previous subsection,  do not 

s i g n i f i c a n t l y  a f f e c t  the  v e r t i c a l  s t r u c t u r e ,  which is  not  shown here.  

The main e f f e c t  of varying. t h e  l e v e l  of maximum heat ing r a t e  is  

on the i n t e n s i t y  of t h e  v e r t i c a l  ve loci ty ;  t h e  s ign  of the  t ranspor t  s o £  
'7, 

momentum a r e  not af fec ted  by t h e  change i n  zMH, while the agion of 
5 * * J  : f a  , , : E ~ ;  :.r .. 2 

conversion of p o t e n t i a l  i n t o  k i n e t i c  energy a r e  w e l l  defined f o r  zm 

a t  9 lan, while f o r  zm a t  6 km and 7.5 km, the re  a r e  successive regions, 

i n  the  v e r t i c a l ,  of increase and decrease of k i n e t i c  energy. 
. P I  1 ,k A . 

d) Effect  of Top Boundary Condition 

The e f f e c t  of imposing an  upper boundary condit ion of zero v e r t i c a l  
' 7 ,  r?r 

ve loc i ty  w i l l  be b r i e f l y  discussed i n  what follows. The growth r a t e  is 

about 30% higher wi th  a top boundary condit ion of no v e r t i c a l  ve loc i ty  

than with the  rad ia t ion  condition. The phase speed i s  only a few per- 

cent  d i f f e r e n t .  In  the  v e r t i c a l ,  the  imposition of a r i g i d  l i d  has the 

e f f e c t  of producing a s l i g h t  change i n  the  eigenvectors a s  may be seen 
L < ; - IT  : + r ; . '  

A 

i n  Fig. 4.19 f o r  the  amplitude of w. i 



C\ 

Figure 4.19. V e r t i c a l  s t r u c t u r e  of t h e  amplitude of w f o r  
t he  wavenumber (2,1.3) and cumulus hea t ing  parameters  i n  Table 1: 
(a)  Radiat ion cond i t i on  a t  t h e  top  boundary, (b)  top  boundary con- 
d i t i o n  of zero  v e r t i c a l  v e l o c i t y .  

1 



4.1.2 S e n s i t i v i t y  w i th  Respect t o  Momentum Mixing Parameters 

The d e f i n i t i o n o f  t h e  parameter iza t ion  of momentum mixing by 

cumulus clouds does no t  involve many parameters.  Bas i ca l ly ,  t h i s  

parameter iza t ion  involves  t h e  d e f i n i t i o n  of cloud base ,  of t h e  cumulus 

mass f l u x  of t h e  b a s i c  s t a t e  M and of t h e  f u n c t i o n a l  dependence on 
C 

he igh t  of t h e  cumulus m a s s  f l u x  M' . The func t iona l  dependence of Mi 
C 

on he igh t  was chosen t o  be  q u i t e  smooth, an  exponent ia l  mu l t ip l i ed  by 

a s i n e  func t ion  (Fig. 4 .20(b)) .  The parameters involved a r e  determined 

from the  i n t e g r a t e d  va lue  of hea t ing  (equat ion 3.54) and from the  

requirement t h a t  M' be  zero  a t  t h e  s u r f a c e  and a t  model top ,  The 
C 

s e n s i t i v i t y  w i t h  r e s p e c t  t o  t h e  f u n c t i o n a l  dependence of M' w i l l  no t  
C 

be i nves t iga t ed  here .  But MA st i l l  depends on t h e  parameters  r e l a t e d  

t o  t h e  moist l a y e r .  Sec t ion  (a )  w i l l  p r e sen t  t h e  va lues  chosen f o r  

- 
M and cloud base  and w i l l  a l s o  show t h e  b a s i c  s t a t e  v e r t i c a l  v e l o c i t y  

C 

p r o f i l e  obtained as a n  opt imal  s o l u t i o n  of equat ion  3.53. Sec t ion  (b) 

w i l l  d i s c u s s  t h e  modi f ica t ion  o f F i g s . 4 . 3  - 4.9 wi th  t h e  in t roduc t ion  

of momentum mixing and s e c t i o n  (c )  w i l l  i n v e s t i g a t e  t h e  e f f e c t  of t h i s  

parameter iza t ion  on t h e  v e r t i c a l  s t r u c t u r e  of a p a r t i c u l a r  mode. 

a )  Cumulus Heatinp and Momentum Mixing Parameters I 
The parameters r e l a t e d  t o  cumulus h e a t i n g  t o  be  used i n  t h i s  s e c t i o n  

a r e  t h e  ones i n  Table 1. 
- .  , . 

The p r o f i l e  of M chosen is t h e  one obtained by Yanai e t  al., (1973) 
C 

and may be seen i n  F ig .  4 .20(a) .  There may be  some d i f f e r e n c e s  i n  

t he  shape of t h i s  curve f o r  d i f f e r e n t  d a t a  s e t s  and budgets,  bu t  t h e  

o rde r  of magnitude does not  change a l o t .  A s  a s e n s i t i v i t y  t e s t ,  t h e  

model w i l l  be  run f o r  Kc equal  t o  one o rde r  of magnitude smal le r  and one i 
order  of magnitude l a r g e r  t han  t h e  p r o f i l e  i n  Fig. 4 .20(a) .  









With the  Sc p r o f i l e  of Fig.  4.20(a) and t h e  b a s i c  s t a t e  wind and 

I temperature a l r eady  def ined  ( s e c t i o n  4 . l a ) ,  equat ion 3.53 may be  solved ' 

1 I 

lor an optimal p r o f i l e  of wO. Fig.  4.21 shows a p l o t  of t he  b a s i c  s t a t e  I 
-1 

I 

mass f l u x  p w . This f l u x  is approximately 7 mb . h r  i n  t h e  middle 
I ?' 0 0 

tropdsphere and is forced ,  through imposed boundary cond i t i ons ,  t o  he 

zero a t  t he  upper and lower boundaries.  F i g .  4.22 shows a p l o t  of the: 

terms of t h e  mean zonal momentum equat ion  (3.53a) , with  t h e  c a l c u l a t e d  

p r o f i l e  of w and t h e  r e s i d u a l  i n  t he  same equat ion.  The r e s i d u a l  a t  
0' 

a l l  h e i g h t s  i s  r e l a t i v e l y  small g iv ing  some assurance t h a t  t h e  assump- 

t i o n s  on the  la rge-sca le  f low are i n t e r n a l l y  c o n s i s t e n t .  

b )  Eigenvalues 

The e igenvalues  obta ined  running t h e  model w i th  t h e  parameters of 

Table 1 and p r o f i l e s  of Figs .  4.20 and 4.21 may be seen  i n  Fig.  4.23. 

In  comparison with Fig.  4.3 t h a t  does no t  con ta in  t h e  e f f e c t  of  momentum i 
mixing, Fig.  4.23 shows, a s  a s t r i k i n g  d i f f e r e n c e ,  t he  e x i s t e n c e  of a 

p re fe r r ed  mode f o r  wavelengths longer  t han  1 5  km (wavenumber 14 ) .  For 

s c a l e s  l a r g e r  than  a n  ind iv idua l  cumulonimbus tower, t h e  most uns t ab le  

-1 
mode has  wavenumber (10,2) w i th  growth r a t e  of (27 min) and phase speed 

It is i n t e r e s t i n g  t o  no te  t h a t  t h e  maximum growth r a t e  occurs f o r  

a wave of wavelength 100 km i n  t h e  y d i r e c t i o n  and 20 km i n  t h e  x 
-1 

d i r e c t i o n ,  i . e . ,  wavelength of 19.6 km wi th  speed -18.7 m . s  towards 

257' o r  between W and WSW. This  p a r t i c u l a r  mode may be r ep re sen t ing  

a s q u a l l  l i n e  o r  convect ive l i n e  s o  common i n  t h e  Eas te rn  A t l a n t i c ;  

speed and growth rate are a l i t t l e  l a r g e r  than  t h e  ones observed, bu t  

d i r e c t i o n  of propagat ion is q u i t e  acceptab le .  For abso lu t e  va lue  

' I 
of nx g r e a t e r  than  16 and of n g r e a t e r  than 14 ,  t h e  growth r a t e  

Y 

I 



s t a r t s  t o  increase  again, a s  i n  the  inv i sc id  case. I n  the  upper r i g h t  

of Fig. 3.24(a), the re  is  again a packing of i s o l i n e s  denoting a d is -  

cont inui ty  i n  phase ,speed due t o  the  f a c t  t h a t  a  mode with q u i t e  d i f -  

f e ren t  value of phase ve loc i ty  becomes more unstable than the most 
I 

unstable mode f o r  neighboring values of wavenumber. I 

These curves a r e  not s e n s i t i v e  t o  va r ia t ions  i n  % and i n  w . 
C I O 

Changing 2 by a s  much as one order  of magnitude had the  ef f  Lct of 
C 

changing t h e  values  of phase speed by 0.5% and the  growth speed by 0.2%. 

The r e s u l t s  of imposing a bas ic  s t a t e  with no v e r t i c a l  ve loc i ty  a t  a l l  

produced the  same v a r i a t i o n  a s  above. I 
The s e n s i t i v i t y  of the  eigenvalues t o  the  moist layer  parameters 

is somewhat modified with t h e  inc lus ion of momentum mixing. The value  

of growth r a t e  s t i l l  increases  f o r  increasing mean moist l aye r  mixing 

r a t i o  qo, but  much l e s s .  With only the cumulus heating parameteriza- 

t ion ,  a  20% v a r i a t i o n  i n  q would produce a 20% v a r i a t i o n  i n  growth 
0 

r a t e .  For the  same v a r i a t i o n  of q the  growth r a t e  v a r i e s  only 5% af- 
0 ' 

ter the  inclus ion of momentum mixing. 

Increasing the  value of zML, the  top of the  moist l a y e r ,  t o  3 km 

and t o  4 km, had the  e f f e c t ,  a s  may be seen i n  Figs. 4.24 and 4.25 

respect ively ,  of diminishing the  growth rates of modes with high wave- 

number o r  shor t  wavelength. This makes t h e  peak i n  growth a t  (10,2) 

more pronounced. Again, t h e  wavenumber of maximum growth r a t e  i s  not 

modified by va r ia t ions  i n  z 
ML' 

The ac tua l  value of growth r a t e  f o r  

the most unstable wave is  (26 min)-l f o r  z equal t o  3 km, and ML - -  

-1 - 1 
(32 min) f o r  z  a t  4 km. For zML = 2 km, t h i s  value was (27 min) . ML 

The phase speed f o r  mode (10,2) i s  not modified ( l e s s  than 1% change) 

by v a r i a t i o n s  of z 
ML. 



igure 4.23. Eigenvalues for model run with cumulus heating 
parameterization (Table 1) and momentum mixing by cumulus clouds 
(Fig. 4.20). Basic state wind and temperature "East Atlantic". 
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Figure 4.24. Eigenvalues f o r  model run  wi th  cumulus hea t ing  
parameter iza t ion  (Table 1, except  f o r  z = 3 km) and momentum mixing 
by cumulus clouds (Fig. 4.20). ML 

I 



Figure  4.25, Eigenvalues f o r  model run  wi th  cumulus h e a t i n g  
parameter iza t ion  (Table 1, except  f o r  zm = 4 lun) and momentum mixing 
by cumulus c louds  (Fig.  4 .20) .  , + , -  . I . . - 7 



c )  Ver t i ca l  S t r u c t u r e  

The e f f e c t  of i n c l u s i o n  of momentum mixing parameter iza t ion  on t h e  

mode a l r eady  s tud ied  i n  s e c t i o n  4.1. lb  (2,1.3) may be seen i n  F igs .  4.26 

and 4.27 which t h e  i s o l i n e s  of v e r t i c a l  v e l o c i t y  i n  t h e  p lane  x = 0 and 

t h e  f luxes ,  r e spec t ive ly .  Fig.  4.26 may be compared t o  Fig.  4.13 t o  
I 

show a c l e a r l y  defined s i n g l e  c e l l  s t r u c t u r e  throughout t he  middle and 

! ,- higher  troposphere; aga in ,  low va lues  of w' a r e  seen i n  t h e  lower t r o p e  
i 

sphere.  Fig.  4.27 may be  compared t o  Fig.  4.14. The main d i f f e r e n c e s  

may be l i s t e d  as:curve A (u 'wl )doesnot  approach zero f o r  thewholemiddle  

- 
t roposphere f o r  Fig. 4.27; curve  B (v'w') goes nega t ive  i n  Fig. 4.14 

above 10  km and i n  Fig. 4.27, v'w' is  negat ive  between 11 and 12  km 

r \  
and i s  p o s i t i v e  from 12  t o  14 km. I 

I 

/ 

The main e f f e c t s  of i n t r o d u c i n g t h e  momentum mixing parameter iza t ion  
I 

a r e  a change i n  t h e  momentum f i e l d  and consequently i n  t h e  t r a h s p o r t s  of 
I 

1 

momentum. .. , .' . 

I ! 

The s t r u c t u r e  of t h e  most uns t ab le  mbde i n  Fig. 4.23, i. e . ,  wave- 

number (10,2) may be  seen  i n  Figs.  4.28 and 4.29 f o r  t h e  i s o l i n e s  of 

v e r t i c a l  v e l o c i t y  and t h e  f luxes ,  r e spec t ive ly .  The v e r t i c a l  v e l o c i t y  
I 

1 r' 2 

aga in  shows a s i n g l e  c e l l  st"ruct6re i n  t h e  middle t roposphere;  n o t e  t h a t  

t h e  h o r i z o n t a l  wavelength is s h o r t e r  i n  Fig. 4.28 than  i n  Fig. 4.26. 

The main d i f f e r e n c e  between Figs.  4.29 and 4.27 is i n  more conversion 

of p o t e n t i a l  t o  k i n e t i c  energy above 1 0  km denoted by t h e  negat ive  

s i g n  of B'w' (curve D); v'w' has  nega t ive  s i g n  between 10 and 14 km 

i n  Fig. 4.29. 



, W 1  ' \ .  " 

Figure  4.26. I s o l i n e s  of  mesoscale v e r t i c a l  v e l o c i t y  i n  t h e  
mer id iona l  p lane  a t  x = 0; wavenumber (2,1.3) ( c f .  Fig.  4.23) f o r  
cumulus h e a t i n g  parameters  i n  Table 1 and momentum mixing parameter i -  
z a t i o n  (Fig. 4.20). ( c f .  Fig.  4.13).  



- - - 
Figure 4.27. Vertical structure of (A) u'w' ; (B) v'w' ; (C) p'w' ; 

(D) 8'w1. For wavenumber (2,1.3) and with cuqulus heating (Table 1) and 
u z < i  

momentum mixing parameterizations (Fig. 4.20) (cf. Fig. 4.14). 



Figure 4.28. Isolines of mesoscale vertical velocity in the 
meridional plane at x = 0; wavenumber (10,2) (cf. Fig. 4.23). 
Cumulus heating parameters in Table 1 and momentum mixing parameter 
profiles in Fig. 4.20. (cf. Fig. 4.26). 

. - -  



. \  . i 
~i~u;e 4.29. Vertical structure of (A) u'w'; (B) v'w'; (C) p'w'; 

(D) B'w'. For wavenumber (10,2). Cumulus heatingparlameters in Table 1 
and momentum mixingparameterprofiles in Fig. 4.20. (cf. Fig. 4.27). 



4.1.3 S e n s i t i v i t y  with Respect t o  Cloud-scale Downdraft Parameters 

The parameters involved i n  t h e  cloud s c a l e  downdraft parameteriza- 

t i o n  may be found i n  s e c t i o n  3.3.3, and a r e  b a s i c a l l y  t he  l e v e l  of 

i n i t i a t i o n  and t h e  equ iva l en t  p o t e n t i a l  temperature i n s i d e  the  down- 
I 

*I I 
d r a f t .  The va lue  of 0 c h a r a c t e r i s t i c  of cloud s c a l e  downdraft, ac- 

E 

cording t o  Zipser  (1969) i s  about  3 4 1 ° ~ ,  b u t  e f f e c t  of v a r i a t i o n s  upon 

t h i s  parameter w i l l  no t  be  i n v e s t i g a t e d  here .  

a)  Cumulus Heating, Momentum Mixing and Cloud-scale Downdraft 

Parameters 
- * 

The cumlus hea t ing  parameters a r e  those  i n  Table 1; t h e  momentum 
- 

* 1, 

mixing parameters may be found i n  Fig.  4.20. -.-\ 

The l e v e l  of i n i t i a t i o n  of t h e  downdraft was success ive ly  i m -  
e, ) 

? ,$ 
* , . I '  

posed a t  2.5, 3.5 and 4.5 km. 

b )  Eigenvalues 
( ,, ! '! : 

As a r e s u l t  of imposing t h e  l e v e l  of i n i t a t i o n  a t  2.5 km with 

c h a r a c t e r i s t i c  downdraft v e l o c i t y  ( c f .  - equat ion  3.59) a t  2 km produced 

t h e  eigenvalues i n  Fig.  4.30. The main d i f f e r e n c e  between Fig.  4.23, 
B it 

which has  cumulus hea t ing  and momentummixing parameter iza t ions ,  and 

Fig. 4.30, which has  t h e  e x t r a  information about cloud-scale downdraft 

e f f e c t s ,  is  i n  smaller va lues  of growth r a t e  f o r  high wavenumbers, and 

i n  l a r g e r  va lues  of growth r a t e  f o r  low wavenumbers. The most uns t ab le  
-1 

m o d e i s  s t i l l  for: wavenumber c10,2) with  growth r a t e  of (23 min) and 

I - 1 
phase speed -19.8 m . s  . 

