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ABSTRACT

A theoretical basis is provided for the estimation of
trajectories in the downdraft and temperatures along
the trajectories. The experimental results of other
investigators have been combined to provide a basis for
the evaluation of cooling due to evaporation.

It is shown that below 425 mb rain effects are capable
of producing a steady state downdraft which can balance
the mass transport of the updraft of a severe storm.
The importance of vertical shear and the mutual self-
sustaining interaction of updraft and downdraft through
the upshear rain distribution are demonstrated by
modelling a storm, based on the Wokingham storm, in
the wind and temperature environment of an occasion of
severe storms in Queensland,

1. INTRODUCTION

The steady state thunderstorm model comprising a steady updraft and
precipitation-maintained downdraft, strongly supported by Browning and Ludlam
(1962) from their study of the Wokingham storm, is broadly accepted as valid. In this
model the importance of wind shear in the severe storm environment, first recog-
nised by Fawbush and Miller (1953), is confirmed in its role of feeding the downdraft
from the upwind side of a sloping updraft,

Detail in trajectories or structure of the steady updraft can be inferred
from radar observations of storm precipitation echoes and the arrival and structure
of large hailstones at the surface (see Browning and Ludlam, 1962). Due largely to
the lack of observational data little attention has been paid to the characteristics of,
the downdraft, which are not readily inferred from the usual radar pictures, and the.
range of possibilities in description is demonstrated by the change in the model

proposed by Browning (1964) as an extension to the model deduced from the Wokingham
storm,

The importance of the appearance of a precipitation-initiated downdraft at -

‘the. much earlier cumulus stage of convection has been stressed by Thorkelsson (1946),

The increase in overall energy that occurs with the formation of the downdraft has
been pointed out by Normand (1946)., Takeda (1966) has shown the role of vertical
wind shear, through its influence in the precipitating downdraft, favourable for the
maintenance of a convective region, and while increased shear does not intensify a
convective system itself, it organizes and maintains a convective system by causing
it to propagate. ' '




This study begins with the model of steady sloping updraft and downdraft
coexisting initially, and examines the broad characteristics of the downdraft,

2. COOLING IN THE DOWNDRAFT
(a) General

A steady state, non-entraining downdraft is by far the simplest model to
examine and provides estimates of velocity and temperature profiles that may be
interpreted as limiting states for downdrafts of large cross-section. From the
first law of thermodynamics, the rate of temperature variation of a parcel of air
is given by

dTi _ 1 dH a dP _ (1)
dt ~ ¢ dt c dt
p
where Ti = temperature of air parcel.
t = time,
H = heat energy of air parcel per unit mass,
cp = specific heat at constant pressure,
o = specific volume,
P = pressure.
1 dH - .
The term — T will be controlled by evaporation effects from a
P dpP
spectrum Jf raindrops, and the term T is a work term associated with
vertical motion. ' : P

(b) Cooling due to Evaporation

The heat transfer from a spherical drop evaporating in a still environment
is given by

dH

= = 4rnka(T, -T)

where H

heat energy of drop,

t = time,
. Ts = temperature of surface of drop,
a = radius of drop,

k = molecular thermal diffusivity.



When the drop is moving relative to the environment, the heat transfer is given by

dH

% = 4rka (Ti'Ts)G ... (2)
where G = ventilation coefficient,

The heat transfer in a volume of air containing raindrops of varying radii is

- 4nka(Ti-Ts)d ... (3)
a

whence, if the limits of the radii are a, and az

1 22
i a3t = -47 K (Ti - Ts)f aGNda
!

where K

L is the thermal diffusivity,
o P

density of the air,

p
and Nda = number of drops of radius a to a + da.
Assuming that the thermal diffusivity; like diffusivity, is proportional to the.

kinematic viscosity, and using the same form of dependence on temperature and
pressure as Kinzer and Gunn (1951)

1,75
Tg 1013
K = 0.184 (53) =
1 dH
e T T e T v g @)
p s
T, 1.75 1013 ap
where YP,T = 0,736 (27_3 T f a GNda
s a
1
)
= -AP,TS f a GNda e (5)

3



Ventilation Coefficient

Kinzer and Gunn, in fine experimental work, derived the expression

1
2

G =1+ 0.24 F (Re)

where Re is the Reynold's Number and F itself is dependent on Re.

