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I .  INTRODUCTION 
. I . , 1 "4% - 

The downdraft circulation in cumulonimbus clouds has been receiving 

increasing attention due t o  i t s  importance in the modelling and simula- 

tion of severe storms, squall l ines  and the i r  relation to  large scale 
I 

motiong. Many observational fac ts  are known about the kind of circula- 

tion involved in cumulonimbus cloud? b ~ &  there are s t i l l  more things to  

be understood. Ludlam (1963) developed a physical picture of the ideal- 

ized updraft-downdraft circulation in a cumulonimbus cloud. The picture 

has evolved since then, and may be seen in two dimensions in the work of 

Betts 1976) reproduced here i n  Fig. 1.1 This figure shows a tropical I 
cumulonimbus cloud with inflow i n  the front  and outflow in uppet,l,gyels 

in the rear.  Since the observations of the Thunderstorm Project (1948) 

i t  has been known tha t  the downdraft usually appears with the beginning 

of rain a t  the ground. The difference i n  the s t ructure of the updraft 

and the downdraft i s  mainly that  the former occurs under saturated con- 

dit ions while the l a t t e r  i s  subsaturated. I f  the forced up-current 

reache the l i f t i n g  condensation level ,  water vapor s t a r t s  to condense P in i t  and the release of la ten t  heat accelerates the current upwards. 

The upLraft will be under saturated conditions and droplets will be 

growinb in i t .  Several theories have been presented in order to  account 

higher moisture content than the one provided by evaporation of 

for  t h k  in i t ia t ion  of the downdraft, b u t  once s tar ted i t  can be main- 

tained by the evaporation of raindrops which will cool the a i r  which 

will descend and form a "cold pool". The evaporation in the downdraft 

i s  not suf f ic ien t  t o  keep i t  saturated even under fal l ing rain primarily 

because the compressional warming in the descending a i r  allows for  a 



i ndrops . As shown by Kamburova and Ludl am (1 966), the degree of sub- 

saturation will depend on the intensity of rain, the speed of +$e down- 
";' 

draft current and the size of raindrops. 
- - l , , f l f . -  r : * I l l  

The purpose"of this1'r&e&ch i s  t o  study the effect of tne down- 

draft on the subcloud layer by determining the variability of the 

-"parameters which determine i t s  structure and t o  isolate the parameters 
; T that are suitable for modelling the effect of the downdraft on the large 

r 

"'scale. I n  Chapter 2 ,  a review of past and recent studies i s  presented; 

' ""in Chapter 3 ,  a simple set of equations for a one dimensional flow 

. J  'governing the evaporation in a downdraft current is  derived and dis- 

cussed, the results from i t  presented and the variability of the in- 

L I ' volved parameters analyzed. This simple set of equations i s  modified in 

order t o  allow a realistic profile of the downdraft speed and the re- 

sul t s  are also presented and discussed. Chapter 4 disc^usses the impli- 

cations of some results of Chapter 3 in terns of modelling. Chapter 5 

- t l C  presents the summary and conclusions. 
; ' I '  " 4  . I ,  1 

8 - 



11. REVIEW OF PAST AND RECENT WORK CONCERNING THE DOWNDRAFT I N  CUMULI 

' I 
The importance o f  t h e  r o l e  t h a t  downdrafts p l a y  i n  the  mature and 

d i s s i p a t i n g  stages o f  a thunderstorm was f i r s t  recognized by Byers and 

Braham (1949). They observed t h a t  w i t h  t h e  beginning o f  r a i n  a t  t he  
I 

groun a downdraft  appeared i n  t h e  cloud; t he  downdraft  remained unsat- 4 
ura ted  even i n  t he  presence o f  l a r g e  amgunt;_s,of p r e c i p i t a t i o n  and d i d  

n o t  warm a t  an a d i a b a t i c  lapse- ra te  b u t  was c o o l e r  than t h e  environment 

a t  t h  same l e v e l .  A t  t h e  ground, the  downdraft  a i r  spreads predom- e 
i n a n t l ~ y  t o  one s i d e  o f  t he  c e l l ,  behind a we1 1 marked mic ro-co ld  f r o n t ,  

i t s  speed was a maximum. New c e l l s  formed above t h i s  ou t f l ow .  

) 1 I t h e  .next ,sec$io,n,s ,of t,h,i~,,chag.t~r,we summarize the  research t h a t  

has been d i r e c t e d  towards exp la in ing  and mode l l ing  the  s t r u c t u r e  o f  t h e  

downdnaft a i r  s ince  the  pub1 i c a t i o n  o f  t h e  experimental  r e s u l t s  o f  t h e  

Thundqrstorrn P ro jec t .  . c  , - , - .2 c 3. , n -- ~ % ? O ~ & C / I  

2.1 ~ l n i t i a t i o n  and maintenance o f  t h e  downdraft  

e apparent anomaly o f  t he  unsaturated downdraft  m igh t  be due, 
;7.+i,' 

accord ing t o  Byers and Braham (1949), t o  one o f  t h e  two f o l l o w i n g  pro- 

c e s s L - l  - 

? i r s t l y  t h e  downdraft  may be d r i e d  o u t  by c o l d  p r e c i p i t a t i n g  

p a r t ,  es. I f  t h e  r a i n  o r  h a i l  i s  s u f f i c i e n t l y  co lde r  than the  ambient 

a i ,  , water vapor pressure near t he  sur face  o f  these p a r t i c l e s  w i l l  

be n t h a t  o f  t h e  surroundings, r e s u l t i n g  i n  a water vapor f l u x  

d i recyea towards t h e  p a r t i c l e s  which w i l l  grow and so' reduce the  ambient 

a i r  water vapor. The second process suggested was t h a t  t he  downdraft  

i s  unable t o  remain sa tura ted  because t h e  r a t e  o f  evaporat ion o f  r a i n -  

drops i s  too  slow t o  p rov ide  f o r  t h e  inc rease i n  t h e  s a t u r a t i o n  m ix ing  

r a t i o  as the  a i r  descends t o  lower l e v e l s .  I n  t h a t  case, t h e  downdraft 

I 



a i r  could be heated a t  a lapse-rate between the dry  and the mols t  adia- 

b a t i c  processes and would reach the ground i n  an unsaturated s ta te .  

A process f o r  the i n i t i a t i o n  o f  downdrafts was suggested by Squires 

(1958) based on the evidence t h a t  the average lapse-rate ins ide  cumuli 

i s  steeper than the moist  ad iabat ic  one and t h a t  the r a t i o  between the 

1 i q u i d  water content t o  i t s  ad iabat ic  value (Q/QA) decreases r a p i d l y  

w i t h  height .  He elaborated a theory i n  which the downdraft would be 

i n i t i a t e d  by entrainment o f  d ry  a i r :  a parcel o f  dry a i r  which entered 

the top of a growing cloud by tu rbu len t  d i f f u s i o n  would be cooled by 

e v a p o r a t i o ~  o f  l i q u i d  water and might subside i n t o  the cloud, thus ex- 

p l a i n i ng  why Q/QA decreases w i t h  height .  The i n i t i a t i o n  could a lso take 

place due t o  the drag o f  f a l l i n g  raindrops as pointed ou t  by Das (1964) 

who simulated t h i s  process f o r  the f i r s t  t ime i n  a numerical mbdel. He 

neglected the e f f ec t s  o f  entrainment o f  dry  a i r  as an i n i t i a t o l r  o f  the 

downdraft. This model does no t  inc lude an i n t e rac t i on  between, the cloud 

and the environmental atmosphere such as entrainment, the e f f d c t  o f  

which i s  important i n  the l i f e  cyc le  of a convective cloud. 

Ludlam (1963) considered the a i r f l ow  i n  hai ls torms and how i t  de- 

pends upon the wind shear. He pointed out  t h a t  when there i s  1 i t t l e  o r  

no wind shear the updra f t  i s  v e r t i c a l  and the p r e c i p i t a t i o n  f a l l s  

through and impedes it. A pronounced downdraft can be produced on ly  i f  

th!e convection i s  i n t e r m i t t e n t  so t h a t  the updra f t  consists o f  a succus- 

s ion o f  thermals from which p r e c i p i t a t i o n  can f a l l .  The downdrafts 

spread ou t  predominantly on one s ide when the ground has some slope, o r  

i n  the presence o f  some shear. When there i s  a stronger wind shear the 

updraf t  becomes t i l t e d  and the out f low i n  the anv i l  a l o f t  occ 1 r s  pre- 

dominantly on one side. This arrangement, according t o  Ludlam (1963) 



offers  the possibi l i ty  of having the updraft and downdraft working con- 
1 - I - 

tinuously side by side. 

Zipser (1969) using some data from the Line Islands Experiment 

suggebted that  the a i r  which takes place in the downdraft circulations 

comf from the middle troposphere where the equivalent potential temper- 

atui ( e E )  i s  of  the order of 330°K. He observed the complete absence 
r L r t  f :a3 

of cobvective clouds throughout most of the downdraft area and concl uded 

tha t  lin sp i t e  of i t s  large magnitude, the addition of heat and moisture 

to  t h k  a i r  below i t  was insuff ic ient  t o  restore cumulus development for  
l-d-.: 

This a i r  wds'; therefore, completely unable to  take part  in 

the deep convection required to  maintain tropical disturbacnes and, in 

f a c t ,  kil led such convection everywhere tha t  i t  spread. He suggested 

two pr-ocesses by which the volume of the downdraft could be increased in 

the lbwer troposphere: f i r s t ,  t h i s  a i r  could flow freely under the 

heavily raining anvil o n  a la;gel'kcale and sink in a d i rec t  circulation 

to  thle lower troposphere while remaining highly unsaturated. Second, i t  

could be entrained direct ly  into individual convective towers, a1 so 

forming unsaturated downdrafts immediately downshear of the towers on a 

confilrmed in the work of Ruiz (1975) who used VIMHEX-1972 data 

$9 

(~enelzuelan International Meteor01 ogical and Hydro1 ogical Experiment) , 

convective sca le  or mesoscal e .  

The s t ructure of the downdraft as described by Zipser (1969) was 

a1 th&h he pointed out tha t  whether the sinking occurred in convective 

scale downdrafts or  by large scale sinking under raining middle cloud 
? 1 -  

decks, or both, was questionabl;. - 

1 Also using the VIMHEX-1972 data,  Betts (1976) developed a simple 

model in order to  explain the sub cloud layer s t ructure a f t e r  the 



passage o f  a r a i n i ng  system (see Fig.  1.1 f o r  a sketch o f  the model). 

I n  a t y p i c a l  case the preceding sounding showed an undisturbet  atmo- 

spheric s t ruc tu re  w i t h  a we l l  def ined near ly  mixed layer  up t h  cloud 

base whi le  a f t e r  the passage o f  a system the sounding showed a very 

d i f f e r e n t  atmospheric s t ruc tu re  w i t h  a coo l ing o f  the lower l aye r  and 

a f a l l  o f  equivalent  po ten t i a l  temperature. Since the evaporation o f  

f a l l i n g  r a i n  i n t o  the sub cloud layer  would produce a coo l ing and sta-  

b i l i z a t i o n  a t  constant eE, on ly  a mass t ranspor t  from upper layers  could 

produce the observed f a l l  o f  eE. He concluded t h a t  the a i r  i n  the down- 

d r a f t  gust came from j u s t  above cloud base. Even i n  the deeper cases 

the downdraft a i r  came mainly from below 700 mb which represents a 

shallower downdraft than the one found by Zipser (1969). Bet ts  (1973), 

i n  a composite cumulonimbus study, found t h a t  i n  the mean system down- 

d ra f t s  d i d  no t  extend from the mid-troposphere t o  near the surface, but  

a i r  t y p i c a l l y  was descending 80 mb i n  downdrafts. 

I n  two case studies Seguin and Garstang (1 976) examined 

p l i n g  o f  cloud and sub cloud layers  by p r e c i p i t a t i o n  downdrafts dur ing 

disturbed and undisturbed condi t ions.  They a t t r i b u t e  the subsiding 

motion t o  the evaporation o f  cloud mater ia l  and p r e c i p i t a t i o n  around the 

edges o f  the cloud 1 i ne  and conclude t h a t  these downdrafts must serve t o  

balance the v e r t i c a l  t ranspor t  o f  mass which takes place ins ide  the 

ac t i ve  growing cloud i n  accordance w i t h  Gray's (1973) ideas. 

The theor ies about the maintenance of the downdrafts are mostly 

based on the evaporation and drag force of f a l l i n g  raindrops., The tem- 

perature a t  the surface o f  evaporating raindrops was proved t be given, P 
w i t h  good approximation, by the wet bulb temperature. This was shown 

emp i r i ca l l y  by Kinzer and Gunn (1951) and mathematically by Syono and 
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1 
Takeda (1962), who a l s o  showed t h a t  t h e  size-spectrum o f  ra indrops  

changes w i t h  t ime due t o  evaporat ion and t h a t ,  i n  comparison w i t h  l a r g e  

ra indrops,  t he  evaporat ion o f  smal l  ra indrops  g ives  a cons iderab ly  

l a r g e r  e f f e c t  on the  change o f  t he  atmospheric s ta te .  I 
Hooki ngs (1  965) der ived  t h e  equat ions f o r  heat  conduction, conser- 

v a t i o n  o f  mass and o f  water  f o r  a monodisperse d i s t r i b u t i o n  o f  ra indrops  

assuming s teady-s ta te  downdrafts and environmental  lapse  r a t e s .  The 

r e s u l t s  o f  h i s  computations show t h a t  t h e  smal le r  t h e  i n i t i a l  drop 

rad ius  t h e  g r e a t e r  i s  t h e  speed o f  t h e  downdraft  produced; t h e  f a s t e r  

downdraft  speeds a re  associated w i t h  t h e  lower r e l a t i v e  humid i t ies ;  t h e  

g rea te r  t he  mass o f  l i q u i d  water in t roduced i n i t i a l l y  t he  g rea te r  t h e  

downdraft  speed produced. I n  f a c t ,  t h e  downdraft  speed a t  t h e  l e v e l  

where evaporat ion commences i s  almost e x a c t l y  p ropo r t i ona l  t o  t h e  mass 
I * 

o f  1 i q u i d  water in t roduced.  H i s  r e s u l t s  a l s o  show t h a t  t h e  r e l a t i v e  

humid i t y  o f  a parce l  increases as i t  approaches the  sur face  which i s  n o t  

always t h e  case i n  t h e  ac tua l  atmosphere. 

