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The Role of Earth Radiation Budget Studies in Climate
and General Circulation Research

V. RAMANATHAN'
National Center for Atmospheric Research, Boulder, Colorado

Two decades of near-continuous measurements of earth radiation budget data from satellites have
made significant contributions to our understanding of the global mean climate, the greenhouse effect,
the meridional radiative heating that drives the general circulation, the influence of radiative heating on
regional climate, and climate feedback processes. The remaining outstanding problems largely concern
the role of clouds in governing climate, in influencing the general circulation, and in determining the
sensitivity of climate to external perturbations, i.e., the so-called cloud feedback problem. In this paper a
remarkably simple and effective approach is proposed to address these problems, with the aid of the
comprehensive radiation budget data collected by the Earth Radiation Budget Experiment (ERBE).
ERBE is a multisatellite experiment which began collecting data in November 1984. The simple ap-
proach calls for the estimation of clear-sky fluxes from the high spatial resolution scanner measurements.
A cloud-radiative forcing (or simply cloud forcing) is defined which is the difference between clear-sky
and cloudy-sky (clear plus overcast skies) fluxes. The global average of the sum of the solar and
long-wave cloud forcing yields directly the net radiative effect (i.e., cooling or warming) of clouds on
climate. Furthermore, analyses of variations in clear-sky fluxes and the cloud forcing in terms of temper-
ature variations would yield the radiation-temperature feedbacks, including the mysterious cloud feed-
back, that are needed to verily present theories of climate. Finally, general circulation model results are
used to discuss the nature of the cloud radiative forcing. It is shown that the long-wave effect of clouds is
to enhance the meridional heating gradient in the troposphere, while the albedo or solar effect of clouds
is largely to reduce the available solar energy at the surface. The long-wave cloud-induced drive for the
circulation is particularly large in the monsoon regions. Thus it is concluded that analyses of ERBE data
in terms of cloud forcing would add much needed insights into the role of clouds in the general
circulation. With respect to the future, the scientific need is discussed for continuing broadband measure-
ments of earth radiation budget data into the next century in order to understand the processes that
govern interannual and decadal climate trends. Finally, the spectral variations in clear-sky fluxes and

cloud forcing and the need for broadband data to obtain the desired accuracies are described.

1. INTRODUCTION

The availability of the Nimbus 7 earth radiation budget
(ERB) data [see Jacobowitz et al, 1984a] and the recent
launch of the Earth Radiation Budget Experiment (ERBE) in
1984 [see Barkstrom, 1984] have created a flurry of activity in
the use of ERB data for climate research. Three comprehen-
sive review papers [Ohring and Gruber, 1983; Kandel, 1983;
Hartmann et al., 1986] discuss in detail the various appli-
cations of ERB data for climate research. Hence in this paper,
the focus is only on those issues that are not adequately de-
scribed in the earlier papers of Ohring and Gruber [1983] and
Hartmann et al. [1986].

Largely because of the pioneering efforts of V. Suomi and
his then collaborators at the University of Wisconsin (e.g., T.
Vonder Haar and F. House) and at NASA Goddard Space
Flight Center (e.g., E. Raschke and W. R. Bandeen), the
measurement ol ERB data began during the mid-1960s (e.g.,
House [1965]; Bandeen et al. [1965]; Suomi et al. [1967];
Vonder Haar [1968]; Vonder Haar and Suomi [1969]; and
Raschke and Bandeen [1970], to cite a few). The collection of
ERB data has been and is being maintained through the
1980s. Although strong scientific arguments can be made for
the continuation of ERB measurements indefinitely, the future
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of the ERB data is at a crossroads. This uncertain future of
ERB is largely because accurate measurements of ERB are
expensive and scientific arguments to categorize ERB
measurements as one ol the highest-priority measurement ob-
jectives have not been articulated effectively and forcefully. In
view of this critical juncture, this paper focuses on the follow-
ing key issues: (1) the contributions of the past measurements
to our understanding of the climate system; (2) the potential
contributions ol ERBE towards resolution of the outstanding
issues; and (3) the scientific case for continuation of the ERB
measurements.

2. ScienTiFic CONTRIBUTIONS OF THE PasT ERB
MEASUREMENTS

The measurements taken during the 1960s and 1970s had a
significant role in altering and improving our understanding
of the role of radiation in climate and in the general circu-
lation. This paper does not attempt a comprehensive listing of
the past accomplishments but focuses on a few important con-
tributions.

2.1, Determination of Fundamental
Climate Parameters

Planetary brightness. The globally and annually averaged
albedo or the brightness of the planet is one of the key climate
variables. Until the satellite era, investigators relied largely on
model calculations for the albedo. The state-of-the art models
[e.g.. London, 1957; Katayama, 1967; Kondratyev and Dya-
chenko, 19711 during the 1960s yielded a global annual
average value ranging from 34 to 40% (see Katayama [1967),

4075




4076

RAMANATHAN: EARTH RADIATION BUDGET

| GLOBAL ENERGY BALANCE
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(Unit: Wem™2)

Fig. 1. The global energy balance for annual mean conditions. The top of the atmosphere estimates of solar insolation
(343 W m~2), reflected solar radiation (106 W m~?), and outgoing long-wave radiation (237 W m~?) are obtained from
satellite data. The other quantities in this figure are obtained from various published model and empirical estimates. The
quantities include atmospheric absorption of solar radiation (68 W m™%); surface absorption of solar radiation (169 W
m~2); downward long-wave emission by the atmosphere (327 W m~ 2): upward long-wave emission by the surface (390 W
m~2): and H, the latent (90 W m~2),and S, the sensible (17 W m™?), heat fluxes from the surface.

Table 2). As is well known now, satellite estimates revealed the
planet to be significantly darker than the theoretical estimates,
and the measured values between the various satellites range
generally from 29 to 31% (for example, see Vonder Haar and
Suomi [1971]). The inferences from ERB data that had a
tremendous impact on subsequent theoretical studies are (1)
the planet is much darker (albedo of about 30%) than pre-
satellite era model estimates (~ 35%), and (2) the annual mean
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Fig. 2. Spectral distribution of outgoing long-wave emission, as

measured by the Nimbus 4 satellite over the tropical Pacific Ocean
under clear-sky conditions (source: Hanel et al [1972]). Solid line is
the measurement, The dashed lines are blackbody curves.

albedo of the two hemispheres is nearly the same (within
measurement uncertainty).

