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DETERMINATION OF THE EARTH-ATMOSPHERE RADIATION BUDGET
FROM NOAA SATELLITE DATA

Arnold Gruber

Meteorological Satellite Laboratory
National Environmental Satellite Service, NOAA
Washington, D.C.

ABSTRACT. The Earth-atmosphere radiation budget has
been calculated using observations obtained by the
two-channel scanning radiometer aboard the NOAA oper-
ational satellites. The two channels observed re-
flected radiation in the visible range (0.5 to 0.7 pm)
and emitted longwave radiation in the atmospheric
window (10.5 to 12.5 pm). Calculations of the Earth-
atmosphere radiation balance have been made since
June 1974 and are continuing.

This report describes the methods and approximations
used in estimating the radiation budget from the
operational data. Results are presented for the
annual period June 1974 through May 1975. Emphasis
has been placed on the broad spatial and temporally
averaged results, such as mean monthly zonal and
global averages and annual maps of the radiation
balance parameters, i.e., albedo, outgoing longwave
radiation, absorbed radiation, and net radiation.

The global albedo was calculated as 32.3% and the
outgoing longwave radiation as 248 W*m—~2.

INTRODUCTION

The distribution of the net radiation of the Earth-atmosphere system is of

fundamental

importance to the physics of the atmosphere and oceans over wide

ranges of time and space. The net radiation of the Earth-atmosphere system
is defined by

where

Q = 10 (1-A)-E

Q = net radiation

Ig = Incoming solar radiation

A = The Earth-atmosphere albedo

E = The outgoing thermally emitted radiation for

the Earth-atmosphere system.



This report is concerned with the determination of the components of the
Earth-atmosphere radiation budget from measurements made by the visible
channel (0.5-0.7 ym) and infrared channel (10.5-12.5 ym) scanning radiometer
aboard the NOAA satellites. Radiation budget calculations have been made
on a continuing basis since June 1974. The purpose of this report is to give
details of methods and approximations used in deriving the radiation budget
values and to present some broad spatially and temporally averaged results.

BASIC MEASUREMENTS, UNITS, AND CALIBRATION

The measuring instrument is a scanning radiometer flown aboard a polar
orbiting satellite. A description of the NOAA satellite system, including
the various instruments, is provided by Schwalb (1972). The spacecraft has
a 2100 local time northbound Equator crossing and a 0900 local time south-
bound Equator crossing. The radiometer senses reflected energy in the visible
spectrum 0.5 to 0.7 ym and emitted energy in the 10.5 to 12.5 ym infrared
window.

The resolution of the visible channel is 4 km at the satellite subpoint and
for the infrared channel it is 8 km at the subpoint. The infrared channel
has an onboard calibration system; the visible channel does not. However,
it has been possible to calibrate the visible channel using laboratory data
(Appendix 1). The Hlaboratory calibration has been verified by an inflight
calibration using an Earth target (Jacobowitz and Gruber 1975). The cali-
bration of the data is discussed in more detail by Conlan (1973).

In the infrared part of the spectrum (10.5 to 12.5 ym), the calibrated
signal is expressed as equivalent blackbody temperatures through use of the
Planck equation. The temperatures are in turn expressed in coded digital
values from 0 to 255 corresponding to a temperature range 164 K to 310 K
(see table 3, Conlan 1973).

The calibrated visible channel data are also expressed in coded values of
0 to 255. However, in this case the digital values represent reflected
energy expressed in foot-lamberts, with a range of 0 to 10,099 (table 2,
Conlan 1973). Foot-lamberts, however, are not suitable units for use in
reflected energy. They have to be converted to appropriate energy units by
first determining the luminous efficiency (lumens/Watt) of the system. Such
a determination for NOAA 2 is shown in Appendix 1. The same procedure was
performed for NOAA 3 and 4.

Prior to Sept. 15, 1976, the coded values of data were archived on a square
2048 x 2048 grid per hemisphere. Since that time the data have been archived
on a 1024 x 1024 grid which is alined with the NMC polar stereographic grid.
In an attempt to normalize the visible data to an overhead Sun, each observa-
tion is multiplied by Sec Z, where Z is the solar zenith angle. A limb dark-
ening correction is applied to the IR data when they are not in the nadir
mode. The correction is empirical and depends upon the viewing angle and
observed equivalent blackbody temperature. Implicit in this procedure is a
correction for increased water vapor in the slant path over the water vapor
content in the column when looking straight down.



DETERMINATION OF ALBEDO FROM VISIBLE CHANNEL RADIANCE

The geometry of the reflection of energy is shown in Ffigure 1, adopted from
Ruff, et al. (1967). A spherical coordinate system is centered at the point
of reflection, having coordinates of satellite zenith angle, 0, and of azi-
muth, a. The azimuth is relative to the azimuth of the solar beam and is

positive in a clockwise direction.

