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The hydrologic cycle is the most important component of the global climate system.
This is true on physical, biological and ecological grounds. Although water in the air
makes up only 0.001 per cent of the total amount of water in the global system, it
influences the behaviour of the atmosphere on scales ranging from microscopic to
global. Precipitation is particularly significant to processes at the surface of the
earth, and so there is a continuing effort to estimate rainfall on local, regional and

global scales.

Introduction

Rainfall is critical to many facets of human ac-
tivity. The availability of water from rainfall is a
primary determinant of the distribution of human
population around the world. Natural rainfall in-
fluences the agricultural productivity of a region.
Because of this dependence of human activity on
water, there have been attempts for many years to
measure rainfall in a comprehensive and accurate
manner. For example, systematic rainfall
measurements have been taken in Britain since
1860 (Goodhew and Jackson 1972), and Aus-
tralian rainfall records are available back to the
last century. However, because of the spatial
variability of rainfall and the sensitivity of its
measurement to other conditions such as wind,
the accuracy of estimates of areal rainfall has
never been high. On the other hand, the social
imperative to manage water supplies has meant
that even poor estimates are of real value.

Rainfall is of meteorological as well as econ-
omic and social interest, and this interest arises
mainly because of the release of latent heat associ-
ated with the change of phase of water and
because of the radiative properties of the different
phases of water in the atmosphere. These features
occur on all scales in the climate system, and so
the impact of water in the atmosphere is very
widespread. (Rainfall is also very important to the
structure of the upper ocean, but this aspect will
not be considered in the present paper.)

* Based on the President’s address to the Australian Meteoro-
logical and Oceanographic Society on 28 November 1991.
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Cloud microphysics

Given a large-scale forcing such as lifting or radi-
ative cooling of an air mass, rainfall formation
occurs on the microscale. The first comprehensive
explanation of the development of precipitation
is due to Bergeron (1935), who shows how ice
particles at low temperatures can grow initially by
vapour diffusion and then by coalescence to yield
precipitation particles in a relatively short time.

A significant feature of this precipitation mech-
anism arises from the relative scarcity of ice nuclei
compared with cloud condensation nuclei. Ice
nuclei are rare (e.g. one ice nucleus for every
100 000 water droplets) and they are often not
effective until the temperature drops below about
— 15°C. Thus the water droplets in a rising parcel
of air generally become supercooled. When ice
crystals do form, they can grow rapidly by dif-
fusion from the relatively large number of super-
cooled droplets. Once they are large enough to fall
relative to the air, the ice particles collide with
other ice or water particles (owing to differences
in terminal velocity) and so grow by coalescence.
This mechanism of coalescence also allows pre-
cipitation to develop in ‘warm’ clouds, where the
cloud top is warmer than the freezing temperature
of droplets. It is interesting to note that scientists
in Australia (in particular, Bowen (1950), Telford
(1955) and Twomey (1964)) played a substantial
role in the initial development of the theory of
particle growth by coalescence.

It is clear that a precipitating cloud can have all
three phases of water present: vapour, liquid and
solid. Moreover the solid particles can have quite
different structures; for example, they can be indi-
vidual ice crystals, aggregations of ice crystals, or
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aggregations of snow and frozen water droplets.
Thus the microscale structure of clouds can be
very complex, and the precise location and timing
of precipitation are determined by this structure.
From numerical simulations of actual severe
weather events, Miller (1978) finds that the bulk
behaviour of a mesoscale storm can be affected by
the detailed parametrisation of the precipitation
particles. Similarly the radiative properties of
clouds are affected by the microphysics. This
feature is demonstrated by Mitchell et al. (1989)
who show that the climate sensitivity of a global
climate model (i.e. the change in annual global
surface temperature due to an instantaneous
doubling in atmospheric carbon dioxide) is
substantially altered by changes®to the micro-
physical parametrisation of cloud processes.

Over the last forty years there has been much
progress in understanding the microphysical
properties of clouds. Texts, such as Pruppacher
and Klett (1978), detail the evolution of cloud
processes on the microscale from the nucleation
of aerosols in humid air to the fall of hail to the
ground. However, there is now a primary em-
phasis on improvement in our understanding of
the relationship between cloud microphysics and
the larger scales of cloud systems.

