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SUMMARY 

Emphasis during this third year of grant sponsors.hip has continued 

to be on utilization of satellite radiation budget da乜泛'co>llected in the 

1960's to many timely problems in atmospheric science. We have, however, 

begun to examine more recent data in the microwave channels. Our areas 

of application continue to be primarily: 

a) Long-range weather (short term climate) forecasting and 
climate change monitoring; 

b) The earth's environment as seen from space; the partitioning 
of energy transport between ocean and atmosphere;- resolving 
observations of the earth's environment into contributions 
by land, ocean, clouds, and cloud free atmosphere; and 

c) The Global Atmospheric Research Program (GARP), primarily 
through the radiation sub program of the GARP Atmospheric 
Tropical Experiment (GATE); for determining solar energy 
absorption in the atmosphe~·e and ocean separately. 

This has been a period for much scientific interaction on problems 

confronting the natural sciences. a·etter measurements of the earth's 

radiation budget for climate monitoring and application of existing sat

ellite radiation budget data are germaine to the short and long term 

climate problem. 

The Grant research has produced an exceptional number of reports 

and publications that have been very well received by the atmospheric 

science and .space science connnunity. Some results are being used to plan 

the next generation of radiation budget measuring systems and othersihave 

provide4 a foundation for analysis and study, · often involving the use of 

other satellite data pertaining to clouds and earth surface features. 
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1.0 INTRODUCTION 

The October 1972 to September 1973 period was a period for continu

ation and refinement of studies initiated during previous reporting per

iods. Efforts have been directed toward problems of the very short term 

(day-to-day) to the longer term (year-to:-year- and _global ciimate). 

Earlier Grant research supported the completion of two M.S. theses 

and at present two students are being supported by this grant, an M.S. 

candidate (S. Kidder) and a Ph.d. candidate (J. Ellis). Four papers 

published during this reporting period along with details ·not included 

in the body of this report appear in the appendices. Also included in 

the appendices is a cumulative summary of all .reports and publications 

produced under this grant. 

2.0 DISCUSSION OF SCIENTIFIC RESULTS 

a) Minimum Albedo Study 

We reported in the semi-annual report on minimum albedoes over land 

areas derived from Nimbus-3 measurements. Maps of minimum albedo have 

been completed for all ten semi-month~y periods of the Nimbus-3 data set. 

In snow free regions, these maps are free of over 80% of the cloud effects. 

Concurrent infrared measurements will pe這it the removal of still more 

clouds. Algorithms will be used to account for atmospheric optical pro

per~ies · and residual sub resolution cloudiness so that the earth's surface 

albedo and its variation with season can be resolved. 

Knowledge of the earth's surface albedo and· its variation in time 

will aid us in partitioning the radiative energy between that absorbed in 

the atmosphere and that absorbed at the earth's surface. We may then pro

ceed with atmospheric energetic computations in studies and climate models 

with improved boundary conditions. 
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A zonally averaged profile for the annual minimum albedo (Figure I) 

has been computed from the semi" monthly data sets by taking those sets 

most representative in time for each season. ,This profile was requested 

and sent to Dr. Murray Mitchell of NOAA-EDS. Zonal profiles of thiis'頂兄

are useful in zonal symmetric climate models. 

Three regional maps of minimum albedo are included here as an ex

ample of what has been done and for some qualitative comparison. Fig

ures 2 and 3 show the distribution over the North American Continent for 

April 15-30-, 1969 and June 16-30, 1969, respectively; note the snowy areas 

with high albedo in the northern part of the continent during April; the 

opening of Hudson Bay in June; and small differences in the middle to 

southern part of the continent probably due to _ residual cloudiness, veg

etation, and directional reflectance changes with season. Figure 4 shows 

the minimum · albedo distribution over the African continent for the period 

June 16-30, 1969; the bright desert area of the north contrasts ·to the 

darker tropical regions in the central part of the continent. 

b) · et 

Work in the interannual variation radiation budget alone has not 

culminated in to any new publications during this reporting period. How

ever, work has been progressing well; some new results and verification 

of earlier results will be forthcoming. 

