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This paper reviews the research conducted by the CSIRO Division of Atmospheric
Physics in the field of cloud and radiation. The work reviewed begins in the late 1960s
when the radiation research of the Division moved from a support program for
boundary layer studies to studies of radiation in the free atmosphere and cloud-
radiation research became one of the principal areas of research. Early work in this
area concentrated on in situ aircraft measurements of the relevant radiative fields in
order to obtain an understanding of the patterns of these fields. All the work was done
on stratocumulus. More recently, work on radiation-cloud interactions has seen a
greater coupling between theoretical and observational work as well as significant
developments in the remote sensing of high cirrus clouds by lidar. Other research is
discussed which is directly related to cloud-radiation problems such as the role of clouds

The interaction of clouds and radiation

and radiation in determining the earth’s climate.

Introduction

The radiative component of the heating of the earth-
atmosphere system has long been recognised as the
fundamental forcing mechanism of the atmosphere.
Thus radiation, meteorologically speaking, is a
comparatively old discipline. For many years the
subject was concerned with the basic problem of
radiation transfer and scatter through a clear
atmosphere and the absorption by atmospheric
gases such as water vapour and carbon dioxide, and
the net radiation balance at the ground. For
instance, prior to the late sixties, the work of the
Aspendale Radiation Group was oriented towards
solar and terrestrial (infrared) measurements at the
ground as support for experiments in heat and mass
transfer at the atmospheric boundary layer. The
article in this issue by Priestley outlines this early
work. During the decade of the sixties, accurate
methods of computing thermal and solar radiative
fluxes in a cloud and dust-free atmosphere became
available providing the motivation to measure
radiative fluxes within the atmosphere, as well as at
the ground. Also, it was appreciated that a
knowledge of the diabatic component of heating in
the atmosphere is necessary for an understanding of
the general circulation of the atmosphere. Thus
radiation research in the Division turned away from
the surface to concentrate on problems involving the
free atmosphere.

Clouds in the atmosphere modulate the solar and
terrestrial radiation streams on a global scale far
more than any other atmospheric constituent. In the
early seventies the effects of clouds on the global
climate were being considered, and it was readily
apparent that low clouds were likely to cool the
climate because of their high albedo and
temperatures close to surface temperature, but that
high clouds, being very cold, might have the

opposite effect of reducing the heat lost from the
earth,

At the same time powerful new methods were
being developed to compute the transfer of radiation
through the complex scattering and absorbing cloud
medium. It was thus natural that research by the
Division should focus on this important problem.
Significant progress has since been made, and we
have reached the stage of considering the reverse
problem: of what effect radiation interaction in a
cloud has on the cloud formation and evolution. For
instance, recent theoretical work, including a
substantial contribution from Aspendale, has
pointed to the overwhelming importance of
radiation cooling at a stratus cloud top on the
maintenance of the cloud.

Similar work has shown the important role of
radiation in the cycle of tropical convection as well
as the dominant role of clouds through their
radiation interactions, on the global climate.

The following section describes some of the
earlier studies in the 1968—74 period, and this is
followed by descriptions of more recent work.

Early work

At the time that the work on clouds was started
virtually nothing was known about the transfer of
radiation through clouds, and it was decided as a
start to make basic observations of radiation fluxes
in clouds.

The early work thus consisted of flying
pyranometers, net radiometers and a narrow-beam
infrared ‘window’ radiometer aboard the DC-3
aircraft of the Division of Cloud Physics in order to
observe stratocumulus clouds (Paltridge 1971; Platt
1972). With the addition of the cloud droplet
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Fig. 1(a) The vertical distribution of stratocumulus cloud
liquid water content. The solid line is the average
curve when the cloud turrets are taken into
account.

T T T
15 = CLOUD_AND TURRET ToP |
o

TURRET BOTTOM
'AVERAGE ' LIQUID WATER PROFILE

ALTITUDE (km)

1 1 1
01 02 03
LIQUID WATER CONTENT (g/m3)

Fig. 1(b) The relationship between cloud liquid water
content and the mode radius of the droplet
distribution (i.e. the radius corresponding to the
maximum in the cloud droplet distribution). Thus
not only does the liquid water content vary
somewhat systematically with height in the cloud
but also the droplet radii show a distinct vertical

structure.
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sampling instrumentation of the latter Division, it
was possible, for the first time, to relate the radiative
fluxes and the window radiances to cloud
microphysics (Paltridge 1974a; Platt 1976).

