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FOREWORD

Already at the GARP Study Conference in Stockholm
in 1967 it was concluded that atmospheric radiation
research is a fundamental part of the Global Atmospheric
Research Programme. Accordingly it has been kept in
the foreground during the discussions by the Joint Organizing Committee at all meetings held so far. The JOC
requested the assistance of the Radiation Commission of
IAMAP early in 1968 and at the same time appointed
Dr. C. D. Rodgers as a consultant for co-ordination of
the various viewpoints brought forward. The present
report is thus a result of work by a good number of
scientists working in the field of atmospheric radiation
research and the JOC wishes to express its gratitude to
all those who have contributed.
I should like to emphasize the importance of the detailed
discussions which have been held between those engaged
in radiation research and those developing models for
studies of the general circulation of the atmosphere.
There is need for a continuing dialogue between these
two groups of scientists and one may in this way hope
that the most central problems in radiation research in
GARP will receive the attention that is required.
Clearly all problems in atmospheric radiation cannot
be solved as part of GARP. Thus we can today calculate
quite well the divergence of the radiation field under
conditions of no clouds or aerosols and further refinements hardly seems necessary at this stage. What is much

less satisfactory is the determination of these fields in the
presence of clouds and aerosols. We need to be able to
compute them in terms of those parameters that appear
in the numerical models and with the resolution that they
require. Further they need not be specified exactly but
only sufficiently well so that the accuracy in further
computations of such quantities are comparable with
other numerical evaluations pertaining to the development of the atmospheric motion systems. We do not know
today what is meant by "sufficiently well"; to determine
this in relation to the various dynamic processes in the
atmosphere is in fact a central problem for radiation
research in relation to GARP. As is clear from this
report there is no simple and easy way to solve this
problem and certainly many different approaches will
have to be used. In thanking Professor F. Maller and
Dr. Rodgers for their work in preparing this report I
wish to express the conviction that one further step
towards the definition of those central problems to
GARP has been taken.

BERT BOLIN

Chairman,
Joint GARP Organizing Committee
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PREFACE

Radiation processes in the atmosphere and on the
earth's surface strongly influence the origin of motions of
the atmosphere and are vital for their maintenance.
These are the well-known facts: the earth's surface receives
more radiative energy from the sun that it loses in the
form of terrestrial radiation; its radiation budget is
positive while that of the atmosphere has the opposite
sign. This contrast gives the impetus for the transfer of
sensible and latent heat from ground to atmosphere, for
the origin of thermal turbulence, and for the formation
of convection and convective clouds. The horizontal
differences in the radiation budgets between low and high
latitudes build baroclinic patterns in which the dynamic
systems develop and by which they are modified. On the
other hand, the dynamic systems and their water vapour
and cloud distributions modify the radiation fields.
Thus it is essential that dynamic models of the atmosphere should take the radiation processes into account.

The first part of the present study attempts to explain to
what degree radiation processes ought to be considered
in models of different scales. The second part is seen more
from the viewpoint of radiation research and demonstrates
what special investigations have to be performed so that
sufficiently accurate radiation models can be designed.
This same part also summarizes and elaborates in more
detail proposals and results of the discussions which have
been brought forth at the GARP Study Conference in
Stockholm, 1967, and at the Symposium on Radiation
including Satellite Techniques, which was held by the
Radiation Commission of IAMAP in Bergen, Norway,
in 1968.
The authors are indebted to Professor J. London for
his stimulating advice and his aid in elaborating the first
part of this study.
November 1969.

F. Moller

C. D.

RODGERS

SUMMARY

In view of the strong influence of radiation processes
in the atmosphere and at the earth's surface on the
generation and maintenance of atmospheric motions, it
is essential that these processes be taken into account in
models of the general circulation and therefore in GARP
planning. The way in which this can best be done depends
to some extent on the time-scale of the phenomena to be
studied.
Part I of this publication discusses the importance of
radiation for short-range, medium-range, long-range and
climatological investigations. For short-range studies, it
is important to incorporate the energy transformations at
the earth's surface. Radiative processes in the free atmosphere become of increasing importance in mediumrange studies. Cloud distribution has to be taken into
account in calculations of solar and terrestrial radiation.
For long-range investigations the distinction between a
single cloud layer and several cloud layers may be
important. For these time-scales the effects of variations
in haze must be included in the calculations. For studies

on the climatic scale, consideration must be given to
possible variations in the solar constant, the concentration of trace gases, aerosols and other factors, the effects
of which may be negligible on shorter time-scales.
In the light of the above and similar considerations,
Part I of the report also discusses the radiation quantities
which should be measured during the first GARP global
experiment and the investigations which should be
completed before the experiment. This leads up to
Part II of the report, in which these questions are examined in greater detail. The investigations required for
GARP are classified under the following headings: calculation of radiation fields, observation of radiation fields,
the complete radiation experiment and co-operative
studies. This same classification is used to analyse the
results of an inquiry into the current state of radiation
studies relevant to GARP.
The report concludes with a list of addresses of the
research workers whose studies are mentioned earlier and
with a bibliography.

Etant donne la forte influence que les processus de
rayonnement exercent, dans l'atmosphere et it la surface
de la terre, sur la naissance et l'entretien des mouvements
atmospheriques, i1 est indispensable de tenir compte de
ces processus pour etablir des modeIes de la circulation
generale et, par consequent, pour la planification du
GARP. Le choix de la methode la plus satisfaisante it cet
egard, depend dans une certaine mesure de l'echelle de
temps des phenomenes it etudier.
Dans la Partie I de la presente publication, on etudie
l'importance du rayonnement pour les recherches it court,
moyen et long terme, et meme pour des recherches « climatologiques ». Pour les etudes it court terme, i1 est
important de tenir compte des transformations de l'energie it la surface de la terre. Les processus radiatifs prennent
davantage d'importance dans les etudes it moyen terme.
Il convient de tenir compte de la distribution des nuages
pour calculer le rayonnement solaire et le rayonnement
terrestre. Pour les recherches it long terme, i1 peut etre
important de faire une distinction entre une seule couche
et plusieurs couches de nuages. Pour ces echelles de temps,
on doit inc1ure dans les calculs les effets des variations
dans la brume. En ce qui concerne les etudes portant sur
des periodes qui relevent de la climatologie, i1 faut tenir