Imposing t h e  l e v e l  of i n i t a t i o n  of t h e  downdraft a t  3.5 km 

; (Fig. 4.31) and 4.5 km (not  shown) had t h e  d r a s t i c  e f f e c t  of wiping 

out  any p re fe r r ed  mode f o r  low wavenumbers, and inc reas ing  the  va lues  

of growth r a t e  by a f a c t o r  of 1 . 5  and 2, r e spec t ive ly .  



Figure 4 . 3 0 .  Eigenvalues for model run with cumulus heating 
'(Table I), momentum mixing (Fig. 4 . 2 0 )  and cloud-scale downdraft 
(downdraft initiation at 2 . 5  la) parameterizations.d A 



I Figure 4.31. Eigenvalues for model ruG with cumulus heating 
(Table l), momentum mixing (Fig. 4.20) and cloud scale downdraft 
(downdraft initiation at 3.5 km) parameterizations. 



* J ,  
The s t rong  dependence on t h e  l e v e l  of i n i t i a t i o n  of t h e  downdraft 

is  a s e r i o u s  problem concerning t h e  parameter iza t ion  scheme def ined  i n  

s e c t i o n  3 . 3 . 3 .  However, t h e  p re sen ta t ion  of t hese  r e s u l t s  should be  

regarded as.?. firs: a t tempt  t o  i n c l u d e  th?  e f f e c t  of cloud s c a l e  down- . t ,* 

dr i l f t  i n  a model. This parameter iza t ion  w i l l  n o t  be  used i n  t h e  compu- 

tatl ions t o  be descr ibed  i n  fol lowing sec t ions .  

c )  V e r t i c a l  Structure:, , , .  , I $ 1  

The v e r t i c a l  s t r u c t u r e  of mode (10,Z) f o r  l e v e l  of i n i t i a t i o n  of 

tht; dopd_gaf t  a$ 2,5 km i s - y g y  similar t o  t h e  one depic ted  i n  F igs .  

4.;!8, 4.29 which do no t  c o n t a i n  t h e  cloud s c a l e  downdraft parameteri-  

zai:ion, and so  w i l l  no t  be  shown. 

4.:..4 Summary of Recommended Parameters L 1  i l ,  

( L, 
,. The va lues  i n  Table 1 and Fig. 4.20 f o r  t he  cumulus hea t ing  and 

mm~entum mixing parameter iza t ions ,  r e s p e c t i v e l y ,  may be  regarded as 

appropr i a t e  parameters f o r  any f u r t h e r  computations.  Var i a t ions  f o r  

,,.,, t he se  va lues  do not  have s i g n i f i c a n t  e f f e c t  on phase speed and on 

wavenumber of maximum i n s t a b i l i t y .  The va lue  of growth rate should 

not:, however, be  regarded a s  accu ra t e ,  s i n c e  i t  is  h igh ly  s e n j i t i v e  t o  

t h e  yaL~es.,nf ,gap of moist l a y e r ,  mean mixing r a t i o  i n  moist  l a y e r  and 

lelfel of maximum hea t ing  r a t e .  Since ve ry  l i t t l e  is known from t h e  

observa t iona l  po in t  of view on t h e  s p e c i f i c a t i o n  of t hese  parameters ,  

t h e  va lues  of growth r a t e  should b e  regarded-wi th  caut ion .  The v e r t i c a l  . - - - . - . + - -  - - 2 - --- I 
s t r u c t u r e  of t h e  eigenmodes is mainly dependent on t h e  l e v e l  df maximum 

i 
1 .  I 

4.2 S e n s i t i v i t y  wi th  Respect t o  Basic S t a t e  

One of t h e  o b j e c t i v e s  of t h e  p re sen t  r e sea rch  is  t o  understand t h e  



. ' .  t he  dependence of mesoscale f e a t u r e s  on l a rge - sca l e  charac te r i s t :Lcs .  To 

achieve t h i s  goa l ,  a pre l iminary  s t e p ,  t o  be d iscussed  i n  t he  fo:!lowing 

subsec t ions ,  w i l l  be t o  p re sen t  t h e  s e n s i t i v i t y  of t h e  e igenvalues  of 

equat ion 3.30 t o  b a s i c  s t a t e  p r o f i l e s  of wind speed (4.2.1),  potc?nt ial  

. l , b I ,  .'X temperature (4.2.2) and wind d i r e c t i o n  (4.2.3) . 
It should be  kept  i n  mind t h a t  t h e  b a s i c  s t a t e  p r o f i l e s  t o  be 

used are v a r i a t i o n s  about t r o p i c a l  soundings. The winds, f o r  example, 

- 1 
do no t  show speeds wi th  magnitude g r e a t e r  than  20 m . s  a s  opposed 

t o  t h e  environment of mid- la t i tude  mesoscale systeriis. %e -s tbdy of 

mid- la t i tude  a s  w e l l  as s u b t r o p i c a l  mesoscale systems should be  t h e  

s u b j e c t  of f u t u r e  research .  

Besides t e s t i n g  t h e  response of t h e  model t o  d i f f e r e n t  b a s i c  

s t a t e  c h a r a c t e r i s i t i c s ,  t h e  s e c t i o n s  t h a t  fol low may b e  regarded a s  

t he  b a s i s  f o r  f u t u r e  development of parameter iza t ion  schemes. I n  

cooperat ion with obse rva t iona l  work, i deas  on how environmental pro- 

p e r t i e s  a f f e c t  speed and d i r e c t i o n  of propagat ion of mesoscale systems 

. 3 4  - , :  may be t e s t e d .  , -I , ' I!'.- .)L 

Although n e i t h e r  a parameter iza t ion  scheme nor  a d e t a i l e d  com- 

pa r i son  wi th  d a t a  w i l l  b e  at tempted,  i t  is  hoped t h a t  t h e  fol lowing 

s e c t i o n s  w i l l  provide some understanding on t h e  mesoscale response 

t o  b a s i c  s t a t e  f e a t u r e s .  I '. 

' a) Model S t r u c t u r e  and Small-scale Parameters_ .. "" ' 
1 

' p  I '  ''& The model s t r u c t u r e  is  t h e  same a s  i n  t h e  f i r s t  p a r t  of th:.s 

chapter :  t h e  top  boundary is  a t  16 km, t h e  tropopause; t h e r e  a r c  16 

l e v e l s  i n  t h e  v e r t i c a l  with spacing of 1 km between l e v e l s .  F i g ,  3.1 

shows a d i sp l ay  of model s t r u c t u r e .  
7,;- ' .  1 - ' F (  

, ': - - 7  : cA; -., - , 



The parameterizations t o  be used a r e  the cumulus heating para- 

me t e r i z a t i o n  (parameters i n  Table 1 )  and the momentum mixing by 

rurnult~s  clouds (p:~r:t~ncters i n  1'Lg. 4.20) pnrnm(.tcrJ%:1CL~)11. 4 , 

a At -. i 
I .. -- 

* 

4.2.1 Effect  of Wind Speed 

*: 
The mean wind p r o f i l e  over the  GATE, a s  may be seen i n  Fig. 4.1 

(E.  At lant ic)  shows a low l e v e l  j e t  around 600 mb and an upper l e v e l  

j e t  a t  175 mb. For the W. P a c i f i c  (a lso  i n  Fig. 4.1) the  low l e v e l  

j e t  is almost non e x i s t e n t  i n  the  mean obtained by Reed and Recker 

(1971); the upper l e v e l  j e t ,  however, is  very pronounced. This 

sec t ion  inves t igates  the  s e n s i t i v i t y  of the  eigenvalues of equation 3.30 

t o  the  l e v e l  and i n t e n s i t y  of upper and lower jets i n  p a r a l l e l  flow, 

( i .e . ,  no d i rec t iona l  wind shear) .  

a )  Basic S ta te  Wind and Temperature 

The bas ic  s t a t e  wind p r o f i l e s  may be seen i n  Fig. 4.32. Pro- 

f:Lles l A ,  1 B  and 1 C  have d i f f e r e n t  i n t e n s i t i e s  of upper l e v e l  jet 
1 - 1 - 1 

(IJLJ) of 3.5 m.s- , 7.5 m.s  and 15 m . s  , respect ively;  t h e  l e v e l  of 
! I 

the  ULJ is 11.5 km; the lower l e v e l  j e t  (LLJ) is a t  2.5 km with an 

-1 
i n t e n s i t y  of 7.5 m . s  ; p r o f i l e  l A ,  indeed, does not show an U L J  a t  

-1 
1 P r o f i l e s  2A and 2B have ULJ a t  13.5 km with a speed of 15 m . s  ; 

21L does not have a LLJ; 2B has a LLJ a t  2.5 km with i n t e n s i t y  of 

- 1 
7 . 5  m . s  . P r o f i l e s  3A and 3B have an LLJ a t  2.5 km with i n t e n s i t y  

-1 -1 - 1 
7 5 m . s  ; t h e  ULJ has speed of 3.5 m . s  f o r  3A and 15 m . s  f o r  3B 

at: the  height  of 13.5 km. P r o f i l e  4A has some shear up t o  3 km but  

-1 
it! otherwise a constant  p r o f i l e  of 7.5 m . s  . 4B and 4C have LLJ a t  

- 1 - 1 
4 . 5  km with i n t e n s i t i e s  of 7.5 m . s  and 15 m . s  , respect ively;  4B 

-1 
has ULJ of 15 m . s  a t  13.5 krn, 4C does not have ULJ. 



Figure 4 . 3 2 ,  Wind speed f o r  d i f f e r e n t  l e v e l s  and i n t e n s i t i e s  o f  upper 

and lower l e v e l  j e t s .  , + # , . /  . v 'I ? .  I t 



The bas ic  s t a t e  temperature used i n  t h e  present  sec t ion  is  t h e  I 

one labeled  Day 248 i n  Fig. 4.2. 

b )  Eigenvalues 

The e f f e c t  of the  speed of t h e  ULJ may be seen by comparing Figs.  

4 .33,  4.34 and 4.35 which have bas ic  s t a t e  wind p r o f i l e s  l A ,  1 B  and l C ,  

respect ive ly .  Figs.  4.33 and 4.34 do not  show a prefer red  mode except 

f o r  high wavenumbers. Fig. 4.35, on the  o the r  hand, shows a mode with 

higher  growth r a t e  f o r  wavenumber (14,O) and (-14,0), with wavelength 

oli 14 km i n  t h e  x-direct ion (east-west d i r e c t i o n )  and no s t r u c t u r e  i n  

the  y-direct ion o r  in£ i n i t e  wavelength i n  the  north-south d i r e c t i o n .  

Tile ULJ then,  has t o  be  of a c e r t a i n  i n t e n s i t y  t o  provoke t h e  s e l e c t i o n  

oi' a most uns table  wave. 

The e f f e c t  of t h e  he ight  of t h e  upper-level j e t  may be seen by 

comparing Figs. 4.36 (3B)  with  Fig. 4.35 (1C). Comparing Figs.  4.35 

and 4 . 3 6  i t  may be seen t h a t  t h e  e f f e c t  of r a i s i n g  t h e  ULJ from 11.5 km 

t o  13.5 km almost wipes out  t h e  s e l e c t i v i t y  encountered i n  Fig. 4.35 

and the  growth r a t e s  a r e  somewhat lower. The f a c t  t h a t  p r o f i l e  3B 

s h ~ w s  a narrower j e t  than  p r o f i l e  1 C  may a l s o  be of s ign i f i cance .  

P r o f i l e  3A shows a s l i g h t  inc rease  of wind speed a t  about 13.5 km 

while  p r o f i l e  1 A  shows cons tant  wind from 8 km t o  14 km and then a 

sharp decrease t o  zero. Fig. 4.37 shows the  eigenvalues f o r  p r o f i l e  

3A and may be compared t o  Fig. 4.33 f o r  p r o f i l e  1A.  Fig.  4.33 and 

4.37 a r e  very s i m i l a r  except f o r  somewhat higher  values of growth 

r a t e  i n  Fig. 4.37 f o r  p r o f i l e  3A. 1 
The e f f e c t  of the speed of t h e  LLJ may be  seen  by comparing Figs .  

4.38 (2A) and Fig. 4.36 (2B o r  3B). P r o f i l e  2A does n o t  r e a l l y  have 

a ';LJ and p r o f i l e  2B has  a pronounced LLJ; Fig. 4.38 (2A) shows a 
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- 1 

m. s km min m.s 



maximum growth r a t e  f o r  wavenumber (12,O) and (-12,O) while  Fig.  4.36 

(2B) only shows a s l i g h t  tendency t o  t h e  s e l e c t i v i t y  process  a t  t h e  

Increas ing  ttie hcigllt  of tllc L1,J by Lmpos i ng  p r o f  Llcs 6 C  r : ~  t l l c r  

than 3A (Fig. 4.37) has  t he  e f f e c t  of i nc reas ing  the  growth r a t e ,  but  

does no t  a f f e c t  t h e  s e l e c t i o n  mechanism (eigenvalues f o r  4C a r e  n o t  

shown). , , ,i7 " " 

8 d f 3 '  
P r o f i l e s  2A and 4B a r e  very  similar except  f o r  t h e  speed below 

- 1 - 1 
5 krn which i s  5 m . s  and 7.5 m . s  , r e spec t ive ly .  Fig.  4.39 shows 

t h e  eigenvalues f o r  p r o f i l e  4 B  wi th  maximum growth r a t e  a t  (14,O) and 

(-14,O) while  Fig. 4.38 shows "maximum' growth r a t e  a t  (12,O) and (-12,O) . 
The va lue  of growth r a t e  is 10% Gigher f o r  a n  atmosphere wi th  low- 

l e v e l  winds of smal le r  magnitude. 

Table 2 summarizes t h e  r e s u l t s  descr ibed  above. 

In  summary, t he  f e a t u r e  of t he  b a s i c  s t a t e  wind speed t h a t  most 

s i g n i f i c a n t l y  a f f e c t s  t h e  s e l e c t i v i t y  process  is  t h e  speed and he igh t  

of t h e  upper l e v e l  j e t ;  t h e  presence of t h e  lower l e v e l  j e t  o r  of 

high speeds i n  t h e  lower t roposphere seem t o  prevent  t h e  s e l e c t i v i t y  

process  o r  t o  d i s p l a c e  t h e  mode of h igher  i n s t a b i l i t y  t o  a h igher  

wavenumber with sma l l e r  va lues  of growth r a t e .  The h e i g h t  of t h e  

lower l e v e l  j e t  does n o t  seem - - . - t o  -. - a f f e c t  . t he  eigenvalues.  , 
1, 

4.2.2 E f f e c t  of P o t e n t i a l  Temperature 

The f e a t u r e s  i n  t h e  p o t e n t i a l  temperature p r o f i l e s  t h a t  w i l l  be 

considered a r e  t he  s t a b i l i t y  i n  t h e  lower t roposphere and upper tropo- 

sphere,  belowthe isothermal  l a y e r  corresponding t o t h e  lower s t r a to sphe re .  



Figure 4 . 3 3 .  Eigenvalues f o r  bas+ state wind 1A arlbe 
, , r 1 ,  I " .  ,b a . 

temperature "Day 248'';' ' 
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Figure 4 . 3 4 .  Eigenvalues for basic 
"Day 248".  
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s t a t e  wind 1B and tempera- 
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Figure 4.35. Eigenvalues f o r  b a s i c  s t a t e  wind 1C and tempera- 

. L- . t u r e  "Day 248". 
, .,) 



Figure 4.36. Eigenvalues f o r  b a s i c  s t a t e  wind 3B (or  2B) and 
. 1 emperature "Day 248". 
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: i i I Figure 4.37. Eigenvalues f o r  b a s i c  s t a t e  wind 3A and ' 

temperature "Day 248". 



Figure 4.38. Eigenvalues for basic state  wind 2A and 
temperature "Day 248". 
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a )  Fas i c  StaLg-JLnd and Temperature 

The p o t e n t i a l  temperature p r o f i l e s  i n  F ig .  4 . 2  show the  East  

1 
A t l a n t i c  and West P a c i f i c  curves having t h e  same s lope  from t h e  s u r f a c e  I 

up t o  8 km al though t h e  Eas t  A t l a n t i c  curve shows lower temperatures.  I 
Above 8 km and below 1 3  km, t h e  West P a c i f i c  curve shows a h igher  

derivlativ.e deo/dz, o r  g r e a t e r  s t a b i l i t y .  The curve l abe l ed  Day 248 
I 

I 
shows h igher  s t a b i l i t y  below 8 km and about t h e  same s l o p e  a s  t h e  

West P a c i f i c  curve above 8 km. . g 1 

Although t h e  d i f f e r e n c e  i n  s lopes  are n o t  very  b i g ,  they may be 

regarded a s  s i g n i f i c a n t  i n  l i g h t  of t h e  r e s u l t s  t o  be shown. 

