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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 1ifting 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 "cold pool". 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 df 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 Tower 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
evaporation 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 Tittle 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-

dominantly 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 p]aée in the downdraft circulations
comes from the middle troposphere where the equivalent potential temper-
ature (eE) is  of the order of 330°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. He 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 downshear of the towers on a
convective scale or mesoscale.

The structure of the downdraff 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 OF » only a mass transport from upper layers could
produce the observed fall of oF - 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
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Schematic airflow relative to travelling mesosystem, showing two layer model exchange: inflow layer
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flow inside system‘wi]]_be both three dimensional and transient, not two dimensional as sketched.)

Figure 1.1 From Betts (1976).
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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 downdfaft 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 micrbphysics become unimportant and the descent
approximates the saturated adiabatic in the case of extremely weak down-

drafts.
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(c) o (f)

Temperature and humidity in strong (continuous lines), moderate (dashed lines) and weak (pecked
lines) downdraughts, produced by the evaporation of intense (I), heavy (H) and moderate (m) rains, ol uniform
initial drop size 0-5 (left) and 2 mm (right). The rainfall intensities at 500 mb are respectively 250, 50 and
5 mm hr~!. The temperature profiles are drawn upon sections of a tephigram limited by the horizontal dry
adiabatics corresponding to potential temperatures of 30 and 50°C. The isobars are drawn at intervals of
100 mb. The lowermost curve is the saturated pseudo-adiabatic corresponding to the wet-bulb potential
temperature of 18°C, 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,
followed by the drop radius in units of 1072 cm in diagrams (a) to (c), and in units of mm in diagrams (d) to
(lf). In all cases the downdraught air is assumed to be saturated at a temperature of — 12-2°C at the 500 mb
evel.

The vertical air speeds are respectively about 20 (24-8 to 16-8) m sec™, about 10 (12:4 to 8-4) m sec™
and about 2 (25 to 1-7) m sec™! in the strong, moderate and weak downdraughts. A more accurate specifi-
cation of the results is given in Table 1.

20°C

_ Temperature and humidity in downdraughts produced in initially very dry air by the evaporation
of rain; dashed hng 4 modgmte downdraught (vertical speed about 10 m sec™!, moderate rain of initial drop
size 0-5 mm; continuous line: strong downdraught (speed about 20 m sec™!), intense rain of initial drop
size 2 mm. _The two temperature profiles are drawn upon sections of a tephigram limited by the horizontal
dry adiabatics corresponding to potential temperatures of 20 and 50°C. The isobars are drawn at intervals of
100 mb. The lowermost.curve is the saturated pseudo-adiabatic corresponding to the wet-bulb potential
temperature of 15°C, which is preserved in the downdraughts. At each 100 mb level the pairs of figures
enEezred beside the profiles give the relative humidity in per cent, followed by the drop radius in units of
1072 cmi (upper curve) and in units of mm (lower curve). In both cases the downdraught of air is assumed
to be very dry (R.H. = 3 per cent) at a temperature of — 12:2°C at the 500 mb level. The conditions at lower
levels are also specified in Table 2, and can be compared with those in Table 1 and Figs. 1 (c¢) and (d).

Figure 2.1 From Kamburova and Ludlam (1966).
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Das 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 1iquid 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”radfus 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
Tower 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
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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 al. (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-
veloped 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

T a4t 700

a low level easterly jet with a maximum wind speed of -16 m.s~
mb and westerlies above 300 mb. A single cumulonimbus cell is initiated
whose rain stage is 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 Tater times the downdraft always originated at or below this
1eve1vand was often only identifiable in the lowest 100-150 mb. Exam-
ination of the wet bulb potential temperature (ew) of this air confirmed
that the air originated at or below 750 mb (ew > 21°C), and hence much
of'the air came from near cloud base. The comparison of Moncrieff and
Miller'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 Tifting 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 lTower levels and so there will be
inflow at Tower 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 1ifting 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 Tower levels jn 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 is 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 1iquid 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-
rived by Arakawa 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 Teading 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

(3.1)

(9]
o
o
‘—f

1
—| =

where 6 is the potential temperature, c_ is the specific heat at con-

P
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
Y = - l

where x is the water vapor mixing ratio and L is the—1atent heat of con-
densation. Introducing Eq. (3.2) into Eq. (3.1) and integrating the
resulting expression from a state (6,x) to one in which the air is com-

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

0

-

o = 6 exp (-f Lo dy) (3.3)
X p

so that the changes in temperature and mixing ratio under the evapora-
tion process will take place with a constant 6, 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 eE.