compte des variations possibles de la constante solaire.
de la concentration des gaz rares, des aerosols et d'autres
facteurs dont les effets peuvent etre negligeables pour des
echelles de temps plus reduites.
Compte tenu des considerations qui precedent et de
facteurs du meme ordre, on etudie egalement dans la
Partie I du rapport les gnindeurs de rayonnement qui
devraient etre mesurees pendant la premiere experience
mondiale du GARP, ainsi que les recherches qui doivent
etre effectuees avant l'experience. Ceci conduit it la
Partie II du rapport dans laquelle ces questions sont
examinees de fayon plus detaillee. Les recherches it
effectuer pour le GARP sont c1assees sous les rubriques
suivantes: calcul des champs de rayonnement, observation des champs de rayonnement, ensemble de l'experience
consacree au royonnement et etudes concertees. On
utilise cette meme classification pour analyser les resultats
d'une enquete effectuee pour determiner OU en sont
actuellement les etudes sur le rayonnement s'appliquant
au GARP.
Le rapport se termine par la liste des adresses des
chercheurs dont les travaux sont mentionnes dans le texte
ainsi que par une bibliographie.
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RESUMEN

Dado que los procesos de radiacion que tienen lugar
en la atmosfera y en la superficie terrestre ejercen gran
influencia en la produccion y conservacion de los movirnientos de la atmosfera, es esencial tomarlos en cuenta
en los modelos de circulacion general y, en consecuencia,
en la planificacion del GARP. La forma mas conveniente
dehacerlo depende,. en cierta medida, de la escala de
tiempo de los fenomenos que se desean estudiar.
En la Parte I de esta publicacion se examina la importancia de la radiacion en los estudios de fenomenos de
corta, media y larga duracion, y en las investigaciones
climatologicas. En los estudios de fenomenos de corta
duracion, es importante tener en cuenta las transformaciones de energia que ocurren en lasuperficie terrestre.
En los de duracion media, los procesos radiactivos en la
atmosfera libre son un factor cada vez mas importante.
La distribucion de las nubes debe ser tenida en cuanta en
los calculos de la radiacion solar y terrestre. En cuento a
las investigaciones de fenomenos de larga duracion, puede
ser importante distinguir entre una unica capa de nubes
y varias capas. Estas escalas de tiempo exigen que los
calculos incluyan los efectos de la variacion de la calima.

H

En los estudios a escala climatica real, debe prestarse
atencion alas posibles variaciones de la constante solar,
a la concentracion de gases trazadores, aerosoles y otros
factores, cuyos efectos pueden ser despreciables cuando
se trata de escalas de tiempo mas reducidas.
En la Parte I se examinan tambien, a la luz de las consideraciones mencionadas y de otras sirnilares, los pantmetros de radiacion que debieran medirse durante el
primer experimento mundial del GARP, y las investigaciones que debieran efectuarse antes del experimento.
Esto conduce a la Parte II del informe, donde estas
cuestiones son objeto de un examen mas detallado. Las
investigaciones necesarias en el marcH del GARP han
sido clasificadas segun los siguientes epigrafes: calculo de
los campos de radiacion, observacion de los campos de
radiacion, experimento completo sobre radiacion y estudios cooperativos. Se emplea la rnisma clasificacion para
analizar los resultados de una encuesta sobre el estado
de los estudios de la radiacion de interes para el GARP.
El informe terrnina con una lista de direcciones de los
investigadores cuyos estudios se mencionan, y una bibliografia.
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PART I

1. INTRODUCTION
The tasks of radiation research within the framework
of GARP can be subdivided into three categories, each
of which may clearly be separated from the other. These
categories are discussed in Appendix H of the report of
the second session of the Joint GARP Organizing Committee (JOC). They are:
A. Consideration of radiation in numerical atmospheric models simulating the development of the
general circulation;
B. The measurement of radiation quantities during the
GARP global experiment;

C. Theoretical and experimental radiation research
which must be completed before the beginning of
the first GARP global experiment.
Because of insufficient past communication between scientists responsible for the development of numerical general circulation models and those involved in radiation
research, previous recommendations, such as those contained in the report of the GARP Study Conference,
dealt principally with category C. Although all three
categories are important for GARP as a whole, emphasis
in this report will be placed on problems involved in radiation input to numerical models of the general circulation.

2. CONSIDERATION OF RADIATION IN NUMERICAL MODELS OF THE GENERAL CmCULATION
It is important to distinguish among the various timescales of the numerical experiments, since the radiation
input to the model will depend on whether short-range
(synoptic), medium-range, long-range or climatological
investigations are to be considered. In general, the
longer the time-scale the more important is the influence
of the radiative processes in the atmospheric models.

2. 1 Short-range investigations
In the case of shOli-range investigations, consideration
must be given to the daily variation of most meteorological elements, particularly the daily variation of temperature. We assume that such investigations would
cover a time-scale of the order of two to three days and
an area of approximately 2x 108 km2 (for example,
North America or the North Atlantic Ocean and its
surrounding land masses). A statement by the dynamicists
is needed as to whether or not such investigations would
be meaningful within a system of global calculations.
In the case of short-range models, the radiative processes at the earth's surface (particularly, the daily variation of irradiation) are the most important. The diurnal
and annual variations of the extraterrestrial irradiation
on a horizontal surface are a purely geometrical problem
and can easily be tabulated. The radiation input at
the earth's surface, however, requires careful calculation
since it results from modification of the extraterrestrial