The lack of hemispherical asymmetry in the albedo revealed
the dominant influence of clouds (over surface effects) in deter-
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Fig. 3. Annual zonal mean estimates of absorbed solar radiation
and outgoing long-wave flux (IR emission) obtained by satellites
(source: Ellis and Vonder Haar [1976]). Shaded region denotes net
heating and dashed regions denote net cooling.
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MEAN JANUARY OUTGOING LONG-WAVE FLUX
(W-m3)
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Fig. 4. Outgoing long-wave flux (W m™2) for January. (a) Satellite estimates by Campbell and Vonder Haar [1980]. (b)
Model estimates by Ramanathan et al. [1983], shown for comparison.

mining the hemispherical mean albedo, since without the
cloud effects the significant differences in the surface features
between the two hemispheres would have introduced large
differences in the hemispherical mean albedo.

Planetary global energy balances. The independent deter-
mination of the outgoing (i.c., emitted) long-wave (IR) radi-
ation and the albedo confirmed theoretical expectations and
provided new quantitative information. The highlights are
given below.

I.  On a global annual mean basis, the absorbed solar radi-
ation is in balance with the outgoing long-wave radiation
(within measurement accuracy), and the magnitude of the
terms shown in Figure 1 is a summary of the various measure-

ments (including Nimbus 7) subjectively obtained by the pres-
ent author.

2. The balance between solar and long-wave radiation
also exists on a hemispherical scale, such that there is no
requirement for cross-equatorial energy transport.

The greenhouse effect. The estimates of the outgoing long-
wave radiation also lead to quantitative inferences about the
atmospheric greenhouse effect, At a globally averaged temper-
ature of 15°C the surface emits about 390 W m™2 (see the
surface term in Figure 1), while according to satellites, the
long-wave radiation escaping to space is only 237 W m~2,
Thus the absorption and emission of long-wave radiation by
the intervening atmospheric gases and clouds cause a net re-
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ANNUAL RADIATION BALANCE
Composited Satellite Estimates: Stephens et al. (1981)

ANNUAL ALBEDO (%)

Fig. 5. Composite satellite estimates of annual mean regional radiation balance. Regions with less than 30% albedo
are shaded. (top) Albedo; (bottom) Net heating, i.e., absorbed solar minus outgoing long wave. Regions with net heating

are shaded (source: Stephens et al. [1981]).

duction of about 150 W m~2 in the radiation emitted to
space. This trapping effect of radiation, referred to as the
greenhouse effect, plays a dominant role in governing the tem-
perature of the planet (for example, see Dickinson [1985]). This
greenhouse effect was revealed more spectacularly in the spec-
tral radiometer on board the Nimbus 4 satellite (see Figure 2).
In Figure 2 the smooth curve identified by 300 K is the black-
body emission at the tropical ocean surface. The outgoing
radiation reaching space is shown by the irregular curve, and
the shaded region indicates the net greenhouse effect. The sig-
nificant greenhouse effect of CO, (15-um region), O, (9.6-um
region), and water vapor (shortwave of 7 um and long-wave of
16 pum) are clearly seen.

The solar insolation. Accurate determinations of the solar
insolation, the so-called “solar constant,” and its variations
are important because of the potential link of this parameter
with climate change [e.g., Eddy et al., 1982]. The active cavity
radiometer of the Nimbus 7 ERB instrument revealed high-
frequency (2 weeks) variations in the solar insolation of the
order of 0.1-0.3% [Hickey et al., 1980]. Furthermore, the
Nimbus 7 instruments also seem to suggest an apparent de-
crease in the insolation of about 0.02% per year (Wilson

[1984]; and discussions in the work by Eddy et al. [1982]).
These preliminary quantitative indications are definitely the
starting point for a search towards linking climate change
with solar variations (also, see Eddy [1983]).

TABLE 1. Summary of Estimates of Long-Wave Sensitivity
Parameter b

Investigator b

Model Studies
Budyko [1969] 1.45
Ramanathan [1976]

fixed cloud-top altitude 225

fixed cloud-top temperature 1.37
Coakley and Wielicki [1979] 1.28
Budyke [1975] 1.67

Satellite Studies

Cess [1976] 1.57
Warren and Schneider [1979] 1.78
Oerlemans and Van den Dool [1978] 2.23
Ohring and Clapp [1980] 1.8

Table adopted from Ohring and Gruber [1983].
“Here b = dF/dT, (Wm~ el ol ¥
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TABLE 2. Ice-Albedo Feedback
Model/Investigator v
Presatellite
Energy balance model [Budyko, 1969] 2.58
Energy balance model [Sellers, 1969] 2.17
General circulation model [Wetherald and Manabe, 1975] 1.27
Satellite Derived
Cess [1976]; Lian and Cess [1977] 1.25

Source: Ohring and Gruber, [1983]. Here v equals amplification due
to ice-albedo leedback.

2.2, Determination of the Forcing Terms
of the General Circulation

Meridional heat transport by oceans and atmospheres. The
ERB data revealed that (sec Figure 3) on a zonal annual
average basis the absorbed solar radiation exceeded outgoing
long-wave radiation in the tropical and subtropical regions,
resulting in a net radiative heating of the surface-atmosphere
column, while the mid to polar latitudes were subjected to a
net radiative cooling. This equator-to-pole gradient in radi-
ative heating provides the fundamental forcing for the ocean
and atmospheric general circulation. On an annual and long-
term mean basis and for the case of zero energy storage and
zero temperature change, the net radiative heating must equal
the divergence of the meridional energy transport by the
oceans and the atmosphere. Based on this consideration, the
ERB data were used to derive the meridional transport of
energy by the atmosphere and oceans (see FHlartmann et al.
[1986]; also, see original papers by Rasool and Prabhakara
[1966]; Vonder Haar and Suomi [1971]; Oort and Vonder
Haar [1976]). In addition, observed atmospheric data sets (i.c.,
temperature and pressure) have been used to estimate the me-
ridional heat transport within the atmosphere, such that re-
sults similar to those shown in Figure 3 have been used to
infer the oceanic heat transport [Vonder Haar and Oort,
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1973]. The principal findings are as follows:

1. The maximum meridional heat transport occurs around
307 latitude.

2. In the northern hemisphere the ocean transport contrib-
utes roughly 40% of the required heat transport.

3. The inferred total heat transport and, in particular, the
oceanic heat transport in the low latitudes is significantly
larger (about a factor of 2 in the case of oceans) than earlier
empirical and model estimates. The satellite values were larger
primarily because the measured tropical albedos were signifi-
cantly lower than the assumed or computed values of the
presatellite era (see further discussions by Vonder Haar and
Oort [1973]).