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

difquion equation

d
It - 4wy D sC, (3.4)
where m is the mass of a drop of radius r
X=X
g = W - _ A (3.5)
X 3

x is the water vapor mixing ratio

X., 15 the temperature vapor mixing ratio at the wet bulb
temperature Tw

Py is the vapor density

D 1is a coefficient of diffusion of water vapor in air
and is given by, according to Kinzer and Gunn (1951)
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T

_ 2 -1 W 1.75 ,1000 mb
D=0.22 cm s (§7§T73K) (——)

P (3.6)

C., 1is 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

r dr _ CV D b (3.7)
P o 9 (Vp+tw
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
o s pressure as a vertical coordinate.
Some conservation equations will now be presented following
Kamburova and Ludlam (1966). The continuity equation is
2 = v - dl) (3.8)

where p is the air density and Y is the three dimensional velocity vec-
tor, ¥V = (ui, v j,wk). For uni-dimensional steady-state vertical

flow Eq. (3.8) may be written as

4 (W = 0. | (3.9)



-21-

or by the use of the hydrostatic equation,

& () = 0. (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 deceieration 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 1is

.% = -V IN(V+ Vo K)] (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

L +wl = 0 (3.12)
or %-M(H+wﬂ = 0. (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

px t pp (3.14)

where pp is the rain density which is given by

4 ) \
op = A o o, N. (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)

& Loxw+og (Vp +w)] = 0 (3.16)
or g%- [oxw + o (Vp + W) = 0. (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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4r D Ay r NCV

5 = oW . (3.18)

This equation gives the change of mixing ratio with height due to
evaporation. If the air is just saturated, Ay (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)] 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

& In(r) (Vp (1) +W)] = 0 (3.19)



-24.-.

INITIAL CONDITIONS COMPUTE OE
po'To' X g1 Wo ,RI,. FROM Ry%o: To

P =Pyt

Ap

COMPUTE , FROM INITIAL

g CONDITIONS, THE: CONSTANTS

FOR EQ. 3.10,3.13,3.17

{

dx FROM EQ. 3.18

dp .

T FROM 9E= CONST.

{

w FROM EQ. 3.10

/

r FROM DEFINITION Of]

P FROM £Q.317

PRIEQ.3.15)
J

Y

RL=p (V. t w)3600

R PRINT

Po= P
Xo"' X

\ P,T,X,r, W,RT /

Figure 3.1. Computational scheme. for the single drop appreach.
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where n(r) is the number of drops per drop radius interval (r - 6r/2,

r + 6r/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
d T -
aa [pXW 4 DR (VT + W)] = 0

% 4
where / z T P oL n(r) d
(0]

and V} is the mean of effective terminal velocity.

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

QX\. = - M F
dp ogw
where F o= f r n(r) Cy (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 w and F [c.f. Eq. (3.18)].

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)

n(r) = n, exp (-2ar). (3.24)

According to Kessler (1969), o is constant and A is a parameter
which specifies the type of precipitation. Manton and Cotton (1977), on
the other hand, suggested using X constant, essentially independent of
the detailed environment, and allowing Ny 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 b and g

A = 3.67 /D | (3.25)

where D, P b [RI(w=o)]B (3.26)
_ B

or. D, = b (pR V.)", (3.27)

D0 is the median volume diameter which divides the distribution into

parts of equal water content. RI( is the rainfall intensity with no

w=0)
vertical velocity. Table 1 shows the variation in A for each kind of



R A(m™h)

(mm/ I 11 111 IV '} VI VII VIII
hr)
6 2662 3074 3058 £974 4728 2213 2267 2768
10 2296 2651 2369 A870 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
b B Type of Rain / Location Author
I. 0.82 0.29 thunders torm I l
II. 0.71 0.29 continuous rain with melting band India Sivaramakhrishnan (1961)
I11.. 0.49 “0.50 warm layer cloud s
Iv. 0.30 0.40 warm orographic: in cloud
V. 0.40 0.37 warm orographic: at cloud base Hawaii Blanchar (1953)
Vi~ 1498 019 non orographic rain
VII. 1.48 0.05 heavy showers / I1linois Jones (1956)
VIITI. 0.91 0.21 contiruous rain / Canada Marshall and Palmer (1948)

Table 1. Variation of A as a function of rainfall intensity and type of rain as specified
by the parameters b and Bg.

