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EARTH RADIATION BUDGET SATELLITE SYSTEM
(ERBSS)

PRELUDE

The ebility to predict climate, in particular deviations from historic norms,
is becoming of increasing critical importance to the economic well~being of
the United States and the world. The importance of the Earth's radiation budget
in determining climate has long been recognized. Table I shows an example of
the United States activities specifically noting the need Tor radiation budget
measurements. The Barth-orbiting satellite provides a platform, outside the
Earth's atmosphere, which is cepeble of simultaneously monitoring the out-
going reflection of the Sun's energy from the Earth's surface and atmosphere,
and the longwave rediation emitted by the Earth and its afmosphere. Egqually
important, this satellite gystem is capsble of moniboring these fluxes on a
daily, monthly, seasonal, even yearly basis for extended pericds of time.
These capebilities provide the opportunity to conduct detailed studies of the
variations in the Earth's radiation budget, the effects of nabtural and manmade
changes in the environment on this budget, and the effects which changes in the
energy budget produce on Earth's westher and eclimate. This de~ument lists the
scientific objectives and the associsbed mission analysis, instrument
definition, and date analysis methods to meet those objectives.



TABLE I

U. S. CLIMATE ACTIVITIES SPECIFICALLY NOTING NEED

FOR RADIATION BUDGET MEASUREMENTS

A UNITED STATES CLIMATE PROGRAM
DOMESTIC COUNGIE

UNDERSTANDING CLIMATE CHANGE-—A PROGRAM FOR ACTION

NATTOWAL ACADEMY OF SCIENCES--U.S. GARP COMMITTEE

A REPORT ON THE ELEVENTH SESSION OF THE JOINT ORGANWIZING COMMITTEE FOR GARP
(INCLUDES POSITION OF U.S. SCIEWTISTS) -

H.R. BILL 13736-~"NATIONAL CLIMATE PROGRAM ACT OF 1976"
(CHARLES MDSHER,.R——OHIO)

U.S. CLIMATE PROGRAM PLAN

FEDERAL COUNCIL ON SCIENCE AND TECHNOLOGY/INTERDEPARTMEETAL COMMITTEE oW
ATMOSPHERIC SCIENCES .

U.S. ROLE TN GARP CLIMATE PLAN
' NATIONAL ACADEMY OF SCIEHCES~-U.S. GARP PANEL ON CLIMATE
DXHAMICS

OUTLODK FOR SPACE

REPORT TO THE NASA ADMINISTRATOR BY THE OUTLOOK FOR SPAﬁE STUDY -GRCOUP

HASA CLIMATE PLAN

REPORT BY GBFC CLIMATE TASK GROUP AND SCIEHCE WORKING GROUP 1977 (IN PREPARATION )

197k

1975

1975

1975

1976

1976

1576



INTRODUCTION

The Earth's population, because of increasing numbers and inereasingly
demending hebits of consumption, is placing e growing stress upon almost all
resources and services necessary to support our civilization. As growing
demand closely approaches available supplies, unforeseen devistions in climate
from historic norms can produce serious problems or, in gome rare instances,
benefits. The following is an excerpt from the document entitled "A United
States Climate Program":

"e A killing winter freeze folloved by & severe summer heat wave and drought
produced a 12% shortfall in Russian grain production in 1972. The Soviet
decision to offset the losses by purchase abroad reduced world ‘grain reserves
and helped drive up food prlces. :

* Collapse of the Peruvisan anchovy harvest in late 1972 and early 1973,
related to fluctuations in the Pacific Ocean currents and abmospheric
cireulation, impacted world supplies of fertilizer, the soybean market, and
prices of all other protein feedstocks.

* The anomalously low precipitation in the U, S. Pacific Northwest during the
winter of 1972-73 depleted reservoir storage by an amount equivalent to more
than 7% of the electric energy requirements for the region.

- * A three-week siege of hot, dry weather in the midwest in the summer of =
197k, following rain-delayed spring planting, greatly reduced U. 8. corn
and soybean production at & time of mounting world demand for it.

* Inadequete monscon rains in some parts of southeast Asia and India in 197k,
and floodls in other parts, are causing famine and suffering there.

* The Sahel area south of the Sahara Desert has suffered five years of drought,
causing femine and death for unknown thousands and the migration of millions.

* Mean temperatures in the higher latitudes of the Northern Hemisphere have
dropped significantly since the 19L0's. Below normal temperstures for as

. long as 19 consecutive months have recently been recorded in certain portions
of the Artiec. This is the long,est such period in the lest 100 years. As a
result of the high-latitude cooling the growing season in Great Britain
has shortened by two weeks sinee 1950, reducing food production and use of
certain plant varieties. Nobody knows whether such a trend will continue.

* The sensitive ozone layer of the stratosphere, according to recent studies,
is subject to depletion by men-made chemicels such as freon and oxides of
‘nitrogen.. The inereased ultra-viclet radiation passing through this .
weakened shield could have serious impacts on human health.



Climatic fluctuations are not always bad.

* Consistently favorzble growing conditions in the U.8. corn and wheat belis
from the labe 1950's until this year helped the [.S. maintain its strong
position in world food production.

e The mild winter of 1973-T4 in the U.S. and Western Hurope helped
conservabion measures to avert catastrophic oil shortages during the Arsb
oil embargo.. :

It is clear that elimete fluctuations are resulting in major economic,
soclal and political conscauences., Our vilnerability has increased: as the
world's population and tiwe affluence ¢t part of it have growm, grain reserves
have shrunk to the point where they cannot offset the more serious production
shortfalls that can be expected due to the ordinary vagaries of climate. The
same factors are pressing on other resources, such as vater and energy,

whose avalilability and wtilization are closely related.to climate, Such
pressures have thus rapidly smplified the previously experienced impacts of
natural climate fluctuations to critical levels,

These concerns are compounded by mounting evidence that man's industrial and .
ggricultural activities mey cause changes in climate inadvertently. GSome
pollutants, or sufficiently large amounts of heat, when released into the
atmosphere, may affect regionsl or global tempersbure and rainfall patiterns.
Intensive land clearing, slash burning, or over—grazing also may heve adverse
efferts, Man-induced climatic changes, vhose consequences for human health,
agricultural productivity, and the economic and political stability of nations
may not become evident for a decade or longer, =re in urgent need of
delinegtion so that action can be taken to arrest them or ameliordte their
consequences., It is equally important to learn which fears of inadvertently
shifted climate are uwnfounded, so that industrial and agrieultural growth
will not be unnecessarlly restralned.

«ses our present ability to anticipete and eAplaln elther natural fluctua-
tions or man-induced changes of climate falls short of being useful to the
planners and policy mekers who must face these problems, and short of what
science and technology can make possible. ' There is general agreement among -
those who have exemined the problems, and we concur, that a start can and
should be made now on an organized research effort to improve our understand-
ing and predlctlon of the natural fluetuations snd man-induced changes of
climate and their consequences. Furthermore, rapid and significant improve-
ments in the ubility of presently available climetic information can also

be achieved. '

¥By our definition, climate addresses the statistics of weather in time units
of at least 2 weeks , and at ranges of weeks,-mqnths,-years, or longer,



While benefits would devive from a foreknowledge of climabe fluctua$1ons on
any time scale, the greatest responsiveness of govermment occurs in the range
of a year or so. Hence, predictions and assessuznis of impaets, to be most
useful for decision-making, should aim primarily =t the natural year-to-year
fluctuations of climete and the cumulative climebic impact of man's
activities."

CLIMATE PREDICTTION

The foregoing deals with the effect of climate anomalies and implies a need
for climate prediction. The following continuing excerpt from "A United
States Climaste Program” delineates the utility of and justificstion for a
climate predictive capability:

"The most critical climate~related problems are now all too familiar. World
shortages in basic food and feed grains cause drastic end erraiic shifis in
food prices, domestic and foreign demand, food reserves, baslance of payments,
trade and aid. Energy shorbages generate analogous shifts. Because food and
energy sre =@t the heart of individusl and national survivel, it becomes
imperative to act to moderate these instabilities.

If the risks of various climabic impacts could be caleuwlated earlier or with
greater accuracy, or climatic events anbticipated more precisely, the utility
of this information in plamning, policy formulation, and decision-maliing
would be strikingly enhanced. Even modest gains would assist in:

* More efficlent mansgement and planning of domestic and international food
supplies and natural resource ubilization. A reduction in uncertainties
about expected agricwltural production allows the maintaining of lower
average reserve levels. Storage costs are so high that a reduction in
reserve requirements of one percent of U. S. production would result in
savings of over $120 miliion per annum.

» Establishment of agricultural export end food assistance policies which
reflect the probabilities of various levels of crop yields.

- » Improved predictions of expected energy demands. These vould 1nfluence.,
allocations of limited crude oil Supplies and refinery capacities among
competing uses: <the manufacture of liguified mnatursl gas, fuel oils,
gasoline, jet fuels, fewtilizers, and other petro-chemiecal feeénsﬁocks.
Tmproved scheduling of fuel deliveries to regions expected to encounterw
abnormally severe w1nters would aiso follow.

* Advance preparatlons for reellocation of water during droughts, z2nd for
- disaster rellef in response to flood or drought. : ‘

Early understandlng of the elimetic conseguences of man 5 act1V1t1es would
permlt'



* Readjustment of national and world-wide industrial, commercial, and land
management practices to arrest undesirable climate changes.

* Initiation of necessary R&D programs--as for example in agriculture-~to
devise long~term responses to irreversible elimate changes.

» Improved long~term investuwent decisions in water resources and energy.”

