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SUMMARY 

It is explained that in air descending at speeds of some m sec-' raindrop evaporation must proceed at a 
large subsaturation. Under some simplifying steady-state assumptions, the vertical temperature profiles in 
thunderstorm downdraughts of a range of speeds are estimated, and it is shown that the most favourable 
conditions for the production of strong draughts are a small raindrop size, and, especially, an intense rainfall 
rate and a general lapse-rate close to the dry adiabatic. The two latter conditions are often associated in 
severe storm situations, and the downdraught then arrives near the ground with a rather low relative humidity, 
and a temperature little lower than found generally at the same level. 

1. INTRODUCTION 
THE DEPARTURE FROM THE SATURATED STATE IN UPDRAUGHTS AND IN DOWNDRAUGHTS 

When condensation occurs in an updraught, the transfer of water from the vapour to 
the liquid state requires the presence of a supersaturation which increases with the rate 
of condensation, that is, with the speed of the updraught. However, the properties of the 
atmospheric aerosol particles which determine the microphysics of the condensation 
process are such that even in the strongest updraughts encountered, this supersaturation 
is small. Assuming that the supersaturation does not change rapidly during the rise of 
air, a concentration of about 1 g m-3 of water has to be condensed for each km of ascent. 
The microphysics determines an average drop concentration N (cmP3), radius r (cm) and 
mass rn (g); the magnitude of the supersaturation s may be determined by using the familiar 
diffusion equation for the growth of individual drops : 

whence 

where 

drn/dt = C, 4 ~ r r  Dp, s, 

lo-" U = Ndrn/dt = N C, 4xr Dp, s , 

D is the coefficient of diffusion of water vapour in air 
( m  0.4 cm2 sec-l) 

C ,  is an empirical ventilation coefficient needed to take 
into account the motion of the drop through the air, 
is the saturated vapour density ( m  lo+ g ~ m - ~ ) ,  and 
is the updraught speed in cm sec-'. 

pz, 

U 
In this equation (p, s) is strictly the effective vapour density difference which governs 

the diffusion, which is smaller by a factor of 2 to 3 than the value given by using the actual 
supersaturation s, because of the rise of droplet surface temperature above the vapour 
temperature during the liberation of the latent heat of condensation. This may be taken 
into account in an order of magnitude calculation by using an adjusted value of 0.1 cm2 
sec-' for the diffusion coefficient D. Accordingly we have numerically 

s M U/N r C,. * ( 3 )  
Now the properties of atmospheric condensation nuclei are such that in an updraught 

of 1 m sec-' or more, N is about lo3 and r therefore about cm, and C, can be put 
equal to unity. Correspondingly, even in an updraught of 10 m sec-', s is of order only 
0.1 per cent. Thus it arises that for all practical purposes updraughts can be assumed to 
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If drops have mass m and number concentration N , then the
LWC is

LWC = Nm,

and the change of LWC with height z is

d LWC
dz

= N
dm

dz
= 1 g m−3 km−1 = 10−11 g cm−4

If the updraft speed is U , then

N
dm

dt
= N

dm

d

dz

dt
= N

dm

dz
U = 10−11U g cm−3 s−1.
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be just saturated, and the state of the air within them compared directly with an adiabatic 
reference process without specification of the supersaturation. 

Circumstances are quite different in the downdraughts maintained by the evaporation 
of rain. Downdraughts are a part of all atmospheric circulations sufficiently large to 
produce precipitation. They are especially pronounced in the cumulonimbus convection 
responsible for severe local storms and probably also play an essential part in other pheno- 
mena such as the so-called ' cold-core ' tropical disturbances, fronts, and persistent dense 
cirrus clouds (Ludlam 1963). 

Some downdraughts occur inside clouds, but the deeper, and more intense and signi- 
cant are likely to develop when precipitation falls from inclined or horizontally-spreading 
clouds into the air of the middle troposphere, which generally has a minimum wet-bulb 
potential temperature (as for example in Fig. 3) and so is the most suitable for sustaining 
a cold descending current. In  such a downdraught the evaporation of rain can be estimated 
with an empirically determined ventilation coefficient, which we shall use subsequently, 
found by Frossling (1938) : 

where (Re) is the Reynolds number, which reaches a value of about lo3 or rather more for 
raindrops of millimetric size. Accordingly, for such drops a ventilation coefficient of 
magnitude 10 can be used. Eq. (3) then becomes numerically 

