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ABSTRACT

Observations from satellites are essentlal for
determination of the components of the Earth
Radiation Budget at the top of the atmosphere.
These determinations are far more direct than any
other remote sensing measurements from space.
However data processing must take into account the
sampling characteristics of the satellite-orbit/
instrument combination, in relation with the
anisotropy and diurnal variastion of the radiatien
reflected and emitted by the Earth-atmosphere
system. We review these questions, in particular
with reference to the ongoing Earth Radiation
Budget Experiment (ERBE) and projects being
devesloped.
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Climatology, Bidirectional Reflectance, Diurnal
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1. INTRODUCTION

Together with the solar input, many elements of
the Earth climate system can be monitored, more or
less directly, using instrumented artificial
satellites. For much climate research, global data
are necessary, and only satelllites can provide
homogeneous global coverage. As with operational
weather services, continuity of coverage is
essential, in order to accumulate the long
homogeneous time series of data needed for climate
research. Finally, certain quantities, in
particular the radiation fluxes between the Earth
climate system and space, can conly be observed
from space.

The central problems of climate have to do with
the redistribution of solar energy in the
Earth-atmosphere system, its ultimate rejection to
space in the form of thermal infrared radiation,
and the closely assoclated hydrological cycle (cf.
Oort 1985). In the previous lecture we reviewed
the {mportance of the Earth Radiation Budget in
understanding climate and climate change. In this
review we consider satellite observations of the
Earth radiation budget (ERB). Much of this

material is taken from a more detalled review
article to appear in Space Science Reviews.
Reprints will be supplied on request when
available.

Observations of the Earth Radiation Budget (ERB)
components at the "top of the atmosphere™ (TDA)
are only possible from space ; they can be made on
8 spatial scale comparable to that of climate
models. Indeed observation from space of the TOA
ERB components constitutes an exceptionally direct
form of remote sensing ; the sarellite instruments
measure radiances which are identical to those
leaving the top of the atmosphere in the direction
of the satellite, and so they are directly
sampling the quantity of interest rather than a
proxy quantity as when one seeks to determine

say precipitation from a radiation measurement.

The radiatlion balance at the Earth's surface
defines the source or sink of energy for storage
and horizontal transport In the oceans, and
vertical nonradiative fluxes of sensible and
latent heat over both land and oceans. The diurnal
cycle of the solar radiation reaching the surface
drives diurnal variations in temperatures of land
surfaces and in turbulent fluxes of latent and
sensible heat, which are essential features of
surface-alr energy flux. It is therefore important
to develop methods for using satellite data to
estimate the surface radiation budget (SRB)
components and their diurnal variation over large
areas of the globe, especilally troplcal land and
ocean areas where surface radiation data are rare.
It should however be remembered that satellites
can only provide indirect data on these
quantities, although the corrections required to
estimate the upward SRB components from satellite
measurements in restricted spectral bands are
relatively straightforward for cloud-free areas.

In what follows we consider principally the
problems of cbtaining unbiased estimates of the
TOA ERB from satellite data. In Section 2 we
outline the space-time sampling characteristics of
different types of instruments as a function of
the satellite orbit parameters, and we review
instrument hardware and processing software
advances over the last decades, in particular with
reference to the ongoing NASA Earth Radiation
budget Experiment (ERBE). Section 3 summarizes the
principal results of past satellite observations
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of clouds and ERB components, In Section 4 we
outline projects under consideration for the next
decade. We conclude with an examination of
prospects for a truly international satellite
global climate monitoring system for the end of
the millenium.

2. ORBITAL AND INSTRUMENTAL CONSTRAINTS ;
DATA PROCESSING METHODOLOGY

2.1. Introduction_

Geographical coverage and space/time sampling
characteristics of any satellite system for Earth
observations depend both on orbital parameters and
on instrument technelogy, the former placing
constraints on the latter. In addition to dealing
with the problems of calibration, algorithms for
data processing must be constructed so as to
correct for orbital and instrumental sampling
biases.

2.2. Polar versuy Geostationary Satellites

The cholce of orbit involves trade-offs in
space-time coverage, resclution and sampling
characteristics, in relation with the type of
instrument and detection technology used,
Single-satellite global coverage is only possible
with polar orbiters, at a price of limited
texporsl sampling. For satellites in sun-
synchronous pelar orbits, the observations are
made at local times which are roughly fixed as a
function of latitude (e.g. noon and midnight at ,
the equator, for the Nimbus series). Observations
made on different days are easily compared, but
virtually no information is given on the diurnal
eycle which is drastically under-sampled.

For geostationary platforms, only a limited (but
large) geographical area can be observed, but it
can be observed continuously in time. Because of
the large distance, high spatial resolution can be
difficult to achieve. Time resolution and sampling
that can be achieved depend on spatial resolution
and on detector sensitivity.

Because both global coverage and continuous
diurnal monitoring are needed in c¢limate and
weather research, there is no eluding the need to
combine observations made on different satellites,
both geostatlonary and polar. Intercalibration of
the different satellite instruments is ecritical.

2.3. t and Calibratio

For relatively small instruments on peolar
orbiters, regular calibration with on-board black
bodies and lamps is possible. On geostationary
platforms, where a large telescope is needed for
high spatial and temporal resolution, it is not
possible to fill the beam with calibration
sources, and true calibration is not practical.

Where ERE measurements are concerned, the basic
problem is obtaining a flat spectral response over
the entire SW and LW domains, together with
accurate absolute calibration consistent between
the two., This requires "black"” thermal detectors,
together with an eoptical and filter system that
provides a separation at or mear a wavelength of
4epn and spectrally flat transmission on either
side. When reflecting surfaces are needed for
imagery, problems arise in the SW domain because

of the spectral dependence of the reflectance,

Ro LW filters giving a flat transmlssion from 4 to
50+un appear to exist; in practice the best
estimate of the LW signal is obtained by
subtracting a filtered SW signal from an
unfiltered signal integrating over the entire
electromagnetic spectrum.

Calibration is relatively straightforward in the
L¥ using space and on-board blackbodies calibrated
with reference to absclute standards.In the SW,
the Sun can be used in some cases; stable
incandescent lamps exist, but they must be
calibrated with respect to absolute standards.