Regional forcing (e.g., dynamics of deserts). The measured
albedo and the outgoing long-wave radiation revealed signifi-
cant longitudinal variations. For example, east-west variations
in the outgoing long-wave radiation in the tropical regions are
as large as equator-to-pole gradients (for example, see Figure
4). These variations have been diagnosed as due to land-sea
contrasts in temperatures, humidities, and surface properties
and to the preferred regional locations of cloud systems (e.g.,
marine stratocumulus systems, cloud systems, and tropical
cloud clusters). The implications of the regional variations in
net radiative heating have not yet been studied in detail, but
the data had a major impact on our understanding of the
dynamics and maintenance of deserts.

Charney [1975] noted that with the exception of the Sahara
desert, the rest of the tropical region is subjected to a net
radiative heating (see the bottom panel of Figure 5). The Sa-
haran desert, however, because of the high long-wave emission
due to the absence of clouds and the high reflectivity of the
desert soil (see top panel, Figure 5), is subjected to a net
radiative cooling. The discovery of this feature in the data led
Charney [1975] to propose the following radiatively induced
mechanism for the maintenance of the dryness of the deserts:
the radiative cooling of the column is maintained by subsi-
dence warming. The drying effect of the subsidence, of course,
maintains the desertlike conditions.

IMPACT ON MODEL CALCULATIONS
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Fig. 6. Comparison of satellite radiation budget estimates with presatellite era (left) and satellite era models (right).
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VALIDATION OF GCMs WITH PRESCRIBED CLOUDS
(Adopted from Slingo, 1982)
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Fig. 7. Comparison of satellite radiation budget data with GCM results: global-annual mean radiation budget (source:
Slingo [1982]).

2.3. Climate Feedback Processes

Satellite data were available for nearly 10 years before the
appearance of a pioneering study by Cess [1976] which for-
mulated an approach for using ERB data to validate quantita-
tively the treatment of climate feedback processes in climate
models. An exhaustive review of this topic can be found in the
work by Ohring and Gruber [1983] and hence only a brief
summary will be given here. The following symbols are first
adopted:

-

outgoing long-wave flux;

planetary albedo;

solar insolation, the so-called “solar constant”;
surface temperature;

value of a parameter for unperturbed conditions.

SuR

subscript u

On the basis of the above symbols, the global annual energy
balance equation can be written as

=§(1~0€} (1)

The climate sensitivity is expressed in terms of a parameter f,
defined as [Schneider and Mass, 1975]

B = 5,(dT,/ds) 2

Next, if one assumes that T, is the fundamental climate param-
eter governing changes in F and a, (1) can be used to rewrite
(2) as

F

~ (dF/dT) + (S,/4)(da/dT)) &)

B

Thus the global climate response, as defined by (3), is deter-
mined by the infrared (or long wave) feedback parameter
(dF/dT)) and the albedo feedback parameter (da/dT,). Before
proceeding further the reader should be aware of the con-
ditions for which (3) is valid. Since T, is assumed to be the
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MONTHLY MEAN JANUARY PLANETARY ALBEDO

Observed: Campbell and Vonder Haar (1980)
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Fig. 9. Comparison of satellite radiation budget data with GCM results: monthly mean albedo for January (source:

Charlock and Ramanathan [1985]).

fundamental climate variable, (3) is valid only when changes in
atmospheric (at least the tropospheric) variables that influence
F and o are determined solely, either directly or indirectly, by
changes in T, This seems to be the case for a large class of
problems, such as changes in solar insolation or in CO, [e.g,
Ramanathan, 1977; Dickinson, 1985]. However, as shown by
Cess et al. [1985], there are notable exceptions, such as the
“nuclear winter” problem, for which (3) is not a valid ap-
proach.

In order to use ERB data to obtain the feedback terms in
(3), Cess [1976] hypothesized that F and « can be expressed in
terms of T; and cloud cover A, i..,

dr  doF

aF dA,
dT,~ oT,

oA, dT,

4

Alternately,
F=o+bT, —cA,
with the definition given by (4), (3) can be written as
F

b =Gremy+ (S,/4)(@/0T,) + S(dA_/dT)

where the cloud-radiation feedback parameter & is

. S flea) " OF
d=—*—)+—
4 \o4,) " oA,
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3)

(6)

)

In (6), dF/3T, is the most important term governing climate
sensitivity, and it denotes the (negative) feedback between tem-
perature and humidity changes and long-wave radiation pro-
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ZONAL MEAN ERROR FOR SUNSYNCHRONOUS
SAMPLING: COMPUTED FROM GCM FIELDS
(Month: January; Field: Absorbed Solar)
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Fig. 10. Potential sampling errors in absorbed solar radiation,

inherent in sun-synchronous orbit. The various curves denote the
dependence of the sampling errors on equatorial crossing time of the
satellite. The errors are computed from synthetic “data” obtained
from GCM simulations,

cesses. Contributions to do/0T, largely arise from changes in
snow and ice albedo due to temperature changes. This snow
and ice albedo response to T, gives rise to positive feedback,
ie. (0u/dT)<0. Analyses of zonally averaged satellite-
measured values of F and x with respect to zonally averaged
T, by Cess [1976], and independently by Budyko [1975] for
aF/0T, followed subsequently by numerous studies, have
yielded 0F/0T, and d2/@T,. These studies, in addition to pro-
viding the only observational verification, albeit an indirect
one, of model studies ol climate feedback, also yielded con-
siderable insights into the nature of the radiative feedbacks. A
few of the key results are summarized below.

1. On a zonal average basis a substantial [raction of the
meridional variation in F can be explained in terms of the
corresponding variation in 7.

2. The values of h(=0F/dT, or dF/dT, in some cases)
derived from satellites were within +30% of model estimates
(see Table 1). This consistency implicitly corroborates the T,
— H,0 water vapor feedback included in models, since with-
out this feedback the model values of b (including those shown
in Table 1) would be around 4 W m ? K ! (for example, see
Manabe and Wetherald [1967]), as opposed to the values of
1.51t022 W m ? K !yiclded by satellites.