Using equat ions s i m i l a r  t o  those descr ibed above Kamburova and 

Ludlam (1966) showed t h a t  o n l y  i n  an i n tense  r a i n  o f  smal l  drops d i d  

t he  descent o f  a i r  i n  t he  downdraft  approximate t o  t he  psuedo 'ad iabat ic  

re fe rence process (see F i g .  2.1) and o n l y  c l o s e l y  i f  the  downdraft  was 

weak. I f  the  general  lapse r a t e  was approx imate ly  equal t o  t h e  d r y  

a d i a b a t i c  lapse  r a t e  then the  microphysics o f  t h e  evaporat ion process 

p laced much l e s s  r e s t r i c t i o n  on the  downdraft  magnitude and even i n  a 

moderate r a i n  o f  l a r g e  drops s t rong  downdrafts migh t  be generated. 

Correspondingly,  t he  microphysics become unimportant and t h e  j escen t  

approximates the  sa tura ted  a d i a b a t i c  i n  t h e  case o f  extremely weak down- 
I 

d r a f t s  . 



Temperature and humidity in strong (continuous lines), moderate (dashed lines) and tuc.<tlc (juckcd 
) downdraughts, produced by the evaporation of intense (I), heay  ( H )  and moderate (m) rains, oS uniform 

drop size 0.5 (left) and 2 mm (right). The rainfall intensities at 500 mb are respectively 250, 50 and 
5 r q h  hr-l. The temperature profiles are drawn upon sections of a tephigrarn limited by the horizontal dry 
adidbatics corresponding to potential temperatures of 30 and 50°C. The isobars are drawn at intervals of 
l00mb. The lowermost c w e  is the saturated pseudo-adiabatic corresponding to the wet-bulb potential 
-$.rature of 18OC. which is preserved in the downdraughts. At each 100 mb level the pairs of figures 
entered beside the profiles for the strong and the weak downdraughts give the relative humidity in per cent, 
folkwed by the drop radius in units of cm in diagrams (a) to (c), and in units of mm in diagrams (d) to 
(f). ' In all cases the downdraught air is assumed to be saturated at a temperature of - 12.ZoC at the 500 mb 
level. 

The vertical air speeds are respectively about 20 (24.8 to 16.8) m sec-l, about 10 (12.4 to 8.4) m sec-I 
2 (2.5 to 1.7) m src-' in the strong, moderate and weak downdraughts. A more accurate specifi- 

results is given in Table 1. 

I ' Temperature and humidity in downdraughts produced in initially very dry air by the enporatbn 
of q;un; dashed line : moderate downdraught (vertical speed about 10 m sec-l, moderate rain of initial drop 
e i y  0.5 mm; contrnuous line: strong downdraught (speed about 20 rn sec-I), intense rain of initial drop 
k 2 mrn. The two temperature profiles are drawn upon sections of a tephigrarn limited by the horizontal 

adiabatic6 corresponding to potential temperatures of 20 and 50°C. The isobars are drawn at i n t e d s  of 
mb. The lowermost curve is the saturated pseudo-adiabatic corresponding to the wet-bulb potential 

t y p r p t u r e  of lS°C, which is preserved in the downdraughts. At ea'ch 100 mb level the pairs of figures 
entered beside the profiles give the relative humidity in per cent, foilowed by the drop radius in units of 
107' atl (upper curve) and in units of mm (lower curve). In both cases the downdraught of air is assumed 
to bc very dry (R.H. = 3 per cent) at a temperature of - 12.2"C at the 500 mb level. The conditions at lower 
hvdr rpccified in Table 2, and can be compared with those in Table 1 and Figs. 1 (c) and (d). 

Figure 2.1 From Kamburova and Ludl am (1 966) .  



ora te ;  on the other hand, a given l iquid  water content composed of a 

small number of l a rge  drops evaporates much l e s s  than when i t  consis ts  

of a large  number of small drops. A strong downdraft carrying i t s  

1 iquid water content i n  the form of l a rge  drops will tend t o  remain 

unsaturated not only when the l iqu id  water content i s  small,  thereby 

Das and Subba Rao (1972), w i t h  the same kind of computatibns as  

causing a shower of low in tens i ty ,  b u t  a l so  when a large  l iquid  water 

those used by Kamburova and Ludlam (1966) pointed out t h a t  a 

4 

content i s  transported by an intense thunderstorm r a in f a l l  . 

strong 

The evaporation of water drops was considered by Takeda (1966) t o  

downdraft causes a high r a t e  of adiabat ic  compression of the descending 

a i r  and allows only a shor t  time f o r  i t s  l iquid  water content t o  evap- 

be the most important fac to r  i n  the development ' of downdrafts a1 though 

i t  cannot be compl e t e ly  studied without considering the dynami/cal ef -  
I 

fec t s  of compensating currents  and gravity waves. 
t4  I ( 1  

Summarizing, i n  orde; for: f i e  a i r  t o  move 

be cooled un t i l  i t  becomes negatively buoyant o r  be c a r r i e ~  Jown by the 

f l u id  motion. The cooling may occur by one of the  following processes: 
1 I 

a )  evaporation of ra in  o r  hail  

Before the formation of the do-wndraft, the evaporation may take 
*( 'x. 

place i n  entrained dry a i r  from the  environment, or  i f  there  - a flow 

under a raining anv i l .  

b) melting of i ce  pa r t i c l e s  
. , r  A. ! 

. C ~ I l  ,P.W 

) l l ~ : L  When hailstones w i t h  a radius of 2 mm and water content f 10 gm 
. ';I 4 - 3 m fa1 1 through a layer 2 km i n  depth ( a f t e r  which they ..;. a r e  :. u J k p l e t e l y  

me1 ted)  , the  a i r  i n  t h i s  layer i s  roughly estimated t o  be cooied by 
' 1; 

1°C / m i n .  



The motion may also be s tar ted by 
! ! I  

a )  drag force of water drops 

If  each drop i s  assumed to  f a l l  with i t s  terminal velocity which 

dependis upon i t s  s ize,  the a i r  will be subject to  the downward drag 
C , k < ?  ' " " f  

force iwhich i s  equal to  the total  weight of water drops i n  the i i r .  If 

l iqu id  water i s  accumulated in a shallow layer by the f a l l  of raindrops, 

as was1 f i r s t  observed by Donaldson (1961), the a i r  in the layer i s  sub- 

i 1 , 1 :  - I I ;  t '  

j ec t  o considerable downward' force. 
' ,  7 

b) fdrcing by the spreading out of the surface density current 
3 ,  .c--, n 

As will be seen i n  the next section, the model of Miller and Betts 

forced to  descend by mass continuity due to  the spreading out of the 

(1977) 

6. 

lower level downdraft which'iehaves as a density current. 

suggests the existence of an upper l eve1 downdraft which i s  

7 r \ -  < , 9 < 8  417, 

c)  dynamic interaction of cloud w i t h  sheared environment 
A , , , + r r  

The next section will discuss the resu l t s  of some simulations in 

which ' the downdraft develops in the absence of precipitation as a resul t 
d )  7 

of dyqamic interaction with a sheared environment. 

2 .2  Some resul ts  from numerical simulations ( ,  , , , r e c  0 t - I f l  ,Yo. I 

I t appears that  it! ~ r d e r  tp nu[?ericg!ly simulate the s t ructure of 

the ddwndraft, i t  i s  necessary t o  model the precipitation process, that  

i s ,  t d  model the conversion from cloud water into rain water. Many 

authoys assume that  inside a cloud any excess of water vapor over that  

r equ i~ed  to  saturate  the a i r  condenses immediately. Similarly, a def- 

i c i t  elow saturation i s  imnediatey supplied by the evaporation of any 'r 2 8  

avai l4ble condensed water (Srivastava, 1967; Liu and Orvil l e y  1969; 

Orville and Sloan, 1970; and Takeda, 1971 ) .  A more complete treatment 



I 
of the parameterization of rain may be found in Berry 

Jh ' t 

(1969), and Manton and Cotton (1977). 
, ':')\. 

In Srigastava's (1967) one di,mensional model the rain water pro- . ,  , 
5 > I - ! ; #  8 v, ' j , , , , I t !  , v,? >*$I; 1 

duction term consisted of two parts: , , the exchange between the vapor 

,- f ie ld  and the raindrops and the exchange between rain water and cloud 

water. He u t i l  ized Kessl e r  ' s  (1 969) procedure of parameterizing the 

autoconversion and accretion processes. His resul ts  showed the develop- 

ment of downdrafts proceeding from cloud base down towards the ground 
I' . I  . ! , . ) . , c  , l 

and up  towards cloud top. However, t h i s  downdraft did not spread 

throughout the cloud. Arnason, e t  a1 . (1  968) using the same procedure 

as Sri vastava (1 967) developed a two dimensional slab-symmetric model 

for  shallow convection. They presented the resul ts  of the i r  simulation 

u p  t o  8 min. and suggested tha t  i f  the experiment had been continued - 1 I ?  'fl5' - i. v'f-1 , I I 
lii,r>: 

one would have witnessed the development of a downdraft due tl ~ 
Y negative buoyancy of water in cloud and in precipitatinn 

I U L  

Takeda (1 966) modeled an is01 ated convective cloud accompanied w i t h  

r a in fa l l .  A forced updraft was always given a t  lower levels in the 

atmosphere which was s e t  a t  r e s t  and accelerated upward or downward by 

buoyancy forces and by t h i  wbr'bhf-of water drops. The numerical simula- 

' ' t ion showed tha t  the downdraft was in i t ia ted  by the weight of raindrops 

'L because when i t  began the cloud temperature was higher than that  in the 

sii&kunding atmospher+&'. 7931 : .L 
.$ .,. , 1 

J t i f i j  T I + \  Liu and Orville (1969) numerically integrated the equations of 
. > b\ 

motion, conservation of water and thermodynamic energy in a t w p  dimen- 
P I  

' sional slab-symmetric space with vertical  wind shear, in a s t a  l e  in- i) 
compressible atmosphere, in order to  study the effects  of prec~i pi ta t ion 

on a model of cumulus cloud in i t i a t ion  and development o~ef ; '  mountains. 

I 



They ill ust ra ted some s i m i l a r i  t i e s  between p r e c i p i t a t i n g  and non-$"' 

p r e c i p i t a t i n g  cases: the downdrafts appeared beneath r a i n i ng  and non- 

r a i n i n g  clouds, i n  the la;>'ca's$'rbrobably as a r e s u l t  o f  the dynamic 

i n t e rac t i on  o f  the cloud and the sheared environment. 

O r v i l l e  and Sloan (1970) extended the region o f  i n t eg ra t i on  used by 

L i u  ahd O r v i l l e  (1969) and showed t ha t  downdrafts alongside the maximum 

updraf ts became stronger and created c l e a r  areas i n  the cloud. They 
- 5  5 s t r g r  

concluded t h a t  these downdrafts were probably a r e s u l t  o f  con t i nu i t y  and 
< < 

C " ., ' 67  I~ 1 -  L 1) 5 t *.4[flk,1 u J + ;  
o f  the fa1 1 i ng  p rec i p i t a t i on .  

I.* , , - .* . ., 4,. . I 1 -  

Takeda (1971) used a two dimensional slab-symmetric model i n  which 

he in tegra ted the hydrodynamic and thermodynami d ;;lati ons i n order t o  

study the e f f e c t  o f  the v e r t i c a l  p r o f i l e  o f  the ambient wind on a pre- 
' Y  L> '7rr 

c i p i t a t i n g  convective cloud. He included the  e f f ec t s  o f  condensation, 

evaporation, coagulat ion and break-up o f  drops. He showed t h a t  i f  the 

v e r t i c a l  shear i n  the ambient wind was very weak the cur rent  o f  co ld  
' 3 " '  : 

a i r  which spread from the downdraft near the ground pushed p o t e n t i a l l y  

warm a i r  i n  the lower layers  i n  the manner o f  a co l d  f r o n t .  I n  a st rong 
,> 

v e r t i c a l  shear o f  constant s ign  the downdraft formed i n  the downshear 

s ide o f  the  cloud. When there was a change o f  s ign o f  the v e r t i c a l  wind 

shear i n  such a way t h a t  there was a j e t  i n  lower l eve l s  and a j e t  i n  
1 , 111 

the opposite d i r e c t i o n  i n  upper leve ls ,  the pa t te rn  o f  r a i n  water con- 

t e n t  and the downdraft were displaced t o  the l e f t  o f  the updraf t .  Only 

i n  t h i s  case the downdraft a i r  which fed new upcurrents cont r ibuted t o  
, 2 ' -  , , r , I . ?  I 1- 

the formation o f  new convective clouds. 
i, 

The three dimensional model o f  W i l  hemson (1 974) a1 though having 

consilderabl e unstable numerical amp1 i f  i c a t i o n  o f  g r a v i t y  waves, showed 



t 

that  in a moderately sheared s t ructure the downdraft formed t o  the down- 

shear side of the cloud. 

Moncrieff and Miller (1976) developed a three dimensional model of 

tropical cumulonimbus convection which featured a close cooperation be- 

tween the updraft and downdraft circulations.  The mathematical formula- 

t ion i s  essent ial ly  tha t  described in Miller and Pearce (1974) who de- 

veloped a three dimensional model using pressure as the vertical  co- 

ordinate. The i n i t i a l  s t r a t i f i ca t ion  of temperature and moisture fo r  

the numerical simulation i s  t ha t  of a radiosonde sounding taken prior to  

a squall-1 ine observed during VIMHEX-7972. The i n i t i a l  wind f i e ld  shows 

a low level easterly j e t  w i t h  a maximum wind speed of -16 m.s-' a t  700 

mb and westerlies above 300 mb. A single cumulonimbus cel l  i s  in i t ia ted  

whose rain stage i s  characterized by the formation of a downdraft on the 

upshear s ide and an extending area of relat ively cool a i r  near the sur- 

face. The f i r s t  cumulonimbus cel l  downdraft extended down from around 

700 mb; a t  l a t e r  times the downdraft always originated a t  or below th i s  

level and was often only ident i f iable  in the lowest 100-150 mb. Exam- 

ination of the wet bulb potential temperature (ew) of th i s  a i r  confirmed 

that  the a i r  originated a t  or below 750 mb (8, 2 21°C), and hence much 

of the a i r  came from near cloud base. The comparison of Moncrieff and 

Miller 's  (1976) resul ts  with the resu l t s  from the two dimensional model 

of Takeda (1971), in i t ia l ized  with a wind prof i le  showing a low-level 

j e t  and a j e t  i n  the opposite direction in upper levels,  shows some 

crucial differences particularly on the side in which the dow 1, dra f t  i s  

found and in the slope of the updraft-downdraft. In order to  understand 

th is  difference, one should examine closely the i n i t i a l  conditions in 

both cases. In the i n i t i a l  conditions of Moncrieff and Miller (1976), 



the atmosphere i s  quite unstable with a l i f t ing condensation level a t  

850 mb, so that a cloud with base a t  this level and top  say, a t  400 mb, 

will travel faster than the flow a t  lower levels and so there will be 

inflow a t  lower levels in the front of the cloud and outflow a t  upper 1 . .  
levels i n  the rear. The downdraft will be able t o  form and spread under 

the updraft and this will happen in the upshear side of the cloud. 

