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I. INTRODUCTION 

The downdraft circulation in cumulonimbus clouds has been receiving 

increasing attention due to its importance in the modelling and simula­

tion of severe storms, squall lines and their relation to large scale 

motions. Many observational facts are known about the kind of circula­

tion involved in cumulonimbus clouds but there are still 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 in Fig. 1.1 This figure shows a tropical 

cumulonimbus cloud with inflow in the front and outflow in upper levels 

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

it has been known that the downdraft usually appears with the beginning 

of rain at the ground. The difference in the structure of the updraft 

and the downdraft is mainly that the former occurs under saturated con­

ditions while the latter is subsaturated. If the forced up-current 

reaches the lifting condensation level, water vapor starts to condense 

in it and the release of latent heat accelerates the current upwards. 

The updraft will be under saturated conditions and droplets will be 

growing in it. Several theories have been presented in order to account 

for the initiation of the downdraft, but once started it can be main­

tained by the evaporation of raindrops which will cool the air which 

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

is not sufficient to keep it saturated even under falling rain primarily 

because the compressional warming in the descending air allows for a 

higher moisture content than the one provided by evaporation of 
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raindrops. As shown by Kamburova and Ludlam (1966), the degree of sub­

saturation will depend on the intensity of rain, the speed of the down­

draft current and the size of raindrops. 

The purpose of this research is to study the effect of the down­

draft on the subcloud layer by determining the variability of the 

parameters which determine its structure and to isolate the parameters 

that are suitable for modelling the effect of the downdraft on the large 

scale. In Chapter 2, a review of past and recent studies is presented; 

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

governing the evaporation in a downdraft current is derived and dis­

cussed, the results from it presented and the variability of the in­

volved parameters analyzed. This simple set of equations is modified in 

order to allow a realistic profile of the downdraft speed and the re­

sults are also presented and discussed. Chapter 4 discusses the impli­

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

presents the summary and conclusions. 



II. REVIEW OF PAST AND RECENT WORK CONCERNING THE DOWNDRAFT IN CUMULI 

The importance of the role that downdrafts play in the mature and 

dissipating stages of a thunderstorm was first recognized by Byers and 

Braham (1949). They observed that with the beginning of rain at the 

ground a downdraft appeared in the cloud; the downdraft remained unsat­

urated even in the presence of large amounts of precipitation and did 

not warm at an adiabatic lapse-rate but was cooler than the environment 

at the same level. At the ground, the downdraft air spreads predom­

inantly to one side of the cell, behind a well marked micro-cold front, 

where its speed was a maximum. New cells formed above this outflow. 

In the next sections of this chapter we summarize the research that 

has been directed towards explaining and modelling the structure of the 

downdraft air since the publication of the experimental results of the 

Thunderstorm Project. 

2.1 Initiation and maintenance of the downdraft 

The apparent anomaly of the unsaturated downdraft might be due, 

according to Byers and Braham (1949), to one of the two following pro­

cesses. Firstly the downdraft may be dried out by cold precipitating 

particles. If the rain or hail is sufficiently colder than the ambient 

air, the water vapor pressure near the surface of these particles will 

be lower than that of the surroundings, resulting in a water vapor flux 

directed towards the particles which will grow and so reduce the ambient 

air water vapor. The second process suggested was that the downdraft 

is unable to remain saturated because the rate of evaporation of rain­

drops is too slow to provide for the increase in the saturation mixing 

ratio as the air descends to lower levels. In that case, the downdraft 
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air could be heated at a lapse-rate between the dry and the moist adia­

batic processes and would reach the ground in an unsaturated state. 

A process for the initiation of downdrafts was suggested by Squires 

(1958) based on the evidence that the average lapse-rate inside cumuli 

is steeper than the moist adiabatic one and that the ratio between the 

liquid water content to its adiabatic value (Q/QA) decreases rapidly 

with height. He elaborated a theory in which the downdraft would be 

initiated by entrainment of dry air: a parcel of dry air which entered 

the top of a growing cloud by turbulent diffusion would be cooled by 

evaporatiofl of liquid water and might subside into the cloud, thus ex­

plaining why Q/QA decreases with height. The initiation could also take 

place due to the drag of falling raindrops as pointed out by Das (1964) 

who simulated this process for the first time in a numerical model. He 

neglected the effects of entrainment of dry air as an initiator of the 

downdraft. This model does not include an interaction between the cloud 

and the environmental atmosphere such as entrainment. the effect of 

which is important in the life cycle of a convective cloud. 

Ludlam (1963) considered the airflow in hailstorms and how it de­

pends upon the wind shear. He pointed out that when there is little or 

no wind shear the updraft is vertical and the precipitation falls 

through and impedes it. A pronounced downdraft can be produced only if 

the convection is intermittent so that the updraft consists of a succus­

sion of thermals from which precipitation can fall. The downdrafts 

spread out predominantly on one side when the ground has sOme slope, or 

in the presence of some shear. When there is a stronger wind shear the 

updraft becomes tilted and the outflow in the anvil aloft occurs pre­

donlinantly on one side. This arrangement, according to Ludlam (1963) 
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offers the possibility of having the updraft and downdraft working con­

tinuously side by side. 

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

suggested that the air which takes place in the downdraft circulations 

comes from the middle troposphere where the equivalent potential temper­

ature (eE) i~ Df the order of 330 o K. He observed the complete absence 

of convective clouds throughout most of the downdraft area and concluded 

that in spite of its large magnitude, the addition of heat and moisture 

to the air below it was insufficient to restore cumulus development for 

6-12 hours. This air was, therefore, completely unable to take part in 

the deep convection required to maintain tropical disturbacnes and, in 

fact, killed such convection everywhere that it spread. 1e suggested 

two processes by which the volume of the downdraft could be increased in 

the lower troposphere: first, this air could flow freely under the 

heavily raining anvil on a large-scale and sink in a direct circulation 

to the lower troposphere while remaining highly unsaturated. Second, it 

could be entrained directly into individual convective towers, also 

forming unsaturated downdrafts immediately downs hear of the towers on a 

convective scale or mesoscale. 

The structure of the downdraft as described by Zipser (1969) was 

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

(Venezuelan International Meteorological and Hydrological Experiment), 

although he pointed out that whether the sinking occurred in convective 

scale downdrafts or by large scale Sinking under raining middle cloud 

decks, or both, was questionable. 

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

model in order to explain the sub cloud layer structure after the 
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passage of a raining system (see Fig. 1.1 for a sketch of the model). 

In a typical case the preceding sounding showed an undisturbed atmo­

spheric structure with a well defined nearly mixed layer up to cloud 

base while after the passage of a system the sounding showed a very 

different atmospheric structure with a cooling of the lower layer and 

a fall of equivalent potential temperature. Since the evaporation of 

falling rain into the sub cloud layer would produce a cooling and sta­

bilization at constant 8E, only a mass transport from upper layers could 

produce the observed fall of 8E. He concluded that the air in the down­

draft gust came from just above cloud base. Even in the deeper cases 

the downdraft air came mainly from below 700 mb which represents a 

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

in a composite cumulonimbus study, found that in the mean system down­

drafts did not extend from the mid-troposphere to near the surface, but 

air typically was descending 80 mb in downdrafts. 

In two case studies Seguin and Garstang (1976) examined the cou­

pling of cloud and sub cloud layers by precipitation downdrafts during 

disturbed and undisturbed conditions. They attribute the subsiding 

motion to the evaporation of cloud material and precipitation around the 

edges of the cloud line and conclude that these downdrafts must serve to 

balance the vertical transport of mass which takes place inside the 

active growing cloud in accordance with Gray's (1973) ideas. 

The theories about the maintenance of the downdrafts are mostly 

based on the evaporation and drag force of falling raindrops. The tem­

perature at the surface of evaporating raindrops was proved to be given, 

with good approximation, by the wet bulb temperature. This was shown 

empirically by Kinzer and Gunn (1951) and mathematically by Syono and 



STORM 

~P 
LAYER 2 

P2 1 

~ PROFILES PROFILES 
P1 1 

---
BEFORE " ;' c" 't' CLOUD BASEPbZPI- AFTER-

, 

Ap 

! 
Po 

" LAYER I " \ , 
~"'GUST FRONT 

1. Schematic airflow relative to travelling mesosystem. showing two layer model exchange: inflow layer 
Po to Pl ascends in updrafts and inflow layer Pl to P2 descends in downdrafts in replacement. (Actual 
flow inside system will be both three dimensional and transient. not two dimensional as sketched.) 

Figure 1.1 From Betts (1976). 

I 
-....,J 
I 



-8-

Takeda (1962), who also showed that the size-spectrum of raindrops 

changes with time due to evaporation and that, in comparison with large 

raindrops. the evaporation of small raindrops gives a considerably 

larger effect on the change of the atmospheric state. 

Hookings (1965) derived the equations for heat conduction, conser­

vation of mass and of water for a monodisperse distribution of raindrops 

assuming steady-state downdrafts and environmental lapse rates. The 

results of his computations show that the smaller the initial drop 

radius the greater is the speed of the downdraft produced; the faster 

downdraft speeds are associated with the lower relative humidities; the 

greater the mass of liquid water introduced initially the greater the 

downdraft speed produced. In fact, the downdraft speed at the level 

where evaporation commences is almost exactly proportional to the mass 

of liquid water introduced. His results also show that the relative 

humidity of a parcel increases as it approaches the surface which is not 

always the case in the actual atmosphere. 

Using equations similar to those described above Kamburova and 

Ludlam (1966) showed that only in an intense rain of small drops did 

the descent of air in the downdraft approximate to the psuedo adiabatic 

reference process (see Fig. 2.1) and only closely if the downdraft was 

weak. If the general lapse rate was approximately equal to the dry 

adiabatic lapse rate then the microphysics of the evaporation process 

placed much less restriction on the downdraft magnitude and even in a 

moderate rain of large drops strong downdrafts might be generated. 

Correspondingly. the microphysics become unimportant and the descent 

approximates the saturated adiabatic in the case of extremely weak down­

drafts. 
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Oas and Subba Rao (1972), with the same kind of computations as 

those used by Kamburova and Ludlam (1966) pointed out that a strong 

downdraft causes a high rate of adiabatic compression of the descending 

air and allows only a short time for its liquid water content to evap­

orate; on the other hand, a given liquid water content composed of a 

small number of large drops evaporates much less than when it consists 

of a large number of small drops. A strong downdraft carrying its 

liquid water content in the form of large drops will tend to remain 

unsaturated not only when the liquid water content is small, thereby 

causing a shower of low intensity, but also when a large liquid water 

content is transported by an intense thunderstorm rainfall. 

