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The painting on the front cover, John Constable's "Boat and Stormy Sky"(reproduced by permission
of the Royal Academy, London) is a fine example of a squall line as seen by a skilled artist. Constable was
a keen observer of the sky all his life and painted many cloud scenes.

Much can be learned by an acute observer about the nature of clouds. However, as a means of
predicting what will happen next such'observations are of little value unless they are supplemented by
theoretical studies of cloud behaviour.

Mathematical models of clouds can be developed from the equations which represent the physical
laws governing atmospheric motions. The solution of these equations is only possible with the aid of
modern high-speed computers. The back cover shows the cloud shape (white), air motions (black arrows)
and changes in air temperature (red, warmer; green, colder) which one such model developed by the
Division predicts would occur some 40 minutes after a moist parcel of air commenced rising in an initially
cloud-free environment-

The Division uses its instrumented research aircraft to observe and measure cloud properties which
can be compared with model predictions- The aim of this activity is a more comprehensive understanding
of the physical processes in clouds which lead to rarn.
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FOREWORD

Mankind has always been concerned about weather
and climate; however, it is only in the last few decades that
it has come to be recognized that Man, through his
agricultural and industrial activit ies, has the power to
affect the weather, perhaps adversely. During the same
time span it has also been realized that beneficial chanees
might-be achieved by deliberate intervention at crit i ial
stages in weather processes.

The extensive grazing and agriculture in historical
times have changed the nature of the land surface over
wide areas of the globe, with consequent changes in its
heat and water budset. Present-dav asricultural and
industrial activit ies, arid th. vehicles uied ior transporting
the oroducts of these activit ies. release vast ouantit ies of
matbrial into the earth's atmosDhere. The character and
magnitude of the changes in land usage and in
atmospheric pollution in their turn can have a marked
bearing upon changes in local and even global climate.

Clouds often play an important intermediary role in
these changes.  In  addi t ion to thei r  obvious ro le in
generating rain, clouds are important in that they can
reflect much of the incoming solar radiation back to
space. The amount and depth of cloud are clearly
significant parameters in determining how much rain wil l
fall or how much radiation is reflected, but it may not be
so obvious that the size distribution of the droplets of
which the cloud consists is of equal importance. We know
that the size and concentration of the cloud droplets
depends upon the character and concentration of
submicroscopic particles in the atmosphere; since a
significant proportion of these particles originates in
Man's activit ies we can see the important l ink between
those act iv i t ies and weather .

The Division of Cloud Physics is concerned with all
aspects of cloud behaviour. Its research covers the
chemical nature of the particles upon which the cloud
droplets form, the properties of those rare particles which
stimulate the freezing process, the way in which droplets
and ice crystals interact to produce rain, and the
cloud-scale or larger-scale processes responsible for cloud
formation. It uses a varietv of techniques and observing
platforms for its measurements. Laboratory facil i t iei
ranging from electron microscopes to wind tunnels are
used to study the properties of atmospheric particles and
cloud elements. Large balloons are used to send
recoverable instrument packages up to stratospheric
levels and instrumented aircraft are used to Denetrate the
clouds and measure their properties.

The overall aim of the research work of this Division is
to understand the desree to which Man's activit ies are
affecting weather and-climate through the effect of th,ose
activit ies upon cloud properties and to exploit this
knowledge by modifying cloud behaviour - for example,
in order to increase rainfall.

The Division is located some l6 km north-west of the
city centre in the Sydney suburb of Epping, where it
shares a building complex and many facil i t ies with the
Div is ion of  Radiophysics.

This booklet describes the recent work of the Division
and the current status of its research into cloud physics,
cloud seeding and the atmospheric aerosol.

The Division of Cloud Physics is one of four CSIRO
Divisions which are largely concerned with atmospheric
problems. These four Divisions, along with six others,
constitute the newly formed Institute of Physical
Sciences.



RADIATIVE TRANSFER IN CLOUDS

Solar radiation is the driving force which governs all
atmospheric motions and weather processes. Only about
50Va of the incident radiation is absorbed by the earth's
surface, the remaining fraction being either absorbed in
the atmosphere itself or reflected back to space. A major
factor in determining the fraction reflected is the presence
and abundance of cloud and the cloud microstructure.

dynamic and thermodynamic balance of the atmosphere.
Thus solar radiation and its interaction with cloud play an
important role in the determination of our climate and
weather.

When solar radiation is absorbed there will be
subsequent emission of radiation by the atmosphere and
the surface. Since the mean'temperature of the earth is less
than 300 K while the effective temperature of the sun is
6000 K, the energy spectra for the radiation emitted by the
sun and by the earth are widely separated; in particular,
radiation from the sun is a maximum at a wavelength of
0.5 pm and from the earth at about l0 pm. Because the
spectra are essentially distinct it is possible to treat the
solar and terrestrial (or infra-red) radiation fluxes
separately. The two types of radiation are affected
differently by clouds: solar radiation tends primarily to be

scattered and infra-red radiation to be absorbed and
emitted by cloud.

Theoretical work carried out within the Division has
indicated that the microphysical structure of a cloud has a
marked effect upon the way in which the scattered solar
radiation varies with wavelength. This suggests that
remote sensing of solar radiation reflected from cloud
tops can yield information on the structure of the clouds.
Information of this nature is a prerequisite when deciding
whether the clouds which occur in a particular region
would be suitable for cloud seeding undertaken with a
view to increasing rainfall. In the past when this type
of survey has been conducted over a defined area
instrumented aircraft have been used and many months
of observation have been necessary to assess a single site.
Large-scale surveys by this method would clearly be
impossible because of the high cost and the long period
of t ime involved. However, if remote sensing, from a
satell i te for example, were possible, many sites could be
examined simultaneously. At the present t ime therefore
the Division is engaged on a research program designed to
assess the ootential of such remote-sensing techniques. If
the program is successful it is hoped thatlhe equipment
under development wil l be placed in a satell i te, thus
permitting surveys on a national, or even global, scale.

The program init ially involves measurements from our
research aircraft of scattered solar radiation above cloud.
From these measurements our theoretical work allows us:
(l) to determine whether a cloud consists of ice or l iquid
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The cloud in the middte of the photograph is brighter than that in the foreground bec'aus.e: (i) sunlight
is being scatteredfrom it at t'loser to grazing incidence; (ii) its upper surface is smoother; (iii) its- 

droplets are smaller and there are more of them per unil volume.
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Schematic illustration of lhe spectrometer used to measure the re-
flectance spectrum of clouds. A reference spectrum of the incoming

solar radiation is periodically recorded b.y viewing the diffuser.

water; (2) to infer the mean droplet radius of the l iquid
water distribution. Measurements are also made from the
research aircraft of the microphysics within the cloud
which can be compared with the predictions.

Observations are obtained with a spectrometer and a
radiometer, both of which have a field of view of 2 . The
spectrometer records a spectrum of the solar radiation
every few seconds in the wavelength range 1.2 to 2.4 pm
with a resolution of about 0.01 pm. The radiometer

composed of droplets then the mean radius can be
inferred from the ratio of the reflectance at two
wavelengths near maxima in the reflectance spectrum -
that is, at wavelengths where absorption is small. The

\ \ . \ \
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CHOPPER

WAVELENGTH (pm)

The reflectance spectrum dependence on mean droplet diameter is
illustrated for a stratus cloud with an optical depth of 32. Using the
ratio of reflectances at 0.9 pm and 2.2 pm, it is possible to infer the mean

droplet diameter

measurement program is also intended to determine
whether the reflectance is affected sisnificantlv bv
inhomogeneities in the clouds; in p-articulari th-e
scattering of solar radiation from cumuliform cloud is to
be considered.

In a separate program of investigation measurements
of the radiation, microphysical and dynamical properties
of cloud are analysed and interpreted through the use of
mathematical models. Calculations using a model which
predicts the temporal development of a boundary layer
show that the absorption and emission of infra-red
radiation in stratus cloud greatly affect the dynamics of
the cloud. Emission from the surface, which is warmer
than the cloud, is absorbed by water droplets in the lower
regions of the cloud. The consequent radiative warming
evaporates some of the l iquid water in the lower half of
the cloud. On the other hand, the cloud top emits infra-
red radiation to space and cools; this allows additional
vapour to condense on existing droplets, thus increasing
the liquid water content. Thus infra-red radiation in
stratus cloud tends to produce an observed liquid water
profile which increases almost linearly with height above
cloud base. The radiative cooling at cloud top is much
stronger than the warming at cloud base, and so the main
dynamical effect of the radiation is to induce convection
driven from the cloud top. The fluid motion associated
with this convection has been measured from our research
aircraft.

306 e (K)

3 5 7 9 13 g(g kg- ' ) RADIATIVE COOLING RATE
(K per doy)0 02 0.4 0.6 0.8 r.0 Q (g kg-')

ProJiles of potential temperature, total specific humidily, liquid water
and infra-red rao"'*" 
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ctoud, as predicted bv

Calculations of the radiation in stratus cloud show that
continental cloud, with a high droplet concentration,
reflects much more of the incoming sblar radiation than
maritime cloud, with a low droplet concentration. Since
natural and man-made pollutants are expected to modify
the droplet distribution in cloud, they may also modify its
albedo and consequently the amount of radiant energy
reaching the earth's sur-face. In order to measure sudlr
modifications we are observing the solar radiation above
clouds in air contaminated by the plume from a copper
smelter and in clean nearby air. Although th-ese
measurements are straightforward above stratus cloud,
the interpretation of measurements abcive cumulus cloud
fields is difficult because radiant energy is exchanged
between the sides of the individual clouds.