The b a s i c  s t a t e  wind t o  be used is  p r o f i l e  4 B  of Fig. 4.32, 

without  d i r e c t i o n a l  shear .  r' . . y  , 

b) Eigenvalues 

Fig. 4.39, 4.40 and 4.41 show the  eigenvalues f o r  temperatures  

corresponding t o  t h e  Day 248, West P a c i f i c  and Eas t  A t l a n t i c ,  reapec- 

t i v e l y .  The East  A t l a n t i c  and West P a c i f i c  temperature p r o f i l e s  (Pigs .  1 
I 

4.41 and 4.40) produce s i m i l a r  e igenvalues wi th  p re fe r r ed  mode a: I 

, ?3 ~-, I I 

- 1 0 0  1 0 0  Fig. 4.39, however, shows a d i s t i n c t  s e l e c t i o n  of modes 

(14,O)'and (-14,O) a s  the  more uns t ab le  ones. A s  a l ready  mentioned, t h e  

Day 248 cugvp, has  gyg&ter s t a b i l i t y  i n  t h e  lower troposphere.  This map 

suggest  t h a t  i h  o rde r  t o  break  a g r e a t e r  s t a b i l i t y  of t h e  lower tropo- 

pause, i t  is necessary f o r  t h e  mesoscale motions t o  g e t  organized as 

a wave packet w i th  enhanced and predominant growth r a t e .  The phase 

speed curves a r e  no t  ve ry  a f f e c t e d  by small v a r i a t i o n s  i n  s t a b i l i t y .  



, I  ; 
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Figure 4.39. Eigenvalues for basic state wind 4B and 
temperature " ~ a y  248". 
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Figure 4.40. Eigenvalues for basic s t a t e  wind 4B and 
temperature "West Pacif icl' . 
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Figure 4 .41.  Eigenvalues for  b a s i c  s t a t e  wind 4B and 
temperature "East At lant ic"  . . ,  , , ) I  2.1 ,<IT 
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4 . 2 . 3  Effec t  of D i rec t iona l  Shear of t he  Wind 

This  s e c t i o n  w i l l  concent ra te  on a  s i n g l e  example of how c r u c i a l  

1 
t he  d i r e c t i o n a l  shea r  of t h e  wind can be  t o  t h e  eigenvalues of equat ion 

3 . 3 0 .  To i l l u s t r a t e  t h e  r o l e  of d i i rec t iona l  shear  an  observed p r o f i l e  

has  been used with and without d i r e c t i o n a l  shea r .  

a )  Basic - - - State Wind and Temperature -- A 

Fig. 4.42 shows four  wind hodographs obtained by Thompson e t  a l . ,  

(1979). Thei r  meaning w i l l  b e  explained i n  s e c t i o n  5.1.2. I n  t h e  

present  s e c t i o n ,  t h e  curve l abe l ed  Category 1 w i l l  be  used. It nay 

be seen  t h a t  a t  t h e  s u r f a c e ,  t h e  winds a r e  from t h e  west ;  t h e r e  is  

a n o r t h e a s t e r l y  j e t  a t  600 mb and a s o u t h e a s t e r l y  j e t  a t  200 mb. I n  

t h e  case  of no d i r e c t i o n a l  shea r ,  t h e  wind d i r e c t i o n  is  s e t  t o  be  

from ' t h e  east a t  a l l  l e v e l s .  

The temperature p r o f i l e  used is  t h e  one l a b e l e d  East  A t l a n t i c  i n  

Fig. 4.2.  

b) Eigenvalues 

Fig. 4 . 4 3  and 4 . 4 4  show t h e  e igenvalues  corresponding t o  wind 

"Category 1" wi thout  and wi th  d i r e c t i o n a l  shear ,  r e spec t ive ly .  Com- 

par ing  t h e  two f i g u r e s ,  s t r i k i n g  d i f f e r e n c e s  may b e  noted and indeed 

i t  is hard t o  f i nd  anything i n  common. 

The phase speed curves a r e  somewhat d i f f e r e n t  with t h e  discon- 

t i n u i t i e s  occurr ing  f o r  d i f f e r e n t  sets of wavenumbers. 

The growth r a t e  i s o l i n e s  show a  g r e a t e r  s e l e c t i v i t y  with d i r ec -  

t i o n a l  shear .  The growth r a t e  i s  about 50% d i f f e r e n t  with d i r e c t i o n a l  

shear  than wi thout .  Some modes have h igher  va lues  of growth r a t e  and 

some have lower va lues  of growth r a t e  w i th  d i r e c t i o n a l  shea r  than 

without .  





Figure 4.43. Eigenvalues for basic state wind speeds of 
II Category 1" without directional shear and basic state temperature 

"East Atlantic" . 



Figure 4.44. Eigenvalues for basic state wind speeds of 
"Category 1" with directional shear and basic state temperature 
"East Atlantic". 



The wavelength of m i m u m  i n s t a b i l i t y  is. not  w e l l  defined i n  

Fig. 4.43. Fig. 4.44, on t h e  o t h e r  hand, shows a c l e a r l y  defined 

maximum a t  wavenumber (-10,6) corresponding t o  a wave with wavelength I 
17 km t r ave l ing  toward WNW with  phase speed of 18.6 m. This 

d i r e c t i o n  is represented by an arrow i n  Fig. 4.42, which is seen t o  

poin t  toward t h e  ULJ d i r e c t i o n .  This w i l l  be inves t iga ted  f u r t h e r  i n  

Chapter 5. 

.1 
4.2.4 Summary of Important Basic S t a t e  c h a r a c t e r i s t i c s '  

The main f ind ings  of the,second p a r t  of Chapter 4 may be summarized 
- ,I , , . C' 

* ' I  

a s  follows: 

a )  The f e a t u r e  of t h e  b a s i c  s t a t e  wind speed t h a t  most s i g n i f i -  

can t ly  a f f e c t s  t h e  s e l e c t i v i t y  process is  t h e  speed, he ight  and d i r e c t i o n  -. . 
4? fl -.. of t h e  upper l e v e l  j e t ;  t h e  pfesence of t h e  lower l e v e l  j e t  o r  of high 

speeds i n  t h e  lower troposphere seems t o  prevent t h e  s e l e c t i v i t y  process 
1 

* .  I --. 
o r  t o  d i sp lace  t h e  mode of higher  i n s t a b i l i t y  t o  a higher  wavenurnber with 

smaller  values of growth r a t e .  The he ight  of the  lower l e v e l  j e t  does 

not  seem t o  a f f e c t  t h e  eigenvalues of equation 3.30. 
; ,.-. .-I. I .h . 

b) Higher s t a b i l i t y  i n  the  middle and lower troposphere i n  

t he  bas i c  s t a t e  p r o f i l e s  of temperature seem t o  be  favorable  t o  t h e  

s e l e c t i v i t y  of a p a r t i c u l a r  mode a s  t h e  most unstable.  This  may sug- 

ges t  t h a t  i n  order  t o  break a g r e a t e r  s t a b i l i t y  of the  lower trcpo- 

sphere, i t  is  necessary f o r  t h e  mesoscale motions t o  g e t  organized a s  
I 

CI $ 4  : ,  ' : - I -  , . ; r L.c; >.-..,, 
a wave packet with enhancedtand predominant growth r a t e .  The phase 

speed i s  no t  very a f f e c t e d  by small  v a r i a t i o n s  i n  s t a b i l i t y .  



I 

c )  The d i r e c t i o n a l  shear of the  bas ic  s t a t e  wind p r o f i l e  seems 

t o  have the  most c r u c i a l  influence i n  se lec t ing  a most unstable mode. 

A complete study %n,FQift s e n s i t i v i t y  of the  most unstable mode t o  

p a r t i c u l a r  c h a r a c t e r i s t i c s o f  the  d i r e c t i o n a l  shear should be under- 

taken i n  t h e  fu tu re ,  
I ".,$ 



V. MODEL RESULTS 

The f i r s t  p a r t  of Chapter 5 is  dedica ted  t o  d i scuss ing  t h e  d i f -  

f e r ences  and similarities found i n  t h e  eigenvalues of equat ion  3.30 

us ing  as b a s i c  s t a t e  d i f f e r e n t  observed p r o f i l e s  of wind and tempera- 

t u re .  The i n t e r p r e t a t i o n  of  t h e  r e s u l t s  i s  based on t h e  discus:3ion 

c a r r i e d  ou t  i n  t h e  previous  chapter .  

The second p a r t  of Chapter 5 shows t h e  evo lu t ion  of a few i n i t i a l  

condi t ions  and d i scusses  t h e  s i g n i f i c a n c e  of t h e  r e s u l t i n g  mesoscale 

f i e l d s  of wind and temperature.  

The s m a l l  s c a l e  processes  inc luded  a r e  t h e  cumulus hea t ing  

(Table 1 )  and momentum mixing by cumulus clouds (Fig. 4.20). 

5 . 1  Dif fe rences  i n  Trop ica l  Regimes 

The r e s u l t s  of Chapter 4 show t h a t  t h e  speed of t h e  upper Level 

j e t  and s t a b i l i t y  of t h e  lower atmosphere a r e  important i n  t h e  d e f i n i -  

t i o n  of t h e  wavenumber corresponding t o  t h e  most uns t ab le  mode. The 

d i r e c t i o n a l  shea r  of t h e  wind is, however, t h e  most important  f s c t o r  i n  

I 
determining t h e  mode of maximum growth r a t e .  

The fo l lowing  subsec t ions  w i l l  use  t hese  i d e a s  w i th  t h e  o b j e c t i v e  

of understanding t h e  d i f f e r e n c e s  between t h e  b a s i c  state a t  t h e  Eas t  

A t l a n t i c  t r o p i c a l  r eg ion  and t h e  West P a c i f i c  t r o p i c a l  reg ion  (5.1.1);  

t h e  b a s i c  state f o r  d i f f e r e n t  s e c t i o n s  of an e a s t e r l y  wave8sconpos i ted  

by Thompson e t  a l .  (1979); t h e  d e f i n i t i o n  of "bas ic  s t a t e "  f o r  p a r t i -  

c u l a r  day (5 Sept . ,  1974) dur ing  t h e  GATE and t h e  consequences ~f 

choosing a p a r t i c u l a r  sounding. 



5.1 .1  East At lan t i c  vs. West P a c i f i c  
I 

The bas ic  s t a t e  representa t ive  of the  East At lan t i c  and West 

Pzicific may be seen i n  Figs. 4.1 and 4.2 f o r  the  wind and p o t e n t i a l  

temperature f i e l d s ,  respect ively .  - 
-F- -- , --, - 

( , ,. 
The East At lan t i c  curves a r e  t h e  ones obtained by ThompAon e t  a l .  

(1.979) by a l i n e a r r f j t  i n  both hor izon ta l  space dimensions and time t o  
L=' ; )  C 

the  da ta  observed during phase I11 of t h e  GATE (August 30-Spetember 18, 

1974). The East At lan t i c  curves of Figs. 4.1 and 4.2 correspond t o  t h e  

mean i n  time, a t  the  center  of t h e  sh ip  a r ray  which is  located a t  8.5' 

The b a s i c  s t a t e  curves representa t iveof  t h e  West P a c i f i c  t r o p i c a l  

region were obtained by Reed and Recker (1971) by averaging the  

sclundings obtained a t  th ree  s t a t i o n s ,  Kwajalein, Eniwetok and Ponape 

(WEP t r i a n g l e ) ,  which fqrm a t r i a n g l e  centered a t  l o O ~ ,  162.545, during 

t h e  period July-September , 1967. I . ,  

The p r o f i l e s  of p o t e n t i a l  temperature i n  Fig. 4.2 a r e  similar fo r  

the  two regions. The wind p r o f i l e s ,  a s  shown i n  Fig. 4.1, a r e  q u i t e  

d i f f e r e n t .  The East At lan t i c  wind hodograph shows southwesterly winds 

a t  the  surface  turning t o  e a s t e r l i e s  above 80&&. The West P a c i f i c  
L.-. -A- . - - ..-d ' .* -- -.----- 
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wind p r o f i l e  &ows sou theas te r l i e s  a t  t h e  surface  gradually turning 

t o  e a s t e r l i e s ,  and t o  n o r t h e a s t e r l i e s  a t  the  top. The d i r e c t i o n  of 
I 

the  wind i n  the  East At lan t i c  curve above 800 mb does not  depart  more 

than 8' from an 1 e a s t  wind while i n  the  West P a c i f i c  the  wind d i rec t ions  

vary by a s  much as  30' nor th  of eas t .  
.$ . 

rf - 
with the  East At lan t i c  bas ic  s t a t e  have 



Figure 5 . 1  Eigenvalues for basic state  wind speeds of 
"West Pacific" and basic state temperature "West Pacific". 
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a l ready  been d iscussed  and may b e  seen i n  Fig.  4.23. ?e eigenvalues 
: h z  s i r !  

corresponding t o  t h e  West P a c i f i c  b a s i c  s t a t e  may be seen  i n  Fig. 5.1. 

Comparing Figs.  4.23 and 5.1,  i t  may be  seen  t h a t  t h e  Eas t  A t l a n t i c  

b a s i c  s t a t e  produces h ighe r  va lues  of growth r a t e  and a more c l e a r l y  

defined mode of maximum growth than  t h e  West P a c i f i c  b a s i c  s t a t e .  The 

growth rate i s o l i n e s  i n  Fig. 5 . l b c o r r e s p o n d i n g  t o  t h e  West P a c i f i c  
, , :, 

b a s i c  s t a t e  show a l o c a l  maximum around wavenumber (6,11) ,  b u t  no 

p re fe r r ed  mode can be  defined.  The growth r a t e  i s o l i n e s  i n  Fig. 4.23b, 

f o r  t h e  Eas t  A t l a n t i c  b a s i c  s t a t e ,  shows a  c l e a r l y  p r e f e r r e d  mode a t  
I .  

8 ,  .I , . 2 2  I i, 1 '  - ' i v  i , A  
t h e  wavenumbers (10,2) and (-10,O) . 

The b a s i c  s t a t e  temperature p r o f i l e s  f o r  t h e  East A t l a n t i c  and 

r L - \  1 I 

t h e  West P a c i f i c  shown i n  Fig. 4.2 a r e  very  s i m i l a r  and t h e  d i scuss ion  

i n  s e c t i o n  4.2.2 showed t h a t  t h e  r e s u l t i n g  eigenvalues a r e  n o t  very  

s e n s i t i v e  t o  t h e  small d i f f e r e n c e s  between t h e  two p o t e n t i a l  temperature 
I 

p r o f i l e s .  

The wind hodographs i n  Fig. 4.1, however, show cons iderable  

d i f f e r ences .  Above 700 mb, t h e  Eas t  A t l a n t i c  wind hodograph shows 

2 i  ! cons iderable  shea r  i n  t h e  wind speed, b u t  l i t t l e  d i r e c t i o n a l  shea r ;  

: . . < ! I  
t h e  West P a c i f i c  hodograph, on t h e  o t h e r  hand, shows l i t t l e  v a r i a t i o n  

i n  speed above 700 mb, b u t  cons iderable  d i r e c t i o n a l  shear .  The upper 

-1  
i ' ,  l e v e l  j e t  h $ ~ , ? , h i g h e r  speed ( 1 1 . 3 @ , s  a t  175 mb) i n  t h e  East  

- 1 
, . A t l a n t i c  than i n  t h e  West P a c i f i c  (9.2 m. s a t  150 mb) . The upper 

9 .  

l e v e l  jet is about  1 km lower i n  t h e  East A t l a n t i c  than i n  t h e  West 

Pac i f i c .  The speed of t h e  upper l e v e l  j e t  w a s  s een  i n  s e c t i o n  4 .2 .1  t o  

i n f luence  t h e  s e l e c t i v i t y  process .  The h ighe r  t h e  speed of t h e  upper 

l e v e l  jet,  Q ~ ~ h i g h e r  t he  s e l e c t i v i t y .  Also, t h e  lower t h e  upper l e v e l  



jet, the  higher the  s e l e c t i v i t y .  Both f a c t o r s  point  toward the  East 

At lan t i c  b a s i c  s t a t e  as most l i k e l y  t o  produce eigenyalues with a 

preferred mode. 
r , I  , ,  I .  1, ; I 

The East At lan t i c  bas ic  s t a t e  produces growth r a t e  i s o l i n e s  almost 

symmetrical about n = 0, while th.e West P a c i f i c  bas ic  s t a t e  produces 
X 

$ 

t o t a l l y  asymmetric growth r a t e  i so l ines .  A s  seen i n  sec t ion  4.2.3,  

t h i s  is  a d i r e c t  r e s u l t  of a more complex p r o f i l e  of d i r e c t i o n a l  shear.  

The d i r e c t i o n  of propagation of the  modes with maximum growth r a t e s  i n  

Figs. 4.23b and 5. l b  have been p lo t t ed  as arrows i n  t h e  wind hodograph 

i n  Fig. 4.1. I n  both cases,  the  d i r e c t i o n  of propagation of the  most 

unstable modes corresponds t o  t h e  d i r e c t i o n  of the  upper l e v e l  jet. 

This seems t o  ind ica te  t h a t  the  propagation of gravi ty  waves i n  shear 

flow i s  d ic ta ted  by t h e  d i r e c t i o n  of the  j e t .  This f inding is con- 

firmed i n  t h e  next two subsections. 
A ,  * \ " -  * I  a ? '  " ' 

5.1.2 Eas ter ly  Wave Categories 

Reed and Recker (1971) defined e igh t  ca tegor ies  i n  a large-scale 

e a s t e r l y  wave by analyzing t h e  meridional wind component averaged from 

t h e  surface  t o  500 mb f o r  each observation. Categories 2, 4, 6 and 8 

were centered,  respect ively ,  on the  maximim nor ther ly  wind, the  trough 

ax i s ,  the  maximum southerly winds, and the  r idge  a x i s  of the  waves. 