The goel of climate prediction is to help the nation respond more effectively
to climete-induced problems by enabling its Government to be aware of or
anticipate climate fluctuations and their domestic and international impacts.
For instance, carly prediction of the severe winter weather of 1976-1977 would
have moderated the effects by allocation of additional fuel oils irnto the
north end east, and would have noted an eerly need Tor sdditionazl natural gas
supplies without which Virginia and many states suffered extreme economic
hardship. Early warning of the Buffaleo severe winter climate would have
allowed better preperedness. Meteorologists and elimatologists agree that

the spatial distribubions of the Earth radiant energy budget snd the temporal
variations in these distributions are the fundamental physical drivers of
climate. The Stockholm meeting of the World Meteorological Organization (19Th)
identified the importance of energy budget measurements to climate prediction
and placed priority emphasis upon satellite measurements. Radiation budget
has recently been noted by the NASA Climate Task Group and its Science
Working Group as one of the nine "erucial" parameters needed for improved
climgte prediction.

ECONOMIC VALUE OF CLIMATE PREDICTICH

The objective of the ERBSS program is to measure temporal and spatial
variations in the Tarth radiative energy budget Lo provide measurements for the
advancement of climate predietion methods for bhoth scientific and sconomic
benefit., Earth energy budget (FEB) measurements will provide scientific
benefit through their importance to understanding the dynamics of the Earth's
atmospheric system and its effect on climate. The importance has been dis-
cussed in many individual and group reports (SCEP, SMIC, RMOP, COSPAR,
Stockholm Conference on the Physical Basis of Climate Modellng, ete.) over the
past several years. On the other hand, the economic benefits of EER have not ,
been guantified; however, the potential of the measurements iz directly
related to the benefits of improved climate prediction such as more efficient
management and plamning of domestic snd international feood supplies and
nabursl resource utilization. The impact of such capability, for social and
humanitarian as well as economic benefit, has been dramatically emphasized

by the recent crisis in food supplies in parts of the world, where meny have
died or suffered from femine and starvation due to climatic fluctuations, as
shown in this figure excerpbed from Science, vol. 188, May 9, 1975.: C
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Post~World War TI famines. Tite
names nf conntrss and yenrs where n famine
existed are listed, In Europe, 1945 saw fom-
ines i western Holapd, the Nazi concentra-
tion camps, and vast arens in eastern Europe
and the Soviet Unfon, Eastern European
famines did not cnd until 1950,

1950 ~ TUNIBIA
1980~ HORRQLCCD
1960~ MAURITANIA
1960-6t - REFUBLIG
oF CONGO
1962~ ALGERIA
19G7-70- HIGERIA =
BIAFRA
197174 = ANGOLA
1971-74 = GHAD
107173 = HALI
1971-74 = BIGER
197174 » MOZAMBIQUE

1971-74 « MALRITALILA
1471-79-UPPER VOLTA
1371-74- SENEQAL
157174+ DANSMEY
1871-14- 7060
187174~ CHANA
1571-74-HIGEM A
1971- 14~ GENFRAL
AFRICAN REPUBLIC
1072-BURUKM]
1973-5UDAN
1972-75=ETRIOPIA
1974-EQYPT

197073 = PAKISTAN
1971~72 ~ AFCHANISTAN
1372 = PHILIPPINES
1975~ CAMDONIA AHD
VIETNAK

As noted in the previous section, improved predicticns of expected energy

demands would influence gllocations of limited crade oil supplies and

the manufacture of liguified _
natural ges, fuel oils, gasoline, Jet fuels, fertilizers, and other petro-
clemical feed-stocks. Improved scheduling of fuel deliveries to regions

refinery cepacities among competing uses:

expected to encounter abnormelly severe winters would alse follow.

Improved

prediction of climaste would also ellow advance preparations for reallocstion
of wabter during droughts, and for disaster relief in response Lo flood or

drought.

The fubure aspect of extending our present day~to-day weather forecasting
to climate prediction, that is, to time intervals of 2 weeks and beyond,

gppears to hold vast opportunities for economic benefits.

However, only

limited studies have been performed to date enelyzing the economic ‘nenefrts
of improved climate prediction. -
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A report entitled "The Potential Econcmic Benefits of Improvements in Weather
Forecasting,”" by J. C. Thompson, Department of Meteorology, Californis State
University, San Jose, California, Septerber 1972, indicates that based on o
survey of agrieulturel, industrial, and other activiiies in the United States,
the total annual economic loss due to adverse weather and climate is $12.7
billion per year, and that approximetely $5.3 billicn per year are protectable
losses assuming accurate forecasts and appropriate decision meking., The report
further indicated that after evaluating the cost of proteetion and further
improvements in forecasting, the total potential gains for our economy as a
whole ig estimeted to be ghout $T40 million per year. The vast mejorify of this
gein ($560 million) would be in agricultursl arees. This study azlso evaluated
the potential gains related to the length of the forecast period hased on the
estimated potential improvement for each forecast period. Results showed
maximum gains ($250 million) from improvements in 90-day forecasting with
significent, but lesser, galns for lesser periods.

Much has been written in recent years about climate and climate change,
particularly as it relates to agricultural production and world food supplies,
After elmost 20 years of surpluses with stable or deelining food prices, &
reversal in the world balance of supply and demand ocecurred with the feilure
of the Soviet grain crop in 1972. %o meke up this deficit, the USSR made
messive purcheses of grein from the U,.8, snd other major grain exporting
countries, which significently reduced their grain stockpiles. This reductionm,
folloved by the lower then usuel yield in 1973~197L in the U.S., caused grain
Prices te rise sharply. BSince grain production has historically varied from
year to year with changes in average monthly and seascnal temperatures and
precipitation, Iimproved long-range seagonal climate forecasting will be
beneficial to providing more efficient management and planmning of domestic and
international food supplies. ' Therefore, & reduction in uncertainties about '
expected agricultural production will allow not only the moderation of the
bagic grein and food price fluctustions, but al.o assist in efficient planning
of related transportation and storage costs. xS mentioned earlier, ome
estimate is that e reduction in grein storage requirements by cne percent of .
U.S. production would result in savings of over $120 million per year. In
addition to the economic benefits, there are intangible benefits: such as the
saving of human life associated with betiter predictebility of droughts and
famine in specific parts of the world, thereby allowing for timely action to-
minimize the effects of such climate conditions. Severel articles discussing
food economics, politics, and soeial structure relating to our recent and
current world food 51tuatmon are fbund 1n Sclence, vnl. 188 NMy 9, 1975

Some addltlenal reports whlch eddress economic beneflts in 1mprovements in -
weather and ellmate prediction are: '

(1) NAS/BI‘RC Report "Userul Appllca‘tlons of Eerth—()r:.ented Sa:belll'tes," 1968 -
Summer Study, see vol. I, Forestry-Agrieultural-Geography; vol. 3, :
Hydrologys and vol, L, MEerrology.
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(2) u.s. Department of Commerce Report, "First Five Years of the Environmentsl
Sgbellite Progrem ~ An Assesement," A Report t0 the Administretor, WOAA,

February 1971. _
(3) University of Wisconsin Interim Report, "Mul‘tidiseiplinary Studies oi; the

Social, Beonomic, and Political Tmpact Resulting from Recent Advances in
Satellite Meteorology," Space Science and Engineering Center, June 1971.

EARTH RADTATTON BUDGET DEFINTTIONS

In the present discussions of radiation, the followlng '‘ares" definitions
are used: : o

Reg if_mal.- refers specifically to small-scale and medium-scale areas of:
| (1) 250 by 250 k.m grid to 506 by 500 n grid B .

2) lOOO'by 1000 km grid (10° by 10° grid of great ecircle are) -
Zonal,~ refers to an area band eround the Earth whose wigth is 10° of latitude
Global.— ._en*b_ire Barth |
The term "radiabion budget'; is used synoﬁyﬁous.ly with net radiation and is used
to speeify radiation loss or gein over any of the sbove spabial scales. The

- components of net radiation are: direct solar irradiance, H_, planetary
albedo, &, end Barth em:.‘b‘ted radiant exitance, v (see nketeh).

'EARTH IRRADIANCE RADIANT EXITANCE
INSOLATION . REFLECTED EMITTED
Hy Wr/:(\A\HS Wa

The net i'adié.tidﬁ over a region or.zome is -
| Qe = Hy cos ¢ (1~ A) - W,
" gnd vwhen averaged over the globe,

Qnet __=Vh_s_,_(‘1_v_ E.)» -W, .



MEASUREMENT REQUIREMENTS

In order to provide radiation budget data for climate studies, different
accuracies are required for regionel, zonal, and global measurements. Within
the last few years, beginning with special study group reports (SCEP, BMIC,
RMOP) and followed by group (COSPAR) and individual pepers such as those by
Vonder Hear (1973), etc., the science requirements for sestellite radiation
budget data have been thoroughly discussed and debated. Tor the applicetion
of these data to the shudy of climete, the report of the Stockholm Conference
on the Physical Basis of Climate and Climete Modeling (1974} contains a
detailed discussion. In the Stockholm GARP conference, three classes of
measurements were resolved for designing an observation strategy, ineluding
accuracy and resolubion requirements. These were:

Class I.~ Observations needed to understand the detailed physical and/or
chemical processes which are thought to be significant to the ciimate problem.
Class I progrems generally need to be very detailed, intensive in space and
time, but mey be restricted to one or a small number of selected areas of the
order of e grid element (100 by 100 km ) and a limited time period.

Class IT,- Global cbservetion of elimatic guantities which exhibit a
large space and/or time variability, as needed for verifying the fidelity
of climate models.