irradiation by scattering and absorption within the atmosphere. The variation of the thermal state of the surface
is also strongly 'influenced by the reflectivity of the surface, by cloudiness and its daily variation, by the water
content of the soil, and by thermal constants such as
heat conductivity and heat capacity of the ground. All
energy transformations at the surface, such as radiation
balance, heat conduction into the ground, and transfer
of sensible and latent heat between the ground and the
atmosphere, need to be included in the calculations.
The variation of other quantities, such as atmospheric
water vapour, haze and the long-wave net radiation at
the earth's surface, are less important. Thus, these latter
parameters may be approximated by their mean values.
Similarly, variations of the radiation balance of the
atmosphere are of relatively minor importance in shortrange calculations and may be neglected i.ij the first
approximation.
As discussed above, the most important quantity for
short-range studies is the surface temperature which
depends on the incoming solar radiation, the heat constants of the soil, and the cloudiness. The surface temperature and heat constants could be given as initial
values. The cloudiness, however, must be determined
by the model itself. On this time- and space-scale, the
use of statistical relations between water-vapour content
and cloudiness is probably not satisfactory.
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The daily variation of cloudiness as well as the development ofland and sea breeze circulations could be obtained
from investigations involving a short-range model.
At any rate, such studies must incorporate all the
energy transformations at the earth's surface. Radiative
processes in the free atmosphere become of a secondary
importance.
2 .2 Medium-range investigations
These investigations deal with the types of dynamical
calculations which provide the basis for most of the
present numerical studies. They have global extent,
cover a prediction interval of about two weeks, and
represent the main emphasis of GARP.
Although in this case detailed consideration of the
diurnal variation of radiation processes at the earth's
surface may not be needed, the amplitude of these variations is responsible for the formation of convective clouds
and therefore should be parameterized so that the amount
of cloudiness is given correctly. This problem is closely
related to a correct treatment of cumulus cloud formation.
Also, a distinction between the geographical and seasonal
distribution of mean surface albedo and soil constants
is necessary in order to specify the initial values for
parameterization of the heat transfer from the surface to
the atmosphere.
The influence of the intense mixing in open ocean and
upwelling water bodies on the temperature of the underlying surface of the atmosphere is comparable with that
of horizontal ocean currents and should have separate
consideration in numerical models.
Long-wave radiative processes in the atmosphere should
be regarded more carefully than in the case of shortrange investigations. However, the accuracy required
for radiative calculations will depend on the dynamical
model itself. For instance, in a two-layer model radiation
processes may be represented rather schematically. But,
in general, the radiative heating rates need to be calculated
for as many layers as are used in the dynamical model.
The heating rates in the atmosphere depend on the
concentrations of water vapour, carbon dioxide and
ozone as well as on the temperature and the cloudiness.
Variations of the temperature and water-vapour content
will be determined by the model itself. They will also
be measured from satellites in the form of mean temperature and relative humidity values for certain atmospheric
layers.
The satellite observations can be used as a check on
the calculated values. Since both calculated and observed
temperatures and humidities will have some inherent
errors, radiation investigations should be conducted to
determine which initial values can more easily be incorpo-

rated in the numerical scheme and which values give the
more accurate heating rates.
The specification of correct values of cloudiness is, of
course, extremely important for calculation of solar and
terrestrial radiation in models for medium-range investigations. It is probably not possible, however, to determine
from radiation calculations alone whether a climatic
mean cloud distribution will give sufficiently accurate
predictions or whether a cloud distribution derived from
the dynamic-thermodynamic model itself will be needed.
One suggestion is to try a model in which deep clo~ds
are assumed in only those regions where the hydrologIcal
circulation model predicts precipitation. This may result
in a relatively easy method for determining the actual
cloud distribution and its influence on radiation, a method
which is better than using a climatological distribution.
The difference between the weather developments in
these two cases would certainly indicate which cloudiness assumption gives the more satisfactory results. An
additional investigation would involve determination of
the cloudiness by statistical methods as a function of the
water-vapour content and the temperature. Mter s~c~ a
series of investigations has been performed, a decISIon
will be possible as to what 'accuracy is needed for the
specification of cloudiness by height and amount in the
radiation and dynamic calculations.
It is fairly certain that consideration of cirrus clouds
and of haze will increase in importance towards the end
of the prediction interval of two weeks.
At any rate it will be necessary to derive the cloudiness amount from dynamical or statistical procedures
since, with a mesh of 400 - 500 km, it is not sufficient
to stipulate only two classes of cloudiness (Le., clear or
overcast).
Radiative heating rates in the stratosphere depend on
the concentrations of water vapour, ozone and carbon
dioxide. The water-vapour content will be determined
by the model itself. Although its con~entration is sm.all,
variations of water vapour due to hOrizontal and vertical
motions in the stratosphere will have a non-negligible
effect on the heating rates.
The variations of ozone with latitude, season, and
perhaps longitude should be included in the mode~. .For
a prediction interval of two weeks, however, vanatIOns
of carbon dioxide are too small to be significant.
2. 3 Long-range investigations
Studies which extend over a time interval of three
weeks up to several months or seasons may be considered
as long range. In this case a detailed considerati?n of
diurnal variations will not be needed; they should SImply
be parameterized as in the case of medium-range investigations.
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For such long time periods radiative processes should
be calculated as accurately as possible taking all factors
into account. Temperature and water vapour will again
be given by the numerical model. Clouds need to be
considered even with respect to their vertical distribution.
Experiments have suggested that the distinction between
a single cloud layer and several cloud layers has little
significance for a prediction interval of about 20 days
but becomes important for longer time periods. Since
the climatic cloud distribution is probably not adequate
for long-range calculations, the cloudiness should be
determined in some form from the model, either statistically or dynamically, from the computed values of
vertical motion, mixing ratio, and temperature, Investigations of the cloud data required for accurate radiation
computations are badly needed,
The influence of cirrus clouds on solar and terrestrial
radiation needs further investigation. If this influence
proves to be important for extended-range computations,
the distribution ·of cirrus clouds should be derived from
the model either statistically or by some form of parameterization.
All observations have shown that there is a high concentration of haze below the trade-wind inversion in low
latitudes. Also, in higher latitudes tropical air masses
contain much haze while polar air masses are relatively
clear. If, as has been suggested, haze absorbs an additional20 per cent of the solar radiation normally absorbed
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by water vapour, this effect must be included in computing the latitudinal variations of radiative heating
rates in the lower layers of the atmosphere. It is necessary that definitive haze absorption measurements be
made (as indicated, for instance, under 4 (d) below).
The results of such measurements could then be parameterized for inclusion in the general model.
Finally, the geographic and seasonal variations of
surface albedo should be specified for the model.
2 ,4 Climatic variations
Radiation processes may play a part in the origin of
anomalies of the general circulation that continue for
months or years, They are certainly dominant in studies
involving the evolution of climate and climatic variations.
For these studies the normal atmospheric parameters,
such as temperature, humidity and cloudiness distributions, must be specified by - and be internally consistent
with - the global model. In addition, the results of
radiation calculations for climatic periods are sensitive
to absolute values and variations of (a) the solar constant;
(b) trace gases such as carbon dioxide and ozone; (c) aerosols; (d) snow cover and changes of sea ice, etc. It is
necessary that the cloud reflectivity and thermal emission
of clouds (particularly thin cirrus) be better known than
at present. These problems are complex and although
their investigation may not be an immediate goal of
GARP, they should be part of the long-range planning.

