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Computer simalations have been performed o deiermine the geegraphical and iemporal eoverage of varines
satellile orbits and scanming and nosscamning radiomelers for Earh eadlatlon budgel smeasarements, These
resmlts were wsed b0 slmulate the sampling of & divmally varydng cload and rediation feld Tor several different
sulelliie systems to estimate erross in reghonal monihly mean reflecied radiation, The combined resulls indicate
ihal coincident shservabions with & minisiim of one sEn-synchrsnsas salellite snd & midinclined orsit sabellbl
e merded to obdaln the required regional, zonal, and globsl coverage with seificient iemporal sampling ar
obdaiming sceursde estimates of momibly mean reflecied solar mdiston. Overall, the best sampling capabiliny
mnd lowest errors were shisined with & three-snielliie sysiem, €., two sum-synchronoes sabellites wiik differeni
equniorial crossing tmees combined with elther @ 46 or 5T-deg orhit satellie. The resulis from these analyvses have
beem used in defining a joind MASA-NOAA multisnteilite mission for an Earth redistion budget experimest.

Introduction

NE of the key challenges in designing the Earih radiafion

budget experiment (ERBE) is to select =atellite orhits
which will provide adequate spatind and temporal sampling
for scientific analysis. In the past, instruments for measuring
the Earth's emitted and solar reflected radiation were flown
on multipurpose salellites in ocbits nod specifically designed
for Earth radiation bedget (ERB) applications, The maost
recent ERB  measurements have been made with ine
strumentalion carmed on san-synchronows satellites eg..
Mimbaus & (Ref. 13, 1975, and Mimbus 7 (Rel. 2), 1978)]. These
satellite orbis provide sampling at only twe local times of day
throughout the misslon. This lmbed sampling i no sol-
fecient 1o measure divrnal variations In the Earth®s radiation
budger because of the high variability of clouds and chanptng
sodar incidence angle during the day.

The ERBE mdssion planned for the mid-1980%s" will
provide the Tlrs opposiundey 1o wtilize two or maore satellives
simuliancously 1o obtain 8 more comprehensive ERB data
base. e or two MOAA satcllices and a MNASA Earh
Radiation Budger Satellite (ERBS) will be flown 1o improve
ternpsiral and spatial coverage capabilities. The goal of ERBE
preflight mission analyses is 10 define the best ERBS orbal 1o
complement the sup-synchronous MOAA satellites in mesting
the science requirements s forth Tor the ERBE. Computer
simulations o various satelite orbils and sensor concepls are
conducted (o determine and evaluate geographical coverage
amd the range of local tmes ar which measurerments can be
aiained. Sampling anabyses of cloud cover varabality ob-
talned from the peostatlonary operational environmental
salellice (GOES) are utilized to  further evaluate Che
capabilities of the ERBE satellite systems amd orldis for
measuring the Earth's radiation budger.
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S0rhidal Mechamic: Spacialis

Science Requirements

Oaining accurate measurements of Eanh's radiation
budger requires spatkal and temporal coverage that acoounts
for variatdons in solar zenith angle, cloud conditiens, and
surface featores {e.g.. land, water, snow, and ice). Clowd
oover variabalivy, the most dynamic of these featares, strongly
affects both the Earth-reflected solar and the terresirial-
embtted radiation. In order o adequately sample these scene
changes and obtain a wseful radiation budpes data base,
several spatial and temporal factoss must be considered. High
resolution daia over the entire globe are needed for climate
diagnostic applications such as the developmen of sea-
surface lemperature anomalies and varlations in albedo
resulting from chamges in cload, ke, and snow cover and in
the deseri-vepetation boundaries. All of these factoss can
affect botk large- and small-scale circulations within the
atmosphere. Magnosiz of these and other featares provides
imponant  information for better understanding of the
relationship of radiative heating o climatic and synoptic
changes in the circulation of the atmosphere and occans.
Gilobal and zonal valees of the radiation components are akso
necded Lo compule the eguator-to-pole pradient of net
radsation, a major driver of atmospheric circalation.

The needs of the variows sepments of the user community
have been synthesized into several specific spatial and tem-
poral reguirements which are consistent with the scene
variability characieristics. Thess requiremenis are as follows:

1) Short-wave (0.2-5.0 pm) and long-wave (5.0-50 gm}
radiation for the following spatial scabes: a) global, ) 10-deg
latitadinal zones, ¢ 2.3-10 deg (or 230-1000 km) regions over
the globe,

2} Equator-to-pobe gradient of the net radiation badget.

