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COALESCENCE RAIN MECHANISMS IN AUSTRALIA DURING 1960

by K. Yamaguchi*
Japan Meteorological Agency

(Manuscript received lst December 1961)

Abstract: The frequency of occurrence of coales-
cence process rain, and Bergeron-Findeisen
process rain, is investigated by an analysis of
cloud parameters based on radio-sonde data in
Australia during 1960.

Warm rain was more frequent in
summer than in winter. Coalescence rain
occurred several times in the interior of the con-
tinent but was much more frequent in coastal
areas. Coalescence rain was mostly associated
with cumuliform clouds in unmodified, or
slightly modified, maritime air masses (air
masses were analysed using trajectories at
700 mb), but several cases of coalescence rain
occurred in continental air masses, especially
in inland areas. Bergeron-Findeisen process
rain was found in both maritime and continental
air masses throughout the year, and was more
frequently associated with stratiform than with
cumuliform clouds.

It is suggested that coalescence rain
is most frequently due to the colloidal instabil-
ity in convective clouds in maritime air masses.

1. INTRODUCTION

"It is well known that many cases of warm rain have been observed since Heywood
(1940) reported rain from a cloud whose summit did not reach the freezing level. Alpert
(1955), summarizing occurrences of warm rain over the world, pointed out that most cases
were reported over the sea, or coastal regions, and occurred much less frequently inland.
Ohtake (1959 and private communication) postulates that .radio-sonde soundings can be used
to investigate the world wide distribution and occurrence of warm rain, and also mentions
that the more frequent occurrences of warm rain are found at coastal stations. Spillane and
Yamaguchi (1961) in a climatological summary of rain falls at Adelaide, South Australia,
during 1957, 1958 and 1959, based on radio-sonde data, suggested that 60 percent of all rain
occurrences at Adelaide were due to coalescence processes.

Determinations of cloud parameters based on radio-sonde data, while less accurate
than the direct observations of air borne observers, are useful, for clouds can be detected
by relative humidity measurements from radio-sondes, and ice crystal formation or glac1at10n
can also be reliably inferred from cloud temperatures measured by the sonde.

A broad temporal and spatial distribution of coalescence rain can readily be
determined from the soundings, and a summary for Australia during 1960 is presented in this
paper. That warm rain occurs in this region has been reported, but the purpose of this paper
is to indicate how its frequency of occurrence and annual variation is distributed over the
continent.

* In Australia on a Commonwealth Exchange Scholarship.
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2. METHOD USED

The method devised by Ohtake, with slight modification, is suitable for an investig-
ation of rain-causing mechanisms in Australia, even though different types of radio-sonde are
employed in the Australian and Japanese meteorological services.

It might be expected that the relative humidity in clouds is 100 percent, nevertheless
rather lower values have been frequently measured by radio-sonde, when visual observation
confirmed the sonde was in cloud. Also,relative humidity in fog has sometimes been measured
as less than 100 percent. From visual observations by ground and air-borne observers,
simultaneous with radio-sonde observations, Ohtake has laid down the criterion that cloud
exists in layers where the relative humidity as measured by sonde exceeds 80 percent.

Such a criterion based only on relative humidity is unlikely to determine the exist-
ence of cloud towers rising from the upper surface of a cloud layer, and it is common know-
ledge that such convective towers exist. Furthermore, in the case of broken cloud, charact-
eristic of showers, the sonde may not have ascended through cloud.

Thus a modification of Ohtake's criterion based on the closed parcel theory of con-
vection was employed in the following manner.

The vertical development of cloud should be restricted at the level of an inversion
or an isothermal layer, due to rapid loss of buoyancy of the ascending cloudy air. If then at
such a level the relative humidity as measured by sonde decreased rapidly, this level was
taken as defining cloud top height.