The early experimental work suggested that the
infrared beam radiance (and thus flux) emitted by a
cloud, which is a complex function of the scattering
and absorption processes by cloud droplets and the
ambient water vapour, could be related directly to
the cloud liquid water content (Platt 1976). This
finding has since been widely applied and is now the
accepted method of parametersing cloud infrared
properties. At the same time, the general
microstructure of the cloud was established, with the
correlation of cloud liquid water content and the
cloud droplet size (specifically the mode droplet
radius) with height in the cloud (Paltridge 1974a and
Figs. 1(a) and 1(b)).

If the knowledge of radiation transfer through
low water clouds was scanty, information on the
properties of high cirrus clouds was non-existent.
No aircraft was available to make in situ
measurements in high clouds and therefore it was
decided to measure the cloud properties remotely
with a laser radar (lidar) together with an infrared
radiometer which would measure the cloud
radiance. Initially, the laser experiments were done
with the University of Adelaide’s lidar and a
narrow-beam sensitive radiometer designed at
Aspendale. The observations indicated that cirrus
clouds were rather transparent to infrared radiation
and that their infrared effect upon the diabatic
heating was thus reduced. It was discovered
subsequently that correlation of laser backscatter
data with infrared emittance yielded information on
the particle backscatter function, and thus the
particle type. The infrared beam emittance of
typical clouds was measured to be about 0.25 (Platt
1973). Simultaneous satellite infrared data from
Nimbus [V satellite scanning radiometer gave a
horizontal cross-section of the infrared emittance
which fitted well with the surface measurements
(Platt 1975).

Recent and current studies

The aircraft work on stratocumulus clouds
culminated in a series of measurements conducted at
Hobart in 1976 in which some rather homogeneous
and extensive cloud decks were studied (Stephens et
al. 1978). This work, on the one hand ended the
work on observational aspects of radiation in low-
level clouds, while on the other hand it heralded new
incentives. These incentives resulted in a coupling of
the extensive observational work with recently
developed theories, thus greatly enhancing our
understanding of radiative transfer in these clouds.
This coupled observational-theoretical approach has
provided new, widely accepted, methods of
parameterising radiation-cloud interaction. There
are, however, still several areas of the cloud-
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radiation problem that are poorly developed. These
relate specifically to radiation processes in
mesoscale cloud fields (particularly broken cloud or
horizontally inhomogeneous fields). Also, there is
still considerable uncertainty as to the nature of
scattering by ice clouds and the great variability of
ice crystal shape on the overall reflection and
absorption processes by these clouds. A better
understanding of the radiative processes in these
areas has been central to the Division’s cloud-
radiation research in recent years.

Radiative properties of stratocumulus water clouds
and their parameterisation

The measured albedo and shortwave transmission of
the stratocumulus clouds investigated at Hobart, as
well as on the earlier field expeditions, agreed rather
well with detailed calculations using an average
cloud droplet spectrum for each altitude. This was
an encouraging result, indicating that prediction of
albedo from averaged quantities was possible.

The absorption of shortwave radiation in clouds is
perhaps the most difficult quantity to measure
accurately. The shortwave absorption estimates
from measurements did, however, compare well
with theoretical values within the uncertainty (which
is large) of the experiment (Stephens 1978b).

The focus of the combined theoretical-
observational program was to isolate the key
parameters that are required to characterise the
radiative properties of extended stratocumulus
clouds. Apart from the clear air fluxes at the cloud
boundaries, only solar zenith angle, surface albedo
and the vertical liquid water path were identified.
These key parameters were then employed in the
framework of a simple (conceptual) radiative
transfer model to parameterise the shortwave
radiative aspects of clouds (Stephens 1978a, b and
Fig. 2). In continuation of the early work, the
infrared radiative characteristics were again related
Fig. 2  Contours of cloud albedo and shortwave
absorption shown as a function of the two major

parameters, liquid water path and solar zenith -

angle, required to characterise the radiative
properties of clouds. Some variation about these
contours is expected for clouds composed of
different droplet size distributions (but for the
same liquid water path). It has been
demonstrated, however, that these variations are
much smaller than the overall trends displayed on
the diagram.
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to liquid water path (and cloud temperature) via the
simple ‘absorption’ model (Platt 1976; Stephens et
al. 1978). As mentioned earlier, this model, the so-
called ‘effective emissivity model’, is becoming the
mainstay of longwave parameterisation of radiation
in cloud. Results from Hobart and the earlier
aircraft flights are shown in Fig. 3. The net result
was that both the long and short-wave radiative
characteristics of extended water clouds could be
deduced with the specification of only four
quantities, namely solar zenith angle, surface
albedo, cloud temperature and the liquid water path.
Thus the explicit dependence of cloud radiative
properties on the microphysics of the cloud was
removed.