LOCAL \l/ERTICAL
|

REFLECTED
7 RAY

INCIDENT
SOLAR BEAM

POINT OF REFLECTION

ANGULAR RELATIONSHIP

Figure 1l.--Diagram of upward-facing unit hemisphere,
showing reflection geometry.

If 1 (6,a,2) is the reflected intensity (W-m“2*Sr*1) at zenith angle 0,

azimuth angle a, and solar zenith angle Z, the flux density from a unit

horizontal is

2t

F @) / (0,a,Z) Sin 0 Cos 0 dad0 (2)

The flux incident on a horizontal surface is given by

Fi(2) = R S0 Cos Z (2)

is the solar constant and R weights the solar constant according to

where S(
-r2

departures from the mean Earth-Sun distance;



where T is the mean Earth-Sun distance and d is the actual Earth-Sun distance
at a given time.

The albedo at any given instant of time is defined as the ratio of 1 to 2,

i€, (@ = pr2) €

For a daily average albedo A we have

F(Z2)dt r(2)F.(2)dt
A )
Fi (2)dt F.(2)dt

The scanning radiomet
the reflectivity can be obtained in the observation direction only. Further-
more, the radiometer responds to energy over a limited spectral region (about
0.5 to 0.7 ym). Thus, the reflectivity at a given solar zenith angle can be
expressed as

rro 7" N (6,9, 2) Sr
£(6,0t,2) R(‘s ffZ)A N )
where ST represents the solar constant filtered by the response of the radi-
ometer and N(6,a,Z) is the reflected intensity. Integration of eq (5) over
the solid angle, 1i.e.,
£(0,a,Z2) Cos 0 Sin 0 dado, (6)

provides a measure of A(Z) provided that it is assumed that the reflectance
calculated by eq (6) using filtered data is identical to the reflectance
calculated using unfiltered radiances.

To solve eq (6) for the reflectance, it is necessary to know ?(0,a,Z) as a
function of 0 and a. In general, this dependence is unknown, although vari-
ous investigators have attempted to model this dependence, based on limited
samples of observations (e.g., Raschke et al. 1973a, b; Ruff et al. 1967).
Since well-defined angular models are not yet available, isotropy was assumed.
Thus £(0,a,2) = £(Z), i.e., ¢ is not dependent on 0 and a, and the reflectance
is simply given as r(2) = irE(2). If we further assume that r is not depend-
ent on Z, then r is a measure of the average daily albedo of the Earth-
atmosphere system as shown in eq (4) .



DETERMINATION OF FLUX OF OUTGOING LONGWAVE RADIATION
FROM INFRARED WINDOW RADIANCE

The determination of the flux of outgoing longwave radiation in the spectral
interval of about 4-50 um from radiance measurements in the window region
(10.5-12.5 ym) is treated differently than in the case of reflected energy.

The procedure is to correlate the window radiance corrected for limb darken-
ing, as previously mentioned, to the outgoing flux. Both the total flux of
longwave energy and the window radiance, as defined by the radiometer response,
are calculated using a theoretical radiative transfer model (Wark, et al. 1962)
applied to 99 different atmospheres covering a wide range of geographical and
meteorological conditions (e.g., moist, dry, polar, tropical, etc.). Cloud-
free and overcast conditions are also treated. A regression equation is calcu-
lated between the radiances and the total flux, and the coefficients derived
are then used on the actual observations to predict the total flux from the
radiance observations in the 10.5-12.5 ym region. For the NOAA series of
satellites (NOAA 2, 3, 4, and 5) a linear regression relationship was calcu-
lated with correlation coefficients of 0.99 for all the combined cases. Sub-
sequent analysis using an improved radiation transfer model suggests that a
curvilinear fit would be superior to the linear relationship. Such a fit is
currently under development and testing.

Since the actual high-resolution data are in equivalent blackbody tempera-
ture, a direct relation between equivalent blackbody temperature and flux in
the form of a look-up table in the data processing stream was established.

EARTH-ATMOSPHERE RADIATION BUDGET CALCULATIONS
FROM THE MAPPED DATA ARCHIVE

The components of the Earth-atmosphere radiation budget are calculated by
applying the assumptions discussed in the preceding sections to the mapped
data archive. However, the high resolution of that archive represents an
enormous amount of data and poses a significant storage and retrieval effort
for the development of continuous data sets. Furthermore, primary interest is
in radiation budget parameters over the globe on scales of about 150-250 km.
This scale is consistent with general circulation models and is the preferred
scale for diagnostic studies of the 15 day-5 yr climatic fluctuations. Conse-
quently, the radiation budget values were obtained by averaging 16 x 16 subsets
of this high-resolution data and forming a reduced array (125 x 125) alined
with the NMC polar stereographic map base. This array is designated as the
polar archive. This was done for both the outgoing longwave radiation and
the reflected energy, although, as discussed later, those fields are treated
differently further downstream in the processing. Besides reducing the size
of the data processing effort, averaging 16 x 16 subsets of the data also
reduces the random errors. Any average composed of less than one-half the
maximum number of data points was considered as a missing observation in the
polar archive. Noisy and other erroneous data, which may appear as valid
digital values in the mapped archive and thus be included in the averages, are
easily identified by inspection of operationally produced photographic images
and are removed from the polar archive. The data calculated and archived on a
daily basis are the outgoing longwave flux, both nighttime and daytime, the
absorbed solar energy, and the available incoming solar energy.