3. MEASUREMENTS OF THE RADIATION QUANTITIES DURING THE GLOBAL EXPERIMENTS
3.1

General

Numerical simulation of the global atmospheric circulation is one of the central problems of GARP. For
this purpose it is not absolutely necessary to establish
a network of radiometersonde stations because the
heating rates are parameterized or calculated by the
model and measurements of the radiation flux divergence
give only instantaneous values of the diabatic influences.
Radiation measurements at the earth's surface, however, have more relevance since the radiation budget
at the surface directly affects the transfer of heat between
the surface and atmosphere. The radiation budget at
the surface is composed of the total radiation from sun
and sky, short-wave radiation reflected at the surface
as well as long-wave downward radiation and emission
of the surface. Of these, the reflected radiation varies
strongly with the physical characteristics of the underlying
surface and has, therefore, large geographic variation.
Thus, even what would normally be considered a very

dense network would not be suitable to depict these
variations. The long-wave net radiation at the surface
can be derived from the surface temperature and the
water-vapour content.
There exists, at present, a broad network of stations
taking observations of global radiation from sun and
sky. This network is maintained mainly by the national
Meteorological Services and is part of a programme coordinated by the World Meteorological Organization.
The network should be supplemented, where necessary,
to include different characteristic sites and different characteristic climates. Care should be taken that these
radiation stations are equipped with well-calibrated and
standardized instruments and are supervised by highly
qualified persons. Data from this world network are
at present being collected and distributed by the Main
Geophysical Observatory, Leningrad (Hydrometeorological Service, U.S.S,R.). The other radiation fluxes
are to be derived from large-scale seasonal maps of
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surface albedo, surface temperature, and water-vapour
content. Buoys should carry a sunshine recorder if at
all possible.
3.2 Haze and dust
It is desirable that a selection of stations be set up in
representative areas to provide information on the
synoptic and climatic distribution of haze and dust.
This information could be derived from measurements
of turbidity and/or air pollution. It is important that
the observations be capable of distinguishing between
dry dust (e.g. particles originating from dust storms
or forest fires) and wet haze (consisting of microscopic
water droplets) since the absorption properties of these
aerosol species are quite different.

3.3 Radiation balance and flux divergence
Another central aspect of GARP is to conduct observational and experimental studies of the atmosphere.
This will involve collecting information on all quantities
which characterize the physical behaviour of the atmosphere. Among the most important of these quantities
is the radiation balance at the surface and top of the
atmosphere as well as the radiation flux divergence within
the atmosphere itself. There are only very few long
series of direct measurements of the flux divergence in
the real atmosphere and even these are not strictly

comparable because of the use of different types of
instrument. A standardization of the instruments is
urgently needed to ensure internal consistency among
the various radiometersondes in order to check the results
of radiation calculations. It has been proposed by the
International Radiation Commission (IAMAP) and by
the WMO Commission for Instruments and Methods
of Observation that such standardization be made. An
extended network of radiometersonde stations should be
established covering representative conditions to provide
the desired information.
3.4 Satellite measurements
Although satellite measurements of the radiation
balance of the earth/atmosphere system do not present
initial values for dynamical calculations, they are a very
important and extremely sensitive means for verification
of the predicted state of the atmosphere. The extraterrestrial radiation balance depends on the temperature
of the surface, on the vertical stratification of temperature and water vapour, on the altitude of clouds and
their temperature and on the cloudiness amount. The
radiation balance can also easily be calculated from the
dynamical models. Satellite observations of the radiation
balance at the top of the atmosphere therefore offer an
excellent opportunity to 'verify the correctness of the
calculations and should be planned for the first GARP
global experiment.

4. RADIATION STUDIES PRIOR TO THE FIRST GARP GLOBAL EXPERIMENT
The discussion in section 2 covered only the types of
radiation calculations needed for dynamic calculations
on different scales. Nothing has been said about the
methods by which the calculations should be carried
out, nor of the research necessary to improve radiation
theory and calculations for inclusion in th~ dynamical
models. These are discussed more fully in the second
part of this report, and it is sufficient at this point simply
to list the proposals. Numbers in parentheses refer to
the respective paragraphs of the second part of this
report.
(a) Simplified methods of radiation calcUlations in the
solar and terrestrial spectrum should be developed. It is
particularly important to take into account the distribution and thickness of clouds. The radiation balance at
the surface as well as approximate but realistic methods
for determination of heating rates in the atmosphere
are needed (2.1.1).