MODELLING AND THE DYNAMICS OF CLOUDS

Clouds of their nature can significantly affect weather
and climate, so that any reliable predictions that can be
made about their behaviour wil l be extremely useful.
Indeed the aim of atmospheric science in general is to gain
an understanding of the processes which drive the
atmosphere in order that predictions can be made
regarding the future behaviour of these processes. On a
large scale the predictions may represent forecasts of
future weather or climate; on a small scale they may relate
to the behaviour  of  a s ins le c loud.

Such scientif ic predictions involve the use of
mathematical equations or models which represent the
various physical laws that are observed to govern the
atmosphere. Since our understanding of the atmosphere
is as yet incomplete it is important to compare the
oredictions with what actuallv occurs. Thus there needs to
be strong interaction between research programs which
provide measurements and the development of models
which use the measurements.

All the Division's activit ies involve some modell ing but
the main emphasis in  model l ing at  present  is  in  the study
of the dynamics of cloud.

Both cumulus and stratus clouds are dynamic, in the
sense that the air motion is turbulent and that cloud
droplets evolve from condensation nuclei less than 0. lp m
in diameter to precipitation particles with diameters of

'  
some mi l l imetres.  The turbulent  mot ion of  c louds causes
them to interact with the clear, ambient air, increasing its
heat and moisture content at their own expense. Indeed
one of the main effects of cloud is the stirring-up of the
atmosphere in such a wav that heat and moisture are
distributed throughout the troposphere (i.e. the region up
to a height  of  about  l0  km).

The particulate nature of clouds has two important
effects on conditions at the surface of the earth. Firstly,
clouds tend to reflect a large fraction of the solar radiation
and thus the ground in cloudy regions tends to be cooler
and more moist than it is in areas beneath clear skies.
Clouds therefore can significantly affect the weather and

climate of a particular region. Secondly, clouds are
concentrated sources of water which are carried by the
wind and so transport water from one geographical
location to another. Cloud-seeding projects often attempt
to exploit this property b.y triggering the release of
prec ip i ta t ion at  a g iven locat ion.  Quant i ta t ive predict ions
of weather and of the effects of weather modification
programs therefore require the development of models of
cloud processes.

O R I G I N  O F  C U M U L U S  C L O U D S

The cumulus c loud f ie ld is  one of  the most  prevalent
types occurring over both the land and sea. Cloud fields at
sea tend to be approximately steady-state, whereas clouds
over land suffer large diurnal variations because of the
low thermal capacity of the ground. The study of these
variations is rewarding in that they can give insight into
the or ig ins of  cumulus c louds.

On a c lear  n ight  the land cools by the radiat ive t ransfer
of heat to space. This cooling causes the lowest few tens of
metres of the atmosphere to become quite stably stratif ied
with a temperature several degrees less than that of the
over ly ing a i r .  Af ter  sunr ise the ground absorbs solar
radiat ion and i t  becomes hot ter  than the a i r  above i t .  The
resulting heat f lux from the ground generates convection
dr iven by buoyant  e lements (or  thermals)  which warm
and mix wi th the ambient  a i r  as they r ise.  The thermals
int rude into the over ly ing stable a i r ,  mix wi th i t  and so
increase the depth of  the mixed layer .

Both observations from our research aircraft and
theoret ica l  considerat ions imply that  the mixed layer  and
the cuiescent  s table a i r  above i t  are not  f la t :  rather .
patches of mixed-layer air extend up some hundreds of
metres into the stable region. Thermals cannot penetrate
far  in to the over ly ing stable a i r  and so the convect ion
layer is deepened only by those rare thermals that rise
through the top of  a mixed- layer  patch.
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The developmenr of a typit'alfietd of.fair-weather tumulus clo.ud over land is tra<ed lrom mid-morning (top lefr),
through ioon, to-o ̂ aximum in the earl.y afternoon and to the onset of deta.v in mid-afternoon (bottom right).
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Physical model of a convection layer mixed by thermals.

Thermals transport moisture as well as heat up from
the ground. Incipient cumulus cloud forms when the
moisture in a thermal condenses as it rises above the top
of the convection layer. It is clear from observations that
each cloud in a developed cloud field does not consist
simply of an isolated thermal which has risen coherently
from the ground, as is the case with incipient cloud. On
the other hand, the convection layer below cloud base is
the source of moisture for cumulus clouds. A comolete
model of a cumulus cloud field therefore requires some
specification of the sub-cloud region from-which the
clouds originate.

In modelling it is simplest just to consider convection in
the absence of moisture. A model of the dry convection
layer has been developed in order to predict the profiles
of potential temperature which develop when thermal
elements penetrate into a stable layer. Given an initial
state of the atmosphere, and making well-based assump-
tions regarding the structure of the thermal elements, the
model predictions are found to be in good agreement with
field observations. The observed extent of penetration of
thermals into the overlying stable regiori is explained
by assuming that when they become negatively buoyant
they detrain or Iose fluid into their environment; this
detrainment is associated with internal forces within the
thermal which cause some of the fluid to decelerate until it
moves with the environmental air.

The model has been extended to predict both the
properties of the convection layer where moisture is
Dresent and the time interval from the onset of convection
io the development of the first traces of cumulus
(incipient cloud). For this development of the model the
penetration region, which caps the mixed layer, is
assumed to consist of intermittent patches of mixed layer
air. Comparison of model predictions with laboratory
and field observations gives good support for the theory.

INDIV IDUAL  CUMULUS CLOUDS

In order to analyse the detailed behaviour of cumulus
clouds it is common practice to develop a mathematical
model of an individual cloud growing in a specified
environment. Such models involve non-linear partial-
differential equations which we solve numerically on a

CDC 7600 computer. Cloud models can be put into
categories determined by the number of spatial
dimensions that are resolved.

A onedimensional model predicts the temporal
development of the mean properties averaged over the

275 280 285
POTENTIAL TEMPERATURE (K)

Temporal behaviour of the potential temperature profile of the air
above a heated surface, as predicted by a mlathematical model.

horizontal cross-section of a cloud at a given level. Our
model allows the cloud radius to varv with heieht and
time, and downdraughts can be induced in the c'iear air
through which the cloud grows. The relatively simple
specification of the model ensures that its solution will not
tax the run-time or storage-space resources of the
computer. 

'Ihus 
a one:dimensional model is convenient

for 
-use 

in numerical -experiments involving many
solutions of the model equations in order to determine the
dependence of some cloud parameter upon another. Such
models also seem to be suitable for the study of the
detailed effects of the microphysical properties (such as
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Contours of liquid water density (g m-:) as afunction of timefor a cloud growing in an environment rcpped
by an inversion, as predicted by a one-dimensional model.

the effect of droplet growth) on the behaviour ofclouds.
Observations from our research aircraft show that the

liquid water density in a cumulus cloud tends to be
considerably less than that which would result from
lift ing saturated air from cloud base under adiabatic
conditions. This means that the entrainment of drv
environmental air into the cloud must be modelleil
carefully. A further observation is that cloud base
remains essentially constant throughout the active
lifetime of a cloud. Solutions of the one-dimensional
model imply that this result can be achieved only if there is
a continuous source of moisture at cloud base. This is
contrary to the usual init ialization procedure for cloud
models, in which a large saturated mass of air is
a,rbitrarily injected into the environment. It would appear
that a cumulus cloud is not formed by a single large
thermal rising above its condensation level; rather, a
cloud requires a steadier but weaker moisture source to be
provided from the convection layer beneath cloud base.

We have developed a two-dimensional cloud model in
which the motion is assumed to be axisvmmetric. This
model resolves both the radial and verticai structure of an
individual cumulus cloud, and the solution method is
devised to avoid errors arising from the numerical
{pproximations to the actual differential equations.
There is some saving in computer storage and run-time by
solving the model on a non-uniform horizontal grid such
that the grid-spacing increases away from the cloud axis.

The two-dimensional model is less constrained than the
one-dimensional model and so it can be used to test some
of the assumptions that are made in the derivation of the
one-dimensional model. The two{imensional model
takes account ofthe pressure field induced by a cloud: this
is generally neglected in one-dimensional 

-models. 
The

two-dimensional model is also used to studv the
conditions under which a cloud grows in a manne.
consistent with observations. As with the one-
dimensional model, it is found that a realistic cloud
cannot be init ialized by a single large moisture or heat
perturbation. A steady flux of moisture or heat from the
surface provides an appropriate source for a cumulus
cloud.

DOWNDRAUGHTS BEHIND SQUALL  L INES

Fields of individual cumulus clouds reDresent onlv one
of several types of cloud affecting tire t.oposphe.e.

l 0

Cumulonimbus clouds often develop in regions of strong
convection and the consequent storms sometimes
propagate horizontally if the wind profi le is appropriate.
Travell ing storms not only produce significant amounts
of precipitation but also tend to modify the air in the

behind the l ine. This descent produces a layer of sub-
cloud air in which the equivalent potential temperature is
constant.

700mb

Constant
0 layer

900mb

Gust lront

Air flow relative to a travelling squall line Descending
air produces a sub-cloud layer o.f constant equivalent

p o tentia I temperalure.