Takeda's (1 971 ) initial conditions show a less unstable atmosphere with 

the 1 i f t ing condensation level a t  775 mb; the wind profile shows a jet 

a t  this level and the wind changes sign a t  650 mb. A cloud with base a t  
' I r ' . 1  * > ' 7  

the LCL and t o p  a t  400 mb would travel with the mean speed which should 

hn vem\" close t o  zero and so there i s  an inflow a t  lower levels in the 

:k of the cloud and an outflow as before a t  upper levels in the back 
. i f  

of t he  cloud. The downdraft is  then able t o  form under the sloping up-  

- .$, 
draft d t  the downshear side of the cloud. This is  characteristic of 

middle latitude storms while Moncrieff and Miller (1 976) init ial  ization 
(. , ' f . " -* c>-y 

and results are typical of tropical travel 1 ing storms. 
,:.<7 - i.,' 

Using VIMHEX-72 data and numerical simulation, Miller and Betts 
. *,; I .  

(1977) distinguished two classes of downdrafts: a '"cell " and a "system.. 

downdrqft representing different dynamical mechanisms and different 

thermodynamic effects, the former evaporati vel y driven tending t o  pro- 

duce wqrming and drying of the a i r .  I t  appears that the forced down- 

draft is related t o  the dynamics of a density current, i .e. the spread- 
1 

ing current ana i t s  propagation drives circulation involving a i r  other 

t h a n  the cogled a i r  alone. The sgunding data appears t o  confirm the 
I . ' 

1 ' I C )  .,, 7:. " , 1 .  . ,?.r,xh-lL; f " l ~  

presence af a warm system or mesoscale unsaturated downdraft wh~ch i s  
- .jJ ? , ~ l q  :]!,' , 

being forced t o  descend over the spreading "cold pool". 

I 
. . . "  q 9 / r ,  < - . & . >  
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Haman and Niewiadomski (1 976) developed a one dimensional , purely 

excessive warming and drying i n  the lower troposphere. 

buoyant model i n  which updraft and downdraft interact  due to  entrain- 

ment. The numerical experiments showed tha t  a rainfal l  of real i s t i c  

intensity Is  not l ikely to  maintain a steady, cold downdraft down to the 

ground unless the hydrostatic s t a b f l i t y  of the environmental a i r  i s  very 

1 ow. Kamburova and Ludl am (1 966) cal cul ated the buoyancy corresponding 

to  a temperature difference of 1°C between the downdraft and i t s  environ- 

ment and also found out tha t  the hydrostatic s t a b i l i t y  was low. Haman 

and Niewiadomski (1976) showed tha t  the downdraft in the upper and cen- 

t r a l  parts of the cloud can be maintained by entrainment of cloudy a i r  

from the neighboring updraft; nevertheless, such downdrafts d i d  not 

reach the ground. Fairly r e a l i s t i c  cold downdrafts may form i f  addi- 

tional supplies of easi ly  evaporable water i s  allowed. A source of such 

a supply may be at t r ibuted to  the updraft provided that  the updraft- 

downdraft interface is  slanted and tha t  the updraft (overlying the down- 

draf t )  contains suf f ic ien t  amounts of 1 i q u i d  water i n  small droplets. 

The spectral mass f l u x  associated w i t h  the downdraft has been de- 

rived by Johnson (1976) using a spectral model analogous to  the one de- 

rived by Arakawa and Schubert (1974) for  the updraft. He computed the 

entrainment parameters assuming tha t  the downdraft i s  saturated. A 

correction of subsaturation was not applied, as he pointed out, since 

d i r ec t  measurements of the degree of subsaturation i n  tropical cumul o- 

nimbus downdrafts was lacking. He points out tha t  i n  the theories for  

the parameterization of cumulus, in particular those of Ooyam (1971) 

and Arakawa and Schubert (19741, only the e f f ec t  of updrafts r e  con- I 
sidered and tha t  the neglect of the downdraft leads to  predictions of 



. ,  . . ., . . 
, I < ; $ . .  ., L;.,' L O ,  ' , , :  ; ; .::, ;, !, -- : 

2.3 Concl us ion  

i Diagnost ic  models and observa t iona l  s tud ies  agree i n  t h a t  t he  main 

downdraft  a i r  o r i g i n a t e s  a t  o r  below 700 mb a1 though some s i n k i n g  mot ion 

requided by mass c o n t i n u i t y  may be observed i n  h igher  a1 ti tudes. The 

maintenance o f  the  downdraft  c u r r e n t  i s  mos t l y  associated w i t h  evapora- 

t i o n  and drag f o r c e  o f  f a1  1 i n g  ra indrops .  

he numerical s imu la t ions  based on the  i n t e g r a t i o n  o f  t he  p r i m i t i v e  

have been successfu l  i n  o b t a i n i n g  t h e  i n i t i a t i o n  o f  t h e  down- 

d r a f t  u s u a l l y  by t h e  !eight , .  g f -  water  ,drgps and by t h e  _requjre,d _co_n_tjnu- 

i ty of mass. The development of new c e l l s  f rom t h e  convergence a long 

t h e  le(ading edge o f  t h e  downdraft  a i r  has a1 so been obta ined i n  moder- 

a t e l y  sheared environments. Bu t  one of t h e  main th ings  t h a t  has been 

l a c k i d g  i n  most of t he  numerical  s imu la t i ons  i s  a comparison between 

t h e i r  r e s u l t s  and ac tua l  observat ions:  t he  amounts o f  r a i n f a l l  o r  t h e  

rnaximub r a i n f a l l  i n t e n s i t i e s  as w e l l  as downdraft  speeds which may be 

encounltered i n  a system which develops from g i ven  i n i t i a l  cond i t i ons .  

T e f o l l o w i n g  chapters w i l l  i n t roduce  a s e t  o f  equat ions analogous r 
t o  those used by Kamburova and Ludlam (1966) which w i l l  be used i n  o rde r  

t o  def ine a mic rophys ica l  parameter which w i l l  s p e c i f y  a r e l a t i o n s h i p  

between r a i n f a l l  i n t e n s i t i e s ,  downdraft speeds and drop spectra.  



I I I. THE EVAPORATION I N  THE DOWNDRAFT CURRENT 

The downdraft cu r ren t  i s  known t o  take place under unsa tup ted  con- 

d i t i o n s  even i f  raindrops are being evaporated i n  it. The f i r s t  law o f  

themlodynamics may be w r i t t e n  as 

where e i s  the po ten t i a l  temperature, c i s  the spec i f i c  heat a t  con- 
P 

s tan t  pressure, T  i s  temperature, t i s  t ime and i s  the d iaba t i c  heat- 

i n g  r a t e  which i n  the case where evaporat ion o f  drops i s  tak ing place 

i s  given by 

where x  i s  the water vapor mix ing r a t i o  and L i s  the l a t e n t  heat o f  con- 

densation. Int roducing Eq. (3.2) i n t o  Eq. (3.1) and i n t eg ra t i ng  the  

r e s u l t i n g  expression from a s t a te  ( e  ,x) t o  one i n  which the a i r  i s  com- 

p l e t e l y  d ry  (eEy 0) eE being the equivalent  po ten t ia l  temperature we ge t  

eE = e exp ( -  J dx) 

X pT 

I ,  
so t h a t  the changes i n  temperature and mix ing r a t i o  under the evapora- 

I 

t i o n  process w i l l  take place w i t h  a constant eE, even i f  the a l i r  i s  sub- 
I 

saturated. 



1) 
The evaporated water vapor from a raindrop wi 11 be diffused t o  the 

ambient a i r  and the changes i n  the environment due to la ten t  heat re- 

lease will be assumed to  occur under constant eE .  

3.1 ,averning equations 

The equations which will be presented may use a dis t r ibut ion of 

single-sized raindrops in which the radius of the single drop represents 

some s o r t  of mean, or ,  a drop-spectrum may be defined by some analytical 
I 

expreslsion. B o t h  procedures will be presented here. The f i r s t  one was 

used by Kamburova and Ludlam (1966) and by Das and Subba Rao (1972); the 

second one, by Syono and Takeda (19631, Takeda (1970), Srivastava (1967), 0 among thers.  A one dimensional kinematical approach w i  11 be fo l l  owed, 

in whi~h the vertical  velocity i s  specified, rather than computed. 

a rc 1 
3.1.1 1 Single drop case 

I . 
The growth or  decay of individual drops mass i s  described by the 
. 8 

diffusion equation 

I1 

where ~ m is  the mass of a drop of radius r 

x i s  the water vapor mixing r a t io  

x; is the temperature vapor mixing r a t io  a t  the wet bulb 
temperature T, 

P, i s  the vapor denslty 

D i s  a coefficient of diffusion of water vapor in a i r  
and i s  given by, according to  Kinzer and Gunn (1951) 



i s  a v e n t i l a t i o n  c o e f f i c i e n t  i n  order t o  take i n t o  
Cv account the motion o f  drops through the a i r .  

Eq .  (3.4) may be rewr i t t en  t o  g ive the growth o f  an ind iv idua i  drop 
I 

where L i s  the l i q u i d  water densi ty  

g i s  the g r a v i t y  I. 
VT 1s the terminal v e l o c i t y  o f  a drop o f  radius r 

w i s  the downdraft v e r t i c a l  ve l oc i t y  I 
p i s  pressure as a v e r t i c a l  coordinate. 

Some conservation equations w i l l  now be presented fo l lowing 

Kamburova and Ludlam (1966). The con t i nu i t y  equation i s  I 

. I 
where i s  the a i r  dens i ty  and !,! i s  the three dimensional v e l o c i t y  vec- 

t o r ,  = ( u  1, v 4 ,  w k ) .  For uni-dimensional steady-state v e r t i c a l  

f low Eq. (3.8) may be w r i t t e n  as 



or  by the use of the hydrostatic equation 4" '  ' I D qr1.j - 

E q .  (3.9) or  (3.10) imply that  as the a i r  descends and i t s  density i s  

increased i t  must suffer  a deceleration to  sa t i s fy  the continuity of 

mass. This deceleration will be small so tha t  the vertical  velocity 

will not be zero when the ground i s  reached. In Section 3.1.3, another 

proceqlure will be presented in order to  avoid th is  problem. 

T he equation for  the conservation o f  raindrop number in the absence 

of brea k-up and col 1 ec t  ion i s  

I% - f '# 

w%ere N i s  the number of drbps p e r  unit  volume. With the same assump- 

tions a s  in the derivation of E q .  ( 3 . 9 ) ,  we may write Eq. (3.1 1)  as 

d - dz [N (VT + w ) ]  = 0 



As the a i r  i s  decelerated as imposed by Eq.  (3.9) o r  1 1 ,  the 

number o f  raindrops per u n i t  volume w i l l  be s l i g h t l y  increaseJ 

The t o t a l  mass o f  water per u n i t  volume i s  given by 
& 

A 
: , *  

, * :, ,!;>I- , . I I ' 

J , ,  y L *  * i  ',C!' . i f. 3 ,  

where pR i s  the r a i n  dens i ty  which i s  given by 

The conservation of mass o f  water may then be wr i t ten ,  under the 

same assumptions used i n  order t o  der ive  Eq.  (3.9) and (3.1 2) 

Int roducing Eq .  (3.7) i n t o  Eq.  (3.17) and using Eq. (3.1 , 3.13 and t 
3.15) we get  

( : !  



This  equat ion g ives  the  change of m ix ing  r a t i o  w i t h  h e i g h t  due t o  
I, :A toq= 

evaporat ion.  I f  the  a i r  i s  j u s t  saturated,  A X  (which i s  t he  d i f f e r e n c e  

betwee~n t h e  m ix ing  r a t i o  a t  t h e  a i r  temperature and a t  t h e  wet b u l b  

temperature) w i l l  be zero and so, no change i n  t h e  mix ing  r a t i o  o f  t h e  
I 

descen'hi ng parce l  w i  11 occur.  

dambur~va and Lydlam (1966) u$ed Eq. (3.7), (3.9),  (3.12) and 
' L ' l 2 1 .  . ---. -- -- .-- 

(3.16)1, p11.k t he  'assumption t h a t  t h e  evaporat ion i s  t a k i n g  p lace  under 

constalnt equ i va len t  p o t e n t i a l  temperature, t o  d e r i v e  temperature and 

mois tu re  p r o f i l e s  f o r  d i f f e r e n t  ra ind rop  r a d i i  , downdraft  speeds and 

ra in fa ( l 1  i n t e n s i t i e s  (F ig .  2.1). The same procedure w i l l  be fo l l owed  

here [ s u b s t i t u t i n g  Eq. (3.7) by Eq. (3.18)] b u t  t he  i n i t i a l  cond i t i ons  

w i l l  be chosen i n  such a way as t o  reproduce ac tua l  temperature and 

moistu,re s t r u c t u r e s  i n  some VIMHEX-1972 soundings. Th is  i s  discussed 

fu r the l r  i n  sec t ions  3.2 and 3.3. The computat ional scheme may be seen 

3.1 .2 Drop spectrum case 

 he conserva t ion  equat ions w i l l  now be w r i t t e n  t a k i n g  i n t o  account 

t he  s i t e  distribution of ra indrops .  The c o n t i n u i t y  equat ions (Eq .  3.9 

o r  3.110) remain t h e  same. Conservat ion of  ra ind rop  number 



IN ITlAL COMPUTE BE - 
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1 

PRINT RI=p ( V  t ~ 1 3 6 0 0  
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I 

I 
Figure 3 . 1 .  Computatlonal scheme for the single drop approach. 
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where n(r) i s  the number of drops per drop radius interval ( r  - sr/2, 

r + 6r/2),  per unit  volume. In th is  case n ( r )  i s  conserved b u t  not the 

totap umber of raindrops. 

Continuity of the mass o f  water i s  given by 

I - 
9 , *..., 1 4" 

where pL n( r )  dr  (3.21) 
4 

0 
r :  '71", .. ' 8 ? :; 

, . 
and v: i s  the meanJ of effect ive terminal "eloci ty .  

introducing as before, Eq. (3.7) into Eq. (3.20) we get 

1; 

where 1 F = f r n( r )  Cv ( r )  d r  

Thus, we can calculate the vertical  gradient of the mixing r a t io  i f  

we know w and F [c.f .  Eq. (3.18)j. 