3. Estimates of dx/0T, were used by Cess [1976] and Lian
and Cess [1977] to estimate the amplification v of the climate
sensitivity by the ice-albedo feedback. These estimates of v,
where v is the ratio of the computed ff (see equation (3)) with
and without the ice-albedo feedback, settled an important
issue concerning the importance of this feedback. As shown in
Table 2, satellite estimates revealed that the energy balance
climate models of Budyko [1969] and Sellers [1969] had sig-
nificantly overestimated this feedback. The satellite studies
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supported the lower estimates yielded by general climate
model (GCM) studies.

4. The satellite studies [e.g.. Lian and Cess, 1977] also
revealed a strong dependence of ice and snow albedo on solar
zenith angle, and such results were subsequently used in model
studies to parameterize the radiative effects of ice and snow.

With regards to cloud feedback (see equation (7)), however,
the results of the various studies are inconclusive and, fur-
thermore, are confusing. This point will be discussed later
when a new method is proposed to approach the cloud feed-
back problem with the aid of ERB data.

24.

Radiation budget computations. One of the significant im-
pacts of the ERB data is in the computed values of albedo in
low latitudes. The presatellite era models (see Figure 6) yielded
a significantly brighter tropical albedo when compared with
satellite measurements. Improvements in the treatment of at-
mospheric absorption properties and of cloud radiative
properties resulted in much better agreement (see satellite era
models in Figure 6, and also, see Stephens et al. [1981]) with
measurements. The models shown in Figure 6 employ ob-
served zonal average temperatures and humidities and surface
observations of cloud cover reported by London [1957). The
sort of excellent agreement shown in Figure 6 nced not neces-
sarily constitute verification of the radiation models, since it is
not clear whether the prescribed cloud cover and radiative
properties are accurate enough to yield reasonable radiation
fluxes. Nevertheless, the results shown in Figure 6 for satellite
era models indicate an overall consistency between theory and
observations.

General circulation climate models. The ERB data have
been used extensively to diagnose deficiencies in model simu-
lations and in radiation parameterizations. Selected examples
of global, zonal, and regional intercomparisons are shown in
Figures 7, 8, and 9, respectively. The general circulation
models shown in Figures 7-9 employ detailed radiation
models and one of these (the GCM used in Figures 8 and 9)
employs interactive clouds. However, monthly average com-
parisons such as those shown in Figures 7-9 are not useful to
verify the parameterizations. Such comparisons are only useful
for validating the simulated radiative forcing that provides the
drive for the general circulation. The steps that are needed to
verify the parameterizations are outlined in the next section.

In summary, past ERB studies and data have broken new
ground in the area of climate research and radiation and cli-
mate modeling. The data thus far have provided some of the
necessary information to constrain theories and models. A
more detailed discussion of these and other uses (e.g.. diurnal
effects and interannual variability, to name a few) of the data
are given by Ohring and Gruber [1983], Hartmann et al.
[1986], and Kandel [1983].

Impact on Model Studies

3. OUTSTANDING ProOBLEMS AND THE RoLE oF ERBE

Although ERB data have been studied extensively for
nearly 20 years, there are several important and outstanding
scientific problems that remain unsolved. These problems,
which will be discussed shortly, will be addressed effectively by
ERBE. First, some important issues that concern the measure-
ments themselves will be touched upon.
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OUTGOING INFRARED EMISSION
FROM NIMBUS 7
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Comparison of outgoing long-wave or infrared emission, as obtained by a narrow field of view (NFOV), i.e.,

scanner, instrument and by a wide field of view (WFOYV), i.e., nonscanner, instrument on board the Nimbus 7 satellite for
January 1980 (source: L. Smith, Colo. State Univ., Fort Collins, private communication, 1986).

There has not been any objective attempt to arrive at uncer-
tainty estimates to the ERB data. Admittedly [see Jacobowitz
et al, 1984b], it is extremely difficult to assign uncertainty
estimates, since these can arise from different sources: uncer-
tainty in the instrument measurement of the radiance, uncer-
tainty in the models that convert the measured radiance to
fluxes, uncertainty due to poor diurnal sampling (see Bark-
strom [1984] and Barkstrom and Hall [1982] for further dis-
cussion). However, it is generally believed (for example, see
Jacobowiiz et al. [1984a]) that poor diurnal sampling is one of
the principal sources of uncertainty in earlier measurements,
since most of the ERB instruments (e.g., Nimbus 6 and Nmbus
7) were flown on sun-synchronous satellites. Sun-synchronous
sampling can potentially introduce a large bias error in the
measurement. For example, as shown in Figure 10, simulation
studies performed with the aid of a general circulation model

(with diurnal cycle) suggest sampling errors that depend sys-
tematically on the local time of sampling. The results shown in
Figure 10 employ the GCM described by Ramanathan and
Dickinson [1981]. This model has interactive clouds in six
layers from the surface to 18 km in altitude. In the results
shown in Figure 10, a “true” daily average radiation budget is
obtained by averaging 24 values computed 1 hour apart, and
the sampling error is computed by comparing the monthly
average of the hourly values with monthly averages of the
“true” daily averaged values. Similar results, i.e., systematic
bias as a function of local time of sampling, have also been
suggested by Harrison et al. [1983] and England and Hunt
[1984], employing narrow-band data taken from geostation-
ary satellites.

The second issue concerns the regional scale of measure-
ments. Most of the earlier measurements, excepting Nimbus 7,
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Fig. 12. Long-wave, solar, and net cloud-radiative forcing, as in-
ferred from GCM studies. (a) Results obtained from Charlock and
Ramanathan [1985]. The NCAR GCM used by Charlock and Ramana-
than [1985] severely underestimates the long-wave forcing of clouds.
(b) The long-wave cloud forcing derived from an improved cloud-
radiative version of the NCAR GCM described by Ramanathan

[1985]. The cloud forcing of the column (left panel) and that for the
troposphere (right panel) are shown separately.

arc wide field of view measurements whose spatial scale is too
coarse (~(10* km)?) to infer quantitatively regional radiative
heating. For example, a comparison of the Nimbus 7 scanner
measurements (spatial scales about (10? km)?) with simulta-
neous wide field of view data from Nimbus 7 reveals impor-
tant differences over the deep tropical cloud systems such as
the winter monsoon region over Indonesia and the inter-
tropical convergence zone (see Figure 11). Over these regions
the outgoing long-wave emission revealed by the scanner is
considerably smaller than that given by the coarse resolution
measurements. Unfortunately, the scanner on Nimbus 7 lasted
only for 18 months [Jacobowitz et al., 1984b]. However, the
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limited period Nimbus 7 data has demonstrated the need for
scanner-type instruments to obtain regional energy budget.

