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Abstract: A study of the climatology of
precipitating clouds at Adelaide, South Australia,
for the three year period 1957-58-59, was
undertaken to confirm, within the limits of-
radiosonde and surface observations, the roles
of various elements, and to derive simple
relationships useful to a "duty'' forecaster at
that station.

Cloud type, thickness, height of base,
temperature of top, and trajectory of air are
listed and related in contingency tables showing
frequency and amount of rain. The occurrence
of showers at Adelaide from clouds of varying
thickness and warmer than -IOOC throughout, is
related closely to maximum surface wind speed
and trajectory of air during the six hours
preceding the report of rain.

1. INTRODUCTION

So that the forecaster may benefit from existing theories of precipitation
mechanisms involving common meteorological elements, measured in routine synoptic
observations, the occurrence and amount of rain at the point station Adelaide during the six
hour period centred on the time of release of the radiosonde, during the three years 1957-58-
59, have been stratified according to various cloud parameters and trajectories. The choice
of cloud characteristics has been governed by the theoretical and observational reports of
cloud physicists that have come to hand over the past 15 years or so, but is severely
restricted by current synoptic observations, and by deductions that may be drawn from the
results of a radiosonde flight.

This study is not concerned with the manner in which such clouds are produced but
rather with the physical characteristics of observed clouds. The manner in which a cloud is
formed, particularly with regard to the vertical motion and initial degrees of super-saturation
experienced, is, as shown by the theoretical work of Howell (1949), very important in
determining the initial droplet concentration and thus subsequent growth, while the
dimensions of the cloud, and turbulent transfer within the cloud, as suggested by the different
approaches of Best and Mason (Mason 1957 p, 124), determine the average life times of drop-
lets within the cloud, mean droplet size, and the shape of the droplet spectrum, all’
important parameters in the growth of individual droplets to precipitation size ( > 150 M ) by
condensation and coalescence in a cloud.

* In Australia on a Cormmonwealth Exchange Scholarship.
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2. PHYSICAL CONSIDERATIONS

No useful estimates of vertical velocities in individual clouds were possible, and in
the absence of direct observations of the condensation nuclei spectrum'in the air being
processed in the cloud, no parameters were available that might give a close indication of the
cloud droplet spectrum in different situations, but a broad use is made of the work of
Twomey and Squires (1959) who have shown a strong correlation between condensation nuclei
concentration in sub-cloud air, and cloud droplet concentration in convective clouds.

Squires (1958) has reported on marked differences of cloud droplet spectra in air that had
spent two days or more over the ocean (maritime), and air that had spent at least two days
over the land (continental), and accounts for the observed variation in droplet concentration
between maritime cumulus and orographic cloud in maritime air by virtue of different updraft
speeds accompanying cloud formation. However, from observations available he regards it
unlikely that a systematic difference in updrafts exist between maritime and continental
cumuli and argues convincingly that the difference in cloud droplet concentration is due to the
higher concentration of condensation nuclei found over continental surfaces.

Twomey (1959), working from the theoretical collection efficiencies of small drops
provided by Hocking (1959) shows that, for a heterogeneous cloud of liquid water content 1
gram.m’ ~ and radius of cloud droplets normally distributed with a coefficient of variation
( 9r) of 15%, when the concentration of cloud droplets exceeds 400 per cm™, modification of
(r )
droplet spectra is very slow and when, as in drought conditions, concentrations as high as 800
per cm” exist, inordinately long times are required for precipitation elements to form by
coalescence. When ice and water co-exist in a cloud and the Bergeron-Findeisen process
operates, efficient rain formation involves coalescence, and again the size distribution and
number of cloud droplets are important. Twomey concludes, as a result of theoretical
computations and on the basis of available observational data to 1959, that 'Increase of cloud
droplet concentration results in an increase in the stability of the cloud and a reduction of its
ability to produce rain=— natural clouds with droplet concentration 50-100-per cm?3 are fairly
efficient in producing rain, but rain formation becomes much more difficult when the concen-
tration reaches 400 per cm”. Observed differences in drop concentration are therefore’ ’
sufficient to account for observed . differences in the ability of clouds to produce rain. Since
these differences in”droplﬂet number are caused by the addition of cloud nuclei of
continental origin in the air, it follows these additional nuclei increase the stability of
_continental clouds and make them less likely to produce rain',

Table 1, from Squires (1958) provides observational evidence worth repeating in
confirmation of the above.