_LZ—
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rain for difficient values of b and g 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 b and g 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 b and g parameters in Table 1. In the Manton and Cotton
(1977) parameterization n, is given by the definition of rainfall in-

tensity, which is the following (in mm hr.'])

R

H

I 3600 PR (V+ + W) (3.28)

where PR is obtained by the integration of the right hand side of Eq.
(3.21) as

pp = 8mn,p (ZA)_4. (3.29)

In this case, as will be seen later, there is 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)
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_ 1/2
Cv = 1+ 0.22 Re (3.30)

where Re is the Reynolds number

R, = ——— (3.31)

n being the viscosity coefficient. The terminal velocity resulting from

a fitting done by Manton and Cotton (1977) is
P
Vp () = 203 (= g2 (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

75

C (r) = 1+1160 r0- (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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- Cy Kinzer & Gunn (1951) Frossling (1938)
mm from Eq. (3.33)
0.2 3.0 2.8 2.4
0.5 4.9 4.5 4.6
1.0 1.5 7.4 75
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 Frossling (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

)-2 —2.75]

F o= ng [(22)7° + 1160 1 (2.75) (22) (3.34)

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

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

N = n_/ X (3.35)

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

and (3.28) is given in the Kessler parameterization by

1.94 Ve (rm) (3.36)

where r 1/2 x. (3.37)

The computational scheme may be seen in Fig. 3.2.
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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 Tevel 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 in such a way that Eq. (3.8) may be

written under steady state conditions as

9 fow) = - 'pDiv (3.38)

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

constant with height. This equation may be rewritten as

2. (ow) o= 9;—" (3.39)

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

give

_ Div
= s dp =i (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)

N (3.41)

|
=
—_
=<
—

-+
=
S
[

i

- N Div - ¥ - v,
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and é%—[pxw tog (Vp +w)l == (px +op) « Div -V - vy(ox + pp) (3.42)

with analagous equations in the drop spectrum case. This equation may

be simplified by putting the horizontal gradients of N and of px + Pp
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 ow 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.

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

SNy +w] = 4D (3.43)
and 2 Lo + op (Vg + w)] = e : R o (3.44)
Eq. (3.7) may be introduced in Eq. (3.44) to give

X - -%%—A-K rNC, (3.45)

which is again Eq. (3.18).



56

Eqs. (3.43) and (3.44) may be integrated from an initial Tevel P

to a level p

p
Di N
N (Vg + W) = Ny (Vp +wp) + %J[ > dp (3.46)
P
and pXW + op (Vy+w) =op xpwp + (pR)I (Vy + WI)

(3.47)

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

_dx. = é& = e
- (3.48)

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

to
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= P g W
"E T TTwDANrC, (3.49)
= B 9W
or e D F (3.50)
. _ -3 _ a4 2 -1
For typical values such as p = 0.98 kg-m °, D = 0.29X10 " m~-s °,
N=1620m >, r=0.8m, w=2ms" (RI =96 m-hr"') and C, = 6.4,

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

The definition of e in Egs. (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

me = e (p). (3.51)

In section 3.3 we will calculate mp 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 pp, Trs xp > 8xg and WEI = (py)
Ax
dx - M - dx
2) (dp)I+] ,n.E > XI+‘| XI + (a'p)1+'] Ap

I

3) from o = const. » TI+1

4) I =1+ 1, go back to 2) until final Tevel 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 Ay + Ax = 5= x'. . (3.52)
dp '"E(p) dp * w

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 ]/"E‘ 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 T

3.2 Initial conditions of temperature and moisture
The 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 (1976). 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, 9° 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 Tevel with its temperature and mixing ratio,
downdraft speed, rainfall intensity and size of raindrops. The initial
pressure, temperature and mixing ratijo 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 Ap
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 Ap 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), Prs TI’ xq are the layer averaged values in
the upper layer before the storm while P> TF, Xp, are the Tayer aver-
aged values for the Tower layer after the storm.