In the ERBE program, data from identical instruments will
be gathered simultaneously from three satellites, two on sun-
synchronous orbits and one on a low-inclination precessing
orbit. This combination offers an unprecedented opportunity
to minimize the diurnal sampling errors. Furthermore, the on-
board calibration facility for all of the ERBE instruments will
help minimize instrumental errors and drift. Lastly, the scan-
ners in ERBE (which have already gathered data uninterrupt-
edly for 26 months since November 1984) will furnish the
regional energy budget data on a grid of 2.5° latitude by 2.5°
longitude. In view of the significant improvements in accuracy
that are potentially achievable with the ERBE data, one can,
of course, improve on the earlier estimates of all of the param-
eters listed in section 2, including the meridional heat trans-
port. One can also derive new quantities, such as the diurnal
variation in radiative heating of the planet and fine-scale re-
gional radiative heating estimates. But, more importantly,
some fundamentally important and outstanding questions can
be addressed that have eluded reliable solutions thus far.
These questions are listed below. Later, the strategy for ad-
dressing them within the context of the ERBE data is de-
scribed.

1. What is the net radiative effect (i.e., heating or cooling)
of present-day clouds on climate? In spite of 20 years of re-
search with ERB data and with climate models, we still do not
have a reliable answer to this lundamental question.

2. What is the influence of cloud-radiative forcing on the
general circulation of the atmosphere and the oceans?

3. How does one formulate the cloud-climate feedback
problem within the context of ERB data?

4. How does one use the data to verify radiation models of
atmsopheric long-wave radiation processes and of surface
albedo?

Undoubtedly there are other problems that merit attention
but, in the opinion of this author, answers to the above prob-
lems are urgently needed to advance theories of climate and
the general circulation. Surprisingly enough, a rather simple
approach is needed to address the above problems with the
ERBE data, and this approach is described next.

LONG-WAVE CLOUD RADIATIVE FORCING
(NCAR-CCM; JANUARY)
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negative forcing (cooling).

3.1. A Simple Approach to Analyzing
ERB Data
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Computed cloud radiative forcing of the surface-atmosphere column over the Indian subcontinent during the
summer monsoon. (Top) long-wave; (bottom) solar. Solid lines indicate positive forcing (heating) and dashed lines indicate
where
CAL) = A (F, — Fy) (10)

Here the outgoing long-wave flux for a unit area with frac-
tion A, covered by clouds (ie., A, is the overcast fraction of
the sky) will be considered and the following symbols are
defined.

F, flux from the clear-sky regions;

F, flux from the overcast sky;

F cloudy-sky (clear plus overcast) flux;
CJ—(L) long-wave cloud-radiative forcing;

A, cloud-cover fraction.

With the above definitions, one can write
F=F(1—A)+ Fod, ®)
F=F — C4{L) 9)

for a single-layer cloud and for scenes with multilevel clouds,

CAL)y=Y A'F.S'—F,) (11)
where i denotes the region with cloud-cover fraction A.°. The
cloud-radiative forcing C, denotes simply the net effect of
clouds in modulating the long-wave radiative flux. To obtain
C, from (11), one needs independent determinations of AL
F. and F,', a task that is fraught with numerous difficulties.

However, C can also be obtained from (9) as
CAL)=F,—F (12)

In (12), F is typically the quantity measured by space-borne
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Fig. 14. Same as Figure 13 but separately for the tropospheric heating in the long wave and for the surface heating in the
solar.

ERB instruments, be it scanner or wide field of view instru-
ments, The process of obtaining C, simply reduces to finding
a way to infer F.. Thus the problem of obtaining the cloud
effects on climate has reduced to obtaining the clear-sky flux
which is a considerably simpler problem when compared with
the approach of (11), which involves obtaining cloud-cover
fractions and their optical properties.

In ERBE the clear-sky fluxes will be obtained from the
scanner data by employing a threshold-type approach. For
each 2.5° latitude x 2.5° longitude ERBE grid box, clear-sky
regions are identified to be those scanner pixels with the larg-
est outgoing flux and the smallest values of albedo. Roughly
50 partially overlapping scanner pixel measurements within a
2.5° x 2.5° grid box will be available to employ the threshold
approach. There are two complications that arise while re-
trieving F, from measurements. The first complication arises
because of inhomogeneities within the domain (e.g., 2.5° lat-
itude x 2.5° longitude) of interest. As implied in (8) and in (12),

the appropriate F, is the spatially averaged clear-sky flux, that
is, the clear-sky flux averaged over all clear-sky scenes within
the domain of interest. Such an averaging procedure poses
practical difficulties because of the necessity to identify all of
the clear-sky scenes. However, this may not be a serious de-
ficiency, since clear-sky fluxes are relatively (relative to over-
cast skies) homogeneous. The second complication concerns
completely overcast skies over the domain. In such instances,
estimates of F, will be unavailable. This difficulty can be over-
come by adopting clear-sky estimates taken either prior to or
after the occurrence of the overcast skies. If such estimates are
unavailable, then we adopt the clear-sky estimates in the sur-
rounding domain.

In suggesting the above practical solutions to the two com-
plications, the spatial homogeneity of clear-sky fluxes on
scales ranging from 2.5° to 5° (both in longitude and in lati-
tude) is relied upon. It is important to verily the validity of the
homogeneity assumption. For the time being the accuracy of
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Fig. 15. Satellite estimates of the annual cycle of the planetary
albedo, long-wave emission, and net radiative flux for the Asian mon-
soon region between 70° to 80°E and 10° to 30°N. The annual cycle
of the solar insolation is given by the dashed line (source: Stephens et
al. [1981]).

the clear-sky estimates will be assumed and how one can
address the questions raised earlier will be examined.

The above approach of analyzing the data in terms of clear-
sky fluxes and cloud forcing has been proposed by Ellis
[1978], Ramanathan [1983, 1985], Charlock and Ramanathan
[1985], and Hartmann et al. [1986]. Ellis [1978] obtained
clear-sky fluxes and cloud forcing from satellite data, but the
accuracies of his clear-sky fluxes were open to question, since
he used very coarse resolution (~(10° km)?) data.