Fig. 3  The cloud (downward) effective beam emissivity
as a function of the liquid water path. The various
points represent values deduced from aircraft
sampling in several stratocumulus cloud decks
and the solid line is the relationship expected
from theory. The relationship shown on the
diagram has proved to be a basis for the
parameterisation of the infrared radiative
properties of clouds.
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Radiative properties of upper-level clouds
The work on low-level clouds described above has
greatly improved our understanding of the radiative
transfer in extended water clouds. However, our
understanding of the radiative processes in mid and
high cloud is not as complete. Thus with the known
important influence of high cloud on the earth’s
climate (not to mention the dynamic disturbances of
the atmosphere), and with the promising early lidar
work, research work by the Division has
concentrated on high clouds over the past few years.
In order to pursue cirrus cloud work, the Division
purchased a lidar which was operational late in
1975. Since then several concentrated observational
phases using lidar and the CSIRO infrared widow
radiometer have yielded details on the variation of
the cloud height, depth, and the infrared and visible
backscatter properties with cloud temperature (Platt
and Dilley 1981). One interesting result was that the
backscatter properties of clouds were found to
change significantly near a temperature of —40°C
(Fig. 4). This change in scattering by the cloud at
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this temperature is related to the fact that —40°C is
the lowest temperature at which super-cooled water
can exist in the atmosphere. Thus it appears that a
significant change in ice crystal habit must occur
around this temperature. It was also found that
clouds thickened with increasing temperature and
that the infrared absorption coefficient also
increased.

Fig. 4  The ‘effective’ lidar backscatter to extinction
ratio k/27 and its dependence on temperature.
The quantity k is the actual backscatter to
extinction ratio of the cloud particles at the ruby
lidar wavelength and 77 is a factor which accounts
for multiple scattering in the lidar receiver beam
by cloud particles. k/277 is determined as the
value of the observed backscatter coefficient
integrated through the cloud when the cloud
optical depth is large (i.e. the infrared emittance
approaches unity).
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Several interesting phenomena in the lidar
backscatter have been observed as bonuses to the
main program. For instance, irradiation of
horizontal floating hexagonal plate crystals by
vertical radiation leads to a very enhanced
backscatter due to specular reflection. Along with
the depolarisation properties, this phenomenon can
be utilised to measure the sizes and numbers of
crystals (Platt et al. 1978).

Another aspect of radiation transfer in ice clouds,
which arises from theoretical considerations, is that
the solar albedo of ice clouds is significantly greater
than that of water clouds under the same conditions
of solar zenith and cloud optical depth. The reason
lies in the details of the single scattering function.
Water drops tend to scatter preferentially near the
forward and back directions. Although the large ice
particles scatter strongly near the forward direction
they also scatter more isotropically in the 90°
region, and somewhat less in the back direction. A
shape for which the single scattering can be
computed analytically and which approximates
roughly this behaviour has been found to be that of a
long ice cylinder.

A joint lidar-satellite project was performed in the
United States, in co-operation with scientists at the

National Oceanic and Atmospheric Administration
of the US Department of Commerce (NOAA) and
Colorado State University (Platt et al. 1980). The
satellite visible channel data on several cirrus clouds
were compared with lidar backscatter data, enabling
the satellite data to be normalised with optical
depth. Calculated albedoes agreed quite well with
albedoes calculated from an ice cylinder single
scattering pattern. The same pattern of albedo
scattering has been found in the Group’s recent
aircraft observations.

The observational work has tended to go hand in
hand with the theoretical work. Thus the
significance of high tropical cirrus has been
reinforced by recent theoretical work on cloud-
radiation effects (Stephens and Webster 1981; Platt
1981). Tropical cirrus is extremely cold, with
temperatures as low as —80°C, and can also
sometimes be quite dense. One direct airborne
investigation overseas, carried out during the GARP
Atlantic Tropical Experiment in 1974, indicated
that tropical cirrus could at times become quite
‘black’ an observation which is in line with satellite
cloud-top temperature measurements (Griffith et al.
1980). The Aspendale lidar and infrared radiometer
were transported to Darwin in March 1981 and
measurements were successfully made on sheets of
tropical cirrus. This included several thunderstorm
anvils (Fig. 5). These anvils persisted for at least
several hours after the demise of the parent storms
and such clouds probably form a significant fraction
of tropical cirrus. Preliminary analysis indicates
that much of the cirrus is at a high altitude, is
extremely cold and has an infrared emittance which
is often high in the case of anvils, but which for
many other cirrus clouds can be very low. Unlike the