3) Monthly average diurnal variation of the regional scale
radiztion budpet.

Space-Time Coverage
Several orbial parameters, sensors, and operations factors
were combdered. The primary orbital elements affecting
space-lime coverage are ofbital aldiude and inclination. A
comprehensive analysis and evaluation of the ERBE system
must also include the capabilitles of the varbows candidate
senaor syalems (narrow fleld-of-view scanning radiometers,
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and mediom  and  wide field-of-view nonscanning
radiometers). Although the wide fleld-of-view semsor observes
the entire Earth's disk, only a reglon bounded by a 10-deg
great circle of arc on Earth (e.g., 10" latinwde and 10"
longitude ai the squator) was used in defining 13 coverage and
sampling capability. The 10-deg angle js uged since, due 1o
geometrical considerations, the major postion of the adiation
emergy usnally comes from near the subsatellite point, Adso,
the time of & measurement is generally related 1o the satellite.
semsar nadir, Orbital simulations for these analyses wers
conducted using a modified version of & compueter program
developed by Brooks,

The two NOAA sun-synchronows sarclliies, which will
carry ERBE instrumentation, have orbital parameters already
defined. The NOAA-F satellite will be lauached inte an 870-
km phitede, 98.91-deg inclination orbit with an ascending
node equatorial crossing at 1430 local timie and a ground track
repent cycle of |9 days, The altitwde of NOAA-G s 833 kmn,
with an inclinaion of 98,73 deg, a descending node equatorial
crissing at 07340 local time, and & ground track sepeat cycle of
G days, The change in local time coverage with latitude for Lse
twn MOAS, satellites is illusirated in Fig. 1a. The greater the
shading density on this figure, the more times of coverape of
sampling of a particular latitude band at & glven local time.
MNear-polar Intitwdss are coversd during nearly albl tmes of
doy. Low and middle lofitudes, however, are oanly covered
during the sguatorial crossing hours. Thus there are large
gaps in hourly lmitudinal coverage for sun-synchronous
orbits, More complete coverage can be achieved by adding a
single satellite in a8 midinclined orbit which has an orcbital
precession rate relative 1o the sun of several degrees per day,
Sinece the time resolwtion of the ERBE data set w30 days, an
orbit with a precesslon rate of & depsday will progress
through all hours at the equator during the month, An orbil
with a 46-deg inclination and 600-km altitude has such a
precession rate, This Inclination-altiiude combination gives a
J-day ground track repeat cycle which provides for a wide
rangs of viewing zenith angles for each region while the arbil
precesses throwgh each hour. The Iocal time and latitudinal
coverage of this orbit is shown in Fip, 1b along with coverags
for the two MOAA satellites, Thus a pood satellite mix Tor
sampling k= a combination of high and middle inclinations,
The range of orbit inclination capability of the Space Shuttle,
which will lmunch ERBE, 15 28_5-57 deg. Althomgh nod shown
hiere, & 5T-dep orbal provides an 11-deg increase in latitading]
coverdps, bul about 2 hr bess divrnal coverage in a 30-day
pericd than the d6-dep orbal. A 28.5-deg orbit provides
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concentraled samplizg in the fropics bul the reguired
midlatitucle, regional divrnal sampling i not obained.

A& summary chart iflustrating the relalive ipacedime
coverage capabilities of the varioons wellite combinations is
shown in Fug, 2. The coverage parameler is based on a
priduct of latitudinal peographical area and local time
coverpge. A can be seen, for a twoesatellive combanaton, a
B8-deg (sun-synchronous) and a 46-deg orbil prowide good
latiiude-1ocal time coverage. The mosl efleclive coverage is
oblained by the combination of the two sun-Syvochronous
satellites with either the $6- or §7-tdeg orbit.

The latitnde-local time representation of coverage tends 1o
become bess meaninglol &t polar latitodes. An allernale ap-
proach was selecied 1o examing how well the satelhines sampled
the range of solar lghting conditions at the high latiudes.
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Mots ol latitude s solar zenith ungle are presenied inFig Yo
show The ground track coverage of the NOWA saellires and
e dfockep satellite—at—the -equinomes The1430-syquatorial
crossing Lime orbit covers the range el solar senith angles a1
(15 tigh mor e tavirodes im e morning (Fig. 3a), while the
U730 orbit covers approcimlely ihe swme range during
afternoon (Fig. 3b). The ground track iin darkness south of
s &% "5 Tatinoge Tor the 07 M orbin, b coverage for the
L4 30 arbit extends oo ebom BO® % letitude, booa maenth, the 46
deg inclined ERBS orbil precesses o cover Lhe complele Fange
al sokEr renith anebes o fazirmdes from 46" N o 46° 5 as
shown oo Figs 3cand 34