In order t o  calculate F in Eq. (3.23), the functions n ( r )  and CV(r) 
t "  

have to  be known. The raindrops will be assumed to be s ize  distributed 
I -  r ! i j f i  ,. , , ; > i d  r t > 3 j  * l o "  



following an inverse exponential law in accordance with Marshall and 
I ' ! . I  

~3 p : Palmer (1 948) 

n( r )  = no exp ( - 2 ~ ) .  

According to  Kessl e r  (1  969) , no i s  constant and A i s  a parameter 

which specifies the type of precipitation. Manton and Cotton (1977), on 

. . the other hand, suggested using A constant, essent ial ly  independent of 
, ! 

the detailed environment, and allowing no t o  vary with the rainfal l  in- 

tensi ty .  In the f i r s t  case, the variation of h w i t h  the type of rain 

(thunderstorm, orographic, e t c . )  i s  governed by two parameters b and @ 
: 1: 

where 

Do i s  the niedian volume diameter which divides the dlstributipn into 
I 

parts of equal water content. RI(w=o) i s  the rainfal l  
1 

vertical velocity. Table 1 shows the variation in A 



Type of Rain / Location 

,'I RI x(m-') - (mm/ I I I I I I IV v V I VII VIII -- 

Author 

;,J 4 - 6 

10 
20 

30 
40 
50 

6 0 
7 0 

80 

90 

100 

I. 0.82 0.29 
11. 0.71 0.29 

111. 0.49 0.50 

IV. 0.30 0.40 
V. 0.40 0.37 

VI. 1.18 0.19 

VII. 1.48 0.05 
VIII. 0,91 0.21 

h r 1 4 ~  
2662 3074 3058 5974 4728 221 3 2267 2708 

2296 2651 2369 i87 0 3914 2008 221 0 2487 

1878 21 68 1675 3691 3028 1760 2135 21 50 

1669 1928 1367 3138 2607 1630 2092 1974 

1536 1773 1184 2797 2343 1543 2062 1859 

1439 1662 1059 2558 21 58 147 9 2039 1774 

1365 1577 967 2378 201 7 1429 2021 1707 

1306 1508 89 5 2236 1905 1387 2005 1653 

1256 1450 837 21 20 1813 1353 1992 1607 

1214 1402 790 2022 1736 1323 1980 1568 

1177 1360 749 1939 1670 1296 1970 1533 

thunderstorm 
continuous rain with me1 ting band 1 India Sivaramakhrishnan (1961) 

warm layer cloud 

warm orographic: in cloud 
warm orographic: at cloud base 1 Hawaii 1 Blanchar (1953) 

non orographic rain 
heavy showers / Illinois Jones (1956) 

ccnticuous rain / Canada Marshall and Palmer (1948) 

Tab le  1. Va r i a t i on  o f  A as a  func t ion  o f  r a i n f a l l  i n t e n s i t y  and type o f  r a i n  as spec i f i ed  
by the parameters b and 6. 



r a i n  f o r  d i f f i c i e n t  values o f  b  and 6 l i s t e d  by Mason (1971). As may be 

seen i n  t h a t  t ab le ,  A v a r i e s  s t r o n g l y  from one type  o f  r a i n  t o  another  

f o r  a  f i x e d  r a i n f a l l  i n t e n s j t y .  This  approach has t h e  inconvehience 

t h a t  the  parameters b  and 6 have t o  be known p r e v i o u s l y  and the  data 

t h a t  w i l l  be used here do n o t  p rov ide  such in fo rmat ion .  I n  t h a t  case, 

some k i n d  o f  dec i s i on  has t o  be made -in t h e  sense o f  us ing  one o r  an- 

-other  type  o f  b  and @ parameters i n  Table 1. I n  t he  Manton and Cot ton 

:(I 977) p a r a m e t e r i z a t i m  no i s  g i ven  by t h e  d e f i n l t i ~ n ~ g f  r a i n f a l l  i n -  
< -I 

d e n s i t y ,  which i s  t h e  - f o l l o w i n g  ( i n  m h r . - l )  

where pR i s  obta ined by t h e  i n t e g r a t i o n  of t he  r i g h t  hand s i d e  o f  Eq. 

I <  i-- 

-i 
I n  t h i s  case, as w i l l  be seen l a t e r ,  t h e r e  i s  a  need t o  tune t h e  

va lue  o f  A t o  t h e  data. -.< 
I 

I n  s e c t i o n  3.3.1 t he  ' resul  t s  f rom t h e  two approaches wi 11 be pre- 

sented and discussed, 

The v e n t i l a t i o n  c o e f f i c i e n t  may be w r i t t e n  as, 
according I to 

Fross l  i n g  ( 1  938) 



I 
r~ being the viscosity coefficient. The terminal velocity resulting from 

a fitbins done by Manton and Cotton (1977) is 

Substituting Eq. (3.32) and (3.31) into Eq. (3.30) we obtain an 
1 

approkimate expression for the ventilation coefficient as a function of 

rai ndtop radius 

C, (r) = 1 + 1160 r 0.75 

in which r is given in meters. Table 2 shows a comparison between the 

result from Eq. (3.33) and the results obtained by Frossl ing (1938) and 

Kinzer and Gunn (1951). The differences are greater for very small 

drops but in that case, there is poor agreement between Kinzer and Gunn 



r C~ Kinzer & Gunn (1951) Frossling (1938) 

mm from E q .  (3 .33 )  

Table 2. Ventilation coef f ic ien t  as  a function of drop radius a s  
given by E q .  3.33, by Frossling (1938) and Kinzer and 
Gunn (1 951 ) . 

i ( 3 q J .  

. *  

1 1  

lU0' 

.wq-., 
I 



(1  951 ) and Fross l  i n g  (1  938). Eq. (3.33) g ives a maximum e r r o r  o f  13% i n  

comparison w i t h  K inzer  and Gunn values. 

S u b s t i t u t i n g  Eqs. (3.24) and (3.33) i n t o  Eq. (3.23) we g e t  

I 
wherg A has t o  be g iven  i n  M K S u n i t s  and r (2.75) = 0.91906, r be ing  

I 

t h e  damma func t i on .  The t o t a l  number o f  ra indrops  i s  g iven  by 

and 

The mean o f  e f f e c t i v e  termjnaJ v e l o c i t y  which appears i n  Eqs. (3.20) 

3.28) i s  g iven  i n  t he  Kessler  parameter iza t ion  by 

The computat ional scheme may be seen i n  F ig .  3.2_. 



+ 
dx FROM EQ. 3.22 - T FROM oE= CONST 

dp 

I I 

I 

, 

noFROM EQ. 3.29 (MtC) 
or 

A FROM EQ. 325 (K) 

DEFINE PARAMETERS 
X(M+CI 

no( K ) 

1 

PRINT 
I 

P,T,x , w , R I  NO 
no(M t ClorA(K) 

w 

Figure 3.2. Computational scheme f o r  the drop spectrum ap roach. I 
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The e f f e c t s  o f  break-up a re  n o t  being e x p l i c i t l y  considered here. 

The i n c l u s i o n  o f  a Marshall-Palmer spectrum w i l l ,  never theless,  f o r c e  

the  ex is tence o f  very smal l  drops a t  each l e v e l  even i f  t h e  evaporat ion 

would have depleted t h i s  p a r t  o f  t h e  spectrum. Thus, an i m p l i c i t  break- 

up process i s  inc luded.  

The e f f e c t  o f  me1 t i n g  o f  i c e  c r y s t a l s  w i l l  n o t  be inc luded.  The 

reason f o r  t h i s  i s  t h a t  i n  most o f  t h e  cases s tud ied  here t h e  o u t f l o w  

i n  upper l e v e l s  i s  t a k i n g  p lace  behind t h e  t r a v e l l i n g  storm so t h a t  t h e  

i c e  c r y s t a l s  formed i n  these upper l e v e l s  ( t h e  f r e e z i n g  l e v e l  i s  between 

600-500 mb) a r e  c a r r i e d  away from the  storm and thus, fa1  1 i n  c l e a r  a i r .  

H a l l  and Pruppacher (1976) have shown t h a t  i c e  c r y s t a l s  f a l l i n g  from 

c i r r u s  clouds i n  an unsaturated environment w i t h  r e l a t i v e  humid i t i es  

w i t h  uespect t o  i c e  o f  l e s s  than 70% may s u r v i v e  d is tances  o f  up t o  2 km, 

11 f o r  a wide range o f  i n i t i a l  s izes .  I f  t h e  i c e  c r y s t a l s  a re  forming 

around 400-300 mb and i f  they a r e  f a l l i n g  i n  an unsaturated downdraft ,  

i f  they  s u r v i v e  f o r  a d i s tance  o f  3 km, t h i s  b r i ngs  them t o  around 600 

mb. Reaching t h e  f r e e z i n g  l e v e l  t he  decrease i n  t he  s i z e  o f  t h e  i c e  

c r y s t a l s  may be enhanced by me1 t i n g  so t h a t  a t  t h e  700 mb l e v e l  t he re  

w i l l  d l o t  be any i c e - c r y s t a l  e f f e c t ;  s i nce  a l l  c a l c u l a t i o n s  performed 

here s t a r t  a t  o r  below 700 mb the re  w i l l  be no need t o  consider  t h i s  

e f f e c t .  

3.1.3 Equat ions w i t h  a cons tan t  divergence p r o f i l e  

The equat ions o f  s e c t i o n  3.1.1 and 3.1.2 have been der ived  under 

t h e  assumption o f  conservat ion o f  mass as g iven  by Eq. (3.9). Th i s  

equat ion assumes a smal l  dece le ra t i on  (Q 20%) as the  parce l  reaches t h e  

ground. A r e a l i s t i c  p r o f i l e  would show t h e  downdraft  speed approaching 

I1 



zero a t  t he  sur face  b u t  t h i s  i s  n o t  handled by Eq. (3.10). There i s  a  

way, however, o f  s p e c i f y i n g  the  v e r t i c a l  p r o f i l e  o f  w  by i n t r  

cons tan t  h o r i z o n t a l  divergence i n  such a  way t h a t  Eq. (3.8) m 

w r i t t e n  under steady s t a t e  cond i t i ons  as 

where D iv  i s  t h e  h o r i z o n t a l  v e l o c i t y  divergence which i s  assumed t o  be 

constant  w i t h  he igh t .  Th is  equat ion may be r e w r i t t e n  as I 

a D i v  - ( p ~ )  = - . 
a P 9  

Eq.  (3.39) may be i n t e g r a t e d  from the  surface ( ps) t o  a le '"&lJ p, 'ti 

g i v e  

The conserva t ion  o f  ra ind rop  number and o f  t h e  mass o f  water  qay now be 

w r i t t e n  i n  a  s i m i l a r  way as Eq .  (3.38) 

a [N (VT + w ) ]  = - N D iv  - VHN a z 



a and - [pXw + pR (VT + w) ]  = - (PX + pR) D ~ v  - V vH(px + pR) (3.42) a z 

w i t h  analagous equat ions i n  t h e  drop spectrum case. This  equat ion may 

be s i m p l i f i e d  by p u t t i n g  the  h o r i z o n t a l  g rad ien ts  of N and o f  px + p R  

equal t o  zero. C l e a r l y  t h i s  assumption w i l l  o n l y  be v a l i d  near t h e  

centeq o f  t he  r a i n  area. We have indeed rep laced t h e  assumption i n -  

vo lved i n  Eq. (3.9) of a cons tan t  pw w i t h  t he  consequent non-zero ground 

v e r t i d a l  v e l o c i t y  by one i n  which t h e  r a i n  area i s  homogeneous b u t  d i v e r -  

gent. I n  s e c t i o n  3.3 t he  r e s u l t s  obta ined us ing  both approaches w i l l  be 

compared. 

Eqs. (3.41) and (3.42) may now be w r i t t e n  as 

and .I % 

a - N D iv  - CN ( V T  + w ) l  - , , a P I 

Eq. (4.7) may be in t roduced i n  Eq. (3.44) t o  g i v e  

which i s  again Eq. (3.18). 



Eqs. (3.43) and (3.44) may be integrated from an i n i t i a l  

and 

level pI  

t o  a level p 

3.1 - 4  Parameterization of the  evaporation equation 

I 

I t  i s  unusual t o  have precise information about downdraft speeds, 

r a in f a l l  i n t ens i t i e s  and drop s i ze s  and t h e i r  var ia t ion w i t h  height from 

experimental data so t h a t  some kind of parameterization i s  needed t o  

avoid t h e i r  specif icat ion.  W i t h  this i n  mind, the evaporation equation 

(Eq .  3.18, 3.22 and 3.45) may be rewrit ten i n  the following f ~ r m  

where nE may be considered a pressure sca le  f o r  evaporation, being equal 



N = 1620 I ~ I - ~ ,  r = 0.8 m, w = 2 rn.s" (RI = 96 mnohr'l) and C v  = 6.4, 

~ q .  4.49 gives nE = 6354 Pascal o r  63.5 mb. A I 

The  definition of ITE i n  Eqs. (3.49) and (3.50) suggests t h a t  a family 

or  

of conditions may provide the same var ia t ion of mixing r a t i o  w i t h  height 

provided the r a t i o  i n  the r i gh t  hand s ide  of Eqs. (3.49) or (3.50) i s  the 

-4 2 -1 
For typical values such as  p = 0.98 kg-rn-3, D = 0.29X10 m . s  , 

same, I t  a l so  suggests t ha t  one may avoid the d i r e c t  specif icat ion of 

(RI, w ,  r )  by writing 

1n section 3.3 we will ca lcu la te  TE as  a function of (RI, w ,  r )  and 

then f i t  t o  the r e s u l t  a function of pressure. Once the dependence ex- 
r . ,  

pressbd by Eq. 3.51 i s  established,  the  computational scheme may be 

I 
3) from eE = const. -+ T I +1 

simp1 

1)  

4) I =  I + 1 ,  go back t o  2) un t i l  f ina l  level i s  reached. 

I 

, r 3 

i f i ed  a s  follows: 
h. 4 ,  r 

given pI ,  TI , X I  -+ A x I  and rE = ( P ~ )  ' 
1 



As may be noted, t he re  i s  no need t o  go i n t o  the  d e t a i l s  
* 

s e r v a t i o n  equat ions. 1 

Eq. (3.48) may be r e w r i t t e n  as 

f con- 

The l e f t  hand s i d e  of Eq. (3.52) i s  t h e  v a r i a t i o n  o f  m ix ihg  r a t i o  

along a sa tura ted  ad iabat  which may be considered a cons tan t  f rom 750 mb 

t o  the  sur face  (mean/standard d e v i a t i o n  = 37) and equal t o  2 . 2  (g/kg) /  

100 mb. Wi th t h i s  simp1 i f i c a t i o n ,  Eq. (3.52) i s  a f i r s t - o r d e r  non- 

homogeneous d i f f e r e n t i a l  equat ion which may be solved a n a l y t i c 4 l l y  once 

the  dependence o f  nE(p) i s  g iven.  