I --.A 

Categories 1, 3, 5 and 7 occupy intermediate pos i t ions .  Thom~ n e t  a l .  

(1979) followed the  same procedure except t h a t  the  wave categc 

defined i n  terms of the  meridional wind a t  700 mb. Fig. 4.42 

the  composited winds f o r  ca tegor ies  1, 3 ,  5 and 7 a s  presencec 

es  were 

OWS 

Thompson e t  a1.(1979) f o r  t h e  East  At lan t i c  large-scale eas te r ly  

, , I  

J wave. Both s tud ies  mentioned above show t h a t  the  s t rongest  upward 



v e r t i c a l  motion and heav ie s t  p r e c i p i t a t i o n  gene ra l ly  occur  i n  o r  

s l i g h t l y  i n  advance of t h e  trough. Category 3 precedes t h e  trough. 

Examining Fig. 4.42, i t  may b e  seen t h a t  Category 1 shows a 

s t rong  low-level jet whi le  Category 5 shows t h e  s t r o n g e s t  upper- 

l e v e l  j e t .  Categories  5 and 7 do n o t  show a low-level jet a t  a l l ,  and 

t h e  latter appears  only s l i g h t l y  i n  Category 3. The wind t u r n s  clock- 

wise (backs) w i th  he igh t  from t h e  su r f ace  up t o  600 mb i n  Categories  

."'d - 
li 

' I ' I  
1 and 3, and t u r n s  kounterclockwise (Geers) with he igh t  from 900 mb 

up t o  250 mb i n  Categor ies  5 and 7 ,  Above 250 mb, a l l  f ou r  c a t e g o r i e s  

show winds veer ing  wi th  he igh t .  Above 500 mb, Category 3 shows . - less, 
-. 

and Category 1 more d i r e c t i o n a l  shea r  than  t h e  o t h e r l d i t e g o r i e s  i n  

i n  Fig. 4.42. 

The temperature p r o f i l e s ,  according t o  Thompson e t  a1.(1979),  

do no t  change s i g n i f i c a n t l y  from one category t o  another ,  s o  t h a t  t h e  

mean temperature p r o f i l e  f o r  t h e  Eas t  A t l a n t i c  (Fig. 4.2) is used i n  
'+ 

..' fl 

a l l  computations of t h i s  s2ction'. '- . 
9,' ,?I- ; 1 1,; 

I * a )  Eigenvalues / ; c l  . ,', 
'\, : ! 

-- -#  , I 
The eigenvalues corresponding t o  t h e  b a s i c  s t a t e  c h a r a c t e r i s t i c  of 

Categories  1, 3,  5 and 7 may be  seen  i n  Figs.  4.44,, 5.2, 5 .3 and 5.4,  

, , . ' a f  ; 
! r e spec t ive ly .  - .  .. , . . . . !- . ii-'. 'L( . - ... . ...... -I 
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,' , c 

~ n f o r m a t i d n  concerning t h e  most & s t a b l e  mode f o r  each 

is summarized i n  Table 3.  

A gene ra l  s ta tement  t h a t  can b e  made is  t h a t  Categor ies  1 and 3 ,  

which precede t h e  700 mb trough,  a r e  more s e l e c t i v e  than Categor ies  5 

and 7. It is  c l e a r  t h a t  Figs .  4.44 and 5.2 ( f o r  Categor ies  1 and 3 ,  
, + J . W  e . i C 1 r .  7 .  ~ r .  + I ( ,  

" 6 * *  & ,' , -1 . J*O,+ 

respectk<ely) a r e  h ighly  sellhct ive .  Category 5 has  wavemode of h igher  

growth r a t e  f o r  wavenumber (12,16) and wavelength of 10 km which may 
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Figure 5 . 2 .  Eigenvalues for basic state  wind speeds of 
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4 $A I 
"Category 3" and basic state  temperature " ~ a s t  Atlantic". ., - .P 
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Figure 5 .3 .  Eigenvalues for basic state  wind speeds of 
"Category 5'' and basic state  temperature " ~ a s t  Atlantic1'_, I 



Figure 5 .4 .  Eigenvalues for basic state  wind speeds of , 

"Category 7" and basic state  temperature "East Atlantic". ,..$ 



gory 5 does no t  show a low-level jet a t  a l l .  The ex i s t ence  o r  no t  

of t h e  low-leve j e t  cannot be  used t o  exp la in  t h e  d i f f e r e n c e s  en- 1 

be considered t o  l i e  i n  t h e  boundary between mesoscale and smal l  

countered. 
,A, .. 

A s  mentiondd i n  t h e  i n t r o d u c t i o n  of t h i s  chap te r ,  t h e  low-level 

s c a l e  processes .  

f o r  Categor ies  1 

i n  Fig. 5.3 f o r  

nunber (-10,0), 

a  higher va lue  of 

The a c t u a l  

c h a r a c t e r i s t i c s  

a r e  n o t  being 

d i f f e r e n c e s  

in,  wind p r o f i l e s .  

winds i n  ca tegodies  1 and 3 t u r n  clockwise with h e i g h t ,  whi le  i n  

The reg ion  f o r  which t h e r e  was a  maximum growth r a t e  

and 3 (along nx = -10) shows a minimum i n  growth r a t e  

Category 5. Fig. 5.4 shows a l o c a l  maximum a t  wave- 

but  i t  is not  w e l l  def ined  s i n c e  wavenumber (10,O) has  

growth r a t e ,  without  being a  l o c a l  maximum. 

va lue  of growth r a t e  may be a f f e c t e d  by d i f f e r e n t  

i n  t h e  smal l  s c a l e  processes  of each category which 

taken i n t o  account i n  t h e  p r i e n t  d i scuss ion .  The 

encountered i n  t h e  eigenvalues a r e  due only t o  d i f f e r e n c e s  

Categories  5 and 7 they t u r n  counterclockwise wi th  he igh t .  Is t h i s  
I - - --A - , - - .- .- ' - J  

Although high speed of t h e  upper l e v e l  j e t  w a s  shown i n  s e c t i o n  

4.1.1 t o   prod^ h ighly  s e l e c t i v e  growth r a t e  i s o l i n e s ,  t h i s  f e a t u r e  

does no t  se t predominate here :  Categories  5 and 7 have t h e  s t r o n g e r  

upper l e v e l  j e t  . The amount of d i r e c t i o n a l  shea r  does n o t  seem t o  

mat te r  g r e a t l y  l s o ,  s i n c e ,  as a l r eady  mentioned, Category 1 shows 

g r e a t e r  v a r i a b i  i t y  i n  t h e  wind d i r e c t i o n  and Category 3 has  l e s s  va r i a -  

b i l i t y  i n  t h e  w d d i r e , c t i on  than  t h e  o t h e r  c a t e g o r i e s  i n  Fig.  4.42. 

There is a s t r o n g  low-level jet i n  t h e  wind p r o f i l e  of Category 1 

and a  s l i g h t  m a  i imum i n  t h e  low-level winds i n  Category 3 and 7.  Cate- 
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Table 3. Summary of Figs. 4.44, 5.2,  5.3 and 5.4- 
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fe,ature what determines the  degree of s e l e c t i v i t y  found i n  the  growth 

r a t e  i s o l i n e s ?  I f  so,  what is physica l ly  happening? 

There i s  again t h e  confirmation t h a t  the  d i r e c t i o n a l  character is -  

ti8:s of the  wind are t h e  most important f ac to r  i n  determining t h e  

s e l e c t i v i t y  of the  growth r a t e  curves. The d i r e c t i o n  of propagation of 

the  most unstable modes corresponding t o  ca tegor ies  1 ,3 ,5  and 7 have 

been p lo t t ed  a s  arrows on t h e  wind hodographs i n  Fig. 4.42. Again, the  

d i rec t ion  of propagation of the  most unstable modes corresponds t o  the  

di:rection of the  upper level jet. 

5.1.3 Day 248 

The main object ive  of t h i s  subsection is t o  show t h e  d i f f i c u l t i e s  

encountered when t ry ing  t o  model s p e c i f i , ~  atmospheric s i t u a t i o n s  with 
_.. 

the  object ive  of comparing the  model r e s h t s  with observations. The 

main d i f f i c u l t y  i n  the  case of a mesoscale model, a s  the  one used f o r  

the  present  work, i s  the  d e f i n i t i o n  of t h e  bas ic  s t a t e .  The b e t t e r  

choice would probably be t o  choose Category 3, described i n  theprevious  

sect ion,  a s  i n  t h e  case of modelling the  GATE mesoscale convection. 

Another approach.would be t h e  one followed by Raymond (1975, 1976) 

which cons i s t s  of picking up a p a r t i c u l a r  sounding i n  the  v i c i n i t y  of 

the i n i t i a t i n g  disturbance and say t h a t  it  represents  t h e  b a s i c  s t a t e .  

Here we consider t h e  d i f ferences  t h a t  may be found following t h e  two 

Day 248, o r  5 September, 1974 during t h e  GATE has been chosen a s  

an example. The radar composites previous t o  the  one i n  Fig. 1.2 show 

t h a t  a t  about 600 W, the  GATE a r ray  was f r e e  of p r e c i p i t a t i o n  i f  

I not of cloudiness, and so t h e  observations taken a t  t h i s  hour would, . - 
; \ 

according t o  Raymond'sapproach, represent  the  b a s i c  s t a t e  of an 
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Figure 5 . 6 ,  Eigenvalues for basic st;&! winds from ship 
Vanguard and basic s tate  temperature of "Day 248". . . . .  
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Figure 5.7. Eigenvalues for basic state winds from ship 
Vize and basic state temperature of "Day 248". ,,: ,:;J$ 
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Figure 5.8. Eigenvalues f o r  bas ic  s t a t e  winds which a r e  a 
mean between t h e  winds a t  Vanguard and Prof. Vize; bas ic  s t a t e  
temperature of "Day 248". I 
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i n i t i a t i n g  disturbance. Among a l l  the  ships involved i n  t h e  GA'CE, two 

have been chosen, namely Vanguard (loON, 23.5'~) and Prof.  Vize (8   ON, 

23.5'~). Fig. 5.5 shows t h e  wind hodographs fo r  each of these  ships 

and the  mean between the two ( these  observations were included Ln 

Category 3 i n  Thompson e t  a l . ,  (1979) composite) . 
' . % ' -  

. -. . - 
Although the  ' d o  ships  a t e '  ke la t ive ly  c lose ,  t h e i r  wind hodographs, 

a s  depicted i n  Fig. 5.5, show s i g n i f i c a n t  d i f ferences  mainly a t  t h e  

surface  where Vanguard had nor ther ly  winds and Prof.  Vize southieesterly. 

The reason f o r  t h i s  d i f ference  is t h a t  Vanguard and Prof. Vize a r e  

located i n  opposite  s i d e s  of the  ITCZ ( I n t e r t r o p i c a l  Convergence Zone). 

This is  s t i l l  t r u e  s i x  hours ' lgter , a s  may be seen i n  Fig. 1.3. 

Both hodographs tu rn  clockwise from 900 mb t o  400 mb. 

The bas ic  s t a t e  temperature i s  the  one labeled Day 248 i n  ?ig.  4.2. 

a )  Eigenvalues 

Figs. 5.6 and 5.7 show the  eigenvalues produced using a s  bas ic  

s t a t e  the  condit ions i n  t h e  ships  Vanguard and Prof.  Vize, resp'2ctively. 

Fig. 5.8 shows t h e  eigenvalues produced when using the  mean winfls 

between the  s o u ~ d i n g s  i n  Prof. Vize and i n  Vanguard. 
1: 

I 

Table 4. Summary of Figs. 5.6, 5.7 and 5.8 
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Table 4 summarizes t h e  information about t he  most uns t ab le  mode i n  

Figs.  5.6, 5.7 and 5.8. Using t h e  b a s i c  s t a t e  a s  depic ted  i n  Vanguard 
-1 

.,.< t h e  most u n s t a b l e  mode t r a v e l s  toward t h e  WNW a t  1 5  m . s  . There is  

about 60' d i f f e r e n c e  i n  d i r e c t i o n  and 20% d i f f e r i n c e  i n  phase speed 

. P , a  , . . . . "  .. 
from the  two cases .  A , . . , $  + ,: - 

Using t h e  mean wind a s  b a s i c  s t a t e  produced eigenvalued t h a t  have 

some similarities wi th  t h e  ones obtained with t h e  ind iv idua l  soundings. 

The most uns t ab le  mode is about  t h e  same as t h e  one obtained wi th  t h e  

winds i n  Vanguard. There is, however, a secondary maximum a t  wave- 

l eng th  (16,4) a t  about t h e  same r eg ion  as t b e  most uns t ab le  mode ob- 
: It. R '  

:. - .  j.. , . ;. 1Tuq": 1 yt-" 

t a ined  with the  winds 'at Prof .  Vize. The d i f f e r e n c e  between Figs.  5.6,  

5.7, 5.8 and Fig. 5.2 corresponding t o  t h e  b a s i c  s t a t e  i n  Category 3 

is a l s o  s t r i k i n g .  
* .: ', fi . ,; 

This  should remain as a n  example of how d e l i c a t e  is  t h e  problem 

of choosing a b a s i c  state. I n  f a c t ,  t h e  approach of choosing a p a r t i -  

c u l a r  sounding a s  r e p r e s e n t a t i v e  of t h e  b a s i c  s t a t e  l eaves  too  much 

margin f o r  v a r i a b i l i t y  s i n c e  t h e  p a r t i c u l a r  sounding maya l r eady inc lude  

mesoscale e f f e c t s ,  t hus  i n v a l i d a t i n g  t h e  r e s u l t s .  
$ 

.., :. Ti., , , > . * .  3jll.k~I 1 %  f ? ' .  

The wind hodographs i n  Fig. 5.5 s h ~ w  cons iderable  v a r i a t i o n  i n  

wind d i r e c t i o n .  However, t h e  d i r e c t i o n  of propagat ion of t h e  most un- 

s t a b l e  modes, denoted by t h e  arrows on t h e  hodographs, s t i l l  have about 

t h e  same d i r e c t i o n  as t h e  upper l e v e l  j e t :  I n  t h e  case  of Vanguard, 

one of t h e  arrows p o i n t s  t o  t h e  d i r e c t i o n  of t h e  upper l e v e l  jet ,  whi le  

i i  t . 
t h e  o t h e r  arrow po in t s  t o  t h e  ti'& zt 300 mb, which corresponds t o  a 

l o g a l  minimum. Clea r ly ,  t he  upper l e v e l  jet i n  t h i s  c a s e  does no t  

determine uniquely t h e  d i r e c t i o n  of propagat ion of most uns t ab le  modes; 



the  wind s t r u c t u r e  below the upper l e v e l  j e t  must c e r t a i n l y  play a r o l e  

i n  modifying the i n s t a b i l i t y  c h a r a c t e r i s t i c s .  I- ,,, 

, Observational work should be done i n  t h i s  subject  t o  t r y  t o  de- 

termine the  v a l i d i t y  of our conclusion t h a t  the  upper l e v e l  jet speed 

and d i r e c t i o n  a r e  very important i n  determining t h e  mode of maximum 

i n s t a b i l i t y  and i ts  d i r e c t i o n  of propagation. 

i r 

5.1.4 Summary 
' ,  * ,!a. 

The main conclusions r e l a t e d  t o  t h e  d i f ferences  i n  t r o p i c a l  regimes 
- L I, 

may be summarized a s  
4 !. 9 '. .* 

a)  The speed and d i rec t ion  of t h e  upper l e v e l  j e t  seem t o  be 

very important i n  determining t h e  mode of'maximum i n s t a b i l i t y  and its 

t - 4  
, ' t  r 

$?rect ion of propagation. 
$1 7 <.I 

b) The West P a c i f i c  bas ic  s t a t e  does not produce a preferred  mode 

i n  the  mesoscale, while the  East At lan t i c  bas ic  s t a t e  does. 
: 1 .  

I 1 [ L  

c)  The large-scale e a s t e r l y  wave ca tegor ies  t h a t  precede the  

trough produce highly s e l e c t i v e  eigenvalues while the  ca tegor ies  a f t e r  
. j 7'. 

the  trough do not .  
.. . < !  

d) The d e f i n i t i o n  of t h e  bas ic  s t a t e  i n  a p a r t i c u l a r  case study 

is a d e l i c a t e  problem s ince  i t  involves a complete separa t ion between 
Cl , - <I J .'. I $ t *  

bas ic  s t a t e  and mesoscale fea tures .  
.5 I . . , )  . I :  

5.2 Evolution of I n i t i a l  Disturbance 

The v a l i d i t y  of the  conclusions drawn i n  Chapter 4 ,  concerning the  

s e n s i t i v i t y  of t h e  eigenvalues of equation (3.30) with respect  t o  
& I :  ( f  

bas ic  s t a t e  c h a r a c t e r i s i t i c s ,  may undergo a f i n a l  test by the  a c t u a l  

Fourier summation defined i n  equations (3.32) and (3.36). The coeff i -  

c i e n t  C( k,m) i n  equation (3.36) depends e s s e n t i a l l y  on the  i n i t i a l  



condition through equation (3.35). The implicat ion of t h i s  dependence 

is tha t  d i f f e r e n t  weight is given t o  d i f f e r e n t  modes i n  the  Fourier 
' "' ;' t 3 . j  ! 