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

perties P> TI’ X1 follows a downdraft trajectory through the storm and
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Figure 3.3. Downdraft trajectory according to Betts (1976) model.
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Teaves with properties Pps TF, X The variables (w, RI, r) in the
model of section 3.1 will be adjusted to match these two end conditions.
Table 3 1ists 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
storms there were two or three "after" soundings. The mean "before" and
"after" soundings are the same ones used by Betts (1976): "These 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. 1.1)

before interpolating the data to intervals of 0.05 in p from 0 to 2.0
and then averaging the "before" and corresponding "after" soundings."
The profiles of 6 and of O for the mean "before" and "after" soundings

may be seen in Fig. (3.4)

3.2.2 Conditions for a constant 8¢ 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 O - The
initial conditions of pressure, temperature and moisture were taken, in
this case, as those at the top of the layer of constant o - 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
~~ N N ) il B

Sound P TI X1 o Sound PE TF XE 6

no. mb °C g/kg °K no. mb °c g/kg °k

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| 6l 950 21.8 15.9 345.5
81 35 1 10,8 .- 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 {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 |1% 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.: 2.p 338.2

312 750 11.7 10.0 339.7 |317 910 18.4 13.6 339.1

312 706 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 0>
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 §e§g1ts for the mean "before" and "after" conditions (model Fig.
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 u 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 PE> TF’ xg 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 8 (Eq. 3.27) 1isted in Table 1 (heavy dashed
lines); and for the Manton and Cotton parameterization for rm = 0.27 mm
(1ightly dashed line). Some of the curyves 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", Py P 0.27 mm,
r = 1.0 mm) or high downdraft speeds associated with very Tow rainfall

intensities (e.g. r = 0.2 mm). The "thunderstorm" curve presents an
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Sound Py TI X1 8
no. mb °C g/kg °K

82 740 10.0 9.1 336.3
317 780 12.2 10.6 338.2
325 730 8.7 9.0 335.7

Table 4. Initial conditions for the
soundings which had a
reasonably deep layer of
constant 6.. The conditions
shown refer to the top of
the constant o 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 mn-hr~! with a downdraft
speed of 2 m-s']) so it may be used as a reference in order to select
i in the Manton and Cotton parameterization and the size of the single
dropf In Fig. 3.6 it may be seen that with Fog = 0.21 mm and r = 0.8 mm,
the "thunderstorm" curve is matched fairly well. Since there are no
basic differences between the three curves we will from here on use
only the single-drop approach.

The pressure scale for evaporation mp 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 T with pressure may be seen in Figs.
3.7 and 3.8, which also show the variation of Ay with pressure. Al-
though e 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
oW which, in this case, is linear with pressure and appears in the nu-
merator in the definition of e (Eq. 3.49 or 3.50). The behavior of Ay
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 Ay in a downdraft current.

The behavyior of Tp may be described by the relationship

1TE = WE (pI) [] + o (P = pI)]- (3-53)
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Figure 3.6. Initial rainfall intensities and downdraft speeds for
different drop distributions using as reference the
"thunderstorm" curve of Figure 3.5.
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Figure 3.7. Variation of Ay and np for the constant mass flux case.
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Figure 3.8. Same as Figure 3.7 for the constant divergence case.
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Eg. (3.53) was fitted to the computed values of T and the values of e
(pI) and o obtained for Toy © 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 "E(pI) and o 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 nE(pI) is 55.3 mb and of a,

-1

0.15X10_2 ms In the constant divergence case the mean "E(pI) is

equal to 108.8 mb and the mean «, 0.48X1072 mb™ .

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

the drop radius as 100 m-hr™ !

and 0.8 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-] we may infer from
Fig. 3.6 that the downdraft speeds are bound to be less than 4 m-s'],
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 “E(pI) and o were shown to be quite independent of
the conditions in (RI, w, r)o so that we may fix two of these variables,
e.g. the rainfall intensity and the drop size, and determine w, and con-
sequently, nE(pI) for all pairs of soundings whose end conditions are
shown in Table 3. The rainfall intensity was fixed at 100 mn-hr™! and

the drop radius at 0.8 mm. The calculated w , wE(pI) and o for the
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constant mass flux case and W Div, wE(pI) and o 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 rE(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'] downdraft speed in the 'constant mass flux' case (or 1.8 m-s'1 in

the 'constant divergence' case) and soundings 100-102 give a 2.4 m-s']