If however, as was frequently found in the tropical regions of Australia, no
inversion or isothermal layer existed, the presence of cloud was determined by both the
relative humidity and the lapse rate of temperature as measured by the sonde. Cloud was
considered to exist in the layer where the lapse rate of temperature was that of the wet
adiabat and the relative humidity was greater than 70 percent. The criteria applied then to
water cloud, are as follows:-

(i) Water clouds will exist in layers of more than 80 per cent relative humidity, as
measured by radio-sonde. When a stable layer exists and relative humidity falls rapidly
above this level, the cloud top will be defined by this level. If the temperature lapse corres-
ponds to the wet adiabatic, clouds may exist in the layer where relative humidity is greater
than 70 per cent, thus allowing for the possibility of towers extending into higher stable layers.

Since for temperatures below freezing the saturation vapour pressure over water
is greater than over ice, the relative humidity as reported by sonde in this temperature range
will inevitably be lower than the relative humidity with respect to saturation vapour pressure
over ice. For the detection of ice clouds this factor is important.

Figure 1 shows the relation between r.elative humidity with respect to saturation
vapour pressure over water and relative humidity with respect to saturation vapour pressure
over ice in the temperature range (°to -40°C (relative humidity is here defined in terms of
vapour pressures and not mixing ratios). Ohtake reported that in most cases of snowfall,
cloud observed from aircraft existed in layers of more than 70 percent relative humidity at
-10°C and in layers of more than 60 percent relative humidity at -20°C, humidity being
measured by radio-sonde. These values are close to 80 percent relative humidity with respect
to ice as shown in Figure 1.

Thus the criteria (i) mentioned above can also be applied to determine the existence
of ice clouds when the appropriate relative humidity is used.

In order to determine the occurrence of glaciation in a cloud, use is made of the
cloud temperature as reported by sonde. Mason (1957) refers to Peppler's observations of the
frequency distributiocn of cloud summit temperatures and nature of cloud elements, which show
a sharp rise in the number of ice crystals in the range -12°C to -160C. Cunningham (1951)
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reports observation of snowflake growth in a layer of cloud of temperature range -8°C to
-13°C, but on one occasion, rain apparently was formed entirely by coalescence even at -8°C,

" Bigg (1953) finds that cirrus clouds always appeared at heights where the tempera-
ture approached -30°C, no stratus clouds warmer than -13°C gave snow, and cumulus cloud
droplets commenced to freeze with sum mit temperatures of -130C, Dessens (1950) reports
that all clouds below -12°C observed at the summit of Puy de D8me contained ice crystals.
Jones (1956) reports that '"occurrence of clear ice formation on aircraft shows a significant
decrease in frequency at temperatures below -15°C'", suggesting that clouds of temperature
below -15°C contain many more ice particles than clouds at temperatures above -15°C,
Crossley (1961) summarizes that icing on aircraft attains the maximum frequency at -4°C to
-79C in January, and at -49C to -11°C in July, obviously showing that clouds of temperatures
lower than -12°C contain many more ice particles.

It is strongly suggested by all this evidence that glaciation begins in clouds in the
range -12°C to -15°C. Thus it is feasible that rain is mostly caused by the Bergeron-Findeisen
process when the cloud air temperature measured by radio-sonde is colder than -10°C, for
evaporating drops at the cloud boundary will assume, very nearly, the wet bulb temperature
of the environmental air (Kinzer and Gunn 1951, Tsuji 1950) and in addition there may be
some error in the temperature as measured by radio-sonde.

The criteria(ii) adopted to determine the existence of ice clouds in a layer are as
follows:-

Ice clouds will exist in layers of more than 75 percent relative humidity at -10°C
and in layers of more than 65 percent relative humidity at -20°C, and they may exist in layers
of more than 65 percent at -10°C and more than 55 percent at -20°C when the lapse rate of
temperature corresponds to the wet adiabatic, relative humidity being as reported by radio-
sonde (see Fig. 1).

Inthis investigation the actual existence of ice clouds (cirriform), middle level
clouds, and cumuliform clouds, is confirmed by visual observations at time of radio-sonde °
release. The above criteria were used to determine depths of clouds and temperatures of
cloud tops (strictly, the coldest temperature in cloud). Cloud depths and temperatures were
thus obtained for the 511 cases of rain occurrence at the time of sonde observations at the
fourteen radio-sonde stations scattered over Australia (Table 1).