., : ,I Eq. (3.48) may be considered analagous t o  an I1entrainment' '  r e l a t i o n -  

s h i p  i n  t he  sense t h a t  t h e  downdraft  a i r  i s  ga in ing  water vapor from t h e  

evaporat ing ra indrops  w i t h  t h e  evaporat ion c o e f f i c i e n t  ( s i m i l a r  t o  an 

"entrainment" c o e f f i c i e n t )  be ing equal t o  l / n E  As w i l l  be po in ted  o u t  

l a t e r ,  t he  form o f  Eq. (3.48) w i l l  be p a r t i c u l a r l y  useful  f o r  mode l l ing  

purposes. The s o l u t i o n  o f  Eq. (3.52) f o r  nE(p)  equal t o  a cons tan t  w i l l  

be examined i n  t h e  nex t  chapter  w i t h  spec ia l  a t t e n t i o n  t o  the  asymptot ic  

va lue which i s  reached when ( p  - pI) becomes g rea te r  than nE. 

3.2 I n i t i a l  cond i t i ons  o f  temperature and mo is tu re  

The data t h a t  w i l l  be exanlined us ing  t h e  equatior., derivl, 

t i o n  3.1 i s  from the  second Venezuelan I n t e r n a t i o n a l  Meteor010 

Hydro log ica l  Experiment (VIMHEX-1972). A d e s c r i p t i o n  o f  t h e  



I 
experimental design may be found in Betts (1976). Basically, sequences 

of soundings were launched (every 65-1 00 mi n )  whenever significant radar 

activity was observed. In general, a 1 ine section of soundings were 

obtalned depicting the atmospheric structure in front of, inside and 

behi d a raining, convective system which passed over the observation 

s i t e  (Carrizal , Venezuela, 9" 22.8'N, 66" 55.0tW). The experiment was n 
performed during the rainy season (May 22 - September 6 ,  1972) although 

this summer was the driest one recorded a t  Carrizal . The init ial  con- 

ditions include an init ial  level with i t s  te~perature and mixing ratio, 

downdraft speed, rainfall intensity and size of raindrops. The init ial  

presqure, temperature and mixing ratio will be fixed, the other three 

conditions, downdraft speed, rainfall intensity and size of raindrops , 

will be regarded as variables which will be adjusted in order t o  obtain 

different profi 1 es of temperature and mixing ratio. 
ll 

3.2.1 Conditions corresponding t o  Betts ' (1976) model 

We will follow the model presented in Betts (1976) which assumes 

that the convective system removes a surface layer with thickness ~p 

which1 ascends in updrafts and replaces i t  by the layer above which de- 

scends in downdrafts. Fig. (3.3) shows a scheme of this model. The 

thickness ~p was calculated, for al l  soundings referred to here, by 

Betts (1976), and i s  a good approximation of the LCL of the "before" 

soundling. In Fig. (3.3), p I ,  T I ,  x I  are the layer averaged values in 

the upper 1 ayer before the storm while pF,  TF, xF, are the layer aver- 

aged values for the lower layer after the storm. 

We assume, following Betts (1 976), that the upper layer with pro- 

perties p r y  T I ,  x I ,  follows a downdraft trajectory through the storm and 



BEFORE SOUNDING AFTER SOUNDING 

Figure  3 . 3 .  Downdraft t r a j e c t o r y  according t o  Betts (1 976) model . 



leaves w i t h  properties pF, TF,  xF. The variables ( w ,  RI, r )  in the 

(see t i g .  1.1) 

model of section 3.1 will be adjusted to match these two end conditions. 

Tpble 3 1 i s t s  the values of (pI, T I ,  x I )  and (pF ,  TF, xF) for 24 

pairs b f before-after soundings. I t  may be noted that in most of the 

storms there were two or three "after" soundings. The mean "before" and 

"afte " soundings are the same ones used by Betts (1976): "These aver- 

ages 1 ere generated by a specific technique designed to preserve the two 

befcrle interpolating the data t o  intervals of 0.05 in 6 from 0 to 2.0 
l 

model 

and dhen averaging the "before" and corresponding "afterv soundings. l1 

I: 

layers. The sounding pressures were transformed to a coordinate 

The drofiles of 0 and of eE for the mean I1before" and "after" soundings 

may de seen in Fig. (3.4) 

2 3.2. Conditions for a constant eE sounding 
I 

( A  few soundlngs were launched inside the downdraft or very close to 

i t  i such a way that they show a deep layer of almost constant eE.  The t 
in i t ia l  conditions of pressure, temperature and moisture were taken, in 

this case, as those a t  the top of the layer of constant eE. The vari- 

ables (RI, w, r) were then adjusted in order to match the profiles of 

tern d erature and moisture in the given sounding as close as possible. 
1 



'. . 't ? , ,  

. Z F i ;  :; : Before 

C '  r ~t Sound pI TI X~ BE Sound pF TF xF E 

i .6,:  table 3 .  I n i t i a l  and f l n a l  layer averaged condl t i ons  f ~ r  
soundings and for  24 pa i rs  of before-after soun 

rtnV*;1 -.;1 For a given system there i s  on ly  one before sou 
there may be one, two o r  three a f t e r  soundings, 

4 . 1 t  i n  no. mb "C g/kg O K  no. mb "C g/kg "k 

, ""I>:, Mean 792 13.9 11.3 340.8 
r:?' 

Mean 924 21.4 13.4 340.5 



3 . 4 .  Potential temperature and equivalent potential temperature 
for the mean "before" and "after" soundings. 



Only three soundings were found to have a deep layer of consta(lt BE, 

the i r  i n i t i a l  level conditions being those of Table 4. 
.; \ 

( 1  

3.3 Required rainfal l  in tens i t ies ,  downdraft speeds and drop d i s t r i  bu- 
t i  ons 

This section will present the required ra infa l l  , in tens i t ies ,  down- 
P 

draf t  speeds and drop distributions needed to  mktch the conditions ex- 

pressed in sections 3.2.1 and 3.2.2. A comparison between the single- 

drop and drop spectrum approaches will be performed and also a comparison 

between the constant mass flux and constant horizontal divergence ap- 

proaches. 

3.3.1 Results for  the mean "before" and ' 'after" conditions (model Fig. 
3.3) ! r \  . 'r 

i 2 
As pointed o u t  in section 3.1.4 (Eq.  3.50, 3.51) a family of condi- 

tions in (RI, w ,  r )  may specify the same profi le  of p and consequently of 

mixing r a t io .  Since we do not have information about drop sizes or drop  

spectra, we assumed different  values for  these variables and then varied 

(RI ,  W )  to match the final condi tiuns pF,  TF,  xF for  the mean sounding 

as discussed in section 3.2.1. Fig. 3.5 shows the i n i t i a l  ra infal l  

in tens i t ies  and downdraft speeds fo r  the sSngle drop case for  r = 0.2, 

0 .5 ,  and 1 .O mm (continyous l ines ) ;  for the Kessler parameterization 

fo r  several pairs of b dnd 6 ( E q .  3 . 2 7 )  l i s t ed  in Table 1 (heavy dashed y '  
l i n e s ) ;  and fo r  the Manton and C ~ t t o n  parameterization for  rm = 0.27 mm 

( 1  ightly dashed l i n e ) .  Some of the curves in Fig. 3.5 do not seem t o  be 

real i s t i  c ,  e i ther  because very 1 ow downdraft speeds are associated with 

very high rainfal l  in tens i t ies  (e .g .  "heavy showers", rm 7 0. 7 mm, 2 
r = 1 .O n) or high downdraft speeds associated with very low r a i n f a l l  

Y.!. in tens i t ies  (e.g.  r = 0.2 m m ) .  The "thunderstorm" curve presents an 



Sound pI T~ e~ 
no. mb O C g/kg O K  

8 2 740 10.0 9.1 336.3 

31 7 780 12.2 10.6 338.2 

325 730 8.7 9.0 335.7 

Table 4. I n i t i a l  conditions f o r  the 
soundings which had a 
reasonably deep layer of 
constant eE . The conditions 
shown r e f e r  t o  the top of 
the constant  eE layer.  



Figure 3.5. Initial rainfall intensities and downdraft speeds for 
different drop distributions. 

I 



assoc ia t i on  o f  r e a l  i s t i c  cond i t i ons  (e.g. 100 mn-hr" w i t h  a downdraft  

speed o f  2 m-s- '  ) so i t  may be used as a re fe rence i n  o rder  t o  s e l e c t  

r i n  t he  Manton and Cot ton parameter iza t ion  and the  s i z e  of the s i n g l e  rn 

t 
I n  F ig.  3.6 i t  may be seen t h a t  w i t h  rm = 0.21 mm and r = 0.8 mrn, 

t h e  " hunderstorm" curve i s  matched f a i r l y  we1 1. Since the re  a re  no 

bas i c  d i f f e r e n c e s  between t h e  th ree  curves we w i l l  f rom here on use 

o n l y  qhe s i  ng l  e-drop approach. 
I 

I he pressure sca le  f o r  evapora t ion  aE as de f ined  by Eq. (3.49) was 

c a l c u l a t e d  f o r  severa l  p o i n t s  on the  curves o f  F ig .  3.5 and 3.6 f o r  

r = 0.15, 0.8 and 1.0 mrn by t h e  constant  mass f l u x  and cons tan t  d i v e r -  

gence methods. The v a r i a t i o n  of nE w i t h  pressure may be seen i n  F igs .  

3.7 a I d 3.8, which a l s o  show t h e  v a r i a t i o n  o f  A X  w i t h  pressure. A l -  

though nE v a r i e s  1 i n e a r l y  w i t h  pressure f o r  bo th  methods, i n  t h e  con- 

s t a n t  mass f l u x  i t  increases w i t h  pressure and shows a v a r i a t i o n  o f  8 mb 

w h i l e  i n  t he  constant  divergence i t  decreases w i t h  pressure showing a 

v a r i a  i o n  o f  70 mb, t h i s  s t ronger  v a r i a t i o n  betng exp la ined by t h e  term 

pw which, i n  t h i s  case, i s  1 i n e a r  w i t h  pressure and appears i n  t he  nu- 

merator  i n  t he  d e f i n i t i o n  of nE (Eq. 3.49 o r  3.50). The behavior  o f  A X  I 
i s  a l s o  

t o  decide 

puted 

a l i t t l e  d i f f e r e n t  i n  t h e  two methods b u t  t h i s  may prov ide  a way 

which of the  methods i s  more r e a l i s t i c  by comparing t h e  com- 

p r o f i l e s  t o  t h e  ac tua l  p r o f i l e  of A X  i n  a downdraft  cu r ren t .  

The behavior  o f   IT^ may be descr ibed by t h e  r e l a t i o n s h i p  



Figure  3.6. I n i t i a l  r a i n f a l l  i n t e n s i t i e s  and downdraft  sdeeds f o r  
d i f f e r e n t  drop d i s t r i b u t i o n s  us ing  as re fe rence t h e  
"thunderstorm" curve o f  F igure  3.5. 



Figure 3.7.  Variation of Ax and TE for  the constant mass flux case. 
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Figure 3.8. Same as Figure 3 . 7  for the constant divergenc!e case. 



I 

Eq. (-3.53) was f i t t e d  t o  the computed values O f  n~ and the values o f  nE 

( p I )  and a obtained f o r  ro = 0.5, 0.8 and 1.0 mm f o r  some pa i rs  o f  con- 

d i t i o n s  expressed i n  Flg.  3.5 and 3.6 are shown i n  Tables 5 and 6. The 

va r i a t i on  of rE(pI) and a from case t o  case may be due t o  the f a c t  t h a t  

the matching o f  the "a f ter "  cond i t i on  o f  Table 3 i s  not  exact. I n  the 

constant mass f l ux  case the mean value o f  rE(pI) i s  55.3 mb and o f  a, 

0 . 1 5 ~ 1 0 - ~  ms-I. I n  the constant divergence case the mean rE(pI) i s  

equal t o  108.8 mb and the mean a ,  0 . 4 8 ~ 1 0 - ~  mb" . The low v a r i a b i l  i ty 

of these parameters suggests t h a t  i t  1s s u f f i c i e n t  t o  ca lcu la te  them f o r  

on ly  one cond i t ion  by f i x i ng ,  fo r  example, the r a i n f a l l  i n t e n s i t y  and 

the drop radius as 100 m h r "  and 0.8 mn respect ively,  and a l lowing the 

downdraft speed t o  vary i n  order t o  match the desired condi t ions.  This - ;; 

w i l l  be done i n  the next  sect ion <henawe look a t  the i n d i v i d i a l  sound- 

ings. 

Since the maximum r a i n f a l l  i n t e n s i t i e s  recorded dur ing VIMHEX-72 

corresponding t o  5 min values are below 150 m e  hr-' we may i n f e r  from 

Fig. 3.6 t h a t  the downdraft speeds are bound t o  be less  than 4 m-s" , 

otherwise the r a i n f a l l  i n t e n s i t i e s  get  too high. This value i s  perhaps 

low for  m id - la t i t ude  storms but  seems t o  be adequate i n  the t rop ics .  

3.3.2 Results for  a1 1 soundings 

The values of r,-(pI) and a were shown t o  be q u i t e  independent of 

the condi t ions i n  ( R I ,  w, r), so t h a t  we may f i x  two o f  these var iables,  

e.g. the r a i n f a l l  i n t e n s i t y  and the drop size, and determine wo and con- 

sequently, vE(pI)  f o r  a l l  pa i rs  of soundings whose end condi t ions are 

shown i n  Table 3. The r a i n f a l l  i n t e n s i t y  was f ixed a t  100 mm-hr-' and 

the drop radius a t  0.8 mm. The ca lcu la ted wO, rE(pI) and a fo r  the 
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cons tan t  mass f l u x  case and wo, Div, nE(pI) and a f o r  t he  cons tan t  

divergence case may be seen i n  Table 7. I t  may be seen t h a t  t he  down- 

d r a f t  speeds change cons iderab ly  from case t o  case as does rE(pI). I n  

t he  cases where the re  a re  two o r  t h r e e  " a f t e r "  soundings, t he  downdraft  

speeds obta ined vary  a l o t .  For example, soundings 100-101 g i v e  a 1 

- 1 mas downdraft  speed i n  t h e  ' cons tan t  mass f l u x 1  case ( o r  1.8 mas-' i n  

the  ' cons tan t  d ivergence'  case) and soundings 100-102 g i v e  a 2.4 mas-' 

downdraft  speed i n  t h e  constant  mass f l u x  case ( o r  3.6 m-s-' i n  t h e  con- 

s t a n t  divergence case).  Th i  s shows t h a t  e i t h e r  the  d i f f e r e n t  "a f t e r "  

soundings express the  p r o p e r t i e s  of a i r  coming from d i f f e r e n t  l e v e l s  i n  

the  atmosphere and i n  t h a t  case, t h e  d i f f e r e n t  downdraft speeds a r e  

rep resen ta t i ve  o f  d i f f e r e n t  stages i n  t he  1 i f e  c y c l e  o f  t h e  storm o r  t h e  

d i f f e r e n t  downdraft  speeds would be an i n d i c a t i o n  o f  t h e  s e n s i t i v i t y  of 

the  method t o  t he  d i f f e r e n t  i n i t i a l  cond i t i ons .  