1 and Te

Anguler Sampling

Because all satellite studies of the state of the
atmosphere and surface are strongly affected by
the existence of clouds, relatively high spatial
resolution (certainly better than 100 km,
preferably of order 0.5-2 km, 1s needed in order
to reduce the number of pixels containing mixed
clear/cloudy scenes which are difficult to
interpret. ERB studies constitute an exception,
because the upward radiation is directly sampled,
and the final quantities - the TOA ERB components
- have litrle significance on scales smaller than
about 100 ke : considering the top of the
atmosphere to be at an altitude of 30 km, the
radiant exitance there depends on contributiens
from locations as far away as 100 km. However,
because of the need for scene-dependent spectral
and angular corrections as described below,
high-resolution Information is needed in order to
determine the degree of heterogeneity on the
larger scales. Higher resolution is alsc needed
for the determination of cloud radiative forcing,
for which it is necessary to determine ERB
components separately for cloud-free areas.

esolutjon and Sampling

The spatial rescolution constraint generally
imposes a maximum integration time ({.e. temporal
resclution) for instruments not on geostaticnary
platforms, because of the satellite motion. This
of course depends on the scanning mode or degree
of multiplexing, and it must be compatible with
detectivity. The combined detectivity / space-
time resolution constraint is most acute for
narrow sounding channels. On geostationary
platforms, temporal resolution is limited by the
desired temporal sampling interval, and the degree
of multiplexing. This constraint cannot then be
neglected even for imaging channels because of the
distance factor. Remembering that sounding data
are needed for SRR estimates, and that these
should be made with good sampling of the diurnal
cycle from geostationaries, we see that
substantial improvement in sensitivity is needed
(cf. Chedin et al. 1986).

Instruments with moderate or high spatial
resolution (finer than 100 km) may be said to
measure radiances emitted or reflected by the
Earth-atmosphere system. However in TOA ERB
studies, the objective Is the determination of
irradiances, {.e. an Iintegration of the emergent
radiances over angle. The Earth-atmosphere system
is not Lambertian either in the SW or in The LW.
From a geostationary satellite, only a single
fixed angle is sampled for any given location.
From satellites Iip lower orbits, only one angle is
sampled for each location in a cross-track
scanning mode ; with conical scanning or



continuous 2-dimensional imagery, many angles can
bs sampled, but integration time for each pixel Is
reduced in scanning. Along-track scanning provides
considerable angular information, in exchange for
a very large loss in spatial coverage. These
issues are being examined in a NOAA study (Stowe
et al 1988).

Fluxes measured by low-resolution fixed-fleld
instruments can be related to spatial averages of
TOA ERB components over large areas. The results
can be used for climate diagnostics and model
validation on large spatial scales, but supply
little useful information on smaller scales. The
principal attraction of instruments of this type
1s their simplicity and robustness : the Nimbus-7
ERB wide-fleld-of-view radiometers have functioned
satisfactorily for over 10 years in orbit.

2.5. Dats Processing Methodology - ERB Studies

Rach of the problems mentioned above must be dealt
with in the system of algorithms used to process
data. Consider the monthly mean TOA ERB components
averaged over areas of 2.5° in latitude and
longitude. We note that these components are
integrations over space, time, angle and
wavelength of instantaneous spectral radiances
which are imperfectly sampled by the satellite
instrument. The first step of data processing is
simply the mirror image of the measurement and
data transmission process : it is to transform the
data and housekeeping signals received from the
satellite intc an estimate (in physical units,

v 252" ') of the radiance reaching the detector
after filtering by the optics, for each sample. In
the rest of the data processing chain each of the
sampling steps must be represented by a correction
procedure in which one attempts to take into
account the radiances that have not been sampled,
on the basis of pre-existing or auxiliary
information.

Thus, unless the optics and detectlon system has a
perfectly flat spectral response, there must be a
spectral correction for the scene-dependent
spectral filtering, followed by (or included in)
the "inversion" which is the integration over
angle which includes Implicit or explicit
assumptions regarding the radiances in unsampled
directions, In some procedures using angular
models which are scene-dependent. Finally,
assuming that there are no gaps in spatial
coverage, there remains the critical problem of
the temporal sampling : unless date from
geostationary satellites and/or several polar
orbiters are used, some implicit or explicit
assumptions regarding the character of the diurnal
cycle and other short-term variations are
necessary.

2.6. dia W t ment

In the ERBE missions, NASA has attempted
specifically to resolve the problems of time
sampling and the study of diurnal variations,
vhich could not be treated with a single
sun-synchronous satellite such as Nimbus. The
satellite system, Instruments and data processing
algorithms of ERBE are described in a series of
papers (Barkstrom 1984, Barkstrom and Smith 1986,
Luther et al. 1986, Kopla 1986, Smith et al. 1986,
Brooks et al. 1986), and there is a much larger
volume of reports of varlous sorts.

The ERBE system is made up of instrumental
packages for ERB measurements, flown on three
satellites : two sun-synchronous polar orbiting
NOAA satellites (afterncon and morning), and the
intermediate-inclinatfon NASA Earth Radiatlon
Budget Satellite (ERBS) for which the precessing
orbit yields samples at all local hours after a
period of a month. The instrument package mounced
on each of these satellites consists of two fixed-
field active cavity radiometers (Wide-Field-Of-
View = WFOV, and Medium-Field-Of-View = MFOV}, a
solar monitor, and a Narrow-Field-0Of-View (NFOV)
scanning radiometer whose spatial resolution is
30-50 kr at nadir. Particular care has been given
to the problems of absclute calibration.

The system for processing the data was developed
by NASA project teams in collaboration with an
international science team. Considerable attention
has been given to the problem of spectral, angular
and diurnal corrections. Information derived from
the bilaxial scanner on Nimbus-7/ERB and from
geostationary satellite data has been used to
construct tables of the bidirectional reflectance
and anisotropic emission functions for different
types of scenes, as a functlion of latitude and
season. The ERBE scanner measurements are used
together with these tables (and the measurement
geometry) to classify each pixel according to
underlying surface and cloud cover, and then to
obtain the spectral correction and an estimate of
SW and LW radiant exitance for each pixel. The
spatial resolution of the ERBE scanners makes it
possible to identify cloud-free pixels with
reasonable confidence, and "clear-sky" products
(albedo, LW radiant exitances) are also being
derived for the 2.5°X2.5° latitude-longitude areas
of the output grid. In obtaining daily and monthly
mean products, the diurnal variation of albedo
(through its dependence on solar zenith angle) is
taken into account explicitly, and in some cases &
simple model of diurnal variation of LW emissien
1s also used, in interpolating between available
observations.