Mesoscale cloud structure

Using instruments like radar, there have been
many studies of the links between cloud physics
and the mesoscale structure of precipitating sys-
tems. For example, Doppler radar measurements
at the Bureau of Meteorology Research Centre
(BMRC) tropical climate monitoring and re-
search station in Darwin have been used over the
last four years to study the structure of a range of
maritime and continental storms (Keenan and
Carbone 1992). In such studies it is relevant to
determine the links between the behaviour of a
storm and the larger-scale environment, in ad-
dition to the links between the storm behaviour
and the microphysics.

A primary feature of storm behaviour is its pro-
duction of precipitation. Braham (1952) raises the
question of the efficiency of cloud systems in pro-
ducing rain; that is, given the large-scale forcing of
water vapour through a cloud system, how much
rain do the microphysical processes allow to reach
the ground? From studies of thunderstorm cells in
Florida and Ohio, he finds that much of the water
vapour passes through the storms without chang-
ing its phase state. In particular, only about 60 per
cent of the vapour condenses in the cloud and only
20 per cent of that condensate finally reaches the
ground as rain. Most of the condensate evaporates
into the cloud environment or in the downdraught
of the storm.

The storm cells in the study of Braham (1952)
can be approximated by isolated symmetric ther-
mals that first produce a vigorous updraught due
tothe release of latent heat, and then yield a strong
downdraught from the evaporative cooling of
the precipitation. Indeed they are the basis of
most parametrisations of cumulus convection in
numerical models. However, storms in many
parts of the world are far more complex than these
isolated cumulonimbus cells.

Many storms tend to form as cloud systems,
with individual cells being organised into lines or
clusters owing to their interaction with the large-
scale environment. Houze (1982) computes the
heat budget in tropical cloud clusters, where it is
necessary to consider the behaviour of the large
area of stratiform cloud that extends far from the
region of intense convection. He finds that about
half of the total rainfall from the cloud system falls
from the stratiform region. Although the rainfall
rate is relatively low, the area of that region is
three to four times larger than that of the con-
vective towers. Gamache and Houze (1983) show
that the overall precipitation efficiency of tropical
squall lines is about 50 per cent so that only half of
the total condensate actually falls to the surface.
Even in the stratiform region, a large fraction of
the precipitation originates from the convective
towers. This result is supported by calculations of
Rutledge (1986), who shows that ice particles
from the cumulus updraught region can be
advected up to 50 km downstream before they
evaporate or fall as precipitation; additional par-
ticles are generated by a less vigorous mesoscale
updraught extending over the stratiform cloud
region.

These observations for tropical convection can
also be made at mid-latitudes. Rutledge and
Houze (1987) carry out a similar analysis for the
stratiform region of a mid-latitude squall line. The
main differences are found to arise from the dif-
ferent environments driving the convection. For
example, mid-latitude systems are generally more
intense than tropical cases. Similarly, systems that
develop over the continents are more intense than.
those over the oceans.

Such studies over the last couple of decades
have clearly shown that cloud systems, which rep-
resent most severe weather situations, are more
complex than an ideal individual cumulonimbus
cloud. Moreover the detailed structure of these
systems varies with their environment. Although
these variations should clearly be included in
cloud parametrisations in weather and climate
models, such sophistication has not been adopted
at present. Some cloud parametrisations include
the thermodynamics of updraughts and down-
draughts. However, no parametrisation repre-
sents the dynamical features of the complex
structure of squall lines, for example.

More than a decade ago, Moncrieff (1981)
presented a simple dynamical classification of
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organised convection- incorporating five classes
of storms. Each class is-affected:by. the speed of
the storm (C) relative to the wind speed.(U). Fhe
classes:are:’

(a). Propagating - (C>U),. where a:.squall- line. .

moves. faster. than. the environment. at: all
levels;

(b) Steering-level (C=U),.where thé storm moves.

at some mid-tropospheric wind:speed:.

(¢) Jump (C>U); where the storm works against
an external pressure gradient and behaves like
an hydraulic jump;

(d) Cellular (C=0); where the systemhas a large-
scale downdraught driven by radiative cool-
ing; and )

(e) Classical (C=0), where the storm.is unsteady
with an updraught: followed by a precipi-
tation-driven downdraught (as. studied by
Braham (1952)).

Recently Moncrieff.(1992) ‘has extended- his .

earlier work to: provide a theory for organised
convection which-accounts for the interaction be-
tween the larger-scale shear flow and the momen-
tum flux associated: with-the storm.