C,, = 1 + 0.229 (Re)+ . * (4) 

sr M 10-7 uyvT . f (5) 
where s' is a persistent subsaturation in a downdraught of speed U' cm sec-'. Now with 
r = 10-1 cm and even in an intense rain of about 4 in. hr-l, for which N m cmP3, 
and with U' only 1 m sec-l, from Eq. (5) s' = lop1, that is, the relative humidity is only 
90 per cent. Clearly downdraughts are likely to be characterized by rather low humidities; 
it cannot be assumed that within them the changes of state of descending air follow closely 
any simple reference process. The speed attained by a downdraught and the degree to 
which apparently available potential energy is actually converted into kinetic energy, 
must depend markedly not only on the particular atmospheric stratification, but also upon 
the size-distribution and concentration of the raindrops. 

2 .  PROCEDURE FOR EXAMINING THE VERTICAL TEMPERATURE 
DISTRIBUTION IN DOWNDRAUGHTS 

In most studies which have so far been made on the evaporation of rain the interest 
has been in the likely changes in raindrop-size or size-distribution spectrum in the rather 
shallow layer below the base-level of convection or other low cloud, and not in the effect 
upon the air motion. SyBno and Takeda (1962), however, although encountering difficulties 
of formulation and calculation, were able to show that vertical air speeds of a few m sec-' 
make a large difference to the total amount of rain evaporated, and Hookings (1965) has 
calculated some downdraught speeds for a particular constant lapse-rate. 

In the cumulonimbus which contain the more intense downdraughts the circulation 
is probably so organized that the downdraughts originate well above the cloud base level 
and are more or less steadily supplied with air of low wet-bulb potential temperature from 
the middle troposphere outside the clouds (Ludlam 1963). A thorough examination of the 
evaporation in the downdraughts of such cumulonimbus would involve the whole three- 
dimensional circulation, even if some kind of steady state could be specified, and appears 
extremely difficult. However, some insight into the conditions favourable for the occurrence 
of strong downdraughts can be obtained by examining the temperature distributions calcu- 
lated for horizontally uniform downdraughts containing rains of specified intensity and 
uniform raindrop size. A source of difficulty in the general problem, that the raindrops 
have fall-speeds so large that their paths do not follow the air trajectories, will here be 
avoided by following changes of state along the vertical axis zinside a steady downdraught 

Solve (2) for s:

s =
10−11U

NCv4πrDρv
.

Use D = 0.1 cm2 s−1, ρv = 10−5 g cm−3, and 4π ≈ 10:

s ≈ 10−11 U

NCv(10)r(0.1)10−5
= 10−6 U

NCvr
.

For N = 103 cm−4, r = 10−3 cm, and Cv = 1,

s ≈ 10−6 U

103(1)10−3
= 10−6 U

so that even for U = 10 m/s = U = 103 cm/s ,

s ≈ 10−6 103 = 10−3.
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next slide calculates s for heavy rain



For heavy rain: N = 10−3 cm−4, r = 10−1 cm, and Cv = 10,

s ≈ 10−6 U

10−3(10)10−1
= 10−3 U

so that even for U = 1 m/s = U = 102 cm/s ,

s ≈ 10−3 102 = 10−1.



512 P. L. KAMBUROVA and F. H. LUDLAM 

whose speed w varies somewhat in obeying the condition 

3 (pa w)/3z = 0 

between a level in the middle troposphere (500 mb) and a level near the ground (800 mb). 
Although the condition imposes some deceleration as the air descends, because of the 
variation of air density pa, it does not hamper the differentiation of the characteristics of the 
three classes of downdraughts investigated : weak (average w of 2 m sec-I), moderate 
(average w of 10 m sec-l) and strong (average w of 20 m sec-'). It has the gieat advantage 
that it eliminates horizontal motions of the air and of the raindrops, which, if permitted, 
introduce great complications because their horizontal displacements are not the same. 
The equation of conservation of mass of air is : 

apajat = - pa (bu/dx + av/3y 4- aw/az) 

- u3pa/3x - v 3pa/3y - w3pa/3z . * (7) 
where u, v, w (positive upwards) are the three components of air velocity. In the steady 
state 3pa/3t = 0 and in the real atmosphere the terms ubp,/dx, v3pQ/by involving horizontal 
density variations are orders of magnitude smaller than the other terms and can be neglected, 

* ( 8 )  
so 

3u/3x + 3 v p y  + awl32 + (w/pa) 3pa/3z = 0. 