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

be the most important factor in the development of downdrafts although 

it cannot be completely studied without considering the dynamical ef­

fects of compensating currents and gravity waves. 

Summarizing, in order for the air to move downward it must either 

be cooled until it becomes negatively buoyant or be carried down by the 

fluid motion. The cooling may occur by one of the following processes: 

a) evaporation of rain or hail 

Before the formation of the downdraft, the evaporation may take 

place in entrained dry air from the environment, or if there is a flow 

under a raining anvil. 

b) melting of ice particles 

When hailstones with a radius of 2 mm and water content of 10 gm 

m- 3 fall through a layer 2 km in depth (after which they are completely 

melted), the air in this layer is roughly estimated to be cooled by 

1°C / min. 
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The motion may also be started by 

a) drag force of water drops 

If each drop is assumed to fall with its terminal velocity which 

depends upon its size, the air will be subject to the downward drag 

force which is equal to the total weight of water drops in the air. If 

liquid water is accumulated in a shallow layer by the fall of raindrops, 

as was first observed by Donaldson (1961), the air in the layer is sub­

ject to considerable downward force. 

b} forcing by the spreading out of the surface density current 

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

(1977) suggests the existence of an upper level downdraft which is 

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

lower level downdraft which behaves as a density current. 

c} dynamic interaction of cloud with sheared environment 

The next section will discuss the results of some simulations in 

which the downdraft develops in the absence of precipitation as a result 

of dynamic interaction with a sheared environment. 

2.2 Some results from numerical simulations 

It appears that in order to numerically simulate the structure of 

the downdraft, it is necessary to model the precipitation process, that 

is, to model the conversion from cloud water into rain water. Many 

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

required to saturate the air condenses immediately. Similarly, a def­

icit below saturation is immediately supplied by the evaporation of any 

available condensed water (Srivastava, 1967; Liu and Orville, 1969; 

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



-12-

of the parameterization of rain may be found in Berry (1968), Kessler 

(1969), and Manton and Cotton (1977). 

In Srivastava's (1967) one dimensional model the rain water pro­

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

field and the raindrops and the exchange between rain water and cloud 

water. He utilized Kessler's (1969) procedure of parameterizing the 

autoconversion and accretion processes. His results showed the develop­

ment of downdrafts proceeding from cloud base down towards the ground 

and up towards cloud top. However, this downdraft did not spread 

throughout the cloud. Arnason, et a1. (1968) using the same procedure 

as Srivastava (1967) developed a two dimensional slab-symmetric model 

for shallow convection. They presented the results of their simulation 

up to 8 min. and suggested that if the experiment had been continued 

one would have witnessed the development of a downdraft due to the 

negative buoyancy of water in cloud and in precipitation. 

Takeda (1966) modeled an isolated convective cloud accompanied with 

rainfall. A forced updraft was always given at lower levels in the 

atmosphere which was set at rest and accelerated upward or downward by 

buoyancy forces and by the weight of water drops. The numerical simula­

tion showed that the downdraft was initiated by the weight of raindrops 

because when it began the cloud temperature was higher than that in the 

surrounding atmosphere. 

Liu and Orville (1969) numerically integrated the equations of 

motion, conservation of water and thermodynamic energy in a two dimen­

sional slab-symmetric space with vertical wind shear, in a stable in­

compressible atmosphere, in order to study the effects of precipitation 

on a model of cumulus cloud initiation and development over mountains. 
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They illustrated some similarities between precipitating and non­

precipitating cases: the downdrafts appeared beneath raining and non­

raining clouds, in the last case probably as a result of the dynamic 

interaction of the cloud and the sheared environment. 

Orville and Sloan (1970) extended the region of integration used by 

Liu and Orville (1969) and showed that downdrafts alongside the maximum 

updrafts became stronger and created clear areas in the cloud. They 

concluded that these downdrafts were probably a result of continuity and 

of the falling precipitation. 

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

he integrated the hydrodynamic and thermodynamic equations in order to 

study the effect of the vertical profile of the ambient wind on a pre­

cipitating convective cloud. He included the effects of condensation, 

evaporation, coagulation and break-up of drops. He showed that if the 

vertical shear in the ambient wind was very weak the current of cold 

air which spread from the downdraft near the ground pushed potentially 

warm air in the lower layers in the manner of a cold front. In a strong 

vertical shear of constant sign the downdraft formed in the downshear 

side of the cloud. When there was a change of sign of the vertical wind 

shear in such a way that there was a jet in lower levels and a jet in 

the opposite direction in upper levels, the pattern of rain water con­

tent and the downdraft were displaced to the left of the updraft. Only 

in this case the downdraft air which fed new upcurrents contributed to 

the formation of new convective clouds. 

The three dimensional model of Wilhemson (1974) although having 

considerable unstable numerical amplification of gravity waves, showed 
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that in a moderately sheared structure the downdraft formed to 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

tion is essentially that described in Miller and Pearce (1974) who de-

vel oped a three dimensional model using pressure as the vertical co­

ordinate. The initial stratification of temperature and moisture for 

the numerical simulation is that of a radiosonde sounding taken prior to 

a squall-line observed during VIMHEX-1972. The initial wind field shows 

a low level easterly jet with a maximum wind speed of -16 m.s- l at 700 

mb and westerlies above 300 mb. A single cumulonimbus cell is initiated 

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

upshear side and an extending area of relatively cool air near the sur­

face. The first cumulonimbus cell downdraft extended down from around 

700 mb; at later times the downdraft always originated at or below this 

level and was often only identifiable in the lowest 100-150 mb. Exam­

ination of the wet bulb potential temperature (aw) of this air confirmed 

that the air originated at or below 750 mb (aw ~ 21°C), and hence much 

of the air came from near cloud base. The comparison of Moncrieff and 

Mi11er 1 s (1976) results with the results from the two dimensional model 

of Takeda (1971), initialized with a wind profile showing a low-level 

jet and a jet in the opposite direction in upper levels, shows some 

crucial differences particularly on the side in which the downdraft is 

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

this difference, one should examine closely the initial conditions in 

both cases. In the initial conditions of Moncrieff and Miller (1976), 
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the atmosphere is quite unstable with a lifting condensation level at 

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

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

inflow at lower levels in the front of the cloud and outflow at upper 

levels in the rear. The downdraft will be able to form and spread under 

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

Takeda's (1971) initial conditions show a less unstable atmosphere with 

the lifting condensation level at 775 mb; the wind profile shows a jet 

at this level and the wind changes sign at 650 mb. A cloud with base at 

the LCL and top at 400 mb would travel with the mean speed which should 

be very close to zero and so there is an inflow at lower levels in the 

back of the cloud and an outflow as before at upper levels in the back 

of the cloud. The downdraft is then able to form under the sloping up­

draft at the downshear side of the cloud. This is characteristic of 

middle latitude storms while Moncrieff and Miller (1976) initialization 

and results are typical of tropical travelling storms. 

Using VIMHEX-72 data and numerical simulation, Miller and Betts 

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

downdraft representing different dynamical mechanisms and different 

thermodynamic effects, the former evaporatively driven tending to pro­

duce warming and drying of the air. It appears that the forced down­

draft is related to the dynamics of a density current, i.e. the spread­

ing current and its propagation drives a circulation involving air other 

than the cooled air alone. The sounding data appears to confirm the 

presence of a warm system or mesoscale unsaturated downdraft which is 

being forced to descend over the spreading "cold pool". 
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Haman and Niewiadomski (1976) developed a one dimensional, purely 

buoyant model in which updraft and downdraft interact due to entrain­

ment. The numerical experiments showed that a rainfall of realistic 

intensity 1s not likely to maintain a steady, cold downdraft down to the 

ground unless the hydrostatic stability of the environmental air is very 

low. Kamburova and Ludlam (1966) calculated the buoyancy corresponding 

to a temperature difference of 1°C between the downdraft and its environ­

ment and also found out that the hydrostatic stability was low. Haman 

and Niewiadomski (1976) showed that the downdraft in the upper and cen­

tral parts of the cloud can be maintained by entrainment of cloudy air 

from the neighboring updraft; nevertheless, such downdrafts did not 

reach the ground. Fairly realistic cold downdrafts may form if addi­

tional supplies of easily evaporable water is allowed. A source of such 

a supply may be attributed to the updraft provided that the updraft­

downdraft interface is slanted and that the updraft (overlying the down­

draft) contains sufficient amounts of liquid water in small droplets. 

The spectral mass flux associated with the downdraft has been de­

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

ri ved by Ara kawa and Schubert (1974) for the updraft. He computed the 

entrainment parameters assuming that the downdraft is saturated. A 

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

direct measurements of the degree of subsaturation in tropical cumulo­

nimbus downdrafts was lacking. He points out that in the theories for 

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

and Arakawa and Schubert (1974), only the effect of updrafts are con­

sidered and that the neglect of the downdraft leads to predictions of 

excessive warming and drying in the lower troposphere. 
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2.3 Conclusion 

Diagnostic models and observational studies agree in that the main 

downdraft air originates at or below 700 mb although some sinking motion 

required by mass continuity may be observed in higher altitudes. The 

maintenance of the downdraft current is mostly associated with evapora­

tion and drag force of falling raindrops. 

The numerical simulations based on the integration of the primitive 

equations have been successful in obtaining the initiation of the down­

draft usually by the weight of water drops and by the required continu­

ity of mass. The development of new cells from the convergence along 

the leading edge of the downdraft air has also been obtained in moder­

ately sheared environments. But one of the main things that has been 

lacking in most of the numerical simulations is a comparison between 

their results and actual observations: the amounts of rainfall or the 

maximum rainfall intensities as well as downdraft speeds which may be 

encountered in a system which develops from given initial conditions. 

The following chapters will introduce a set of equations analogous 

to those used by Kamburova and Ludlam (1966) which will be used in order 

to define a microphysical parameter which will specify a relationship 

between rainfall intensities, downdraft speeds and drop spectra. 