In order to improve: the representation:-of-the
convective and radiative properties of cloud sys-
tems in large-scale models of weather and élimate,

such- classifications need to.be.incorporated: in-

cloud parametrisations.. This need+is recognised
by the World Climate Research Programme
(WCRP),; which has -a: sub-program-called.‘the
Global Energy  and: Water - Cycle- Experiment

(GEWEX). focusing on' problems. of.the global -

hydrologic cycle (Manton.1991). A project of this
sub-program is:the GEWEX Cloud System Study
(GCSS) with the aim:of improving cloud parame-
trisations- in" global: models. The specific -objec-

tives of GCSS are to develdp a scientific basis for-
parametrisations;, to highlight the key issues of the: -

problem, and.to promote the evaluation:of para-
metrisation schemes..
One:of the activities of GCSS is to-encourage

studies. of. the main-cloud: processes. The inter-

action between cloud and radiative transfer is.the
primary source of uncertainty in global climate
models, as has been shown by Cess et al. (1990) by
comparing the output.of many models under care-
fully controlled conditions. More recently there
has been some controversy on.the role of clouds in
affecting the vertical distribution of water vapour
and onthe consequent greenhouse effect of water
vapour (Lindzen -1990;-Chahine 1992).

The most obvious process of clouds is the trans-
port: of. heat, moisture and momentum. Con-
sequently all cloud parametrisations represent
the transport. of "heat and moisture by. clouds,
with' varying degrees of accuracy. However, the
representation- of momentum transport in cloud
parametrisations is at best poorly based.

The third cloud process is the formation of pre-
cipitation, which causes a vertical redistribution
of heat and moisture and-also transfers water to

the surface. As discussed above, the distribution
and. nature of rainfall are dependent upon the
mesoscale structure of ¢loud systems.

Three other processes.that need to be included
in cloud parametrisations relate to the interaction
between clouds and theirlower and upper bound-
aries. The surface is almost invariably a source of
heat and.moisture for clouds, especially stratus
and -other boundary-layer cloud systems. Simi-
larly the-surface topography can influence the
initiation -and evolution of cloud; for example,
orographic-lifting can significantly enhance the
overall rainfall from clouds:"

The.main distinction between the troposphere
and -higher levels of the atmosphere is that the
structure of the troposphere is not dominated by
radiation alone, rather there is an essential bal-
ance between radiation and convection. Thus the
interaction. between the troposphere and the
lower stratosphere is mainly through the pro-
cesses of deep convective towers that rise through
the tropopause (Danielsen 1982). Further work is
needed to determine the nature and extent of
these interactions, which are relevant to the over-
all'general circulation of the atmosphere.

Sy_noptic-scale, rainfall

The estimation of rainfall on synoptic scales has
been a continuing task for operational weather
forecasters who provide advice on weather varia-
tions on-regional scales. It has become clear over
the last decade that the accuracy of the prediction
of rainfall from numerical weather prediction
(NWP)-models improves as the resolution of the
models increases. For example, Leslie et al. (1987)
show that the accuracy of predictions of the
behaviour of east coast lows is sensitive to model
resolution. These systems bring flooding rains
each year to the southeastern coast of Australia,
and some of the highest rainfall rates in this region
have been associated with their occurrence.

Operational NWP models are invariably hy-
drostatic, although the United Kingdom (UK)
Meteorological Office has had some experience
with a non-hydrostatic mesoscale model (Golding
1987). The limits of the current generation of hy-
drostatic models in the simulation of rainfall have
not been determined. There is still a need for sys-
tematic studies to clarify the ability of hydrostatic
models to predict rainfall on scales relevant to
weather prediction; i.e. 10km or larger. Some
work by Zhang et al. (1988) suggests that a hydro-
static model with improved parametrisation of
cloud microphysics can yield worthwhile simu-
lations at these scales.

A significant limitation to rainfall prediction
from NWP models is caused by the accuracy of
the initial moisture distribution in the atmos-
phere. This limitation is especially severe in the
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tropics where the overall environment is essen-
tially conditionally unstable, and where relatively
small variations in moisture can have large
dynamical consequences. Mills and Davidson
(1987) have developed a scheme that uses data
from the Japanese Geostationary Meteorological
Satellite (GMS) to infer the three-dimensional
distribution of moisture in the Australian region.
This scheme is used successfully in a tropical
NWP system by Puri et al. (1992) where it is com-
bined with data assimilation to produce useful
24-hour predictions of rainfall from tropical
cyclones and storms.