Class LII.~ Long-term surveillance of slovly wvarying elements of the
climetic system, and the long—term surveillance of environmental parsmeters
and of external "foreing" factors which may in the long run induce climatic
trends,

In May 1975, en Barth finergy Budget Workshop was beld at the National Center for
Atmospheric Resesrch to discuss the epplication of, and reguired accuracies for,
measurements of inecident solar radiation, ebsorbed or reflected solar radiation,
and the Earth's thermal emission. Speeialists in many different disciplines
including climete modelers, general circulation modelers, satellite meteorolo-
gists, and observetion specialists took part in the discussions (see table II).
Fach attendee was asked to list and discuss his requirements for Earth radiation
budget data, how the date would be used, snd what accuracy and resclution was
required. Approximately 20 different problems were presented end discussed.

An example is given in teble III. The different problems could be divided inmto
(1) measurements of large spatial extent and monthly or longer time scales
(similar to Class II snd III) for global, zonal, and regional averages of -
climate model verifications., for climste experiments, and for climebte diegnostics,
end (2) measurements of smell spetial extent ard short temporal intervals
(similar to Cless I) for verificetion of radiative caleulations, parameteriza-
tions for climate models, and study of selected smell~scale climate features.
Approximately two-thirds of the reguirements were for large space/time scales.

In September 1975, an 8d hoc review panel of the National Academy of Sc:r.enc:_a 8
Committee on Atmospheric Sciences was convened to review WASA's plans and _ '
options in Earth radiation budget. Members of the review panel included:

Dr. John €. Giile, Chairmen .’

Dr. Francis P. Bretherton } mCAR

Dr. Richard S. ILindzen - Earverd Univ.

Dr. J. Murray Ml'bchell Jr. NOAA

Dr. John Strong - - . v o7 Univ. of Massachusetts

Dr. Verner E. Suomi _ 7 Univ. of Wisconsin

10
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TEPPER, CHATRMAN

SCHNEIDER
HOUSE |
WINSTON
TAUGHLIN -
RUTTENBERG
PRESS |
CURRAN
LACTS
BANDEEN
KORNFIELD
RODGERS
SUOMT

TABLE 1I
BARTH ENERGY BUDGET WORKSHOP
MAY 12-1h, 1975

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

AFFTILIATION . . LIST OF PARTICIPANTS
NASA '~ J. MASTERSON

NCAR : ' M. SCHLESSINGER
NASA LANGLEY . J. COAKLEY

DREXEL U. V. WASHINGTON

HOAA WESS . R. SOMERVILLE

FBASA GSFC R. BRETHERTON

NCAR . . C. LEITH

NASA GSFC K. HANSON

NASA GSFC T. SASAMORT

GIss, NY J. JOSEPH

NASA GSPC - G. NORTH

GIss, NY M. WALLACE _
NCAR T. VONDER HAAR, RAPPORTEUR
U. OF WISC. ' : :

AFFILIATION

NCAR
RAND
NCAR
NCAR
NCAR
NCAR
RCAR

 HOAA

NCAR

"NCAR

VASH. U.

- U. OF WASH.
Ccsu
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* DESCRIPTION OF PROBLEM
T0 WHICH RADIATION BUD-
GET DATA ARE APPLIED

VALIDATION OF
RADIATIVE ENERGY

J1 BALANCE MODELS

USED IN CLIMATIC
STUDIES

J3  CLOUD CENSUS

INDIRECT MEASURE-
MENT OF OCEAN.

Tk . ENERGY TRANSPORT

FROM LATTTUDE -
ZONES

NET RADIATION
GRADIENT (POLE

TO EQUATOR) FOR .
INTERANNUAL STUDIES
WITH GENERAL CIRCU-
LATION

MONITOR SOLAR INPUT
L  TO EARTH ATMOS-
PHERE SYSTEM

s
SOLAR-
TPUT

e
2-3%

0.1%

0.5%

. A
ATBEDO OR
REFLECTED

POWER

1%

2-5%

1%-:{-% e

15~30 W/M°
60°TAT |

E
EARTH
EMISSTON

2-5%

DAHE

15 w/Me

60°LAT

— ey ot s s

TABLE III - USES OF EARTH RADTATION BUDGET DATA
- (PARTIAL LIST FROM NCAR WORKSHOP)

DESIRED SCALE,
FREQUENCY, -
AND TOTAL
DURATION

MOBTHLY MEAN
DATA, ZONALLY
AVERAGED

LARGE SCALE,
LONG TIME
PERTOD

REGION 10-20°;
T=MONTHS ; FOR
10 YEARS

ZONE OF 10-20°;
T=MONTHS; 5 YRS.

TIME : MONTHLY
MEAT & VARTANCE
LENGTH : FOREVER!
SPECTRUM: {1 )TOTAL
INTEGRAL{2 )THREE
BROAD BAUDS -
0.25-0.50u
0.50~0.70u
0.70-4.,00u

PROJECTED
RESULTS OF

- STUDY

- BETTER

CLIMATE

MODELS

SEPARATE AND
PRIORTTIZE
VARTABLES

‘OCEAN DYNAMICS;
CLIMATE FORE-

. CASTTRG (LONG—
TERM)

OCEAN-ATMOSPHEERE
ENERGY TRAVSPORT
CLIMATE FORECAST-
ING (SHORT-TERM)

FUNDAMENTAL ERERGY
SOURCE CLIMATE
FORECASTING (LONG
AND SHORT-TERM)



The final report of the NAS/CAS panel wes transmitted to WABA on Februsry 6,
1976. A_summany is shown in tebles IV, V, and VI. "The initial

conclusion was that the strategy for obtaining the necesgayy measurements
Por atitacking the problem of the Eerth's radistion budget (ihe most crucial
externsl drive for the Earth's climete) required that the measurements be
divided into two categories of equal sclentific importance; e.g.,

I. Lerge space and time scales -

{Zonal end global nmeans, time scales of a month or nmore),
II. FBmeller space and time scales -
- (Regional means, time scales of hours to days).

The Panel reesons thet measurements of Category IT are required to develop
and test radiation paremeterization schemes for synoptic and mesoscale
disturbances, for inclusion in dynamic c¢limabe models. The Category I
measurements are required to monitor long-term chemges in the Eesrth's
radistion budget and especially the pole~to-equator gradient of radiative
hesting end heat transports. These data will also provide date sets against
which the outpuis of the dynamlc models mey be checked."

It was this division of radiation budget uses into two cetegories by the NAS/CAS
that prompted our decision to divide the 20 uses depicted under the previous
discussion for the workshop into two resoliition areas. A more debailed . ,
discussion of the scientific requirements for Esrth radightion budget measure-
ments for climste prediction canm be found in the NASA/CGSFC peper, "Review

of the Regquirements for Satellite Determination of Earth Radistion Budget "

by Robert d. Curran, Shu~-Hsien Chow, and Myron Nack.

Dr. J. Winston (NOAA) end Dr. G. Hunt (Meteorological Office, United

Kingdom) have noted the importance of Earth radistion budget data _

for climste diegnostics. In particular, they noted that high resclution

data on the scale of sbout 250 km over the entire globe are essential

to gain insight into such features as the development of sea-surface
temperature snomalies, radiation effects of ice and snow cover on the
atmosphéric circulation, albedo variation in the desert—vegetatlon boundaries
{e.g., the Charney hypothesis for the self-perpetustion of drought), and major
long-period circulation phenomene such as the ITCZ, the monsoon, the jet

- ‘stream, snd blocking anbticyclones.. Climate diagnosiics, through the study of
these features, is en important aspect of wnderstanding the intersction '

of the radiative heating with climatic and synoptic chenges in the ecirculation

of the ammosphere and oceans.

In summary, SClentlflC dbjectlves for Earth radlamlon budget have mul 1ple spe—
tial resclution regquirements and temporal resoluitions of monthly, seasonal,

~ yearly, and interannual perlods. The spatial resclutions and reguired

. aecuracy include: - : R o IR

Resolution Accura cy_(monthly averages)

10° by 10° regions in tropies 2 - 15 W/m?
10° latitude =zomes B 12 Wim2
equator-pole gradient (net) : & Wim*

global (net) 1 W/m2

250 by 250 km to 500 by 500 km regions 2 = 14 W/n?
13
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~ TABLE IV

EARTH RADIATION BUDGET SATELLITE SYSTEM

.. MISSION-'.OBJECTIVES AND REQUIREMENTS AS REPORTED BY THE NAS/CAS

CATEGORY 1

. AD HOC PAWEL TO REVIEW THE NASA EARTH EWERGY BUDGET PROGRAM

~ LARGE SCALE

* MOLTHLY NET RADIATION BALANCE 30 KM AI-TI‘I‘UDI} AS A FUNCTIOW
.- OF LATITUDE, WITH A RESOLUTION APPROACHING lO DEGREES.

* SIMILAR LO'\TGITUDINAL RESOLUTION IN TROPICS.

-+ ACCURACY CORRESPONDS TO DIFFERENCES BETWMV IHE NET RADIATION

- BATLANCE IV THDPICS AND POLAR CAPS TO + L ow M2,

'+ IT APPEARS THAT THE REQUIRED RESOLUTION CAN BE OBTAINED WITH

. RESTRICTED FIELD-OF-VIEW RADIOMETERS ON POLAR ORBI‘I‘ING AND LOW
IN CLII\TATIDI'I SATELLITES.

* WIDE ANGLE RADIOMZTERS SHOUID BE FLOWN ON THE SAME PIATFORMS.
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TABLE V
' CATEGORY II
SMALL SCALE OBSERVATTON

FOR PARAMETERIZATTON

+ OBSERVATION OF ALBEDOS AND INFRARED FLUXES, AVERAGED OVER LIMITED
REGIONS SUCH AS 5 DEGREE GARP SQUARES.