We do not archive albedo since operations on the space and time domain
(averaging and interpolating) require weighting by the incoming solar energy
(see Appendix 2). Since that is not the case for the absorbed and incoming
solar energy, it is computationally simpler for future operations to archive
those quantities and calculate albedo when required.

The daily absorbed solar energy is calculated by first estimating the
reflectance using the calibration procedures given in Appendix 1 and, as dis-
cussed earlier, assuming isotropy and no solar zenith angle dependence to
obtain an estimate of the daily albedo. The daily incoming solar energy for
a given location is readily calculated using an assumed solar constant* of
1353 W*m-2. The absorbed solar energy is given as Slg (1-A), where S is the

absorbed solar energy, A is the albedo, and 10 is the incoming solar energy.

As shown in Appendix 1, the relationship between digital counts and re-
flected energy is linear, so that digital counts are averaged to obtain esti-
mates of reflected energy at low resolution. However, this is not the case
for the outgoing longwave energy, which requires that each high-resolution
data point be converted to a flux value prior to averaging.

The radiation budget components in the polar stereographic archive (except
for available solar energy) are also archived on a global 2 1/2° Ilatitude by
2 1/2° longitude array using a bilinear interpolating procedure to transfer
from the polar archive to the fixed latitude longitude array. Such an array
is useful for mapping the data onto a mercator map projection and producing
zonal mean values. The bilinear interpolation is restricted to the immediate
four data points surrounding the latitude-longitude intersection. Should any
of those data points be missing, no interpolation is performed and that
latitude longitude intersection is considered missing. After all possible
grid values are obtained, a two-dimensional interpolating procedure is used
to fill in the missing values. Days with more than 50% of the maximum possi-
ble data points missing are considered missing days.t When interpolating
for reflected solar energy, fthe polar night latitude is used as a zero-
boundary condition in the interpolation routine. The interpolated field is
not allowed to yield physically unrealistic values by constraining the inter-
polated values to be less than the incoming solar energy. If an interpolated
value should exceed the incoming solar energy it is constrained to 0.95 (l10).
This situation is most likely to occur when there are large data gaps, such
as during the Southern Hemisphere winter when the satellite viewing and Sun

*The value 1353 W-m'2 is chosen for this computation based on the report by

Thekaekara and Drummond (1971). However, the Earth Radiation Budget (ERB)
experiment on NIMBUS 6 measured 1392 W*m'"2. In sections of the report where

values of albedo, net radiation, and absorbed solar radiation are presented,
we scaled the values to 1392 W*m”2. This was done to facilitate comparisons

with the ERB.

tBecause of the polar night, the maximum possible number of data points for
reflected energy is generally less than the 72 x 144, 2 1/2° latitude-

longitude points that cover the globe.

tinterpolations are performed on reflected solar energy, but absorbed
solar energy is archived.



geometry result in large data-void regions extending equatorward of the polar
night latitudes. This requires extensive interpolation.

The 2 1/2° latitude-longitude fields, denoted as the 'Mercator™ archive,
serve as the primary source for future calculations of the radiation budget
parameters. From it are produced mean monthly and seasonal Mercator maps
(60°N-60°S) as well as zonal, hemispherical, and global averages. The polar
stereographic archive serves as a backup to the Mercator archive as well as
the source of data for polar stereographic maps of heat budget quantities
from 50° latitude to the Poles. From the four separate fields archived on a
daily basis--daytime and nighttime flux of outgoing longwave radiation, ab-
sorbed solar energy, and available solar energy--other fields are computed,
averaged, and mapped. They are albedo, net radiation, average of day and
night longwave flux, and difference between day and night longwave flux.
However, those fields are not archived.

DATA QUALITY

Since the data used to estimate albedo and outgoing longwave radiation do
not represent the best spectral interval within which to measure those fields,
and since many simplifying assumptions are made in arriving at an estimate
of the albedo and outgoing longwave radiation, there is some question concern-
ing the quality of these data as estimates of radiation balance components.
This situation is further compounded by the existence of small but systematic
noise characteristics of the system (Leese 1977) and the lack of onboard cali-
bration for the visible radiometer.