The verification of rainfall predictions from
operational NWP systems is difficult because
rainfall data are generally treated by national
meteorological services as ‘climate’ rather than
‘weather’ data. Consequently many of the data are
collected manually and transmitted through the
post on a monthly basis. In Australia only about
1200 of the total 6000 stations report their daily
rainfall data in real time, and the distribution of
those stations is not at all uniform across the
country. A major challenge for the Global Climate
Observing System (GCOS), now being established
by the World Meteorological Organization
(WMO), the Intergovernmental Oceanographic
Commission (I0C), the United Nations Environ-
ment Programme (UNEP) and the International
Council of Scientific Unions (ICSU), will be to
blur the distinction between weather and climate
data and so to optimise the availability and use of
meteorological data for both weather and climate
analyses.

It is clear that a comprehensive analysis of sur-
face rainfall on regional scales needs satellite data
in addition to surface measurements. Even if the
absolute values of satellite estimates are in doubt,
they can provide information on the spatial and
temporal variability of regional rainfall. Robust
estimates of rainfall can then be provided by
analysis systems that combine data from both
ground-based and satellite instruments (e.g. Bel-
lon et al. 1980). While such systems are available
over specific regions of the globe, rainfall esti-
mates for many regions (especially in the tropics)
are largely limited to satellite observations. Thus
the WCRP Global Precipitation Climatology
Project (GPCP) aims to develop a ten-year rain-
fall climatology for the globe at 250 km resol-
ution, based on satellite data using essentially the
technique of Richards and Arkin (1981).

In order to encourage the development of new
techniques and to improve the basic GPCP
analysis, the GPCP has established an Algorithm
Intercomparison Programme (AIP). The first
intercomparison (AIP/1), which was based on
detailed rainfall measurements over Japan, in-
volved 18 participants from 13 organisations who
evaluated 27 algorithms (Lee et al. 1991). It found
that the rms error for infrared-based algorithms is
about twice the mean observed rainfall. The bias

is less and the correlation coefficient higher for
convective rain than for stratiform, as is expected
for techniques based on the extent of high cloud.
Although algorithms based on microwave
measurements show greater promise, the results
of AIP/1 suggest that there are some inherent
limitations to passive radiometric techniques.

The second AIP is being carried out using
data collected over the UK, while a third AIP is
planned for 1994 based on data from the WCRP
Tropical Ocean and Global Atmosphere (TOGA)
Coupled Ocean-Atmosphere Response Exper-
iment (COARE) which is being held in the
western Pacific in 1992-93 (Lukas et al. 1991).
The AIP/3 will be coordinated by the Bureau of
Meteorology Research Centre.

These projects are encouraging the develop-
ment of improved techniques. However, it is
apparent that optimal estimates of regional rain-
fall will come, not from isolated observations, but
from data assimilation methods which combine
all available measurements using a numerical
model to provide dynamical and thermodyn-
amical consistency.

Global distribution of rainfall

In considering rainfall on a global scale, we need
to recognise its overall role in the climate system.
Most of the water is in the oceans and in land ice,
with a fraction of only 1073 in the atmosphere
(Miller 1977). Recalling that the ocean is about
4 km deep and that there is ocean over only about
70 per cent of the total surface of the globe, we
deduce that the amount of water in the air is
equivalent to a depth of only 30 mm of liquid
water. The amount of water held in the atmos-
phere is related to the surface temperature of
the earth, and so it provides a significant positive
feedback for the natural greenhouse effect (e.g.
Houghton 1986).

Another aspect of the global climatology of
water is the average lifetime of a water molecule in
the air. This time-scale is determined by the rate
of exchange of water between the atmosphere and
the surface, i.e. by the global precipitation rate. It
was noted earlier that the estimation of rainfall
over most land regions is difficult. The problem is
compounded when a global estimate is required,
because much of the surface is ocean where obser-
vations are very sparse. A recent rainfall climatol-
ogy by Legates and Willmott (1990) uses 24 600
land stations but only 2200 ocean records; the
ocean records are accumulated from ship obser-
vations. However, even over populated land
areas, Legates and Willmott point out that the
measurement of rainfall is not straightforward.
Corrections need to be made to rain-gauge
measurements to account for the phase of precipi-
tation (liquid or solid), wind, wetting on internal
walls, evaporation, splashing and blowing snow.
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Some idea of the uncertainty in estimates of
global rainfall is given by comparing analyses by
different groups. Bearing in mind that the basic
observations are common, the zonal averages of
annual rainfall derived by three groups (Jaeger
1976; Legates and Willmott 1990; and Eischeid
et al. 1991) show quite good agreement. The main
differences occur in the tropics and at middle lati-
tudes in the southern hemisphere where the data
are both sparse and uncertain. On the other hand,
the differences between climatologies are much
smaller than the variations found between global
model estimates. For example, Jaeger estimates
the annual mean rainfall in the tropics to reach
about 5 mm/day, while model results vary from
2.5 to 7.5 mm/day (Chahine 1992). The main
encouragement for modellers is that the differ-
ences between model results and climatology are
decreasing with time; in particular, the model
results have improved significantly over the last
decade.