On the interannual :variability of the net radiation budget and the 

general circulation of the atmosphere,(reported by Vc;,nder Haar and Ellis, 

1973) we have normalized some of the · satellite data to account -for var

ious satellite heights and, thus, resolution of the data. Even with this 

refinement, the results continue to show a relationship between the rad

iation budget gradient "forcing" and the year-to-year changes in climate. 
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Figure 3: Minimum Albedo over North America from Nimbus-3 MRIR, 
April 15-30, 1969. 
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Figure 2: Minimum Albedo over North America from Nimbus-3 MRIR, 

June 16-30, 1969. 



7 

Figure 4: Minimum Albedo over Africa from Nimbus-3 MRIR, June 16-30,1969. 

--' 
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We are presently investigating the physical bases of this relationships 

by using,initially, zonal symmetric cli~ate models .. . As this work pro

gresses we may apply more sophisticated climate models to test results 

from this initiaL.~odeling effort. 

We believe that once the physical bas~s for the interannual.<relation

ships are understood, then we will have a tool ready for application to 

the short term climate prediction problem. 

c) Latent Energy Study 

During the reporting period we began looking at Nimbus-5 ESMR data. 

Data have been mapped with latitude-longitude grid. overlay. Investiga~ 

tions continue in the calibration between rainfall rate and brightness · 

temperature. 

1 d) Discussion of Recent!~ 

Three papers dealing with the measurements of the radiation budget 

from the _Nimbus-3 satellite were recently published (Appendix B). The 

first, NASA Technical Note D-7249, discusses the complete radiation 

budget experiment using data from the Medium Resolution Infrared Radio

meter(MRIR), the extensive data reduction method (including assumptions) 

and results for four semi-monthly measurement . periods(May 1-15, 1969; 

July 16-31, 1969; October 3-17,1969; and January 21- February 3, 1970). 

The semi-monthly period data were processed on the GSFC computer. 

A second paper, published in the ~heric Science, 

analyze-s the Nimbus-3 results in the form of annual averages. The annual 

maps and results were derived from data tapes at Colorado State Univer

sity. 

1'he Nimbus-3 radiation budget measurements .and their analysis will重·｀ 仁

1Reprin~s. (except for the NASA Technical Note) are attached. 
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permit many scientific studies and results. Some of the first are noted 

in this report. A third paper, a German publ~cation, gives a synopsis 

of the radiation budget measurements and analysis from U.S. satellites 

during the 1960's. 

A paper published in the deals with 

a new determination of the energy that must be moved poleward by oceans 

in the Northern Hemisphere. Availability of satellite radiation budget 

data made this new estimate possible. This may very well be one way that 

we "monitor" our oceans in the years to come. 

A number of papers were presented at various conferences during the 

reporting period. A sUJID11ary of them appears .in appendix ·--Attn -·a ,...邙血laiiV-e

listing of· papers and reports sponsored by Grant NGR-06-002-102. 

The author served as chairman of the Infomal Working Meeting for 

the GATE Radiation Sub-Programme, World Meteorological Organization, 

Leningrad, and is presently chairman of the GATE Radiation Working Group. 

The author has also served as a member of the NASA Science Team for 

Longterm Zonal Earth Radiation Budget Experiment, AAFE and as a member 

of the Science and Analysis Team for the Earth_ Radiation Budget Exper

irnent on the Nimbus-G satellite. 

3.0 PROGRAM FOR THE NEXT REPORTING PERIOD 

A proposal for an extension of grant research was accepted by NASA 

in September 1973 for the period through September 1974; it contains de

tailed recommendation for future research. 