Table 7 a l s o  shows t h a t  a, as computed by t h e  cons tan t  mass f l u x  

method, i s  remarkably cons tan t  so t h a t  i n  t h i s  case we a re  l e f t  w i t h  

o n l y  one parameter which spec i f i e s  t h e  mic rophys ica l  processes. I n  t he  

constant  divergence case, t h e  v a r i a t i o n  of a i s  a l i t t l e  b i t  h igher  b u t  

w i t h  t h e  exc lus ion  of t h e  va lue  of soundings 120-122 which appear t o  be 

anamalous, we may f o r g e t  about t h i s  y a r i a b i l l t y  and consider  rE(pI) as 

t he  o n l y  parameter t h a t  needs t o  be spec i f led ,  

I n  t h e  nex t  chapter  t he  r e l a t i o n s h i p  between rE(pI) and pre-storm 

parameters and i t s  p o t e n t i a l  as a model parameter w i  11 be i nves t i ga ted .  

3.3.3 Resul ts  f o r  constant  eE soundings 

The soundings which represented a deep l a y e r  of reasonably con- 

s t a n t  o E  were 82, 317, 3.25. The i n i t i a l  l e v e l  where we s t a r t e d  t h e  



t - - - 
Constant  Mass f l u x  

- ".r- -- 
Constant  divergence 

Sounding wo r, ( p I )  a 
-1 no. m.s m b 1 mb-, 

Mean 1 .9  54.7 0.11 
Sounding 

mean n~ {pI)  = 48.7 mb mean rE ( p I )  = 94.3 mb 
mean a 

. , . . = 0.1 2 mb" mean cx 
7. 

= 0.53 mb-' (exclude *) 

In a l l  c a se s  RI, = 100 mrq.hr-', ro = 0 .8  mn ( t h e  r e s u l t  shown i s  

independent g f  t h i s  choice  a s  d i scussed  i n  t h e  t e x t ) .  
, : \ .  

Table 7 .  Parsmeters r E ( p I )  and a f o r  a l l  soundings.  
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Figure  3 -9. P o t e n t i a l  temperature and equ i va len t  tempera- 
t u r e  i n  sounding 82 and as ca l cu la ted  us ing the  cons tan t  
mass f l u x  approach. I 



t 
Figure 3.10. Same as Figure 3.9, for sounding 317. 
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F igu re  3.1 1 .  Same as F igu re  3.10, f o r  sounding 325. The 
p r o f i  1 e o f  p o t e n t i a l  temperature from the  
cons tan t  divergence approach i s  a1 so shown. 
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3.12. Dev ia t i on  o f  t he  rawinsonde from a cons tan t  r a t e  o f  
, ,ascent du r i ng  sounding 325 and p r o f i l e  o f  v e r t i c a l  1 ' 3 4  v e l o c i t y  imposed on t h e  cons tan t  divergence approach 



computations may be seen i n  Table 4. These soundings showed a l aye r  

c lose t o  the surface where eE increased considerably. This i s  r e l a t ed  

t o  the increase i n  moisture c lose t o  the surface s ince e E  i s  very sensi- 

t i v e  t o  va r ia t ions  i n  water vapor mix ing r a t i o .  The p r o f i l e s  o f  e and 

eE f o r  the three mentioned soundings may be seen i n  Figs. (3.9), (3.10) 

and (3.11), fo r  the constant mass f l ux  case. The p ro f i l e s  o f  e obtained 

show a smoothed vers ion o f  the actual  p r o f i l e .  Sounding 325 i s  a par- 

t i c u l a r l y  i n t e res t i ng  one s ince the rawinsonde got  i n t o  the downdraft 

a i r .  The dev ia t ion  of the ba l loon from a constant r a t e  o f  ascent may be 

seen i n  Fig. (3.12). I n  t h a t  case, the constant divergence method was 

appl ied w i t h  a p r o f i l e  o f  w which i s  a lso shown i n  Fig. (3.12). The 

drop radius was f i x e d  a t  0.8 mm. The p r o f i l e  o f  0 obtained may be seen 

i n  F ig .  3.11. I n  order t o  obta in  t h i s  p r o f i l e ,  an i n i t i a l  r a i n f a l l  i n -  

t e n s i t y  o f  160 m - h r - '  was required, which reached the ground l eve l  as 

93 nun-hr-l . The maximum r a i n f a l l  i n t e n s i t y  associated w i t h  t h i s  storm 

was 61 mn-hr-' as given i n  Table 8. This d i f fe rence  i s  no t  s i g n i f i -  

cant  due t o  the v a r i a b i l i t y  of r a i n f a l l  data from one s t a t i o n  t o  another, 

and t o  the f a c t  t h a t  the maximum r a i n f a l l  i n t e n s i t y  r e l a t ed  t o  the sys- 

tem may no t  have occurred over a recording rainguage. 

This r e s u l t  shows t h a t  the  method used i s  c lose enough t o  what i s  

going on i n  the atmosphere, however, due t o  the lack  o f  enough soundings 

launched under the condi t ions o f  sounding 325, t h i s  conclusion cannot 

be checked f u r t he r .  

Fig. 3.11 shows the the 8 - p r o f i l e  i s  more accurately reproduced 

w i  t h  the constant mass f 1 ux approach suggesting t h a t  perhaps the d ive r -  

gence o f  the downdraft a i r  Occurs i n  a shallower laye r  than the one 

assumed i n  Fig.  3.12. 



Table 8. To ta l  r a i n f a l l  and maximum r a i n f a l l  i n t e n s i t y  a t  seven 
s t a t i o n s  l oca ted  w i t h i n  20 km from C a r r i z a l  i n  t he  t ime 
i n t e r v a l s  between soundings. 

1 

Date,Sound 
Tli me 

S t a t i o n  

WG 1 
WG 4 
WG 7 
WG 9 
WGlO 
FA 1 
FA 6 

Mean 
Max. 

WG 1 
WG 4 
WG 7 
WG 9 
WGlO  
FA 1 
FA 6 

, Mean 
< 

Max. 

WG 1 . 
WG 4 

I .  ( WG 7 
WG 9 

, 1 .# I w WGlO 
FA 1 
FA 6 

Mean 
Max. 

l r  i WG 1 

. . 
7 .  

June 19 (59-61) 
141 9-1 654 

T o t a l  Max.R.1. 

3,5 42.0 
0.5 6.0 
4.6 27.6 --- --- 
0.5 3.6 

15.3 8.4 
5.6 21.6 

4.3 26.4 
15.3 84.0 

J u l y  9(120-123) 
1523- 1936 

11.50 31.80 
36.8 80.4 
50.5 138.0 

WG 4 
WG 7 
WG 9 5.6 
WGlO  9.4 
FA 1 1.0 
FA 6 . , 11.8 40.8 - 
Mean 10.8 38.9 
Max. 19.1 61.2 

June 27 (81-83) 
1806-21 26 

To ta l  Max.R.1. 

0.5 6.0 
6.4 25.2 
6.8 30.0 
6.8 27.6 
3.8 18.0 
1.2 4.8 

16.8 50.4 

6.0 23.1 
16.8 50.4 

J u l y  11 (131-133) 
1253-1 627 

--- - - - 
9.7 55.2 
2.0 15.6 

(,,-[) f 6 * ,, . 

31.8 76.8 0.8 4.8 
6.9 

1.5 10.3 32.4 24.0 
14.5 56.4 1.8 19.2 50.4 

23.2 63.9 5.6 30.3 6.7 23.1 9.9 37.2 
50.5 138.0 23.1 106.8 12.2 

J u l y  31 (203-204) A u ~ .  7 

) Y ; #  1 ., :'-I\, : ' 

-- 
I .' C 

- > (7 

J u l y  3(100-102) 
1956-2222 

T o t a l  Max.R.1. 
---,-------- - 

2.3 6 .0  
3.6 18.0 - - - --- 
1.8 15.6 --- --- 
5.5 33.6 
5.8 46.8 

2.7 17.1 
5.8 46.8 

J u l y  24(176-178) 
1713- 1934 

2.3 12.0 
11.7 55.2 

5.1 15.6 

1503-1845 
--- --- 
5.6 43.2 --- --- 
-- - --- 
--- --- 
1.3 8.4 
1.5 16.8 

2.8 9.8 
5.6 43.2 

Sept. 4(324-326) 
1522-1 756 

: ', 

J u l y  8(116-117) 
1801 -2003 

To ta l  Flax.R.1. 
------- ------ 

6.8 49.2 
1.5 5.2 - - - - - - 
1 .O 3.6 - - - --- 
- -- --- 
--- --- 
1.3 8.3 
6.8 49.2 

J u l y  28(192-194) 
1843- 21 25 

18.8 106.8 
13.0 45.6 

24.0 

1759-2028 

6.9 27.6 
0.2 0.2 --- - -- 
--- --- 
--- --- 
0.6 0.3 --- --- 
1.1 4.0 
6.9 27.6 

r,-<,*: .,, : r ,  ,.1 

I- ; ! + I Q ! I ~ ( ~  :'[ 

1446-1713 
--- - - - 
6.4 25.2 
1.5 3.6 

15.2 118.8 
1 .O 6.0 
1.4 21.6 

24.4 99.6 

7.1 39.3 
24.4 118.8 

1833- 11 51 

62.2 105.6 
68.3 85.2 
67.3 58.8 
61.3 50.8 

136.4 81.6 
37.7 50.4 
51.1 75.6 

64.9 72.6 
136.4 105.6 

. ~ t  7 ,  . . 3 . , 1  



The next sect ions w i l l  on ly  be concerned w i t h  the r e s u l t s  corre- 

sponding t o  Bet ts  (1976) model, bu t  i t  should be noted t h a t  the con- 

s t an t  eE soundings are a particular case o f  Bet ts  (1976) model : one 

i n  which the rawinsonde i s  always i ns i de  the downdraft a i r  so t h a t  i t  

i s  measuring the proper t ies  of the a i r  i n  the descending l aye r  (Fig. 

1.1 o r  3.3). 

3.3.4 Comparison w i t h  data 

I n  t h i s  sect ion we w i l l  present the ava i lab le  r a i n f a l l  data and 

downdraft speed magnitudes i n  order t o  compare them w i t h  the r e s u l t s  o f  

sect ion 3.3.2. I n  VIMHEX-72 there were no measurements o f  ra indrop 

sizes. The on ly  est imate we have f o r  the  downdraft speed i s  the devia- 

t i o n  o f  the  ba l loon from a constant r a t e  o f  ascent and so, on ly  those 

soundings which got  i n t o  the downdraft a i r  may present some significant 

value. Even i n  the cases where i t  i s  possib le t o  estimate a downdraft 

speed p ro f i l e ,  i t  should be noted t h a t  the ba l loon w i l l  no t  ascend under 

downdraft speeds bigger than 4 m-s-' , SO t h a t  we w i l l  be underestimating 

the maximum downdraft speed reached i n  a given system. Table 9 shows 

the cases i n  which the downdraft would have some meaning, i .e. , when the 

maximum dev ia t ion  of the ba l loon speed from the  constant r a t e  of ascent 

i s  b igger than 1 m-s". The r a i n f a l l  data i n  VIMHEX-72 were taken a t  

several ground s ta t ions;  the recording rainguages are shown I n  Fig. 

3.13. They are a l l  i n s i de  a c i r c l e  of 6Q km centered a t  Carr iza l .  The 

data used here are of those s ta t ions  i ns i de  a c i r c l e  o f  radius 20 km 

centered a t  Car r i za l .  The values of t o t a l  r a i n  i n  millimeters and 

maximum r a i n f a l l  i n t e n s i t t e s  i n  m i l  1 tmeters per hour, f o r  the seven 

s ta t ions  considered and for  each s t o m  system, may be seen i n  Table 8. 



sound. ' Maximum observed Maximu111 R I  Value o f  w corr - t~spondi  n!j 
no. w f rom rawinsonde from t o  observed max H I  + 50% 

data (m ,~ " )  Table 8 us ing  \I o (const .  D i v )  froril 
(mm. h r - I  ) Table 7 

( r  = 0.8 mm) 

59 - 60 1.2 84.0 2.1 
59 - 61 1.5 

Table 9. Comparisan of t h e  downdraft  speed as c a l c u l a t e d  us ing  the  
parameters o f  Table 7 w i t h  t h e  maximum observed d e v i a t i o n  
o f  t h e  rawinsonde from a cons tan t  r a t e  of ascent.  



3.13 Locations of recording rainguages. WG4 is located 
at Carrizal, Venezuela (9" 22.8'N, 66" 55.01W). 



I <-Aa-- .s-., 

, Single drop Constant mass f l u x  Constant divergence - w 
r 

top R1 top RI top  r top  RI top r top 

(mm) (mm.hrwl) RIbot tom r b o t t o m  RI bottom r b o t t o m  

0 .5  8 .5  1.73 1.20 1.89 1 .,20 
18.5 1.64 1.18 1.95 1.18 
31 .O 1 .54 1.16 2.00 1.16 
44.5 1.48 1.14 2.05 1.15 
60.0 1.44 1.13 2.08 3 e ~  1.14 
78.0 1.39 1.12 1.13 

0.8 21 .O 1.21 1.07 2'11 Pi28 .08 1.35 
46.0 1.19 1.06 1.43 1.07 
74.0 1.18 1.06 .49 358 1.06 

105.0 1.17 1.05 1.55 1.06 
I 140.0 1.16 '1.05 1.60 328 1.06 

179.0 1.14 1.05 1.65 ge8 i d r l . 0 5  
1.0 30.0 1.14 , 1.04 l az4  b0.8 1.05 

68.0 1.12 'C 1.04 1.32 1.04 
4 

I 

1 

t -7 p*, ;' ' 5 - 8: rn : .yi bZ -, .: " 

Manton and Cotton parameters Shunders torm) 

r = 0.21 mm ( A  = 2381 m-l) 
'eat -3  

m 0 
= 1 .6  X 1 6  m 

x RI top  RI top  x top  
- - 
K 1 X 

(mm.hr-') RI bottom no bottom (m-I) (mm. h r - l )  bottom bottom 

Table 10. Rat io between r a i n f a l l  i n t e n s i t i e s ,  drop radius  o r  drop 
d i s t r i b u t i o n  parameters a t  t h e  top  and a t  t h e  bottom of  " '  "" t h e  l a y e r  f o r  d i f f e r e n t  in i t i a l  condi t ions .  