Table 1. Cloud depths related to the frequency of occurrence of Radar Echoes

Caribbean Sea New Mexico
'\ (warm clouds, after Byers and Hall) (after Braham et al)
Cloud depth % of clouds with Cloud depth % of clouds with
(ft) echoes (ft) echoes
3,500 - 4,000 2%
4,000 - 4,500 4 .
4,500 - 5,000 11 5,000 - 8,000 0%
5,000 - 5,500 ' 13
5,500 - 6,000 <23
6,000 - 6,500 28
6,500 - 7, 000 53
7,000 - 7,500 47
7,500 - 8,000 73 8,000 - 11, 000 18
8,000 - 8,500 74
8,500 - 9,000 83
> 9, 000 100 11, 000 - 14, 000 © 30

The trajectory of air for 48 hours prior to rain, in the selected period, was thus
included as a parameter in cloud classification, trajectories being obtained from three-hourly
surface charts by extrapolating wind backward in time, using actual winds where possible at

2,000.to 3, 000 ft and ''gradient’ winds where required, and from 2300Z and 1100Z 700 mb
charts in the same way. The following notation is employed:




Oceanic Air: Trajectories indicate that air at 700 mb and at the surface, arriving at
Adelaide at the time of rain, spent up to one day over land at either,
but only one level.

Continental Air: Trajectories indicate that air at 700 mb and at the surface, arriving at
© "7 77 Adelaide at the time of rain, spent up'to one day over the sea at either,
but only one level.

Modified Air: Trajectories not included in above cases.

As mentioned above, speed of the updraft, together with the spectrum of condensa-
tion nuclei will chiefly determine the cloud droplet spectrum, and Squires (1958a) by making
use of the law of distribution of aerosols given by Junge (1954) argues that in a given air mass
the number of clgud droplets pgr unit volume (N) resulting from an updraft speéd v is
proportional to v4, i.e. N C v#. The simplest and only way that allowance could be made for
updraft from synoptic data, was to group clouds according to type, stratiform or cumuli-
form, and thickness of cloud.

Apart from type and thickness being indicators of vertical motion, they are
important parameters in other ways; average liquid water content varies between clouds of
the same type. Squires (1958b) postulates a natural brake type mechanism tending to hold
liquid water relatively constant in cumuli, and while on the average this may be true, marked
variations in the same type have been observed. Increase in average liquid water content of
cumulus with increasing thickness of cloud has been quoted by Mason (1957) commenting on
the observationsof Zaitsev, and Weichmann and Aufin Kampe. There is, however, a general
dearth of observations of this kind. It seems generally agreed upon that cumulus clouds of
moderate size have a liquid water content of 1 gram per m~, while measurementsin layered
clouds in U.S. A. and Russia are quoted by Jones (1961) as averaging about 0. 3 grams per m

The thickness of cloud is again an important parameter in rain formation by
coalescence. Battan (1953) from a study of radar echo records of the "Thunderstorm
Project'", Ohio 1947, found cloud thickness to be an important parameter in determining
onset of precipitation echoes (more important than temperature) and is of the opinion that the
initial radar echoes in most cases are the result of droplet coalescence, and are first
reported in most cases m the warm part of the cloud, even though cloud tops invariably
reached to the level -20°C. The thicker a cloud the longer the trajectories or life of
suitable raindrop embryos in the cloud which would be carried by the very updrafts, or series
of updrafts building the cloud, and the greater the likelihood of rain. This was shown in
Table 1. The lifetime of the cloud itself, particularly for cumulus clouds, may well be a
limiting factor in the formation of rain. Thickness of cloud is not alone an index of rain by
coalescence, as the initial drop size and updraft place restrictions on the minimum depth of
cloud for precipitation elements to form and for drops to fracture, leading to a chain
reaction necessary in the case of few raindrop embryos, as démonstrated by the theoretical
model of Ludlam (Mason 1957, p- 245).