III. THE EVAPORATION IN THE DOWNDRAFT CURRENT 

The downdraft current is known to take place under unsaturated con­

ditions even if raindrops are being evaporated in it. The first law of 

thermodynamics may be written as 

c d In a 
p dt 

;:: 

" H 
f (3.1) 

where a ;s the potential temperature, cp is the specific heat at con-
" stant pressure, T is temperature, t is time and H is the diabatic heat-

ing rate which in the case where evaporation of drops is taking place 

is given by 

H" ;:: Lsk 
- dt (3.2) 

where x is the water vapor mixing ratio and L is the latent heat of con­

densation. Introducing Eq. (3.2) into Eq. (3.1) and integrating the 

resulting expression from a state (a,x) to one in which the air is com­

pletely dry (aE, 0) aE being the equivalent potential temperature we get 

o 
a exp (_/ L dx) 

cpT 
x 

(3.3) 

so that the changes in temperature and mixing ratio under the evapora­

tion process will take place with a constant aE, even if the air is sub­

saturated. 
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The evaporated water vapor from a raindrop will be diffused to the 

ambient air and the changes in the environment due to latent heat re­

lease will be assumed to occur under constant BE' 

3.1 Governing equations 

The equations which will be presented may use a distribution of 

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

some sort of mean, or, a drop-spectrum may be defined by some analytical 

expression. Both procedures will be presented here. The first one was 

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

second one, by Syono and Takeda (1963), Takeda (1970), Srivastava (1967), 

among others. A one dimensional kinematical approach will be followed, 

in which the vertical velocity is specified, rather than computed. 

3.1.1 Single drop case 

The growth or decay of individual drops mass is described by the 

diffusion equation 

where m ;s the mass of a drop of radius r 

x - Xl 
S ;:; W 

X 
;:; - Qx 

X 

X is the water vapor mixing ratio 

(3.4) 

(3.5) 

x~ is the temperature vapor mixing ratio at the wet bulb 
temperature Tw 

Pv is the vapor density 

o is a coefficient of diffusion of water vapor in air 
and is given by, according to Kinzer and Gunn (1951) 



-20-

2 -1 T W 1 .75 1000 b o = 0.22 cm s (273.2 0 K) (p m ) (3.6) 

Cv is a ventilation coefficient in order to take into 
account the motion of drops through the air. 

Eq. (3.4) may be rewritten to give the growth of an individual drop 

(3.7) 

where PL is the liquid water density 

g is the gravity 

VT is the terminal velocity of a drop of radius r 

w is the downdraft vertical velocity 

P is pressure as a vertical coordinate. 

-Some conservation equations will now be presented following 

Kamburova and Ludlam (1966). The continuity equation is 

~~ = 'i/. (p~) (3.8) 

where P is the air density and Y is the three dimensional velocity vec­

tor, Y = (u 1, v J, w ~). For uni..,dimensional steady-state vertical 

flow Eq. (3.8) may be written as 

fz- (pw) = o. (3.9) 
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or by the use of the hydrostatic equation, 

d dp (pw) = o. (3.10) 

Eq. (3.9) or (3.10) imply that as the air descends and its density is 

increased it must suffer a deceleration to satisfy the continuity of 

mass. This deceleration will be small so that the vertical velocity 

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

procedure will be presented in order to avoid this problem. 

The equation for the conservation of raindrop number in the absence 

of break-up and collection is 

aN at = - v • [N (Y + VT ~)] (3.11) 

where N is the number of drops per unit volume. With the same assump-

tions as in the derivation of Eq. (3.9), we may write Eq. (3.11) as 

d dz [N (VT + w)] = 0 (3.12) 

or d dp [N (VT + w)] = O. (3.13) 
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As the air is decelerated as imposed by Eq. (3.9) or (3.10), the 

number of raindrops per unit volume will be slightly increased. 

The total mass of water per unit volume is given by 

(3.14) 

where PR is the rain density which is given by 

(3.15) 

The conservation of mass of water may then be written, under the 

same assumptions used in order to derive Eq. (3.9) and (3.12) 

(3.16) 

or (3.17) 

Introducing Eq. (3.7) into Eq. (3.17) and using Eq. (3.10, 3.13 and 

3.15) we get 
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4~ D ~x r NC v Qxp - -do pgw (3.18) 

This equation gives the change of mixing ratio with height due to 

evaporation. If the air is just saturated, ~x (which is the difference 

between the mixing ratio at the air temperature and at the wet bulb 

temperature) will be zero and so, no change in the mixing ratio of the 

descending parcel will occur. 

Kamburova and Ludlam (1966) used Eq. (3.7), (3.9), (3.12) and 

(3.16), plus the assumption that the evaporation is taking place under 

constant equivalent potential temperature, to derive temperature and 

moisture profiles for different raindrop radii, downdraft speeds and 

rainfall intensities (Fig. 2.1). The same procedure will be followed 

here [substituting Eq. (3.7) by Eq. (3.18)J but the initial conditions 

will be chosen in such a way as to reproduce actual temperature and 

moisture structures in some VIMHEX-1972 soundings. This is discussed· 

further in sections 3.2 and 3.3. The computational scheme may be seen 

in Fig. 3.1. 

3.1.2 Drop spectrum case 

The conservation equations will now be written taking into account 

the size distribution of raindrops. The continuity equations (Eq. 3.9 

or 3.10) remain the same. Conservation of raindrop number 

~ [nCr} (VT (r) + w)J = 0 (3.19) 
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\ 

INITIAL CONDITIONS 1--I_~ cOMPUTE8E COMPUTE, FROM INITIAL 

po,To,xo,ro,wo,RIo' I FROM 'h,~.To - cONDlTIONS,THE CONSTANTS 
FOR EO. 3.10,3.13,3.17 

I 

I 

! 
M FROM EO. 3.18 
dp 

w FROM EO. 3.10 

, 

Po= P 
X = X o 

NO ---------<. P = Ps 

YES 

( STOP) 

I 

I P R FROM EO. 3.17 ~ r FROM DEFINITION OF 
'--~:""-'-----' PR( EO. 3.15) 

I 

....-_~.\ PRINT I 
I \~ __ Pt_T_.X~t~r._W_.R_I __ ~J 

Figure 3.1. Computational scheme for the single drop approach. 
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where n(r) is the number of drops per drop radius interval (r - or/2, 

r + or/2), per unit volume. In this case n{r) is conserved but not the 

total number of raindrops. 

Continuity of the mass of water is given by 

where 
00 

=f 4 3 3 TI r PL n{r) dr 
o 

and VT is the mean of effective terminal velocity. 

where 

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

£!x _ _ 
dp 

00 

4 TI 0 /:'x F 
pgw 

F = f r n{ r) Cv (r) dr. 
o 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

Thus, we can calculate the vertical gradient of the mixing ratio if 

we know wand F [c.f. Eq. (3.18)J. 

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

have to be known. The raindrops will be assumed to be size distributed 
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following an inverse exponential law in accordance with Marshall and 

Palmer (1948) 

nCr) = no exp (-2Ar). (3.24) 

According to Kessler (1969), n6 is constant and A is a parameter 

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

the other hand, suggested using A constant, essentially independent of 

the detailed environment, and allowing no to vary with the rainfall in­

tensity. In the first case, the variation of A with the type of rain 

(thunderstorm, orographic, etc.) is governed by two parameters band S 

A ;:; 3.67 /0
0 

(3.25) 

where (3.26) 

or (3.27) 

Do ;s the median volume diameter which divides the distribution into 

parts of equal water content. RI(w=o) is the rainfall intensity with no 

vertical velocity. Table 1 shows the variation in A for each kind of 



RI A(m-1) 
(mm/ II III IV V VI VII VIII 
hr) 

6 2662 3074 3058 5974 4728 2213 2267 2768 . 
10 2296 2651 2369 4870 3914 2008 2210 2487 

20 1878 2168 1675 3691 3028 1760 2135 2150 
30 1669 1928 1367 3138 2607 1630 2092 1974 
40 1536 1773 1184 2797 2343 1543 2062 1859 

50 1439 1662 1059 2558 2158 1479 2039 1774 

60 1365 1577 967 2378 2017 1429 2021 1707 
70 1306 1508 895 2236 1905 1387 2005 1653 

80 1256 1450 837 2120 1813 1353 1992 . 1607 

90 1214 1402 790 2022 1736 1323 1980 1568 

100 1177 1360 749 1939 1670 1296 1970 1533 I 
N 
-....J 
I 

b B Type of Rain / Location Author 

I. 0.82 0.29 thunders torm l } II. 0.71 0.29 continuous rain with melting band India Sivaramakhrishnan (1961) 

) III. 0.49 0.50 warm layer cloud 

IV. 0.30 0.40 warm orographic: in cloud 

} Hawaii } V. 0.40 0.37 \'Iarm orographic: at cloud base Blanchar (1953) 

VI. 1.18 0.19 non orographic rain 
VIr. 1.48 0.05 heavy showers / Illinois Jones (1956) 
VIII . 0,91 0.21 contir.uous rain / Canada Marshall and Palmer ( 1948) 

Table 1. Variation of A a~ a function of rainfall intensity and type of rain as ~pecified 
by the parameters b and fL 
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rain for difficient values of band S listed by Mason (1971). As may be 

seen in that table, A varies strongly from one type of rain to another 

for a fixed rainfall intensity. This approach has the inconvenience 

that the parameters band S have to be known previously and the data 

that will be used here do not provide such information. In that case, 

some kind of decision has to be made in the sense of using one or an-

other type of band S parameters in Table 1. In the Manton and Cotton 

(1977) parameterization no is given by the definition of rainfall in­

tensity, which is the following (in mm hr.- l ) 

(3.28) 

where PR ;s obtained by the integration of the right hand side of Eq. 

(3.21) as 

(3.29) 

In this case, as will be seen later, there ;s a need to tune the 

value of A to the data. 

In section 3.3.1 the results from the two approaches will be pre-

sented and discussed. 

The ventilation coefficient may be written as, according to 

Frossling (1938) 



-29-

(3.30) 

where Re is the Reynolds number 

(3.31) 

n being the viscosity coefficient. The terminal velocity resulting from 

a fitting done by Manton and Cotton (1977) is 

= 2.13 (~ g r)1/2. 
p 

(3.32) 

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

approximate expression for the ventilation coefficient as a function of 

raindrop radius 

Cv (r) = 1 + 1160 rO. 75 (3.33) 

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

result from Eq. (3.33) and the results obtained by Frossling (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 
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r Cv Kinzer & Gunn (1951) Fross1ing (1938) 
mm from Eq. (3.33) 

0.2 3.0 2.8 2.4 

0.5 4.9 4.5 4.6 

1.0 7.5 7.4 7.5 

1.5 9.8 9.8 9.8 

2.0 12.0 13.8 11. 7 

Table 2. Ventilation coefficient as a function of drop radius as 
given by Eq. 3.33, by Fross1ing (1938) and Kinzer and 
Gunn (1951). 
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(1951) and Frossling (1938). Eq. (3.33) gives a maximum error of 13% in 

comparison with Kinzer and Gunn values. 