, 

summation so t h a t  the  predominance of t h e  most unstable mode i n  equation 

(3.36) is  not instantaneous. The i n i t i a l  condit ion may be defined a s  

a function of a  hor izonta l  length  sca le  ,IH. Variat ions i n  lH may 

provide i n i t i a l  condit ions ranging from a concentrated a rea  of con- 

vergence t o  a r e l a t i v e l y  broad large-scale fea tu re .  It is  known from 
- # t  7 - ,  t l ,  f the  theory of Fourier  transforms (e.g., Butkov, 1961) t h a t  a e3at ively  

peaked function has a r e l a t i v e l y  f l a t  'Fourier transform and v ice  versa.  

Accordingly, a concentrated a rea  of convergence has a f l a t  Fourier  
P - 7  

*I 

transform Z ( l k , ~ )  (g. equation 3.35). This means t h a t  a f t e r  a  
+ 

r e l a t i v e l y  shor t  time, the  most unstable mode predominates i n  the  
I-, 

, ? 4 .:I! 9 :*F! u L *  

Fourier summation. An i n i t i a l  condit ion with very l a r g e  hor izonta l  
, ! ;, 

sca le  has Fourier transform a narrow hal f  width; i f  the maximum i n  

the  Fourier transform does not  happen t o  occur i n  t h e  v i c i n i t y  of the  

mode of maximum i n s t a b i l i t y ,  i t  may take  a very long time f o r  the  most 

unstable mode t o  predominate. 1 
The object ive  of t h i s  sec t ion is  t o  present  the  mesoscale f i e l d s  

obtained with d i f f e r e n t  hor izon ta l  s c a l e  of the  i n i t i a l  condition. For 

each case, the  speed and, d i r e c t i o n  of propagation w i l l  be examined, 
' 1 . .  . 

a s  w e l l  a s  the  v e r t i c a l  and hor izonta l  s t r u c t u r e  of the  disturbance.  

The f a c t  t h a t  the  present  model does not  include non-linear terms, 

p a r t i c u l a r l y  non-linear advection, and has no e f f e c t  of Cor io l i s  force ,  

makes the  modelling of a  mesoscale vortex a questionable venture. No 

success has been obtained a s  y e t  i n  the  reproduction of an imposed 
; - , , , + : ; y * ", 1 j , $ 3  2 , L ! 1 c . 1 . ' O I  Y I A u 



i n i t i a l  condit ion of ro ta t ion .  A convergence l i n e  or iented  i n  t h e  

east-west d i r e c t i o n  has s t i l l  not  been reproduced with success. More 

work is  being done on t h i s  subject .  I n  t h i s  sec t ion,  the  s t r u c t u r e  and 

propagation of a north-south convergence l i n e  w i l l  be examined. 
1 I . i , 1.- 

* a )  Basic S t a t e  and Small Scale Parameters 

- i r .  1 . . 
The bas ic  s t a t e  used is t h e  one representing the  E a s t  A t lan t i c  

i n  Figs. 4.1 and 4.2. The small s c a l e  parameterizations a r e  the  momen- 
, 1 %  C ' 

turn mixing by cumulus clouds (Fig. 4.30) and cumulus heating with para- 
1 

meters in Table 1, except f o r  the top of the  moist l a y e r  which is set 

a t  3 km. The eigenvalues have already been presented i n  Fig. 4.24. 

A s  discussed previously, Fig. 4.24 shows a preferred  mode f o r  sca les  

l a rge r  than individual  cumulus elements. The growth r a t e  of maximum 
, . , , '  * -1 

i n s t a b i l i t y  has wavelength's (100 km, 20 lan) with growth r a t e  of (27min) 
-1 -3 ,Y 0 * . - :  . i 

and phase speed of -18.7 m . s  . 
c s J  1'' : l1. 

b)  Truncation in the  Fourier Summation 

, < c * . ,  2 J L" 1 . i r !  %. 
I n  sec t ion  3.1.3, the  set of wavdnumbers over which the  Fourier 

summation i s  performed, w a s  presented. Lx and L are, s e t  t o  300 km 
Y . i , r r  c ' , + L e  i ; 

(as opposed t o  200 km i n  the  f igures  of Chapter 4 and f i r s t  ha l f  of 

Chapter 5) and nx = n = -25,...,-1, 0 ,  1, ... 25, so  t h a t  t h e  h ighes t  
Y 

mode (25, 25) has wavelength of 8.5 km. This corresponds t o  r e t a i n i n g  

Inxi, In 1 2 16 in Fig. 4.24. 
Y 

f I r - -  
c )  Analytical  Expression f o r  t h e  I n i t i a l  Condition and its 

Fourier Transform 

The choice of a p a r t i c u l a r  i n i t i a l  condit ion is a somewhat ar -  

b i t r a r y  task.  The d e s i r a b i l i t y  of having an i n i t i a l  condit ion with 
I 



a n  a n a l y t i c a l  Four ie r  t ransform makes t h e  choice e a s i e r .  This requi re -  

ment is no t  e s s e n t i a l ;  t he  need of computer s to rage ,  however, is con- 
, ,  ! \ 

s i d e r a b l y  diminished, i f  t he  i n i t i a l  cond i t i on ,  a s  w e l l  a s  i t s  Four ie r  

transform, does no t  have t o  be  s t o r e d  a t  every s i n g l e  g r i d  p o i n t  and 

f o r  every v a r i a b l e .  ,J...$ ;. : ! 
I >  . 6 L 7 -  

The r e p r e s e n t a t i o n  of areas of convergence ow divergence may be  
, L C . * ,  

X 
u 1 ( x s y s r , ~ )  = g(z )  ; exp [ $ - $), 

where a and b a r e  h o r i z o n t a l  l eng th  s c a l e s  i n  t h e  x and y d i r ec -  

t i o n ,  r e spec t ive ly .  The v e r t i c a l  v e l o c i t y  is obtained by in t roducing  

equat ions  (5.1) and (5.2) i n  t h e  c o n t i n u i t y  equat ion  ( 3 . 7 ) .  
h r . 2  il 

The Four ie r  t ransform of equat ions  (5.1) and (5.2) may be found 
: , - : r 4 *  - ..I . . d . "  

i-J c V' 

i n  any book of mathematical phys ics  (e.g., Butkov, 1961) t o  be 

. . ,c,;, , - ' j .4  . A ,  - - $ *  I A .I  

I(, ! 4~ ;!: F(u l )  !-g(z) ia2bkx exp (-k2 x a2 /4  -k2 Y b2/4) / 8~ (5 3) 

F ( v l )  --g(Z) iab2k exp (-k: a2/4 -k2 b2/4) / an 
1 

Y Y 

The Four ie r  t ransform of the v e r t i c a l  v ~ l o c i t y  is 
: ) .  r , !Ii>IU 



' r 
, t 

F ( v v )  = (a2b ki + a b2k;) exp ( -  a -k2 b2/4) 9 *(z )g( i )d i  
Y , 8 V o  

- 1  , ! I  1 / 

0 

! , '  
-. I + ! C .  

The s ign  of g(z)  a t  a p a r t i c u l a r  l e v e l  denotes convergence o r  

divergence. Negative s ign  corresponds t o  convergence and pos i t ive  s ign  

t o  divergence. Fig. 5.9 shows a p l o t  of the  coef f i c ien t  of equation 

(5.6), f o r  d i f f e r e n t  values of a ,  b,  a s  a function of k and k . It 
X Y 

may be seen t h a t  the  g rea te r  the  s c a l e  of t h e  i n i t i a l  condition, the  

. )' . ) ,.. 
more peaked the  Fourier  transform. ~ l e a r i y ,  d i f f e r e n t  functions of 

height  may be used i n  t h e  d e f i n i t i o n  of u'  and v '  i n  equations (5.1) 

and (5.2), respect ively .  Dif ferent  combinations of height  dependences 

and s igns  of u' and v '  provide a wide v a r i e t y  of i n i t i a l  condit ions 

t h a t  w i l l  not  be considered here.  .. 
, ". . A 

The choice of g(z)  is  a d e l i c a t e  one, however. The f a c t  of 

having a d i s c r e t e  s e t  of eigenvalues and eigenfunctions makes t h e  
t.. . 

reproduction of an a r b i t r a r y  i n i t i a l  condit ion depend on how w e l l  
i 3 '  ' " < "  1 

t h i s  p a r t i c u l a r  i n i t i a l  condit ion can be described by the  e x i s t i n g  set 

of eigenmodes. The c lose r  g(z)  is  t o  one of the  eigenfunctions,  t h e  

g rea te r  t h e  chance of accurate reproduction. A s  defined i n  equation 

(3.37), only t h e  projec t ion of t h e  i n i t i a l  condit ion on the  given set 

of eigenfunctions is  obtained. It has been found t h a t  the  function 

2 5 

i s  s a t i s f a c t o r i l y  reproduced. This function dorri?sponds t o  a p r o f i l e  

of mesoscale v e r t i c a l  ve loc i ty  of upward motion up t o  3 km and downward 





motion above, with t h a t  maximum downwardvelocityat 9 km. It must be re- 

membered t h a t  t h i s  is the  mesoscale v e r t i c a l  ve loc i ty  which is a per- 

turbat ion of t h e  bas ic  s t a t e  v e r t i c a l  ve loc i ty  i n  Fig. 4.21. Clearly,  

the  value of a i n  equation (5.7) does not  a f f e c t  the  r e s u l t s  of a l i n e a r  

model s ince  it is  only a mult iplying fac to r .  The magnitude of t h e  

mesoscale va r iab les  should be regarded r e l a t i v e  t o  the  i n i t i a l  value. 

5.2.1 Narrow I n i t i a l  Condition: Convective Line 

The i n i t i a l  condit ion defined by equations (5.1), (5.2) and (5.7) 

is  cy l indr ica l ly  symmetric about the  v e r t i c a l  a x i s  centered a t  x = y "0.. 

The projec t ion of t h i s  i n i t i a l  condit ion f o r  a  = b = 20 km, however, has 

a tendency t o  symmetry, bu t  does not completely reproduce the  imposed 

i n i t i a l  condition. This may be seen i n  Fig. 5.10 (a)  and (b) ,  where 

the  v e r t i c a l  c ross  sec t ions  along t h e  v e r t i c a l  planes a t  x = 0 and y = O ,  

respect ively ,  f o r  t h e  mesoscale v e r t i c a l  ve loc i ty  a r e  shown. The 

imposed i n i t i a l  condit ion had v e r t i c a l  ve loc i ty  pos i t ive  from the  sur- 

face  t o  3 km; the  projec t ion of the  i n i t i a l  condit ion shows the  zero 

i s o l i n e  a t  about 4 km f o r  x = y = 0. The maximum downward v e r t i c a l  

ve loc i ty  a t  9 km is accura te ly  reproduced. Above 12 km, the  projec t ion 

of the  i n i t i a l  condit ion shows two successive regions of upward and 

downward v e r t i c a l  ve loc i ty  while t h e  imposed i n i t i a l  condit ion did  not 

change s ign  from 3 km t o  16 km height .  Fig. 5.10 (a) is almost sym- 

metr ica l  about y = 0,  while Fig. 5.10 (b) shows a more asymmetric 

pat tern .  

The hor izonta l  c ross  sec t ion  of t h e  mesoscale hor izonta l  wind 

vector a t  t h e  i n i t i a l  t i m e  and a t  the  l e v e l  z = 500 m may be seen i n  

Fig. 5.10. While the  imposed i n i t i a l  condit ion would show a point  

of convergence, the  projec t ion of t h i s  i n i t a l  condit ion shows more of 



a l i n e  format oriented i n  t h e  north-south d i rec t ion  and so perpendicu- 

l a r  t o  t h e  middle and upper tropospheric bas ic  s t a t e  winds (cf .  Fig. 4.1, 

East At lan t i c  wind hodograph). 

We may speculate a t  t h i s  point  what kind of phenomena would pro- 

duce an i n i t i a l  disturbance i n  the  form of a l i n e  or iented  i n  the  

north-south d i rec t ion .  According t o  observations (Kuettner, 1971, 

Lt?Mone, 1976), when t h e  winds i n  t h e  p lanetary  boundary l ayer  a r e  suf- 

f i c i e n t l y  high and the  s u r f a c e h e a t  f l u x  not  too s t rong,  longi tudinal  

r o l l s ,  al igned approximately p a r a l l e l  t o  t h e  mean lower tropospheric 

wind appear i n  the  lower troposphere. Looking a t  t h e  hodograph f o r  

the  bas ic  s t a t e  c h a r a c t e r i s t i c  of the  GATE a rea  i n  Fig. 4.1, it may 

I 
be seen t h a t  the  lower l e v e l  winds have a strong component i n  thenor th -  

south d i rec t ion .  Numerical and t h e o r e t i c a l  s tud ies  (Asai, 1970; Howard, 

1961, among o the rs )  have t r i e d  t o  account f o r  t h e  formation of the  

longi tudinal  r o l l s  based on i n s t a b i l i t y  of s t r a t i f i e d  shear flows. 

Sctme success has been obtained i n  def in ing t h e  preferred  d i r e c t i o n  of 

I "b,r 
3 

r o l l s  based on wind shear p r o f i l e s ;  however, the  shear of the  winds 

used f o r  example by Asai (1970) is only i n  the  speed, i . e . , t h e  direc-  

t i o n  of t h e  hor izonta l  wind vector does not  change with height .  The 

e f f e c t  of d i r e c t i o n a l  shear  of t h e  wind i n  t h e  i n s t a b i l i t y  character-  

i s t i c s  of a a t r a t i f i e d  flow is not known. 

i 
Considering again the  i n i t i a l  disturbance i n  Fig. 5.11, we may 

assume t h a t  when there  is s u f f i c i e n t  moisture supply, a cloud l i n e  

w i l l  form i n  the  region of surface  convergence and upward v e r t i c a l  

ve loci ty .  In  t h i s  way, the  i n i t i a l  disturbance displayed i n  Figs.  5.10 

and 5.11 may be viewed a s  a l i n e  of shallow convection. Its evolution 



Figure 5.10. Ver t ica l  cross  sect ions  of mesoscale v e r t i c a l  
ve loc i ty  (a) along z = 0 (east-west plane);  (b) along y = 0 (north- 
south plane) a t  time t = 0. (TnLtial condition: a = b = 20 km). 
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Figure 5.11. Horizontal cross-sect ion of the  mesoscale 

+ .. , hor izonta l  wind vector (u1,v') a t  z = 500 m and t = 0. Dashed 
l i n e s  denote a x i s  of convergence ( I n i t i a l  condition: a = b = 

, , , , 20 km) 



i n t o  a f u l l  s i z e  convective l i n e  o r  even s q u a l l  l i n e  may now be in- 

vest igated.  

We may a l s o  speculate t h a t  t h e  i n i t i a l  l i n e  of convergence may 

be produced by the downdraft outflow of a small s c a l e  l i n e  of cumulo- 

nimbus clouds. I n  both cases,  we may regard the  mesoscale system a s  

evolving from a small s c a l e  disturbance. 
L - .  

a )  Horizontal St ructure  a t  Lowest Level 

I n  Figs. 5.12 through 5.19, t h e  evolution of t h e  i n i t i a l  l i n e  

may be seen a t  times t = 500, 1000, 1500, 2000, 2500, 3000, 4500 and 

6000 seconds a t  t h e  f i r s t  v e r t i c a l  l e v e l  ( z  = 500111). Comparing t h e  

configurat ion of t h e  convergence zone a t  t i m e s  t = 0 (Fig. 5.11) and 

t = 500s (Fig. 5.12);it may be seen t h a t  t h e  c e n t r a l  p a r t  of the  l i n e  

is displaced due west while the  north and south edges of the l i n e  a r e  

displaced due e a s t .  The i n i t i a l l y  s t r a i g h t  l i n e  assumes a ra the r  

, I 
curved configurat ion.  A s  t i m e  goes on, t h e  c e n t r a l  -part cont in1.e~ t o  

t r a v e l  t o  the  w e s t  while t h e  northern and southern edges break from 

the  c e n t r a l  p a r t  (Fig. 5.13, t = 1000s) and merge i n t o  a second l i n e  

(Fig. 5.14, t = 1500s). The second l i n e  t r a v e l s  with a speed between 

-1 
5 and 10 m. s due e a s t  whi1,e the  f i r s t  l i n e ,  which is in tens i fq  ing 

, =  . 
-1 

rapidly ,  t r a v e l s  a t  about 20 m . s  due w e s t .  A t  t = 2500 seconcs 

(Fig. 5.16), the  l i n e s  have approximately the  same i n t e n s i t y .  I'rom 

t = 3000 sec  (Fig. 5.17) onward (Figs. 5.18, 5.19), i t  may be seen 

t h a t  the  i n t e n s i f i c a t i o n  of the  f i r s t  l i n e  is  g rea te r ,  so t h a t  i n  a 

r e l a t i v e  sense, t h e  second line appears progressively weaker. It is  

i n t e r e s t i n g  t o  note t h a t  t h e  i n i t i a l l y  s t r a i g h t  l i n e  assumes a r a t h e r  

curved format. Observations of s q u a l l  l i n e  during the  4-5 September 



Figure 5.12. Horizontal cross  sec t ion of the  mesoscale 
hor izonta l  wind vector ( u l , v ' )  a t  z = 500 m and t = 500 

. ,..) ( l u t  seconds. ( I n i t i a l  condition: a  = b = 20 km). i F 4 A  , 

L' 1 I 

I . L A O ,  - l'" 
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Figure 5.13. Horizontal c ross  sec t ion  of t h e  mesoscale ho.rizonta1 

wind vector (u ' ,v l )  a t  z = 500 m and t = 1000 seconds. ( I n i t i a l  con- 
d i t ion :  a = b = 20 km). I 

I 
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Figure 5.14. Horizontal c ross  sec t ion  of t h e  mesoscale hor izonta l  
wind vector (u',vl) a t  z = 500 m and t = 1500 seconds ( I n i t i a l  con- 
d i t i o n :  a = b = 20 km). I 



Figure 5.15. Horizontal c ross  sec t ion  of the  mesoscale hori-  
zontal  wind vector (u',v1) a t  z = 500 m and t = 2QOQ seco d s ,  

' . % !  , , "  v -  " ( I n i t i a l  condition: a =  b = 20 km). i . ' ,  . i ' l Y  , is;. 