Appendix A: 

Cummulative Summar~ers Under Grant NGR-06-002-102 

1. A preliminary report on heat budget measurements from Nimbus-III was 

partly supported by this grant. It was presented at the XIIIth 

Meeting of COSPAR, Leningrad, 1970, and was published in~竺－

Research XI (Springer-Verlag) as: 

Ther;diationba1ance of the earth-atmosPhere during June and Ju1y 
1969 from NIMBUS.:.III radiation measuremertts.:.-some ~ results 

by 

E. Raschke, T. Vonder Haar, W. Bandeen, and ,M. Pasternak 

2. The very early results of four seasons of Nimbus radiation data were 

compared to earlier results from other satel_lites, with METEOR data 

obtained during the same time period and with calculations · in a paper 

presented at the January 1971 Annual Meeting of the American Meteor

ological Society: 

『 ace
~ latest results from the NIMBUS-III 

satellite 

by 

T. Yonder Haar, E. Raschke, M. Pasternak, and W. Bandeen 

Publication of these comparisons awaited analysis of a more complete 

Nimbus data set (see #7). 

3. In March 1971 the author presented an invited paper at the Miami 

Remote Sensing Workshop: 

Global radiation bud~ satellite measurements 

by 

T. Yonder Haar 



In addition, he served as discussion leader of a section that consi

dered present opportunities and future possibilities for parameter

izing the atmospheric energy budget using satellite data. Proceedings 

of this workshop will be published. 

4. , An invited paper was presented at the Int~rnational Solar·Energy 

Society Conference, NASA, GSFC, in May, 1971. This paper presents 

results of special interest to scientists concerned with the measure

rnents and use of solar radiation. It was publ.ished in ~ 

Volume 14, no. 2, 1972. 

Measurements of solar energy reflected by the earth and atmosphere, 
from meteorolo&ical satellites 

by 

T. Vonder Haar, E. Raschke, W. Bandeen and M. Pasternak 

5. At the XIVth meeting of COSPAR (Seattle, 1971), in an open meeting 

of Working Group 6, we formally presented the annual results of the 

earth's radiation budget measurements from NIMBUS-III. They inde~ 

pendently confirmed global results obtained from earlier satellites, 

while providing the first high area resolution view of energy ex

change between earth and space on the annual scale. The paper, was 

published in Space Research Vol. 12, 1972 and is entitled: 

stem as measured 
from the NIMBUS-III satellite (1969-70) 

by 

T. Vonder Haar, E. Raschke, M. Pasternak and W. Bandeen 

6. Drs. Budyko and Flohn kindly invited a paper on the NIMBUS-III re

sults for their Symposium on Physical and Dynamical Climatology, 

Leningrad, August 1971. The paper, read in ~he authors absence by 

Dr. A. Drumtnond will be published in the symposium proceedings. It 

was titled: 



Climatoloszical studies of the 臨rth's radiation bud2et and its 
variabilitr with measurements of the ·satellite NIMBUS-III 

by 

E. Raschke and T. Vonder Haar 

7. An invited paper at the Joint Meeting of the German Physical." and 

Meteorological Societies, Essen, October 1971 ~ontained a discussion 

of the new NIMBUS results within the framework of the earlier satellite 

measurements, especially with regard to interannual variations. It 

was published in a German journal, Amalen Meteol:', 6 - No. 711, 1973. 

Measurements of the enerszv exchansze between earth and space durin 
the 1969's from satellites 

by 

T. Vonder Haar and E. Raschke 

8. In addition to the formal papers and publications, .one of the most 

personally satisfying events of the reporting period was a 90-minute 

seminar presented in early November 1971 in the invited seminar series 

of the Geophysical Fluid Dynamics Laboratory, NOAA/Princeton Univer-

sity. Entitled: et from 

satellites: Status ~~-' 

the seminar reiterated both the wide-ranging relevance of radiation 

budget data to many atmospheric problems as well as the interest of 

other scientists in these data. This same experience has greeted the 

author during similar seminars presented in recent years at MIT, NYU, 

University .0f Colorado, and Colorado State University. 