1 in the con-

downdraft speed in the constant mass flux case (or 3.6 m-s~
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 1life 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 o, as computed by the constant mass flux
method, is remarkably constant so that in this case we are Teft with
only one parameter which specifies the microphysical processes. In the
constant divergence case, the variation of o 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 6 soundings
The soundings which represented a deep layer of reasonably con-

stant o were 82, 317, 3.25. The initial level where we started the

E



Constant Mass flux Constant divergence
) - N =
Sounding W, g (pI) oc_1 W, : me (pg) a , Div
no. m.s” mb mb_, m.s” mb mb_, -1
x10 x10 S
59-60 1.1 31.3 0.10 1.70 54.0 -0.72 1.25 X107
59-61 0.8 22.3 0.10 1.25 38.2 -0.81 1.05
81-82 2.6 /1.6 0.13 4.38 154.0 -0.36 1.50
81-83 2.4 62.7 0.12 4.10 135.9 -0.34 1.30
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 2151 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 1.25
192-194 1.3 38.0 0.10 1.90 62.1 -0.72 1.40
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 1.50
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 6.13 - &'71 116.7 -0.32 0.60
324-325 Tl 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 mp %pI) = 48.7 mb mean (pI) = 94,3 mb
mean o = 0.12 mb'1 mean a = 0.53 mb™! (exclude *)
o = 22.8 mb o} = 43.2 mb
m <1 m -
o = 0.01 mb o = 0.17 mb
a (o}

In all cases RI, = 100 mm,hr_], rq = 0.8 mn (the result shown is

independent of this choice as discussed in the text).

Table 7. Parameters nE(pI) and o 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.
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Figure 3.10. Same as Figure 3.9, for sounding 317.
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profile of potential temperature from the
constant divergence approach is also shown.
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= ACTUAL PROFILE OF W

— IN SOUNDING 325
= == PROFILE OF W
IMPOSED ON THE
CONSTANT DIVERGENCE
EQUATION
| |
| -2 -3

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 O increased considerably. This is related
to the increase in moisture close to the surface since OF is very sensi-
tive to variations in water vapor mixing ratio. The profiles of ¢ and
op 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 ballpon 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 6 obtained may be seen
in Fig. 3.11. In order to obtain this profile, an initial rainfall in-

tensity of 160 mm-hr'1

93 mm-hr~!.

was required, which reached the ground level as
The maximum rainfall intensity associated with this storm

was 61 mm-hr']

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-
tem may not have occurred oyer 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 further.

Fig. 3.11 shows the the ¢-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.1.| Total Max.R.I.| Total Max.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 5522 Nl.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 37.2 23.1 106.8 15.7 43.2 --- ---
FA 1 10.3 32.4 145 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(312-318)
1503-1845 1759-2028 1446-1713 1833-1151
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 -—- --- -—- --- .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 21.6 377 50.4
FA 6 1.5, 16.8 — - 24.4 99.6 5131 75.6
Mean 2.8 2.8 1.1 4.0 73 39.3 64.9 72.6
Max. 56 43.2 6.9 216 24.4 118.8 ]1356.4 105.6
Sept. .4(324-326)
1522-1756
WG 1 13.3 45.6
WG 4 19.1 49.2
WG 7 15:i2 37.2
WG 9 5.6 31.2
WG10 9.4 61.2
FA 1 1.0 7.2
FAG - | 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
intervals between soundings.
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The next sections will only be concerned with the results corre-
sponding to Betts (1976) model, but it should be noted that the con-
stant o 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

], so that we will be underestimating

downdraft speeds bigger than 4 m-s~
the maximum downdraft speed reached in a given system. Table 9 shows

the cases in which the downdraft would have some meaning, {.e., when the
maximum deviation of the balloon speed from the constant rate of ascent

is bigger than 1 mes.

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. Maximum observed Maximum RI Value of w corresponding
no. w from rawinsonde from to observed max R1.+ 504
data (m;s"]) Tab]e-$ using ug (const. Div) from
(mm.hr™ ") Table 7
~(r = 0.8 mm)
59 - 60 1.2 84.0 2.1
59 - 61 g ot
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 5502 15
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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I Z

3.13 Locations of recording rainguages. WG4 is Tocated
at Carrizal, Venezuela (9° 22.8'N, 66° 55.0'W).
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Single drop Constant mass flux Constant divergence
Ttop RItop RI top r top RI top r top
(mm) (mm.hr']) RI bottom r bottom RI bottom r bottom
0.5 8.5 1.73 1.20 1.89 Y0

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 T.12 211 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 '1.05 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 1.04 132 1.04