Fig. 5 Composite of time-height lidar backscatter
signals in the vertical for an anvil cloud in the
upper troposphere over Darwin. Not only can the
radiative features of clouds be deduced from
backscatter data (as well as some information on
the microstructure of the cloud) but also the
composited picture clearly displays vertical and
horizontal structuring of the cloud.
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observations at Aspendale, it was possible, on
certain days, to detect very thin, diffuse layers of
cirrus in otherwise dry cloudless weather. Another
interesting aspect was that because of the high
contrast between the cloud temperature and surface
temperature, upwelling radiation which is only 3 per
cent reflected downwards by the cloud actually
comprised up to 30 per cent of the emittance. Thus
from the ground the cloud sometimes appeared to
emit more than 100 per cent.

Aircraft measurements of radiation in cirrus clouds

The importance of a sufficient understanding of
radiation fields in high cirrus cloud led to a series of
flights through cirrus made in Socorro, New
Mexico, USA in 1979, employing a powered glider
belonging to the US Naval Research Laboratories
and operated by the New Mexico Institute of
Technology (Paltridge and Platt 1981). The glider
was fully instrumented with the standard set of
CSIRO radiometers together with a particle sizer
and counter. Ascents and descents were made
through several extended cirrus cloud systems and
one small, but dense, patch of cirrus. The measured
solar albedo was again found to compare better with
the ice cylinder model than with the sphere model
(Fig. 6). However, the albedo over the small isolated
patch of cirrus was found to be lower than that
predicted for infinite clouds in agreement with the
theory of scattering in finite clouds (see below).
Useful relationships were also obtained between
infrared total flux emittance and beam ‘window’
emittance, which agreed reasonably with recent
theoretical computations. The solar absorption was
also found to be of such a magnitude as to possibly
influence the cirrus evolution and thus introduce
some diurnal characteristics into the cirrus cloud.
One objective was to find relations between
infrared emittance, solar albedo and solar
absorption, and the integrated liquid water path in
the same way as was established for low cloud. The
liquid water path is one of the few quantities which
is likely to be predicted with any confidence by
general circulation models. A rough relationship
was found, but with some considerable scatter; this
is not surprising, as for the large particles of cirrus,
the cloud optical depth, for a given liquid water
content, varies as the inverse ‘radius’ of the
particles. Thus the radiative properties of cirrus
cloud are more dependent on the microstructure of
the cloud than is the case tor stratocumulus water
cloud.
The influence of cloud geometry on radiative transfer
The influence of the horizontally-finite nature of
clouds on their radiative properties has been an area
of active international research since the mid-
seventies. The particular aspects of the early work in
this area were to demonstrate that the radiative
properties of horizontally-finite clouds (e.g. cumulus
cloud) could not be deduced from the radiative
properties of the ‘ideal’ horizontally-infinite cloud.

Fig. 6 The relationship between the albedo and
emittance deduced from measurements in various
cirrus cloud decks. The cloud albedo and
emittance are the most crucial radiative
properties of cloud that characterise the impact
of cloud variations on the surface (and planetary)
radiation budgets. Presentations of these
radiative features, as in the diagram, provide
valuable insight as to the potential influence of
cloud on the radiation budgets.
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Early studies of the geometric influence of cloud
on radiation were carried out employing the
statistical approach of the Monte Carlo model.
Because of the unique nature of the results, but the
time-consuming, expensive nature of the Monte
Carlo model, these studies highlighted the need for a
general (and more practical) solution via a modified
theory of radiative transfer in three-dimensional
media. Recent work has embraced this fundamental .
problem and a new method has been developed
which recasts the problem of radiative transfer in a
horizontally-finite cloud into a form directly
analogous to the (horizontally) infinite cloud case.
This is particularly attractive since the present
elegant solutions for the infinite cloud can be
employed with simple modifications. In particular,
the new theory introduces the notion of ‘lateral’
radiative sources and sinks. These are optical
properties that characterise gain of radiation into,
or loss of radiation from, the lateral sides of the
cloud (see Fig. 7). The new method has general
application to radiative transfer in a finite medium.