9. Invited paper at the International Radiation Symposium, Sendai, Japan, 

May - June 1972 and also presented at the Conference on Atmospheric 

Radiation, Fort Collins, Colorado, August 1~72. Paper discusses 

variations in the Radiation Budget a.、s . measuredby satellites at ·Yar-ious 



spatial and temporal scales i.e. spatial scal~s: global, hemispheri

cal, zonal, regional, ocean-land; and time scales: hourly, daily, 

monthly, and yearly. 

here 
srstem as measured from satellites 

by 

T. Vonder Haar 

10. A pape'Iwas presented at the Conference on Atmospheric Radiation, 

Fort Collins, Colorado, August 1972 which discusses an experiment ta 

measure the radiation budget at the surface over a snow field and its 

variation with changing solar Zenith·· angles and cloudiness. This 

information is needed to understand the total heat budget of polar 

areas _which is vital to understanding our climate changes. 

The albedo of snow in relation to sun E£Sition 

by 

H. Korff and T. Vonder Haar 

11. Measurements of the earth's radiation budget from satellites were 

combined with atmospheric energy transport summaries to show the 

required transport by the oceans between equator to pole. The results 

show that the ocean must transport more energy t han previously be- . 

lieved, a timely result, since there is a renewed interest in the 

influence of the ocean on weather and climate·. Published Journal of 

Ph~April 1973. 

New estimate of annual noleward enersrv transnort bv Northern Hemi
S£here oceans 

by 

T. Vonder Haar and A. Oort 



12. The frequency and occurance of opaque cloudiness were determined from 

satellite brightness data. Opaque cloudiness interferes with remote 

sensing of the vertical temperature profile of the atmosphere. The 

study indicated regions of the globe where remote temperature sou~ding 

at spectral regions less than microwave bands are not feasible .due 

to persistent opaque cloudiness - necessary information for the Global 

Atmospheric Research Program (GARP) planning. 

~ersistent cloudiness based on satellite ob-
servations (!g_6_9一197O)

by 

P. Downey, S. Lassman, and T. Vonder Haar 

13. Nimbus III MRIR data were combined with surface albedo and actino.

metric measurements to determine the temporal (15 day to year) and 

spantial (regional to global) distribution of atmospheric absorption 

of solar energy. In addition a statistical parameterization rela.ting 

atmospheric absorption to precipitable water, opaque cloud cover, and 

satellite measured albedo was developed. 

tion of solar radiation 
in the atmosEhere 

by 

P. Downey(M.S. thesis) 

14. Satellite measurements of the earth-atmosphere radiation budget com

ponents, comprising 36 monthly data sets, were used to compute the 

north ,. to .. south net radiation -gradient - t~e forcing function for the 

large scale atmospheric and oceanic circulation. These data, when 

compared to atmospheric circulation parameters, indicate that year --to 

year anomalies in the large scale atmospheric circulation lag the year 

to year anomalies in the gradient of net radiation by 3 to 6 months. 



Interannual variations in the earth's radiative ·bud2et and the 2en
eral circulation 

by 

J. Ellis, (M.S. Thesis) 

15. Invited paper presented to a joint session~of the Radiometry and 

Photometry and Atmospheric Optics Technical Groups, 1973 Meeting 

of the Optical Society of America, Denver, · colorado discussed the 

precision and accuracy required of radiometric measurements by sat

ellites at various t~e and space scales-particularily, the global 

climate ~hange and its measurement problems. 

Global heat balance 

by 

T. Yonder Haar 

16. Invited paper at the 1973 National Center for Atmospheric Research 

(NCAR) Summer Climate Meeting, Boulder, Colorado, a national collec

tion of scientists involved in climate research. The capability 

for measurements from satellites of the initial and boundary condi

tions for inclusion into global climate models was assessed. Sat

ellite measurements to date show that the short term climate (year 

to decade) is not stagnant. 

Satellite observations of the earth's ener~et 

by 

T. Vonder Haar 

17. In a paper presented at the Interdisciplinary Symposium on the study 

of Snow and Ice Resources, Monterey, California, December 1973, the 

data reduction technique applied to Nimbus III measurements for 

albedo and the need for additional surface measurements of bidirectional 

, I 



reflectance characteristics of ice and snow surfaces were discussed. 