LARGE NUMBER OF CASES IN A VARTETY OF SYNOPTIC STTUATIONS.
. TIME TNERVAL OF A FEW HOURS. |
;_‘RAIITDOM‘ ERROR OF + 10 PERCENT. -
| MEASURENEWTS OF AVERAGE VISIBLE AND TOTAL INFRARED NEEDED.

> ALSO, HIGH RESOLUTION VISIBLE AND NARROW-—-BAND II\]FRARED WEEDED IOR
. CLOUD T‘J’.’PE AND CLOUD TQP TEMPERAIL‘URE
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TABRLE VI

NAS RECOMMENDATIONS :

DESIGN OF SATELLITE SYSTEM TO ACHTEVE REQUIREMENTS NECESSITATES ATTENTION TO SENSOR ACCURACY

AND TO. SPATIAT AND TEMPORAL SAMPLING TFREQUENCIES. ACCURATE INTEGRATION OVER THE DIURNAL

CYCLE IS ESSENTTAL.

THE PANBL RECOMNDS THAT HIGH PRIORITY BE GIVEN TO. ARATYSIS AND II‘JTERPﬁETATIOK OF NIMBUS 6,
ERB DATA, AND THAT THE FINDINGS BE USED T0 GUIDE THE DEVELOPMENT OF FUTURE SENSORS.

‘.I.‘HE APERTURE OF THE BES‘I‘RICTED FIEIJJ—OF-;VIEI'T RADIOMETER NEEDS 70 BE DETERMINED BY STUDY.

MONITOR SOLAR OUTPUT, INTEGRATED OVER WAVELENGTH WITH LONG—TERM PRECISION OF 0.2 PERCE].\IT CR
BEYTER AND ABBOLUTL ACCURACY.’ OF 0.5 PERCENT OR BE‘ITER.

ANALYSIS TECHNIQUES FOR IMPROVING SPATIAL RESOLUTION DEVELOPED BY NASA'S LANGLEY RESEARCH
CENTER APPEAR TO BE USEFUL. PANEL RECOMMENDS CONTIWUED DEVELOPMENT AWD TESTING OF THESE
TECHNIQUES ON ERB DATA. . ’



PROGRAM DESTGN STUDLES

A team of seientists end engineers from WASA/TaRC, NASA/GSFC, NOAA/NESS,
Colorado Stabe University, Drexel University, and University of Wisconsin hes
been studying the program of measuring the Ferth's radiation budget from space.
The following sections will review the design/study results of this Barth
Radiation Budget Satellite Sysbem Working Group. There have been four mejor
aress on which the teem hes concentrated., The Ffirst ves Secience Definition
which was discussed earlier with its detailed discusslon in the NABA/GST

report. The other three major aress deal with the gbility to meet the

U seientifie objectives. These study areas were: -

1. Orbit Coverage (Sampling), or the capebility to sufficiently sample
the Ea,rth‘s radiation budget on all space and time seceles.

2. Data Ans.lys:ts Methods, or the capa’ba.ll‘by to ana,lvze and 1nterpret
Earth radigtion budget data both at sabtellite aliitude and the
"‘cop-—of—‘bhe—a.tmosphere .

3. Ins'brument Definition, or the design of an :Lns’crument complement
and meintenance of its in-orbit integrity.

The individual study results in these three areas will be discussed along
with an overell uncertainty (error) anelysis and their relabtiomship in
particular to the recommendations of the NAS/CAS and the science working
group of the NASA Climate Task Group. However, first of all we wili review
the hackground of Faerth radiation budget measurements. '

BA CKGROUI\ID

' The current s*ba:be of k.novledge of Earth radistion hudget pa.rame‘ters is ba.sed
on sa:tell:.te measurements made in the late 1960's.

Begionning with Explorer 7 in October 1959, inetruments designed to measure
Barth redistion budget have flown or will fiy on the migsions shown in
table VII. A1l of the missions except the Mariners measured Earth reflected
shortwave and emitted longwave radiation. The Mariners 6 end T TCFM
experiment measured the solar constent. The results of the EBarth radiation
‘budget baged on satellite messurements WEI‘E e}"ten51vely reviewed by Yabes
and Bandeen (1975), end Allison et al. (1975).

' Vonder Heer and Suomi (1971} anelyzed & date set largely from low resolution
radiometers on many satellites representing 39 nonths during the S-yeer
period 1962-1966, end presented the first satellite messurements of planetary
.. albedo end radiation budget for all four seasons and the sonual case. They

" found the Earth~atmosphere system to be warmer and darker (aibedo 30 percent)
than previously believed, especislly in trop:.cal regions. Also, see Winston
and Rao, 1963 and W:Lnston, 1967 -
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Data from the MRIR experiment on NIMBUS 3 provided the first symoptic scele
view of the globel radiation budget during four seasons (April 1969 to
February 1970)}. The NIMBUS 3 results show a still wamer (255° versus 250 °r)
and darker {albedo 28-20 percent versus 35 percent) planet then was previously
believed, with most of the radistive energy input in excess of those older
results in tropical regions, thus requiring higher poleward energy transport
(Vonder Hear et al. 1972, Raschke et al. 1973. These results essentially
confirm the earlier results of Vonder Hear and Suomi (1971).

Vonder Haar (1972) discussed the natural variation of satellite radiation
budget measurements over 17 seasons and the implicefions with respect to the
energetics of the atmosphere and oceans. He conecluded that low~. and medium-
' resolution radiometric measurements existing ot that time permitted studies
at the planetary and synopbic scales,but that new measuremenis from new
sensors were needed to study glo'ba.l clma‘be trends and certain mesoscale
phenomena., - : : :

Vonder Haar and Raschke (1973) discussed the NIMBUS 3 MRIR resuits within

the framework of the earlier satellite measurements, especially with regard

- to inberanmual varistions. Ellis (1972) compared 35 monmths of satellite data .
on the north~to-gouth gradient of net radiation with parameters defining the
intensity of the general circulation. He found that the interapnusl veriations
in the gradient of net radiation and the intensity of the general circulation
appearsd to be related, with the labber lagging the former by .3 months.

Vonder Hzar and Oort (1973) combined measuvements of the Earth's rediation

budget from satellites with atmospheric energy transport summaries to show

' the required transport by the cceans between equator and pole. The results
showed that the ocean must transport more energy than previously believed;

i.e., Por the region 09-TO°N the ocean contribution averages 40 percent.

Significaﬁt shortebmingé _of the previcus rediation budget measureients can be
summarized as follows:

1. TLov resclulion sensors (those on Explorer 7, TIROS 4, end TIROS
7) used temperature meesuring hemispherieal sensors which resulted in
large thermal contamination by the spacecraft and radiation losses. In
addition, the Lambertian assumption was required to utilize the date since
the errors resulting from dats analysis procedures to correct the measure-
ments from satellite sititude to the top of the a:bmosphere were poorly
. understood. :

L 2. Med:.um resolution sensors (IIRIR) suffered from very restrlcted
angular sampling, incomplete spectral coverage, and post-launch &eterloratlon
requiring estimate of eorrectlon factors and the Lambertian assumption o
uwbilize 'bhe data.

_ 3- The only plane flux sensors were in Sun--synchronous or‘blts anrl
provided inadequate diurnal sampling.

18
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. EXPLORER T
. TTROS 2

| TTROS 3

TIROS 4

 TIRGS T

NIMBUS 2

NIMBUS 3

OTHER EXPERIMENTAL

SATELLITES

. NOAA OPERATIONAL

SATELLTTES
VARINER 6

VIARTNER T

. NIMBUS 6

(NIMBds G) | i

TABLE VIT

RADTATION BUDGET BACKGROUND

HEMISPHERES

5'QEANNEL SCANNING RADIOMETER
5 CHANNEL SCANWING RADIOMETER
5'CHANNEL.SCANNING RADTOMETER
5»CH&NNEL’SCANNING'RADIOMETER
MED. BES.‘SCAHNINé RADIOMETER
MED. RES. SCANNING RADIOMETER

FLAT PLATE RADIOMETER
TLAT PLATE RADIOMETER

TEMP. CONTROL FLUX NMOWITOR
TEMP, CONTROL FLUX MONITOR
EARTHE RADIATION BUDGET EXPERIMENT

(EARTH RADTATTON BUDGET EXPERTMENT)

1959
1960
1961
1962
1963

1966

1969
1960's

1966-1970

1969

1969

1975
(1978)



h. Precessionsl rates required between 65 and 75 days to obtain complete
diurnel sampling at the Equaetor, thus precluding monthly averages.

5. No measurements of the soler output were made thus preventing accurate
determinetion of the net radistive interchange.

6. In the early Explorer and TIROS globel heat budget experiments,
geperation of the redistion into shortwave, longwave,end total was achieved
by the use of opticel coetings. Past optical coatings had poor spectral
cheracteristics, degraded, and in most cases were not used with Inflight
calibration metheds. -

7. 'The radistion budget dete sets were very intermittent, with large time
gaps during the 1960's and no data during the early 1970's. For meny climate
studies, enaiysis of a long conbtinuous time series is required, -

Although no error enalysis hes been made and no ebsolute measurement 1is
evailable for reference, the acecuracy of the derived albedo and longwave
emission from previous missions has been estimsted to he sbout #5 percent

on the plenetery scale (ennual averege), and +15 to 20 percent on the regional
scale (seasonal average). These pest measurements have been adequete for the
gtudy of synoptic scele and planetery scele, short-term climate problems.