107.0 1.12 1.04 1.38 1.04

Drop spectrum, constant mass flux

Manton and Cotton parameters Kessler parameters (thunderstorm)

r = 0.21 m (x = 2381 ' n, = 1.6 X 107 n3

no RItop RIto ny top ) RI top RI top X top

3 R -1 qi€ KA

m (mm.hr ') RI bottom n, bottom (m ") (mm.hr~ ") bottom bottom

2.2x108  25.0  1.19 111 | 2143. 140 1.37 0.92
4.9 65.0 1.19 1.1 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 Tayer for different initial conditions.
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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 Mo 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 unrépresentativeness 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 Ho and o 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 6 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 is 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 5.0°K/100 mb with
a standard deyiation of 1.6°K/100 mb.

The profile of ¢ 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 Tess than approximately 140.0 mn-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.

1

In fact,

and downdraft speed of 1.5 mes™),

3

for a rainfall intensity of 64 mm-hr"
the rain density according to Eq. (3.28) js approximately 2.4 g-m"

while for a rainfall intensity of 230 mm-hr']

with a downdraft speed of
3.5 m-s—1, the rain density is 6.4 g-m'3, showing an agreement with the
Manton and Cotton (1977) computaticns.

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.
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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 associjated with the passage of a raining system
was shown to depend essentially on the parameter e and on the tempera--
ture and moisture conditions before the storm passage. Thus, it is
suggested that one should try to relate T 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 T 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 Tp VS. pre-storm parameters

Among the parameters available before the storm passage, the depth
of the subcloud layer given by the Tifting condensation level which
defines Ap 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 py to p, in Fig. 1.1) were chosen. The value of nE(pI) for a
given pair of soundings is very closely related to the mean relative
humidity in the Tower 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 wE(pI) from some pre-storm values the
mean relative humidity in the sub cloud layer after the storm will
follow.

The parameter nE(pI) has been averaged for each system and then
[FEZB;;]'] 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 subcloud layer would show some relation to Teroa deep subcloud
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 Tength 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 g 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 mp 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 1/ng. 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 T 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 g

4.2 Analytical solution of the evaporation equation

The profile of me 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

- (p - py)/m dy'
Ay = AXI e IR + dpw T (1 -e

With the assumption of constant e [=wE(pI)] the final level in the
mean soundings is reached with an error of 0.07 g/kg in Ay 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 Ay 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 Ay.

In the constant divergence case, T shows a large variability so
that the effect of picking it equal to nE(pI) implies an error of
0.6 g/kg in Ax or 10% in the relative humidity. If, instead of picking
the constant me as nE(pI), we choose it equal to "E(pLCL) or the value
of e corresponding to cloud base, the error decreases to 0.2 g/kg in

Ax 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 e
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 mE -

The value of Ax may be related to the change of mixing ratio along

X w

a wet adiabat o by

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 1ifting condensa-

tion level P+ EQ 4.1 may now be rewritten as

dx' dy' - (p - py)/m
AX = TrE dpw + (PI - T"E) _d_p'w— e I Eo (4'3)

The second term on the right is smaller than the first one forI"I - g

£ and decays as p increases so that Ay will tend asymptetically to

g
the limit

I8 (4.4)
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LCL

Figure 4.3. The variation of mixing ratio along a constant 9
line d x'w/dp may be approximated, according to
the above diagram, by Ayx/p. '
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Comparing Eq. 4.4 with Eq. 4.2 we see that e may be given by P, i.e.
by the pressure height to the LCL of the layer. With this physical
interpretation for the value of the parameter me one may go back to
Table 7 and recognize the variation of TE 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 Ay is
reflected in the relative humidity as may be seen in Fig. 4.4 for
divverent values of e 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 e The dashed Tine indicates me = 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 definition of
e 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 T in a predictive way will only be pos-

sible if some relationship with environmental variables is found.
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Figure 4.5. A plot of e against the mean value of P for the

subcloud layer after the storm passage. The dashed
line indicates the condition U P.
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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 drop 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'] SO
that it should be possible to measure drop-spectra and downdraft speeds
with aircraft. Ca]ibrated.radar may provide some information on rain-
fall intensities which contain in itself information of the drop-spectra
and of the vertical velocity (Eq. 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 e 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 e has been extracted is a very simple one.
It is not certain that the tri-dimensional picture of the actual storm
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 péra—
meter np which may be considered a pressure scale for evaporation 1/nE
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 TE > the relative humidity in
the downdraft tends asymptotically to the subcloud Tayer value after
the storm. The parameter mp 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 Tayer close to
the surface.