In comparing their results with the earlier work of Frossling (1938), they stated

1
that G =1+ 0.23 (Re)E adequately represented their results over the range of drop
‘sizes considered by Fr8ssling, when the surface temperature of the drop was taken
as being that of a well-ventilated wet bulb in the same environment,
1
The dependence of G on (Re)E permits its expression as a function of

temperature and pressure. Using Sutton's (1942) formula for the terminal velocity
of a spherical drop and Sutherland's well-known equation for the variation of mole-
cular coefficient of viscosity with temperature, equation (6) can be rewritten

2/, 4
0.23 (hg) (ZTO)

2/, 4 4 8/
P 7 (T +C) 7 n f T 7
o o o

7 2/7

where the environment temperature of the drop is regarded as equal to Tg, the
surface temperature, and

h = constant * 0.46, from Sutton's formula,
C = 110°C, from Sutherland's formula,
no = molecular viscosity of air at temperature To'

Hence G -1 can be written

G-1 = B a ...(8)

For P, =1013,2 mb and T, = 286°K, the value of Bp T, Wwas determined
as the average over the drop size range a = 0,015 to 0.25 cm, and the value of

(G-1)a " from the experimental determination of G at Py, Ty by Kinzer and Gunn
(1951) using their 1949 determinations of terminal velocities. This yielded

6
g = 45.2, or G-l = 45.2a/7

at 1013 mb, 286°K and 50% relative humidity.
Po. T,

Best (1952) summarized experimental data prior to that of Kinzer and Gunn and

found G = 61.1 a.o°85 the most acceptable relation at 1013.2 mb at temperatures



from 286° to 314°K. However, from equations (7) and (8)

21, 4
P (T +110) '
5 = 133.9 2

P,T 8/,7

T
]

and this useful form shows its functional dependence on the meteorological para-
meters of ambient pressure and drop surface temperature,.

In the expression for G given by (8) the constraint that G = 1 at (Re) = 0
has been imposed. Fig. 1 shows that the expression fits the experimental results of
Kinzer and Gunn well up to a drop radius of 1.5 mm. The underestimation of G at
drops above 1.5 mm radius is perhaps not a serious objection to the use of the
expression, for, while large drops in a particular spectrum may dominate the
associated values for radar reflectivity and rainfall rate (R), Best (1952) has shown
that drops greater than 1.5 mm radius in falling through the same environment
experience the same decrease in surface area per unit of height fallen. The amount
of cooling contributed in a particular volume would thus vary almost linearly with
drop radius. The much greater number of drops with radius less than 1.5 mm will
thus dominatethe evaporative and cooling processes in the rain areas being considered.,

A more accurate measure of G for the larger drop range is obtained by
1

examination og 1°g10 (G-1) as a function of (Re)-z—, transformed as above into a function

of T,,P and a 7, In Fig. 2 the relation is shown for P = 1013,2 mb and

— o
T, = 286°K.

From Fig. 2 has been derived that

7
e a
G-1 = 1.9 x 10 = Ts
2/. 4/
P ' (Tg + 110) "
where o, = 10.1
. P, Ty 8/7

Ts

but here the constraintthat G =1 at Re = 0 has been abandoned. For drops of
0.15 mm radius, G is overestimated by 30 percent, but at 0,5 mm radius and above,
it is in agreement with the experimental results,
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Fig. 1 Comparison of the refation G —1=452a 6/7 with Kinzer and Gunn's
(1951) experimental data @ - for 50 percent relative humidity,
20°¢, 1013 mb.
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Raindrop Spectra

According to Atlas (1963), 'the only statement about raindrop spectra that
can be made with complete certainty is that they are highly variable in time, space
and storm type'. This is further demonstrated by Fujiwara (1965). The assessment
of useful raindrop spectra is mostly in regard to rain intensity and radar reflectivity,
both influenced strongly by that paft of the spectrum above modal drop size. How-
ever, the greater number of small drops characteristic of rain spectra is important
when considering evaporation effects.