3. PRINCIPAL RESULTS OF SATELLITE OBSERVATIONS

Results of the past 30 years of space observations
of the Earth Radiation Budget have been reviewed
in & number of papers and reports (cf. Stephens et
al. 1981, Kandel 1983, Raschke and Kondratiev
1982, WCP-70 1984, Hartmann et al. 1986, House et
al. 1986, Kandel 1987), and need not be repeated
in detail here. Most of the established results
come from NASA's Nimbus series of experiments, in
particular Nimbus-3, and Nimbus-6 and -7/ERB, to
which now the ERBE results are being added. Launch
dates for the ERBE satellites were : ERBS in
November 1984 ; NOAA-F=9 in December 1984 ; and
NOAA-G=10 in September 1986, Some early results
have been published (ERBE Science Team 1986 ;
Harrison et al, 1988, Ramanathan et al. 1989, cf.
also the proceedings of COSPAR 1988 and IRS 1988).
Processing, validation and archival of the results
are well under way.

The principal points to be noted regarding TOA ERB
components have already been discussed in the
previous lecture, We recall the following :

- The global annual mean albedo of the Earth-
atmosphere system is close to (.30, less than
pre-satellite estimates (cf. Hunt et al. 1986).
The global and hemispheric means have an annual
variation between 0.27 and 0.31,
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- The global mean radiation balance {or net
radiation) goes through an annual cycle with
amplitude *11 Wm-2 about an annual mean which
cannot be distinguished from zere (Ellis et al.
1978, Hartmann et al. 1986). This corresponds
principally to storage and subsequent release of
solar energy absorbed by the Southern Hemisphere
oceans during austral summer when the Earth is
closest to the Sun. Interannual energy storage
carmot be detected.

-~ The variation with latitude of the annual zonal
mean radiation balance yields the annual mean
meridional energy fluxes in the combined
ocean-atmosphere system. Using meteorological data
to estimate the meridional energy flux in the
atmosphere, one can then estimate the meridional
heat transport by ocean currents (Vonder Haar and
Oort 1973, Carissimo et al. 1985). This is found
to be of order one half of the total.

- The major deserts of the world are areas in
which the radiation balance is smaller than in
other areas at the same latitudes, in the annual
mean and in the summer, Over the bright Sahara and
Arablan deserts, the net radiation is always
negative (Raschke et al. 1973). The net radiation
over the subtropical oceans is more positive than
the corresponding zonal mean in the summer. Apart
from these features, there is little land-sea
contrast in the longitudinal distribution of net
radiatioen.

- With the spatial resolution of order 450 km of
the Nimbus-6 and Nimbus-7/ERB results, the major
features of the general circulation appear clearly
in the geographic distribution of TOA ERB
components. There are deep minima in the outgoing
LW over the land centers of deep convection (South
America, central Africa, Indonesia) to which
correspond albedo maxima ; the reverse holds over
the eastern part of the anticyclones over the
subtropleal oceans. The Nimbus ERE data set
extends over more than 10 years (cf. Jacobowitz et
al. 1984, Bess and Smith 1987a.,b, 1989), and so
provides not only excellent mean values but also
variances. The Ilntertropical Pacific exhibits
particularly high variances in the TOA ERB
components (after removal of the annual cycle),
and indeed the ERB anomalies correspond to the
areas most affected during ENSO events, as shown
by the Nimbus-7/ERB observations of the 1982-83
event (Smith and Smith 1987, Ardanuy et al. 1986,
1987, Hucek et al. 1987).

- Analyses of narrow-band data from geostationary
and polar satellites (Saunders et al. 1980, Kandel
1983, Minnis and Harrison 1984, Duvel and Kandel
1985, Hartmann and Recker 1986, Duvel 1988,
Harrison et al. 1988) provide detalled information
on diurnal variations. There can be significant
biases in determinations based solely on data from
sun-synchronous satellites such as Nimbus. The
metheodology and observing system developed for
ERBE (Brooks et al. 1986) are aimed at eliminating
these biases and at characterizing the diurnal
cycle of the ERB components.

4. FUTURE PROJECTS

4.1. The Franco-Soviet ScaRaB Project

The ERBE scanner .2 NOAA-9 ceased to operate early
in 1987, that on NOAA-10 in spring 1989, after
functioning nominally for more than 2 years. No
one can tell how much longer the scanner on ERBS
will continue to operate. The non-scanner data
cammot furnish regional-scale information on the
ERB components. Plans are being made for
broad-band ERB observatlons aboard the "polar
platforms® scheduled for 1995 and later, but ne
such possibility exists aboard the NOAA satellites
that will be flying before then.

How can we assure continuity of Earth Radlation
Budget observations ? The plans of NASA and NOAA
leave the danger of a gap in coverage of several
yvears following the end of the ERBE mission. This
would be particularly regrettable just when one
expects to see significant climate effects of the
CO, increase, with the World Climste Research
Programme (WCRP) in full swing, and with projects
such as TOGA and WOCE yielding results which will
only take their full value if ERB measurements are
available.

With a view to contributing to the world effert in
climate research, and in the framework of the
Franco-Soviet Cooperation in Space Research, the
U.5.5.R. and France have begun the development and
construction of a scanning radiometer for
measuring ERB components (ScaRaB, Scanner for
Radistion Budget). These instruments will be flown
on two or more Soviet satellites of the Meteor
family, beginning in 1991.