Substituting Eqs. (3.24) and (3.33) into Eq. (3.23) we get 

F = no [(2A)-2 + 1160 r (2.75) (2A)-2.75] (3.34) 

where A has to be given in M K S units and r (2.75) = 0.91906, r being 

the gamma function. The total number of raindrops is given by 

(3.35) 

The mean of effective terminal velocity which appears in Eqs. (3.20) 

and (3.28) is given in the Kessler parameterization by 

(3.36) 

where (3.37) 

The computational scheme may be seen in Fig. 3.2. 
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~NtTtAL CONOtT:ONS DEFINE PARAMETERS (MANTON AND COTID\' 

PO'To'xO'wo' RIo' I A (M+C) \\=1.94 V (ix) 
not K) 

I PR= ,!IQ 

J II VT + w,.., 

(KESSLER) 

V
T
=5.15 P

R 
0.125 COMPUTE 

P: = ~Io 
COMPUTE eEFROM po,To'xo 

noFROM EO. 329(M+C - AND CONSTANTS FOR 
R V. + w EO. 3.10.3.19,3.20 T 0 or 

ITERATE TO FIND p AFROM EO. 3.25 (K) 

t2l R 

t 

I p = po+6p I , 
! 

~ 

dx FROM EO. 3.22 x=xo+~6p 
I T FROM eE=CONST. I I 

dp f---. I I dp , 
noFROM EO. 3.29 (M+C) 

W FROM EO, 3.10 PRAS IN BOX (I)FORI or 
MtC OR BOX (2) FOR H A FROM EO. 3.25 (K) 

V
T

'" 1.49 V
T

( 1/2A)(M+C) 
J RI=pR{w+ \\) 3600 I or 
I Vr 5.15 PR 0.125 (K) ! 

t 

\ PRINT I Po= P 
p,T,x ,w,RI xo= x 

NO 
no(M+C)orA(K) I 

~ YES 

eSTOP) 

Figure 3.2. Computational scheme for the drop spectrum approach. 
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The effects of break-up are not being explicitly considered here. 

The inclusion of a Marshall-Palmer spectrum will. nevertheless. force 

the existence of very small drops at each level even if the evaporation 

would have depleted this part of the spectrum. Thus, an implicit break­

up process is included. 

The effect of melting of ice crystals will not be included. The 

reason for this is that in most of the cases studied here the outflow 

in upper levels is taking place behind the travelling storm so that the 

ice crystals formed in these upper levels (the freezing level is between 

600-500 mb) are carried away from the storm and thus, fall in clear air. 

Hall and Pruppacher (1976) have shown that ice crystals falling from 

cirrus clouds in an unsaturated environment with relative humidities 

with respect to ice of less than 70% may survive distances of up to 2 km, 

for a wide range of initial sizes. If the ice crystals are forming 

around 400-300 mb and if they are falling in an unsaturated downdraft, 

if they survive for a distance of 3 km, this brings them to around 600 

mb. Reaching the freezing level the decrease in the size of the ice 

crystals may be enhanced by melting so that at the 700 mb level there 

will not be any ice-crystal effect; since all calculations performed 

here start at or below 700 mb there will be no need to consider this 

effect. 

3.1.3 Equations with a constant divergence profile 

The equations of section 3.1.1 and 3.1.2 have been derived under 

the assumption of conservation of mass as given by Eq. (3.9). This 

equation assumes a small deceleration (~ 20%) as the parcel reaches the 

ground. A realistic profile would show the downdraft speed approaching 
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zero at the surface but this is not handled by Eq. (3.10). There is a 

way, however, of specifying the vertical profile of w by introducing a 

constant horizontal divergence ;n such a way that Eq. (3.8) may be 

written under steady state conditions as 

(3.38) 

where Div ;s the horizontal velocity divergence which is assumed to be 

constant with height. This equation may be rewritten as 

Div = 
9 

(3.39) 

Eq. (3.39) may be integrated from the surface (ps) to a level p, to 

give 

w = Div 
pg (3.40) 

The conservation of raindrop number and of the mass of water may now be 

written in a similar way as Eq. (3.38) 

:z [N (VT + w)] = - N Div - V • VHN (3.41) 
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with analagous equations in the drop spectrum case. This equation may 

be simplified by putting the horizontal gradients of N and of PX + PR 

equal to zero. Clearly this assumption will only be valid near the 

center of the rain area. We have indeed replaced the assumption in­

volved in Eq. (3.9) of a constant pw with the consequent non-zero ground 

vertical velocity by one in which the rain area is homogeneous but diver-

gent. In section 3.3 the results obtained using both approaches will be 

compared. 

Eqs. (3.41) and (3.42) may now be written as 

adp [N (Vr + w)] N Div = 
P 9 

(3.43) 

and 
P){ + PR Div 

=---.:.. 
P g 

(3.44) 

Eq. (3.7) may be introduced in Eq. (3.44) to give 

.£x _ _ 4 'IT 0 b.x 
ap P g W r N Cv (3.45) 

which is again Eq. (3.18). 
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Eqs. (3.43) and (3.44) may be integrated from an initial level PI 

to a level p 

P 
N (Vr + w) NI (Vr + wI) + D~V JC ~ dp 

PI 

(3.46) 

and 

(3.47) 

D· fP px + PR 
+ ~ d p. 

g P 
PI 

3.1.4 Parameterization of the evaporation equation 

It is unusual to have precise information about downdraft speeds, 

rainfall intensities and drop sizes and their variation with height from 

experimental data so that some kind of parameterization is needed to 

avoid their specification. With this in mind, the evaporation equation 

(Eq. 3.18, 3.22 and 3.45) may be rewritten in the following form 

(3.48) 

where TIE may be considered a pressure scale for evaporation, being equal 

to 
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p g w 
~E - - 4 TI 0 N r C

v 
(3.49) 

or .... = _ pgw_ 
"E 4 TI 0 F· (3.50) 

-3 -4 2 -1 For typical values such as p = 0.98 kg·m ,0 = 0.29X10 m·s , 

-3 -1 ( -1 ) N = 1620 m ,r = 0.8 mm, w = 2 m·s RI = 96 mm·hr and Cv = 6.4, 

Eq. 3.49 gives TIE = 6354 Pascal or 63.5 mb. 

The definition of TIE in Eqs. (3.49) and (3.50) suggests that a family 

of conditions may provide the same variation of mixing ratio with height 

provided the ratio in the right hand side of Eqs. (3.49) or (3.50) is the 

same. It also suggests that one may avoid the direct specification of 

(RI, w, r) by writing 

(3.51) 

In section 3.3 we will calculate TIE as a function of (RI, w, r) and 

then fit to the result a function of pressure. Once the dependence ex­

pressed by Eq. 3.51 is established, the computational scheme may be 

simplified as follows: 

1) given PI' TI , XI ~ ~xI and TIE = (PI) 
I 

2) (~)I+l; ~:I + xI+l = XI + (~)I+l ~p 
I 

3) from 8E = const. ~ TI+l 

4) I = 1+ 1, go back to 2) until final level is reached. 
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As may be noted, there is no need to go into the details of con-

servation equations. 

Eq. (3.48) may be rewritten as 

d Or t.x + 
_ d I 

t.x - dp x w' (3.52) 

The left hand side of Eq. (3.52) is the variation of mixing ratio 

along a saturated adiabat which may be considered a constant from 750 mb 

to the surface (mean/standard deviation = 37) and equal to 2.2 (g/kg)/ 

100 mb. With this simplification, Eq. (3.52) is a first-order non­

homogeneous differential equation which may be solved analytically once 

the dependence of nE(p) is given. 

Eq. (3.48) may be considered analagous to an "entrainment" relation-

ship in the sense that the downdraft air is gaining water vapor from the 

evaporating raindrops with the evaporation coefficient (similar to an 

"entrainment" coefficient) being equal to l/7TE. As will be pointed out 

later, the form of Eq. (3.48) will be particularly useful for modelling 

purposes. The solution of Eq. (3.52) for nE(p) equal to a constant will 

be examined in the next chapter with special attention to the asymptotic 

value which is reached when (p - PI) becomes greater than 7TE' 

3.2 Initial conditions of temperature and moisture 

Th(~ data that will be examined using the equations derived in sec-

tion 3.1 is from the second Venezuelan International Meteorological and 

Hydrological Experiment (VIMHEX-1972). A description of the 
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experimental design may be found in Betts (1'976). Basically, sequences 

of soundings were launched (every 65-100 min) whenever significant radar 

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

obtained depicting the atmospheric structure in front of, inside and 

behind a raining, convective system which passed over the observation 

site (Carrizal, Venezuela, go 22.8'N, 66° 55.0'W). The experiment was 

performed during the rainy season (May 22 - September 6, 1972) although 

this summer was the driest one recorded at Carrizal. The initial con­

ditions include an initial level with its temperature and mixing ratio, 

downdraft speed, rainfall intensity and size of raindrops. The initial 

pressure, 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 to obtain 

different profiles of temperature and mixing ratio. 

3.2.1 Conditions corresponding to Betts' (1976) model 

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

that the convective system removes a surface layer with thickness 6p 

which ascends in updrafts and replaces it by the layer above which de­

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

thickness 6P was calculated, for all soundings referred to here, by 

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

sounding. In Fig. (3.3), PI' TI , xI are the layer averaged values in 

the upper layer before the storm while PF' TF, xF' are the layer aver­

aged values for the lower layer after the storm. 

We assume, following Betts (1976), that the upper layer with pro­

perties PI' TI , xI' follows a downdraft trajectory through the storm and 
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~p 
---6--=---~ P. T x 

F' F' F 

BEFORE SOUNDING AFTER SOUNDING 

Figure 3.3. Downdraft trajectory according to Betts (1976) model. 
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leaves with properties PF' TF, xF· The variables (w, RI, r) in the 

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

Table 3 lists the values of (PI' TI , xI) and (PF, TF, xF) for 24 

pairs of before-after soundings. It may be noted that in most of the 

stonns there were two or three "after" soundings. The mean IIbefore li and 

"after" soundings are the same ones used by Betts (l976): IIThese aver­

ages were generated by a specific technique designed to preserve the two 

model layers. The sounding pressures were transformed to a coordinate 

{see Fig. l.l} 

po- p p = 
6p 

before interpolating the data to intervals of 0.05 in p from 0 to 2.0 

and then averaging the IIbefore l1 and corresponding "after" soundings. 1I 

The profiles of 6 and of 6E for the mean "before ll and l1afterll soundings 

may be seen in Fig. (3.4) 

3.2.2 Conditions for a constant 6E sounding 

A few soundings were launched inside the downdraft or very close to 

it in such a way that they show a deep layer of almost constant 6E. The 

initial conditions of pressure, temperature and moisture were taken, in 

this case, as those at the top of the layer of constant 6E. The vari­

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

temperature and moisture in the given sounding as close as possible. 
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Before After 
r A ....... r A ....... 