The spectrum due to Marshall and Palmer (1948) applies to rain from
melting snow in Canada. Sivaramakrishnan (1961) found that, on the average, the
Marshall and Palmer spectrum described thunderstorm rains at the surface in
India, Best (1950) pointed out that it underestimates the number of small drops and
it displays no modal group. Best's spectrum is a convenient general form, and any
uncertainty in determining its dependence on evaporation (Best, 1952) and rain type
is also common to the Marshall and Palmer spectrum, which ignores such effects,

The Marshall and Palmer spectrum of the form

20.2
NDdD = 0.08 exp (-41D R 0 1) ... (10)

3
where NDdD = no. of drops with diameter between D and (D + dD) cm per ¢m of
space, and which contains rainfall rate R mm/hr, is due to Atlas (1963).

Combining equations (5) and (10), and substituting from equation (8) and
{9) in turn, give equations {11) and {12) respectively for the smaller and larger
drop size ranges:

D
= 0.08 A f ‘D (-a1p R %1y ap
7 P, T z &xpP -
s s D
: D, o 3 a1 .
D 41 :
+ BP,TSf ) exp (-41D R™"°") dD (11)
Dy
D
D -.21
YP,T = 0.08 AP,T ( 3 exp (-41D R ) dD
s s Dl
6/7
P, Ty D -.21
+0.95 10 3 exp (-4IDR™"7") dD ... {12)
. D ’



The first part of each equation is simply integrated. The latter parts were computer
integrated by Simpson's Rule to an accuracy of better than 1 percent for values of

R from 10 to 1000 mm/hr and for P from 400 to 700 mb. Drop range was taken
from 0.03 to 0.8 cm diameter.

The Best (1.950) spectra are of the form
» n
1 -F = exp (-(2a/b) )

where F = fraction of liquid water (W g/cm3) contributed by drops with

radius less than a cm (W = 67 x 10-9 R'846 g/cm3 at the surface),

n and b are.parameters determining the shape and scale of drop sizes.

b is related to rain intensity thus: b = 0,13 R0'232.

Since rain intensity interpreted by radar is the surface equivalent intensity,
this value is appropriate to the calculation. The parameter n appears obtainable only
by observation. Best (1950) found that for showers and thundérstorm rains the mean
value of n varied between 2.25 and 3.08.

It follows that

_ 3 2.n n-4 2a.n '
Nada = 4—? Wn(g) (a) exp (—(F) ) da -..(1.3)
hence from equations (5), (8) and (13): -
3 ‘ 2 “2 3 2
. n n- a.n
oot @ fp,r WR(E) {f a . exp-(37) da
s s a, .
1
a
2
: 157 2 \
n a.n
+ BP,T f a exp -(—b—) daj .. (14)
s
21
and from (5), (9) and (13)
3 2 2 .3 2
. n n- a.n
or T @ fpr W) {f 2 e ely) e
s s a
6 1
a a a I .
2 P’Ts n-3 2a.n
+ 1.9f‘ 10 a exp -(F) da ...(15)
al . ! -

Using equations (14) and (15), Yp . Wwas evaluated for the same ranges of R and P
v 1s

as the Marshall and Palmer (1948) spectrum, and for the two values of n = 2.25 and
n = 3,00,
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(c) Cooling due to Vertical Motion

The second term on the RHS of equation (1) can be written:
« ap T

c dt T

t
nlaé

o
©

where w

vertical velocity of air parcel {(cm/sec),
T = temperature of environment,

g =  acceleration due to gravity.

From the parcel concept,

T, - AT -T
dw - iv v (16)
a g——T e

v

where TiV virtual temperature of downdraft air,

Tv = virtual temperature of environment,
AT = equivalent cooling due to drag forces of raindrops,
= TS ! for unaccelerated drops {Ludlam, 1958},
P .
m . . A :
where — = mixing ratio of liquid water.
P .