The temperature of the base of the cloud has been given prominence in literature
concerned with the climatology of precipitating clouds. From such a parameter the liquid
water content of clouds might be inferred from the observed relationships between actual
values and amounts expected by the adiabatic assumption of ascent without entrainment,
which for cumulo congestus and cumulo nimbus, is approximately 1:3 or 1:4, except in the
central parts where strong updrafts are present.

For the coalescence process, Bowen (1950), using Langmuir's values of collision
efficiency has shown that final drop size for a particular updraft is relatively insensitive to
liquid water content. While it is now known that Langmuir's values of collision efficiency
are in error for small drops and thus time estimates of Bowen's model are underestimated,
the pre-existence of large hygroscopic nuclei, which will be discussed later in some detail,
does not greatly affect the deduction regarding final drop size and liquid water content.

Calculations by Ludlam {Mason 1957, p. 246) again demonstrate that the minimum
depth of cloud for showers by coalescence (assuming adiabatic liquid water content), in an
updraft of 1 m. sec” ~ is independent of cloud base temperature, and it is only for updrafts of
the order of 8 m. sec™ ! that the minimum cloud depth shows marked dependence on base
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temperature, and then only for base temperatures colder than 5°C. Base temperature was
not included as a parameter in presenting data relative. to precipitating clouds.

The height of base of cloud has, however, been included, for the evaporation
effects of the sub-cloud layer are evidently important when the experimental evaporation data
of Kinzer and Gunn (1949) is considered. Base height alone does not describe evaporation
effects in the sub-cloud layer; this aspect is dealt with more fully in a separate paper for
special cloud systems by the authors (Aust. Met. Magazine No. 36, March 1962).

Finally, the coldest temperature within any part of the cloud, normally the top of the
is used as a major classification to indicate the possible presence of the
Bergeron-Findeisen process. In shower clouds extending well above the freezing level both
processes contribute to the precipitation process and in mixed clouds with abundant super-
cooled water droplets, if the minimum depth of cloud for shower development as indicated
above is exceeded, coalescence alone is important, but the initial rapid growth by sublimation

of ice crystals in the mixed cloud is now of major importance,for if the concentration of such
particles is approximately 100 per m3

cloud,

showers of moderate intensity can result. If the
upper portions of the cloud are completely glaciated or more likely predominantly ic -, the 1ce

crystals are colloidally stable, but this is only likely at very cold temperatures,say <X - 16° C,
and is also related to age of cloud.

There is a lack of observations of the number of ice crystals per unit volume of
due to the formidable instrumental problems, but Mason (1957, p- 212) states a sharp
rise in the concentration of ice particles in clouds is expected in the temperature range
-12°C to -16 C, and Jones (1961) has found for stratified cloud in Southern England that
substantial super-cooled water can exist at temperatures warmer than -15°C. The concentra-
tion of natural freezing nuclei sampled in clear air .and at many surface points, shows a
strong dependence on temperature (Mason 1957, p. 142) and first reach levels capable of
producing showers, (0.1 per litre approx.) with splintering or chain reaction mechanisms, at
around -10 C, which is also the temperature at which aircraft notice ice crystals in clouds.

clouds.