The instrument, designed to satisfy the scientific
needs as well as considerations of economy,
simplicicy and reliability, and the constraints of
flight on the METEOR sarellite, is a cross-track
scanning radiometer. The satellite orbit is to be
circular, at an altitude of 1250 km, and with an
inclination of 82.5°. France is building the
scanning module (optics, detectors, choppers) and
the associated electronics ; the U.S.5.R. is
building the overall structure linking the
scanning module and the satellite, and is
responsible for thermal contrel, the on-board
calibration sources, and integration. The Federal
Republic of Germany will contribute to instrument
characterization and will participate with France
and the U.5.5.R. in developing the data processing
systen and in validation.

The ScaRaB instrument will not itself make solar
constant measurements, but It appears extremely
likely that such measurements will be made on one
or more other satellites without any Interruption
in the series of observations. Indeed it perfectly
concelivable that the ERBE solar constant
measurements on ERBS (or even on Nimbus-7 ERB,
which continues to function) should continue
indefinitely.

Observations will be made in four spectral bands -
two broad spectral bands ylelding the data for the
solar and thermal portions of the spectrtm of
radiation reflected and emitted by the Earth - and
two narrower bands, one corresponding to the
infrared atmospheric window, the other yielding a
separation of the visible and near-infrared



portions of the solar spectrum. The radiatien In
the thermal longwave band (4-50 um) will be
deternined from the difference between the
measurements in the total (0.2-50 upm) and the
short-wave channel (0.2-4 um).

The instrument will provide measurements of
reflected solar and emitted thermal radiation over
the entire glcbe, and these measurements must be
calibrated and traceable to internationally
recognized absolute standards. The data processing
systen for ScaRaB will be based on algorithms for
transforming the instantaneous measurements of
radiances, filtered by the optics and detectors of
the instrument, into estimates of the monthly mean
values of the radiant exitances in the solar and
thermal domains, at the top of the atmosphere.

In order to assure continuity with the ERBE series
of observations, the structure of the algorithms
for angular corrections ("inversion") and for
space-time averaging (including taking account of
diurnal varlations) will have the same basic
structure as those used for ERBE. Qutput products
are to be provided on the ERBE spatial grid of
2.50 in latitude and longitude, with a separate
clear-sky product as for ERBE. '

4.2. The Polar Platforms and the Earth Observing
System

Because globally homogeneous Earth observations
are possible only from space, continued
development of space observing systems is an
essential component of ongoing research in "Earth
system science™ (NASA 1984, ESA 1985, ESSC 1988),
in particular with regard to interdisciplinary
efforts in the context of the IGBP.

NASA, In assoclation with ESA and NASDA (Japan),
propose to satisfy the needs of the geosciences,
starting in 1995, by what NASA has named the Earth
Observing System (EO0S). This extremely ambitious
project is described in a considerable mass of
documentation (NASA 1984, 1987). Because of what
has been called "the intrinsic dynamics of space
agencies” (WCP-137 1987, p. 3), EOS 1s in some
ways associated with the US Space Stationm Program,
even though very little Earth science
Justification exists for a manned space station
pet se. For the Earth sciences, the essential
space components are the EOS polar orbiting
platforms, proposed to carry operational and
ressarch instruments for a wide variety of
objectives. Presumably the platforms will
integrate the instruments of the operational
weather services of the future (cf. McElroy and
Schneider 1985), with instruments for atmospheric
and oceanographic research, and land and ocean
remote sensing. It is planned to include a CERES
instrument {Clouds and the Earth Radiant Energy
System), derived directly from the ERBE NFOV
scanner, on board both the U.S. and European polar
platforms, with a view to continuing observations
cf the ERB components In relation with
observations of cloud cover and attempts at
accurately determining surface radiation budget
components globally.

Although most of the EOS documentation has to do
vith instrumentation of the polar platforms, it is
clear that geostationary platforms will continue
to play a significant role, However, because of
the distance of the geostaiionary orbic, high
spatial or spectral resolution is difficult to
obtain. Infrared sounding is already conducted on

an experimental basis with VAS from GOES, and
future generation geostationaries {including not
only GOES but also Meteosat 2nd generation) will
certainly have IR sounding capability, possibly
also microwave sounding. The possibility of adding
a4 broad-band ERB instrument is also under study.

5. GONCLUSIONS

All these improved observational capabilities will
be extremely valuable for monitoring of and
research on the Earth system, including climate,
The simultaneous observation from space of global
energy and water fluxes, and of the principal
agents (clouds) modifying these fluxes, is
essential to the success of the Global Energy and
Water Cycle Experiment (GEWEX) being planned for
the end of the 1990's (WCP-137 1987). However, it
must be noted that sll of these cycles underge
significant diurnal variation, especially in the
tropics. In order to obtain complete coverage of
the diurnal cycle over the entire globe using only
polar orbiters, at least 4 polar platforms will be
necessary. With international cooperation,
including not only NASA, NOAA, ESA, and CNES, but
also Japan and the USSR, this is certainly within
the range of pessibility (Heacock et al, 1986).
The Soviet polar orbiting Meteor satellites can
accommodate additional Instruments {Alexandrov
1983), as for example ScaRaB, and perhaps also
TOMS .

It is not therefore unrealistic to envisage a
global climate data system Integrating basic
observations made by several polar orbiting
platforms so as to obtaln complete diurnal
coverage. However, even 6 polar platforms will not
provide monitoring of rapidly evolving phenomena.
Thus it is practically certain that at least some
of the operational weather services will continue
to use geostationary platforms, and the future
Earth Observing System must include provisions for
integration of data from the geostationary and the
polar platforms. The success of ISCCP shows that
this is well within the realm of the possible,
even with today’'s computing and data storage
technology.

Although the prospects for major advances in
observational techniques are important for future
progress in climate research, we must not forget
the requirements for continuity and homogeneity of
the data. Here again the broadening of
international cooperation to include contributions
from all countries and agencies capable of
launching satellites is a factor of securlty,
reducing the dependence of the global observing
system on a single launcher or a single family of
satellite platforms.
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ABSTRACT

We review the role of radiative processes in
climate and climate change, considering the
relacions between the Earth Radiation Budget and
climate in the conceptual framework of relatively
sipple models. We note in particular the critical
role of clouds and the uncertainties related to
¢loud radiative forcing and feedback.
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1. INTRODUCTORY POINTS

(1) - Energy exchange between the Earth-atmosphere
system and its cosmic environment takes place
practically entirely by radiation,

(2} - The overwhelmingly dominant source of energy
is the Sun; &all of space (4r steradians) is the
sink.