,' 7 ( ' !  ! f w d  '7 '-1 7 



MEAN 

Figure  3.14. V e r t i c a l  p r o f i  1 e  o f  p o t e n t i a l  temperature obta ined 
us ing  the  cons tan t  mass f l u x  and constant  d i v e r -  
gence approaches, us ing  the  mean "before"  and 
" a f t e r "  cond i t i ons .  



MEAN 

F igu re  3.15. V e r t i c a l  p r o f i l e  o f  m ix i ng  r a t i o  obta ined us ing  
the  cons tan t  mass f l u x  and cons tan t  divergence 
approaches, us ing  t h e  mean "before"  and " a f t e r "  
condi ti ons . 



MANTON AND 
. COTTON(1977) 

F i g u r e  3.16. Drop spectrum v a r i a t i o n  w i t h  h e i g h t  f o r  t h e  Manton and Cot ton (1977) and Kessler  
( 1969) parameter i  za t i ons  . 



The sca t te r ing  of the data i s  r e l a t ed  t o  the t r ave l  path of the system. 

The maximum r a i n f a l l  i n t e n s i t y  w i t h i n  the seven s ta t ions  i s  l i s t e d  

again i n  Table 9 f o r  each storm. We may now compute the downdraft 

speeds t h a t  should correspond t o  these r a i n f a l l  i n t e n s i t i e s .  To do 

t h i s ,  we consider t h a t  the r a i n f a l l  i n t e n s i t i e s  observed are ground 

values so t h a t  we may account fo r  the evaporation t h a t  has been tak ing 

place and add 50% t o  the ground values i n  order t o  obta in  a r a i n f a l l  

i n t e n s i t y  h igher up i n  the atmosphere. Then, by the use of the calcu- 

l a t ed  value of po, f o r  the cpnstant divergence case, and assuming a 

drop radius of 0.8 mm, we may compute w (using Eq. 3.50, 3.28 and 3.15). 

The downdraft speed computed i n  t h i s  way may be seen i n  the t h i r d  

column of Table 9. As may be seen, the d i f fe ren t  pa i rs  o f  soundings 

re la ted  t o  the same system g ive d i f f e r e n t  downdraft speeds but  t h i s  may 

also be re l a t ed  t o  d i f f e r e n t  stages of the system. I t  should a lso be 

noted t h a t  the d i f fe ren t  storms are probably associated w i t h  d i f f e r e n t  

drop spectra and t h i s  would i nf 1 uence the ca lcu la ted downdraft speeds. 

Anyway, the ca lcu la ted downdraft speeds seem t o  be reasonable consider- 

i ng  the unrepresentativeness of the magnitude of the downdraft speeds 

obtained fram rawinsonde data. 

3.4 Ver t i ca l  va r i a t i on  o f  some ca lcu la ted va r iab l  es , ,4  - 

U n t i l  now, only the p r o f i l e  of mix ing r a t i o  has been presented, 

given by the  parameters uo and a of Table 7. I n  t h i s  sect ion, the var ia-  

t i o n  w i t h  he ight  o f  po ten t ia l  temperature, r a i n f a l l  i n t e n s i t y  and drop 

radius w i l l  be b r i e f l y  presented and discussed f o r  the constant mass 

f l u x  and for  the constant divergence cases w i t h  some considerat ions about 

the d i f fe ren t  r e s u l t s  w i t h  the single-drop and drop spectrum equations. 



3.4.1 P r o f i l e  of po ten t ia l  temperature 

The p r o f i l e  of e obtained w i t h  the single-drop and the drop spectrum 

equations i s  the same, but  comparing the constant mass f l ux  and the con- 

s t an t  divergence p ro f i l e s  as i n  Fig. 3.14 we see t h a t  the slopes are 

d i f f e ren t .  I n  the  constant mass f l u x  case the slope i s  almost constant 

wh i le  i n  the constant divergence the slope i s  a func t ion  o f  height. 

This k ind  o f  v a r i a t i o n  i s  a l so  observed i n  the mixing r a t i o  as may be 

seen i n  Fig.  3.15. This d i f fe rence  i s  associated w i t h  the strong va r ia -  

t i o n  w i t h  he ight  o f  the downdraft speed i n  the constant divergence case. 

Computing the slope of po ten t i a l  temperature i n  the constant mass f l u x  

case f o r  a l l  soundings, i t  i s  found t h a t  i t  does no t  change very much 

from one p a i r  of soundings t o  another, the mean being 5.0°K/100 mb w i t h  

a standard dev ia t ion  o f  1.6'K/100 mb. 

The p r o f i l e  o f  e found i n  downdrafts may present an i nd i ca t i on  o f  

whether the pw p r o f i l e  i s  constant o r  l i n e a r  w i t h  height, i .e .  whether 

the divergence o f  the downdraft a i r  occurs i n  a shallow l aye r  near the 

surface o r  i n  a deeper l aye r  as requ i red by the constant divergence 

approach. 

3.4.2 Deplet ion o f  r a i n f a l l  i n t e n s i t i e s  and drop radius 

The v a r i a t i o n  i n  the r a i n f a l l  i n t e n s i t y  and drop radius, o r  drop 

spectrum parameter w i t h  height, as may be seen i n  Table 10, depends on 

the method used. I n  the case o f  the drop spectrum, the Manton and 

Cotton parameterizat ion shows t h a t  the number o f  small and o f  b i g  drops 

i s  decreased w i t h  decreasing h ieght  wh i le  i n  the Kessler parameteriza- 

t i o n  the number o f  b i g  drops decreases w i t h  decreasing height. This 

may be seen i n  the schematic diagram i n  Fig. (3.16). For r a i n f a l l  

I 



i n t e n s i t i e s  l e s s  than approx imate ly  140.0 mn- hr-l , t h e r e  i s  more evapora- 

t i o n  going on i n  t h e  Kessler  parameter iza t ion  than i n  t he  Manton and 

Cot ton parameter iza t ion  (Table l o ) ,  w h i l e  f o r  very h igh  r a i n f a l l  i n t e n -  

s i t i e s  t he  reverse i s  t r ue .  Manton and Cot ton  (1977) suggested t h a t  

t h e i r  parameter iza t ion  requ i res  more evapora t ion  than Kessl e r  ' s  (1  967) 

parameter iza t ion  f o r  r a i n  d e n s i t i e s  g r e a t e r  than 5.97 g.m-3. I n  f a c t ,  

f o r  a  r a i n f a l l  i n t e n s i t y  o f  64 mn.hr" and downdraft  speed o f  1.5 m.s-' 

t h e  r a i n  d e n s i t y  accord ing t o  Eq. (3.28) i s  approx imate ly  2.4 g.m'3 

w h i l e  f o r  a  r a i n f a l l  i n t e n s i t y  of 230 mn-hr" w i t h  a downdraft speed of 

3.5 m.s-', t h e  r a i n  d e n s i t y  i s  6.4 g-mw3, showing an agreement w i t h  t h e  

Manton and Cot ton (1977) computations. 

I n  t h e  s i n g l e  drop case, t he re  i s  more evaporat ion going on i n  t h e  

constant  divergence case than I n  t h e  cons tan t  mass f l u x  case perhaps 

because o f  t h e  g rea te r  v e n t i l a t i o n  t h a t  i s  a l lowed t o  take  p lace  when 

the re  i s  h o r i z o n t a l  f low of a i r .  The decrease i n  t h e  ra ind rop  rad ius  

i s  t he  same i n  bo th  cases. Th is  I s  poss ib le  s ince  the  conserva t ion  

equat ions a re  d i f f e ren t .  

I n  t he  cons tan t  mass f l u x  case, t h e  smal le r  t he  r a i n f a l l  i n t e n s i t y ,  

t h e  slower t h e  a i r  w i l l  be descending and so the re  i s  more t ime f o r  t h e  

evaporat ion t o  take p lace.  I n  t h e  cons tan t  divergence case, t he re  w i l l  

be a compromise between the  slower descending a i r  which a l lows more t ime 

fo r  t h e  evaporat ion process and t h e  f a c t  t h a t  t h e  g rea te r  t he  i n i t i a l  

downdraft  speed, the  g rea te r  i s  t h e  decrease i n  r a i n f a l l  i n t e n s i t y  s ince  

w must be zero a t  t he  ground. Th is  exp la ins  why the  r a t i o  between t h e  

r a i n f a l l  i n t e n s i t y  a t  t he  top  and t h e  bottom i n  t h e  constant  divergence 

case shows a d i f f e r e n t  behavior  than i n  t he  constant  mass f l u x  case. 



CONSTANT MASS FLUX 

CONSTANT DIVERGENCE 

F i g u r e  4.1. A p l o t  o f  vs.  l o w e r  l a y e r  averaged 

r e 1  a t i v e  h u m i d i t y  f o r  t h e  c o n s t a n t  mass f l u x  
and c o n s t a n t  d i ve raence  approaches. 



.I I * 
"' I V .  MODELLING CONCLUSIONS +" 1 . :  ,,* 

The purpose of t h i s  chapter  i s  t o  use the  d iagnos t i c  r e s u l t s  o f  

Chapter I 1 1  i n  o rder  t o  p resent  some suggest ions on how they may be 
% < & -  ? . ) \  - rv4g(! . , 

he1 p f u l  i n  t he  model 1 i n g  of  t h e  downdraft  s t r u c t u r e  i n  t r o p i c a l  storms. 

The m o d i f i c a t i o n  o f  t h e  subcloud l a y e r  temperature and mois tu re  pro-  
. -! 

f i l e s  by t h e  downdraft associated w i t h  t he  passage o f  a r a i n i n g  system 
> " P '  

was shown t o  depend e s s e n t i a l l y  on t h e  parameter nE and on t h e  tempera- 

t u r e  and mois tu re  cond i t i ons  before t h e  storm passage. Thus, i t  i s  
4 .  ! T I  , I ?  

suggested t h a t  one should t ry t o  r e l a t e  n~ t o  pre-storm parameters i n  

such a way t h a t  we cou ld  know i t  before  t h e  storm and consequent ly be 

a b l e  t o  fo recas t  t he  subcloud l a y e r  s t r u c t u r e  a f t e r  t h e  storm. Th i s  

w i l l  be done i n  t h e  f i r s t  s e c t i o n  o f  t h i s  chapter .  Some i n t e r e s t i n g  

c o n c l u ~ i o n ~  r e l a t e d  t o  t h e  phys ica l  s i g n i f i c a n c e  o f  n~ w i l l  be reached 

i n  t he  f o l l o w i n g  sec t i on  where the  a n a l y t i c a l  s o l u t i o n  o f  t h e  evapora- 

t i o n  equat ion i s  presented. The l a s t  s e c t i o n  w i l l  p resent  some sugges- 

t i o n s  f o r  f u t u r e  work and a d iscuss ion  o f  t h e  r e q u i r e d  experimental  data 
' + 5 7 ~ " 4 W 3 t  

t o  t e s t  t he  v a l i d i t y  o f  t h e  proposed parameter iza t ion .  
[,;.it-,;- > 2 

4.1 The parameter TE vs. pre-storm parameters 

Among t h e  parameters a v a i l a b l e  be fore  the  storm passage, t h e  depth 

o f  t h e  subcloud l a y e r  g iven  by t h e  l i f t i n g  condensation l e v e l  which 

' de f ines  ap i n  F ig .  1 .l, t h e  mean r e l a t i v e  humid i ty  i n  t he  upper l a y e r  

and the  mean wind speed i n  t h e  upper l a y e r  r e l a t i v e  t o  t h e  moving storm 

r1 t o  pp i n  F ig .  1 . l )  were chosen. The value o f  rE(pI) f o r  a 

g iven  ' pa i r  o f  soundings i s  very  c l o s e l y  r e l a t e d  t o  t h e  mean r e l a t i v e  

' humid i ty  i n  t he  lower l a y e r  a f t e r  t h e  storm passage as may be seen i n  

F ig .  4.1 f o r  t h e  constant  mass f l u x  and cons tan t  divergence methods, so 



t h a t  i f  we f i n d  a way t o  spec i fy  rE(pI) f rom some pre-storm values t h e  

mean r e l a t i v e  humid i ty  i n  t h e  sub c loud l a y e r  a f t e r  t h e  storm w i l l  

f o l l o w .  
'?l j  v 

The parameter rE(pI) has been averaged f o r  each system and then 

'i(pI)]-l p l o t t e d  aga ins t  t h e  depth o f  t h e  subcloud l a y e r ,  t h e  mean 

r e l a t i v e  humid i ty  a t  t h e  upper layer ,  and t h e  mean i n f l o w  o f  a i r  i n  t h e  

upper layer ,  as may be seen i n  Fig. 4.2, f o r  t h e  cons tan t  mass f l u x  and 

constant  divergence cases. The p l o t  o f  t h e  r e l a t i v e  humid i ty  i n  t h e  
' ' y ' t :  i., j . + i 

upper l a y e r  ( F i g .  4.2 b y e )  does no t  show any k i n d  o f  t r e n d  and t h i s  

should be expected s ince  t h e  r e l a t i v e  humid i ty  a t  t h i s  l a y e r  does no t  
\ I 7  

vary t oo  much between 80 and 90%. One cou ld  suggest t h a t  thebdepth of 

the  subcloud l a y e r  would show some r e l a t i o n  t o  rE: a deep subcloud 

l a y e r  would a1 low more evaporat ion t o  take  p lace.  Th i s  was n o t  v e r i -  

f i e d  (F ig .  4.2 a,d) ma in l y  because the  amount o f  evaporat ion w i l l  n o t  

depend on t h e  l e n g t h  o f  t h e  pa th  t h a t  t h e  drops w i l l  have t o  go over b u t  
, t , I  . a  J I ' , 9 1 > T ? f i ~  

t he  t ime t h a t  i t  wi 11 take  t o  cover such d is tance.  A slow descending 
, ! F L  

downdraft  i n  a shal low l a y e r  may p rov ide  as much evaporat ion as a f a s t  

descending downdraft  i n  a deep l a y e r .  