3N/3t 

Similarly the equation of conservation of raindrop numbzr is : 

- N ( J u / ~ x  t h / 3 ~  i- 3 (W + V) />Z)  
- ubN/i)x - vaN/by - (W + V)  bN/bz . (9) 

where N is concentration and V is raindrop fallspeed. 

then 

Substituting for (bu/hx + 3v/hy) from Eq. (8) into Eq. (10) gives : 

In the steady state the local time derivative of N is zero and if W / h x  = aN/;?y = 0, 

~ U / J X  + bv/Jy + 3 (W 4- V ) / b z  + { ( w  + V)/N} h N / 3 ~  == 0. 

( l / ( w  + V)) 3v/3z - (w/(w + V)  pa) 3pa/3z + (l/N) 3N/JZ = 0. 

' (10) 

(11) 
The first term relates changes of N to divergence due to changes of terminal fall velocity 
with height, and the secocd arises from the compressibility of the atmosphere. 

. 

Eq. (11) expressed in terms of N, = N/p, and with pa w = const. becomes : 

pa N, (V + w )  = const. . (12) 
Eq. (12) is the basic equation used for determining the number of drops per gram of air 
at any level in the downdraught. 

Following similar arguments the equation describing the continuity of mass of water 
in the system is given by : 

(here and henceforth using x to mean the mixing ratio of water vapour) which upon 
integration becomes : 

pa wx + pa Ng (V + 10) 4m3//3 = const. * (14) 
This equation indicates that all the liquid water evaporated from the drops goes into the 
surrounding air as water vapour. It is the second basic equation for finding the changes of 
state of moist air descending in the downdraught. These two have to be consistent with 
another derived from the law of the evaporation of the raindrops during their fall through 
the descending air : 

7 dr/dt = C, D A p . . (15) 
where A p is the difference between the vapour densities in the surroundings of the drops 
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and at their surfaces. A more convenient form of Eq. (15) is obtained if we substitute 
dz/(V + w )  for (dt) and - lo3 dp/g pa for (dz), where p is pressure in mb. Then the 
change of radius of a falling drop with height is given by : 

d7/dp = (lo3 C, D A x)/g (V + W )  r . 
where (V + w) is the speed of the drop relative to the ground and A x is the difference of 
the mixing ratios in the downdraught air and at the surfaces of the raindrops. 

Thus the evaporation of a population of raindrops, introduced into the downdraught 
at the 500 mb level with an initial radius yo and concentration No (determining the rainfall 
intensity), can be found from the set of three equations (12), (14) and (16). Their simul- 
taneous solution gives the relationship between the raindrop size and concentration and the 
magnitude and temperature of the downdraught. 

In the solution of the equations it proves a great convenience to make use of Normand's 
Theorem, and to assume that to a sufficient accuracy the temperature at the surface of the 
evaporating drops is the wet-bulb temperature. Since on an aerological diagram this 
temperature always lies on the pseudo-saturated adiabatic through a specified wet-bulb 
temperature at the 500mb level, an estimate of the temperature at successively lower 
levels implies in each case a mixing-ratio and a value of A x which can be examined for 
consistency in the latter two of the basic equations. The assumption may be justified by 
considering that the surface temperature of a raindrop falling through an atmosphere with 
a lapse-rate near the dry-adiabatic lags behind the wet-bulb temperature in its environment 
by an amount which generally is only a small fraction of a degree Celsius, becoming a large 
fraction only in the case of the largest drops at high temperatures and low relative humidi- 
ties (as shown theoretically and experimentally by Kinzer and Gunn 1951, for example). 

3. THE DEPENDENCE OF THE DOWNDRAUGHT MAGNITUDE UPON THE RAIN 
CHARACTERISTICS AND THE ATMOSPHERIC STRATIFICATION 

The equations in section 2 have been solved to give the temperature distribution 
between 500 and 800 mb in weak, moderate and strong downdraughts when the initial 
values of N and 7 at the 500mb level correspond to rainfall of intensity described as 
moderate (m; 5 mrn hr-l), heavy ( H ;  5 cm hr-l), such as is typical of thunderstorms, 
and intense ( I ;  25 cm hr-l), which is sometimes attained in severe local storms. In order 
to illustrate the influence of raindrop size these rains were considered to be composed of 
uniform droplets of initial radius either 0.5 mm (about the minimum size of drops de- 
scribed as rain) or 2 mm (about the largest encountered size of raindrop). In the eighteen 
calculations the wet-bulb potential temperature was chosen to be 18"C, a value typical 
of the middle troposphere in the thundery weather of middle latitudes, with an air tempera- 
ture at 500 mb of - 12*2"C, corresponding to a state of saturation. Two additional 
calculations were made (for a strong downdraught with I, yo = 2 mm, and for a moderate 
downdraught with m, 70 = 0.5 mm) with the same 500 mb temperature, but a very low 
relative humidity, corresponding to a wet-bulb potential temperature of 15°C (Fig. 2 ) .  
These showed, as might be anticipated, that the results are not particularly sensitive to 
the initial relative humidity at the 500 mb level. The calculated vertical temperature 
distributions are illustrated in Fig. 1. 