3.2.  Net Effect of Clouds on Climate

Equations similar to (12) can be written for the solar term,
such that the net radiative forcing of clouds, C4N), can be
written as

CHN) = C[L) + CLS) (13)
where C /(L) has been defined in (12), and C(S) is derived by

employing the right-hand side of (1) for absorbed solar flux
and is obtained as

S
C‘;(S):z{o:r — o) (14)

where o is the albedo for the cloudy (clear plus overcast) sky,
o, is the clear-sky albedo, and S is the solar insolation. On the
basis of the definitions given in (12) and (14), (13) is obtained
from the global energy balance equation (1). Note that, in
general, C (L) is positive and C(S) is negative. The net effect
of clouds on climate can be obtained from global average of
(13).
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At this stage T wish to draw attention to an important
difference between this approach and some of the earlier ap-
proaches [e.g.: Ohring and Clapp, 1980; Hartmann and Short,
1980; Minnis and Harrison, 1984] of estimating the effect of
clouds on the radiation budget. These earlier studies have
attempted to estimate the cloud-sensitivity term & (see equa-
tion (7)) by using one of the following forms of &:

~4\04,) o4,

+Su o
4 OF

5 S, [ O i 4 0F

4 (&4‘)[ % S E:x:l

These approaches involve estimation of the derivatives 0F/dA,
and dx/dA,, or correlating changes in F with « to obtain
0F/6a. Another form of d has also been employed [e.g., Minnis
and Harrison, 1984]. In this approach, one assumes a single-
level cloud or an effective single-level cloud, such that (8) can
be used to obtain

(15)

:j = Fy—F, (16)
Similarly, da/0 A, is written as
:% =05 — O, (17)
and inserting (16) and (17) in (7), 6 becomes
<3=(F0—Fc}+%(’1c_9‘o] (18)

The above § is also sometimes referred to as cloud forcing
[e.g., Hartmann et al., 1986]. In order to avoid further con-
fusions, here the terms estimated by the earlier studies (i.e.,
J0F/8A,, du/0A,, and J) will be referred to as cloud-radiative
sensitivity parameters. In what follows, the significant differ-
ences between the cloud-radiative forcing (equations (12)14))
and the cloud-sensitivity parameters (equations (15)(18)) will
be summarized.

I. The cloud forcing has a precise definition in that it
denotes the radiative heating of the planet due to clouds. The
cloud sensitivity indicates the rate of change of the cloud forc-
ing with cloud cover. Since cloud cover is a loosely defined
term, the precise definition of the cloud sensitivity is subject to
interpretation.

2. The cloud sensitivity involves estimation of either a de-
rivative with respect to A_ (see equation (15)) or the overcast-
sky parameters (the terms with subscript 0 in equations (16)-
(18)). Estimation of these terms from observed data is fraughi
with numerous difficulties. In contrast, estimation of the cloud
forcing is relatively more straightforward, since it does not
involve cloud cover or the parameters for overcast skies.

3.3. Cloud-Radiative Forcing and the
General Circulation

The influence of clouds on the atmospheric general circu-
lation-can best be studied in terms of the cloud-radiative forc-



4088

RAMANATHAN: EARTH RADIATION BUDGET

FILL RANGES

24 TO0: 2F: L.

12 TO

10 TO

Fig. 16. Comparison of computed clear-sky albedos with those inferred from GOES measurements for noontime in
November. (¢) Observed albedos. (b) Computed albedos. (¢) Computed-observed (source: Briegleb et al. [1986]).

ing C,. Since reliable estimates of C, from satellite measure-
ments are not available, the potential significance of C, will be
indicated by examining the nature of C, as obtained from
general circulation model studies [e.g., Ramanathan, 1983,
1985: Charlock and Ramanathan, 1985; Hartmann et al., 1986].
First, it should be pointed out that C, derived from top of the
atmosphere fluxes denotes the cloud forcing for the surface-
atmosphere column. The cloud-forcing terms can also be
derived for the surface and for the atmosphere if the surface
fluxes are known (as in the case of a model). Charlock and
Ramanathan [1983] and Hartmann et al. [1986] described
surface-atmosphere forcing, whereas Ramanathan [1985] illus-
trated the cloud-forcing terms for the column as well as scpa-
rately for the surface and the troposphere. Studies of column
radiative forcing by clouds revealed the following significant
features (also see Figure 12):

1. Clouds have a large long-wave heating effect and a sig-
nificantly larger solar cooling effect, particularly in the
summer hemisphere (Figure 12a). Results similar to those
shown in Figure 12a were also obtained by Ellis [1978]. Ellis’
analyses of satellite measurements yielded globally averaged
values of 20 W m 2 for long-wave cloud forcing, —47 W m~?
for solar forcing, and —27 W m ™ ? for the net forcing.

2. The cloud forcing has a strong equator-to-pole gradi-

ent. In the long-wave region, clouds enhance the existing me-
ridional heating gradient (Figure 12b), whereas in the solar
they reduce the gradient.

However, one should be cautious about quickly interpreting
the above results in terms of the cloud effects on general circu-
lation. In order to highlight this point, the summer moonsoon
scason over the Indian subcontinent is examined and the radi-
ative forcing of the column (Figure 13) and that of the tropo-
sphere and surface is considered separately (Figure 14). These
results were obtained basically from the GCM known as the
National Center for Atmospheric Research (NCAR) Com-
munity Climate model, as described by Pitcher et al. [1983],
but with a significantly improved radiation scheme described
by Ramanathan [1985] and Ramanathan and Downey [1986].

The low outgoing long-wave fluxes over the monsoon
region are well known (for example, see Smith [1984]) which,
for (12), implies strong cloud-radiative forcing in the long-
wave, as indeed shown in Figure 13. However, the deep mon-
soon clouds also enhance the albedo, and thus the solar forc-
ing is also large but negative. Thus for the column as a whole
the long-wave and solar forcing of clouds are each large, but
ol opposite sign. Similar results have also been obtained by
Stephens et al. [1981] from satellite measurements (Figure 15).
As shown in Figure 15, the dip in the outgoing long-wave flux



RAMANATHAN: EARTH RADIATION BUDGET

Fig. 16.

is compensated for by a corresponding rise in the albedo such
that the net radiative heating follows very nearly the seasonal
course of the incident solar radiation (see the bottom panel in
Figure 15).