The profi les of potential temperature and specific
humidity in the sub-cloud region are affectid by
evaporation of precipitation from the cloud. We find

computer  l imi tat ions.
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STRATUS CLOUD

Whi le cumulus and cumulonimbus c louds are formed
basically by convection some clouds are associated with
the l ift ing of an air mass by a synoptic-scale low-pressure
system. Under these condi t ions the resul t ing st ratus c loud
has hor izonta l  length scales of  many 

-  
hundreds of

kil ometres. Prelim inary observations suggest that during
our c loud-seeding exper iment  in  western Victor ia ,
descr ibed later  in  th is  booklet .  the most  su i table
condi t ions for  seeding wi th s i lver  iod ide wi l l  occur  in  the
deep stratiform cloud of synoptic-scale systems. These
systems produce about 30%o of the spring rainfall in the
region, and contribute significantly to the general
c i rcu lat ion by t ransport ing heat  and moisture to h igh
lat i tudes.

Although a low-pressure system has a l ifetime of
several days, the intense rain at a given location on the
ground falls over a period of about I2 hours. Information
about the rain process can be derived from data, collected
during frequent rawinsonde ascents, which reveals the

72_60_48_36_24  12_0
T IME INTERVAL (h )

2oo
20"

30"

40"s

Surface presure ntap -rhon'ing a lorL'-pressure .r.t'stem mov,ing over Victoria and producing
deep stratifbrm tloud. The satellite photograph w,as taken on the same day.
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general structure of the system as it passes a ground
station. By estimating the large-scale horizontal gradients
of heat and moisture it is possible to calculate the vertical
velocity f ield required to obtain the observed temperature
and humidity profi les. The rainfall at the ground can then
be predicted. The calculation takes into account the
effects of both cloud water, which moves with the air, and
rain water, which falls relative to the air motion. This one-
dimensional model of-a synoptic-scale system is useful for
studying the consequences of varying the microphysical
properties of 'stratus cloud, and so it is relevant to our
current cloud-seeding experiment.

The precipitation from a low-pressure system is
maintained by synoptic-scale l ift ing of the air mass, but
studies in  the U.K.  and the U.S.A.  imnlv that  the ra in is
intermittent and is associated with meioscale rain bands
having horizontal scales of 50 to 100 km. Any detailed
analysis of low-pressure systems must therefore take into
account these mesoscale features of the motion. Research
into these matters is planned for the future.
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Contours of retative humidit.y (70) measured during the pa.ssage r2[a ]ow,-prcssure s.r,stem
over Vi(toria (le.[t ) and the (ontours of vertical velo< it.t' (cm s-t ) for the same s.t,stem derived

by, a one-dimensional model
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AIRBORNE PARTICLES. WEATHER AND CLIMATE
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Much of the Division's work is concerned with
deliberate attempts to increase rainfall by adding ice-
forming particles to clouds, but attention is also paid to
the possibility that rainfall may be altered inadvertently
as a result of Man's activities.

The ability of a cloud to rain is influenced not only by
the number irf ice-forming particles in the air in whictrit ii
growing but also by the size and concentration of its cloud
droplets, which in turn are influenced by the size
distribution and concentrations of the soluble particles
suspended in the air. When large numbers of such
airborne particles are present, cloud droplets are more
numerous and hence smaller than if the cloud had been
formed in cleaner air. The chance is correspondingly
reduced that the small drops will collide, coalesce, and
form raindrops. As we know, many of Man's activities
produce very large numbers of soluble particles that
remain suspended in the air until caught up in cloud
drops or washed out by rain. Therefore any increase in
the concentrations of such particles originating in
industrialized areas upwind of agricultural land would be
a cause of concern, since any changes in average rainfall
can have important economic consequences.

Any large-scale change in concentrations of water
drops in clouds can affect not only rainfall but also the
fraction of the sun's radiation which reaches the earth's
surface. Increasing the concentration increases the
fraction of sunlight reflected by the clouds. On a large
scale, the amount or distribution of energy available for
driving the world's weather systems could thereby be
affected, with repercussions for global climate.

There are three main questions to be answered about
airborne particles:
(l) Are the particles active in cloud droplet formation

mainly natural or are they man-made?
(2) Are their numbers likely to increase with increasing

industrialization?
(3) What are the overall effects of the particles on

rainfall production and climate?
The ways in which the Division is attempting to answer

these questions are as follows.
First, we have made airborne surveys over as much of

Australia as possible to find the nature and sources of
existing particles. Of course the conditions change with
time - bushfires, droughts and floods cause natural

DISTANCE FROM WEST COAST ALONG ARC OF 167km
RADIUS CENTRED ON PERTH AIRPORI

Isopleths of Aitken particle concentration measured 167 km
down-wind of Perrh on Sundav 22 Mav 1977 at 1300 hrs local time.

changes, while increasing population leads to a change in
the balance between natural and man-made particles.
Repeated surveys are therefore required.

Secondly, in order to observe more closely changes in
particle concentrations long-term measurements are
being made at Cape Grim, a remote site on the west coast
of Tasmania. At the same time measurements are beins
made of other quantities that mieht influence climatel
The results should sive some insilht into the extent to
which particles frim the popuiated regions of the
southern hemisphere can penetrate towards the South
Pole.

The third question is undoubtedly the most important
and will certainly be very difficult to answer. We know for
certain that increasins the concentration of airborne
soluble particles increises the cloud droplet concentra-
tion, thus reducing the probability of rain in an individual
cumulus cloud in a period of say 30 min. However, the
effect upon clouds with longer lifetimes is not quite so
certain. The effects are likely to be even more complicated
when as well as an increase in small particles there is a
simultaneous addition of very large soluble particles and
ice-forming particles, both of which may accompany
certain particle-emitting processes. In an attempt to solve
this problem we are comparing the rain from clouds
which form in the plume of particles from a very strong
isolated source with that from clouds which form in clean
air nearby. Many preliminary measurements have been
made of the concentration of particles present in the
plume at different distances from the source.

SURVEYS FROM AIRCRAFT

A Cessna-402 aircraft was fitted out with an air intake
on the nose and a variety of particle counting and
collecting devices, and flown long distances, sampling
at levels ranging from close to the ground to above the
cloud tops in a sequence ofascents and descents. Centres
of population were avoided, except for special studies
of large sources such as Kwinana-Fremantle-Perth,
Newcastle-Sydney-Wollongong, and smaller isolated
sources such as Broome and Carnarvon.

There are many possible sources of small particles in
the atmosphere and our aim has been to find their relative
importance. Smoke from fires, wind-blown dust, sea
spray, particles exuded by forests or other vegetation,

km

The Cessna 402 aircraJt used/or aerosol research.
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rotting seaweed and combinations of reactive gases - all
these have been suggested as important natural sources.
Our surveys have so far shown that while wind-blown
dust and sea spray provide the majority of very large
()2 pm diameter) particles, they provide a negligible
proportion of the much smaller (0.02 to 0.2 pmdiameter)
and far more numerous particles active in cloud
formation. Most of the small particles seem to be
ammonium sulphate; whether of natural or industrial
origin these small particles probably cgme from reaction
of sulphur dioxide with water vapour to form sulphuric
acid, followed by combination with ammonia. Of the
natural sources, f ires (many of which are not really
"natural") probably provide the greatest number of
particles. However, the output from urban or industrial
areas where fuel containing sulphur is burnt or refined, or
where sulphide ores are processed, is so great that it is
probable that most sulphate particles are man-made. A
city complex such as Kwinana-Fremantle-Perth produces
in excess of l0re particles per second which aredetectable
at immense distances downwind of their origin.

This work has shown clearly that the potential
for weather modification throush industrialization is
present. It remains to be shown 

-whether 
such modific-

ation is on a large scale or insignificant, deleterious or
beneficial.

GROUND-BASED MONITORING
FOR CLIMATIC CHANGE

Climate is very variable in time and space, and the
reasons for this, of which there are probably many, are
largely unknown. There is unfortunately l i tt le chance in
the short term of f indine a cause-and-effect relationshio
between changes in itre type or concentration cif
atmospheric particles and changes in climate. However,
by long-term monitoring of many probable causes of
climatic change in a region well-removed from sources of
pollution, we may eventually be able to separate out those
causes that are significant. With this in mind a small

Annual wind directionfrequency distribution at Cape
Grim. Note that winds from between west and south
are those most likely to be free of local pollution and
thal these winds occur nearly 607o of the time.
The inset shows the location of Cape Grim at the

north-west tip of Tasmania.

network of stations has been established under the
guidance of the World Meteorological Organization,
with Australia providing a base at Cape Grim in north-
west Tasmania. Early inl979 the Government announced
that a permanent station would be built to replace the
temporary trailer used since April 1976.

The CSIRO Divisions of Atmospheric Phvsics and of
Cloud Physics are both investigit ing the potentially
important sources of climate change. The Atmospheric
Physics program aims at measuring and interpreting
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The haselinestation is situated on the highest point o/'the headland at Cape Grim
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changes in the concentration of important atmospheric
trace gases, including carbon dioxide, ozone, nitrogen
oxides, and freons. This program will be extended to
include sulphur dioxide. Our own work is principally
concerned with atmospheric particles. The number,
nature and size distribution of atmospheric particles are
investigated routinely and studies are made of the short-
term and long-term variations. In addition we have
commenced to measure the concentration of ammonia
gas - data which is important in determining the sources
of particles produced in remote locations.

Most of the large particles observed at Cape Grim are
sea-salt - as might be expected for a site on the edge of a
cliff overlooking the sea and exposed to fierce gales -
whereas most of the smaller narticles are ammonium
sulphate.  Occasional ly  however urban pol lu t ion f rom
Melbourne, about 400 km to the north, is very obvious,
becoming the dominant  aerosol .