(b) Theoretical and experimental studies of the optical
properties of clouds (Le., transmission, absorption, and
reflection in all spectral ranges depending on cloud
height, thickness, liquid water content, and distribution
of droplet sizes) need to be conducted and practical
methods are needed for incorporating this information
directly into dynamical computations (2.1.2).
(c) Data on spectral reflectivity and emissivity of all
types of surfaces, such as sea, snow, ice, soil, and vegetation, are needed (2.1.3).
(d) The influence of haze on radiative heating and
cooling rates should be studied (2.1.4).
(e) Improvement of thermal radiometersondes is
needed (2.2.1).
(/) A workable radiometersonde for solar radiation
should be developed (2.2.2).
(g) A programme for simultaneous measurement of
all radiation fluxes in the atmosphere and measurement
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of the relevant parameters such as temperature, pressure,
water-vapour content, ozone, aerosols, surface properties, cloudiness, etc. should be planned. This experiment is generally known as the Complete radiation experiment. This last item is of major importance in the radiation SUb-programme of GARP (2.3).
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The measurements and calculations briefly listed above
should result from the radiation research which needs
to be completed before the beginning of the first GARP
global experiment. They are basic for incorporating
practical and correct radiation calculations into the
dynamic models.

PART II

1. INTRODUCTION
Radiative heating by the sun is the source of energy
by which all atmospheric motions are driven, and loss
of thermal radiation is the ultimate sink of this energy.
It is essential to have a clear knowledge and understanding
of the nature and distribution of these sources and sinks
in order to calculate and understand the motions of the
atmosphere.
Radiation is of importance on many different scales,
from the relatively small scale such as the surface heating
which gives rise to the sea breeze phenomenon to the
global scale and long time periods when considering
climatic change.
In regard to the Global Atmospheric Research Programme there are three main areas in which radiation
will play a part. They are:
(a) Calculation of radiation fields by simple methods

with sufficient accuracy and speed for use in numerical models of the atmosphere;
(b) Calculation of radiation fields by more accurate

methods for use in GARP experiments and climatological studies;
(c) Measurement of radiation fields for use in GARP
experiments and climatological studies.
Radiative transfer is involved in remote sounding

methods of observing the atmosphere, but this aspect is
dealt with in the report of COSPAR Working Group VI.
Studies in pure radiation fields are relatively more
advanced than in other topics involved in GARP, in the
sense that the theory is better understood, although
observational data is usually inadequate. However,
because of limitations on computer time, it is impossible
to use the complete radiative transfer theory in most
GARP projects, and certain approximations must be
developed. Some improvement in observational techniques is also needed.
The report of the study conference on GARP (1967)
contains an initial study of the problems in atmospheric
radiation which are related to GARP. Section 2 of this
report is an extension of this study, organized in a more
logical manner. Section 3 describes current work relevant
to these problems, and section 4 attempts to pinpoint
areas in which further work is needed. These sections
are based on replies to a questionnaire circulated by
the Joint Planning Staff for GARP, together with information from various other sources.
Appendix I is a list of addresses of informants and
their colleagues who are working on problems relevant
to GARP, and Appendix II is a list of references to
recent work, and so"me older key papers.

2. RADIATION INVESTIGATIONS REQUIRED FOR GARP
2. 1

Calculation of radiation fields

A considerable amount of work has been done on the
calculation of atmospheric radiation, and methods
suitable for use in GARP experiments and climatological
studies are available. A review of available methods
and basic data with the requirements of GARP in mind
would be very useful, perhaps on the lines of section 3.4. 1
of the GARP Study Conference Report. However, there
are some gaps in our knowledge, especially with regard
to the treatment of clouds, and application to numerical
models.
2. 1 . 1

SIMPLE METHODS FOR NUMERICAL MODELS

There is a need for simple methods of calculating
radiation fields which are computationally fast, but

without losing too much accuracy. Perhaps a series of
methods might be devised which trade off speed against
accuracy. These methods should be tested against more
accurate methods and observation.
2.1.2 TREATMENT OF CLOUDS
Radiative transfer in clouds can be dealt with by
accurate but time-consuming methods. A large amount
of work is being done on this subject, but little of it is
relevant to the immediate problems of GARP. There
is a need for some relatively simple approximation which
will do for clouds what band models did for transfer
in molecular vibration rotation bands. This kind of
approximation must be usable with the minimum of
information about the cloud, e.g. only cloud height
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thickness and perhaps liquid water content. Numerical
models deal with relatively coarse horizontal scales, so
that it must be possible to deal with cases in which the
detailed horizontal structure of the cloud is not known.
A simplified treatment of clouds requires an observational programme for verification of models, including
observations from the surface, balloons and/or aircraft.
2. 1.3 SURFACE PROPERTIDS
There is a large amount of information in the literature about the spectral properties of surface materials,
but there is very little in the way of a comprehensive
review of surface albedos in a form suitable for radiation calculations. Such a review would be generally
useful.
2. 1. 4 DUST AND HAZE
Little is known about the distribution of dust and haze
or its effect on atmospheric radiation. A complete
absorption and scattering calculation can be made if
the phase function is known, but this is not usually
the case. Further observations are needed to establish
more closely the optical properties and distribution of
dust and haze, and its effect on radiation flux and divergence. As in the case of cloud, simple approximations
are also needed.
2.2 Observation of radiation fields
A certain amount of instrumental development is
required for the accurate measurement of radiation fields
from balloons and aircraft. Further work is required
to improve our knowledge of radiation climatology.
2.2. 1 THERMAL RADIOMETERSONDES
Improvement and intercomparison of radiosondes for
the measurement of long-wave radiation flux and divergence is required until good agreement is obtained, both
between sondes and with calculations.
2.2.2 SOLAR RADIATION SONDES
Further development of aircraft instruments and
radiometersondes for the measurement of solar radiation
flux and divergence is required. Simultaneous measurement of long-wave radiation would be valuable.
2.2.3 SURFACE NETWORKS
The present surface networks and instruments should
be examined to determine to what extent they are suitable
for use during GARP experiments.
2.2.4 ~IATION CLlldATOLOGY
One aspect of GARP is a "better understanding of the
physical basis of climate". To this end, it would be
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desirable to have climatological values of radiative fluxes
determined with higher accuracy than we know them
now. This kind of study can use surface, balloon, aircraft and satellite observations. These observations
should complement and be compared with theoretical
studies of radiation climatology derived from calculations
using average distributions of temperature and atmospheric composition.
2.3 The complete radiation experiment
In the past there have been very few measurements of
radiation where all the important quantities have been
measured simultaneously. This kind of experiment is
essential as a final check on radiation theory and on the
approximate methods. Radiation should be measured in
all the energetically important spectral regions with
properly calibrated instruments from the ground, aircraft and/or balloons. Simultaneous observations must
be made of cloud amounts, heights and composition,
temperature, water vapour, dust, haze, and ozone profiles, the nature of the lower boundary, and its height
(or pressure).
2 .4 Co-operative studies
In the GARP Study Conference Report, each of the
working groups made some comments on the role of
radiation studies in their specific fields. These comments
suggest the following interdiscipline studies.
2.4.1 BOUNDARY LAYER
Radiation fluxes and divergences in the boundary layer
are needed, and computations should be made to assess
their magnitude for typical vertical distributions of cloud,
temperature, water vapour, and haze. (GARP Study
Conference Report 3.3.4.5.)
2 .4.2 CLOUD DYNAMICS
Section 3.2.3.1 of the GARP Study Conference Report
discusses the local scale interaction of radiation on cloud
dynamics. The processes suggested may be an important link in the development of tropical weather systems,
and require further investigation. Of course, this kind
of study need not be restricted to the tropics.
2.4.3 NUMERICAL MODELS
It is important to discover the accuracy required by
numerical models from methods of calculating radiative
energy transfer and to discover whether a faster and less
accurate method used with a small time step is better
than a slower and more accurate method used with a
longer time step.
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2.4.4 CLOUD DISTRIBUTION IN NUMERICAL MODELS
Another important problem with respect to numerical
models is that of prediction of cloud heights. Present
numerical models cannot predict cloud heights and
amounts, but radiative transfer calculations need them.
The most hopeful approach at the moment seems to be
some kind of parameterization of cloud amount in terms
of the water-vapour amount, but it may be that radiation
can be parameterized directly in terms of water vapour
without the cloud distribution being stated explicitly.