The non-uniformity of instruments and techniques makes comparison of the results
of many studies of freezing nuclei somewhat meaningless. Bigg (1960) has examined some
proposed sources of nuclei critically and, while of the opinion that industrial sources of
nuclei are most likely to account for spatial variations in concentrations, accepts the convinc-
ing relations of Isono et al (1959) between high nuclei concentrations and continental
trajectories associated with dust storms. Adelaide being geographically exposed to air from
the interior, trajectories may well be significant for the concentration of freezing nuclei, their
nature or origin, and thus the temperature at which they are active.

3. METHOD

The above parameters were obtained from the daily radiosonde flights and surface
synoptic observations as follows. Cloud base height was taken as the lowest height reported

by the observer during the selected period, except when the sonde flight suggested the base was
lower,

The criteria for cloud base being in this case a relative humidity equal to or greater
than 80 percent and a lapse rate close to the saturated adiabat. Cloud tops were regarded as

being where the relative humidity fell below 80 percent and the lapse rate became more
stable than the saturated adiabat.

In 86 percent of cumuliform clouds there was a marked increase in stability
coinciding with rapid drying out below 80 percent and these heights are given with confidence,
within the limits of course of the sampling error of the sonde. For the remaining 14 percent
of cumuliform clouds the top was determined by the parcel method and they are therefore
biased toward over-estimates of thickness and colder top temperatures.

In this study stratus, nimbostratus, altostratus and mixed altocumulus with
altostratus were grouped as stratiform cloud while cumulus, cumulus congestus, cumulo-

nimbus and stratocumulus were grouped as curnuliform cloud.
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Occurrence of rain in the selected period in the following tables is considered as
rain at, or in sight of, Adelaide Airport, as reported in synoptic observations. For consider-
ation of rain amounts, traces have been ignored, and only falls of 1 point or more in the
selected period have been considered.

On only one occasion,in 1957,was there such a significant change in cloud during the
selected period that the radiosonde data could not be used and this occasion was not included
in the data.

In some cases, higher ice clouds could have seeded with ice crystals lower super-
cooled clouds. In presenting the data, however, only the parameters of the clouds from
which rain was falling, were used.

4. RESULTS AND DISCUSSIONS

Annual rain totals for Adelaide compared with the totals recorded in the selected six
hour period in each year are given in Table 2.

Table 2

1957 1958 1959
Total rainfall (points) 1671 1757 1132
Selected period rainfall (points) 374 380 218
Ratio of Amounts: total 4.5 4.6 5.2

selected

Total No. of Rain Days 110 121 88
Selected period Occurrence of Rain 93 99 84
(as defined in text)

From the ratio of amounts it appears from this small sample that the selected six
hour period may be regarded as representative of the cloud ability to produce rain at
Adelaide and deductions drawn should apply to the whole day. The comparisons between con-
tributions from the different types possibly are most in error, as the slight difference in
ratio of totals might be due to a preferred time of cumulus development, with rain, outside
the selected period. However, such preference in the opinion of experienced meteorologists
at Adelaide is slight (Mizon, Private Communication).

Fig. 1 shows the rainfall amount for each year in the selected six hour period, in
divisions of cloud thickness in thousands of feet, and cloud-top temperature in degrees
centigrade. Amount is represented in points by summing thus:

= 10 points. &® = 5 points. X = 1 point,

An idea of amount of rain is readily obtained from the density of plots. The slope of the
group of observations reflects the mean environmental lapse rate associated with
precipitating clouds at Adelaide, the spread of the points being increased by fluctuating cloud
base heights.