It is clear that the peak global rainfall occurs in
the tropics, that the main uncertainty in the cli-
matology occurs in the tropics, and that the main
errors in model simulations occur in the tropics.
In order to help both the analysis and prediction
of global rainfall, USA and Japan are collabor-
ating to launch the Tropical Rainfall Measuring
Mission (TRMM) satellite in 1997 (Simpson et al.
1988). The satellite will carry for the first time an
active weather radar (at 14 GHz, a footprint of
4 km and a swath of 220 km), in addition to con-
ventional passive infrared, visible and microwave
sounders. The TRMM project is directed by cli-
mate science rather than space technology, and
so there is a major effort to support the satellite
measurements with appropriate ground-based
observations for calibration and verification. The
BMRC has been collaborating with the National
Aeronautics and Space Administration (NASA)
over the last four years to collect and analyse rain-
fall data from the BMRC tropical climate moni-
toring and research station in Darwin. Along with
a NASA site in Florida, the Darwin station is a
primary ground-truth site for TRMM, and obser-
vations will continue there until and during the
flight of the satellite. As the inclination of the
TRMM satellite is 35 degrees, it will provide valu-
able data over a large portion of Australia.

Projects like TRMM should lead to substantial
improvements in our direct measurements of
rainfall over the next few years. Thus the uncer-
tainties associated with our estimate of global
rainfall should be reduced as we improve not only
observation methods, but also the techniques for
assimilating data in a consistent manner in
numerical models.

Current climatologies suggest that the average
global rainfall rate is about 1000 mm/year. Com-
bining this with our estimate of 30 mm for the
reservoir of water in the atmosphere, we find that
the average residence time for a water molecule is

11 days; i.e. water molecules are rapidly flushed
through the atmosphere. The low residence time
is the reason for the high spatial and temporal
variability of water. We also note that it is the
action of clouds that causes water to be mixed
throughout the troposphere (i.e. to a depth of
about 10 km) in this short time.

Now the maintenance of animal life on earth is
dependent not so much on the gross rainfall rate as
on the amount of available water. (Plants tend to
participate in the evaporation process and so to
optimise the use of rainfall.) We need to account
for the loss of water from the surface due to evap-
oration, and the available water is therefore the
difference between rainfall and evaporation; i.e.
run-off. The uncertainties in the estimation of
run-off are much greater than those associated
with rainfall. The usual hydrological method for
run-off estimation in a specific region is to
measure river and stream flow volumes. An
alternative method is to analyse the output of nu-
merical weather prediction models and examine
the local atmospheric convergence of moisture.
Masuda (1988) compares the global estimates
of run-off from hydrological and aerological
techniques and finds differences of up to 100 per
cent. For example, the average run-off over all
the continents has estimates varying from 150
to 300 mm/year. The values for individual con-
tinents vary even more, with estimates for
Australian run-off extending from —400 to
280 mm/year.

Using the data from Masuda (1988) and
Sanderson (1990), we take a reasonable estimate
of available water (run-off) to be 200 mm/year
over all the continents. The total land area is
155X 10?2 m2, and so the total volume of avail-
able water is 30 000 km?/year. If we now specify
the amount of water needed each day for each
person on earth, this figure can be used to estimate
the population that could be sustained by
the present climate regime.

Let us assume that each person requires
2 m%day of water. This amount must satisfy all
requirements, including associated agricultural,
industrial and town infrastructure needs. It fol-
lows that, assuming all the run-off is actually
available, a maximum population of 40 billion
people could be supported by the present global
rainfall. As demographers suggest that the world
population will level off at about 10 billion in the
second half of the next century (Stone 1992), this
climate-related constraint is significant.

The figures used in the above calculation seem
to be consistent with a more rigorous analysis.
Water resources data collated by United Nations
agencies (WMO and UNESCO 1991) imply that
the total global usage of water will be about
5000 km3/year by the year 2000, which can be
compared with the present estimate of
30 000 km*/year for available water. The WMO-
UNESCO data show that most of the global water