Application of satellite data to infer cloud properties

Radiative measurements of clouds can be used to
infer something about cloud structure, type and
optical properties. This approach is basically that
involved with the current lidar/radiometer system.
However, application of the .inverted radiative
transfer problem to satellite data is now assuming
more importance. While this principle has been
applied extensively to atmospheric temperature
retrievals from clear sky satellite radiance
measurements, the principle has rarely been applied
to the problem of radiation and cloud.
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Fig. 7 The fraction of the incident flux at the top of the
cloud that is reflected from cloud top and escapes
through the sides of a cloud. These are theoretical
relationships deduced for an idealised box-shaped
cloud with varying width to depth ratios r (a cube
corresponds to r = 1 and the more classical plane
parallel cloud corresponds to r = o),
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A large amount of high-quality radiance data is
now available from the various scanning
radiometers on board the NIMBUS, TIROS and
GMS series of satellites. The operational satellites
usually contain radiometers detecting in the 0.5 to
0.7 um visible region (which is clear of the water
vapour and oxygen absorption regions) and the 10 to
12 um infrared region, which is in an atmospheric’
window. The IR channel is used operationally to
find the distribution of clouds (and thus weather
systems) during both day and night-time and to infer
sea surface temperature.

If more detailed information on clouds is
required, the above two channels have limitations,
particularly for high clouds, which we know are
often semi-transparent in both the visible and the
infrared and therefore the radiance contains
contributions from beneath the cloud. Nevertheless,
the Japanese GMS satellite contains only these two
channels; the International Cloud Climatology
Project, which is mentioned later, will utilise these
channels to a large extent, and maximum
information needs to be extracted. By combining
data from the visible and infrared channel, it is
found possible to obtain better information, to
identify semi-transparent high clouds, and possibly
even to extract information on cloud optical depth.
This forms the work of one new project (Platt 1982).

At the same time an understanding of the nature
of the information obtained from the special
‘research’ channels of the NIMBUS and TIROS
satellites is being sought. The NIMBUS 5 satellite
contains two channels near 2.7 um. In both there is
absorption due to water vapour, and in one there is
also absorption from CO,. Sunlight at this
wavelength is totally absorbed by these gases in the
lower troposphere and therefore in a cloudless sky,
none is reflected. However, when high clouds are
present, sufficient radiation is reflected from the
clouds to be detected from space. Thus cirrus clouds
can be ‘seen’ unambiguously. Using such data it has

been possible to produce a climatology of cirrus over
a three-year period valid between 50°N and 50°S
(Barton and Walshaw 1980). These data will be of
immense value as input to various climate and
general circulation models.

The atmospheric window at 3.7 um can also be
utilised because the emittance of cirrus is much less
than it is at 11 um. This means that during night-
time, the effective radiative temperature at 3.7 um is
greater than at 11 um and by an amount which is
proportional to the optical depth; in the daytime the
difference is enhanced by solar reflections.
Theoretical calculations have recently shown the
advantages of this channel for day and night-time
cirrus detection (Stephens 1981). The model used is
based on our observational experience, the cirrus
particles being modelled as long cylinders which are
oriented with their long axes in the horizontal (see
above).

Radiation and dynamics

Both predicted and measured values of the
divergence of fluxes in boundary layer clouds
indicate strong infrared cooling near the cloud top
together with a solar heating which is more evenly
distributed throughout the cloud depth. It is readily
apparent that the cooling and subsequent
destabilisation near cloud top could have a profound
effect, if not total control, on the evolution of the
cloud. In conjunction with observational work a
simple heuristic model (Paltridge 1974b) was
devised which postulated that radiative cooling near
the top would lead to entrainment of dry air, which,
for a quasi-stationary cloud, would be balanced by
upward fluxes of heat and moisture at cloud base.
This model was one of the first to consider the
importance of radiation in the evolution of a cloud
life cycle. Although more detailed models have
recently been developed overseas, the actual
entrainment mechanisms and possible cloud erosion
and instability through infrared cooling are still not
completely understood. A rather similar model
which indicates the potential influence of radiation
divergence on the formation of cirrus is given in
Paltridge and Platt (1976).

The potential influence of radiation on mesoscale
cloud systems has already received significant
attention internationally through the radiative sub-
program of GATE. Preliminary work along these
lines at Aspendale has already demonstrated the
role of radiation as a forcing mechanism in tropical
cloud clusters and the potential feedback to the
synoptic scale thermodynamic heat budget. For
instance, it has been shown that radiation
interactions can cause diurnal effects in tropical
cumulus (Stephens and Wilson 1980). There are also
indications that radiation plays a dominant role in
the maintenance of the large, precipitating upper-
tropospheric cloud systems in the tropics (Webster
and Stephens 1981).