(3) - The climate system has two essential
functions (a} the degradation and geographical
redistribution of the incoming solar radiant
energy flux; (b) the circulation of water, in
particular provision of water to land areas remote
from the oceanic reservoirs. The cloud phase of
the hydrological cycle i1s the major modulator of
radiation fluxes.

(4) - Nearly all scenarios of c¢limate change
involve perturbation of the radiation budget,

(5) - For radiation budget studies, it is
practical to divide the electromagnetic spectrum
into two domains the shortwave SW : 0-4 um)
domain corresponding nearly entirely to incident,
scattered and reflected solar radiation; and the
longwave (LW : > 4 um) domaln corresponding nearly
entirely to thermal radlation emitted at the
Earth's surface or in the atmosphere and clouds.
We consider the transfer of radiation separately
in these two domains, neglecting thermal emission
in the SW, considering only terrestrial and
atmospheric thermal emission and neglecting the
extra-terrestrial solar source in the LW. The two

domains are linked through the condition of
conservation of energy, allowing for non-radiative
energy transport in the atmosphere and oceans, and
storage in oceans and below land surfaces.

(6) - Detalled realistic physical models generally
must be developed first at the local level and on
short time scales. Similarly, observations are
also initially made on limited spatial and
temporal scales, and only later can they be
integrated and averaged over larger and larger
scales. On the contrary, we shall begin here with
the simplest conceptual model relating Earth
radiation budget and climate; this is a zero-
dimensional model of the climate system, applying
to glebal annual mean quantities. We then shall go
on to consider the relations between ERB and
climate at increasing degrees of complexity. We
shall in particular consider the problems
connected with clouds, and their role in climate
change. Although we do not systematically cite
references In the text, we provide an introductory
bibliography.

2. RADIATION BUDGET, GLOBAL MEAN CLIMATE MODELS
AND CLIMATE CHANGE

The global amnual mean zero-dimensiocnal model can
only represent the degradation of sclar photons,
but not the geographical redistribution of solar
energy. In the equilibrium state, sclar SW input
equals thermal LW outflow, i.e. with solar
constant § (= 1365 Wm'2) and with a planetary
albedo a ( = 0.30), the net radiation or radiation
balance i{s zero :

Ry =S(1l-a)/6 - My =0. (1)

Using the blackbody law to define effective
temperature T, we have

My = 0T = S(l-a)/4 (2)

This ylelds an effective temperature of 255 K
fairly typical of the atmosphere at an altitude of
about 5 km. This is not an unreasonable mearfor
the Earth-atmosphere system, but it does not
usefully characterize climate at the surface.

We can characterize surface climate with global
mean surface temperature T, by introducing a



planetary emittance € defined as the ratio of the
global mean LW flux emergent at the top of the
atmosphere, to the global mean (assumed blackbody)
emission of the surface. The equilibrium condition
is

My = €0T,° = S(1-a) /b (3)
for the present climate, T, = 288 K, € = 0.615.

We then have one parameter, S, which is truly
external to the system, and one explicit climate
parameter, T,. We can consider the effect of a
change in the solar constant, one of the classic
examples of a climate change mechanism involving
perturbation of the ERB.

& 6T, /T, = §5/5 + 6(l-a)/(l-a) - de/e (&)

A one percent change in § corresponds to a forcing
of 3.4 Wn'?, or a temperature change of 0.72 K in
the absence of feedbacks. However, the other
parameters, planetary albedo and atmospheric
enittance, certainly are sensitive to the climate
state, measured here by surface temperature, and
according to varilous calculations, theilr feedbacks
multiply the temperature response by a factor of 2
to 4. The planetary albedo depends on cloud, ice
and snow cover, and the planetary emittance
depends on both cloud cover and the atmospheric
humidity; all of these are sensitive to climate,

One element of climate is the annual cycle.
Because of the ellipticity of the Earth’s orbirc,
solar irradiance at the top of the atmosphere
varies by +3.2X. Strong asymmetry exists in the
land-sea and therefore in the surface albedo
distribution between northern and southern
hemispheres, affecting significantly the effective
global mean albedo as a function of season, apart
from atmospheric changes. The substantial thermal
inertia and energy storage differences between
land and sea also have a strong influence on the
response of the global system to the annual cycle
of insolation. The result is an annual cycle of
the global mean radiation balance, which has been
shown to have an amplitude of about *11 Wm °

The last 20 years of satellite observation have
failed to reveal climatically significant
fluctuations of the solar constant. On the other
hand, the last 30 years of Mauna Loa and other
data show the significant trend of increase in
atmospheric concentrations of CO, and other
radiatively active gases (notably CH, &and
chlorofluoromethanes}, which if continued must
lead to a decrease in planetary emittance. We cam
write the greenhouse forcing associated with this
anthropogenic global change in atmospheric
composition as -8€y/€ so as to distinguish it
from the greenhouse feedback term -§€’/€ which
results from cloud cover and humidicty changes. For
a constant Sun, the surface temperature change
restoring equilibrium 1s given by :

4 §T /T, = -bgy/€ -b€’'/e +§(l-a}/(l-a) {5)

Various estimates suggest that effective CQ,
doubling may occur In as little as 50 years and
involve a forcing é€y/€ = -0.017 or about 4 Wn’
in the radiation budget of the surface-troposphere
system. This forcing corresponds te a temperature
inerease of 1.2 K in the absence of feedbacks. The
critical question for climate change is the
magnitude and sign of the feedbacks.
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It seems likely that both fce-albedo feedback and
atmospheric humidity feedback are positive, l.e.
they have the same sign as §T,/T, increasing
surface temperature should lead to reduced sea ice
and land snow cover (i) : §(l-a}(i)/(l-a) > O,
while constant or increasing atmospheric relative
huridity (h) implies definitely increased atmo-
spheric water vapor content and LW opacity. This
leads to further reduction in €, -6g'(h,i)/e >0.
The situation is more complex for clouds, for
which the albedo and the greenhouse effects are
usually opposite in signo.