From t h e  t h r e e  va r i ab les  i n v e s t i g a t e d  the  one t h a t  has more poten- 

t i a l  t o  be r e l a t e d  t o  t h e  v a r i a t i o n  of TE i s  the r g l a t i v e  i0,flow i n t o  

t he  system: t h e  s t ronger  t h e  i n - f l ow  the  f a s t e r  migh t  be the  downdraft  

speed accord ing t o  t h e  model i n  F ig .  1.1 and consequently, t he  g rea te r  

t he  parameter r~ which i s  d i r e c t l y  p ropo r t i ona l  t o  w. F ig .  4.2 c,f 

shows a p l o t  of t h e  component of t he  r e l a t i v e  wind a long the  storm 

mot ion aga ins t  A1 though the re  i s v  a cons jde,ra,bl e  amopg,t ,o f  
I 

s c a t t e r i n g  the re  i s  a p o s s i b i l i t y  t h a t  t he  expected r e l a t i o n s h i p  would 

ho ld  i f  more data were used. I 



flE ( ~ ~ 1 - l  (rnW1) 

CONSTANT MASS FLUX 
7TE (PI) (mb") 

CONSTANT DIVERGENCE 

Figu re  4 . 2 .  A p l o t  o f  T ~ ( ~ ~ ) - '  v s .  upper l a y e r  averaged r e l a t i v e  humidity (b , e )  , depth  of 

t h e  subcloud l a y e r  ( a , d )  and r e l a t i v e  in f low o f  a i r  i n t o  t h e  storni ( c , f ) .  



I t  should be po in ted  o u t  t h a t  t he  s p e c i f i c a t i o n  of TE prov ides a 

r e l a t i o n s h i p  between the  microphysica l  parameters b u t  n o t  about t h e i r  

ac tua l  value. If the downdraft  speed and t h e  r a i n f a l l  i n t e n s i t y  a re  

measured then i n fo rma t i on  about t he  drop spectrum may be obta ined from 

t h e  d e f i n i t i o n  o f  i?~.  

4.2 A n a l y t i c a l  s o l u t i o n  of t h e  evaporat ion equat ion 

The p r o f i l e  o f  TE was shown i n  Sec t ion  3.3.1 t o  be almost cons tan t  

w i t h  pressure i n  the  cons tan t  mass f l u x  method. Th i s  suggests t h a t  we 

cou ld  assume i t  t o  be a cons tan t  i n  which case Eq. 3.52 may be e a s i l y  

so lved having an a n a l y t i c a l  s o l u t i o n  of t he  form 

With t h e  assumption o f  constant  TE ['rE(pI)] t he  f i n a l  l e v e l  i n  t h e  

mean soundings i s  reached w i t h  an e r r o r  o f  0.07 g/kg i n  AX which co r re -  

sponds t o  an e r r o r  o f  l e s s  than 1% i n  t h e  temperature o f  t h e  lower l a y e r .  

The p o i n t  i s  t h a t  even an e r r o r  o f  10% i n  AX produces an e r r o r  o f  o n l y  

2.5% i n  the  temperature and l e s s  than 4% i n  t h e  r e l a t i v e  humid i ty  show- 

i n g  t h a t  the  r e s u l t s  a r e  n o t  very  s e n s i t i v e  t o  e r r o r s  i n  t he  va lue o f  A X .  

I n  t he  constant  divergence case, nE shows a l a r g e  v a r i a b i l i t y  so 

t h a t  t h e  e f f e c t  o f  p i c k i n g  i t  equal t o  rE(pI) i m p l i e s  an e r r o r  of 

0.6 g/kg i n  A X  o r  10% i n  t h e  r e l a t i v e  humid i ty .  If, ins tead  o f  p i c k i n g  

the  cons tan t  vE as ~ ~ ( p ~ ) ,  we choose i t  equal t o  rE(pLCL) o r  the  va lue 

of corresponding t o  c loud base, t he  e r r o r  decreases t o  0.2 g/kg i n  

A x  and t o  4% i n  t he  r e l a t i v e  humidi ty .  I 



Equation 4.1 suggests as w e l l  as F ig .  4.1 t h a t  i f  the  value o f  n~ 

i s  determined from some s o r t  o f  c l osu re  assumption the  thermodynamic 

cha rac l t e r i s t i cs  of t h e  subcloud 1 ayer  a r e  r e a d i l y  obtained. Conversely, 

the  va lue o f  t h e  r e l a t i v e  humid i ty  i n  downdraft  out f lows may prov ide  a 

way o f  es t ima t i ng  fu r the r  t he  range o f  v a r i a b i l i t y  o f  nE. 

The value of Ax may be r e l a t e d  t o  t h e  change o f  m ix ing  r a t i o  a long 
dx ' 

a wet ad iabat  - by 
dp 

where P, as may be seen i n  F ig .  4.3, i s  t h e  d i f f e r e n c e  between the  pres- 

sure a t  t h e  l e v e l  i n  ques t ion  p and t h e  pressure a t  i t s  l i f t i n g  condensa- 

t i o n  l e v e l  pLCL. Eq. 4.1 may now be r e w r i t t e n  as 

. C.UT 

, ? - \ ,  

The second term on t h e  r i g h t  i s  smal le r  than the  f i r s t  one f o r P I  - n E  

< 7 F ~  
and decays as p increases so t h a t  AX w i l l  tend asympto t i ca l l y  t o  

t h e  1 i m i t  
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F igu re  4.3. The v a r i a t i o n  o f  m ix i ng  r a t i o  a long a cons tan t  e E  
1 i n e  d x 'w/dp may be approximated, accord ing t o  
the  above diagram, by Ax/p. 



Comparing Eq .  4.4 w i t h  Eq. 4.2 we see t h a t  nE may be g iven  by I ) ,  i . e -  

by t he  pressure h e i g h t  t o  the  LCL o f  t he  l a y e r .  Wi th t h i s  phys i ca l  

i n t e r p r e t a t i o n  f o r  t h e  va lue o f  t he  parameter KE one may go back t o  

Table 7 and recognize the  v a r i a t i o n  o f  nE f o r  t he  d i f f e r e n t  " a f t e r "  

soundings as a r e s u l  t o f  t he  change i n  P i n  t h e  subcloud l a y e r .  When 

t h e  f i r s t  a f t e r  sounding i s  taken j u s t  a f t e r  t h e  r a i n  stopped o r  under 

d r i z z l e ,  t h e  va lue o f  P i s  lower than a f t e r  an hour o r  so a t  t he  t ime 

o f  t h e  launch of t h e  second radiosonde. Th i s  i s  t h e  case f o r  soundings 

101-102, 121-123, 122-123, 177-178, 317-318, 325-326. For some cases 

the re  i s  a s l i g h t  decrease i n  P w i t h  t ime, t he  o n l y  considerable de- 

crease being i n  t he  case of soundings 241 -243. 

Ilt should be po in ted  o u t  t h a t  t h e  asymptot ic  behavior  o f  ax i s  

r e f l e c t e d  i n  t he  r e l a t i v e  humid i ty  as may be seen i n  F ig .  4.4 f o r  

divveren;t values o f  nE. The asymptot ic  va lue  i s  r a p i d l y  a t t a i n e d  

showing t h e  va l  i d i  ty  of t h e  reasoning presented above. 

The mean value o f  P was computed f o r  t he  subcloud l a y e r  a f t e r  t h e  

storm passage f o r  a1 1 soundings of Table 7 and i t s  va lue p l o t t e d  i n  
- 

Fig .  4.5 aga ins t  rE. The dashed 1 i n e  i n d i c a t e s  rE = P as may be seen, 

i t  f i t s  t he  data very  we1 1. 

The main conc lus ion  of t h i s  chapter  i s  t h a t  P ,  i n  t he  subcloud 

l a y e r  a f t e r  t h e  storm passage prov ides through the  d e f i n f t t o n  o f  

ITE i n  Eq. 3.49 o r  3.50, in fo rmat ion  about t he  r e l a t i o n s h i p  between 

ra ind rop  spectra and downdraft speeds, The i m p l i c a t i o n s  o f  t h i s  
. .t ..-' i) 

r e s u l t  a r e  discussed i n  t h e  fo l l ow ing  sec t ion .  .* 7 ..: 

4.3 Suggestions fo r  f u t u r e  research 

The use o f  t he  parameter KE i n  a p r e d i c t i v e  way w i l l  o n l y  be pos- 

s i b l e  i f  some r e l a t i o n s h i p  w i t h  environmental  va r i ab les  i s  found. 
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F igu re  4.5. A p l o t  o f  nE a g a i n s t  t h e  mean va lue o f  P f o r  t he  

subcloud l a y e r  a f t e r  t h e  s torm passage. The dashed 
l i n e  i n d i c a t e s  t he  c o n d i t i o n  aE = P. 



F i g .  4.2 d i d  not show any evidence of such a relationship b u t  the small 

number of data points could explain th is  lack of dependence. Thus, the 

most immediate research to  be done should be to  investigate th i s  topic 

for  different  storms and perferably for  a considerable number of them. 

The testing of the val idi ty  of the proposed parameterization should be 

eventually done i n  the sequence: 

1)  Rawinsonde launched before the storm passage 

2)  Measurement of the drop spectrum and downdraft speed a t  

several 1 eve1 s be1 ow 600 mb, inside the storm 

3) Rawinsonde launched a f t e r  the storm passage. 

Items (1)  and (3)  are  the same as those in VIMHEX-72. The big prob- 

lem i s  item ( 2 ) ;  the resul ts  of Chapter 3 suggest tha t  the downdraft 

speeds in tropical storms are bounded to  be less  than 4 or 5 m.se1 so 

tha t  i t  should be possible to  measure drop-spectra and downdraft speeds 

with a i r c ra f t .  Calibrated radar may provide some information on rain- 

fa1 1 in tens i t ies  which contain i n  i t s e l f  information of the drop-spectra 

and of the vertical  velocity ( E q .  3.28 and 3.29). By assuming a fixed 

drop-spectra one may obtain some information o f  the downdraft speed or 

vice-versa. Then there i s  the problem of sampl ing: what data should be 

used and what kind of average should be performed? The radar output or 

the a i r c r a f t  measurements show conditions over a wide horizontal area 

some of which i s  under the influence of the updraft and some under the 

i nf 1 uence of the downdraft. 

The final t e s t  would then be done by comparing the value o f  nE ob- 

tained direct ly  from the observations of drop spectrum and downdraft 

speed with the value of P defined in the previous section, i .e. by the 

mean value of the pressure height to  the LCL i n  the downdraft outflow. 
I 



The model from which nE has been extracted i s  a very simple one. 

I t  i s  not certain that  the tri-dimensional picture of  the actual storm 

can be sa t i s fac tor i ly  squeezed into a single parameter and so th is  

should be further studied! 



V. SUMMARY AND CONCLUSIONS 

The purpose of th is  research has been to  t ry  to  explain the sub- 

cloud layer s t ructure a f t e r  a storm passage by the use of a simple model 

of evaporation of raindrops in downdrafts t ha t  originate i n  the layer 

jus t  above cloud base before the storm i n  accordance to  the model pro- 

posed by Betts (1976). Two methods have been used one in which the 

vertical  mass flux i s  constant and another in which i t  i s  allowed to 

vary 1 inearly with pressure, thus a1 lowing a constant divergence. Con- 

dit ions in rainfal l  in tens i t ies ,  raindrop radii  and downdraft speeds 

were imposed in order to  obtain the desired final thermodynamic struc- 

ture of the subcloud layer a f t e r  the storm. A combination of micro- 

physical and thermodynamic variables have been used to  define the para- 

meter nE which may be considered a pressure scale for  evaporation l /nE 

being an evaporation coefficient (similar t o  an "entrainment" coeffi-  

c ien t )  for  the flux of vapor from evaporating raindrops to  the ambient 

a i r .  Making the assumption of a constant s ~ ,  the relat ive humidity in 

the downdraft tends asymptotically to  the subcloud layer value a f t e r  

the storm. The parameter r~ may be closely associated with the pressure 

height t o  the L C L  of the layer. 

The constant mass flux approach seems t o  provide bet ter  resul ts  

than the constant divergence method as has been seen when using a 

sounding that  got into the downdraft a i r .  This may suggest tha t  the 

divergence in the downdraft a i r  occurs in a very shallow layer close to  

the surface. 

The downdraft speeds obtained diagnostical ly showed that  they 

should be less  than 4 m.s-l , otherwise the rainfal l  in tens i t ies  have to  



be uqrealistically high. This value is reasonable if we consider it as 

an average through the downdraft in a horizontal scale of several kilo- 

meters, thus allowing for peaks of realistic magnitudes. 

It has not been possible to find a significant relationship between 

the parameter a~ and pre-storm variables probably because of insufficient 

data points. This relationship should be further studied or some kind of 

closure assumption imposed. 
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The evaporat ion i n  t he  downdraft  c u r r e n t  associated w i t h  t r o p i c a l  cumulonimbus clouds i s  
s tud ied  by t h e  use o f  a  s imple s e t  o f  equat ions f o r  a  one dimensional f low.  The ideas i n  
B e t t s '  (1976) model a re  used i n  t he  assumption. t h a t  t h e  a i r  i n  t h e  sub c loud l aye r ,  a f t e r  
the  storm passage o r i g i n a t e d  i n  a  l a y e r  o f  equal. depth above c loud base before t h e  storm 
passage. I n  t h i s  ay the  l a y e r  averaged cond i t i ons  o f  temperature and mois tu re  i n  t h e  sub 4 c loud l a y e r  a f t e r  t he  storm a re  obta ined from t h e  l a y e r  averaged cond i t i ons  i n  t he  upper 
l a y e r  be fore  t h e  storm, us ing  a  k inemat ic-microphysica l  model i n  which r a i n f a l l  i n t e n s i  ti 
downdraft  speeds and drop s izes  a re  parameters. 

I I t  i s  found t h a t  t he  subsatura t ion  i n  t h e  downdraft  c u r r e n t  i s  s p e c i f i e d  by a  s i n g l e  para- 
meter TE which may be considered as a  pressure sca le  f o r  evaporat ion.  I t  i s  a1 so found 
t h a t  aE i s  c l o s e l y  r e l a t e d  t o  parameters de r i ved  f rom t h e  sub s'l,eud l a y e r  s t r u c t u r e  a f t e r '  
the storm passage, such as mean r e l a t i v e  humid i ty  and mean pressure h e i g h t  t o  the  LCL, 

/ p rov id ing  model lers  w i t h  a  way t o  check, d i a g n o s t i c a l l y ,  t h e  range o f  v a r i a t i o n  of a ~ .  I t  
I i s  suggested t h a t  a  should be measured f o r  storms o t h e r  than the  ones used i n  t h i s  study / i n  o rder  t o  check the  v a l i d i t y  o f  t he  probosed parameter iza t ion  
I 
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