The downdraft speeds obtained diagnostically showed that they

should be less than 4 m.s-], 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 T and pre-storm variables probably because of insufficient
data points. This relationship should be further studied or some kind of

closure assumption imposed.



-86-

REFERENCES

Arnason, G., R.S. Greenfield and E.A. Newburg, 1968. A numerical ex-
periment in dry and moist convection including the rain stage.
J. Atmos. Sci., 25, 404-415.

Arakawa, A., and W.H. Schubert, 1974. Interaction of a cumulus cloud
ensemble with the large scale environment, Part I. J. Atmos. Sci.,
31, 674-701.

Betts, A.K., 1973. A composite mesoscale cumulonimbus budget. J. Atmos.
Sci., 30, 597-610.

» 1976. The thermodynamic transformation of the tropical
sub cloud layer by precipitation and downdrafts. J. Atmos. Sci.,
33, 1008-1020.

Berry, E.X., 1968. Modification of the warm rain process. Proc. First
Nat. Conf. on Weather Modification, Albany, New York, Am. Meteor.
Soc., 81-88.

Byers, H.R., and R.R. Braham, 1949. The thunderstorm. U.S. Department
of Commerce, 287 pp.

Das, P., 1964. Role of condensed water in the 1life cycle of a convec-
tive cloud. J. Atmos. Sci., 21, 404-418.

__, and M.C. Subba Rao, 1972. The unsaturated downdraft. Indian
J. Meteor. Geophys., 23, 135-144.

Donaldson, R.J., Jr., 1961. Radar reflectivity profiles in thunder-
storms. J. Meteor., 18, 292-305.

Frass1ing, N., 1938. Uber die Verdunstung fallender Tropfen. Ger.
Beit. Geophys., 52, 170.

Gray, W.M., 1973. Cumulus convection and large scale circulations: I.
Broadscale and mesoscale considerations. Mon. Wea. Rev., 101,
839-855.

Hall, W.D., and H.R. Pruppacher, 1976. The survival of ice particles
falling from cirrus clouds in subsaturated air. J. Atmos. Sci.,
33, 1995-2006.

Haman, K.E., and M. Kiewiadomski, 1976. Cold downdrafts in cumulonimbus
clouds: a numerical experiment. Proc. of the International Cloud
Physics Conference, Boulder, CO., 357-360.

Hookings, G.A., 1965. Precipitation - maintained downdrafts. J. Appl.
Meteor., 4, 190-195.



-87-

REFERENCES - Continued

Johnson, R.H., 1976. The role of convective-scale precipitation down-
drafts in cumulus and synoptic-scale interactions. J. Atmos. Sci.,
33, 1890-1910.

Kamburova, P.L., and F.H. Ludiam, 1966. Rainfall evaporation in
thunderstorm downdrafts. Quart. J. R. Met. Soc., 92, 510-518.

Kessler, E., 1969. On the distribution and continuity of water sub-
stance in atmospheric circulation. Meteor. Monogr., 10, No. 32,
84 pp.

Kinzer, G.D., and R. Gunn, 1951. The evaporation, temperature and
thermal relaxation - time of freely falling water drops.
J. Meteor., 8, 70-83.

Liu, J.Y., and H.D. Orville, 1969. Numerical modelling of precipitation
development and cloud shadows effect on mountain - induced cumuli.
J. Atmos. Sci., 26, 1283-1298.

Ludlam, F.H., 1963. Severe local storms: a review. Meteor. Monogr.,
5, pp. 1-30.

Manton, M.J., and W.R. Cotton, 1977. On the parameterization of rain in
cloud models. Submitted to J. Atmos Sci.

Marshall, J.S., and W. Mck. Palmer, 1948. The distribution of raindrops
with size. J. Meteor., 5, 165-166.

Mason, B.J., 1971. The physics of clouds. 2nd Edition Clarendon Press -
Oxford, 671 pp.

Miller, M.J., and A.K. Betts, 1977. Travelling convective storms over
Venezuela. Submitted to Mon. Wea. Rev.

, and R.P. Pearce, 1974. A three-dimensional primitive
equation model of cumulonimbus convection. Quart. J.R. Met. Soc.,
100, 133-154.