Figure 5.16. Horizontal cross  sec t ion  of the  mesoscale hori-  
zontal  wind vector ( u f , v ' )  a t  z = 500 m and t = 2500 second. 
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Figure 5.17. Horizontal c ross  sec t ion  of the  mesoscale hor izonta l  
wind vector ( u l , v l )  a t  z = 500 and t = 3000 seconds. Note the  change 
i n  s c a l e  from previous f igures .  ( I n i t i a l  condition: a  = b = 20 km). 



Figure 5.18. Horizontal cross  sec t ion  of the mesoscale hor izonta l  
wind vector (u ' ,v ' )  a t  z  = 500 m and t = 4500 seconds. ( I n i t i a l  
condition: a  = b = 20 km). 

- r >  I > . i . I  . T  I, .c,*"3 . 
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Figure 5.19. Jb r i zon ta l  c ross  s e c t i ~ n  of the  mesoscale 

hor izonta l  wind vector  (u' , yT ) at z = 5Q0 m and t = 6000 * ., 
second. ( I n i t i a l  condition: a  = b = 20 h). 



Figure 5 .20 .  Isol ines  of mesoscale potential temperature 8 '  a t  
= 500m and t = 3000 seconds. ( I n i t i a l  condition: a = b = 20 km). 
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Figure 5.21. I s o l i n e s  of mesoscale pressure p '  at z = 500 m and 
t = 3000 seconds.( I n i t i a l  condit ion:  a = b = 20 km). 



1974 mesoscale events during the  GATE (houze, 1977) show s q u a l l  l i n e s  

with strong curvature t r ave l ing  towards the  WSW with great  resemblance 

t o  the  convergence l i n e s  of Figs. 5.17 and 5.18. 
. . l ! 'J  - I ,  a 1 ,, ;. , :(. 3 , .  , i r : * ' r ' i  

We may speculate on the reasons f o r  the  observed curvature of 

squa l l  l i n e s .  In  previous Wave-CISK s tud ies  by Hayashi (1970) and 

Lindzen (1974), f o r  each wavenumber the re  were Rossby and Kelvin modes 
' . ' i 7 ,: 

and eastward and westward propagating gravi ty  waves. The above mentioned 

s tud ies  were made i n  r o t a t i n g  planes with no bas ic  s t a t e  wind; hence, 

f o r  small sca les ,  t h e  eastward and westward propagating gravi ty  modes 
L '. , 

have the  same phase speed (with opposite  s igns)  and same growth r a t e .  
> ?' . 

Furthermore, they a r e  near ly  non-dispersive i n  t h e  sense t h a t  t h e  group 

veloci ty  is a constant .  I n  t h i s  case,  an i n i t i a l  condit ion of a point  

of convergence ( l i k e  throwing a s tone  i n  a tank f i l l e d  with s t i l l  

water) would evolve i n t o  a c i r c u l a r ,  non-dispersive f r o n t  of convergence 

t h a t  would propagate away from t h e  i n i t i a l  pos i t ion .  A l i n e  of conver- 

gence ( l i k e  throwing a s t i c k  i n  a tank) would evolve i n t o  an oval f r o n t .  
- y 'P , t :.(.' . 

The dynamics of g rav i ty  waves may then be  used t o  explain the  cur- 

va ture  observed in  Figs. 5.12 - 5.19. I n  the  present  study, the  wind 
3 1 i  1 

p r o f i l e  i n  t h e  b a s i c  s t a t e  des t roys  t h e  symmetry between t h e  eastward 
I ' 'YC' 

and the  westward g rav i ty  waves: the  westward gravi ty  wave has higher 

growth r a t e  and phase speed than t h e  eastward g rav i ty  wave; hence, the  
'+ r.. > , ( , ' .- 1 ' ". - 9336 

most unstable,  k., the  westward g rav i ty  wave, predominates. Conse- 

quently, only the  westward propagating p a r t  of t h e  f ron t  of convergence 

is  seen. The eastward propagating p a r t  of the  f r o n t  may bare ly  be seen 
. ,I. i a J !  + 

i 1 f ~ f i ~  ! * I  ' 
i n  Fig. 5.12 a t  x = 40 km. 



The spreading of a g rav i ty  wave f r o n t  may be used t o  explain the  

curvature of the  convergence zone through the  whole atmosphere. 

Previous explanations f o r  the  observed curvature of s q u a l l  l i n e s  

were based on the  spreading of a dens i ty  current  generated by evapora- 

t i o n  of r a i n  i n  a mesoscale downdraft. The e f f e c t  of evaporation ok 

i j ~  
r a i n  i n  t h e  mesoscale is not  included in the  present  model and fur ther-  

more, the  mesoscale temperature s t r u c t u r e  shown i n  Fig. 5.20 a t  

. 
t = 3000 sec  does not show a cooler  region r i g h t  a f t e r  the  convergence 

..~ 6 1  
2. 

zone. The mesoscale pressure  f i e l d  a t  t = 3000 sec  is  shown i n  Fig. 5.21 
.a . ;- ,.:,a I , ' r &  

and it shows a mesohigh r i g h t  behind t h e  convergence zone and mesolows 

i n  f r o n t  of t h e  convergence zone. The same s t r u c t u r e  was obtained by 

Fr i t sch  (1978). 

This model can thus separa te  t h e  e s s e n t i a l l y  dynamic e f f e c t  of 

propagation of gravi ty  wave f r o n t  from t h e  e s s e n t i a l l y  thermodynamic 

W E l : i  

e f f e c t  of propagation of a densi ty  current .  Certainly there  must be, 

, I T *  

i n  nature ,  a coupling between t h e  densi ty  current  and the  gravi ty  f ron t ;  
f:' < .; ' ' 

Moncrieff and Miller (1976) mention t h a t  inequa l i ty  i n  speeds between 

the  two phenomena r e s u l t s  i n  e i t h e r  impulsive behaviour o r  decay of t h e  

main convect ion. 
> ' ..: , c " I ,  ! b *  

It may be noted t h a t  the  speed of propagation of the  main l i n e  
. I * \ .  

a f t e r  t i m e  t = 3000 sec  is the  phase speed of the  most unstable mode 

-1 
mentioned e a r l i e r  (19-20 m.s  ) Fig. 5.22 shows the time sequence of 

- . , v  . . 
the  pos i t ion  of the leading edge of the  two convective l i n e s .  The 

main l i n e  t r a v e l l i n g  due w e s t  is  accelerated and decelerated i n  





successive time s t e p s  u n t i l  a  cons tant  speed is obtained a f t e r  t = 

3000 seconds. The group v e l o c i t y  ca lcu la t ed  through equation (4.1) a t  

-1 
t he  most uns table  mode is  18  m . s  towards t h e  SSW. 

b)  V e r t i c a l  S t ruc tu re  Along a Zonal Plane 

The v e r t i c a l  s t r u c t u r e  of mesoscale v e r t i c a l  v e l o c i t y  f o r  the  
. , .. I 

i 

same time s t e p s  may be seen i n  Figs. 5.22 - 5.24. The i n i t i a l  d is -  

turbance may be seen i n  Fig. 5.10(b).  A t  t h e  i n i t i a l  time, the re  was 

a  region of upward v e r t i c a l  v e l o c i t y  centered i n  x = y = 0 up t o  the  

he igh t  of 4 km. Fig. 5.10(b) a l s o  shows a region of s t rong s inking i n  

t h e  middle troposphere a t  about x = 0 and regions of weaker upward 

motion a t  x = -15 km and x = 30 km. W e  w i l l  r e f e r  t o  these  two regions 
Clj- 

of middle troposphere v e r t i c a l  motions a s t h e  one on the  l e f t  (x = -15km 

a t  t = 0)  and the  one on t h e  r i g h t  ( x  = 30 km a t  t = 0 ) .  The region 

of p o s i t i v e  v e r t i c a l  v e l o c i t y  on t h e  r i g h t  is i n i t i a l l y  disconnected 

from the  lower l e v e l  convective region  a t  x = 0. The evolu t ion  i n  time 

and space shows t h a t  between times, t = 0 and t = 1500 sec  the  middle 

-1 
t ropospheric  p a t t e r n  t r a v e l s  about 5 m . s  f a s t e r  than t h e  su r face  

d is turbance  so  t h a t  t h e  convect iv l i n e  s r t a r t s  t o  feed t h e  region  of ~ ' 7  2 ,  
1 .  

middle t ropospheric  upward v e r t i c a l  v e l o c i t y  on ' the r i g h t .  This  region 

had, i n i t i a l l y ,  a  smaller value  of upward v e r t i c a l  v e l o c i t y  than the  

c e l l  on the  l e f t .  A s  time goes on, t h e  c e l l  on the  r i g h t  has  its 
- ... - 

v e r t i c a l  v e l o c i t y  i n t e n s i f i e d  i n  a  f a s t e r  r a t e  than t h e  one on t h e  l e f t ;  

by t = 1000 s e c  (Fig. 5 . 2 2 b )  t h e  c e l l  on t h e  r i g h t  has  g r e a t e r  v e r t i -  

c a l  v e l o c i t y  than t h e  c e l l  on t h e  l e f t .  From t = 2000 sec  (Fig. 5 . 2 4 b )  

onward the  region of upward v e r t i c a l  v e l o c i t y  reaches the  he ight  of 

the  upper l e v e l  jet on the  b a s i c  s t a t e  f i e l d  ( c f .  Fig. 4.1). From 



Figure 5.23. V e r t i c a l  c r o s s  s e c t i o n s  along y = 0 (zonal  
plane)  of mesoscale v e r t i c a l  v e l o c i t y  (a) a t  t = 500.seconds; 
(b) a t  t = 1000 sec .  ( I n i t i a l  condi t ion :  a = b = 20 km). 
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Figure 5.24.  V e r t i c a l  c r o s s  s e c t i o n s  along y = 0 (zonal  plane)  
of mesoscale v e r t i c a l  v e l o c i t y .  (2) a t  t = 1500 seconds; (b) a t  
t = 2000 sec.  ( I n i t i a l  condi t ion :  a = b = 20 km) . 



1 

Figure 5.25. V e r t i c a l  c r o s s  s e c t i o n s  along y = 0 (zonal  plane)  
of mesoscale v e r t i c a l  v e l o c i t y .  (a)  a t  t = 2500 seconds; (b) a t  
t = 3000 sec .  Note d i f f e r e n c e  i n  s c a l e s  between (a )  and (b).  ( I n i t i a l  
condi t ion :  a = b = 20 km) . 



Figure 5.26. V e r t i c a l  c r o s s  s e c t i o n s  along y = 0 (zonal  plane)  
of mesoscale v e r t i c a l  v e l o c i t y .  (a )  a t  t = 4500 seconds; a t  t = 
6000 sec.  ( I n i t i a l  condi t ion :  a = b = 20 km). 



then on, i t  may he considered t h a t  t h e  i n i t i a l  disturbance has de- 

veloped i n t o  a convergence l i n e  t h a t  extends through the  whole 

troposphere. 

The secondary l i n e  of surface  convergence observed i n  Figs. 5.14 - 
5.19 can a l s o  be followed i n  Figs. 5.22 - 5.24. A t  time t = 1500 sec, 

the  pos i t ion  of the  secondary l i n e  was x = 15 km. Fig. 5.22(a) shows 

t h a t  the  lower region of upward v e r t i c a l  ve loc i ty  a t  x = 15 km b a r e l y .  

reaches the  2 km l eve l .  Not u n t i l  k = 6000 sec  does th&r&condary l i n e ,  

which has moved t o  x = 45 km (Fig. 5.23~11, begin tp $x.p?I through the  
,\ / '. .. c.. - 4 

whole troposphere. By t h i s  t i m e ,  however, i ts  i n t e n s i t y  is only a 

seventh of t h e  main l i n e  now located  a t  x= -110 km (Fig. 5.23b). It 

may be noted t h a t  the  maximum magnitude of upward v e r t i c a l  ve loc i ty  a t  

t = 4500 sec  is about 4 times its i n i t i a l  value:' 
.' 

The t i l t i n g  of the  main l i n e  a f t e r  t =.,2500 sec  is  comparable t o  

t * 

the  t i l t i n g  reported by Houze (1977) and by Sanders and Emanuel (1977), 

i.e., the  middle tropospheric region of upward motion l a g s  between 20 

and 30 km behind t h e  surface  region of upward motion. 

A t  t i m e  t = 2500 sec (Fig. 5.24b) and i n  subsequent f igures ,  i t  

may be noted t h a t  on both s ides  of t h e  convergence l i n e  the re  a r e  broad 

regions of downward motion. This may be i d e n t i f i e d  with compensating 

subsidence. The compensating subsidence i n  f r o n t  of the  l i n e  is  

stronger than behind; t h i s  i s  i n  accordance again with Fr i t sch  (1978) 

-1.. r e s u l t s .  . > , .. I f  ~ r *  ? . . . hr J J 1 .  

(0 . - c) Horizontal St ructure  a t  ~ i g h e r  Levels 

The hor izonta l  s t r u c t u r e  of the  mesoscale winds a t  time t = 2500 

sec  a t  z = 6.5 km may be seen i n  Fig. 5.25 and a t  z = 13.5 km i n  Fig. 

5.24. Referring back t o  Fig. 5.23(b), we see  t h a t  Fig. 5.25 i s  a 



I 

Figure 5.27. Horizontal c ross  sec t ion  of the  mesoscale hor izonta l  
wind vector (u ' ,vq)  a t  z = 6.5 km and t = 2500 sec ,  (cf.  Figure 5.15). 
I n i t i a l  condition: a = b = 20 km). H 



Figure 5.28 Horizontal cross  sect ion of the mesoscale hori- 
zontal  wind vector (u\v')  a t  z = 13.5 krn a t  t = 2500 sec. (ab$* d L  , 

Figures 5.15 and 5.23). ( I n i t i a l  condition: a = b = 20 km) , 
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hor izon ta l  c ross  s e c t i o n  through a region of high upward v e r t i c a l  

v e l o c i t y  a t  x = 30 t o  40 km. Fig. 5.25 can be compared t o  Fig. 5.16 

which shows the  hor i zon ta l  s t r u c t u r e  a t  the  lowest l e v e l .  The middle 

t ropospheric  l i n e  of convergence, bes ides  being loca ted  t o  the  e a s t  of 

; the  sur face  disturbance shows a more concave curvature.  
, 

d) Fluxes 

The f luxes  of momentum, temperature and pressure  ca lcu la t ed  

according t o  t h e  procedure described i n  Appendix A2 may be seen i n  

Fig. 5.29 a t  t i m e  t = 3000 sec .  According t o  e q ~ a t i o n ( A 1 . 8 ) ~  def in ing  

the  energy equation f o r  t h e  mesoscale d is turbance ,  a negat ive  value 
- 

of po u'w' du /dz corresponds t o  a p o s i t i v e  tendency on t h e  d is turbance  
0 

t o t a l  energy. From Fig. 4.1, it may be seen  t h a t  t h e  wind shear  i n  

the  zonal component of t h e  b a s i c  s t a t e  wind (East At l an t i c )  is p o s i t i v e  

a t  t h e  sur face ,  then negat ive up t o  t h e  upper l e v e l  j e t  and p o s i t i v e  

up t o  the  tropopause. Fig. 5.29 shows curve (A) corresponding t o  

poulw' a s  being negat ive up t o  2 km, then p o s i t i v e  up t o  1 3  km and 

then negat ive up t o  t h e  top  of t h e  model. This means t h a t  pou'w' duo/dz 

I 1  . 
is negat ive  throughout t h e  whole troposphere and consequently, t h e  

d is turbance  t o t a l  energy is increas ing  a t  a l l  l e v e l s .  

On t h e  o the r  hand, t h e  t e r m  d/dz p0u'w' denotes t h e  e f f e c t  of 

t h e  mesoscale wind f i e l d  on t h e  b a s i c  s t a t e  wind. Fig. 5,29(A) shows 

t h a t  the re  is an upward t r anspor t  of wes ter ly  momentum; hence, t h e  meso- 

s c a l e  convergence l i n e  would b e  reducing the  i n t e n s i t y  of t h e  upper 

l e v e l  e a s t e r l y  j e t .  This  conclusion should be  checked aga ins t  obser- 

vat ions.  It should be  noted, however, t h a t  t h e  three-dimensional 

charac ter  of the  wind f i e l d s  during mesoscale events  makes t h e  compari- 

son of t h e  above conclusionwith observat ions a r a t h e r  d i f f i c u l t  task .  