EFFECT OF POLLUTION ON RAINFALL

In the course of our aircraft surveys of particles it
became clear that the copper and lead smelters at Mt. Isa
in Queensland were a remarkably rich source of particles
in an otherwise clean environment. Mt. Isa is in generally
flat terrain which extends out to great distances.
Orography therefore plays no part in the rainfall
distribution. The area is thought to be particularly
suitable for comparing rainfall in a polluted zone with
rainfall in nearby unaffected air.

We first studied the way in which the plume disperses,
by flying through it at different levels at a sequence of
distances from the chimney stacks and constructing
contours of particle concentration for each distance. The
most important features to emerge were that at distances
of 50-500 km the angular plume width stayed more or less
constant with a soread of 20-30" irresoective of distance
from the source and that the total number of particles per
second crossing a plane perpendicular to the wind
(particle "flux") at f irst decreased with distance and then

l 4

increased. The init ial decrease was due to coll ision and
coagulation of the highly concentrated particles. As the
plume spread through an ever-increasing volume the
importance of coagulation decreased in comparison with
particle generation from the sulphur-containing gases in
the olume.

2x 10€
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APPROXIMATE PLUME AGE (h)

0 ' 5  1  2  3  / .  5 6 7 8 9 ' 1 0  1 5  2 0 2 5

50 100 500
DISTANCE FROM MT ISA (km)

Variation of Aitken parti<leflur in the plume as a /unction ol
distance from Mt lsa The measurements w,ere made in June

1976, Mav 1977 and February' 1978

Near the stacks the par t ic les were most ly  su lphur ic
acid, which has a very distinctive appearance when
captured on a surface and viewed by an electron
microscope; this material was gradually transformed to
ammonium sulphate as i t  dr i f ted downwind,  presumably
through react ion wi th the t races of  ammonia which are
always present  in  the atmosphere.

Prel iminary observat ions have been made in c louds
forming in the area. The clouds examined so far have been
al l  smal l  to  medium cumulus,  general ly  conta in ing more
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and smal ler  drops when growing in the p lume than in the
clean air nearby. An increase in drop concentration and
decrease in d rop size would be expected to delay the onset
of precipitation, as was in fact observed in the only clear-
cut case of precipitation so far studied.

The overall effect on precipitation wil l require a lengthy
observation program. Much of the rain that falls in the
area is in the form of heavy storms, therefore, just as with
cloud-seeding, it wil l not be easy to determine whether an
observed increase or decrease in rainfall is directly
attributable to the man-made oarticles unless of course
the d i f ferences are large and bonsistent .

r  17km

lsopleths rt/ Aitken purtitle (onrchtration, in thousands per
tubi t 'cenl imetre,  measured bt  t rovert ing the Mt Lsa plume
The measurement v ds rnade 185 knt dou'nu ind o/ Mt Lsa on
l6 June 1976 at  1045 hrs lota l  t ime The aircraf i  parhs are shoun

ht broken line.s

O T H E R  C A U S E S  O F  C L I M A T I C  C H A N G E :
STRATOSPH ERIC  PARTICLES

Whi le par t ic les in  the lower atmosphere have a
potential for influencing climate through their effects on
clouds.  those suspended above the weather  regions can
affect ground temperatures. By absorbing more radiation
than they emit  s t ratospher ic  par t ic les increase the
temperature of  the a i r  around them and correspondingly
reduce the net  amount  of  radiat ion avai lable at  the
ground.  For  example,  general  cool ing at  ground level
usual ly  fo l lows major  vo lcanic erupt ions.  which great ly
increase the load of  par t ic les in  the upper atmosphere.

For  many years the pr imary means of  s tudying
stratospher ic  par t ic les has been by d i rect  co l lect ion.  us ing

16-22 km

f 
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fcounter
I

0 1  1 0
RADTUS ( f  m )

.Size di.st ributiont rl stratospherit partitles
tletermined using imJtatlion antl in-situ

photo-elettrit detetrit;r't te(hniques

equipment carried on balloons and later retrieved. More
recently we have also used methods of counting and sizing
the particles while they are sti l l  in the stratosphere by
using their l ight-scattering property. This method avoids
the oossibil i tv inherent in the direct-collection method
that the particles could evaporate or undergo change
between collection and examination. Impaction
techniques are. of course. sti l l  necessarv to allow us to
study ihe chemical nature of individual particles. The
light-scattering method has allowed direct assessment to
be made of the efficiencv with which imnactors collect

A lorge heliunr.lilled hulloon \larl.t it\ ustcnt tarrring partitle-
sensing cqui l t r t tenl  to ahout 30 knt  a l t i tude

part ic les in  the st ratosphere in  p lace of laboratory-based
or theoret ica l  va lues of  th is  ouant i tv .

Changes that  occur  in  the s i ratosphere can be
moni tored f rom the ground by opt ica l  radar  ( " l idar")  or
by l ight  scat ter ing observed f rom a sate l l i te .  However,
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such results can be interpreted only when the particle size
distribution and composition are known in detail. For
example, remote-sensing procedures might result in
misinterpretation or failure to detect the very obvious
differences in nature of the aerosol particles shown in
photographs (a) and (b) (below), even if they scattered
light differently.

(a) O)
Particles with very,different appearances collected in February 1977 (a)

and July 1977 (b), from approximately the same altitude (18 km).

THE CHEMISTRY OF AIRBORNE PARTICLES

In our interpretation of the origin and importance of
particles we rely heavily on our knowledge of their
chemical nature. The larger particles - salt spray and
dusts (which constitute the greater part of the total mass
of suspended material in the atmosphere) - are usually
quite different in nature from the smaller, more numerous
particles which are of significance in cloud and rain
processes. If we wish to obtain information about the
chemical nature of the small particles it would be
misleading to collect a large sample containing a mixture
of all the particles present and analyse it by conventional
chemical techniques. To determine the importance of the
atmospheric particles for their effects upon weather we
need to be able to identify a few particular substances,
notably sulphuric acid and ammonium sulphate - the
major components of most atmospheric particles. We
also need to be able to obtain some estimate of the mass of
these substances in individual particles weighing no more
than l0-r5 g. Such tests have now been fully developed
and are routinely used.

The particles are collected on an electron microscope
grid that has been precoated with a thin layer of silicone
oil; the particles are then "shadowed" by vacuum
evaporation of barium chloride, followed by silicon
oxide, at an angle such that the "shadows" (where no
chemical is deposited) are twice as long as the particle is
high. Next the grid is exposed to a high humidity for an
hour or so and the particles re-examined under the
electron microscope. Sulphates leave tell-tale rings of
barium sulphate around the outline of the particle and its
shadow of inert insoluble silicon oxide. The ratio of the
size of the rings to the size of the original particle allows
the proportion of sulphate to be estimated.

Even though the accuracy limits are wide by some
standards, the estimation of the proportion of sulphate in
such tiny particles is still a remarkable achievement.

t 6

Masses of as l itt le as l0-r7 g of sulphate can be
determined to within about 407o. A similar test has been
developed for nitrate, but it has not proved easy to make
quantitative. Further development work on other tests
would be of great benefit in the study of small airborne
particles, even though the sulphate test covers such a high
proportion of them.

SMALL-PARTICLE PRODUCTION

We can divide atmospheric particles into two classes:
giant particles are those larger than about 2 trrm diameter;
small particles, including the Aitken nuclei, are those
which extend in size almost down to molecular
dimensions, or about 0.001 pm diameter.

Giant particles are produced by mechanical disruption
of macroscopic objects. For example ,large salt particles
are produced at the ocean surface by wind-blown spray or
by bursting bubbles; crustal weathering on land leads to
the large crystall ine particles of which wind-blown dusts
are composed. Although giant particles often represent
the greater part of the mass of airborne material they
usually account for only l/6 or less of the total number
concentration of atmospheric particles. It is the more
numerous small particles that determine how many cloud
droplets are formed in a parcel of rising air under given
environmental conditions.

The special fraction of Aitken nuclei which participates
in cloud droplet formation is that fraction of soluble
particles with diameters larger than approximately

0.03 01 I  3
REACTION RING DIAMETER (/.rm)

Results of the thin film rcsr for sulphate applied to
particles collected from the Mt. Isa plume. 370 km
downwind of Mt. Isa, on 16 May 1977. Parricles com-
posed entirely of ammonium sulphate should give
data points which lie between the two straight lines.

0.02 pm. The most common of these particles are
composed of ammonium sulphate. We would l ike to
know how these particles are formed in the atmosphere
so that we can understand why their concentration
changes in space and time and the degree to which
industrial processes are important in these changes.

gaseous precursors - i.e. ammonia and sulphur dioxide.
The latter is oxidized to gaseous sulphuric acid prior to
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the formation of condensed-phase sulphuric acid or
ammonium sulphate particles.

Techniques have been available for some time for
measuring sulphur dioxide at the parts-per-bil l ion level
usually encountered in unpolluted regions. Until recently
however it was possible to make similar measurements of
ammonia only in the laboratory. In order to measure the
very low ammonia concentrations which occur in the arid
continental or remote marit ime areas in which we are
interested it has been necessary to develop an alternative
to the usual ammonia detection methods. In our method
air containing ammonia is passed through a fi l ter
impregnated with oxalic acid, which reacts with the
ammonia. The resulting ammonium oxalate is then
concentrated in a thin ring by washing it from the centre
of the fi l ter to a heated outer ring, where the solvent
evaporates. A specific reagent is applied to the paper to
give a dark colour to the ring, the intensity of which
depends on the amount of ammonium ion present. The
test is made quantitative by comparing the intensity of the
ring with that obtained by using standard ammonia

concentrations in summer of about I ppbV over central
Australia in the mixed layer and about one-fifth this value
over the oceans south of the continent. In winter these
values may be reduced by a factor of three.

vapour pressure as a function of acid concentration and
temperature. One method uses the ring oven technique,
this time detecting the sulphate ion rather than ammonia;
another involves measuring the change in conductivity of
water through which acid vapour has been bubbled;in the
third a measurement is made of the pH chanse in water
exposed to a known volume of acid^vapour.-

The final piece of information needed for our
understanding of the particle formation process is the
size distribution of the small ammonium sulphate
particles in the atmosphere, particularly in the diaireter
interval 0.001 to 0.2 pm. Reliable measurements have

cally the init ial particle size distribution.