However, it has been recognized that improvement of ebout an order of megnitude.

is required to provide adeguate observations for monitoring long-term global
climetic trends. As e result, efforts have been mede, in recent yesrs, to
improve measurement technology. One of these efforts is the Earth Radiation
Budget (ERB) instrument which flew on NIMBUS 6 (June 1975) end is scheduled -
to fly on NIMBUS G (1978). It is expected that ERB will measure the solar
constant to sbout L percent, the spectral solar irredisnce in several broad
spectral bends, the slbedo, and the emitted longwave radistion. Although no
systematic error enalysis has been performed for the ERB system, it is felt
that beceuse of improved instrument design, the sccuracy of the albedo and
‘iongwave messuremente will be improved over previous measurements. In addition
to wide Tield~of-view sensors, ERB ineludes high spatial resclution scapning
radiometers. Anslysis of these measurements will provide & much improved
knowledge of the angular distribution of both long- and shortwave radiation.

- Thege two ERB flights may provide valugble dats for radiation budget studies

of improved zccuracies over previous dete, but they will not fulfill all
of the requirements for e radiation budget system to monitor long-term
globel climetic trends ifor the following reagons: ’ '
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1. They will acquire albedo end emission date only at two local times
each day from the NIMBUS Sum-synchronous orbit. Thus, hiasing of the mean
gtate of the radietion budget mey result from not observing possible
diurnal {locel~time) veriations in these paremeters.

2. The albedo measurement from ERB is determined without adequate .
gbsolute or relative celibration efter launch.

3. The measurement of the soler constant will not achieve the acecuracy
(<0.5 percent) that meny authorities agree is required to investigate possible
solar~climetic relationships. Initial results from ERB/NIMBUS 6 (Hickey, -
et al, 1976) indicate an ebsolute accuracy of 1.6 percent; however, this may
be more indicetive of a bias error, since repeatability has been within 0.2
percent ).

4, NIMBUS 6 and the remaining NIMBUS experimental satellite (NIMBUS G),
separated by 3-1/2 yeers, do not provide e continuing observing system needed
for monitoring leng-term global climatic trends.

As a result, s number of proposals for new systems designed to overcome these
limitations eppeared within recent yeers. Among these were:

1. TLong-term Zomel Earth Energy Budget Bxperiment (LZEEBE), by NASA
Langley Research Center.

. 2., Farth Radiation Budget Observation System (ERBOS), by the University
of Wisconsin, and

3. Radietion Climste Radiometer/Solar and Earth Rediation Monitor
(RCR/SERM), by NOAA, Colorado State University, Eppley Laboratories and
Ball Brothers Resesrch Corporation.

Phage A studies were completed under contraet to the Langley Reseerch Center for
each of these proposed systems, each of which suggested that advanced sensor
concepts be implemented gboerd multiple spacecrafts. Subsequently, the
positive features of each of the proposed systems were synthesized into a
single system called the Earth Radiation Budget Setellite System (ERBSS) .

During 1976, & design study for this system was conducted which included
analysis of ‘the system errors. The results of that snalysis give the best
indication of the capebility of improved instrumentetion included in e

 system designed to address spatial snd temporel sampling end deta analysis
reguirements, The results are summerized in the following sectlons.

SAMPLING PROBLEM AND REQUIREMENTS

Values of Eerth albedo and longwave emission radistion very significently with
time and geographical locetion as indicated in figures 1 and 2 (Vonder Hear,
1968), Figure 2 further illustrates that the variation of mean albedo and

_ longwave redistion is g function of season and geographical latitude.

Over the globe, albedo is shown to chenge as much as 300 percent end

longweve radistion varies as much as 100 percent. The sesson of the year is
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also shovm %o heve en importent effect con the radiation at a particular
logtitude. ALl of these veristions demonstrabte the importance of meking
radigtion meesurements at ell labitudes end times of the year. Even now our
Inowledge of the diurrnal variation is guestioneble. Tor instance, the
diurnel variations shown in flgure 1l are not in agreement W1th Astllng and
Horn (1964). : : :

Various numbers of satellites and orbit inelinsbions heve been aunaelyzed to
define the sahellite combination that provides sufficient coverage of the
Berth for spatial end temporal radiation sempling., Illustrations of
letitufe coverage or sampling as a function of locel time are presented in
figure 3. These resulte ave for a typical 30-day period, which is consistent
with the science requirements.

A nominel altitude of 600 km was selected for the 50° inclimation orbit
beceause it provides a 2~to 3-yesr lifetire end a revisit cyele over Iarth of
3 days so es to observe eech area from several angles, Sempling coverage for
the 98.6° inclination orbits was based on the nominal TIROS-N orbit of

833 km sltitude. Although the satellite will have & wide field of view thab
covers from horizon to horizon, only e 10° great circle of arc on Earth
(e.g., 10° latitude and 10° longltude at the equator) was used in

defining coversge and sempling cepability. The reason for using the 10°
angle is twofold: (1) It is commonly employed to provide & reasonable
approximetion for deconvolution of radistion data from setellite altitudes

to the top of the stmosphere (gbout 30 km); (2) It is approximately the size
of the geogrephicael grid propesed for the resolution of the radlatmon data on
8 regiongl scale using the medium field of view sensors.

Figure 3({a) shows hourly latitude coverage provided by two Sun-synchronous
(i = 98, 6°) orbits with equatorial crossings at 0800 and 1500 hours.

The varigbion in density on this figure indicebes the number of times 2
perticular letitude bend is covered et a given local time (the greater the
density, the more times of coverage). The grid density is showm in the -
figure. Near-polar latitudes are covered during nearly ell times of day.
However, low and middle latitudes are only covered during the equstorial
crossing hours. Thus, there are. large gaps in hourly latitude coverage for
Sun-synchronous orbits., More complete coverage can be achieved by covering
nearly all the low and middle lefitudes at each local hour by adding a
single satellite at e mid-inclined orbit of gbout 50° with a faster
orbital precession rate {see fig. 3(b)). To cover the low latitudes even
more often, & 30° inclined orbit could be used; however, the 30° .
orbit would not cover the midlatitudes, and neither the 30° nor

the 56" orbit would cover the high (polar) latitudes. In other
‘words, ro obtain monthly averages over the globe; middle and/ox low
inclination orbits are desired hecause of thelr rapid precesaional

rates since high inclination orbits, such as 8n°, do not

precess rapidly enough. High inelination orbit., however, are neaded
'to cover the polar regions~~thus, an optimum sn.ellite mix for sampllng
. is a combination of high and middie or low dn~ linations._I-
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~ Figure 1.~Typical diurnal variation of Earth albedo and longwave radiation.



174

memmem _JUNE-JULY-AUG |
e MARCH-APRIL -MAY
e se— DEC-JAN-FEB

60 | e SEPT-OCT-NOV 420
350 [~
280
L LONGWAVE
R M}Bcgzﬂo’ RADIATION 210
Ranhass W/m2 '
140
- | 70 |-
ol 1ot S IR B | L8 I Lt v i vy
% 3 9 3 9% 90 30 0 30 90
| -SOUTH | womrTH | | SOUTH |  norTHE
. 'LA’I‘ITUDE deg ) ' . . LATITUDE, deg

F1gure 2 .- Latitude profﬂes of Earth albedo and longwave radiation for
seasons and the annual case (solid line).



0800 AND i = 987, tg = 1500+

W

n

(a) i

22T

ENE I8 8TATE G RSN AT TS

o o

98°, 1,

MONTHLY
OPPORTUNITIES
— 1-25

< 25 =100
-~ > |00

a3
e

TS Tt

s

-~

'
ieea e
m ﬁww%

S

TALATRAL ALY

114 YI ‘
w _.,-Tﬂ I_l-.-.-
\-.q-.-:v K % Wm\ ALALA 3
P Atk u.m
A
0
~ y;
~
y
CLTATC
PRRTRTIPID, & . % 2
R i ,
) u{iﬂ‘wzu xm.W@.mu vivkhs .
ittt et
\Vwa F 9
Rieh o o f
L b e
Py Y
. IR ¢:2, 9 3 5956 4
v- AR LAALY LA ATA R ‘ﬁvm { :n\
” R o Ak vV
% u.hn..,wxm %W.Wm.» KA
e |
o2 Al ! !
] (T Ly o
L
3
= ©on
P e
==
<
—]

500 AND i = 50°

987, t,

- 0800

(b) 1 = 980, t,

.
]

ORIGINAYL PAGE IS

~

*

&

OF POOR QUALITY

A. :;.nxx
;Xw:..::&v g

q n.ax.

ok

 —

24

LATITUDE,

deg

LOCAL TIME, HR

25

Figure 3.- Temporal-Latitude Zonal Coverage For Multiple Satellites.



To evaluate this thesis, a figure-of-merit parzmeter which is based on a
product of geographical area (not Just latitude) and locel time coversge,
was used to compare the various satellite orbit cepebilities. Tncluded in
this comparison was the effect on coverage of natural orbit veristions (due
to natural precession rates of different orbit ineclinstions), The results
are shown in figure Lk, As can be seen, two Sun-synchronous satellites
together provide an area-local time coverage of less than 30 percent.

By combining them with one 80° inclined orbit, the area-local time
coverage would be incressed to only 60-68 percent. Unfortunately, 3 months
are required for the 80° inclined orbit to precess through all local

times.  Meanwhile the Sun's declination will heve chenged sppreciably thus
meking separstion of diurnal effects Ffrom seasonal effects difficult, and
will also result in biases in the monthly asverages.