(a) Establishment of a network to determine accurately

the surface radiation balance. The density of observations to be determined in relation to GARP experiments and climatological requirements.
(b) A network of radiometer soundings in conjunction

with other measurements in GARP experiments.
(c) Satellite measurements of cloudiness, radiative fluxes
in different spectral regions, and total regions, and
total radiation balance, using polar orbiting and
geostationary satellites.

2.5 Radiation measurements during GARP experiments
One of the quantities to be measured in a GARP
experiment is the energy supplied to the atmosphere and
surface by radiation. Given a successful conclusion to a
complete radiation experiment it may be possible to calculate the radiation field. However, it will probably be
more economical to fly radiometers than to fly all the
instruments to measure the quantities needed to calculate
radiation. The following projects are required:

2.6

Ozone

Ozone has an important effect on the radiative balance
of the stratosphere, and will therefore affect the dynamics
of this region. Studies of photochemistry and the distribution of ozone will have some relevance to GARP,
but this topic is thought to be outside the scope of this
report.

3. CURRENT STATE OF RADIATION STUDIES RELEVANT TO GARP

The subsection numbers here are identical to those in section 2. In each subsection there is a list of projects
relevant to GARP, generally in approximate order of relevance. The left-hand column gives the name of the informant
or investigator. The single letter in the next column indicates: A - planned, B - in progress, C - completed,
D - published. The third column is a brief description of the project.
3. I

Calculation of radiation fields

3. I . I

SIMPLE METHODS FOR NUMERICAL MODELS

Manabe

D

Feigelson

B

Sasamori
Joseph

D

Walshaw

B

Cox

C

London
Rakipova

BD
A

Kuhn
Gille

BD
A

D

A method based on a radiation chart has been incorporated in the GFDL/ESSA numerical
models. Comparisons have been made with other methods.
Study of simple approximate methods of radiative heat exchange calculations, and their use
in numerical experiments on dynamics.
A numerical method based on a radiation chart. Comparisons with other models.
A simple method for Mintz's numerical model, based on a representation of the absorption
by a sum of exponential functions.
A method based on linear regression between the atmospheric state and radiation calculated
by more accurate methods. For use in Corby's numerical model.
A radiation model in which the effects of clouds are simulated from moisture and temperature
parameters. The model was derived from direct observations of balloon-borne radiometersondes.
Linear regression between radiative cooling and the local temperature.
Designing a scheme for computation of heat flux due to radiation heat exchange and watervapour condensation in a cloudy atmosphere.
Empirical relations confirmed by NIMBUS II and balloon infra-red analyses over the Arctic.
Empirical relations based on BOMEX observations.
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Davis

B
CD
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Exploring the possibility of improving an empirical technique for describing the integrated solar
absorption in the atmosphere as a function of the total water amount and cloudiness.
Simplified numerical treatment of infra-red transfer through the atmosphere, including semitransparent and non-transparent clouds with arbitrary reflectance; surface temperature discontinuity allowed.