Therefore, assessment of the quality is not straightforward. It is known
that, for individual Ilocations and for certain kinds of surfaces, the assump-
tions made were so restrictive that the data may not be useful. For example,

over a cloud-free water surface, areas of sunglint yield relatively high
albedo when in fact the albedo should be low. When dealing with individual
locations on a daily basis this situation can lead to erroneous results.
Conversely, large space and time averages tend to smooth these effects and
yield what appears to be representative values of albedo. This is suggested
by a comparison of mean monthly wide angle measurements made by the Earth
Radiation Budget (ERB) instrument on Nimbus 6 with these results for the
period July 1975 to January 1976. The wide-angle ERB (Smith et al. 1977) is
an experiment designed to measure Earth radiation budget parameters on a
global scale using observations of the full Earth’s disk. It does not suffer
from the deficiencies of an instrument sampling a narrow field of view, which
can be quite difficult to overcome. Also, ERB takes measurements over the
spectral interval 0.3-5.0 ym, and so covers the full range of reflected
energy. Although ERB suffers some deficiencies in sampling and data reduc-
tion, it should provide a highly representative, independent estimate of
Earth-atmosphere albedo. The comparison between these two sets of observa-
tions from July 1975-January 1976 is shown in figure 2. The albedo calculated

from the scanning radiometer data was adjusted to a solar constant of
1392 W-nT2, the value measured by ERB.

It should be noted that there is approximately a 3-hr difference in observ-
ing time and that the ERB measurements are preliminary and still subject to
further investigation by the ERB research team. The agreement in albedo is
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Figure 2.—Comparison of albedo, outgoing longwave radiation, and net radia-
tion observations between the operational NOAA Scanning. Radiometer data
and the Earth Radiation Budget (ERB) wide-angle observations. (After Gruber
1976).



seen to be reasonably close, the largest difference being about 1%, with the
best agreement in December 1975 and January 1976. The good agreement in those
months is somewhat misleading because a systematic drop in albedo, apparently
due to instrument degradation on NOAA 4, was noted starting in December 1975
and continued until NOAA 5 became operational in September 1976. Appendix 3
presents evidence detailing the nature of the systematic error. The point to
be stressed is that the large-scale time averaged data appears to give reas-
onable values of albedo despite the simplifying assumptions, and discounting
the apparent instrument degradation. This is consistent with some preliminary
results of Ruff et al. (1967) in their comparison of angularly corrected
albedo with albedo calculated assuming isotropy. They found only a slight
difference in the profile of zonally averaged albedo between the two.

The comparison of outgoing longwave fTlux shows what appears to be a system-
atic difference of about 10 W*m~" between the ERB values and these results.
There is no readily available explanation for this difference, although the
limb darkening corrections and the regression models currently employed are
prime suspects. Work is now in progress examining both these aspects by
recalculating the window radiance using updated transmission functions in the
model development

RESULTS

This section will concentrate on monthly seasonal and annual characteristics
of the net radiation and its principal components for the period June 1974
through May 1975, the first full year of processed data. Attention is being
focused on this period, rather than the entire data set, because of the
apparent systematic errors in albedo as detailed in Appendix 3.

The annual cycles in the global radiation parameters based on a 1l-yr data
sample of monthly means from June 1974 through May 1975 are shown in figure 3.
The maximum and minimum albedos occur during the northern winter and summer
months, respectively. The outgoing longwave radiation is generally out of
phase with the albedo, the maximum occurring during the summer months and the
minimum during the winter. The out-of-phase relationship is due primarily to
the influence of cloudiness which is the principal modulator of both the
reflected and outgoing longwave radiation. The absorbed radiation has a small
variation during the course of the year. Consequently, the net radiation
exhibits a variation determined mainly by the outgoing longwave radiation.
Except for the absorbed solar energy these distributions are consistent with
other estimates of the annual cycles as determined from satellite data
(Jacobowitz et al. 1977, Ellis and VonderHaar 1976). The other estimates
show a more pronounced cycle of absorbed solar energy than do these data.

Too much significance should not be attached to the negative values of net
radiation shown in figure 3 and the globally averaged values (-12 W#m'"2) shown
in table 1, as the net radiation is the small difference between large quanti-
ties. Furthermore, the possibility of an incorrect limb darkening correction
on the operational data and in the fluxes used in the regression model, as
previously mentioned in the comparison with ERB results, can account for most
of the discrepancy. IT the global annual average of net radiation (-12 W*m~2)
were removed from the annual cycle, the Earth-atmosphere system would show a
surplus from November through April and a deficit from May through October.
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Global Annual Cycle (June 1974 - May 1975)

Albedo
260 — Outgoing Longwave —
Radiation
250 — (248)
240 — Absorbed —
> Solar Radiation

Net Radiation

-10 —

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.--The annual cycle of global averages of albedo (%), outgoing long-
wave radiation, absorbed solar radiation, and net radiation (W#m-2) esti-

mated from the operational data. The averages are based on 1 yr of data,
June 1974 through May 1975.