The most effective coverage can be obtained by combining the two Sun-
synchronous satellites with one 50° inclined satellite; the area~local

time coverage would be incressed to 85-8T percent. By further adding s 30°
inclined satellite, the area-local time coverage would be 88-91 percent.
However, figure 4 is based primerily on zonsgl resolutions which is why the
orbit combinations i = 98%, 980, 50° and i = 980, 98°, 50°, 30° are
comparable — or in obher words — three satellites sample zohal resolutions
gbout as well as four satellites., More detailed snalysis for periods. of time
less than 30 days end for improved regional resolution coverage show the
edvantage of the fourth satellite.

In order to further evalyate the capability of the recommended satellite
combinstion (i = 98°, 98°, 50°), & simulation model of the Farth's radiation
field, figure 5, developed by Ceampbell and Vonder Hasr (1973), was used to
calculate the satellite radiation results shown in figures 6 snd 7. Monthly
average zonal emitted energy (fig. 6) and reflected energy (fig. 7) as.a
function of lstitude for the three satellite system are shown to compare

well with the reference values, which were esteblished by assuming essentially

unlimited (i.e.,21l) satellites.

Recent sempling studies are refining the expected accuracy of the three
satellite system for regional resolution by studying the variability of the
scene using cloud—-cover statistics. The magnitude of measurements of
reflected solar radistion exiting the Earthi-sbmosphere system is strongly
dependent on the smount of cloué cover in the radiometer field of view.
Reflected shortwave radistion is directly relsted to cloud cover since the
albedo and angular reflectance characteristics of clouds are usually gquite
. different from that of the underlying suwrface. Figure 8 presents a summary.
of the results chowing the minimum and meximum sccuracy limits (sbandard
deviation of the mean) in egquatorial regions for each month, Tt is apparent
from the figure that the regionel radistion budget messurements st low
latitides is being performed almost solely by the 50° inclined satellite;
however, the two Sun-synchronous satellites complement the system by providing
the measurements eb mid and high letitudes. The results of figure 8 are
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worse-cgse analysis assuming no & prior knowledge. Persistence of cloud
cover, correlebion between regions, and refined knowledge of the diurnal
cycle which will be established by this mission should ellow a determinstion
of regional radistion budget of better than 5 percent, or a reduction of the
meximum errors shown in figure 8 by & large factor.

Besed on the resulis of the sampling studies, two_98° inclined orbits
coupled with the 50° orbit appear to satisfy the science requirements
for regional resolubions, zonel resolubions, eguebor-to-pole gradient, and
globs.l resolutions, The NOAA Sun-synchronous sgbellites in the TIROS-N
- ‘series could adegustely cover the h:.gh letitudes end en ERBSS/ARM (SMMS)
setellite having en ineclination of 50° could provide sampling in the
mid-and low-latitude aress where varistions In radistion energetics are mogh

dynemic.

DATA INTERPRETATION AND ANALYSTS

The second mejor area contributing to the sbility to mweet the science
requirements, besides sampling, is "Date Interpretation and Anslysis."
Scenner meesurements can be summed for smell regions or wide field of view
(WFOV) end medimm field-of-view (MFOV) meesurements can be deconvolubed to
obtain the radietion budget at the top of the atmosphere for lerger regions,
latitudinel zones, end the equator-to-pole gradient. The globel net radistion
budget can be best averaged st satellite altitude. Therefore, even though a
MFOV (10°ECA) radiometer can directly view & regional area, two of the most
important contributions in the interpretation of ERBSS data are (1) the
‘computa't:.on of the Earth radiation budget on a scale smaller than the fisld .
of view of the WFOV sensors, and (2) to infer top-of-—the—-a.tmosphere rediation
budget from satellite measurements.

The essence of the dats a.nalysis is shown in figures 9 and 10. Figure 9 shows
schemetically & satellite sensor over a regional aree on the Earth surface.
The quantity desired is the total energy leaving the surface; however, only
‘the components directed at the satellite will be measured, and the components
directed out the sides will be missed and, thus, must be accounted for by
using directional models. Regardless of whether the sensor is WFOV, MFOV,

or a scanner, directional models must be used in analyzing the measurements.
In addition, the surface elements surrounding the regional or zonsl area will .
elso direct redimtion to the sensor, end this radiation must be a.ccoun‘bed.,

for by subtracting it out of the sensor measurement-—except for the scanner.
The analysis is further compounded since directionsl models are not simple,

- particularly shortwave or solar reflected energy. As csn be seen in figure .
10, the directionel models are & funchtion of the solar flux angle of incidence
and the Earth surface 'bjpe i.e., clouds, snow, ocean, desert, etc, The
_dlrect:.onal models shown :m f:.gure 10 are characterlst:.e o:E‘ clouds.

The f:.rs‘b step in da:ba. analysis is to essign the mea.sured componen‘bs of the
redietion, reflected and emitted, to the correct region and then compute
these rediation as they leave the top of the atmosphere. Existing techniques
- for meking these computations have been investigated et Langley Research
Cenfter, Drexel Unlversl'ty, Goddard Spa.ce Flight Cen'ter, and Coloradeo State
University.
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Anglysis of low resolution integrating radiometer data from the ESSA 7

and 9 setellites by Lengley Research Center und Drexel University has
provided experience in processing and stetistically analyzing large sets of
radistion measurcments (House, 1975 and Weaver, 1976). Theoretical studies,
including simulated radietion models, have been performed to expand the
epplication of the height rectification analysis technique and to improve our
understanding of this commonly employed method of snalysis (Leughlin, 1977
end Weever, 1977). Simulstion results show that modeling error effects can
be reduced significently, and also shov that the height rectification
technigque can be applied even when ¢ limited number of radiation budget
measurements are available.

In addition to the studies using earlier technigues, new techniques have
been developed by the Langley Resesrch Center, Drexel University, -eamd
Coloradc State University for performing these computetions. (For instance
refer to the paper "A Simulation Study of Earth Rediation Budget Deta
Interpretation,” by G. Louis Smith, Richard W. Green, Jemes F. Kibler,

Lee M. Avis, John T. Subttles, and George R. Young. Presented at the
Summer Computer Simulation Conference, Washington, D.C., July 12-1h, 1976.)}

The WFOV sensor will measure the total amount of radiaticn impinging on it
from ell points on Eerth from horizon to horizon, which for en 833 km
altitude encompesses a circle with a diameter of about 50° arc on the
Esrth's surface. With the new techniques, lerge numbers of overlapping
measurements are used to improve the resolution of tr: measurements over
that of & single measurement, The results can thus be interpreted to a
smeller scale then the field of view of the instrument.

These computsbions cennot be made using satellite measurements alone. As
previously mentioned a model which specifies the radistion es a function

of angles of departure from the Earth and Sun elevation is necessary. (See
Raschke, Vonder Haar, Pasternsk, and Bendeen, 1972 end Ruff, Koffler, Fritz,
Winston, and Reo, 1968)., The goal of the currently orbiting NIMBUS 6 and
upcoming NIMBUS G Earth Radistion Budget (ERB) Experiment is to develop
improved directionsl models. These improved directionel medels aleng with the
"paremeter estimation" method of Smith and Green should provide improved
results for inferring the radiation budget of the Earth at resolution scales of
109 ECA or larger. The parameter estimation method considers the statisticel
nature of the atmospheric radiation and is applicable to discrete data.

The inclusion of modeled directional cheracteristics of emitted and

reflected radistion permit the treatment of orbital altitude variatious,
anisotrop. - in the Earth radisbtion field, end bringing of the data to the

top of the stmosphere as & sgingle problem, TIn addition, the method can be
used to incorporate meesurements from orbits with cisferent inelinations,
different altitudes, end different sensors, '
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To demonstrate the overall date inberpretetion end analysis methods,
simitetion studies were performed. The simulabtion consisted of two bagic
perts, a "real" Earbth-etmosphere radistion system for computing simulated
messurements and s "model" Earth-stmosphere radistion system for the data
enelysis. A known radistion field wes used to generate satellite
megsurements which are corrupted with rendom errors end passsed to the model
system as simulated "real" data. The dete interpretation technique was
gpplied to these data, and the heat flux paremeters were estimated. The
comperison wes then mede between the "real" heat flux and the estimated .
heat flux. This comparison indicates the accurscy of the data inberpretation
technigue. The simulgtion procedure, as outlined shove, is graphically
presented in figure 11, for example, in determining regional radistion

budget at the Eguator plus zonal resolutions at higher latitudes.

One of the major advanteges of the simulation studies is thet modeling _
errors can be investigated. The date analysis simulabion demonstrates the
accuraey of the estimation procedure in the presence of directional modeling -
errors. The simulations have been performed for both Eartl emitted (long~
wave) and reflected (shortwave) radimtion, and for WFOV snd MFOV sensors.
Regional end zonal resolutions were considered, as well as the equator-to-
pole gradient snd the global integration of plane flux.  Further advantages
of the simuletion are that the following can be evelusted: (1) orbit
inelinetions, (2) number of measurements or sampling, end (3) effect of
ingtrument errors.

Sumnary results of the simulstion studies are shown in the combined error
snelysis, teble VIII, TFour major perameters contributingto the oversll
gbility of the ERBSS in meeting the accuraey/resolu'blon requirements of
the science community ere: (1) instrument or semsor accurscy, (2) diree~ -
tional modeling accuracy, (3) sampling or orbitel constraints, and (It)
solar consbant mespurements accuracy. The solar constant accuracy was
based upon the instrument technology of the upcoming Solar Meximum Mission.