LONG-TERM EFFECTS OF
PARTICLE POLLUTION

The programs described above are essential to an
understanding of the processes by which small sulphate
particles are formed, both in remote areas suCh as
Cape Grim and in regions of high sulphur dioxide
concentration such as in the Mt. Isa plume. It is estimated
that human activit ies contribute between one-third and
one-half of the total 200 mill ion tonnes oer vear of
sulphur at present injected into the earth's atmoiphere.
This fraction appears to be increasing, and it is clear
therefore that an understanding of the particle generation
process is essential if we are to assess the effects of human
activit ies on the global environment.

Partitles ('ontaining soluble sulphate react with a thinfilm of barium chloride to protlu<'e rings of insoluble
barium sulphate Left, ammonium sulphate particles: right, sulphurit' atid partit'les.



I
I
I
I
I
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

A NEW CLOUD PHYSICS RESEARCH AIRCRAF]

The Division has recently acquired a Fokker
Friendshio F-27. which has been modified to enable it to
play its new role as a research aircraft. It replaces a DC3
which has been used for cloud phvsics research for the last
20 years.

An instrumented research aircraft is sometimes
described as a "flying laboratory"; a more realistic term
might be "flying observatory", because in cloud physics
few experiments, in the laboratory sense, are performed
in fl ight. The main function of the airborne system is to
make measurements and take samples during fl ight and
store the results for processing and evaluation in the
laboratory.

The instrumentation consists of three principal
sect r o ns.

(i) Sensors mounted externally on the aircraft to detect
certain properties of the atmosphere.

( i i )  Processing c i rcu i ts  and devices,  carr ied in  the a i r -
craft cabin, to convert the sensor signals and
samples to storable form.

(i i i) Storage systems for the data and samples.
Much of  th is  inst rumentat ion has been designed and

bui l t  by the Div is ion.
The purpose of each research expedition is carefully

defined and the array of sensors mounted on the aircraft is
selected accordingly. An economic and scientif ic
advantage of a large aircraft, l ike the F-27, is that the
equipment for more than one research team may be
carr ied on many f l ights;  jo int  miss ions produce more
comprehensive data and somet imes y ie ld solut ions to
problems more quickly and cheaply than individual
operatlons.

I t  is  convenient  to  descr ibe the inst ruments in  terms of
the properties they are designed to measure.

P R E S S U R E .  T E M P E R A T U R E  A N D  H U M I D I T Y

Measurement of these fundamental properties of the
atmosohere and thei r  var iat ions wi th heieht .  locat ion and
t ime is  essent ia l  to  a lmost  a l l  a tmolpher ic  physics
research.

Static pressure, which is a measure of alt itude, and
dynamic pressure, a measure of forward speed of the
aircraft, are both registered by electrical sensors which
communicate with orif ices on the fuselage, nose and wing
tios of the aircraft.- 

A variety of electrical thermometers is used to
determine the temperature of the air at f l ight level. The
mean temperature, averaged over about 5 s, can be
determined with high absolute accuracy - a few
hundredths of  a degree Cels ius -  but  f luctuat ions in
temperature at frequencies as high as l0 times a second
are obta inable at ,  perhaps,  only  hal f  th is  absolute
precis ion.  At  temperatures below the f reezing point  of
water  the thermometer  housing has to be de- iced by a
heater  and consequent ly  a lower accuracy has to be
acceoted.

The water  vapour content  of  the a i r ,  or  humidi ty ,  is
measured by the additional use of wet-bulb thermometers
or  by sensing the temperature at  which dew forms on a
pol ished p late.

The top tircular housing (ontains a fine-wire resistance
lhermometer lo sense dry air temperalure fluctualions:
below it another lhermomeler, covered with a cotton witk,
tneasures u'et-bulb lemperature To the right a more robust,
wel .sensor is used for in-cloud measuremenls A t'on.slanl-
water suppl.t, to the wicks is maintoined by the <'ontainerwith

tubes attached.

AIR  MOTION

The most familiar is the mean horizontal motion - the
wind - which varies with height above the surface and
wi th t ime.

There is often alscl a mean vertical motion, generally of
much smaller magnitude, and there are small-scale
fluctuating eddy-like movements of the air describable
by such terms as convection and turbulence.

To measure the velocity of the air from an aircraft in
mot ion the a i rcraf t 's  own al t i tude.  soeed and d i rect ion.  in
a three-dimensional  sense,  must  be d 'etermined in re lat ion
to the ground. The velocity of the air relative to the
aircraft must then also be measured. Three separate
systems are in use in the F-27 to satisfy the requirements
of the scientif ic research programs currently in progress.

The horiz-ontal wind at f l ight level is measured by
transmitting a radar signal from the aircraft and receiving
the energy reflected back from the ground; this radar
operates equal ly  wel l  in  c lear  a i r  and in c loud.  The
difference in frequencv between transmitted and received
signals, or Doppier frequency, together with the airspeed
measured by the pressure sensors,  enables the wind
veloc i tv  to be comouted.



Small-scale air motions due to eddies ranging in size
from about l0 m to 500 m are measured by means of a
gyro.scopically stabil ized platform . in. the cabin and
sensltlve motlon-senslng vanes attached to an extension
of the nose of the aircraTt. At a distance of several metres
ahead of the nose the disturbance to the air by the aircraft
itself is negligibly small.

A flow-direction sensor is shown extending from the nose of a model
of the F-27 aircraft during wind tunnel tests. The nose of the actual
aircraft had to be extended to enable instruments to be mounted in air

undisturbed by the presence of the aircraft itself during flight

The design of this nose-cone was based on the results of
experiments in a wind tunnel during which precise
measurements of the air f low around a scale model of the
aircraft were made.

In addition, a less accurate gyro-system determines air
movements which are on a scale large enough to perturb
the aircraft f l ight path itself; this instrument is adequate
for some types of research in turbulent clouds.

CLOUD DROPLETS AND ICE  CRYSTALS

Instruments to measure the concentration of droolets
in various size ranges are carried by the aircraft. Some of
these instruments rely upon the optical effects produced
when cloud particles are swept through a laser beam;
many thousands of droplets are automatically counted
and their siz.es estimated in each second as the aircraft f l ies
through c loud.

One recently acquired instrument of thjs kind is
capable of producing two-dimensional images of particles

.  5 0 c m

The larger instrument measures the size, shape and number densitv
of ice tr-ystals in cloud.y The smal/er tount.s and.tize.s t'toud waler
droplets Both in;truments dete(t the light scattered.from laser beams as

particles pass through them

20

and is particularly effective in determining the shapes of
ice crystals.

For some purposes, particularly in measurements
associated with the application of cloud-seeding
techniques. it has been found desirable to slow frasile
crystali down from fl ight speed to an extent wh]ch
permits them to be impacted on an oil-covered fi lm
without shattering. They may then be examined visually
or imaged with a camera. Special equipment has been
built by the Division for this purpose.

CLOUD WATER CONTENT

By adding up the volumes of all the droplets in a given
volume of cloud it is possible to calculate the
concentration of l iquid water. knowledee of which is
essential for many research projects. Info-rmation about
droplet volumes can be obtained from the instruments
described above; however, a separate instrument has been
devised to measure the l iquid water content directlv.
Another new instrument h;s been desiened to measuie
the total concentration of water substande, i.e. the sum of
that in the l iquid and that in the vapour phase.

Cloud air enters lhe conical nose at the left-hand end of the lower
instrumenl. is heated to evaDorote all water and ice and is exhau.rted at
the other end. Vapour tomintration inside the instrumeil is measured
to delermine total water conceilration The upper instrument deter-
mines liquid water in rloud from the heat ktst from the thin rod seen

within the t'ylindrit'al housins

RADIAT ION

The radiant energy received by the earth from the sun is
the primary driving force of nearly all atmospheric
phenomena. To understand the ways in which this energy
is partit ioned between various atmospheric processes we
need to measure radiant power per unit area, or f lux, at
various wavelengths from ultra-violet to infra-red and in
var lous o l rect lons.

The aircraft is equipped with several radiometers of
different capabil it ies; one operates in a wavelength band
which is  not  appreciably  absorbed by the const i tuents of
the a i r ,  and so when pointed downwards i t  is  capable of
measuring the temperature of the ground or sea over
which the a i rcraf t  is  f lv ine.

,  2 0 c m
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Other radiometers measure the fluxes of radiant energy
received from the sun or re-radiated from the earth or
from clouds; some measurements give information on
microphysical properties of clouds, i.e. droplet size and
concentratlon.

Radiometers mounted inside this pod are exposed to the environment
via lwo mirrors and corresponding slots in the cover The mirrors
rolate lo enable radiant flux to be measured in a number of discrete

angular direclions between vertically upwards and downwards.