~ Nimbus-3 
''" "''''',. satellite data. 

by 

T. Vonder Haar 

18. Invited paper at the Smithsonian Symposium on ~olar Radiation Mea

surement and Instrumentation, Rockville, Md., November 1973, in which 

results of measurements with different experiments of the solar energy 

reflected and scattered fr~m the earth-atmosphere were presented. The 

application of these measurements to several environmental problems 

was reviewed and new experiments designed to obtain future albedo 

measurements were noted. 

Measurement of the Planetary Albedo from Satellites 

by 

T. Vonder Haar 

19. NASA Technical Note D-7249, April 1973, discusses the complete radia

tion budget experiment using data from the MRIR on Nimbus 3, the ex

tensive data reduction method (including assumptions) and results for 

f our semi-monthly measurements periods (May 1-:15, 1969; July 16-31, 

1969; ·. October 3-17, 1969; and January 21 - February 3, 19i70). 

The radiation balance of the earth-atmosnhere svstem from Nimbus-3 
radiation measurements 

by 

E.. Raschke, T. Vonder Haar, M. Pasternak, and W. Bandeen 

20. Measurements of reflected solar radiation and emitted thermal radia

tion taken with the MRIR on N這bus-3 satellite are presented for the 

10 semi-monthly periods spanning April 1, 1969 to February 3, 1970. 

Results on the planetary albedo, the amount of absorbed solar radia

tion, the infrared radiation . loss to space, and the radiation balance 



of the earth-atmosphere system are discussed at vari_ous scales: glo

bal, hemispherical, and zonal averages as well annual polar and global 

maps. 

The annual radiation balance of the earth-atmosnhere svstem durin 
1969-70 from Nimbus 3 measurements. 

by 

E. Raschke, T. Yonder Haar, W. Bandeen, and M. Pasternak 



APPENDIX B 

Preprints of all publications of the reporting period except for NASA 

TN D-7249 for which the cover page and abstract only are ·enclosed. 
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The Annual Radiation Balance of the Earth-Atmosphere System,'During 
1969-70 from Nimbus 3 Measuren1ents ` rr' 

EHRHARD RASCHKE1 

Ruhr-UniversitlJ,t Bochum, Feder<J:l Republic of Germany 

THOMAS H. V ONDER H丛_Rl

Colorado State University, Fort Collins, Colo. 

WILLIAM R. BANDEEN AND MusA PASTERNAK 

Goddard$抨ce Flight C成ter, NASA, Greenbdt, Md. 
(Manuscript received t2 October 1972, in revised form 15 January 1973) 

ABSTRACT 

Measurements of reflected solar radiation and emitted thermal radiation taken with a radiom~ter on the ., 
meteorological satellite Nimbus 3 during 10 semi-monthly periods (April-15 August, 3-17 October, 1969; 
21 Janua在3 February, 197O) provided for the first timehigh-resoIution dataon the earth's annual global 
radiation ~udget. Results on the planetary albedo, the amount of absorbed solar radiation, the infrared 
radi訌tion loss to space, and the radiation balance of the earth-atmosphere system are discussed at various 
scales: global, hemispherical, and zonal averages; as well as global and polar maps with a spatial resolution of 
about synoptic scale (1()L103 km). · 

The incoming solar radiation (taking the most recent value of the solar constant So= 1.95 cal cm-2 min一1)
is balanced within the accuracy of the measurements and evaluation procedure by a global albedo of 28.4% 
and an infrared heat loss to space of 0.345 cal cm-1 min一1, which corresponds to a mean planetary effective 
radiation temperature of 255K. These results confirm those found from earlier satellite data, which showed 
that our planet is darker and radiatively warmer than previously assumed from estimates with climatic data. 
From zonal .averages of the radiation balance the required poleward transport of energy· was found to be 
larger over the Northern than over the Southern }Iemisphere during the 1969--,70 observational period. 