Let us again conslder the radiation budget changes
associated with the greenhouse forcing. In an
equilibrium climate, the radiation balance or net
radiation R, is zero (global annual or
multi-annual mean). Present observations do not
give a value which can be distinguished from zero.
With a greenhouse forcing -égg/€ = X > 0, we have
initially :

§Ry = S(1 - a)/4 - eoT,* = XeoT,* >0 (6)

1.e. a nonzero radiation balance. When a new
equilibrium is attained, with variocus feedbacks,
we will again have Ry = 0. Moreover, if the new
equilibrium invelves no changes in global mean
albedo (admittedly unlikely), the individual terms
of the global mean radiation budget return to
their initial values. In particular the outgoing
longwave radiation

My = €0T,* = (e+bgy + 6€') o(T, + 6T,)° (7)

i1s the same although the surface climate has
changed significantly. The essence of the
greenhouse effect is that it changes the vertical
gradient of temperature in the atmosphere without
necessarily changing the flux of energy through
the atmosphere. The radiation budget has to do
with energy fluxes, and at the global mean scale,
it is not a very sensitive indicator of climarte
response to the greenhouse forcing, rather a
detector of lack of climate change. Nevertheless
observation of the Earth radlation budget on
regional and monthly scales is essential because
it contains information on c¢loud radiation
feedback which is difficult to model. QObservation
of radiation flux emergent in the more restricted
infrared atmospheric window domain (8-13 um, or
better 11.5-12.5 um to exclude the ozone band and
the water vapor continuum) gives more direct
information on surface temperature response to
greenhouse forcing.

3, CLOUD RADIATIVE FORCING AND CLOUD FEEDBACK
The introduction of cloud cover parameters into a
global mean model approach Is artificial, but it
is instructive, We consider fracticnal cloud cover
f, and we write global mean albede a and global
mean emergent LW flux M, as

a = (1'f) Aot e + f A |1d ™

=agy, + £ (ag1g-2cir) (8)

HLI.! - (1_f) HLHclr + f HLHCld -

- HLucl.r - £ (Hluclr - HLHClG) ')



The radiation balance, which must be zere for
equilibrium on a global (multl-)annual mean basis,
can be written :

Re = (S/4) (1-a) - M
= (5/4) (leag|,) + Csy - MS'T + Cy

= Ry(elr) + Cgy + Ciy (10)

Cou (5/4) (ag|,r - @)

'(S/l‘) f (acld'aclr) (11)

Cow = M ' - My
£ (Hl”clr . HiUCld) 12)

All of the following consideraticns can be applied
to studies involving smaller spatial and temporal
scales, replacing (5/4) by the appropriate
insolation (dependent on latitude, date and time),
and recalling that Ry generally is not zero on
such scales, depending on meridional energy
transport in atmosphere and ocean, other
advections, and energy storage in the atmosphere
or below the surface,

Here the S5W and LW cloud radiative forcing terms
are : C.y (the cloud albedo forcing) which is
generally negative (except perhaps over snow},
and €,y (cloud greenhouse forcing), generally
positive (except for warm clouds over a colder
surface, as in polar inversions). Equilibrium
climate models exhibit considerable disagreement
regarding the magnitude of the cloud forcing
terms, and even the sign of C = Cgy + C y is not
certain, although most results are negative,
between 0 and -40 Wm ?. From the point of view of
observation, it appears easier to determine the
cloud radiative forcing from the difference
between overall mean fluxes and the mean clear-sky
fluxes, rather than from determination of cloud
fraction f and cloud parameters a, 4 and MLw°Ld.

In what sense Is this a forcing ? If we consider
the equilibrium climate with c¢louds, then the
cloud radiative forcing terms are the negative of
the forcing that would apply in the event of
instantaneous removal of the cloud opacity, e.g.
with Cgy = -50 w2, rendering the clouds
transparent in the SW alone leads to & heating of
50 Wo ¢ of the climate system, as less solar
radiation is reflected to space. With C y = +30
Wa 2, rendering the clouds transparent in the LW
alone cools the climate system by 30 Wn ? as more
thermal radiation escapes to space. The total
forcing of -20 Wm ? often interpreted as meaning
that clouds cool the climate system as it now
operates, more precisely means that instantaneous
removal of cloud optics from the present climate
would produce an initial heating of 20 Wn ?. This
sort of experiment is easy to carry out in model
slpulations. If one then determines the new
equilibrium state corresponding to the situation
in which clouds are transparent in either or both
the SW and LW domains, both the clear-sky and the
cloud radiative forcing terms will have changed.

Clipate 1 : g
R|(1) - 0 = Rl'l(clr) + CS'L(1) + CLH(1) (13

Iransition :
R, - R(clr) -
- -(Ceyt"? + €yt intcially (14)
Climate 2
Ry(2) = 0 = RyZ(elr) + Ggpt?) + ¢ ¢
= Ry?(clr) (15)
Note that in climate 2 the cloud radiative forcing
terms are equal te zero, so that in this case the
change in clear-sky net radiation from climate 1

to climate 2 1is equal in magnitude to the cloud
forcing for climate 1.

Change
Ry?(elr) - Re'(elr) = Ggu'M) + gt (16)
More generally, in any type of climate change, the

cloud-radiation feedback is the change in the
cloud rediative forcing.

Climate ]
R~(1)- 0

= (5/4) (l-ag ‘1) - Eclr(1)aTs1‘

+ Gyt w1 (17)

Greenhouse gas forcing :

'aeclr{DJ/Eclr(1) - X (18)
Iransition :

BRy = %€, "aT 4 = x M ST (D) (19)

mate 2

R*(Z} - 0 = (S/Q)(l'aclr(Z)) N Eclr(2)0T32‘

+ Csy B 4 0 0B (20)
Climate chapge :
4 6Tl XE. | ¢ - 6E'clr(h) 6(1-%1,.)(1)
Te €t (l-ag ()
6Cqy §C Ly
- - : 2L
Csy CLw

In addition to the greenhouse gas forcing and the
humidity feedback on the planetary LW emittance,
we have included a possible (ice) albedo feedback,
and finally the cloud radiation feedbacks. These
are a critical source of uncertainty In climate
sensitivity studies.