Sound PI TI xI 6E Sound PF TF xF 6E 
no. mb °C g/kg oK no. mb °C g/kg ok 

Mean 792 13.9 11.3 340.8 Mean 924 21.4 13.4 340.5 
59 855 17.6 13.6 344.4 60 945 21. 9 15.3 344.4 
59 870 18.5 14.2 345.5 61 950 21.8 15.9 345.5 
81 735 10.9 9.5 339.2 82 905 21.2 12.2 338.9 
81 720 8.9 9.5 338.8 83 900 20.4 12.2 338.5 

100 810 15.2 12.7 344.2 I 101 930 20.9 15.0 343.9 
100 765 11.9 8.9 334.7 102 915 20.3 11.9 335.9 
116 825 17.0 11. 9 342.2 117 935 23.0 13.8 342.4 
120 765 13.2 10.9 342.2 121 915 20.6 14.2 342.9 
120 930 24.4 15.7 350.2 122 970 23.7 17.5 350.3 
120 825 17.2 13.3 346.6 123 935 23.1 15.3 346.9 
131 870 18.6 14.2 345.6 132 950 23.9 15.2 346.0 
131 840 17.0 13.0 343.7 133 940 23.1 14.5 344.0 
176 735 10.7 9.5 339.0 177 905 18.6 13.4 339.3 
176 870 20.7 13.5 346.1 178 950 22.5 15.7 345.7 
192 795 14.0 11.4 340.8 193 925 21.2 13.8 341.3 
192 855 18.0 13.8 345.4 194 945 22.4 15.5 345.6 
203 765 12.3 8.8 334.9 204 915 19.9 11.8 335.1 
226 840 17.7 11.5 340.1 228 940 22.0 13.5 339.8 
241 735 10.5 9. 1 337.5 242 905 21.2 12.0 338.3 
241 735 10.5 9. 1 337.5 243 905 19.9 12.5 338.2 
312 750 11. 7 10.0 339.7 317 910 18.4 13.6 339.1 
312 705 9. 1 7.9 336.3 318 895 19.2 11.7 336.2 
324 735 9.8 9.1 336.7 325 905 18.1 12.8 337.0 

324 840 16.6 13.0 343.2 326 940 23.7 14.1 343.6 

Table 3. Initial and final layer averaged conditions for the mean 
soundings and for 24 pairs of before-after soundings. 
For a given system there is only one before sounding but 
there may be one, two or three after soundings, 
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Only three soundings were found to have a deep layer of constant eE, 

their initial level conditions being those of Table 4. 

3.3 Required rainfall intensities, downdraft speeds and drop distribu­
tions 

This section will present the required rainfall intensities, down­

draft speeds and drop distributions needed to match 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 IIbefore lt and Hafterll conditions (model Fig. 
3.3) 

As pointed out in section 3.1.4 (Eq. 3.50,3.51) a family of condi­

tions in (RI, w, r) may specify the same profile of ~ and consequently of 

mixing ratio. 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 conditions PF' TF, xF for the mean sounding 

as discussed in section 3.2.1. Fig. 3.5 shows the initial rainfall 

intensities and downdraft speeds for the single drop case for r ~ 0.2, 

0.5, and 1.0 mm (continuous lines); for the Kessler parameterization 

for several pairs of b and ~ (Eq. 3.27) listed in Table 1 (heavy dashed 

lines); and for the Manton and Cotton parameterization for r ~ 0.27 mm m 

(lightly dashed line). Some of the curves in Fig. 3.5 do not seem to be 

realistic, either because very low downdraft speeds are associated with 

very high rainfall intensities (e.g. "heavy showers", rm;:: 0.27 mm, 

r = 1.0 mm) or high downdraft speeds associated with very low rainfall 

intensities (e.g. r = 0.2 mm). The IIthunderstorm" curve presents an 
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10.0 

12.2 

8.7 

9. 1 

10.6 

9.0 

336.3 

338.2 

335.7 

Table 4. Initial conditions for the 
soundings which had a 
reasonably deep layer of 
constant 8E. The conditions 
shown refer to the top of 
the constant 8E layer. 
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Figure 3.5. Initial rainfall intensities and downdraft speeds for 
different drop distributions. 
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association of realistic conditions (e.g. 100 mm.hr- l with a downdraft 

speed of 2 m·s- l ) so it may be used as a reference in order to select 

rm in the Manton and Cotton parameterization and the size of the single 

drop. In Fig. 3.6 it may be seen that with rm = 0.21 mm and r = 0.8 mm, 

the II thunderstorm" curve is matched fairly well. Since there are no 

basi c differences between the three curves we wi 11 from here on use 

only the single-drop approach. 

The pressure scale for evaporation TIE as defined by Eq. (3.49) was 

calculated for several points on the curves of Fig. 3.5 and 3.6 for 

r = 0.5, 0.8 and 1.0 mm by the constant mass flux and constant diver­

gence methods. The variation of TIE with pressure may be seen in Figs. 

3.7 and 3.8, which also show the variation of 6X with pressure. Al­

though TIE varies linearly with pressure for both methods, in the con­

stant mass flux it increases with pressure and shows a variation of 8 mb 

while in the constant divergence it decreases with pressure showing a 

variation of 70 mb, this stronger variation being explained by the term 

pw which, in this case, is linear with pressure and appears in the nu­

merator in the definition of TIE (Eq. 3.49 or 3.50). The behavior of 6X 

is also a little different in the two methods but this may provide a way 

to decide which of the methods is more realistic by comparing the com­

puted profiles to the actual profile of 6X in a downdraft current. 

The behavior of TIE may be described by the relationship 

(3.53) 
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-- - THUNDERSTORM A=4476.(RI }-0.29 
w-6 

- - - - -- MANTON AND COTTON -
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Figure 3.6. Initial rainfall intensities and downdraft speeds for 
different drop distributions using as reference the 
"thunderstorm ll curve of Figure 3.5. 
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Figure 3.7. Variation of 6x and TIE for the constant mass flux case. 
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Figure 3.B. Same as Figure 3.7 for the constant divergence case. 
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Eq. (3.53) was fitted to the computed values of TIE and the values of TIE 

(Pr) and a obtained for ro = 0,5, 0.8 and 1.0 mm for some pairs of con­

ditions expressed in Fig. 3.5 and 3.6 are shown in Tables 5 and 6. The 

variation of wE(Pr) and a from case to case may be due to the fact that 

the matching of the "after" condition of Table 3 is not exact. In the 

constant mass flux case the mean value of TIEepr) is 55.3 mb and of a, 

0.15X10- 2 ms-l. In the constant divergence case the mean TIE(PI) is 

equal to 108.8 mb and the mean a, 0.48X10-2 mb-l . The low variability 

of these parameters suggests that it is sufficient to calculate them for 

only one condition by fixing, for example, the rainfall intensity and 

.. 1 8 the drop radius as 100 mm·hr and O. mm respectively, and allowing the 

downdraft speed to vary in order to match the desired conditions. This 

will be done in the next section when we look at the individual sound-

ings. 

Since the maximum rainfall intensities recorded during VIMHEX-72 

corresponding to 5 min values are below 150 mm·hr- l we may infer from 

Fig. 3.6 that the downdraft speeds are bound to be less than 4 m.s- l , 

otherwise the rainfall intensities get too high. This value is perhaps 

low for mid-latitude storms but seems to be adequate in the tropics. 

3.3.2 Results for all soundings 

The values of TIEePI) and a were shown to be quite independent of 

the conditions in (Rr, w, r)o so that we may fix two of these variables, 

e.g. the rainfall intensity and the drop size, and determine Wo and con­

sequently, wElPr) for all pairs of soundings whose end conditions are 

shown in Table 3. The rainfall intensity was fixed at 100 mm·hr- l and 

the drop radius at 0.8 mm. The calculated wo' TIE(PI) and a for the 



Constant mass flux 
ro = 0.5 mm ro = 0.8 mm ro=l.Omm 

""'0 RI 1fE(PI) a Rr 1fE(PI) a RI TfE(Po) a 

-1 -1 mb -1 -1 mb -1 -1 mb -1 m.s mm.hr mb mm.hr mb mm.hr mb 
xl0- 2 xl0-2 xl0- 2 

0.5 8.5 54.9 0.25 21.0 55.1 0.14 30.0 58.0 0.13 
1.0 18.5 56.0 0.22 46.0 54.3 0.13 68.0 54.9 0.12 
1.5 31.0 55.0 0.19 74.0 54.4 0.12 106.5 55.8 0.11 
2.0 44.5 55.9 0.18 105.0 54.7 0.11 
2.5 60.0 56.1 0.16 140.0 54.6 0.11 I 

tTl 

3.0 78.0 55.8 0.15 179.0 54.4 0.10 N 
I 

mean 1fE(Pr) = 55.3 mb (J = 1.0 mb 1f 
mean ex = 0.15Xl0- 2 mb- 1 

(J 0.04Xl0- 2 mb- 1 
ex 

Table 5. Variation of the p~~ameters 1fE(Py) and ex in t~e cons~ant m~s: flux case for different 
values of drop radll, downdraft speeds and ralnfa1l lntensltles. . 