3.1.2 TREATMENT OF CLOUD
(a) Mainly experimental and empirical
Cox
AB Infra-red radiation parameterized in terms of cloud using data from the Line Island experiment. Plans to extend this to short-wave radiation using 1968 Barbados and BOMEX flights.
Studies to obtain correlations between cloudiness and upward radiation at the top of the
Bugaev
B
atmosphere.
Warner
B
Improvement of empirical relations between cloud and various radiation parameters.
BD Joint spectral balloon radiometer, aircraft radiometer and approximate transfer calculations,
Kuhn
above, within, and below cloud.
Davis
Coincident ruby laser and infra-red radiometric observations of cirrus cloud.
B
Lee
Measurement of thermal radiation in cloud, fog and haze from a tethered balloon.
B
Robinson
B
Absorption and reflection of solar radiation by cloud and haze layers. This is a low-priority
project.
Ruff
B
Determination of the angular and spectral reflectance characteristics of clouds and natural
surfaces from ATS observations.
An experimental study of the radiative properties of clouds and the earth's surface.
Yamamoto
A
Observations of infra-red effective emissivities of cloud layers.
Cox
C
Yonder Haar BD Study of the reflectance of clouds from ATS-I and ATS-III radiance measurements.
Blau
AB
Laboratory studies of scattering by dust, water drops and ice crystals in the visible and near
infra-red.
Field measurements of particle size distribution in clouds as part of BOMEX.
Hovis
Reflectance of clouds in the infra-red from 1.2 Jl to 6.4 Jl from aircraft and NIMBUS D.
B
Observations of infra-red reflectance of clouds of various types in the 1.6 - 5.4 Jl region.
D
A
Measurement of infra-red fluxes over sea surfaces, and simultaneous measurements of infraJoseph
red fluxes above and below cirrus cloud, and their phase functions. Further theoretical treatment of cirrus cloud.
Bolle
B
Transmission of clouds measured from the ground in narrow spectral regions in the visible
and infra-red.
AB Angular distribution of solar radiation reflected from clouds. Liquid water content, drop-size
Bull
distribution, and cloud thickness will be measured.
Hovis
A
Proposed cloud mapping radiometer on NIMBUS F using spectral regions at 1.7 and 2.1 Jl to
distinguish water and ice clouds.
Radiative characteristics of jet stream cirrus measured from an aircraft. 8 - 13 Jl.
Valocvin
D
Fenn
Measurement of angular light scattering characteristics of ice clouds in the visible and near
B
infra-red.
(b) Mainly theoretical
Feigelson
B
Investigation of the radiative heat exchange in relation to the cloud properties and the influence
of radiation on cloud formation.
Zdunkowski
"New methods shall be discovered to provide more efficient means of obtaining radiative
A
and Korb
quantities for the solar spectrum." We have some definite ideas of how to attack this problem.
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Yamamoto

D
B

Sekera
Jacobowitz

B

Weinman

B

Grant
Zdunkowski

B
C

B

Deirmendjian D

Plass
Kattawar

BD

Radiative transfer in water clouds in the 10 Jl region.
Estimating the radiative properties of water clouds (reflectivity, transmissivity, emissivity, and
heat budget) in the 5 - 50 Jl region.
Theoretical study of radiative transfer in a cloudy or hazy atmosphere.
Calculation of the emission, reflection, absorption and transmission properties of clouds in
the visible and infra-red, using a physical model which accounts for multiple scattering and
polarization.
Theoretical transfer of short-wave radiation in clouds. Experimental work using lasers on
natural and artificial clouds.
Calculation of scattering, absorption and transmission by ice and water clouds in the infra-red.
Detailed calculations of radiative transfer (infra-red and solar) in clouds and fogs, using Mie
scattering theory and the exact structure of spectral lines.
Theoretical models of the complete Stokes phase matrix elements, extinction coefficient and
albedo of single scattering in the visible, infra-red and microwave regions for water clouds and
hazes, as well as absorbing particles.
Scattering of radiation in clouds etc., using Monte Carlo methods.

3. 1.3 SURFACE PROPERTIES
The global distribution of the earth's albedo.
D
Clapp
Aronson
Measurements and mathematical models of emissive and reflective properties of minerals.
B
Bolle
B
The reflection properties of soil materials including water and ice are investigated in the laboratory. 1 - 25 Jl.
Buettner
BD Infra-red emissivity of natural surfaces. 8 - 14 Jl.
Coulson
Reflection properties of natural surfaces. 0.3 - 1.02 Jl.
B
Lorenz
D
Long-wave reflectivity of natural surfaces. 8 - 14 Jl.
Yamamoto
An experimental study of the radiative properties of clouds and earth surfaces.
A
Theoretical and experimental studies of different types of ground reflection.
Sekera
B
3.1.4
Bryson

DUST AND HAZE

Bullrich

B

B

Deirmendjian D
Davis
A
AB
Blau
Quenzel
Sekihara

AB
B

Studies of the effect of dust on infra-red and solar radiation divergence. Emphasis on the
Middle East and India.
Absorption processes of atmospheric aerosol particles as a function of the relative humidity.
Multiple scattering and ground reflection properties.
Theoretical models of scattering by dusts and hazes.
Simultaneous laser and radiometer measurements through dust and haze.
Laboratory studies of scattering by dust, water drops and ice crystals. Visible and near
infra-red.
Aerosol size distribution and continuum absorption.
Experimental study of radiative transfer in fogs, in relation to size distribution and liquid
water content.

3.2 Observation of radiation fields
3.2.1
Kuhn
Kuhn
Muller

THERMAL RADIOMETERSONDES

C
DA

Comparison of radiometersondes with satellite observations.
Thermal radiometersondes are being developed by Kuhn, Muller, and Russian and Japanese
workers. Intercomparisons have been held with the support of WMO.
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A

IT
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Development and manufacture of instruments for measuring short- and long-wave radiation
in day-time and night-time conditions.

3.2.2 SOLAR RADIATION SONDES
MUller
Murcray

BD
B

Shlyakhov

A

Radiometersonde for visible light.
Measurement of the solar constant and solar irradiance as a function of height, using normal
incidence pyrheliometers calibrated to 0.2 per cent from a balloon.
Development and manufacture of instruments for measuring short- and long-wave radiation
in day-time and night-time conditions.

3.2.3 SURFACE NETWORKS
Berlyand

A

Estimation of the present state of the world actinometric network and recommendations for
its improvement.

3.2.4 RADIATION CLIMATOLOGY
Yonder Haar BCD Satellite observations for 11 seasons used to compute time and spatial averages of infra-red
radiation, planetary albedo, and net radiation.
Budyko
A
Improvement of the technique for determination of energy balance components of the earth's
surface and atmosphere for the globe. Compilation of world charts of energy balance components.
Berlyand
A
Collection and analysis of the material of actinometric and meteorological observations made
by the world network. Investigation of factors which form the radiation climate of the globe.
Raschke
BD Radiation balance of the atmosphere from NIMBUS IT data. Infra-red and solar.
Winston
BD Daily charts of outgoing long-wave radiation, reflected solar radiation, absorbed solar radiation, and net absorbed radiation from ESSA, TIROS and NIMBUS satellites.
MacDonald
B
Global distribution of long-wave and reflected solar radiation from flat-plate radiometers on
ESSA satellites.