When cirriform clouds were observed or expected, according to the above criteria,
above the general layer of precipitating cloud, consideration had to be given as to whether ice
particles from these cirrus clouds could fall into the precipitating cloud layer and thus seed
it and initiate the Bergeron-Findeisenprocess. It is expected that such natural seeding
would be particularly effective when the lower cloud extended into the temperature range -5°C
to -109C, and glaciation would not have been assumed according to criteria (ii). When the
lower cloud extended only into the temperature range 0°C to -5°C, it is doubtaal if the Bergeron-
Findeisen process would be effective due to the slight difference between saturated vapour
pressure over water and over ice in this temperature range.

It is well known that fall streaks from ice clouds can extend downward for several
thousand metres, e. g. the natural seeding of cumulus clouds with tops between 12,000 and
17, 000 feet by ice crystals falling from cirro-stratus cloud of base 28, 000 feet has been
observed (Cunningham loc. cit. ).

It is reasonable to regard the: maximum fall path of such ice particles as several
kilometers. However, as relative humidity cannot be measured by radio-sonde above 300 mb
or even 400 mb on many occasions, it is sometimes impossible to detect the presence of ice
clouds above an extensive cover of lower cloud. In these cases considerable doubt exists as
to whether natural seeding occurred; but as a first approximation, to allow for cases when
high ice cloud is known to exist, either by observation or by criteria (ii), natural seeding is
regarded as occurring when the lower layer of precipitating cloud extends to 700 mb and air
temperature at this level is in the range -5°C to -10°C. '
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. In this investigation "Coalescence' is then regarded as the rain producing mechanism
in all clouds when the coldest temperature in any part of the cloud is warmer than - 10°C,
consistent with the above criteria for natural seeding.

Whenever coalescence process rain was observed, some historical characteristics
of the air mass were determined as follows. Air mass trajectories were extrapolated for the
preceding two days, along the stream lines of the 700 mb charts (Isono et al. 1959), and
divided into three classes according to Squires (1958), who reported systematic differences in
microstructure between the various clouds formed in such air masses.

Squires types were: ''maritime cumul', including only those observed over the sea
in an unmodified maritime air mass, '"continental cumuli", those observed over land in an
air mass estimated to have spent at least two full days over a land surface; and "transitional
cumuli', which included those formed in an air mass which had been over the land for less than
two days. These clouds have marked differences in colloidal stability, and it appears that as
a cloud droplet spectrum characterised by a relatively large average droplet and maximum
droplet size favours the coalescence process, it is more likely that coalescence rain will e
associated with maritime cumuli than with the other types of cumuli. Therefore air masses
are defined as follows:-

Maritime air mass: An air mass that has been over the sea for almost two days.

Continental air mass: An air mass that has been over the land for at least two days.

'

Transitional air mass: An air mass that has been over the land for less than two days.

Air mass characteristics were determined in all cases of coalescence rain and for some cases
of ice crystal rain to illustrate a rather significant relatlonshlp between the rain process and
the class of air mass.

It is considered that air trajectories based on streamline analysis at 700 mb will
determine adequately the desired air mass characteristics, as most cases of air trajectories
at both 3000 feet and 700 mb studied at Adelaide for the 3 year period 1957-58-59 (Spillane
and Yamaguchi 1962) were well represented by the 700 mb trajectories alone.

Following the suggestion of Scheafer (discussion,International Conference on Cloud
Physics, Canberra 1961) rain from clouds in which the coldest temperature recorded is warmer
than 0°C is called " warm' rain, rain from clouds in which the coldest temperature is in the
range 0°C and -10°C inclusive is called "cool" rain, and 'ice crystal rain'' means rain from
clouds in Whlch the coldest temperature is below -10°C,

3. RESULTS AND DISCUSSIONS

(a) Coalescence Rain.

The monthly frequencies of rainoccurrence for each station are shown graphically
in Figure 2. The columns for each month at a particular station represent the number of
occasions of rain at the time of radio-sonde flight (release 2300 GMT) in 1960. These columns
are divided into three parts:-

(i) The frequency of occurrence of rain from clouds warmer than 0°C
throughout is shown by the shaded block (warm rain).