AEROSOLS

The atmosphere contains vast quantit ies of t iny
particles some of which are of major importance in cloud
Drocesses and all of which have some relevance to the
amount of the sun's radiation which reaches the surface of
the earth.

The aircraft is equipped with a variety of instruments to
detect and collect aerosol particles varying in size over an

enormous range - from less than a hundredth of a
micron to those visible to the human eye. Samples of air
are taken through a carefully positioned orifice on the
skin of the aircraft and the particles they contain are
impacted on minute grids which are subsequently
examined in an electron microscope. Particles collected in
this way are analysed by chemical techniques devised by
the Division and described elsewhere in this booklet. In-
flight measurements of particle size and concentration
utilize the optical effects which are observed as the
particles pass through a beam of l ight.

INFORMATION STORAGE

Nearly all the processing and scientific evaluation of
the observations collected in any airborne mission is
carried out in the laboratory after completion of each
field expedition. During the fl ights however some
computation and study of the data may be necessary to
adjust tactics according to the prevail ing circumstances.

The principal data processing and storage system on
board the aircraft is a powerful mini-computer, especially
"ruggedized" for the aviation and militarv environment,
which controls the recording of instrument signals on
magnetic tape. Some of the instruments have their own
individual subsidiary magnetic tape recorders and pen
recoroers.

Not all of the information can be collected in numerical
form; samples of cloud particles and aerosol particles
must be returned to the laboratory for further study, and
facil it ies are provided for these purposes. Additionally
there is the familiar photographic process for information
storage, and cameras carried in the cabin and mounted in
pods externally are used to obtain pictorial records of
clouds and other meteorological phenomena-

The F27 aircraft as instrumented in 1979. Instrumenls sre
located around the fuselage forward of lhe propellers The
instruments at the numbered positions are listed below:

I IJltra-violet radiation transmissomeler for measuring
average size of cloud particles Upward-facing radiometer
and total temperature sensor are also carried on this mounl-

2 Raindrops are (ounted and measured as they sweep through
the laser beam in thi.s inslrumenl.

3. Scanning radiometer for measurement of visible and infra-
red radiant energy in directions from verticalll, upwards lo
downwards

4 Sizes and numhers of very small cloud droplets are deter-
mined from scattering of laser light in this unit.

5. Ice crystals are deceleraled before capture in this sampler to
prevent shattering.

6 ln/ia-red spedrometer for estimating t:loud particle size
distribution

7. Optircl instrument for counting and imaging irc tr.vstals and
water dr(,plets in clouds.

8. Assembl.v of an instrument for measuring liquid water
(oncentration in cloud (part of (l), the U-V tran.tmisso-
meter) and o reverse /Iow' thermomeler

2 l



STUDIES OF ICE CRYSTALS IN CLOUDS

It is a matter of experience that rain onlv falls from
clouds that are reasonably deep. This is particularly true
over the land, but even over the sea clouds less than about
I  km deep seldom produce ra in.  However,  c loud depth
alone is not a sufficient condition for rain production -
there needs to be an active mechanism for producing
cloud particles that are big enough to fall to the ground as
raindrops. In marit ime conditions, for example, big cloud
droplets may originate by condensation on giant sea-salt
particles. Where the tops of the cloud are cold enough the
formation of ice crystals can provide a mechanism for
starting the rain process. Ice crystals grow by sweeping up
droplets to form small pellets or "graupel" and these
subseouentlv melt and f 'all as raindroos.

Natirral i ie crystals are thought to form upon tiny dust
particles in the air, the "ice nuclei". Our early studies of
artif icial clouds in laboratory cloud chambers showed
that ice crystals only formed in concentrations of more
than I per l i tre at comparatively low temperatures, about
-20'C. Their apparent rarity encouraged the belief that

In other  types of  c loud,  in  par t icu lar  shal low layer
c louds,  we found that  the ice crysta l  populat ion
conformed much more closely to that expected from the
ice nucleus measurements.  Invest igators in  Israel
reported that there was no evidence of ice crystal
"mul t io l icat ion"  in  thei r  cumulus c louds -  which were
different from the ones we had studied in that they
conta ined much larser  concentrat ions of  much smal ler
c loud droplets.  The dontrast  in  the ice crysta l  populat ions
is  i l lust rated in  the adjo in ing f igure.

LABORATORY EXPERI  MENTS
IN  ICE  CRYSTAL  MULTIPL ICATION

In at tempt ing to understand the mul t ip l icat ion process
we have used instrumented aircraft to study natural
c louds in  order  to speci fy  as c losely as possib le the
conditions necessary for the mechanism to function. We
have a lso conducted laboratorv exper iments to imi tate
possib le mul t ip l icat ion mechanisms.

As a resul t  o f  these exper iments i t  now seems fa i r lv
cer ta in that  ice crysta ls  Tal l ing through a c loud and
sweeping up supercooled drops can throw off secondary
ice par t ic les ( "spl in ters")  when these drops f reeze.  The
growth of  ice par t ic les leading to the format ion of  graupel
has been imi tated in  the laboratory by moving a metal  rod
through an ar t i f ic ia l  c loud in a cold room. Drops f reeze
on to ihe front of the rod and form a layer of rime ice. As
they freeze, ice splinters are thrown off and twinkle as
they fa l l  through a l ight  beam.

This mul t ip l icat ion process only takes p lace under
specia l  condi t ions and th is  l imi ts  i ts  operat ion to cer ta ln
types of  c loud.  Spl in ters are produced only at
temperatures between -3 and 8oC and only in  c louds
whiih contain some drops greater than 25 pm indiameter.
However, the concentration of drops less than l3 rrm
diameter  a lso in f luences the number of  so l in ters that
form.
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Comparison between ice cr.ystal concentrations found in
maritime tumulus clouds which also contain large drops
and in continental cumuli from which such drops are
absent In the latter t'ase the ice crvstal concenrrarrcn

tonforms more closel.y to that of the ice nuclei

artif icial ice nuclei, capable of assisting ice crystals to
form at temperatures much warmer than -20o C, could be
used to enhance the rainfall.

When we started making measurements of ice crystal
concentrat ions in  real  c louds.  us ins inst ruments mounted
on an aircraft, we soon found that c-umulus clouds forming
in moist  onshore winds near the Austra l ian coast  d id not
conform to our exoectations at all. Concentrations of ice
crystals of 100 per i i tre were found in clouds that had tops
no colder  than -10 'C.  This led to the idea that  in  these
clouds a process was at work by which the few ice crystals
which formed upon ice nucle i  could be "mul t ip l ied "  many
t lmes over .
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Fragment of rime of length 0 7 mm grou,n at -7" C. Supercooled
drops have been colliding wirh the left-hand end of the studure at

I 4 m .s-t aid freezing.

Once a rimed ice particle starts producing splinters
these can grow and star t  sweeping up water  drops and
eJect ing secondary ice par t ic les in  thei r  turn.  The process
then becomes a "chain reaction" which can eive rise to the
high crysta l  concentrat ions we have foundln Austra l ian
mar i t ime cumul i ,  which typ ical ly  conta in a wide range of
droplet  s izes.
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lce splinters ore thrown off during the growth b.y riming qfite partitles
between temperatures of-3oC and -8oC, with peak production
at -5o C. The process is more efficient in terms of cr.vstals produced

per unit weight or rime at lower impact velocities.

Present research is directed at discovering the exact
mechanism by which these secondary ice particles form.
Our most recent experiments use a vertical wind tunnel
through which we draw a cloud supercooled to a
temperature of about -5" C downwards past a metal rod,
so that drops strike the rod and freeze. The ice splinters

produced in this process can be counted as they pass
ihrough a l ight beam below the rod. The frozen drops
form a white opaque coating of rime on the rod.
Examination of fragments of rime under the microscope
show that it has an open branch-like structure in which
individual frozen drops are seldom distinguishable. The
branch tips grow forward into the airstream. So far our
studies of the rime structure have not yielded any clue as
to how the ice splinters are produced.

IMPL ICATIONS FOR CLOUD SEEDING

Although the physical mechanism of splintering is not
yet fully understood its possible implications for weather
modification cannot be ignored. Clouds in which
abundant ice crystals are present because of splintering
are unlikely to yield more rain when seeded with artif icial
ice nuclei. This situation is l ikely to prevail in cumulus
clouds forming in clean air that has had a long path over
the sea. Here the drop concentration is low (about
100 cmr) and the large drops that are required for the
splintering process can grow by the time the cloud top
reaches the -8oC level. Such clouds are well able to
produce precipitation naturally, without human
lnterlerence.

Conversely, artif icial stimulation is l ikely to be more
profitable in clouds where drops larger than 25 prm
diameter only form above the crit ical -8"C level. This is
often the case in "continental" air that has spent a long
time over land and contains manv condensation nuclei
and therefore many drops (say, 1000 cmJ). Such clouds
offer good chances of success in attempts to increase rain
by seeding with ice nuclei.