Table 1.--Global annual averages of the radiation balance parameter > +

Outgoing longwave radiation _............. 248 W-m“z
Albedo. .. .. . 32.3%

Absorbed. .. ...l 236 W-m*2
L -12 W-m2

*Based on 1 yr of data, June 1974 through May 1975
tSolar constant = 1392 W*m-2
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The estimate of global annual average albedo of 32.3% is higher than pre-
vious satellite estimates of 29.3%* (VonderHaar and Suomi 1971) and 27.7%*
(Raschke et al. 1973a, b), although it is in closer agreement with the value
of 31% reported by Jacobowitz et al. (1977) using ERB data. It is difficult
to assess the importance of these differences because, while they all repre-
sent satellite estimates, each satellite system was different in its instru-
mentation, orbital characteristics, and spatial resolution, and required
different assumptions and approximations in arriving at estimates of heat
budget parameters. Furthermore, none of the shortwave measurements were
calibrated on board the satellite. Thus, most of the differences may be due
to the observing systems rather than real Earth-atmosphere behavior.

The radiation balance components undergo significant variations at most
latitudes during the course of an annual cycle. This is shown in figure 4,
which presents meridional profiles of net radiation for the four seasons
(Northern Hemisphere): winter (Dec., Jan., Feb.), spring (Mar., Apr., May),
summer (Jun., Jul., Aug.), and fall (Sep., Oct., Nov.). The tropical belt
between about ION and 10S exhibits a net radiation surplus throughout the
year. Each hemisphere shows its primary surplus during its summer season. An
interesting feature is the lack of symmetry between the north-south gradients
in each hemisphere during the spring and summer seasons. During the Southern
Hemisphere spring season the north-south gradient of net heating is small
between the Equator and 30S, while in the Northern Hemisphere spring the net
radiation is somewhat higher in the 0-10N latitude belt and the north-south
gradient is considerably larger (about a factor of 2) than its Southern Hem-
isphere counterpart between latitudes 10-30. Also, the Southern Hemisphere
summer exhibits considerably more surplus of net radiation in the latitude
range of 10-40S as compared to its Northern Hemisphere counterpart. These
characteristics are similar to the observations of VonderHaar and Suomi (1971),
who studied 39 months of satellite data between the years of 1962 and 1966,
although they calculated greater surpluses and smaller deficits than these
data indicate.

An important thing to learn from the distribution of net heating surpluses
and deficits with latitude are the meridional energy transports by the Earth-
atmosphere system required for energy balance. The required meridional trans-
port of energy for annual mean conditions has been made assuming no net
heating (this required removal of the net radiation imbalance previously men-
tioned) . The results are shown in figure 5 along with estimates made using
other satellite data for comparison. In the Northern Hemisphere there is
good agreement with the results of VonderHaar and Suomi (1971), and Oort and
VonderHaar (1976); but appreciably less transport than Raschke et al. (1973)
calculated using Nimbus 3 data. In the Southern Hemisphere these results
indicate greater poleward transport than previous estimates. The assumptions
made in deriving these estimates obviously limit confidence in the absolute
values of the meridional transports. However, the point to be made is that
these estimates are in essential agreement with other previously derived
estimates, and in terms of year-to-year differences have the potential of
being quite useful in the diagnosis of the large-scale circulation since
systematic errors will cancel.

*Scaled to a solar constant of 1392 W*m 2 for purposes of comparison.
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Figure 4.--Profiles of net radiation for the summer (June, July, August),
fall (September, October, November), winter (December, January, February),
and spring (March, April, May) seasons. Based on 1 yr of data, June 1974

through May 1975.
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Gruber

Vonder Hoar
and Suomi (1971)
Raschke (1973)
Oort and Vonder
Haar (1976)

-6 _
90N 70 10 EQ 10

Figure 5.--Mean annual meridional transport (10*5 Watts) based on data shown

in figure 4. Positive values are northward transport and negative values
are southward transport.

Further details about the temporal variation of the radiation balance com-
ponents are shown in figures 6, 7, 8, and 9, which show the time-latitude
distribution of zonally averaged monthly mean albedo, outgoing longwave radi-
ation flux, absorbed solar radiation, and net radiation for the period June
1974 through May 1975. The major features of the annual course of albedo are
qualitatively similar to an earlier study by Winston (1971), who examined an
entire year of ESSA 3 and 5 brightness data, and the temporally limited study
by Raschke et al. (1973a), who studied Nimbus 3 radiation data. They are
similar to the results of Jacobowitz et al. (1977) who studied ERB data.
Those features are higher values of albedo at higher latitude, a secondary
maximum primarily north of the Equator associated with the ITCZ, and lower
values in the tropics and subtropics of both hemispheres. An annual cycle
in albedo is evident at most latitudes, its largest amplitude being in
middle latitudes of the Northern Hemisphere. In the middle latitudes of both
hemispheres the maximum albedo occurs during the winter months. In the sub-
tropics (10°-20°N,S) the phase reverses, with a minimum in winter months and
maximum during the summer months. In the belt 5-10°N (ITCZ region) an annual
cycle is not so clearly evident. However, the albedo appears to reach a
maximum during the June-October period. The excursion of the albedo in the
ITCZ region into the Southern Hemisphere during January and February is prin-
cipally a result of the southward shift of cloudiness over Africa, South
America, and the Indonesian-Melanesian area. Over the open oceanic areas the
cloudiness associated with the 1TCZ generally remains north of the Equator

(Gruber 1972).
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ALBEDO
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Figure 6.—Time-latitude section of mean monthly albedo in percent every
2.5° latitude for the period June 1974 through May 1975.