(il) The frequency of occurrence of rain from clouds in which coldest
temperatures were in the range 0°C to -10°C is shown by hatched block
(cool rain).

(iii) The frequency of occurrence of rain from clouds in which coldest
temperatures were below -10°C is shown by blank block (ice crystal
rain).
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The ratio (and percentage) of coalescence rain occurrences to all occasions of rain is shown,
and also ratio (and percentage) of warm rain occurrences to all rain occurrences is shown in
brackets. Frequency of the three types of rain at each station as associated with cumuliform
and stratiform clouds is shown in Table L while the frequency of coalescence rain as assoc-
iated with cloud type and air mass is given in Table 2. In Table 1 the relative frequency as a
percentage is also shown in each cell and sub-cell of the table. In both Tables 1 and 2 the
fourteen stations are broadly classified into ""Coastal" and "Inland", according to location,
while Darwin and Port Hedland are classified as '"North Western Coastal Stations' because of
certain peculiarities in their rain occurrences at the particular time of day studied.

From Figure 2 it is seen occurrences of both warm and cool rain increase with
decreasing latitude in the eastern coastal area of Australia, while in the western coastal areas
many cases are found at Guildford but no cases are found at Port Hedland. As is expected
the lowest frequency of warm and cool rain is found in inland areas.

From Table 1 we see that at inland stations warm and cool rain occurs on 35 occas-
ions out of a total of 124 occasions of rain, as against 133 out of a total of 347 at coastal
stations, i.e. 21 percent of rain occurrences inland were due to coalescence as against 38
percent in coastal areas.

The frequency of coalescence rain in inland areas is somewhat higher than was expect-
ed. However, Forrest and Woomera are included in the six inland stations, but it is possible
that maritime air could arrive at these stations with only slight modification in the population
of condensation nuclei. Twomey (1954, 1955) reported sea salt was carried without any re-
duction in concentration, in an air stream undisturbed by precipitation or convective cloud
formation, up to 700 miles inland.

The suggestion that coalescence rain may occur at Forrest and Woomera more
frequently than at other inland stations is confirmed in Table 1. Consequently, as a total of
only 18 cases of coalescence rain occurred at the other inland stations during 1960, and were
so evenly distributed, no deductions can be made regarding its dependence on latitude, or
location of station. These 18 cases constitute approximately 10 percent only of the total
occurrences of coalescence rain in 1960 which was 174. Table 2 shows the frequency of
coalescence rain in maritime, continental, and transitional air masses. Coalescence rain in-
land occurs more frequently in transitional air masses (60 percent) than in continental air
masses (40 percent); in particular, of the 11 cases of coalescence rain at Forrest 8 occur in
transitional air, while at Woomera all cases of coalescence rain occur in transitional air.

From Tables 1 and 2 it can also be seen that in coastal areas coalescence rain is more
frequently associated with cumuliform than stratiform clouds, but at inland stations no associ-
ation between coalescence rain and cloud type is apparent.

In general stronger up-drafts will sustain larger cloud droplets in cumuliform than
stratiform clouds, and thus enhance the probability of coalescence process rain from cumulus
clouds. On the other hand the water content in stratiform clouds is higher than in cumuliform
cloud of the same thickness, where entrainment of non-saturated environmental air is greater
(Singleton and Smith 1960). Hence the rate of growth of water drops in cumulus may not be
very different from that in stratiform clouds, in which weaker updrafts may be compensated by
higher liquid water content, and it is possible that the probability of coalescence process rain
from stratiform clouds is similar to that from cumuliform in inland areas.

In coastal areas the dilution of liquid water content in cumuliform clouds by entrain-
ment may not be appreciable, as the surrounding air may have high humidity in maritime air
masses. Moreover, the sea salt nuclei are sufficiently abundant to initiate the colloidal
instability by which the coalescence process produces rain. Therefore,a significant difference
between the frequency of occurrence of coalescence rain with cumuliform and stratiform clouds
is found only in the coastal area.

It seems likely that the coalescence rain occurring in continental air masses, though
only on 14 occasions out of 174, could be caused by initiation processes such as electrification
or strong turbulence.
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