3.3 The complete radiation experiment
Bolle

AB

Davis

A

Yonder Haar AB
Gille

AB

Murcray

B
B

Kuhn

BD

Bolle

AB

Comparison of radiances computed and measured from a balloon in spectral regions characteristic for water vapour, ozone, ice and aerosols.
Utilization of radiation measurements and standard meteorological observations during project
BOMEX to check computational model.
Plan work on a complete radiation experiment during the BOMEX project, using satellite,
aircraft, balloon and surface instruments.
A complete radiation experiment was performed during the 1968 Florida State University
Barbados expedition, and will be improved and repeated in 1969 and during BOMEX.
Thermal radiation measured from a balloon as a function of angle and height in the 5 - 20 Jl
region is compared with line-by-line calculations .
.The infra-red solar spectrum from 1 to 30 Jl is measured from a balloon, and compared with
line-by-line calculations.
Joint spectral balloon radiometer, aircraft radiometer, and approximate calculations of transfer above, below and in clouds. (See also 3. 1.2.)
Ozone emission in the 9.6 Jl band from surface and NIMBUS B observations, and line by line
calculations.
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Co-operative studies

3.4.1 BOUNDARY LAYER
von Schoner- B
Computation of long-wave radiation balance of the boundary layer for various models.
mark
Coulson
Investigation of energy fluxes in the boundary layer, including both short-wave and long-wave
B
radiation. (Land surfaces.)
Energy balance in the boundary layer, including radiation. (Land surfaces.)
Barbados Expedition 1969. Observations and computations of radiative flux in the boundary
Gille
layer.
Theoretical and laboratory studies of radiative effects in the boundary layer.
B
3.4.2 CLOUD DYNAMICS
COX
C
Radiometersonde ascents used to model the 3-dimensional infra-red divergence and heating
rates for several stages of a mid-latitude cyclone.
Cox et al.
AB
Short-wave and infra-red divergence measurements near tropical cirrus using aircraft and
balloons during BOMEX.
Skeib
B
Investigation on the development of radiation fields and cloud fields as related to various
synoptic processes.
3.4.3 ACCURACY OF RADIATION CALCULATIONS IN NUMERICAL MODELS
Manabe
D
Test of the effect of omitting radiation from a numerical model.
3.4.4 CLOUD DISTRIBUTION IN NUMERICAL MODELS
Manabe
A
Incorporation of cloud and water vapour interactively in a numerical model.

4. RELEVANCE OF CURRENT WORK TO GARP
4. 1 Calculation of radiation fields
4.1.1 SIMPLE METHODS FOR NUMERICAL MODELS
Research under this heading is probably adequate,
although more work with new ideas would be useful.
One drawback of some ofthe methods is that they depend
very much on the particular numerical model to which
they are applied. Several of the approaches allow for
cloudiness, so that they are also relevant to 2. I .2.
4. 1.2 TREATMENT OF CLOUD
Most of the work listed in 3. 1.2 is not immediately
relevant to GARP because it is too detailed. Work is
needed on simple and computationaUy fast methods of
accounting for the radiative effects of cloud in numerical
models. There seems to be plenty of work available
against which simple methods can be checked.
4.1. 3 SURFACE PROPERTIES
There are many measurements in this section, although
water surfaces have attracted little attention. Only one
global review (Clapp) has been reported, but the author

of this has expressed some doubt as to the accuracy of
his work, and points out that the geographical distribu'tion of surface types is not well known. An independent
assessment is necessary as a check.
4. 1. 4 DUST AND HAZE
The status of this problem is similar to that of cloud
(4.1.2), except that more basic observational work is
needed.
4.2 Observation of radiation fields
4.2. 1 THERMAL RADIOMETERSONDES
Work on this problem is progressing.
4.2.2 SOLAR RADIATION SONDES
Only one simple device has been reported. Surfacetype instruments can of course be carried on aircraft or
large balloons, but there is need for a simple, cheap
device for routine measurements from balloons.
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4.2.3 SURFACE NETWORKS
Examination of surface networks should be the responsibility of the bodies setting up GARP experiments.

4.4.1

4.2.4 RADIATION CLIMATOLOGY
A considerable amount of work has been done and is
being done from surface networks and satellites, but a
global network of radiometersonde stations should be set
up as soon as there is sufficient agreement on the accuracy
of radiometersondes, so that the distribution of radiative
energy sources in the vertical can be mapped.

4.4.2

4. 3 The complete radiation experiment
Many of the projects reported under this heading are
only partially complete radiation experiments, because
they deal with specific spectral intervals. However, they
are no less valuable on this account. The projects reported
by Yonder Haar and Gille are not strictly complete radiation experiments, because they do not consider spectral
variations. However, they are the kind of measurements
that will be carried out during GARP experiments, and
will therefore be very useful.

BO~ARY LAYER

This section seems to be adequately covered.
CLOUD DYNANITCS

None of the projects reported here specifically cover
the points made in section 3.2.3. 1 of the GARP Study
Conference Report, although they are all closely related.
4.4.3

ACCURACY

OF

RADIATION

CALCULATIONS

IN

NUMERICAL MODELS

This aspect has not yet been studied in any detail. The
one test that has been reported is very crude.
4.4.4

CLOUD DISTRIBUTION IN NUMERICAL MODELS

Most designers of advanced numerical models are considering the inclusion of cloud interactively. Only one
has been reported because this survey has been restricted
to radiation research.

4.4 Co-operative studies

4. 5 Radiation measurements during GARP experiments

The opinion of experts in the relevant fields should
be sought with respect to further requirements under this
heading.

No work is needed immediately under this heading, but
the requirements in this section should be borne in mind
when setting up GARP experiments.
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