The outgoing longwave radiation exhibits many of the same characteristics
of the albedo but in an inverse sense. This is not surprising since much of
the cloudiness over the globe extends into the middle and upper troposphere
giving rise to the condition of high albedo and low outgoing longwave radia-
tion. Thus, there are lower values of outgoing longwave radiation toward the
Poles, higher values of outgoing longwave radiation in the subtropical belts,
and a secondary minimum in the equatorial zone, primarily north of the Equator
and associated with the ITCZ. As in the case of the albedo, the annual cycle
is more pronounced in the Northern Hemisphere than in the Southern Hemisphere.
Maximum values occur in the middle and polar latitudes during the summer
months in both hemispheres. Also, in the case of albedo, phase reversals
take place in the 5°-20°N, and 0°-20°S region.

The annual variation of absorbed solar energy is shown in figure 8. Outside
the 5°-10°N latitude belt (ITCZ region), a pronounced annual variation is
observed with the maximum of absorbed energy occurring during the summer
months of each hemisphere, regardless of latitude. The phase of the variation
clearly follows the course of the Sun during the year, as seen by following
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FLUX OF OUTGOING LONGWAVE RADIATION

1974 1975
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Figure 7.--Time-latitude section of mean monthly outgoing longwave radi-
ation in W*m-2 for the period June 1974 through May 1975.

the solar declination plotted in figure 8. The reason for this variation is
that the temporal variation of the incoming solar energy is much greater than
the temporal variation of the albedo; thus, the phase of the absorbed solar
energy is essentially determined by the temporal variation of incoming solar
energy. This can be demonstrated by a simple model. Consider the incoming
solar energy and the albedo as simple sinusoidal functions of time:

1(t) Im + 10 Cos (tot + %)

™

A(D) + A0 Cos (cot + &)

where | is the incoming solar energy, A is the albedo, to is the annual period,
and 4", ¢ are the phases. Subscript m represents the mean value and subscript
0 represents the amplitude of the variation. The absorbed energy as a func-
tion of time is

AB(t) = (1-A)I . ®
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ABSORBED SOLAR RADIATION
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Figure 8.--Time-latitude section of mean monthly absorbed solar radi-
ation in W*m-2 for the period June 1974 through May 1975.

Substituting from eq (1) yields
Ab(t) = [Im + 10 Cos (cot + <P)] x [1-Am-A0 Cos (cot + ©))

Aqgy the amplitude of the albedo as determined from figure 6, is generally
10% of the mean values or less and can probably be neglected. Thus
Ab(t) - (I Ig Cos (cot + <()* (1-A ), and the temporal variation of absorbed
energy is essentially determine!! by the variation of incoming solar energy

scaled by (1—Am).

The net energy also exhibits a pronounced annual variation with phase
relationships similar to the absorbed solar energy, i.e., maximum of net
radiation during the summer months of both hemispheres. The maximum and
surplus of energy also follow the solar declination. The reason for this
is that the temporal variation of net radiation is dominated by the variation
in absorbed solar energy, which has a much greater amplitude than the vari-
ation of outgoing longwave radiation. The exception to this, of course, is
in and near the polar night latitudes where outgoing longwave radiation
dominates and determines the sign and magnitude of the net radiation.
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NET FLUX
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Figure 9.--Time-latitude section of mean monthly net radiation in
W*m-2 for the period June 1974 through May 1975.

GEOGRAPHICAL DISTRIBUTIONS

Although Earth radiation budget estimates are calculated over fixed grid
points on a daily basis, monthly averages are the shortest time period for
routinely produced globally mapped outputs. Seasonal and annual maps are
also routinely prepared and, as the data set extends in time, charts of
year-to-year differences for months and seasons are prepared.

Preliminary studies of some of these individual months and seasons with
emphasis on year-to-year differences have been made by Winston (1976) and
Winston and Krueger (1977). In this report, however, emphasis is being
placed on geographical variations of the annually averaged radiation budget
parameters for the period June 1974 to May 1975. The annual average albedo,
outgoing longwave radiation, absorbed energy, and net radiation between 60N
and 60S are shown in figures 10-13. Poleward of about latitude 40N and 40S
the albedo and outgoing longwave radiation show a predominantly zonal orien-
tation, although significant perturbations do occur in the zonal direction,
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15fcE

B$5£I

ALBEDO ANNUAL 1974

Figure 10.--Mean annual albedo for a Mercator strip from 60N to 60S based on
data from June 1974 through May 1975. Areas greater than 30% are shaded.