Analysis results of the setellite system capebilities for regional
rediation budget ere shown in table IX. WFOV and MFOV sensors should

be sble to measure the radistion budget of 10-20° ECA (1000- _
2000 km) regioms to sgbout %,3 percent. The scanner is reguired for smalle’r
resolutions, i.e., 250 to 500 km regions. Analysis of the eres coverage

at multiple engles for monthly averaged regionsl radiation budget using

& scanner have shown that & scanner much simpler than the ERB experiment

in NIMBUS 6 and NIMBUS G is sufficient, i.e. & one~axis cross-track
gcanner. The ERB scanner is complex ‘by necesgity to define directionsal
models for meny surfece types: snow, ice, water, foliage, desert, ete.;
however, it is not required for a global rad:.a.t;on budget program. The
adequacy of a cross-—track scanner has also been verified by compering the
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- TABLE VIIT

 EARTH RADIATION BUDGET SATELLITE SYSTEM COMBINED ERRORS (1 o), W/A® |

POLE

| NET RADIATION

ASSUMES SPECTRAL (IW & SW).

SEPARATION OF GLOBAL NET
BADIATION. GLOBAL NET
PAPTATION CAN BE MEASURED TO
1.3 BY THE TQTAL CHANNET,

10° oNES GLOBE __EQUATOR GggDIENT
_ERROR SOURCE - 8w LW SH. A sw bR
SE&SOR
BIAS o 1.@42.3 | 1.4-2.3 | 1.4-2.3 1.4-2.3 NEGLIGIBLE| NEGLIGIBLE
‘ PROPQﬁTIONA§ - 1/3% of W | 1/3% of IW| 0.8 0.8 © 0.2 0.2 |
. Mpov _ ) v
BIAS . 2.6-4.3 | 34-37 | 2.6-4.3 3.4 - 3.7 NEGLIGIBLE| NEGLIGIBLE
PROPORTIONAﬁ 1/3%_of LW | 1/3% of IW|[ 0.8 0.8 0.2 0.2
 DIRECTIONAL MODELING. B E
WEOV o.13 0.065 0.13 0.011 0.13 0.041
. oMFOV 0.33 1.4 0.42 2.0 0.83
| samprInG
. pIAs. lL.2 2.0 0.17 0.075 0.5 1.28
RANDOM - 1.0 0.50 - 0.25 0.12 0.50 0.24
| sorar cowsranr | | |
: ._(1/5%11¢ error) 0.063-0.72 | 0 1 0.56 i 0 0.25 0
| romats 3.8-5.3 4,3-5.2 | 2.6-3.5 1.8-2.7 1.3 1.6
5.7-7.4 3,2-4.4 2.1
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SATELLITE SYSTEM CAPABILITIES FOR REGIONAL RADTATION BUDGET

- TABLE IX

SATELLITE COMBINATIONS®

-

9 SATELLITES: 10%

- TIROS - N (98°) X x X
AWM - D (50°) X X
. MdS (80°) | X X
. - SPACE AND
CAPABILITY OF TIME SCALES |  4.3% 4,3% 347
* DETERMINATION OF MONTHLY SEASONAIZ | MONTHIY
_ COMPONENTS : 10° ECA AVERAGES AVFRAGES =~ | AVEBAGES
" LONGWAVE (FARTH mMITTED) | (1000 ¥m) - ONLY |
- AND SHORTWAVE (AI.BEDO) WITH SC —
GIOBAL’ COVERAGE . Y 435 3-45
- 500 km . MONTHLY SEASONAT; MONTHLY
AVERAGES = | AVERAGES AVERAGES
- ONLY
MULTIPLE SATELLITES
| 3100 WITH SCANNERS
WEFKTY - ' |

1.

EXCEPT WHERE NOTED SYSTEM INCLUDES 5 SENSORS: WFOV - TOTAL AND SW; MFOV - TOTAL AND

SW; AND SOLAR.

SEPARATION GF DIURN% FROM SEASONAL EFFECTS WILL BE DIFFICULT.
FEASIBILITY OF MEETING THIS REQUIREMENT WITH EXTSTING TECHNOLOGY IS QUESTIONABLE.

A NEW APPROACH USING GEOSTATIONARY SATELLITE MEASUREMENTS (DIURNAL SAMPLING) ALONG

WITH POLAR, SUN-SYNCHRONOUS SATELLITES MEASUREMENTS (POLAR COVERAGE) SHOULD BE STUDIED.




monthly averaged cross-track pixels from the ERB longwave channel with the
full ERB scans. Agreement was within a few tenths Wim2. Multiple :
satellites with scanners are necessary to obtain 100 km regional resolutions
with weekly averages of the radiation budget. Also, the combination of 980

and 80° inclined orbits provides seasonal averages but poor monthly
_averages

Therefore, the overall expected accuracy of ERBSS for monthly averages is:

Area Resolution . - - ‘Requirement (W/m2) _ . Capability (W/m?)
10° x 10° Regions in Tropics (LW&SW) 2-15 9.4 & 10.3 (4 & 4.3
' percent)
" 109 Latitudinal Zomes (LW&SW) ' 2-12 5.2 & 5.3
Equator to Pole Gradient {NET) A 2
Global (NET - Total Sensor, WFOV) 1 1.3 o
250 to 500 km Regions (LWSSW) 2-14 9.4 & 10.4 (4 & 4.3

percent) (With Scanner)

' SENSOR_DESIGN STUDIES

The current ERBSS studies have focused on developihg a satellite/seﬁsor
system approach for determining Earth radiation budget parameters on
monthly and longer time scales and small, medium, and large space scales,

~ i.e. regional, zonal, Equator to pole gradient, and global. Results to

date indicate that a combination of wide field-of-view (WFOV) and medium
field~of-view (MFOV) sensors flying on a multiple satellite system (il.e.,
two Sun~synchromous at 833 km and the 50° inclination at 600 km

altitude) can provide the necessary sampling and resolution to determine
montfly or longer time averages for 109 by 10° ECA regions, 10°
latitudinal zones, and larger resolutions, and a cross-track scanning
radiometer can provide the necessary sampling and resolution to determine
- monthly or longer time-.averages for resolutions smaller than 10° by 10°
ECA (i.e., 250 to 500 km regions). This section describes the design
definition for these systems. The system designs are based on simpliecity,
reliability, high accuracy, and low cost.
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The ERBSS measurement chennels are shown in teble X. Five channels are
included in the WFOV/MFOV instrument, and two in the scann:mg instrument,

- Detailed parameters for the WFOV/MFOV instrument are given in table XI, and
the accompanying design concept is shown in figure 12. Four of these

channels sre mounted on & single axis gimbsl which, when coupled with

orbitel motions, provides the net motions necessary for observing the Earth
or the Sun. The Pifth channel is not gimballed and provides & reference
observation of the Sun and measurement of the solar constant periodically
throughout the mission. The four girmballed sensors differ mainly in the
spatial and spectral scales of their observations when viewing the Barth.

Two of the sensors view the entire Farth dise from limb to limb, and ave
designated wide field~of-view (WFOV) channels. The baseline concept essumes
the detectors are wire wound thermopiles which have a broadband spectral
response from ebout 0.2 im %o 50 + um. The detector of one of the WFOV
channels is placed under & Suprasil-W hemispherical dome filter which provides
spectral isolation for this channel since the filter cuts off at sbout 5 um.
Hence, one WFOV chennel mekes broadband or total radiabtion measurements and
the other WFOV chennel mskes measurements over the shortwave spectral band
characterized by the Suprasil-W dome. The other two gimballed sensor channels
have a regionel scale view of the Earth of sbout 10° Earth Central Angle (ECA)
and are designeted medium field-of-view (MFOV) channels. Their fields of
view are gpproximetely equivalent to a Texas sized footprint and, like the
WFOV channels, one MFOV channel is placed under a Suprasil-W hemispherical
dome to mske measurements over the shortwave spectral band while the other
MFOV channel measures total radistion. For both WFOV and MFOV, the Earth
emitted longwave redistion component is determined by subtracting the short-
weve (Esrth reflected radiation) channel measurement from the total radiation
.channel measurement. Detailed engineering analyses have sized the hemis-
pherical dome to minimize (essentially eliminate) the effects of polarized
light and thermal contemination, and therehy minimize error sources.

The baseline concept for the four Earth viewing channels are cirzular wire-
wound thermopiles similer to the ERB WFOV chamnels flown on NIMBUS 6 “and
planned for WIMBUS G, The NIMBUS 6 experience has demonstrated the sta-
bility of thermopiles in space. THowever, the gbility to meet the desired
sensor sccuracies will depend on a rigorous preflight and inflight cali-
bration program. Thus, there is & need for the gimballed configuration to
turn all the detectors to view the Sun, space, and internal black-hody
sources for periodic inflight calibration. A layout of the instrument,
flgure 13, shows the various in-orbit positions of the instrument during
measurements and calibrations. Dutring laimmch and post-orbit insertion, the .
sensorz are stored in the righbt-hand position to protect them from outgassing
and contamination. The soler viewing of the shortwave channel also provides
the solar reference with the same sensor for determlmng albedo whlch over-
comes & def:.c:.ency oi’ pas-b measurements. .