Wo 

m.s -1 

0.7 
1.5 

2.2 

3.0 
3.7 
4.4 

Constant Divergence 

ro = 0.5 mm ro = 0.8 mm 

RIo 1TE (PI) a. Wo RIo 1TE (PI) 

mm.hr -1 mb mb -1 m.s -1 mm.hr -1 mb 

xl0- 2 

8.5 *100.6 -0.46 0.9 21.0 110.5 
18.5 104.7 -0.46 1.7 46.0 108.8 

31.0 104.8 -0.49 2.5 74.0 108.3 
44.5 108.6 -0.47 3.3 105.0 109.4 
60.0 109.2 -0.47 4.0 140.0 109.3 
78.0 108.0 -0.47 4.9 179.0 111.4 

mean 1TE (PI) = 108.8 mb 

mean a. = 0.48 Xl0- 2 mb- 1 

(excluding *) 

a. Wo 

mb -1 m.s-1 

xl0- 2 

-0.48 0.9 
-0.48 1.8 

-0.48 2.5 

-0.48 
-0.48 

-0.48 

CJ 1T 2.0 mb 

ro = 1.0 mm 

RIo 1TE (po) 

mm.hr -1 mb 

30.0 110.7 
68.0 110.3 

107.0 109.4 

CJ a. 
= 0.01 Xl0- 2 mb- l 

Table 6. Same as Table 5, for the constant divergence case. 

a. 

mb -1 

xl0- 2 

-0.48 
-0.48 

I 

-0.48 tJ1 
w 
I 
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constant mass flux case and wo' Diy, nE(Pr) and a for the constant 

divergence case may be seen in Table 7. It may be seen that the down­

draft speeds change considerably from case to case as does ~E(PI)' In 

the cases where there are two or three "after" soundings, the downdraft 

speeds obtained vary a lot. For example, soundings 100-101 give a 1 

m.s- l downdraft speed in the 'constant mass flux' case (or 1.8 m.s-1 in 

the Iconstant divergence' case) and soundings 100-102 give a 2.4 m.s- l 

downdraft speed in the constant mass flux case (or 3.6 m.s-1 in the con­

stant divergence case). This shows that either the different "after" 

soundings express the properties of air coming from different levels in 

the atmosphere and in that case, the different downdraft speeds are 

representative of different stages in the life cycle of the storm or the 

different downdraft speeds would be an indication of the sensitivity of 

the method to the different initial conditions. 

Table 7 also shows that a, as computed by the constant mass flux 

method, is remarkably constant so that in this case we are left with 

only one parameter which specifies the microphysical processes. In the 

constant divergence case, the variation of a is a little bit higher but 

with the exclusion of the value of soundings 120-122 which appear to be 

anamalous, we may forget about this variability and consider nE(PI} as 

the only parameter that needs to be specified, 

In the next chapter the relationship between nE(PI) and pre-storm 

parameters and its potential as a model parameter will be investigated. 

3.3.3 Results for constant eE soundings 

The soundings which represented a deep layer of reasonably con­

stant 0E were 82, 317, 3.25. The initial level where we started the 
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Constant Mass flux Constant divergence 

A "---
.A. ... r 

Sounding Wo 1TE (PI) C( Wo 1TE (PI) C( Div 
-1 -1 -1 -1 no. m.s mb mb m.s mb mb_ 2 -1 x10-2 x10 s 

59-60 l.1 3l.3 0.10 l. 70 54.0 -0.72 1.25 X10-3 

59-61 0.8 22.3 0.10 1.25 38.2 -0.81 1.05 
81-82 2.6 71.6 0.13 4.38 154.0 -0.36 l. 50 
81-83 2.4 62.7 0.12 4.10 135.9 -0.34 l.30 

100-101 1.0 25.7 0.11 1.80 54.2 -0.54 0.95 
100-102 2.4 69.6 0.13 3.59 125.2 -0.42 1.45 
116-117 2.3 72.8 0.12 3.60 136.7 -0.58 2.10 
120-121 1.4 34.9 0.12 2.11 61.6 -0.42 0.85 
120-122 0.7 21.1 0.12 0.96 30.5 -1.64* 1. 70 
120-123 1.8 53.0 0.11 2.66 90.5 -0.58 1. 55 
131-132 2.1 70.4 0.10 3.10 119.1 -0.81 2.60 
131-133 2.1 66.7 0.11 3.15 116.2 -0.64 2.05 
176-177 0.7 14.9 0.11 1.66 43.7 -0.37 0.57 
176-178 1.1 31.9 0.12 1. 73 56.5 -0.81 1.45 
192-193 1.7 47.2 0.11 2.60 84.7 -0.49 l.25 
192-194 1.3 38.0 0.10 1.90 62.1 -0.72 l.40 
203-204 2.1 58.5 0.13 3.48 119.4 -0.42 1.90 
226-228 1.9 59.1 0.12 2.91 105.7 -0.64 l.50 
241-242 2.7 75.6 0.13 4.38 154.3 -0.36 1.05 
241-243 1.9 48.2 0.12 3.06 94.8 -0.37 0.60 
312-317 0.7 15.3 0.11 1.61 43.4 -0.40 1.10 
312-318 2.1 51.2 0.13 3.71 116.7 -0.32 0.60 
324-325 1.1 25.0 0.11 1. 74 46.6 -0.37 2.80 
324-326 2.9 101.8 0.10 4.30 178.7 -0.64 2.80 

Mean 1.9 54.7 0.11 3.17 109.4 -0.48 1. 50 
Sounding 

mean 1TE {PI) = 48.7 mb mean 1TE (PI) ;: 94.3 mb 

mean C( = 0.12 mb- l mean C( = 0.53 mb- 1 (exclude *) 

CJ = 22.8 mb CJ = 43.2 mb 
7r -1 7r -1 

CJ = 0.01 mb CJ = 0.17 mb 
C( C( 

-1 In all cases RIo;: 100 mm.hr ,rO ;: 0.8 mm (the result shown is 

independent Of this choice as discussed in the text). 

Table 7. Parameters 7rE(PI) and C( for all soundings. 
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Figure 3.9. Potential temperature and equivalent potential tempera­
ture in sounding 82 and as calculated using the constant 
mass flux approach. 



-57-

700~--------------------------------~ 

730 

760 

790 

~ 820 e -UJ 

§ 850 
U) 

f3 
~ 880 

910 

940 

970 

-- ACTUALSOUt-l>ING 

-_._-.- CONSTANT MASS 
FLUX 

1000--------------~--~~------~~---
295 297 336 301 303 305 307 3098(OK) 

I I I I I I I I 
332 334 336 338 340 342 344 3468

E
(0J<) 

Figure 3.10. Same as Figure 3.9, for sounding 317. 
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Figure 3.11. Same as Figure 3.10, for sounding 325. The 
profile of potential temperature from the 
constant divergence approach is also shown. 
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- ACTUAL PROFILE OFW 
IN SOUNDING 325 
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3.12. Deviation of the rawinsonde from a constant rate of 
ascent during sounding 325 and profile of vertical 
velocity imposed on the constant divergence approach. 
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computations may be seen in Table 4. These soundings showed a layer 

close to the surface where 8E increased considerably. This is related 

to the increase in moisture close to the surface since 8E is very sensi­

tive to variations in water vapor mixing ratio. The profiles of 8 and 

8E for the three mentioned soundings may be seen in Figs. (3.9), (3.10) 

and (3.11), for the constant mass flux case. The profiles of 8 obtained 

show a smoothed version of the actual profile. Sounding 325 is a par­

ticularly interesting one since the rawinsonde got into the downdraft 

air. The deViation of the balloon from a constant rate of ascent may be 

seen in Fig. (3.12). In that case, the constant divergence method was 

applied with a profile of w which is also shown in Fig. (3.12). The 

drop radius was fixed at 0.8 mm. The profile of e obtained may be seen 

in Fig. 3.11. In order to obtain this profile, an initial rainfall in­

tensity of 160 mm·hr- l was required, which reached the ground level as 

93 mm.hr- l . The maximum rainfall intensity associated with this storm 

was 61 mm.hr- l as given in Table 8. This difference is not signifi-

cant due to the variability of rainfall data from one station to another, 

and to the fact that the maximum rainfall intensity related to the sys-

tern may not have occurred over a recording rainguage. 

This result shows that the method used is close enough to what is 

going on in the atmosphere, however, due to the lack of enough soundings 

launched under the conditions of sounding 325, this conclusion cannot 

be checked furthe~. 

Fig. 3.11 shows the the e-profile is more accurately reproduced 

with the constant mass flux approach suggesting that perhaps the diver­

gence of the downdraft air occurs in a shallower layer than the one 

assumed in Fig. 3.12. 
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Date.Sound June 19 (59-61) June 27 (81-83) July 3(100-102) July 8(116-117) 
Time 1419-1654 1806-2126 1956-2222 1801-2003 

Station Total Max.R.I. Total Max. R. T • Total Max.R.I. Total Nax.R.I. 
- .. _ .. -------_.- .. -.--_. ----_ .. 

WG 1 3.5 42.0 0.5 6.0 2.3 6.0 6.8 49.2 
WG 4 0.5 . 6.0 6.4 25.2 3.6 18.0 1.5 5.2 
WG 7 4.6 27.6 6.8 30.0 --- --- --- ---
WG 9 --- --- 6.8 27.6 1.8 15.6 1.0 3.6 
WG10 0.5 3.6 3.8 18.0 --- --- --- ---
FA 1 15.3 8.4 1.2 4.8 5.5 33.6 --- ---
FA 6 5.6 21.6 16.8 50.4 5.8 46.8 --- ---
Mean 4.3 26.4 6.0 23.1 2.7 17.1 1.3 8.3 
Max. 15.3 84.0 16.8 50.4 5.8 46.8 6.8 49.2 

July 9(120-123) July 11(131-133) July 24(176-178) July 28(192-194} 
1523- 1936 1253-1627 1713- 1934 1843- 2125 

WG 1 11.50 31.80 --- --- 2.3 12.0 18.8 106.8 
WG 4 36.8 80.4 9.7 55.2 11. 7 55.2 13.0 45.6 
WG 7 50.5 138.0 2.0 15.6 5.1 15.6 8.9 24.0 
WG 9 31.8 76.8 0.8 4.8 1.0 3.6 4.6 9.6 
WG10 6.9 31.2 23.1 106.8 15.7 43.2 --- ---
FA 1 10.3 32.4 1.5 9.6 10.2 28.8 4.7 24.0 
FA 6 14.5 56.4 1.8 20.4 1.2 3.6 19.2 50.4 

Mean 23.2 63.9 5.6 30.3 6.7 23.1 9.9 37.2 
Max. 50.5 138.0 23.1 106.8 12.2 55.2 19.2 106.8 

July 31 (203-204) Aug. 7 (226-228) Aug. 11 (241-243) Sept. 1-2(312-31 
1503-1845 1759-2028 1446-1713 1833-1"151 

WG 1 --- --- 6.9 27.6 --- --- 62.2 105.6 
WG 4 5.6 43.2 0.2 0.2 6.4 25.2 68.3 85.2 
WG 7 --- --- --- --- 1.5 3.6 67.3 58.8 
WG 9 --- --- --- --- 15.2 118.8 61.3 50.8 
WG10 --- --- --- --- 1.0 6.0 136.4 81.6 
FA 1 1.3 8.4 0.6 0.3 1.4 21.6 37.7 50.4 
FA 6 1.5 16.8 --- --- 24.4 99.6 51.1 75.6 

Mean 2.8 9.8 1.1 4.0 7.1 39.3 64.9 72.6 
Max. 5.6 43.2 6.9 27.6 24.4 118.8 136.4 105.6 

Sept .. 4(324-326) 
1522-1756 

WG 1 13.3 45.6 
WG 4 19. 1 49.2 
WG 7 15.2 37.2 
WG 9 5.6 31.2 
WG10 9.4 61.2 
FA 1 1.0 7.2 
FA 6 11.8 40.8 
Mean 10.8 38.9 
Max. 19.1 61.2 

Table 8. Total rainfall and maximum rainfall intensity at seven 
stations located within 20 km from Carrizal in the time 
intervafs between soundings. 