OUTGOING LONGWAVE RADIATION ANNUAL 1974

Figure 11.--Same as figure 10 except for outgoing longwave radiation. Values
less than 250 W-m'2 are shaded.

particularly in the Northern Hemisphere. Towards the Equator a more pro-
nounced east-west gradient is evident, particularly in the equatorial regions.
Contributing to this east-west distribution are the major cloudiness zones
over Africa, South America, and Indonesian and Western Pacific area. Those
areas represent mostly deep convective and high cloudiness as indicated by
the low values of outgoing longwave radiation (figure 11). Other contribu-
tions towards the variations of albedo with longitude come from the high
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absorbed solar radiation ANNUAL 1974

Figure 12.--Same as figure 10, except shows absorbed solar radiation W«m 2).

Values less than 250 W«m‘2 are shaded.

NET RADIATION ANNUAL 1974

Figure 13.--Same as figure 10, except shows net radiation (W*m*“2). Values
less than zero are shaded.

albedo areas of the Sahara Desert and the low-level stratiform-type clouds
found off the west coasts of North and South America and Africa.
show relatively high albedos, greater than 40% in some instances, and also

large outgoing longwave radiation because of their high temperatures. Because
of this combination they exhibit net radiation deficits, as much as 50 W#m"2,

in latitude zones which are otherwise regions of. radiation surplus (fig. 13).

Those areas
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CONCLUDING REMARKS

Calculated values and some characteristics of the large-scale time-averaged
state of the Earth-atmosphere radiation balance and its principal components
have been presented. For the most part these results confirm some character-
istics of earlier estimates of the radiation balance determined from satel-
lite observations. Although differences were observed between the various
estimates, it would be premature to place too much emphasis on them because,
whille all were based on satellite observations, they are by no means homogen-
eous with each other and each estimate was based on different instrumentation
(mostly uncalibrated in space) and different sets of assumptions were applied
to them. Finally, it should be pointed out that the observations from the
NOAA series of satellites provide the opportunity to accumulate a fairly long
continuous set of observations that are reasonably homogeneous with regard to
spatial and sensor resolution as well as orbital characteristics. This set
will be particularly useful for studying interannual variations on a variety
of spatial scales ranging from the planetary to the regional, despite some of
the simplifying assumptions used and difficulties encountered in deriving the
radiational balance estimates. As indicated, more caution must be exercised
when analyzing and interpreting individual grid points at high temporal reso-
lution than when treating large-scale averages in space and time.
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APPENDIX 1

In a strict sense the visible digital counts, because they are normalized,
should be weighted by the cosine of the solar zenith angle before averaging.
This in effect requires an average of un-normalized digital counts, which
then has to be normalized by the average cosine of the solar zenith angle.

We can examine the possible error made by considering the averaging process.
Let D be the normalized digital count and d be the un-normalized digital count.
Then

D. = di/Cosz™ and

D = £ £ (di/CosZi). (12)
=1

The average formed from the un-normalized digital count divided by the
average cosZ is

d= (i £ di)/d £ Cosz) (22)
no1=1 LA B
= ' £di)/cosz

The difference between D and d is

D-d=1 & di (Secz. - sec2) (32)

n i‘:‘l 1
or in terms of D. the normalized digital count

n
D-d=- Z D. (c3sZ - Cosz.)/CosZ) . (4a)
n iv 1

-

It is seen from eq (4a) that the magnitude of the error depends on the cor-
relation between and the percent deviation of the cosine of the solar zenith
angle from its mean value over the averaging area (CosZ - CoszZ™)/CosZ . Since
the data are generally uniformly distributed about some central point and
since the averaging areas are TfTairly small (about 128 x 128 km), we can antici-
pate relatively homogeneous cloud conditions and small deviations from the

mean value, CosZ. Thus we anticipate only a smaj.1 error introduced by our
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averaging procedure. Given the orbital characteristics of the satellite a
worst case estimate of the coefficient of was attempted. The largest
errors occur at low zenith angles near the polar night latitude. Under those
circumstances the coefficient of can be as high as 0.3. However, it should

be anticipated that the average of all the values will be much less than that,
since we do not expect a high correlation between D. and Cosz™)

1 Cosz
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APPENDIX 2

The NOAA 2 visible scanning radiometer is calibrated in luminance or bright-
ness. Brightness is a measure of the light that the normal human eye would
see. In the MKS system of units, it is given in lumens/steradian-m2. However,
for the NOAA 2 scanning radiometers, the level of brightness is expressed in
foot-lamberts. A foot-lambert equals 3.426 lumens/steradian-m2. Thg human
eye has a frequency response that extends from about 4500 A to 6500 A and peaks
at about 5500 A. (fig. 14). To obtain the total amount of energy corresponding
to a given level of brightness, it is necessary to know what the "absolute
luminous efficiency” is. This is defined as the ratio of the flux that is
effectively sensed by the human eye to the flux that is intrinsic to the radi-

ation. It is expressed mathematically as (List 1958):
YX . dA
K = K max (Lumens/Watt) (1)
NA d,

is the spectral radiance of the source - watts/sterad/area-wavelength
of source

Nxm
is the relative spectral luminosity = .