Before the concept of c¢loud radiative forcing was
introduced, the sensitivity of the radiacton
balance to cloud cover fraction was studied in
terms of Schneider's (1972) sensitivity parameter



L
- i;f - - -Z_ 75;— - -%i;——— (22)

where the :ioud albedo effect dominates if §<0,
the cloud ireenhouse effect if §>0. If one assumes
that changes in o and M;, are solely due to
changes in f, one can also write

§ = (S/4)(ac g-ac ) + (M SN 51 (23)

or alternatively, using the absorbed solar flux Qs
= (8/4) (l-a), one can consider the quantity
originally called € (Cess et al. 1982}, which we
shall denote s to aveid confusion with planetary
emittance

s = Inusdq (24)

where the cloud albedo and greenhouse effects
compensate when s=1, and the albedo effect
dominates when s<l. There is a considerable
literature regarding attempts to estimate s and §
fron satellite observations of clouds and ERB
components and their interannual, seasonal,
intraseasonal and geographical variations. It
should however be remembered that none of these
variations may be a good analog of what occurs in
a true climate change.

4. ONE-DIMENSIONAL CLIMATE MODELS AND
EARTE RADIATION BUDGET STUDIES

There are two families of one-dimensional climate
models : global mean climate models with
resolution of the vertical dimension, and zonally
averaged "energy balance” models in which the
dimension 1s latitude, allowing consideration ofi
meridional energy transport processes, latitudinal
climate zones and seasonal changes.

4.1. Global mean radiative-convective models

The first family of models has played an important
role in elucidating the physics of vertical energy
transport through the atmosphere, in particular
with regard to the greenhouse effect, using what
are called radiative- convective models. In fact
most absorbed solar radiation flux is transformed
into heat at the surface of the Earth. The
temperature gradient required for purely radiative
{I¥) transport of this energy back to space is
often unstable against "convection”, so that
vertical transport of sensible and latent heat
plays an lmportant role in the global mean energy
budget. This means that within the atmosphere and
at the surface in particular, the global mean
radiation balance is not zero. We do not at
present have anything near global coverage in
measurements of radiation fluxes within the
atmosphere. One can of course make rough estimates
of what these should be, and compare the global
mean values thus obtained with model results.
Efforts are under way to obtain estimates of the
components of the radiation budget at the surface,
using satellite data. These estimates will be
quite indirect and the global validity of existing
algorithms has by no means been demonstrated. The
surface radiation balance is intimately related to
the nonradiative vertical energy transport, Un a
global mean basis, we can write:

Ry(surface) « LE+H = LE (1 + §)

= P(1+4) (25)

where L {s the latent heat of evaporation (say in
Joules per kg), E and P are the global mean
evaporation and precipitation rates respectively
(expressed in kg % s°'), B is the global mean
sensible heat flux (in Um'zs'1), and 8 is the
global mean Bowen ratio. The surface radiation
budget is perturbed directly if one changes the
surface albedo, or changing the atmospheric LW
opacity (say by adding CO, or increasing the
atmospheric water vapor content). There have hean
many studies of the climate impact of increased
atmospheric €O, (on the surface temperature,
affecting the LW components of the surface
radiation budget) from this point of view. However
the feedbacks in the nonradiactive terms make this
approach quite delicate. These questions can be
discussed more fruitfully in the context of
regional radiation budget studies,

4.2, Vertica ntegrated, zonally averaged

energy balance models

In these models the dimension of latitude ig
retalned, and there 1{s no detalled consideracion
of vertical transport processes. With regard to
radiation budget components, LW radiant exitance
is generally parametrized in terms of zonal mean
surface temperature, incorporating implicitly the
effects of zonal mean cleud amount. This can be
made explicit, using a cloud fraction dependent on
latitude and season. The zonally averaged energy
balance climate models are interesting in that
they make it possibdle to include explicitly the
principal motor of the global eirculation, namely
the latitudinal gradients of insolation and their
changes Iin the course of the annual cycle. These
models Iinclude parametrisations of the meridional
energy transport in atmosphere and oceans as an
essential feature. The latitudinal variation of
the global mean albedo is also included, thereby
representing the solar zenith angle dependence of
albedo, the north-south sea-land asymmetry and the
annual cycle of cloud, sea ice, and snow cover. A
major application of this type of model is in the
study of glacial/interglacial changes, where snow
and ice cover (and so albedo) are parametrized as
a function of surface temperature. One can then
consider the "Milankovitch"™ changes of the
latitude dependence and annual cycle of
insolation, on time scales of tens and hundreds of
thousands of years.

4.3, Analysis of zonally averaged radiation budget

We now have avallable 10-20 years of high-quality
observational data on the zonal mean components of
the Earth radiation budget at the "top of the
atmosphere”, allowing comparisons with models for
the present climate including the annual eycle,
interannual variations, and particular climate
anomallies such as the ENSO events. We already
mentioned the annual cycle of global mean net
radiation. Consideration of the hemispheric means
helps to elucidate the principal phenomena, in
particular the stronger northern hemisphere cycle
of LW radiant exitance, leading to a maximum
effective temperature for the Earth at the time
(northern summer) when the Earth is near aphelion
and the solar flux is weakest. One alsc notes that



the southern hemisphere cycle of radiation balance
is the stronger, no doubt as a result of southern
sumner coinciding with perihelion and of the
greater ocean area.

Assuning that on an annual mean basis energy
storage can be neglected, one can use the annual
zonal mean radiation balance to derive the
meridional transport of energy in the Earth-
atmosphere system. As early as 1973, Vonder Haar
and Qort showed this to reach values as high as
6:10'% W ¢6 petawatts) near latitudes 40° north
and south, with approximately equal atmospheric
and oceanic contributions. This result is basic

to understanding ocean circulation and climate.
Smith and Smith (1987) have recently announced the
existence of apparently significant trends, over
the 5 years from December 1978 to November 1983,
of the radiation balance, zonally organized, with
values ranging from -6 Wm'2¥r'1 in southern
midlatitudes, to +6 Hm'zyr' in the north. These
results need to be confirmed and understood.