It is seen that rain is reported from cloud at least 2, 000 ft thick { 2¢ 600 metres) in
close agreement with the 700 metres required by Twomey (1959) in his heterogeneous cloud
model referred to above. It is also seen that rain clouds when only 6, 000ft thick can extend to
-10°c, the level where natural freezing nuclei can often be present in sufficient numbers to
initiate rain by the Bergeron-Findeisen process. '

There is not a steady increase in amount yielded with increasing thickness, but this
is a reflection of frequency of occurreiice,as will be seen later. The greatest contribution to
the total rain is from clouds greater than 15, 000 ft thick and tops colder than -15°C, the
temperature at which a marked increase in ice crystals has been observed in clouds.
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Table 3 shows for individual years rain amounts in divisions of cloud-top tempera-
ture, cloud thickness and type. It is seenothat stratiform clouds when they produce rain are
10, 000 ft, or thicker, with tops below -15 C. It appears that thinner stratiform clouds, if
they occur, have smaller precipitation elements which do not survive the evaporation effects
of the sub-cloud layer. For clouds less than 15, 000 ft thick, cumuliform cloud provides
practically all the rain and this is approximately one-third of the total rain. Altogether
cumuliform cloud, which predominates in frequency also as will be seen in Table 4,
contributed just over 50 percent of the total fall.

Frequency of occurrence of rain in the selected period is shown in the same
divisions as Table 3.

It is seen on three occasions of cumulus cloud (Cu and Sc) less than 2, 000 ft thick
precipitation reached the ground; however, not in sufficient quantity to record 1 point, as seen
from Table 3. Alarge number of occasions are recorded with cloud top temperature greater
than 0°C and in the range 0°C to - -5°C, but as seen from Table 5 these clouds contribute only
3.4 and 9. 8 percent respectively to the total rain in the selected perlod On less than one-
third of occasions rain falls from clouds of tops colder than -15°¢, but this group as seen
from Table 5 contributes 61 percent of the total rain.

Cumuliform cloud predominates in frequency as in amount until tops extend to
-15 C, when stratiform cloud predominates in amount and frequency. A further point is that
when cloud tops were colder than -10 C rain was in almost every case reported at the
station, indicating its more general nature than in cases when tops were warmer than -10 C,
when many occurrences were reports of ''rain in sight',

Tables 5 and 6 summarise rainfall totals of Table 3 in divisions of cloud top
temperature and thickness. Again they must be considered along with frequencies to confirm
the influences as discussed in the introduction, but from the point of view of rainfall
modification by the addition of freezing nuclei active at -10 C, as Silver lodide is, it is seen
that 77 percent of the total rain is available for modification. However, at temperatures
colder than -15 C nature may well provide adequate nuclei, and this suggests that only 15
percent of the total rain may be appreciably modified, an effect veéry hard to detect from the
study of overall rain totals if this were true Further, the great majority of precipitating
clouds with tops in the range -10 C to -15° C are cumuliform, and as coalescence is a vital
factor in the growth of precipitation elements from ice crystals that fall mainly from the top
of the cloud, it may well be that seeding the bases of cumulus clouds with water drople-ts
would result in a greater modification of natural rain, for of all clouds with tops warmer than
-15°C cumuliform predominate and yield almost 40 percent of total rain.

The minimum depth for showers to form by coalescence suggested by Twomey's
heterogeneous model (1959) was 700 metres in favourable maritime cumulus and 1700 metres
in continental cumnulus if suitably large droplets are added; thus many clouds not even
extending to -10 C would be available for modification. The efficiency of this process does
depend on drop breaking to provide a chain type reaction, but according to models proposed by
Ludlam (1951) of adiabatic liquid water content, for an initial drop of 40 M in an updraft of
1 m. sec'l this would require an additional cloud depth of about 1 to 1.5 km, and for
continental cumulus then, a depth of about 3.5 kmn would be required. .The process caa be
rendered more efficient then if the condensation nuclei themselves could be modified as
suggested by Squires (International Cloud Fhysics Conference, Australia 1961) by '"poisoning"
them with trace additives (not yet known) so that fewer of them acted in initial cloud
formation.