The solar cha.nnel Wlll be & narrow fleld—of-'v:.ew (::..e. 5 ™4 5°) cavity radio-
- meter measuring the- +totel solar spectral range. It is baselined on proven
technology (i.e., Kendall, Wilson, Hickey) being developed for the Solar
Maximum Mission and recently flown (June 1976) on an Aercbee rocket flight
- for measuring the solar constant and intercomparison of instruments.
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TABLE X

ERBSS MEASUREMENT CHANNELS
WFOVIN\FOV INSTRUMENT

INSTRUMENT GROUND COVERAGE

© WIDE FIELD OF VIEW © LIMBTO LIMB

» SHORTWAVE CHANNEL
» TOTAL CHANNEL

© MEDIUM FIELD OF VIEW 10° EARTH CENTRAL ANGLE

* SHORTWAVE CHANNEL -
* TE}TAL CHANNEL

INSTRUMENT [N-FLIGHT
CALIBRATIONS

SCANNER INSTRUMENT

= SHORTWAVE CHANNEL CROSS-TRACK
o LONGWAVE CHANNEL ~ J 87 KM AT NADIR
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TABLE XI

ERBSS INSTRUMENT PARAMETERS

WFOVIMFOY_{NSTRUMENT

WEIGHT

ENVELOPE

POWER

@ DATA RATE

- & NUMBER OF COMMANDS
‘& BASELINE ORBITS

s e 9 @

20 ky

4, 6(x"), 45.8y"), 16. 5(z'cm
15 watts (Average Orhital)

i60 bps

20

AEM - 600 km; TIROS 833 km

CHANNELS | THROUGH 4 -

© EARTH VIEWING FIELD-OF-V IEW (CHANNEL | AND 2)

(CHANNEL 3 AND 4)

> SOLAR/SPACE FIELD-OF-VIEW
 SPECTRAL BAND, CHANNELS | AND 3

CHANNELS 2 AND 4

® BASELINE DETECTOR TYPE
@ MEASUREMENT FREQUENCY

INST__RU_MENT UNCERTAINTY
CHANNEL 5

LIMB-TO-LIMB (WFOV) -

iO‘; FARTH CENTRAL ANGLE (MFOV)
32

0.21050" um

0.2 t05 um (Suprasil-W Dome)
THERMOPILE

EVERY 8 SECONDS

+4 W[Mz

| BASEUNE IS CWITY RADHOMEFER SIMILAR TO SOLAR CONSTAN"' INSTRUMENT ABOARD
 SOLAR MAXIMUM MISSION, |



. Figure 12,- BERBSS WFOVATFOV Instrument Concewt.
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Although the current studies indicete eircular wire-wound thermopiles

will meke sufficiently sccurate measurements, the use of active cavity
radiometers as & potential improvement for WFOV and MPOV sensors is currently
planned for continued development studies in the F.Y. 197T7-1979 time pericd.

The small spatial resolution (IFOV - 6° diameter) scanning instrument conteins
two sepsrate channels {channels 6 and T). Detailed parameters for the
scanning instrument sre given in teble XII, and the accompanying design
concept is showa in figure 14. Channel 6 isolates the SW .spectral inberval
(0.2 to 5 pm), and channel 7 covers the IW spectral region (5 to 50+ um).

The spectral intervals are the same as the ERB (NIMBUS 6 and G) scanning
channels. Both channels are iocated within a continuously rotating scan

drum which scans the boresited IFOV's seguentially from horizon to horizon,
and, for calibration purposes, to 2 space view and then within the instrument
to diffuse reflectors illuminated by the Sun (SW channel), or a precision

. black body (LW channel). Esch chennel consists of a two-mirror telescope, _
field stop, bandpass filter, and pyroelectric detector-preamplifier assembly.
The chennels are all mounted within & single, temperature-controlled kousing
end sre alined to view the seme Earth area. This housing, in addition to
providing alinement and support for the detectors and optlcal components,

also incorporstes sn individual chopping reference black body for each
channel., mounts for the chopper wheel, and a trunnion axis for the scan
rotation. The roteting chopper is located in fromt of each telescope

aperture and is shaped to allow each channel to alternstely view the scene

end the reference black body at & 55 Hz rate., The total scen assembly (drum)
is rotated continuously by = motor direct drive system at & rate of 0.075 Hz. ,
This scan rete allows the IFOV's of each scan line to be contiguous at the nadir
for a&n orbitel altitude &b = 833 km. The 6° diameter IFQV corresponds

to a ground resolution et the nadir of 87 km for h = 833 km.

The telescope assembly of each channel consists of an off-axis objective mirror
wtich forms an image of the scene at the field stop. In order to eliminate
variations in sensitivity due to detector nonuniformities, =a relay mirror is
used to form an imsge of the objective mirror on the detector. To reduce the
polarization sensitivity of the system to & partially polarized scene, the
reley wirror is tiited et right eangles with respect to the objective mirror

in sucl a manner that the S end P polarization components at the objective
mirror are reversed gt the reley mirror. The bandpass fiilter is locsbed .

just beyond the field stop. ' : '

A two point, inflight caelibration is provided for esch chamnnel. Both N
chennels view space (zero radiance) for one point during each scan rotation.
For exemple, when the spacecraft is over the dawn terminator for the Sun-
gynchronous orbit, the sperture door mey be opened. During this pericd,
the SW channel views, with the aid .of relay mirrors, diffuse reflecting §
plates which are irradiated by the Sun. The Sun cones sbout the scenning -
instrument +Y exis et an engle Y' where Y' = 180°. - v, where Y is the
conventional solar "“gamms sngle" and is the angle between the orbit
normel and the direction to the Sun. When the spacecraft is cver the dawn .-
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TABLE X11
'ERBSS INSTRUMENT PARAMETERS

SCANNER CHANNEL MEASUREMENTS

CHANNEL  FITER FIELD OF
NUMBER ~ SPECTRAL INTERVAL MATERIAL VIEW
C6(SW 0.2-5%m  SUPRASIL-W 60
Taw | 5-50" DIAMOND+SW 69
R CUTOFF

SAMPLING FREQUENCY: ONCE PER 50 MSEC
IN-FLIGHT CALIBRATION:
o SPACE VIEW. BOTH CHANNELS -
"« BLACKBODY (CHANNEL 7, LW). AMBIENT TEMPERATURE (~300°K)

~» SOLAR DIFFUSER (CHANNEL 6, SW)f_

C;ROSS'-T.RACK SCANNER INSTRUMENT PARAMETERS

~« WEIGHT 18 kg |
' ENVELOPE 29.2(x), 36(y), 26.7(z) cm
* POWER . 25 WATTS {AVERAGE ORBITAL)

= DATA RATE | 750 bps



8%

APERTURE DOOR

DIFFUSER/
RELAY MIRROR
COMPARTMENT

TELESCOPE
ASSEMBLY

CHOPPER

ELECTRONICS 36 M

COMPARTMENT EARTH

¥ VIEW

Figure 14.- ERBSS Secanning Imstrument Concept.
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terminator, the Sun is located in the instrument XY plane and, if the pro-
tective aperture door is opened, irradiates the diffuse reflectors. The
diffuse reflectors are optical ground aluminum, overcoated with vacuum
deposited aluminum as used in ERBL. They are oriented to produce a combi-
nation of soler incidence angles and viewing angles, such that small varia-
tions (seasonel) in the soclar incidence angle produce minimum change in the
sensed radiance. In order to accommodate different Sun-synchronous orbits
(i.e., with different local times for the nodal crossing), the diffusers
and reley mirrors are mounted on two-axis gimbals which are set before
lawnch for the average <Yy' angle expected for thet mission.

For the extreme average <Y' angles near 0° and 90°, it will be nec-
essary to move the position of the aperture door. The second calibration point
for the LW channel is provided by a precision honeycomb black body. The

black body is not heated and is at the nominal temperature of 30°C. It
is baffled to minimize thermal loading and off-loading.

The 35 Hz ac signal produced by alternately viewing the scene and reference
black body is amplified and synchronously rectified. A light-emitting diode
and detector, in conjunction with the chopper, provides the reference signal.
The rectified signal is summed in a gated integrator and then multiplexed

to a single 12-bit analog-to-digital converter. The channels are samwpled
every 50 msec which, combined with the housekeeping data, results in a bit
rate of & 750 bits/sec. All timing functions are derived from the space-
craft clock, Connection between the elecironic compartment and the scan
drum is by slip rings. : '

The design/definition studies for the two instruments have also inciuded
compatibility/integration studies with the TIROS-N spacecraft and the
Applications Explorer Mission (AEM) spacecraft. An artists concept of the
two instruments on the TIROS-N spacecraft is shown in figure 15. A sigpal
derived from the WFOV/MFOV instrument is used to synchronize the two
instruments.

SUMMARY AND PROJECT READINESS

Earth radiation budget measurements in support of climate research are of
paramount importance. Many scientific reports representing scientific
agsociations and sgencies have noted the importance of the data. The National
Oceanic and Atmospheric Administration has noted an operational need for the
dete. Most recently, the NASA Climate Task Force has included radiabion
budget as "erucial" data. The mission implications have been thoroughly
studied and show the need for a multisatellite mission with orbit inclina—
tions of 989, 98°, and 50°. The TIROS-N weather satellites could provide
the two 98° opportunities with an Application Explorer Mission (AEM) at

50°. Improved data analysis methods have been developed for relating

the satellite measurements to the top of the atmosphere. :

lThiB technology was developed for ERB and other NIMBUS experiments.
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Simulation studies using the improved methods have verified the mission orbit
selections, effeet of directional models, and effect of instrument errors.
Resgults indicete thet & high-quality dete sebt will be provided to the users.,
Design definitions besed upon stebe-of-the-art hardware have been developed
for wide and medium field-of-viev radicmeters and the scanner. Radiometers
arve flight proven on seversl missions~-most recently, ERB on NIMBUS 6 and
upconing NIMBUS G includes WFOV radiometers and comparsble scanner
technology. In sddition, detailed engineering anslysis of the system was
-performed during the design definition.. o
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