The big cloud drops required to sustain the.splintering
process can grow in quite shallow clouds if the drop
concentration is low, but a much greater cloud depth is
required when the drop concentration is higher. This
leads to the idea that one can draw a "multiplication
boundary", based on observations in actual cumulus
clouds, that separates those cloud conditions where
multiplication is l ikely to be active from those where it is
not. This could be used as a rough guide to differentiate
potentially productive seeding situations from those
where the natural production of ice crystals makes
seeding unprofitable.
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The "multiplication boundar-v" - onl.t' <louds having properties
to the right of the boundar.v are likel,t' to be useful in cloud-
seeding experiments. The cross indi(ates active multiplit'ation and

the circle inactive

Growing ice crystaL

Apparatus /br stud.t'ing splinter formation during the growth o.f
rime. Cloud droplets are draw'n dow'n past a riming rod in the
narrow neck of a wind tunnel. I<'e particles that are thrown
off grow and are observed in a lighr beam lower in the tunnel.
Thev tan also be counted v,hen the.v .fall into a tra.y of super-

t'ooled sugar solution at the bottom of the tunnel



CLOUD SEEDING

INTRODUCTION

As producers of rain, clouds can be divided into two
categories: those whose main body is colder than 0o C and
those whose tops are warmer. In Australia much of our
rain comes from the cold type, and on these clouds most
seeding experiments in this country have been made. The
basic steps that lead to the formation of rain in this type of
cloud are illustrated in the fieure below.

CI-OUD CONDENSATION
NUCLEI

fall and number of collisions increasing as the particle
falls. Eventually they emerge from cloud base as
raindrops.

In the case of cold clouds the particles which initiate
precipitation are usually ice crystals, and if an insufficient
number are present in a natural form they can be
introduced by seeding the cloud with artificial-ice nuclei
such as AgI, or by adding dry ice pellets. The latter cool
the air to such a low temperature that large numbers of ice

way.
There are three major requirements that clouds must

satisfy before being suitable for seeding by this technique:
(i) Ice crystal concentrations should be lower than

about 0. I I-' during the natural lifetime of the
cloud. If concentrations are much above this level
the addition of further crystals by seeding could be
detrimental. This is because the same amount of
available water would then be divided up amongst a
large number of ice crystals. which ivould t=hen
necessarily be. smaller, and less l ikely to reach
preclpltatron slze.
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The process leading to the formation of rain
in cold clouds.

In all clouds droplets form on minute nuclei which, in
almost every situation, are sufficiently numerous for the
available cloud water to be consumed when the droplets
have grown to a diameter of only l0-20 microns. Droplets
of this size have negligible terminal velocities and are
usually sufficiently free of ice-forming nuclei to remain
unfrozen even when cooled a long way below 0oC; as
a result such a cloud system remains fairly stable.
Precipitation occurs only when particles are large enough
to fall against the updraft. Such particles grow as a result
of collisions with cloud droplets in their path, the speed of

l o 3

<103 oHoo-
o o

UNSEEDED SEEDED

Total rainfall from isolated cumulus <'louds.
Ice particles growing from vapour at the expense of surrounding
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T-he de Havilland Tu'in Otter u.sed /or seeding in the Tasmanian experiment

PAST EXPERIMENI 'S

Ear lv  exoer iments in  Austra l ia  demonstrated that
s ingle 

'cumulus 
c louds sat is fy ing the requi rements

outlined above occurred reasonably often, and that their
ra infa l l  could be increased many t imes by seeding.
However,  i f  c loud seeding is  to  be of  economtc
signi f icance i t  is  important  to  be able to increase the
ra infa l l  over  an extensive area.  such as a watercatchment
basin or  an area subject  to  in tense agr icu l tura l  usage.
Such areas are hundreds or  thousands of  t imes larger  than
that  covered by a s ingle cumulus c loud

The area- type exper iment  is  not  only  more d i lT icu l t  to
per form than the s ingle-c loud type ( the sui table c louds
have to occur  over  the target  area at  the r ight  t ime),  but ,
because of  the natura l  var iabi l i ty  of  ra infa l l .  i t  must
cont inue for  a number of  years before a re l iab le
assessment  of  the resul ts  can be made Five area
exper iments have been carr ied out  in  Austra l ia  in  the past
25 years.  The most  recent  and best  documented of  these
was carr ied out  in  Tasmania f rom 1964-191 I  by CSIRO
and the Hydro-Electr ic  Commission The resul ts  of  th is
exper iment  suggested that  ra infa l l  increases as h igh as
30%, could be achieved in autumn. Stat is t ic ians analys ing
such e xper iments a lways I ike to asse ss the probabi l i ty  that
the observed increase was for tu i tous -  i .e .  that  i t  could
have occurred just  because of  random var iat ion in  ra infa l l
that  happened to coinc ide wi th seeding.  This probabi l i ty .
or  s igni f icance level ,  was about  3o/o for  the Tasmanian
expcnmen t .

I  ndeed the resul ts  of  th  is  expe r iment  were so
convinc ing that  the Hydro-Electr ic  Commission were
encouraged to carry out  fur ther  exper iments to test  c loud

seedins as a water resource manaqement tool. On the
basis oJ the pr ior  exper iment  i t  waJest imated that  for  a
cost of $300.000 an extra 50 mm could be produced in
the autumn-winter  per iod.  This addi t ional  ra in on the
Great Lake catchment alone would generate electricity
which, the Commission estimated, would cost $776,000 to
senerate bv the alternative means of production - the
6it-f ired nett nay station. Thus the beni:f it would be more
than double the cost  per  annum, and the potent ia l  would
be much greater when all the catchments controlled by the
Commission were considered. The Commission therefore
adopted the practice, from l9l2 onwards, of examining
the dam levels in the major catchment areas and deciding,
in the l ight of its requirements at the time and of the
exoected shortfall of water. whether to implement cloud
seeding in  the fo l lowing autumn. Because of  fu l l  s torages,
and also for economic reasons, seeding did not recom-
mence unt i l  1979.

Given such an attractive economic basis for seeding, it
is clearlv reasonable to ask whether the same results could
be expected in other regions of Australia. Unfortunately
we cannot  answer th is  ouest ion wi th anv sor t  of
conf idence at  present .  -ot i ly  because of  the restr ic ted
framework in  which previous c loud-seeding exper iments
werc of necessity conducted. Because of the diff iculties
involved in measur ing,  in terpret ing,  and understanding
the basic physics of the rain-bearing clouds, the effects of
seedine were measured onlv in terms of rainfall on the
ground. .  Whi le th is  type ot -approach answers the most
important  quest ion as to whether  any extra ra infa l l  can be
produced,  i t  severely  l imi ts  the possib i l i ty  of  apply ing the
resul ts  of  any indiv idual  exper iment  to other  regions
where c loud condi t ions could be d i f ferent .
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A typical wheat field in the area of the seeding experiment.
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WESTERN VICTORIA

Against this background the Division has made plans
for a seeding experiment in the Wimmera region of
western Victoria which will be carried out with support
from the Victorian Department of Agriculture. Western
Victoria was chosen as the general area for the experiment
for several reasons:

(i) A reasonable fraction of the rainfall of that region
is associated with the passage of cold fronts, which
also dominate the weather patterns of a large
portion of southern Australia. Any information
that could be gained on.the seedability and struc-
ture of frontal clouds would consequently be of
great interest to cloud physicists and meteorologists.

(iD The area is a prominent wheat-growing area in
which extra rain during the growing season would
be welcomed.

(iii) From an aeronautical and logistic point of view,
the area is a favourable one in which to base a
cloud-seeding experiment: there are several large
towns serviced bv domestic airlines: there is an
adequate ground-network in the area; there are
good air navigation facilities; and there are no
prominent mountain ranges to cause concern to
pilots flying under the adverse conditions that
always accompany a seeding operation.

The western Victorian experiment is the first conducted
by CSIRO in which it has been possible to conduct a
scientific investigation of the site before the experiment
commenced. In the past, because of economic pressures

26

The chief aim of the Wimmera experiment is to
increase the rainfall over a fixed tareet in the centre of a
wheat-growing area. The main aisessment will be a
statistical one based on the rainfall in the target area;
this will be supported by a comprehensive physicai
measurement program in which measurements will be
made of the properties of the clouds, the changes due to
seeding, the location and concentration of seeding
material, possible changes in precipitation downwind-,
etc. It is only by an intense effort ofthis nature that the
details of the changes wrought by seeding will be
uncovered and the chance of transporting the results to
other areas enhanced.
. Background planning for this experiment commenced
in 1974. It consisted of three interrelated programs:
economic benefit analyses; cloud observations; humerical
simulations of experiment.
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(l) Economic benefit analyses

Western Victoria was originally chosen as the potential
site because it was a prime wheat-growing area, and there
were expectations that yields could be increased if rain in
the growing season (August-November) were increased.

Estimates of what this increase in yield might be were
obtained by plotting the wheat yield against rainfall for
the past 60 years, and allowing for the increases in yield
due to improvements in wheat strains, fertilizers, etc.
Such a plot is shown in the figure below. Using this
information, one can show that in an average year a 10/6
increase in the seasonal rainfall would increase yield by
about 0.01 tonnes 1p-t, which in turn would be worth
about one million dollars for the target area of some 2000
km2 which is proposed for the experiment.
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RAINFALL (mm)
Relationship between yield and rainfall during
the growing season for wheat in the Wimmera.

This results in a cost-benefit ratio of about 3 or 4 to I
for the actual experiment. An operation in which alarger
area would be seeded more often, and in which the costly
cloud physics measurements would not be made, would
of course be even more attractive economically.

(2) Cloud observations

Four years of observations from an instrumented light
aircraft revealed that there were two important rain-
causing weather patterns.

(a) Fronts, or front-related weather, accounts for
about 5070 of rainfall in western Victoria during the
spring months. The accompanying figure shows a general
picture of the cloud types found in association with the
fronts investigated. Ahead of the front, winds are
generally north to north-westerly, the air is dry and its
aerosol content strongly continental (i.e. with high
concentrations of cloud nuclei). The pre-frontal clouds
consequently have high bases, with high concentrations
of small drops. They tend to be fairly stable, and although
there is quite often a reasonable depth of supercooled
water that could be released via seeding, this depth is
insufficient to produce drops large enough to survive the
descent through the dry sub-cloud layer.