8) 
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The next sections will only be concerned with the results corre­

sponding to Betts (1976) model, but it shou19 be noted that the con­

stant eE soundings are a particular case of Betts (1976) model: one 

in which the rawinsonde is always inside the downdraft air so that it 

is measuring the properties of the air in the descending layer (Fig. 

1.1 or 3.3). 

3.3.4 Comparison with data 

In this section we will present the available rainfall data and 

downdraft speed magnitudes in order to compare them with the results of 

section 3.3.2. In VIMHEX-72 there were no measurements of raindrop 

sizes. The only estimate we have for the downdraft speed is the devia­

tion of the balloon from a constant rate of ascent and so, only those 

soundings which got into the downdraft air may present some significant 

value. Even in the cases where it is possible to estimate a downdraft 

speed profile, it should be noted that the balloon will not ascend under 

downdraft speeds bigger than 4 m·s- l , so that we will be underestimating 

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

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

maximum deviation of the balloon speed from the constant rate of ascent 

is bigger than 1 m.s-l . The rainfall data in VIMHEX-72 were taken at 

several ground stations; the recording rainguages are shown in Fig. 

3.13. They are all inside a circle of 60 km centered at Carrizal. The 

data used here are of those stations inside a circle of radius 20 km 

centered at Carrizal. The values of total rain in millimeters and 

maximum rainfall intensities in millimeters per hour, for the seven 

stations considered and for each storm system, may be seen in Table 8. 
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Sound. Max imum observed Maximum RI Value of w corrpsponcting 
no. w from rawinsonde from to observed max RI + 501 

data (m~s-l) Table 8 using Po (canst. Div) front 

(mm.hr- l ) Table 7 
(r = 0.8 mm) 

59 - 60 1.2 84.0 2.1 
59 - 61 1.5 

100 - 101 2.2 46.8 1.4 
100 - 102 2.9 

116 - 117 1.2 49.2 2.9 

120 - 121 3.8 
120 - 122 1.6 138.0 1.8 
120 - 123 4.6 

131 - 132 1.8 106.8 4.4 
131 - 133 4.5 

176 - 177 1.9 55.2 1.5 
176 - 178 1.5 

203 - 204 2.1 43.2 2.6 

312 - 317 1.6 105.6 2.5 
312 - 318 5.3 

324 - 325 2.8 61. 2 1.7 
324 - 326 4.1 

Table 9. Comparison of the downdraft speed as calculated using the 
parameters of Table 7 with the maximum observed deviation 
of the rawinsonde from a constant rate of ascent. 
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oWG3 

oWG6 

° WG4 
WG9 

OWGI 

°WG 

° WG5 

° FAS9 

FASII 

° OFA3 

3.13 Locations of recording rainguages. WG4 is located 
at Carrizal, Venezuela (9° 22.8'N. 66° 55.0'W). 
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Single drop Constant mass flux Constant divergence 
A /'-. 

r , 

r top Rl top RI top r top RI top r top 

(mm) (mm.hr-1) RI bottom r bottom RI bottom r bottom 
0.5 8.5 1.73 1.20 1.89 1.20 

18.5 1.64 1.18 1. 95 1 :18 
31.0 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 1.14 
78.0 1.39 1.12 2.11 1.13 

0.8 21.0 1. 21 1.07 1.35 1.08 
46.0 1.19 1.06 1.43 1.07 
74.0 1.18 1.06 1.49 1.06 

105.0 1.17 1.05 1.55 1. 06 
140.0 1.16 " .05 1.60 1.06 
179.0 1.14 1.05 1.65 1.05 

1.0 30.0 1.14 1.04 1.24 1.05 
68.0 1.12 1.04 1.32 1.04 

107.0 1.12 1.04 1.38 1.04 

Drop spectrum, constant mass flux Kessler parameters (thunderstorm) Manton and Cotton parameters 

rm = 0.21 mm (A = 2381 m-1) 7 -3 no = 1.6 X 10 m 

no Rl top Rl top no top A RI top RI top A top 
RI A -3 (mm.hr-1) (m- 1) (mm.hr-1) m RI bottom no bottom bottom bottom 

2.2Xl0 25.0 1.19 1.11 2143. 14.0 1.37 0.92 
4.9 65.0 1.19 1.11 1432. 64.0 1. 21 0.95 
5.6 75.0 1.18 1.09 1188. 136.0 1.16 0.97 
13.1 220.0 1.14 1.05 1048. 230.0 1.13 0.98 

Table 10. Ratio between rainfall intensities, drop radius or drop 
distribution parameters at the top and at the bottom of 
the layer for different initial conditions. 
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Figure 3.14. Vertical profile of potential temperature obtained 
using the constant mass flux and constant diver­
gence approaches, using the mean "before" and 
"after" conditions. 
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MEAN 

"'----pw =CONST. 
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RI = 1.40 mm· hr-I 
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13 
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14 

Figure 3.15. Vertical profile of mixing ratio obtained using 
the constant mass flux and constant divergence 
approaches, using the mean "before" and "after" 
conditi ons. 
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The scattering of the data is related to the travel path of the system. 

The maximum rainfall intensity within the seven stations is listed 

again in Table 9 for each storm. We may now compute the downdraft 

speeds that should correspond to these rainfall intensities. To do 

this, we consider that the rainfall intensities observed are ground 

values so that we may account for the evaporation that has been taking 

place and add 50% to the ground values in order to obtain a rainfall 

intensity higher up in the atmosphere. Then, by the use of the calcu­

lated value of ~o' for the constant 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 in this way may be seen in the third 

column of Table 9. As may be seen, the different pairs of soundings 

related to the same system give different downdraft speeds but this may 

also be related to different stages of the system. It should also be 

noted that the different storms are probably associated with different 

drop spectra and this would influence the calculated downdraft speeds. 

Anyway, the calculated downdraft speeds seem to be reasonable consider­

ing the unrepresentativeness of the magnitude of the downdraft speeds 

obtained from rawinsonde data. 

3.4 Vertical variation of some calculated variables 

Until now, only the profile of mixing ratio has been presented, 

given by the parameters ~o and a of Table 7. In this section, the varia­

tion with height of potential temperature, rainfall intensity and drop 

radius will be briefly presented and discussed for the constant mass 

flux and for the constant divergence cases with some considerations about 

the different results with the single-drop and drop spectrum equations. 
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3.4.1 Profile of potential temperature 

The profile of e obtained with the single-drop and the drop spectrum 

equations is the same, but comparing the constant mass flux and the con­

stant divergence profiles as in Fig. 3.14 we see that the slopes are 

different. In the constant mass flux case the slope ;s almost constant 

while in the constant divergence the slope is a function of height. 

This kind of variation is also observed in the mixing ratio as may be 

seen in Fig. 3.15. This difference is associated with the strong varia­

tion with height of the downdraft speed in the constant divergence case. 

Computing the slope of potential temperature in the constant mass flux 

case for all soundings. it is found that it does not change very much 

from one pair of soundings to another, the mean being 5.00 KjlOO mb with 

a standard deviation of 1 .6°KjlOO mb. 

The profile of e found in downdrafts may present an indication of 

whether the pw profile is constant or linear with height, i.e. whether 

the divergence of the downdraft air occurs in a shallow layer near the 

surface or in a deeper layer as required by the constant divergence 

approach. 

3.4.2 Depletion of rainfall intensities and drop radius 

The variation in the rainfall intensity and drop radius, or drop 

spectrum parameter with height, as may be seen in Table 10, depends on 

the method used. In the case of the drop spectrum, the Manton and 

Cotton parameterization shows that the number of small and of big drops 

is decreased with decreasing hieght while in the Kessler parameteriza­

tion the number of big drops decreases with decreasing height. This 

may be seen in the schematic diagram in Fig. (3.16). For rainfall 
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intensities less than approximately 140.0 mm.hr-1, there is more evapora­

tion going on in the Kessler parameterization than in the Manton and 

Cotton parameterization (Table 10), while for very high rainfall inten­

sities the reverse is true. Manton and Cotton (1977) suggested that 

their parameterization requires more evaporation than Kessler's (1967) 

parameterization for rain densities greater than 5.97 g.m-3. In fact, 

for a rainfall intensity of 64 mm·hr- l and downdraft speed of 1.5 m's-1, 

the rain density according to Eq. (3.28) is approximately 2.4 g.m-3 

while for a rainfall intensity of 230 mm'hr- l with a downdraft speed of 

3.5 m.s- l , the rain density is 6.4 g'm-3, showing an agreement with the 

Manton and Cotton (1977) computations. 

In the single drop case. there is more evaporation going on in the 

constant divergence case than in the constant mass flux case perhaps 

because of the greater ventilation that is allowed to take place when 

there is horizontal flow of air. The decrease in the raindrop radius 

is the same in both cases. This is possible since the conservation 

equations are different. 

In the constant mass flux case, the smaller the rainfall intensity, 

the slower the air will be descending and so there is more time for the 

evaporation to take place. In the constant divergence case. there will 

be a compromise between the slower descending air which allows more time 

for the evaporation process and the fact that the greater the initial 

downdraft speed, the greater is the decrease in rainfall intensity since 

w must be zero at the ground. This explains why the ratio between the 

rainfall intensity at the top and the bottom in the constant divergence 

case shows a different behavior than in the constant mass flux case. 



-72-

CONSTANT MASS FLUX 
95 
90 

85 
., 

R.H (°/0) 80 

75 " . 
. . 

70 . . 
65 

2 3 4 5 6 

I/1TE (PI) (mb-I) 

CONSTANT DIVERGENCE 
95 

90 
85 . . 

R.H (0/0) 80 
75 . . . , 
70 . 

65 
2 3 

I/1TE (PI) 

Figure 4.1. A plot of TIE(PI)-l vs. lower layer averaged 
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IV. MODELLING CONCLUSIONS 

The purpose of this chapter is to use the diagnostic results of 

Chapter III in order to present some suggestions on how they may be 

helpful in the modelling of the downdraft structure in tropical storms. 