Although these distributions refer to conditions inside the downdraughts, it is 
reasonable to suppose that they rather closely represent the general atmospheric stratifica- 
tion in which the specified rains may produce draughts of the assumed magnitudes. This is 
because the buoyancy corresponding to only a small temperature difference between the 
downdraught and its surroundings is capable of providing an acceleration to a speed of 
10 to 20 m sec-l. If the temperature difference is A T C ,  the vertical acceleration in a 
smooth steady motion is given by 

dwldt = g A TIT 

EVAPORATION IN DOWNDRAUGHTS 513 

and at their surfaces. A more convenient form of Eq. (15) is obtained if we substitute 
dz/(V + w )  for (dt) and - lo3 dp/g pa for (dz), where p is pressure in mb. Then the 
change of radius of a falling drop with height is given by : 

d7/dp = (lo3 C, D A x)/g (V + W )  r . 
where (V + w) is the speed of the drop relative to the ground and A x is the difference of 
the mixing ratios in the downdraught air and at the surfaces of the raindrops. 

Thus the evaporation of a population of raindrops, introduced into the downdraught 
at the 500 mb level with an initial radius yo and concentration No (determining the rainfall 
intensity), can be found from the set of three equations (12), (14) and (16). Their simul- 
taneous solution gives the relationship between the raindrop size and concentration and the 
magnitude and temperature of the downdraught. 

In the solution of the equations it proves a great convenience to make use of Normand's 
Theorem, and to assume that to a sufficient accuracy the temperature at the surface of the 
evaporating drops is the wet-bulb temperature. Since on an aerological diagram this 
temperature always lies on the pseudo-saturated adiabatic through a specified wet-bulb 
temperature at the 500mb level, an estimate of the temperature at successively lower 
levels implies in each case a mixing-ratio and a value of A x which can be examined for 
consistency in the latter two of the basic equations. The assumption may be justified by 
considering that the surface temperature of a raindrop falling through an atmosphere with 
a lapse-rate near the dry-adiabatic lags behind the wet-bulb temperature in its environment 
by an amount which generally is only a small fraction of a degree Celsius, becoming a large 
fraction only in the case of the largest drops at high temperatures and low relative humidi- 
ties (as shown theoretically and experimentally by Kinzer and Gunn 1951, for example). 

3. THE DEPENDENCE OF THE DOWNDRAUGHT MAGNITUDE UPON THE RAIN 
CHARACTERISTICS AND THE ATMOSPHERIC STRATIFICATION 

The equations in section 2 have been solved to give the temperature distribution 
between 500 and 800 mb in weak, moderate and strong downdraughts when the initial 
values of N and 7 at the 500mb level correspond to rainfall of intensity described as 
moderate (m; 5 mrn hr-l), heavy ( H ;  5 cm hr-l), such as is typical of thunderstorms, 
and intense ( I ;  25 cm hr-l), which is sometimes attained in severe local storms. In order 
to illustrate the influence of raindrop size these rains were considered to be composed of 
uniform droplets of initial radius either 0.5 mm (about the minimum size of drops de- 
scribed as rain) or 2 mm (about the largest encountered size of raindrop). In the eighteen 
calculations the wet-bulb potential temperature was chosen to be 18"C, a value typical 
of the middle troposphere in the thundery weather of middle latitudes, with an air tempera- 
ture at 500 mb of - 12*2"C, corresponding to a state of saturation. Two additional 
calculations were made (for a strong downdraught with I, yo = 2 mm, and for a moderate 
downdraught with m, 70 = 0.5 mm) with the same 500 mb temperature, but a very low 
relative humidity, corresponding to a wet-bulb potential temperature of 15°C (Fig. 2 ) .  
These showed, as might be anticipated, that the results are not particularly sensitive to 
the initial relative humidity at the 500 mb level. The calculated vertical temperature 
distributions are illustrated in Fig. 1. 