The frontal and post-frontal clouds form in a moister
south-westerly air stream and are cumuliform in nature
with bases of the order of 1.5 km and tops l imited by the
inversion associated with the following high-pressure
system. Most rain from these clouds comes via the ice

measured in these clouds.

Cloud type and covet
ccN
l{ind
Surface tenperature
D .  P .
Droplet concentration

r s ize
Ice crystal

concentTation

P6T-FRONTAL PRE- FRONTAL

-1oo i- l  <0.1 r l

Post-fTontal

4/8-8/8 Cu, Sc
50 cn-J
24O/30
^15"c
^1ooc
^50 cm-3
^20 Un

Pre-frontal

8/8 Ac,-.ts
500 cn-J
3so/40
{0"c
-5"c
500 n-r
10 lm
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Cloud characteristics associated with a typical cold front.

Both classes of clouds associated with fronts of this

to 12h. Rough calculations suggest that for these systems
the rainfall rate could be increased by seeding to about
2 mm h-r. This represents an increase of about l007o,but
it is probably only practical to consider that increases of
the order of 25%io to 50%a are likely to be realized in a
seeding operation.

An example of the high concentrations of columnar ice crystals

found in some of the self-glaciating post-frontal clouds.

Although these systems occur only five times in each
spring season on average, the rainfall associated with
them represents about 307oofthe season's total. Hence on
a seasonal basis the anticipated increases in rainfall due to
seeding would be between 770 and l5flo for a full 24-h
operation, and correspondingly less for a daylight-hours-
only operation.

(3) Numerical simulations of the seeding experiment

Our existing knowledge suggests that the number of
occasions suitable for seeding each year will be small, and
that the likely effects of seeding will be of the order of a
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10% increase in total rain for the season. Thus even rn an
experiment of f ive years'duration the detection of the
effects of seeding against the background of the con-
siderable natural variabil ity of rainfall is l ikely to be a
difficult task.

Before commencing an experiment one would like to
know if the variabil ity in natural rainfall is such that there
is a reasonable chance ofdetecting the effects that seeding
is expected to produce in an experiment of reasonable

O
SWAN HILL

is a measure of the probabil ity of detecting such an in-
crease due to seeding in an experiment of f ive years'
durat ion.  Many s imulat ions of  th is  type have been per-
formed in coooerat ion wi th members of  the CSIRO
Division of Mathematics and Statistics. The overall
suggestion from these simulations is that at the l07o
significance level there is about aT0Tochance ofsuccess in
a five-year experiment, provided the increase in rainfall
on our few selected days l ies between 2570 and 507o.lf
the increase should be greater than this, the chance of
detecting it is correspondingly greater.

It is interesting that the detectabil ity ofa given percen-
tage increase does not improve significantly when applied
on a l l  ra iny days,  instead of  on just  the comparat ive ly  few
closed- low days.  This is  because the ra in on c losed- low
days is more uniform and widespread than on other days
and allows for better correlations between the tarset and
control area rainfalls.

E X P E R I M E N T A L  D E S I G N

The Victorian exoeriment has several features that
have not previously appeared in weather modification
exper iments.  For  example,  a l though the target  area wi l l
be fixed the control areas used wil l be selected according
to the wind d i rect ion:  the best  contro ls  to use are normal ly
those upwind of the target when most of the rain fell. The
exper iment  wi l l  be randomized on a sui table-day basis ,
wi ih  c loud sui tabi l i ty  to  be assessed by the CSIRO ai r -
crew f rom in-c loud observat ions.  Randomizat ion ensures
that  some of  the days on which sui table c louds occur  wi l l
be left unseeded, and the rainfall on these days wil l be
used to establish the relationship between target and
control area rainfalls.

In addition to the two seeding aircraft, an instrumented
F-27, the Division's research aircraft, wil l be used to
document the sequence of physical processes that com-
mences with the release of seeding material and finishes
with the arrival of precipitation on the ground. The
research aircraft wil l be equipped to measure the cloud
water content, the size and shape of ice crystals present
and their concentrations, wind speed as a function of
height, and the level of turbulence. It should in fact be
able to track the plume of ice particles that result from
seeding.

-1

- - u ' r g m -

Calculated trdjectories of raindrops v,hich [orm on seeding
material at two di/ferent levels

The way in which the seeding material is expected to
grow and fall out is shown above for seeding at the -8oC
and -15"C levels.  ln  both cases i t  takes about  45-50 min
for the particles to reach the ground after they are released
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The experimental area. C 1Io C6 are control areas; D1 to Da are
downwind areas in which effects of seeding will also be sought

duration. This can be done by simulating numerically the
experiment proposed, using historical rainfall records as
a source of data. In a simulation of this type, the daily
rainfalls averaged over two chosen target and control
areas are calculated from the historical records for each
day over a five-year period. Knowledge of the cloud
climatology is used to exclude those days on which it is
unlikely on the basis of synoptic conditions that suitable
clouds would have formed. This leaves a set of experi-
mental days for which a random seeding sequence is
chosen. On the days designated "seeded" by this sequence,
the historical target rainfall is altered according to some
hypothesized effeit of seeding - e.g. a 20Vo inclease. The
rainfall for the experimental days (with the artif icially
increased "seeded" rainfall in the target area) is then
analysed as if i t were the data from a real experiment -
i.e. an estimate of the increase d ue to seeding is calculated
together with a significance level associated with that
increase. If this level is smaller than some Dreset value (sav
l07o) the simulated experiment is deemed a "success'i.
This procedure is repeated 100 times, choosing a new
random seeding sequence each time. The proportion of
successful detections in these 100 simulated experiments
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and commence to grow; the particles which start higher
up grow faster at the colder temperatures and eventually
catch up to those that commenced growing at the lower
levels. These trajectories are used to decide how far
upwind of the target, and at what level, seeding should
take p lace.

Ddring the time that it takes for the "seeded" rain to
reach the ground, small-scale turbulence acts to disperse

- - -  
- . - - \

and duration of rainbands embedded within larse-scale
systems, the tracking of rain cells across the area I- all of
these are topics on which the network should be able to
provide previously unobtainable information. Perhaps
the most useful feature of the gauges is the ease with which
the rainfali information can be retrieved. Automatic
gauges currently in use in Australia employ chart
recorders driven by clockwork motors. The 

-amount 
of

labour involved in readins these charts is such that the
rainfall records for just a-few gauges are generally not
available unti l many months after the event. With the
CSIRO gauges a tape can be read in less than 60 s, and
although the total data reduction wil l take considerable
time, it is envisaged that rainfall averages for the experi-
mental areas, isohyetal patterns, etc., should be available
one month after the completion of the seeding season.
. Attempts wil l also be made to detect the presence of

silver in target area rainfall. The detection of silverwould

areas, semi-automatic collectors of precipitation wil l be
installed. These units wil l consist of t0 Teflon beakers,
each of which wil l collect the rainfall for a2-h period. The
beaker assembly wil l be contained within a- small unit
which wil l freeze the sample soon after collection to
minimize the diffusion of silver to the walls of the beaker.
The inlet will be a 20-cm Teflon funnel, so that at a rainfall
rate of I mm h-l a sample of about 60 ml wil l be collected.
These samples will be concentrated and analysed for
silver content by the CSIRO Division of 

- 
Process

Technology using atomic absorption spectrometry.

T I M E  ( h )

Rai4fal! re<ords laken in the area.from two automati( rumgauges
situated 6 km apart. The.fine resolution obtainable and the high

correlation betw,een the records are evident.

All of these features make the forthcoming expenment
unique and of considerable importance for the historyof
ra in-making in  Austra l ia .  I f  o f fers us an opportuni ty  to
make considerable progress in at least one area of weather
modi f icat ion.
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b rb io io ,h sb 6b io sb so roo
T IME (m in )

Coverage of the target area nith seetling material released
f rom an aircraft.flying hatku'arcls and.foru.ard.s al.tng a line

25 knt lons.

the seeding material in such a way that most of the target
area wi l l  be covered.

The ra ingauge network to be insta l led wi l l  consis t  of
i05 automat ica l ly- recording gauges of  CSIRO design.
Most previous experiments have relied on gauges which
are read.  dai ly ,  usual ly  vo luntar i ly  by local  people in-
terested in  the exper iment .  The new network wi l la l low us
to separate the "seeded" rain from that which occurred on
the same day when seeding was not  actual ly  tak ing p lace.
In addi t ion,  the new network is  inherent lv  more ie l iab le
. th9 reading from the daily-read gaug.s invariably
inc luded such anomal ies as the assignment  of  a complete
week's  ra infa l l  to  the Monday,  or  market  day,  or  the day
on which the gauge was read.  Whi ls t  th is  sor t  of  error  is  of
l i t t le  consequence in assessing the tota l  season's ra infa l l  or

which the bucket tipped are then recorded on the cassette,

up to 900 mm of rainfall. It is expected however that the
recorder wil l be serviced at least once during the three-
month period of the seeding experiment.

The automat ic  ra ingauge network wi l l  be able to record
the deta i led st ructure of  prec ip i ta t ion in  space and t ime.
I ts  usefu lness wi l l  not  be l imi ted to the seeding exper iment
a lone,  but  wi l l  extend to general  meteorology.  The spat ia l
and temporal  var iabi l i ty  of  ra infa l l  f rom f ronts,  the s ize
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