A value of AT can be assigned to each section of a raincloud and will be a constant
field in the steady state distribution of rain accompanying a severe storm.

Equation (4) in its various forms given by (11), (12), (14) and (15),
according to the choice of type of raindrop spectrum and ventilation coefficient, can
be combined in equation (1) with equation (16) to describe the. profiles of tempera-
ture and vertical velocity in a steady downdraft,

3. APPLICATION TO A STORM SITUATION

Duririg the period 11 to 13 December 1963, widespread severe thunder-
storms occurred over south-eastern Queensland. On 1l December an aircraft
traverse of one of these storms confirmed the coexistence of adjacent severe updraft
and downdraft at 1.3’ 000-15, 000 ft,

On 13 December a similar series of storms caused wind damage and
flooding in the same area. The best estimates of wind, temperature and humidity
soundings representative of the environment of these storms are given in Figs, 3 and
4 respectively. '
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Fig. 4 Environmental temperature, southeast Queensland, 13 December 1963. Dry bulb
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raindrop surface temperature TS.




13

) It was assumed that a vigorous updraft similar to the'Woki'ngham storm
existed in this environment. The particular upwind slope of such an updraft and
the associated distribution of R were then determined,
L]

(a) Movement of Storm Cloud

A criterion for the stability of the mature stage is that equal quantities of
air‘are brought into the open system by the downdraft and updraft. Hence the
movement of the storm must provide a balance between the relative flow into the
updraft at cloud base and the relative flow into the downdraft. From scale consider-
ations, the upper limit of origin of downdraft air in the environment, from cooling
and from weight of rain upstream of an updraft core, is about 450 mb.

A storm velocity of 240° 11 kt in the wind environment of Fig. 3 has
flow relative to it as shown in Fig. 5, This storm movement meets the requirement
for the steady state of equal mass transport towards the storm in the lower and
middle troposphere.

(b) Slope of Updraft

Use was made of the entraining jet model of an updraft plume of Squires
and Turner {1962). The selected plume has initial radius of 2.0 km and initial
upward velocity of 5 m/sec at 900.mb, and entrainment of mass described by

dM s
o - Zewrpo e (17)
where r = radius,
w o= vertical velocity of updraft,
b, = density of environment,

e = entrainment constant = 0,10,

2
M r wp and is proportional to the mass flux at height z.

Using this mass entrainment rate, the horizontal velocity of the updraft
plume as a function of height was determined from conservation of momentum
accordlng to the relation

dM
= — §
MU), <, MU), + 5, V, Sz ...(18)
where Uz =  horizontal velocity of the updraft at height z,
V_ = horizontal velocity of the environment at height z,
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The horizontal velocity so obtained was combined with the vertical velocity-
height values given by the model of Squires and Turner (1962). The updraft at any
instant is composed of successive elements following such trajectories but arising
from a source travelling with the velocity of the storm.

The structure of the updraft at any instant and the tréjectories of the
elements comprising it, projected into the vertical plane containing the direction of
travel, are shown together with the plan position of the updraft in Fig. 6.

(c) Distribution of Rainwater Density Upshear of the Updraft

No radar observations of the storm of 13 December 1963 were available,
To model likely values of the rainfall rate upwind of such a steady vigorous updraft,
use was made of the radar pattern of the Wokingham storm (B rowning and Ludlam,
1962), taken over a vertical cross-section parallel to the direction of motion of the
storm,

The liquid water content of the Wokingham storm in g/m3 was obtained
by application of Sivaramakrishnan's (1961) relation derived from thunderstorm
rains in India,

z = 20,100 M} 70 ~ ... (19)

where Z reflectivity factor in mm6/m3,

M liquid water content in g/m3,

to the pattern of equivalent reflectivity factor, Z., given by Ludlam (1963),

From 1 to 8 km the axis of the moving modelled updraft has an overall
slope of 10° from the vertical, compared with the 40° slope of the Wokingham storm
(Fujita, 1963). Hence the horizontal scale of the Wokingham storm radar pattern
upwind of the core was greater by a factor d = tan 10°/tan 40°. For calculation
purposes the rainfall pattern was divided into a grid of section width 0.51 km and
height 50 mb. For conservation of mass, the Wokingham storm mean values of
deduced liquid water content over the grid were increased by a factor 1/d, and the
pattern horizontally compressed by the factor d.