Although these distributions refer to conditions inside the downdraughts, it is 
reasonable to suppose that they rather closely represent the general atmospheric stratifica- 
tion in which the specified rains may produce draughts of the assumed magnitudes. This is 
because the buoyancy corresponding to only a small temperature difference between the 
downdraught and its surroundings is capable of providing an acceleration to a speed of 
10 to 20 m sec-l. If the temperature difference is A T C ,  the vertical acceleration in a 
smooth steady motion is given by 

dwldt = g A TIT 

Eq. (12) expresses conservation of droplet
number mixing ratio.

Eq. (14) expresses conservation of total water
(water vapor and liquid water) mixing ratio.

Rain Evaporation Rate
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Figure 1. 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, of 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-l. 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 lo-* cm in diagrams (a) to (c), and in units of mm in diagrams (d) to 
(f). In all cases the downdraught air is assumed to be saturated at a temperature of - 12.2"C at the 500 mb 
level. 

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 (2.5 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. 

Figure 2. Temperature and humidity in downdraughts produced in initially very dry air by the evaporation 
of rain; dashed line : moderate 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-l), 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 WC, which is preserved in the downdraughts. At each 100 mb level the pairs of figures 
entered beside the profiles give the relative humidity in per cent, followed by the drop radius in units of 

cm (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). 
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Figure 2. Temperature and humidity in downdraughts produced in initially very dry air by the evaporation 
of rain; dashed line : moderate downdraught (vertical speed about 10 m sec-', moderate rain of initial drop 
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entered beside the profiles give the relative humidity in per cent, followed by the drop radius in units of 
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levels are also specified in Table 2, and can be compared with those in Table 1 and Figs. 1 (c) and (d). 
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Finally, the calculations illustrated in Fig. 1 (b) and (c), and in Fig. 2, have some 
bearing on an impression, often held, that in desert climates showers produced in the 
middle troposphere may evaporate completely before reaching the ground. If this is true, 
the rain must be composed of rather small drops with radii not much larger than 0-5 mm; 
large raindrops reach the ground with little change of size (Fig. 1 (d) to (0). It may well 
be that desert thunderstorms give rain at the ground only in the immediate vicinity of the 
updraughts, and are generally observed at a distance, from places where there is no evidence 
of rainfall, either at the time or subsequently. 

4. CONCLUSION 
The evaporation of populations of raindrops in the downdraughts characteristic of 

cumulonimbus convection has been estimated under some simplifying assumptions. 
The influence of raindrop size and rainfall intensity upon downdraught speed has been 
considered and it is concluded that the raindrop size has an appreciable influence, the 
evaporation proceeding more efficiently the smaller the size. However, the parameters of 
dominating importance are the rainfall intensity and the general lapse-rate. The most 
favourable conditions for the production of strong downdraughts are a general lapse-rate 
close to the dry-adiabatic, from the ground into the middle troposphere, and a great 
intensity of rainfall, in which the weight of the rain, as well as the enhanced cooling by 
evaporation, provides an important buoyancy force. These conditions are often associated, 
for example in the severe local storm situations of the North American mid-western States. 
Even so, only a fraction of the potential energy which might appear available is converted 
into kinetic energy : because of the large water-particle size the downdraught maintained 
by evaporation is not as thermodynamically efficient as the updraught maintained by 
condensation. Correspondingly, the water evaporated from thunderstorm rain can 
normally be only a fraction of that condensed into cloud, and the descent of air in a down- 
draught of some m sec-' can approximate to a saturated pseudo-adiabatic process only 
in the unlikely combination of extremely intense rainfall distributed in small drops. More 
generally the approximation occurs when the downdraught speed is considerably less 
than 1 m sec-l, and therefore when the general lapse-rate is close to the saturated-adiabatic, 
as in the so-called cold-core cumulonimbus systems of the tropical oceans. 

A more thorough treatment of the evaporation of rain in cumulonimbus convection 
would include it in the more general dynamical problem of the three-dimensional con- 
figuration of the air flow and its relations with the internal heat sources and sinks. This 
appears to be a problem of formidable difficulty. However, some further insight into the 
thermodynamic efficiency of the cumulonimbus downdraught, important for the organiza- 
tion of the persistent and the severe storms, could be obtained by closer observation of the 
properties and mass flux in the downdraught air. This is perhaps especially true in the 
tropical disturbances such as ' easterly waves,' in which the duration, scale and location 
(in the lower troposphere) of the slow downdraught makes its properties particularly open 
to investigation by aircraft. 
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