The wide Tield-of-view {WEFOYY ERBE instrumeni on the
U730 arbil will observe parl of the ierminmor during The entire
ot —shown—in Figs:—3aand 30 which—will-make «dain
reduction-and interpretation ditficult, whersas the area seen
By e WEOY sensor on the 1330 orbit will gergrally b en-
trrety -t the suntight-or-darkeess, meking-it- more valuable in
meeling the seience objectives of the musion. Althouwgh the
WY easurements for the 07 30 are somicwhar betier in the
Morthern Hemisphers o the summer ssason; the terminator-is
shillin-view for the Southbern Hemisphere measurements.

Anothsr pilmary consideration in the coverage analvsis is
the-performance of the scanning rediometer, The scanner-is
the principal instrument Tor obiaining measurements for
regional-scale analysss, A& croasirack seanner was selecred in
order— o maximize latitudinal - coverage -amd-provibe Con-
tinuous gecgraphical coverage between successive orbital
pasacs, The scanner can obain gsefnl memsorements (or
regions well-of i the ground track —amd ensurs good - polar
coverage by the ROAA satellites regardless of which
cuataral crossing time B available, This s hecause the
Scanner - mepsurements with - their asociated small - freld-of
view < 1000 km? ai nadir) can be referenced directly Lo the
Tl teeing viewes (hath geoeraphically and inerms of local
time ), wihereas e WEOY and MPOY insitroments will mos
likely require thal measurements be referenced to the satellite
fadlir pain.

it = abso-desicable that- measuremenis for & given regiom
during the mopth be made from as many different viewing
directivns and solar lighting conditions a5 possible 1o ensurs
that tedirectional - reflectance effects-are properly acooumied
for-in-ahe-dala-anabvsis. A sketch of savgllite-sun geomelry
relalive 16 e viewsd point on the Earth is shown in Fig. 4,
where i the sokar- renith-angle, ¢ the sanetine zenith-angle;
and - the relative azimuth-angle, For analyais purpeses, the
sun_zenilliangle was divided into S0y sgual hins of 15 des
cach, Sateltite penith-bins-were 7.5 deg each-except for-a-15-
deg bin mear the limb, Relatve azimuth anple was divided into
Tive hins, wilh symneeliy asiufeed abot the princpal plane.
The T, S=dbeg satetl e —penith-bindirectly over-the target-was
assumed-Lo-be amimuth aadependent. A total of 26 bins was
ihus defined al fhe equaler. AL The highsr BEurades, the totgl
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omber ol available bins pradually decreases 1o 51 af jhe
poles. A computer simulation of the cross-track scanner was
deweloped to determane ehe actwal number of angalas bins tha
could be covered Tor bidirecional sampling with the ERBE
eyeten of satellines.

Typical resutsof the crose-track scanner- angular coverage
analysis for an-equatarial region at the equinox are presented
in Fig. 5 [or the NOSA sarellies and the ERBS sarellite, The
et ooverage evelswith -3 sun-synchronous salellite-are
low primsarily because the complete range of sun zenth angles
i nol_covered. Acimuofhal Coverage 1% prainly nssr the prin-
cipal plane forequatorial-regoms-at- the- eqdnox-doue - to-the
high—inclination ol the oebit. Satellite zenith angles are
covered uniFarmly BesEese the pround track repsal ocle s 6
dirysfor-the MO8 0730 and-19-days for-the MOAA 1430
orkit. The ERBES b resulbis spuniform coverage of the solar
sEnilh Angles siee i3 precession carmiss i through all kel
hoors at the equiator Belative azbmiath-coverape is-basieatly - in
pwenbins adjncend Lo the principal plase, agaln - due 1o Lhe
inclinafion _of the orbil_and The cross-Iiack scan  made.
Satelite viewing wemith coverage for the-case shown tere s
svpical of 25005 250-kmd regions al U equalor, bul coverags
of specific hins s dependent i (he &xasl [ocaton of [k
regiom with respect to the provmtiracks. For the 46-dep orbit
with—its Y-y pround track repeal cvele, viewing zeniih
COVErAES BAQS can ocoul [Gr some fegpons, Bl the overall
anpuler range is remsomab by wellboovered,