The above results do not necessarily imply that clouds do
not have a net radiative effect on the monsoons. Let us consid-
er Figure 14, which shows the long-wave cloud forcing for the
troposphere (top panel) and the solar forcing for the surface
{bottom panel), It is seen that roughly 80% of the cloud long-
wave heating of the column is manifested in the troposphere
(compare the top panels of Figures 13 and 14), while 80-100%
of the cloud solar cooling is felt at the surface. Thus the radi-
ative eflects of clouds are very similar to that of latent heat
release in that they remove heat (solar energy) from the sur-
face and deposit it (as long-wave energy) in the troposphere.
The magnitudes (~100 W m™?) are significant when com-
pared with either solar heating of the surface in the oceans or
the latent heat released in the atmosphere. Results similar to
those shown in Figure 14 have also been obtained for the
winter monsoon over Indonesia for the month of January [see
Ramanathan, 1985]. This cloud-induced long-wave heating of
the troposphere can influence the monsoon circulation in the
following ways:

I. A reverse Charney effect for the deserts, i.e., the heating
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(continued)

induces upward motion in the column and the compensatory
subsidence in the surrounding regions (thousands of kilome-
ters away) brings in moisture from the oceans to maintain the
semipermanent cloud systems.

2. The surface solar cooling effect and the atmospheric
long-wave warming effect of clouds will also tend to stabilize
the column just as the effect of latent heat release. Thus in
tropical deep-cloud systems, radiative effects of clouds may
play an important role in maintaining the vertical thermal
structure, an effect that has been neglected in previous studies,
but one that has also been pointed out by Houze [1982]. For
example, GCM sensitivity studies by Ramanathan [1983] have
suggested that the long-wave radiative forcing by black cirrus
clouds has a significant warming effect (about 5 K) on the
tropical upper troposphere and also has a substantial
strengthening effect on the winter and summertime jet stream.
In addition, GCM studies by Shukla and Sud [1981] have
illustrated the potential influence of cloud-radiative interac-
tions in the generation and destruction of eddy kinetic energy.

In summary, the radiative forcing of clouds has a significant
impact on the general circulation and satellite estimates (as yet
unavailable) of cloud-radiative forcing offer exciting pos-
sibilities to provide new insights concerning the role of radi-
ation in the general circulation.
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34. A New Approach for Inferring Cloud
and Other Radiative Feedbacks

The analyses of the top of the atmosphere fluxes in terms of
clear-sky flux and the cloud-forcing term offers a straightfor-
ward way to infer the climate feedbacks from ERB data. On
the basis of (8), (12), (13), and (14), the climate sensitivity equa-
tion (6) can be rewritten as

F

g= (9F ,/0T;) + (0, /0T,) — (3/0T)[C AN)] o

The main simplicity of (19) is in the cloud feedback term,
since, as opposed to (6), the nearly impossible task of evalu-
ating the dA_/dT, term need not be undertaken. R. D. Cess
(private communication, 1986) has also suggested a similar
approach for inferring cloud feedback. Of course, one has to
make one of the following hypotheses for evaluating the par-
tial derivatives in the denominator of (19): that the latitudinal
change in the fluxes and temperature are influenced by the
same processes that govern climate change, or that the season-
al or interannual or decadal changes in the global and zonal
mean fluxes and T, are influenced by the same processes that
govern climate change.

By making either of the above hypotheses, one can infer the

(continued)

feedbacks from long-term (~ 10 years) records of ERB data
through (19). It is important to be aware of the partial deriva-
tives in (19), since the (spatial and temporal) variations in
fluxes due to trace gas (e.g., O5, CO,, and others) variations,
zenith angle (in the case of solar fluxes) variations, and surface
parameters, to name a few, should be separated from those
arising from temperature and humidity variations (see Lian
and Cess [1977] for an elaboration of this important point).

3.5. Model Verification

The analyses of the data in terms of clear-sky fluxes and
cloud forcing facilitates a methodical and objective procedure
to verify radiation models and general circulation models.
First, such a procedure involves comparison of instantaneous
radiances (as opposed to fluxes), followed by comparison of
clear-sky fluxes over the globe, leading finally to comparison
of the cloud forcing.

Instantaneous radiances. For the long-wave region an ap-
proach has been proposed by Ramanathan and Downey [1986]
for comparing models with ERBE radiances. In this approach,
radiosonde soundings of temperature and humidity serve as
model input and only those soundings that fall within +30
km and within £0.5 hour of an ERBE measurement are
adopted for the comparison. Furthermore, only homogeneous
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Fig. 17. Difference between computed visible (0.5-0.7 pym) and computed broadband (0.1-4 pm) clear-sky albedos for
November, noontime conditions (source: Briegleb et al. [1986]).

scenes are chosen, by selecting scenes for which the spatial
variance of the radiance is less than 1%. The variance is com-
puted for 4 pixels that are adjacent to the pixel of interest.
Preliminary results from the study show considerable promise
for this approach.

Clear-sky fluxes. While comparison of the radiances serves
to verify radiation codes, comparison of fluxes and albedos
(for solar) on a global scale would verify the input for models
and the parameterizations or various processes in models. As
an example, the study of Briegleb et al. [1986] compared com-
puted clear-sky albedos with the broadband albedos that were
inferred from GOES measurements. The results of this study
are shown in Figures 16a, 16b, and 16¢ for GOES-inferred,
computed, and computed minus GOES-inferred values, re-
spectively. The computations were performed on a 1° x 1°
grid, employing 10 vegetation types and surface- and aircraft-
based observations for surface albedos. Comparisons, such as
those shown in Figure 16 help verily or identify deficiencies in
the following key aspects of model parameterizations: (1)
zenith angle dependence of ocean and land albedos; (2) the
climate model practice of specifying bulk albedos for large
areas (102-10° km)?, with complex vegetation types varying
from tall trees to grass and shrubland, and (3) the approach of
parameterizing surface albedos based on isolated measure-

ments. For example, Payne’s [1972] extensive observations
over the coastal waters of the Atlantic are generally adopted
in climate models for ocean albedos. The ERBE data would
facilitate comparisons similar to those shown in Figure 16 for
the whole globe for both long-wave flux and albedo.

Cloud forcing. The final step is, of course, to compare
cloud forcing generated by GCMs with observations. Such a
comparison accomplishes the important objective of vali-
dating the radiative forcing simulated by GCMs. By itself,
such a comparison will not lead to a verification of the cloud
parameterization in GCMs. For a verification of the parame-
terization, data for cloud cover and cloud optical properties
are needed in addition to radiation budget data.