- - 
Figure 5 . 2 9 .  Vertical structure of:  (A) po u'w' ; (B) p v'w' ; 

(C) p ' v '  ; (D) po T ' 7  a t  time t = 3000 seconds; ( In i t ia l  conaition: 
a = b = 20 1cm). 
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The conversion between p o t e n t i a l  energy and k i n e t i c  energy is 

done through the  term p ~ ' 8 ' / 8 ~ ( c f .  equation A1.3 and A1.4).  A 
0 

negative cor re la t ion  between v e r t i c a l  ve loc i ty  and tem.?erature pertur-  

bat ion (up-cold, down-warm) increases the  po ten t i a l  en~zrgy and decreases 

the k i n e t i c  energy of v e r t i c a l  motions. Curve (D) i n  Fig. 5.29 shows 

-- 
a p l o t  of p o  B'w' .  From the  surface  up t o  7.5 km, pO 3 'w t  is  

negative corresponding t o  a n  increase i n  p o t e n t i a l  energy. From 7.5 km 
- 

to  11.5 km, po B'wt is pos i t ive  denoting a t r ans fe r  from p o t e n t i a l  
- v w -  

energy t o  k i n e t i c  energy. From 11.5 km t o  the  top,po 9'w' is  

negative again. 

The term d p'wV/dz i s  negative from the  surface  t o  7.5 km, de- 

noting an increase  i n  disturbance energy, and pos i t ive  from 7.5 Ism 

to  the top denoting a decrease i n  d,isturbanc.s energy (curve (c) i n  
', 

Fig. 5.27). 

e )  Summary 

The i n i t i a t i n g  l i n e  of shallow convergence develops i n t o  a conver- 

gence l i n e  whose v e r t i c a l  extent  reaches t h e  whole troposphere. The 

s t r u c t u r e  of t h i s  l i n e  compares f a i r l y  w e l l  wi th  observations of s q u a l l  

l ines :  i t  develops curvature and v e r t i c a l  t i l t i n g  comparable with obser- 

va t ions  by Houze (1977) and Sanders and Emanuel (1977). A mesohigh 

a l s o  develops behind t h e  systems i n  accordance with the descr ip t ions  

by Zipser (1977). Compensating subsidence i s  s t ronger  in f r o n t  of the  

l i n e ,  downwind from the  upper level e a s t e r l y  jet ,  i n  accordance with 
i t  . * ' 

the  numerical r e s u l t s  obtained by F r i t s c h  (1978). The f l u x  of momentum 

is such a s  t o  produce an upward t r anspor t  of westerly nlomentum; the  

mesoscale l i n e  may be viewed a s  reducing t h e  i n t e n s i t y  of the  upper 

l e v e l  e a s t e r l y  j e t .  



5.2.2 Wide I n i t i a l  Disturbance: a = b = 50 km 

With a hor izonta l  s c a l e  of 50 km i n  the  i n i t i a l  condit ion,  the  

r a t i o  of t h e  Fourier transform of w'  (equation 5.6) a t  wavelengths 

(50 km, 50 km) and (100 km, 20 km) corresponding t o  the  most unstable 

mode is 1021 (c f .  Fig. 5.9),  so  t h a t  the  time f o r  the  most unstable 

mode t o  predominate is about a month ... In  t h e  mean time, the  peak i n  

the i n i t i a l  condit ion s t i l l  provides a so lu t ion  tha t  very much re- 

sembles a convective l i n e .  Fig. 5.30 shows t h e  projec t ion of t h e  

i n i t i a l  condit ion on the  eigenfunctions a t  l e v e l  z = 500 m. This 

f igure  may be compared with Fig. 5.11 where t h e  i n i t i a l  condit ion had 

s c a l e  of 20 km (note the  d i f ference  i n  s c a l e  between the  two f igures ) .  

While Fig. 5.11 shows a l i n e  of about 50 km length,  Fig. 5.28 shows a 

l i n e  about 100 km long. t y .  

. I  I ' 

a )  K1:izontal St ructure  a t  Lowest Level 

The evolution of t h e  i n i t i a l  disturbance may be seen i n  Figs. 5.31, 

5.32, 5,33 f o r  times t = 1500, 3000 and 4500 sec, ,  respect ively .  A t  

t = 1500 sec,  t h e  o r i g i n a l  l i n e  presents  a s t rong curvature,  but  its 

c e n t r a l  p a r t  has bare ly  moved frola the  i n i t i a l  loca t ion  a t  x = 10 km. 
- ,  a C ' , .  ' ' 

A t  t = 3000 sec  (Fig. 5.32) , another l i n e  appears well  ahead of the  

i n i t i a l  one, a t  x = -80 km. The i n i t i a l  l i n e  is  displaced t o  x = 30 km 

- 1 
a t  about 1 3  m . s  . Looking i n t o  t h e  i n t e r v a l  between t = 1500 sec  and 

t = 3000 see  with a small t i m e  s t e p  (not shown), i t  is  seen t h a t  the  

l i n e  t h a t  appears a t  x = -89 k g ~  is formed from the  convergence generated 
. L '1. I ! 

by compensating subsidence r e l a t e d  t o  the  f i r s t  l i n e .  It may be noted 

t h a t  on t h e  2 September, disturbance during the  GATE (Mower, 1977), 

severa l  l i n e s  were observed with spacing of about 60 km. 
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3;: 9 :  Figure 5.30. Horizontal cross  section of mesoscale hor izontal  
wind vector (uf , v f )  a t  z = 500 m and t = 0. ( I n i t i a l  condition: 

fV3 , a = b = 50 km). 
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$ 1  C ,  



t . .  
Figure 5.31. Horizontal cross  sec t ion  of mesoscale hor izonta l  

wind vector (u' ,v' ) a t  z = 500 m %id t = 1500 se:o%d,s: ; ,IbkInitial 
\ f \ .  . .. 

condition: a = b = 50 km) .  
I 



Figure 5.32. Horizontal c ross  sec t ion of mesoscale hor izonta l  ' ': r e  wind vector  (ut  ,vl) a t  z  = 500 m and t = 3000 sec.  ( I n i t i a l  
3 4 1  ' L condition: a = b = 50 km) . ' " , . a  

. i / j /  . , 



Figure 5.33. Horizonta l  c r o s s  s e c t i o n  of mesoscale h o r i z o n t a l  
wind vec to r  ( u l , v ' )  a t  z  = 500 m and t = 4500 sec .  ( I n i t i a l  

, I  condi t ion:  a  = b = 50 b) .)-r , I . . . t i~*,s 1 t.~!' , i . i' *)-I d.1 Y . I 
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Figure 5.34. Horizontal cross section of mesoscale horizontal 
wind vector (ut,vt) at z = 500 m and t = 14400 sec. (Initial 
condition: a = b = 50 km). 



A t  t = 4500 sec  (Fig. 5.32), the  l i n e  on t h e  l e f t  t raveled due 

- 1 
w e s t  a t  about 20 m . s  while the  one on the  r i g h t  is s t i l l  t r a v e l t n g  

-1 
due e a s t ,  but  wi th  a speed of 7 m . s  , The l i n e  on the  l e f t  is a l -  

ready more in tense  than t h e  one on t h e  r i g h t .  However, the  magnitude 

of the  maximum wind vector i s  only 1 .3  times the  i n i t i a l  value. 

A s  time goes on, the  disturbances leave the  g r id  on one s i d e  and 

reenter  again on t h e  o ther  s i d e  due t o  the  periodic boundary condition. 

By t = 14400 sec (4 h r s )  , the re  is only one l i n e  l e f t  (Fig. 5.34) with 

s l i g h t  curvature,  extending over the  whole meridional dimension of the  
.p;rc 

1 
- I  

background, i.e., about 300 km long, t r ave l ing  due w e s t  a t  20 m . s  . 
A region of divergence is  t r a i l i n g  behind the  l i n e  of convergence. The 

maximum wind vector hasonly now reached a value 5 times l a r g e r  than the  
,f 2 -  -.- t ,  . , 

""  - * -  
I / '  I 

. ... 
". \ i n i t i a l  value. * -  4 

I ,  * b %  s 1 

,w , 
b) Ver t ica l  St ructure  i n  a Zonal Plane 

The same evolution i n  t h e  v e r t i c a l  s t r u c t u r e  discussed i n  the  

case of a = b = 20 km may be observed f o r  a = b = 50km. Fig. 5.35(a,b) 

shows the  mesoscale v e r t i c a l  ve loc i ty  vecltor,£or y = 0,  a t  t = 0 
.1 -.. ... * .-. 

. , 
-4. , '.%. 

and t = 4500 sec. There a r e  a few di f ferences  between these f igures  

and the  corresponding ones f o r  a narrow i n i t i a l  disturbance (Fig. 5.10b 

and Fig. 5 . 2 6 a ) .  F i r s t  of a l l ,  t h e  i n c l i n a t i o n  of t h e  region of up- 

bard v e r t i c a l  ve loc i ty  is q u i t e  d i f f e r e n t :  the  narrow i n i t i a l  condit ion 

1.as a more upright  region of pos i t ive  v e r t i c a l  ve loc i ty  than the  wider 

i n i t i a l  condition. Besides t h a t ,  i n  Fig. 5.26 a region of upward ver- 

t i c a l  ve loc i ty  is  20 km wide, while i n  Fig. 5.3(b), i t  is 50 km wide 

~ . n d  remains l i k e  t h a t  i n  following times. 

The region of gen t l e  downward motion i e  s t i l l  present  t r a i l i n g  



- I , ,. t , d  8 
3 i 1  [ I . ,  . J t l ' *  

~ i ~ u r e  5.35. v e r t i c a l  c ross  sec t ions  of mesoscale v e r t i z a l  
ve loc i ty  along a zonal plane a t  y = 0 .  (a) a t  time t = 0 ;  ('3) 

t 

a t  t i m e  t = 4500 sec. ( I n i t i a l  condition: a  = b = 50 km). 
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Figure 5.36. V e r t i c a l  s t r u c t u r e  o f :  (A) p u'w'; (B) p v'w'; 
(C) p'w'; (D) p _ w ,  a t  time t = 4500 sec.  f ~ n i t i a l  condft ion:  

w a = b = 50 km). 
, , .  . ;;q.;: ', ,- , . . , a t -  , L J ~ A .  I.[ t . 
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r i g h t  behind t h e  l i n e  of convergence, with stronger compensating sub- 

sidence downwind from the  upper l e v e l  jet. 

c)  Fluxes 

-- 
Although the  shape of the  f luxes  p o  u'w', po  v'w', p'w' and 

p, B'w' shown i n  F ig .5 .34  f o r  t = 4500 sec  may be s1:ightly d i f f e r e n t  

from the  ones seen i n  Fig. 5.27,  the  same c o ~ c l u s i o n s  concerning energy 
.$, , 

conversions may be drawn. The r e ~ ~ i v e * m a ~ n i t u d e  of i h e  term po u'w' 

-- 
is smaller ,  when compared t o  p v'w', p'w' and p e ' w ' ,  i n  Fig. 5.34 

0 0 

than i n  Fig. 5.27. 

d) Summary j, 

I n  the  case of an i n i t i a l  disturbance with hor izonta l  s c a l e  o t  

50 km, t h e  evolution i n  t i m e  shows a developing convergence l i n e  whose 

v e r t i c a l  extent ,  although reaching t h e  top of the  troposphere, shows 

a r a t h e r  s lanted  s t ruc tu re .  A s  i n  t h e  previous case,  where the  hori-  

zontal  s c a l e  of the  i n i t i a t i n g  disturbance was 20 km, a region of sink- 
" ,." 

ing develops behind and i n  f ron t  of the  convergence l i n e .  Again, t h e  

mesoscale disturbance draws energy from t h e  bas ic  s t a t e  flow a t  a l l  

l eve l s .  

5.2.3 S t i l l  Wider I n i t i a l  Condition: a = b = 100 km 

The case a = b = 100 km shows r e s u l t s  t o t a l l y  d i f f e r e n t  from the 

previous ones. The projec t ion of the  i n i t i a l  condit ion,  to  begin with,  
. - 

r 
'I 

. I r f  I 
,is somewhat d i f f e r e n t .  The two previous cases i n i t i a t e d  with m e r i -  

dional  l i n e s  (Fig. 5.11 and Fig. 5.30) while t h e  present  case shows a 

l i n e  of convergence incl ined i n  the  NW-SE d i r e c t i o n ,  a s  may be seen i n  

Fig. 5.37. 



. ., Figure 5.37. Horizontal c ross  sec t ion  of mesoscale hor izonta l  

wind vector ( u l , v ' )  a t  z = 500 m and t = 0. ( I n i t i a l  condition: 
a = b = 100 km). - .- - - -  - .- I 



wind vector (u',vl) a t  z = 500 m and t = 1500 seconds. ( I n i t i a l  
condition: a = b = 100 km). ,, 
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L .  -4. . 
- Figure 5.40. Horizontal cross section onk mesoscale horizontal 

wind vector (u',vt) at z = 500 m and t = 4500 seconds. (Initial 
condition: a = b = 100 km). I 



Figure 5.41. Horizontal  c ross  s e c t i o n  of mesoscale hor izonta l  
wind vector  (u',vl) a t  z = 500 m and t = 6000 seconds. ( I n i t i a l  
condit ion:  a  = b = 100 km). 
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Figure 5.42. Ver t i ca l  c ross  sec t ions  of mesoscale v e r t i c a l  
ve loci ty  i n  a zonal plane a t  y = 0. (a) a t  time t = 0; (b) a t  
time t = 6000 seconds. ( I n i t i a l  condition: a = b = 100 km). 



a )  Horizontal St ructure  a t  Lowest Level 

rg, ' " 
The evolution i n  time a t  z = 500 m may be seen i n  Figs. 5.38, 5.39, 

,. . . , . .  
5.40, and 5.41 f o r  t = 1500, 3000, 4500 and 6000 seconds, respect ively .  

It may be observed t h a t  the  l i n e  of convergence is displaced towards 

the  northeast  without much change i n  s t r u c t u r e ,  with a speed of about 

- 1 ,-.jg:j , ,., , f f J P ,  $ 1  . 
10 m.s  . There is no noticdable i n t e n s i f i c a t i o n  from t = 0 t o  t = 

6000 sec  i n  the  magnitude of t h e  maximum wind vector .  By t = 14400 sec  

o r  4 h r s  (not shown), the  maximum wind vector has bare ly  doubled i ts 
. , 

' I  t 4 . 3,  I ' 1  - , '.:, , \ LJ 
i n i t i a l  value. 

Y 

b) Ver t i ca l  St ructure  i n  a Zonal Plane 

4 I 

~ h d  v e r t i c a l  s t r u c t u r e  is  very confused i n  t h i s  case. A t  t i m e  

t = 0 and a t  y = 0 ,  the mesoscale v e r t i c a l  ve loc i ty  i n  Fig. 5.42(a) 

shows a region of s inking in the ,middle  and upper troposphere about 150 

km wide with regions of upward v e r t i c a l  motion i n  the  lower troposphere 

and around the  sinking region. A t  time t = 6000 sec ,  the re  i s  no c l e a r  

car{  t . t i  . ,  ; v I .  3 9 .  

structure,and regions of up and down motion succeed each other  i n  the 

v e r t i c a l .  This s t r u c t u r e  does not  resemble a s q u a l l  l i n e  a t  a l l .  

3 t . ~ .  -t.ini T -  , 
c )  Summary 

2 g ,  : 1 : 3 t + < . A  

The i n i t i a l  l i n e  of convergenck 're&ins shallow throughout a t  

st l e a s t  6 hours without any extension of the  upward motion region t o  

upper l eve l s .  No s i m i l a r i t y  with convective l i n e s  can be drawn i n  

t h i s  case. The growth r a t e  is very low and nothing seems t o  develop. 

5.2.3 Summary of Main Points  

The main points  of t h i s  chapter  may be summarized a s  follows 

a )  The s c a l e  of t h e  i n i t i a l  disturbance i s  very important i n  

determining which mode is  going t o  predominate a s  time evolves. 



b) I n i t i a l  l i n e s  of shallow convergence with s c a l e s  of 20 km 
. ,,: ,->: . ' 

\ J f  

and 50 km develop t o  convergence l i n e s  with regions of upward v e r t i c a l  

motion extending from the  surface  t o  t h e  tropopause. 

c)  The evolution of the  small s c a l e  l i n e  compares f a i r l y  well . I '  

with observations of s q u a l l  l i n e s :  i t  develops curvature 'and v e r t i c a l  

t i l t i n g  comparable $0 observations by Houze (1977) and Sanders and 
' P ,  ) < .  .= . I  . 

: Emanuel (1977). 
i 

d) A mesohigh develops behind the  convergence l i n e  i n  accordance 

with observations by Zipser (1977). 

I e )  Compensating subsidence is s t ronger  downwind from the  upper 
8 .":, , ' ..- 

level eas. ter ly j e t  . 
~ 1 

f )  The 50 km l i n e  has about the  same s t r u c t u r e  a s  the  20 km l i n e  

except t h a t  its v e r t i c a l  s t r u c t u r e  is  more t i l t e d .  

g) The curvature of t h e  convergence lines is r e l a t e d  t o  the  
> 1 9. > i 

spreading of a g rav i ty  wave f ron t ;  the re  is no e f f e c t  of cold densi ty  

current  i n  the  present  model. 
I ,  .i ) .  

h) A wider 3 n i t i a l  'disturbance with s c a l e  of 100 km does not 
,.......+ ,- . - .  . -..-. 

produce any meaningful development. 