Seanner coverage of angilar bans as a Tunction-al Latklude s
summarieed in Fig. & for (he 46-deg anclined orbil and the (wio
MWOAA son-synchronoes sitelfites, This Rgane ithst rares the
comaripasion of gach satellite owver the entice laliude range.
The WAL salellite anpular coverage is Bedl 3l (he Righ
tatitndes and - the ERBS signifeantly complemens the-mad-
and bew-Laritade coverage. By combuting the-theee aaiellines,
reasonably good @ngular coverage B ablamned arall fatirsdes,

Cloud Cover Sampling Analyses

The space-time coverage claracieristcs defined thus far fos
ihe ERBE are sufficient [0 assess dalellite syslen capabitinies
imgemerut terms. However, thewltmmate test-of such-a system
lies inddelermining s well the Fartks radiation-Teld can be
cifimaled from the messuremeils. The Seclracy of The
Earth's radiation bwdges estimared with a4 given Aaleltine
system may be expmined by applying Hs spave-gime coverage
characierisnacs o a realisiic reference radintion feld and
averaging the simutated megsurements for comparison to the
avieraged referenog ficld, A realisic radiation Nell for these
purpodes musl nclude The effects of clouds. Clouds accouni
for abour two-thirds of the reflecied shom=wave (§.2-5.0-rm)
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radiarios hased oa November 1978 GOFS daia.,

amd one-third of the emitted long-wasve (5.0-20.0 pm) com-
ponents  of the radistion leaving the Earth., Clowd
distributions and types and, therefore, their radiative
characteristics, vary comsiderably in time and space. The
nonrandom, mostly divrmal, variations in clondiness may
substantially impag estimates of the Earth"s radiation budget
derived from safellite measuremens, even when they are
averaged over long time periods,

Hourly wisible (0.55-0.73 pm) and infrared (10.5-12 gm)
dara taken by the geostationary operational environmensal
satellite (GOES) were usad 1o construct a reference radiation
field which includes the diurnal variations of clowds, Caia
from GOES-East, located over the equator at 75 "W longitude
at an aliitude of 37,800 km, were analyzed o determine
hourdy cloud cover and radiative properiies for 1504 regions
which encompass roughly 250 % 250 km? each for the month
of Movember 1978, The area viewed by GOES-Easi includes
mast of the United States and South America, and parts of the
Atlantic and Pacific Oceans. The cloud cover and radiation
parameters were derived with the methodology of Minnis and
Harrison® and are described by Harrizon et al.® The present
study focuses on the reflected radiation since it is the more
warlable component of the radiation field. Effective clowd
cower, rather than appareni cloudiness, is wsed here 1o
parameterize the combined effects of variable clowd amoumt
and clond albeda. It wae derived from the GOES data from
an energy balance approach which computes cloud amount in
terms of ils effect equivalent o that of a c¢loud having a
maximum albedo of 0.9, Although the use of effective clond
cover s appropriate for radiation budget siudies, ifs
magnitude s generally much less than conventional clowd
cover which has a highly variakle albedo.

The diwrnal variation of cloudiness in a given area may iake
many forms which depend on ihe air mass and surface
conditions. For example, in Fig, 7a the mean sffecive cloud
cover over B region in Venezuela reaches o maximum ai 1504
local time for Movember 1978, If the reflecied solar radiation
wene measured from a single sun-synchronous satellite at 1430
local time each day, an estimation of the mean hourly
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reflected irrndiance {Mux) would yield the dashed line of the
right-hand curve. Integration of the dashed ling over 24 b
vields the estimate of the monihiy mean reflected irradiance,
M. The actusl reflecied irradiance as determined from the
cloud amounis on the befi is given as the solid line, Integration
of this curve as above vields the true monthly mean reflected
flux, M,. It is apparent that the measurements from the lone
satellite will result in & significant overestimation of Lhe omean
reflected radintion for the month. o this case, an ercor,
AM =M =M, of =10 W/m? is caused by & diurnal cloud
variation of abowt 15%, This error s Loo large (o meel the
sampling accuracy requirement for the ERBE mission.?

Underestimation of the reflected component of the
radiation budgst will oocur when this same satellite observes
an area with a morming chowd maximum. Figure Th shows the
miean hourly effective cloud cover lor a reglon off the west
coast of South Amenca. This diursal cloud evele resulis in a
masimum of reflecied radiation in the morning as shown by
the solid line an the right. Measurement gt 1430 local tims
wonld resull in the dashed line. An error, AM =12 W./m?,
wonld result from this undersampling.