5. REGIONAL CLIMATE AND EARTH RADIATION BUDGET

The face of the Earth is such that zonal means
constitute at best a gross simplification of many
esgential features. The satellite observations
yield quite naturally & 2-dimensional picture of
the reflected SV and emitted LW radiation fluxes
(radiant exitances), at the "top of the atmo-
sphere”. Depending on the type of instrument used,
spatial resolution may range from several thousand
to a few tens of kilometres, gquite compatible with
the resclution of typical general circulation
models used for climate studies, a few hundreds of
k. Thus Earth radiation budget observations
provide an excellent climate model validation
tool, especially considering that these
observations are relatively "direct™ : the
instruments actually sample the photons whose
distribution is predicted by the medel.

The striking departures from zonal symmetry of the
land-sea distribution appear clearly in the SW and
1IN components of the radiation budget. In addition
to the surface albedo difference, there are the
tropical areas of deep convectilon over South
America, Africa, and the "maritime continent” of
Indonesia. For these areas, albedo is very high,
absorbed solar radiation and emitted LW radiation
are very low. Thus the departure from zonal
symmetry is reduced in the radiation balance and
in the cloud radiative forcing. At certain
seasons, low clouds over ocean areas appear to
enhance the albede with little effect on emergent
LW, and lead to strongly negative cloud radiative
forcing.

Early {Nimbus-3) satellite results showed (Raschke
at al. 1973) that albedo of Saharan desert areas
was quite high (>30X) under cloud-free conditions,
so that the radiation balance was zero or negative
even during the summer. This observation is
fundamental to the blogeophysical feedback
mechanism propesed by Charney (1975) for the
metastability of desert margin areas, and very
much discussed in connection with the proleonged
drought period in the Sahelian zone of Africa. The
negative radiation balance requires sinking and
drying of upper-level alr, qulite consistent with
the lack of clouds and precipitation. Over a
marginal area, natural (drought) or anthropogenic

{e.g. overgrazing) stress on plant covering a
light soil can lead te an increase in surface
albedo, reinforcing the negative radiation balance
and the trend to drought. This need not be
inconsistent with the fact that removal of
vegetatlion (and the associated evapotre ispiration

when moisture 1s available in the soll) almost
invariably leads to increased soll temperature,
even when the surface albedo increases and the
surface radiation balance is reduced. Reality is
of course complex, as shown by the few analyses
that exist of albedo changes and by the history of
Sahelian rainy seasons. The major role played by
the non-radiative surface processes (scil
moisture, roughness) must be balanced against that
of the surface radiation and of the larger-scale
circulation anomalies that depend on ocean-air
interactions.

Results of the past decade (Bess et al 1989)
include observations of SW and IW anomalles
associated with ENSO, in particular the strong
1982-83 event. The LW anomalies reach several tens
of We'? (-70 near Tahiti, + 50 at Darwin, between
December 1982 and March 1983), partly compensated
in the SW inasmuch as the changes are mostly
caused by cloud anomalies. The ENSO anomalies are
the major contributors te the interannual
variability of the radiation budget components at
the top of the atmosphere, as derived after
removal of the annual cycle from monthly mean
satellite determinations.

When considering radiation budget and climate on
the regional scale, diurnal variations must be
considered. Even when comparisons between models
and observations are being made on a monthly or
seasonal mean basis, incomplete temporal sampling
can lead to bias. Moreover the diurnal cycle can
be & fundamental part of the physlcs and of the
climatology, especially (but not only) in tropical
regions. At the surface, the nonradiative vertical
transport processes of evapotranspiration and
turbulent convection tend teo follow the diurnal
cycle closely. Over many areas cloud cover also
exhibits a strong diurnal cycle, as does
precipitation. The evaluation of cloud radiative
forcing must take this into account, because the
SW term is obviously weighted by insolation,
whereas the LW term is not. Climate model
simulations have shown that failure te include the
diurnal variation can lead to significant
aystematic errors, in particular with regard to
precipitation. From the observational side, the
problem is that a single satellite cannot provide
both global and complete diurnal coverage.

The radiation balance at the top of the atmosphere
is generally not zero at the regional scale.
Considering a box extending sufficiently deeply
below the land or ocean surface, we can write

S = G + Ry(TOA) + A(H, LE) + Oc (26)

where 5 is the storage of heat in the box {mostly
in the sea, possibly in the ground), A is the
atmospheric advection of sensible and latent heat
into the box, and Oc Is the oceanlc transport (if
applicable) of heat into the box. The term € is
the regional non-solar energy generation
(including especially so-called waste heat);
althohgh on a global mean basis this term is small
(several tens of milliwatts/mz) it is not
necessarily negligible in the case of a strongly



populated industrialised region such as the Ruhr,
saspecially in winter). At the surface we can write

§ = Ry(surface) - ( LE+ H ) + Oc (27

where LE and H gre respectively th:
surface-to-atmosphere fluxes of latent and
sensible heat. Considering that over periods
greater than several days, storage of energy in
the atmosphere 1is negligible, we can write the
energy balance of the atmosphere in our regional
box as :

0 =G + Ry(TOA) - Ry (surface)
+ (LE + H) + A(H, LE) {28)

Satellite observations can readily provide

Ry (TCA), A(H, LE) can be obtained more or less
sccurately from analysed meteorological fields
based on conventional and satellite data, ¢ can be
sstimated from industrial data. Again the surface
radiation balance (the net radiation flux into the
surface) appears intimately related with the
nenradiative energy fluxes between surface and
atmosphere. Estimating these fluxes from satellite
data is necessarily indirect and uncertain, and
consistency checks will be useful. For example, if
precipitation data are available, neglecting
storage of water {n the atmosphere, the
atmospheric water balance ylelds the condition :

1

P = E + & (29)

where A, Is the atmospheric advection of water (in
all forms) into the box, and can be derived from
the same analyses which give A(H, LE). Note that
although one may often observe correlations
between net radiation at the surface and at the
top of the atmosphere, assuming this to be
generally true for the purposes of deriving a
satellite climatology of surface radiation
balance, amounts te assuming a very particular
behavior for {LE+H)+A(H,LE), and this may lead one
te miss the Iinteresting phenomena.
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