4. CoNCLUDING REMARKS CONCERNING THE FUTURE

It is appropriate at this stage to comment on the scientific
needs for continuing ERB measurement into the future dec-
ades. The most important and immediate need concerns the
accurate determination of cloud effects on climate and the
general circulation. The determination of the clear-sky fluxes
and the cloud forcing from ERB data on an operational basis
commenced with ERBE (launched in late 1984) and, in view of
the strong interannual variability of radiation fluxes (for ex-
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ample, see Ardanuy and Kyle [1986]), at least 10-15 years of
data are required to estimate an accurate climatology of the
radiative forcing of clouds. Analyses of the Nimbus 7 data by
Ardanuy and Kyle [1986] have revealed long-wave flux anom-
alies exceeding +50 W m™2 in the equatorial Pacific during
the recent El Nifio event of 1982-1983. Such long-wave flux
anomalies have traditionally been used to infer shifts in cloud
patterns and the associated shifts in the latent heating of the
atmosphere resulting from anomalies (or shifts) in sea surface
temperatures (SST) [Rasmusson and Wallace, 1983]. However,
it is clear [rom the results presented earlier in this paper that
huge anomalies in outgoing long-wave fluxes are a result of
anomalies in cloud radiative forcing. Thus alterations of SSTs,
such as those that occur during El Nifio events, result in large
changes in radiative heating of the atmosphere in addition to
the large changes in latent heating. Hence estimates of the
interannual variations in cloud radiative forcing are important
for understanding climate and general circulation variations
on interannual time scales.

The important long-term need concerns the potential role of
ERB data in understanding decadal-scale climate trends and
the influence of human activities on climate. The strategy out-
lined in this paper for analyzing the radiation budget offers a
very promising approach for exploiting the data to shed light
into the processes that govern climate change. For example,
accurate determination of trends in clear-sky albedo would
help clarify the effects of deforestation, tropospheric aerosols,
and changes in sea ice in altering the radiative forcing of the
planet. Likewise, il trends in clear-sky long-wave fluxes are
determined accurately, then on the basis of measured trends in
trace gas concentrations we can compulte the radiative effects
of trace gases on clear-sky fluxes and subtract these effects
from measured trends to infer the relationship between
changes in fluxes and temperatures, i.e., the long-wave feed-
back parameter. Finally, long-term variations in the cloud
forcing would yield directly and straightforwardly the as yet
mysterious contribution of cloud feedback to climate sensitivi-
ty. Thus continuation of accurate radiation budget measure-
ments on decadel time scales is a mandatory objective for a
quantitative understanding of climate sensitivity and for iden-
tifying the role of human activities on climate. It should also
be mentioned that it is absolutely necessary for ERB instru-
ment packages to routinely monitor the solar insolation.

The method proposed here for estimating the cloud forcing
from ERB data is only the first step towards solving the cloud
feedback problem. The present method helps establish the
magnitude and the nature of the cloud radiative feedback
from an observational view point. The next step is to under-
stand how the cloud-radiative forcing and its variations are
related to cloud cover and other atmospheric parameters, such
as temperature and humidity.

The following comments are in order with respect to
measurement strategies. The first comment concerns surface
fluxes. As mentioned earlier, in order to understand the role of
clouds in the general circulation, one needs to separate the
cloud forcing of the column, the quantity that is measured by
space-borne ERB instruments, in terms of its effect on the
surface and on the troposphere. For this purpose, estimates of
surface fluxes are essential. Surface radiation fluxes are also
essential for determining the ocean and land energy budget.
Thus future ERB studies should include determination of sur-
face radiation fluxes as part of the observational program.
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The second comment concerns the determination of broad-
band fluxes from narrow-band instruments, such as the
NOAA scanning radiometer [see Gruber and Krueger, 1984].
Such surrogate ERB estimates may be useful (in the absence of
broadband measurements) for the purpose of identifying the
nature of interannual variability in the radiation budget but
are unsuitable for quantitative climate studies. As pointed out
in several studies [e.g., Cess et al., 1982; Shine et al., 1984;
Hartmann et al., 1986], the narrow-band measurements have
numerous obvious and subtle pitfalls. These investigators have
pointed out that the narrow-band visible (0.5-0.7 pm) albedo
severely overestimates the (broadband) albedo when clouds
are present. In addition, over snow-free surfaces the change in
planetary albedo as a result of a change in the cloud cover is
also overestimated but over snow-covered surfaces the change
in albedo is severely underestimated (e.g., see Tables 1 and 2 of
Shine et al., [1984]). Even under clear-sky conditions, the vis-
ible albedo is a very poor approximation to the broadband
albedo, as shown in Figure 17, which is adopted from the
model calculations of Briegleb et al. [1986]. Theoretical calcu-
lations also reveal strong spectral variations in the solar
cloud-radiative forcing (see Figure 18). In addition, the long-
wave flux also reveals complex spectral variations (see Figure
2). The narrow-band long-wave channel is usually located in
the atmospheric “window™ between the 10- to 12-um region,
and from Figure 2 it is clear that a substantial amount of
extrapolation is needed to infer the broadband flux from the
10- to 12-um measurement. Furthermore, in the long-
wavelength region a climate change due to a trace gas increase
involves compensating changes in different spectral regions

COMPUTED SOLAR CLOUD FORCING:

SPECTRAL DEPENDENCE
(January Conditions)
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Fig. 18. Computed spectral variations in cloud-radiative forcing

in the absorbed solar radiation for January conditions. The results
were obtained by inserting a delta-Eddington scattering code for
clouds and clear-sky in the GCM described by Pitcher et al. [1983].
The spectral variations in surface albedo are as specified by Briegleb
and Ramanathan [1982] (source: B. P. Briegleb and V. Ramanathan,
unpublished manuscript, 1984). The cloud-forcing terms in the visible
(0.5-0.7 um), broadband (0.2-4 um), and the near infrared (0.85-4 um)
are shown.
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[Madden and Ramanathan, 1980; Charlock, 1984; Kiehl,
1985]. For example, as pointed out by Madden and Ramana-
than [1980] and subsequently substantiated by Kiehl [1983,
1985], and by Charlock [1984], an increase in CO, would
cause a decrease in the outgoing flux in the 15-um region, and
the CO,-induced tropospheric and surface warming would
lead to an increase in the 8- to 12-um “window” region (see
Figure 19). Furthermore, because of the temperature depen-
dence of the Planck function, the emitted energy would shift
towards shorter wavelengths with an increase in temperature.
The narrow-band measurements would, of course, completely
miss such subtle shifts in the infrared “color” of the planet. In
summary then, boradband estimates from narrow-band
measurements are unacceptable alternatives for quantitative
climate studies; accurate broadband measurements taken over
a long term (several decades) by the same (or similar) instru-
ment arc needed to meet the scientific objectives of climate
and general circulation studies.
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