From Table 5 we see that in 1959, a very dry year, 72 percent of its rain fell
from cloud colder than -10° C; the average in this category for all three years is 77 percent.
The total fall in 1959 in this category is approximately 1 1/3 inches less than in 1957 and 1958,
and as for the full 24 hour period 1959 received 5 to 6 inches less than 1957 or 1958; it is
therefore reasonable to regard this six hour period as being representative of the thick,
stratified, cold cloud systems for comparison between years. The frequency of clouds in the
range colder than -10°C in 1959 cannot be said to be different from 1957 or 1958, so it
appears that the thick cold cloud systems moved across Adelaide in 1959, but their rain
yield was appreciably less.
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Table 5. Rainfall for 1957, 1958, 1959 in relation to Cloud-Top Temperature and expressed
as percentage of totals for these years

Cloud Top Temperature in °C

> 0 0% -5°C | -5%% -10°C | -10%°= -15°c| < -15°c | ToTAL
1957 11 37 35 75 216
374
% of 1957 2.9 9.9 9.4 20. 0 57. 8
1958 18 33 31 38 260
: : 380
% of 1958 4.7 8.7 8.1 10. 0 68. 4
1959 4 26 32 36 120
218
% of 1959 1.8 11.9 14. 6 16. 5 55, 2
Total for 3 years 33 96 98 149 . 596
: : ‘ 972
% for the 3 years 3.4 9.8 10. 1 15.4 61.3

Table 6. Rainfall for 1957; 1958 and 1959 in relation to Cloud Thickness and expressed
as percentage of totals for these years

Cloud Thickness in thousands of feet

- 2-3 13-4 4-51 5-6| 6-7] 7-8] 8-9| 9-10] 10-15[>15 TOTAL
1957 6 17 10 16 38 15 43 25 63 141
374
% of 1957 1.6 4.5| 2.7 4.3]|10.2| 4.0 11.5 6.7 | 16.9 | 37.7
1958 1 15 9 9 14 10 18 ] 11 21 44 229
380
% of 1958 3.9 1 2.4 2.4(3.7]12.614.7[2.9]5.5]11.6] 60.2
1959 4 4 2 7 24 26 1 12 45 93
. 218
% of 1959 - 1.8 1.8{ 0.9 3.2 11.0 11.9 0.5 5.5 120.6 | 42. 7
Total for 3 years 25 30 21 37 72 59 55 58 152 463
. 972
% of 3 years 2.613.1)] 2.2]13.8[7.4]16.1]5.7[6.0]15.6) 47.6

It cannot be argued out of hand that these clouds were deficient in freezing nuclei.
It may well be that freezing nuclei were abundant, resulting in colloidally stable clouds
producing more numerous and smaller precipitation elements that would be greatly affected
by evaporation in the sub-cloud layer in South Australia. Such effects may occur with
indiscriminate seeding of all stratified deep clouds, as the optimum number of ice crystals
for efficient rain production is not known.

The effects of evaporation on intensity of rain from these thick stratified cloud
systems is treated in a separate paper, but as regards total or potential evaporation that
could occur in the sub-cloud layer, by cooling it everywhere to its isobaric wet bulb
temperature, extreme values in excess of two inches were noted while values exceeding half
an inch were common. These figures were noted from the radiosonde flights and rain was
also reported in the cases studied, so some evaporation had no doubt already occurred. The
above discussion no doubt is placing too much weight on cloud physics, such variations in rain
being related to large scale dynamic effects.

Figure 2 shows rainfall total in the selected period in divisions of cloud thickness
and height of cloud base, for each of the three years. Amount in any year and division is
obtained by summing (again = 10 points ® = 5 points x = 1 point}, but density
of plot gives indication of how rain amount is distributed.

For cloud less than 15, 000 ft thick, bases are predominantly in the region 1-4, 000
ft mostly 2-3, 000 ft, and as seen earlier are cumuliform. Very little rain is recorded for
cloud with its base above 3, 000 ft until its thickness extends above 15, 000 ft (and cloud top
temperature less than —15°C), when apparently precipitation elements are large enough to
survive a fall to the ground.