Mean dinrnal variations of cloud cover would not be a
significani problem if they were confined 10 only a few areas
and  followsd similar  patterns, However, the  diornal
variahility of clouds is not only widespread, but may be quite
differcnt from one area of the globe bo the nexi. Figure 8
chows the distribution of the mean diwrnal variation of
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percent effective cloud cover lor Movembeor 1978, as deler-
mined feom GOES-Easn data. This mean varlation i simply
the difference between the mean maximum and mindmwem
hourly clowd amounts. Arcas with a mean dowd varlation
greater than 10% are regions for which the monthly mean
reflecied irradiance estimated from measurements from a
single sun-synchronons saellice may be highly inaccurane.,
Mearly 45% of the porion of Earth shown here has mean
cloud variations which exceed 10%. In panicular, o large
number of regions of T the west coast of South America have
diurnal variahdlity greater than X%, These resulis demaon-
strate the levels of regional-scabe cloud varmabality which may
oocur over the glabe.

Themap in Fig, 9 gives the disiribation of the time of day ad
which the mean maximpm effective cloud amount occurned
during Movemhber 1978, Ower the eastern Pacific, the peak
cloud amount generally oocurred in the morning, while over
the western Adlantic (hcean and South Asmerica, the peak
cloudinesis was observed al varlous times of the day. The
regions in the United Stawes with significant divmmal variations
show maskmumn cloud amoums during midday. This Tigere
illustrates the potential for blases in both regional and larger
scale catimares of peflected flux derived from dayoime ob-
servalions taken at only one local hoar,

A preliminary analysis was conducied o decermins the
regional reflected radiation errors which would result from
scanner sampling of ihe Novemnber 1978 GOES clowd data by
the proposed MO A and ERBS spacecraft, [t is assomed that
the errors resulting from the divrmal clowd variations seen in
this dara sei are tvpical of those which will be ahserved over
the remainder of the globe. Simulations of orbital tracks and
scanner fooiprims were used 1o determine the times of
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measurement for a given region over the course of a month
The aciual value of reflected flux at the time of measurement
was used with 8 =00 of directional refleciance models* o
etmare the reflected irradiance during the remainder of the
day. Lincar interpodation with the models was used for hourly
values beiween measuremenis aken on the same day. The
monthly mean hourly and total reflected irradiance, M, and
errer, AM, were compuicdd for each region ns described
ahove, & regional error of & Wom? has heen allocated for the
effects of sampling in the 1odal ERBE error budget. This value
may be comparsd (o the rms regional error ploiled as &
Fanction of latitude in Fig, 10, This fgure shows unacceptable
error bevels (=6 Wom?) at many latiudes iF only a single
satellite is used. The sampling error is highest in the sowthern
latitudes where 1he diurnal variability 15 most proncunced.
Results are shown in Flg. 11 for the da-dep inclined ERBS
combined with each MOAA satellite combinaton. The ad-
dition of the ERBS 1o the MNOAS 0730 orbil lnproved the
sampling error 1o a more acceptable level, though high errors
{68-10 W /m*} are sdll in evidence for some latitwdes, The 44-
dep and NOAA 1430 savellites vield somewhat betfer resulis
{ =& W./m?) indicating that this is the preferred vwo-saielline
combination. The three-satellie combination provided betier
sampling capability and, therefore, lower errors (<4 Wom?)
than any twoe=satellile combination. A& more  accurale
wssessment of sampling errors associaled with the ERBE
orbits i dependent on final selection of the apaceime
averaging algorithms and development of a more com-
prehensive cloud/ radiatkon data base lor simualations.

Concluding Remarks

Computer simulations have been performed (o delermine
the geographical ang temporsl coverage of various satelline
orbits and scanning and nonscanning radiometers fae Earth
radiatbon bsdeet measurements, Besults from the sensor-
orbital analysis were wsed in conjunction  with  cloud
warinbility data in sampling smulatiens 1o determine how
well the reflected companent of the Earth®s radiation budpged
can be estimated from the different sadellite combinations,
The combined results of these sampling and measuremnent
simulations indicate that coincident observations with a
minimum of one sus-synchronous satellite for polar coverags
and the midinclined (46 — 57 deg) orbit sarellite for mid- and
low-latitude coverage are needed 1o mest the ERBE sciencs
requirements of global coverapge, oquator-to-pole gradisnt,
and regional monthly mean radiatbon variations with com-
plete diwrnal coverage. A three-satellite system. including two
sun=synchronous satetliies with the midinclined arkbil satellive,
provides optimal coverage and accuracy for measurgment of
the Earih's radiation hudgel.
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