The modification of the subcloud layer temperature and moisture pro­

files by the downdraft associated with the passage of a raining system 

was shown to depend essentially on the parameter TIE and on the tempera­

ture and moisture conditions before the storm passage. Thus, it is 

suggested that one should try to relate TIE to pre-storm parameters in 

such a way that we could know it before the storm and consequently be 

able to forecast the subcloud layer structure after the storm. This 

will be done in the first section of this chapter. Some interesting 

conclusions related to the physical significance of TIE will be reached 

in the following section where the analytical solution of the evapora­

tion equation is presented. The last section will present some sugges­

tions for future work and a discussion of the required experimental data 

to test the validity of the proposed parameterization. 

4.1 The parameter TIE vs. pre-storm parameters 

Among the parameters available before the storm passage, the depth 

of the subc10ud layer given by the lifting condensation level which 

defines ~p in Fig. 1.1, the mean relative humidity in the upper layer 

and the mean wind speed in the upper layer relative to the moving storm 

(from P1 to P2 in Fig. 1.1) were chosen. The value of TIE(PI) for a 

given pair of soundings is very closely related to the mean relative 

humidity in the lower layer after the storm passage as may be seen in 

Fig. 4.1 for the constant mass flux and constant divergence methods, so 
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that if we find a way to specify TIE(Pr) from some pre-storm values the 

mean relative humidity in the sub cloud layer after the storm will 

foll ow. 

The parameter TIE(Pr) has been averaged for each system and then 

[--TIE--(--Pr--)]-l plotted against the depth of the subcloud layer, the mean 

relative humidity at the upper layer, and the mean inflow of air in the 

upper layer, as may be seen in Fig. 4.2, for the constant mass flux and 

constant divergence cases. The plot of the relative humidity in the 

upper layer (Fig. 4.2 b,e) does not show any kind of trend and this 

should be expected since the relative humidity at this layer does not 

vary too much between 80 and 90%. One could suggest that the depth of 

the subc10ud layer would show some relation to TIE: a deep subc10ud 

layer would allow more evaporation to take place. This was not veri­

fied (Fig. 4.2 a,d) mainly because the amount of evaporation will not 

depend on the length of the path that the drops will have to go over but 

the time that it will take to cover such distance. A slow descending 

downdraft in a shallow layer may provide as much evaporation as a fast 

descending downdraft in a deep layer. 

From the three variables investigated the one that has more poten­

tial to be related to the variation of TIE is the relative in-flow into 

the system: the stronger the in-flow the faster might be the downdraft 

speed according to the model in Fig. 1.1 and consequently, the greater 

the parameter TIE which is directly proportional to w. Fig. 4.2 c,f 

shows a plot of the component of the relative wind along the storm 

motion against l/ TIE . Although there is a considerable amount of 

scattering there is a possibility that the expected relationship would 

hold if more data were used. 
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It should be pointed out that the specification of ~E provides a 

relationship between the microphysical parameters but not about their 

actual value. If the downdraft speed and the rainfall intensity are 

measured then information about the drop spectrum may be obtained from 

the definition of ~E. 

4.2 Analytical solution of the evaporation equation 

The profile of ~E was shown in Section 3.3.1 to be almost constant 

with pressure in the constant mass flux method. This suggests that we 

could assume it to be a constant in which case Eq. 3.52 may be easily 

solved having an analytical solution of the form 

With the assumption of constant ~E [=~E(PI)J the final level in the 

mean soundings is reached with an error of 0.07 g/kg in bx which corre­

sponds to an error of less than 1% in the temperature of the lower layer. 

The point is that even an error of 10% in bx produces an error of only 

2.5% in the temperature and less than 4% in the relative humidity show-

ing that the results are not very sensitive to errors in the value of bX. 

In the constant divergence case, 11"E shows a large variability so 

that the effect of picking it equal to 11"E(Pr) implies an error of 

0.6 g/kg in bx or 10% in the relative humidity. If, instead of picking 

the constant ~E as ~E(PI)' we choose it equal to ~E(PLCL) or the value 

of TIE corresponding to cloud base, the error decreases to 0.2 g/kg in 

~x and to 4% in the relative humidity. 
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Equation 4.1 suggests as well as Fig. 4.1 that if the value of TIE 

is determined from some sort of closure assumption the thermodynamic 

characteristics of the subcloud layer are readily obtained, Conversely, 

the value of the relative humidity in downdraft outflows may provide a 

way of estimating further the range of variability of TIE' 

The value of 6x may be related to the change of mixing ratio along 
dx' 

a wet adiabat dPw by 

dX' w /), x = p ----ap- (4.2) 

where p, as may be seen in Fig. 4.3, is the difference between the pres-

sure at the level in question p and the pressure at its lifting condensa­

tion level PLCL ' Eq, 4.1 may now be rewritten as 

The second term on the right is smaller than the first one for PI - TIE 

< TIE and decays as p increases so that /),x will tend asymptotically to 

the 1 imit 

(4.4) 
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Comparing Eq. 4.4 with Eq. 4.2 we see that TIE may be given by 1', i.e. 

by the pressure height to the LCL of the layer. With this physical 

interpretation for the value of the parameter TIE one may go back to 

Table 7 and recognize the variation of 'ITE for the different "after" 

soundings as a result of the change in P in the subcloud layer. When 

the first after sounding is taken just after the rain stopped or under 

drizzle, the value of P is lower than after an hour or so at the time 

of the launch of the second radiosonde. This is the case for soundings 

101-102, 121-123, 122-123, 177-178, 317-318, 325-326. For some cases 

there is a slight decrease in P with time, the only considerable de­

crease being in the case of soundings 241-243. 

It should be pointed out that the asymptotic behavior of ~x is 

reflected in the relative humidity as may be seen in Fig. 4.4 for 

divverent values of TIE' The asymptotic value is rapidly attained 

showing the validity of the reasoning presented above. 

The mean value of P was computed for the subcloud layer after the 

storm passage for all soundings of Table 7 and its value plotted in 

Fig. 4.5 against TIE' The dashed line indicates TIE = P as may be seen, 

it fits the data very well. 

The main conclusion of this chapter is that P, in the subcloud 

layer after the storm passage provides through the definiti'on of 

TIE in Eq. 3.49 or 3.50, information about the relationship between 

raindrop spectra and downdraft speeds. The implications of this 

result are discussed in the following section. 

4.3 Suggestions for future research 

The use of the parameter TIE in a predictive way will only be pos­

sible if some relationship with environmental variables is found. 



700 
720 

740 
760 

1000 120 
.... _...,jIL......---I'L......____�i_ 

293 297 301 305 309 313 
e (OK) 

20 

8 10 12 1440 60 80 100 

X (g /kg) R H (%) 

Figure 4.4. Vertical profiles of potential temperature, mlxlng ration and relative 
humidity for different values of TIE (constant mass flux approach) for 

different starting conditions. 

I 
co 
<:) 
I 



-81-

100 

"E = P 

80 ~/ 
.~ 

/' . 
- /. ..0 
E 60 ,/0 - ./ 

l:::W / .. 
/0 

40 ./ 
./ 

0/ . 

20 . / 
./ 

/ 
/ 

/ 

0 
/ 

20 40 60 80 100 

P (mb) 

Figure 4.5. A plot of TIE against the mean value of P for the 
subcloud layer after the storm passage. The dashed 
line indicates the condition TIE = P. 



-82-

Fig. 4.2 did not show any evidence of such a relationship but the small 

number of data points could explain this lack of dependence. Thus, the 

most immediate research to be done should be to investigate this topic 

for different storms and perferably for a considerable number of them. 

The testing of the validity of the proposed parameterization should be 

eventually done in the sequence: 

1) Rawinsonde launched before the storm passage 

2) Measurement of the dr~p spectrum and downdraft speed at 

several levels below 600 mb, inside the storm 

3) Rawinsonde launched after the storm passage. 

Items (1) and (3) are the same as those in VIMHEX-72. The big prob­

lem is item (2); the results of Chapter 3 suggest that the downdraft 

speeds in tropical storms are bounded to be less than 4 or 5 m.s- l so 

that it should be possible to measure drop-spectra and downdraft speeds 

with aircraft. Calibrated radar may provide some information on rain­

fall intensities which contain in itself information of the drop-spectra 

and of the vertical velocity CEq. 3.28 and 3.29}. By assuming a fixed 

drop-spectra one may obtain some information of the downdraft speed or 

vice-versa. Then there is the problem of sampling: what data should be 

used and what kind of average should be performed? The radar output or 

the aircraft measurements show conditions over a wide horizontal area 

some of which is under the influence of the updraft and some under the 

influence of the downdraft. 

The final test would then be done by comparing the value of nE ob­

tained directly 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 in the downdraft outflow. 
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The model from which TIE has been extracted is a very simple one. 

It is not certain that the tri-dimensional picture of the actual stonn 

can be satisfactorily squeezed into a single parameter and so this 

should be further studied! 



V. SUMMARY AND CONCLUSIONS 

The purpose of this research has been to try to explain the sub­

cloud layer structure after a storm passage by the use of a simple model 

of evaporation of raindrops in downdrafts that originate in the layer 

just above cloud base before the storm in accordance to the model pro­

posed by Betts (1976). Two methods have been used one in which the 

vertical mass flux is constant and another in which it is allowed to 

vary linearly with pressure, thus allowing a constant divergence. Con­

ditions in rainfall intensities, raindrop radii and downdraft speeds 

were imposed in order to obtain the desired final thermodynamic struc­

ture of the subcloud layer after the storm. A combination of micro­

physical and thermodynamic variables have been used to define the para­

meter 1TE which may be considered a pressure scale for evaporation l/TIE 

being an evaporation coefficient (similar to an "entrainment" coeffi­

cient) for the flux of vapor from evaporating raindrops to the ambient 

air. Making the assumption of a constant TIE' the relative humidity in 

the downdraft tends asymptotically to the subcloud layer value after 

the storm. The parameter TIE may be closely associated with the pressure 

height to the LCL of the layer. 

The constant mass flux approach seems to provide better results 

than the constant divergence method as has been seen when using a 

sounding that got into the downdraft air. This may suggest that the 

divergence in the downdraft air occurs in a very shallow layer close to 

the surface. 

The downdraft speeds obtained diagnostically showed that they 

should be less than 4 m.s-l , otherwise the rainfall intensities have to 
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be unrealistically 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 TIE 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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