The derived values of M thus obtained were related to R, for use in the
evaluation of the various drop spectra considered, by Sivaramakrishnan's relation:

M = 0.070 r*:83 ' ...(20)

The corresponding values of R, the rainfall rate in mn'i/hr, are shown in Fig, 7.

In the above it has been assumed that the total reflectivity upwind of the
updraft is contributed by liquid water. Some support for this view is found in the
observations of Spatola and Cunningham (1961) on traverses of three successive
cumulonimbus towers at 2600 ft. They reported appreciable liquid water on the
upwind side of the towers.
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(d) Downdraft Characteristics

In constructing the trajectories of parcels of air entering the rain area at
various levels, the horizontal momentum at the level of origin was conserved, .
Variations in the combination of the form of ventilation coefficient dependence on
drop radius and the raindrop spectrum were found to have relatively small effect on
the calculations. The combinations which gave maximum and mirnimum values of
. YP, T’ equations {12) and (14) respectively, produced the trajectories shown in

Fig. 8. For these calculations T4 was taken as the wet bulb temperature of the
sounding shown in Fig. 4.

The vertical velocities attained along the selected trajectories (below
400 mb) as a function of height are shown in Figs. 92 and 9b. Other combinations
of spectra and ventilation coefficient gave results between those shown. Tempera-
ture variations along each of the trajectories of Fig. 8 are shown in Figs, 10a and
10b, together with the environment temperature as a function of height. Again,
other combinations of spectra and ventilation coefficient gave similar results.

4. DISCUSSION OF RESULTS-

A steady, near-laminar downdraft, which is a critical component of the
steady state in a severe storm, can exist upshear of the updraft modelled in this
environment. Contribution to this downdraft comes from the layer 425 to 675 mb
approximately. Above 425 mb, as shown in Fig. 8, the flow must be diverted around
the updraft core. As expected from preliminary scale considerations the saturation
vapour pressure above 425-mb is too low for effective cooling, while below 675 mb
there is no motion relative to the updraft from the rear of the storm. The greatest
_contribution to the mass of the downdraft is from the upper half of this layer. As
can be seen from Fig. 5, the horizontal flow relative to the rain area is greatest in
this layer. The trajectories from the layer 450 to 500 mb converge into a narrow
core of downdraft which reaches a peak vertical velocity of average value 25 m/sec
at 650 mb, at which level they also become approximately parallel to the updraft.

/

The wind damage caused by the storms in south-east Queensland and the
experience of the aircraft mentioned earlier, indicate that the vertical velocities
are not ov/e/restimated by this model.

The variations of temperature along the downdraft trajectories in
Figs. 10a and 10b show that trajectories originating above 600 mb become warmer .
than the environment below this level. At the level below 725 mb, for the conditions
applying to Fig. 10b, the downdraft air originating from higher levels becomes as
warm as the most favourable updraft that could exist in this environment, with sur-
face temperature of 30°C and cloud base at 3,500 ft, as observed.

Confirmation of the suggested possibility that in a layer around 800 mb
the downdraft air can become even warmer than the updraft must await extension of
this model to lower levels. The trajectories were calculated only down to 725 mb,
as the non-hydrostatic forces arising due to the presence of the earth's surface are
not expected to contribute above this level, Such forces will increase the deceleration
rates evident in the trajectories originating in the upper half of the downdraft, and will
also result in deceleration of those from the lower half. Evaporation from rain will
then result in net cooling in the downdraft as is observed in the surface layers.
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