Moncrieff, M.W., and M.J. Miller, 1976. The dynamics and simulation of
tropical squall-Tines and cumulonimbus. Quart. J. Roy. Met. Soc.,
- 102, 273-294.

Ooyama, K., 1971. A theory on parameterization of cumulus convection.
J. Meteor. Soc., Japan, 49, Special Issue, 744-756.

Orvilie, H.D., and L.J. Sloan, 1970. A numerical simulation of the life
history of a rainstorm. J. Atmos. Sci., 27, 1148-1159.

Ruiz, 0., 1975. Mesoscale study of the tropical sub-cloud layer. Atmo-
spheric Science Paper No. 237.  Colorado State University, 133 pp.




-88-

REFERENCES - Continued

Sequin, W.R., and M. Garstang, 1976. Some evidence of the effects of
convection on the structure of the tropical sub-cloud layer.
J. Atmos. Sci., 33, 660-666.

Squires, P., 1958. Penetrative downdrafts in cumuli. Tellus, 10,
381-385.

Srivastava, R.C., 1967. A study of the effects of precipitation on
cumulus dynamics. J. Atmos. Sci., 24, 36-45.

Syono, S., and T. Takeda, 1962. On the evaporation of raindrops in a
sub cloud layer. J. Met. Soc., Japan, 40, 245-265.

Takeda, T., 1966. The downdraft in the convective clouds and raindrops:
A numerical computation. J. Meteor. Soc., Japan, 44, 1-11.

, 1971. Numerical simulation of a precipitating convective
clToud: the formation of a "long lasting" cloud. J. Atmos. Sci.,
28, 350-376.

Wilhemson, R., 1974. The life cycle of a thunderstorm in three
dimensions. J. Atmos. Sci., 31, 1629-1651.

Zipser, E.J., 1969. The role of organized unsaturated convective down-
drafts in the structure and decay of an equatorial disturbance.
J. Appl. Meteor., 8, 799-814.




(_-BIEL‘OCR*PH;C DATA i I« KNeport o, CSU ATSP_272 2 - 'J. E{L'Clp;':nr's .'l\CCL',b;:;;I\ e }
SHEET , -
4. Titie aitd dusticle . - 5. Repoct .
Diagnostic analysis of tropical cumulonimbus downdraft structure. Jine 1977
' 6.
Tl uthorls : 0 ; 8. Perfocming Urganization Re e,
Mar3% Faus Silva Dias No.CSU ATSP-272
7. Perteeming Utgamzation Name and Addcess 10, Project, Vasnswork L N,
| Department of Atmospheric Science -
Colorado State University N T——
Fort Collins -
i Colorado 80523 S 0CD 74-21678
P12 Sponsutiog Urgdnization NAme dnd Sadress 13, Ty, vt Keport & Meriad l
Office for Climate Dynamics GATE Project Office . Coversd f
; National Science Foundation NOAA MS Thesis [
. 1800 G Street NW : 14, ]
{ Washington D.C. }
118, Supnlementary Notes |
16. Abstrscts

The evaporation in the downdraft current associated with tropical cumulonimbus clouds is
studied by the use of a simple set of equations for a one dimensional flow. The ideas in
Betts' (1976) model are used in the assumption-that the air in the sub cloud layer, after
the storm passage, originated in a layer of equal depth above cloud base before the storm
passage. In this way the layer averaged conditions of temperature and moisture in the sub
cloud layer after the storm are obtained from the layer averaged conditions in the upper
layer before the storm, using a kinematic-microphysical model in which rainfall intensitigs
downdraft speeds and drop sizes are parameters.

It is found that the subsaturation in the downdraft current is specified by a single para-
meter ng which may be considered as a pressure scale for evaporation. It is also found
that wp is closely related to parameters derived from the sub cleud layer structure after
the storm passage, such as mean relative humidity and mean pressure height té the LCL,
providing modellers with a way to check, diagnostically, the range of variation of =n.. It
s suggested that w. should be measured for storms other than the ones used in this Study
in order to check tﬁe validity of the proposed parameterization

l

§

)

!

i 17c. COSATL Field/Croup

7. Key words, document analysis.

Downdraft structure
Tropicé} cumulonimbus

VIMHEX

170, ldenutfiers,/ Coen-Endea Terms

}
i

18, Avauaoiiey Statement 19, Seyurity liss (fhs {2k N, vt Pages

5 LN Ry
bus
|