N~ m is the minimum amount of radiance to produce a given level of bright-
ness.

Thus, represents the ratio of the power at the wavelength of the eye®s
greatest sensitivity to produce a given brightness level to the power at
the chosen wavelength necessary to produce the same brightness level.

K max = maximum attainable luminous efficiency and for a standard
observer equals 680 lumens/Watt.

It is necessary to obtain a value for eq (1) to convert from luminance to
radiance values. To accomplish this it is necessary to know the spectral
radiance of the source. Information on the source used by the contractor is
unfortunately quite scanty. According to A. Schwalb (1973) of NESS, the
contractor used a source developed at NESS (Jones et al., 1965). Upon check-
ing with Jones, | was able to obtain the spectral radiance of the source as
reported in Jones et al., 1965. It was then possible to calculate a value
for K from eq (1). The value obtained was 138.46 lumens/Watt or inversely
7.225 x 10-3 Watt/lumen. A foot-lambert equals 3.426 candles/m2, which
equals 3.426 lumens/steradian-m2. Thus, multiplying calibrated values of
foot-lamberts by 0.0248 (7.225 x 3.426 x 10*3) provides a conversion from
foot-lamberts to Watts/steradian-m2.
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Figure 14_.--Response of the human eye to visible radiation, based on the val-
ues adopted by the International Commission on Illumination. (Smithsonian

Meteorological Table No. 149).

However, only 30.8% of the energy of the calibrating source* is in the
spectral range of the radiometer (0.5y to 0.9y). Thus, the proper conversion
factor is 0.0248 x 0.308 and is 7.64 x 10“3. This conversion factor essen-
tially takes into account the effect of two filters upon the calibrating
source, one being the response of the normal human eye, and the other the
response of the radiometer. The relationship between the two filters to the

calibrating source is shown in figure 15. In calculating the conversion
factor it was assumed that the source reported on by Jones et al. was the
same as the one that the contractors used. If this was not the case, the

results will be invalid. Schwalb (1973) has also indicated that independent
calibration of the radiometers showed about a 15% variability, presumably for
the same calibrating source. It is not clear what the cause of this varia-
bility was. In calculating the conversion factor, the operational calibra-

tion curve was used. For a perfectly diffuse reflector the reflexted flux
is given by n x 7.64 x 103 and is 0.024. Thus multiplying foot-lamberts by

0.024 yields a measure of the reflected flux density in Watts/m2, for a
perfectly diffuse reflector.

To calculate reflectivity, it is necessary to obtain the Ffiltered solar

constant, i.e., the amount of solar energy contained in the spectral range
of the radiometer. This was calculated to be 19.7% of the solar constant or

*Filtered by the response of the radiometer
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Figure 15.--Relationship between human eye response (dotted line), radiometer
response (solid line), and calibrating source (dashed line). The cali-
brating source has been normalized; use ordinate on right side. Only the
response of the F12 radiometer has been plotted. The other radiometer has

a similar response.

1353 x 0.197 = 266.541 Watts/m2. The reflected energy as measured by the
satellite is archived in coded values of foot-lamberts. Each coded unit is
worth 40 foot-lamberts. Thus a value of reflectivity R is given by the
Ffollowing

40 x D x 0.024 x 100
266.541

0.3601D in %
D is the coded value of foot-lamberts and varies between 0 and 255
(Conlan 1973).

IT it is assumed that the computed value of R is the same for the entire
solar spectrum and that the value so computed is independent of solar zenith
angle, then R is equal to the albedo of the Earth-atmosphere at the place of

measurement.



28

APPENDIX 3

Starting in December 1975 and continuing through September 1976 when NOAA 5
became operational, the globally averaged albedo showed systematically lower
values than data from the same month in the previous year. The magnitude of
the decrease varied from about 2.5% to almost 4% in albedo units. The reason
for suspecting an error in the observations and not a real year-to-year dif-
ference was that a concomitant change in outgoing longwave radiation was not
observed. This is shown in figure 16, which presents year-to-year differences
of mean monthly globally averaged albedo and outgoing longwave radiation for
the period June 1974 through May 1975 and June 1975 through May 1976. The
June through November period shows a physically consistent relationship
between albedo and outgoing longwave radiation. There is nearly zero differ-
ence in outgoing longwave radiation when the albedo differences are small and
and out-of-phase relationship when the albedo difference is large. From
December through May, however, there are large differences in albedo between
the 2 yr and essentially zero difference in outgoing longwave radiation, a
condition which is physically unrealistic.

Year to Year Differences

Albedo

Outgoing Longwave Radiati

Jun Jly Aug SepOct Nov Dec Jan FebMar Apr May

(1975 — 1974 (1976— 1975

Figure 16.—Year-to-year differences, by month (1975-1974, 1976-1975), of
albedo and outgoing longwave radiation.
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