V I .  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

. The achievements of t h e  model described i n  the  previous chapters  

may be divided i n  two p a r t s :  technical  and conceptual. The technical  

improvements with respect  t o  previous vers ions  of t h i s  model (3. 

Raymond, 1975, 1976) a re :  

a)  Any general  l i n e a r  parameterizationmay be used; i n  the  present  

case, momentum mixing by cumulus clouds has been included through the 

scheme proposed by Schneider and Lindzen (1978). The cumulus heating 

pa ramete r i za t ion i s the  so-called Wave-CISK, with the  magnitude of the  

, heating given by an ideal ized moisture budget (Stevens and Lindzen,l978). 

b) For each wavenumber, a l l  unstable modes may be used i n  t h e  

Fourier summation; Raymond (1976) used only the  most unstable mode f o r  

each wavenumber. 4 r, ~k ,,T~ ITL b n u ~ ~ ~ ~  

c )  The i n i t i a l  condit ion may have v e r t i c a l  s t r u c t u r e  a s  opposed 

t o  being constrained t o  only one l e v e l . .  ?; , -  

The main conceptual achievements may be l i s t e d  as: 

a )  With the  inclusion of momentum mixing, there  a r e  unstable 

modes i n  the  mesoscale length sca le .  

t 1  h b) The model gives growth r a t e s  of order  of 1 /2  hour. 

, . c)  The d i r e c t i o n  and i n t e n s i t y  of the  upper l e v e l  jet a r e  very 

important i n  determining a mode of maximum i n s t a b i l i t y  i n  the  mesoscale 

length sca le  and i t s  d i rec t ion  of propagation. 

d) An i n i t i a l  zone of shallow convergence develops i n t o  conver- 

gence l i n e s  with regions of upward v e r t i c a l  motion extending from the  

surface  t o  the tropopause. It develops curvature,  v e r t i c a l  t i l t i n g  

and mesohighs and mesolows comparable t o  observations (Houze, 1977; 

Sanders and Emanuel, 1977; Zipser, 1977). 
I 



e )  The curvature of t h e  convergence l i n e s  is  re la ted  t o  the  

spreading of a gravi ty  wave f r o n t ;  the re  is no e f f e c t  of cold densi ty  

current  i n  the  present  model., ' : ( '  p ; '. 

. We should a l s o  mention the following conclusions. 

Thorpe and Miller (1978) claim t h a t  a model t h a t  does not include 

both components of the 'hor izon ta l  wind and i ts  v a r i a t i o n  with height  is  

unable to  properly model severe storms. We would go a s t e p  f u r t h e r  and 

1 
;rii say t h a t  even i n  t h e  case where t h e  two components of t h e  bas ic  s t a t e  

wind a r e  used, t h e  g r e a t e s t  care  should be exercised i n  choosing what 

p a r t i c u l a r  observation o r  set of observations is  used t o  represent  the  

l a r g e r  s c a l e  bas ic  s t a t e .  Horizontal va r i a t ions  i n  v e r t i c a l  s t r u c t u r e  
I 

, - id of t h e  hor izonta l  wind vector  a r e  l i k e l y  t o  be present',' e spec ia l ly  

around an inc ip ien t  mesoscale disturbance. A s  seen i n  subsection 5.1.3, 

the  se lec t ion  of a preferred  mode is very s e n s i t i v e  t o  t h e  d e f i n i t i o n  

of t h e  b a s i c  s t a t e  i n  a p a r t i c u l a r  case study making the  comparison with 

observed da ta  a d i f f i c u l t  task.  

Features i n  the  bas ic  s t a t e  wind f i e l d  can e f f e c t i v e l y  determine, 

f o r  example, t h a t  the  East At lan t i c  region has,  i n  the  mean, a preferred 

mode which f a l l s  i n  t h e  mesoscale length  s c a l e ,  while the  West P a c i f i c  

1 shows no preferred mode i n  the  mesoscale length  sca le .  Differences i n  I* 
1 

, ,  wind hodographs between d i f f e r e n t  ca tegor ies  of a composited e a s t e r l y  

wave in the  East At lan t i c  lead t o  the  concLusion t h a t  the  ca tegor ies  

which precede the  trough c l e a r l y  def ine  a preferred  mode i n  the  meso- 

sca le ,  while t h e  ca tegor ies  a f t e r  t h e  trough do not .  Observations show 

t h a t  mesoscale organizat ion is more l i k e l y  t o  occur ahead of the  eas ter -  

l y  wave trough (x., Thompson e t  a l . ,  1979). 
.,-. 1. 3 r 5 pw 

I ,. 1 I **:,: , I  i 8 .  



The a c t u a l  development of a mesoscale disturbance depends a l s o  1 

on the  s c a l e  of the  i n i t i a l  condition. For an i n i t i a i  l i n e '  of su r face  

convergence with c h a r a c t e r i s t i c  hor izonta l  length  s c a l e  between 20 and 

50 km, the  evolution may be c l e a r l y  i d e n t i f i e d  t o  lead t o  a convergence 

l i n e  with s t r u c t u r e  comparable with observed squa l l  l i n e s .  A hor izonta l  

sca le ,  of the  i n i t i a l  convergence zone, of 100 km does not  produce any . ,- -- 

meaningful r e s u l t .  

The research described i n  t h e  previous chapter  has  been devoted 

mainly t o  i d e n t i f y  the  controls  of mesoscale organizat ion.  Apart from 

I . .-.. 
the  d e t a i l s  of the  parameterization scheme, i t  may be s a i d  t h a t  the  

main controls  a r e  the  b a s i c  s t a t e  wind f i e l d  and fea tu res  of the  i n i t i a l  

disturbance. And it is hard t o  say which is more important. The model 

used fo r  the  purposes described above is r e l a t i v e l y  simple, however, and 

can c e r t a i n l y  be improved. It is recommended tha t  fu tu re  rev i s ion  of 

r . -  -.. 
the  l i n e a r  model include the  Cor io l is  parameter a s  well  a s  mesoscale 

moisture. A subsequent version should c e r t a i n l y  include topography. A 

more complex bas ic  s t a t e  might a l s o  be important e spec ia l ly  i n  the  

! v i c i n i t y  of the  ITCZ where t h e  hor izonta l  shear  of t h e  wind is"%o? 

! I  negl ig ib le .  This would allow the  inclus ion of v o r t i c i t y  and/or diver- 
1 

gence i n  the  bas ic  s t a t e .  

But before a l l  these models improvements a r e  made, severa l  ques- 

t ions  should be answered. F i r s t  of a l l ,  can the  parameterization of 

I 

small sca le  processes be improved? A r e  these parameterization schemes 

r e a l l y  representing what cumulus clouds do? More bas ic  than t h a t  is  

the  question of s c a l e  separat ion:  how f a r  can we go improving small 

sca le  parameterizations and bas ic  s t a t e  c h a r a c t e r i s t i c s  and s t i l l  keep 



I 
I 

' 
rho modeled mesoscale i n  between as a s e p a r a t e  e n t i t y ?  A l l  these  J 

s t i o n s  w i l l  probably remain unanswered f o r  yea r s  t o  come. 

, 
Supposing t h a t  some consensus is  reached on t h e  ques t ions  r a i s e d  

above, t h e  next  s t e p  should be  t o  compare model r e s u l t s  wi th  a few 

e s t u d i e s .  How t o  de f ine  t h e  b a s i c  state is a ques t ion  t h a t  should 

I ,,Je c l o s e  a t t e n t i o n  i n  t h i s  case .  The d a t a  requi red  t o  eva lua t e  

t h e  model performance i n  terms of speed and d i r e c t i o n  of propagat ion 

may be  simply a time sequence of satell i te p i c t u r e s ,  o r  depending on 

a v a i l a b i l i t y ,  r a d a r  scans  which l o c a t e  areas of p r e c i p i t a t i o n .  Both 

resources  a r e  e a s i l y  a v a i l a b l e  f o r  s e v e r a l  mesoscale events  dur ing  t h e  

GATE. $ :) 1 :T: 
I 

I a l l y ,  t h e  : t and u l t i m a t e  goa l  of mesoscale moc J is  t h e  

development of a parameter iza t ion  scheme s u i t a b l e  f o r  i nc lus ion  of 

mesoscale e f f e c t s  i n  l a rge - sca l e  and gene ra l  c i r c u l a t i o n  models. The 

mesoscale energy f l u x e s  and conversions should be  s t u d i e d  c a r e f u l l y  

f o r  t h a t  purpose. Probably a non-linear model should b e  considered 

as a f u t u r e  op t ion  a f t e r  t h e  b a s i c  r e l a t i o n s h i p s  a r e  understood. How- 

eve: i f  some s o r t  of parameter iza t ion  scheme is  developed i n  t h e  

processe: 

;+ ;= nllr b e l i e f  t h a t  t h e  understanding of t h e  phys i ca l  

h a t  govern t h  s c a l e  i n t e r a c t i o n s  may l a g ,  a t  least, 

another  10 years .  When t h i s  is achieved,  i f  i t  is,  w e  w i l l  be  a b l e  t o  

s ay  t h a t  t h e  goa l s  of t h i s  w o ~ k  ,have been aJtained. , 
1 "11 1 15.: . -, , J A X  . . / [ I , . .  ,, .... , 
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where 
' * _. 1.. 2 

- -, 
' i 

Adding equat ions  Al.1, Al.2, A1.3 and A l . 4 ,  and de f in ing  

and 

we may w r i t e  

du 
0 dvo dw 

P o  ulwl - 0 
dz 

+ p v'w' .- + p w'w'  - 
0 d z 0 

+ 
d z  



where t h e  c o n t i n u i t y  equat ion (3.7) has  been used i n  t h e  term conta in ing  
. . , . ' ' , - .*; s.'[ifl:fI':'s; 

the pressure  pe r tu rba t ion .  
! 

It may be noted t h a t  t h e  term i n  0'w' is cance l led  between equa- 

t i o n s  (Al . 3 )  and (Al. 4 )  denot ing a conversion of p o t e n t i a l  -energy i n t o  

k i n e t i c  energy of v e r t i c a l  motions. A p o s i t i v e  c o r r e l a t i o n  between 

8 '  and w' corresponds t o  a decrease  i n  p o t e n t i a l  energy and an  i n c r e a s e  

i n  k i n e t i c  energy. 

The energy equat ion (Al.8) is discussed by Dutton (1976). Ac- 

cording t o  Dutton, t h e  most important  terms i n  t h e  energy equat ion  a r e  

(pou'wl du /dz, pov'wt dvo/dz) which correspond t o  t h e  t r a n s f e r  of 
0 

energy from t h e  b a s i c  s t a t e  t o  t h e  pe r tu rba t ions  through t h e  Reynolds 

s t r e s s  a c t i n g  on t h e  shea r  of t he  mean flow. The term a (p 'w l ) / az  is  

r e l a t e d  t o t h e  convergence of wave energy ( c f .  E l i a s sen  and Palm, 1960; 

Holton, 1975). 



APPENDIX A2. PROCEDURE TO CALCULATE HORIZONTAL AVERAGES OF VERTICAL 

FLUXES. 

The hor izonta l  averages of v e r t i c a l  f luxes  may be computed 

numerically from the  values obtained i n  g r i d  points ,  but  a more ac- 

Consider, f o r  example, t h e  v e r t i c a l  f l u x  of zonal momentum. The 

.:!,, 

, 

f i e l d  of u' may be wr i t t en ,  i n  a d i sc re t i zed  version of equation 3.32 

. cura te  r e s u l t  may be obtained by using the  eigenvalues and eigenvectors 

of equation (3.30) and the Fourier transform of the  i n i t i a l  condit ion 

represented by C(k k m) i n  equation (3.37). The procedure t o  be  
x Y  y y  

presented here  has been previously used by Murakami (1973). : .  ; . f  .. 

and 3.36, a s  ,.>. . . ' \- I . . Iy.  . P I  . . i , ~  G i l l )  1 . .  Y )  I : 

I 
u ' ( x , y , z , t )  = L E 8 c(nx, n m) G(nx,ny,m) 1 

n n m  Y' 
. x  Y I 

4 ~ 2  
exp (i(kx x + k y - (kx,ky,m) t))lL (A2.1) 

Y x Y 

where 

k =.- 2 8 n  and 
x Lx X 

and analogously f o r  w' . 
Now def ine  

A 

a = a + i a = L c(n ,n ,m) u(wx,ny,m) r i m X Y 

exp (,- i w (kx . kyy m) t ) . 



l 
and 

The h o r i z o n t a l  mean corresponding t o  t h e  fundamental (n  = n = 1 )  
x Y 

wavelengths L L of u'w' w i l l  be denoted by a b a r ;  t h e  only  p a r t  t h a t  
x' Y 

has  phys ica l  meaning is t h e  product of  t h e  r e a l  p a r t  of u' and w' which 

may be w r i t t e n  as 
1: 

(A2 .5 )  

482 
r f  , Re [u'] = z (ar cos  (kx x + k y  y) - a s i n  (kx x + k y  Y)) 

*x "y i 
,:tfl J I '  ' 1 1  x Y 

R e  [w'] = h S kX x + k y) - b .  s i n  
nx ny Y 1 

3 ,  I t> !, 1 1  : 8 ,  - . r. . r .  , 1  ; : o , ~  X Y 

Defining I 

X 

Re [ u l  Re [wl]= Re [u'] R e  [wq dx dy 

i t  may be  seen t h a t  

7TZ 
Re [u'] Re [ w 3  =: (a* b + ab*) 

x Y X Y  
I I 

And analogously with t h e  o t h e r  f l uxes .  1 

, I . , .  

I 

. , - .* - -  . ..-*.. .. ..- -- - -  - - -- - . . - -  >...... - . 
'. ' i 

. . .. ,..-- -+- 
. , , I  . < . ,  I ,  

i '  
I 

. - * .  
- - ; ,  I.- - * - -  ..-. - .-4 

i 
I . . . f .  

i 
I , 3 :  I 1  

_ l j .  . * - - - .  -. . -. 1 -. - - - - - - - 
. - -. - - 

- I 



. . . . .- .- .. . - . - .. ---- ..-- - ..- , .. -.- -- -- -..-- -. - .-- ...- -- --..-- 
a l B L I O C a A P H l c  D A T A  ' I.  ! < ~ p a < :  cia. 2. 3. ! ~ C C I ~ I C " C ' S  . + c c c s > ~ O ~ )  So. I 

I CSU - ATS - 311 ! . . 
15. Rcporc ij,te 

( Linear Spectral Model of Tropical fiesoscale systems August, 1979 
6.  

Maria F. ~ i l v ' a  Dias 

I 
9 .  P c r i ~ r r n ~ n g  i r : l ; ; r i ~ ~ z a t i c n  .'\arnc an!! h r l i r z s s  

-- 
16. . icstrac:s  The sensitivity of mesoscale features with respect t o  large scale tropical pro- 
f i les  of wind and temperature and t o  small scale parameterizations i s  investigated throug 
a linear, spectral, non-hydrostatic model. The cumulus heating parameterization i s  the 
so-cal led Wave-CISK parameterization, defined by an idealized moi sture budget. The momen 
turn mixing parameterization i s  as developed by Sckneider and Lindzen (1976). The speed o 
propagation and the mode of maximum growth rate are no t  very sensitive t o  small scale 
parameterization. The feature of the basic state wind that most seriously influences the 
selection of a most unstable mode i s  the direction and the speed of the upper level jet. 
An ini ti-a1 small scale (20-50 km) 1 ine of shallow convergence evolves into'a convergence 
1 i ne whose vertical extent reaches the who1 e troposphere. The convergence 1 ine assumes 
curvature and vertical t i  1 ting comparable t o  squall 1 ines studied 'by Houze (1 977). 

&"'CSU - ATS - 311 
10. P r o j c c t i ' ~ ~ s k / \ r o t k  UIII: SQ. 

~epartment of Atmospheric Science 
b 

Col orado State Uni versi ty 
Fort Col 1 ins, CO. ' 80523 

It S;lons,:::nd C):<. l t ;zat tr)~ l  S2cr.c ~ r . 2  . i \ i d r i s >  

' Global Atmospheric Research Program 
National Science Foundation 
Washington, D . C .  20550 

. - 7 ,  ' A  , L  i t  i n ! .  r i a .  i ; c s c r ~ F c o r s  

J 
11. Cor , r ;~c r .  Gr;inc :;a. 

NSF ATM-7.8-05743 
NSF ATM-77-15369 
13. 7 1 y p :  GI ltcporc & Pcr10,i  

C o v e r e d  

Ph.D. Thesis 
14. 

, 
Squall lines 
Tropical sys terns 
Spectral model 

I 
I 

I 

i . 1. . 

17b. IJcnciiiccs,'C'?cn-EntlcJ T e r n s  
I '  

1 _ -  

a : '  ' 8  I.:!*. .,, 

17c. Ci\Z.+TI F i ~ ! d / ~ ~ : o u p  

18. A v a t i ~ ' o t ; l r ~  :r.~tctner.r 19.. SCL.UICV C i . i , b  \ ' i i \ , h  21. :\J. 01 P J ~ C S  