1. Introduction 

The radiation balance QN is the net radiant flux 
density at a fictitious horizontal element of area outside 
the atmosphere that is crossed by fluxes in incoming 
solar radiation and outgoing reflected solar and emitted 
thermal radiation. It is defined as 

QN=Ws－叭－Wa, (1) 

where at that area element 叭 is the irradiance of solar 
electromagnetic radiation, and 叭 and W B are radiant 
flux densities reflected and emitted from the earth to 
space. The planetary albedo is determined by the ratio 
WR/Ws. 

Solar electromagnetic radiation reaching the earth's 
atmosphere is the principal energy source for the 
atmospheric-surface system since the solar particle flux, 
electromagnetic radiation from other stars, and the 
heat flux from the earth's interior are some orders of 
magnitude weaker. Part of the solar electromagnetic 
radiation is reflected and scattered back to space, 
primarily from clouds and other · iower atmospheric 

1 These authors have made equal contributions to this paper. 

constituents, while the rest is absorbed and heats the 
atmosphere, land surfaces, and the oceans. Also, clouds, 
aerosols and gases in the lower atmosphere, and to some 
lesser extent at the earth's surface, emit infrared radia
tion to space. Therefore, these discussions of the radia .. 
tion balance of the earth-atmosphere system refer to the 
exchange of radiative energy hetween ~pace nnd the 
earth-atmosphere system, 血 the earth's surface and 
~e lower atmosphere up to about SO km altitude. 

The earth's radiation balance has been the subject of 
detailed scientific studies for many years, since its 
geographical dist_ribution (heat gain at the equator and 
heat loss over both poles) is the key mechanism that 
forces our atmospheric circulation; it also is of funda
mental importance to climate and weather. Detailed 
knowledge of it permits investigations of the poleward 
energy transport required t-0 maintain the observed 
state of the earth-atmosphere syst~m; estimates of the 
radiation budget at the surface and, thus, of the atmo
sphere and ,grounc;i (oceans) separately; verifications of 
the energy budget of modern numerical circulation 
models at their upper boundary; and determinations of 
local and ,global climatic trends. Some preliminary re-
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sults of such applications have already been reported in 
the literature (e.g., Fritz et al., 1964; Hanson et al., 1967; 
Holloway and Manabe, 1971). 

The acquisition of such detailea knowledge• will 
require, over periods of several years, precise and 
properly sampled measurements that are not available 
so far. The measurements of the meteorological satellite 
Nimbus 3, however, provide for the first time estimates 
of the annual radiation budget with a high spatial 
resolution over the entire globe. They were done in 

10 semi-monthly periods during all seasons during the 
period from 16 April 1969 through 3 February 1970 
with a stable and calibrated radiometer. 

The evaluition methods and their possible error 
sources were described in a previous paper by the same 
authors (Raschke et al., 1973). Some preliminary results 
from Nimbus 3 were presented by Raschke et al. (1971), 
Raschke and Yonder Ha_at (1971), Yonder Haar and 
Raschke (1972), and Yonder Haar et al. (1972) in earlier 
papers. The present pap~r provides the most extensive 
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TABLE 1. Global and hemispherical radiation budget (cal cm-11 min一1) of the earlh•atmosph~re 
system (N = north, S = south, G =globe). 

為,＇·. `· 
Solar radiation Albedd .閑,.., 」·' lrOuoan「dtigaot2ioinvng e ' Radiation 

Period ` Incoming Absorbed balance 

16-30 April 1969 N .586 .410 .300 .... ~ .349 +.061 
s .379 .277 ,: •.. .. .270 , •··:· .342 -.065 
G ,, .483 .344 一d,̀, ̂  r .288 , .34 · 一．002

1一15 May 1969 N .618 .431 '̀  .302 • • . , I .351 十．080
s .334 .244 .269 t. ̀  .343 -.099 
G .476 .337 」酆＇.. .291 ., .347,̀ -.009 

• '̀· 
16-31 May 1969 N .641 .440 '` ~' .314 今,｀• .355 +.085 

s .310 .228 .264 .346 一．118
G .476 .334 . .298 .3:50 一．016

｀嶋

1 一15 June 1969 N .656 .454 .308 ,• .359 ,, +.095 
s .290 .213 .267 l 

靠＇
一．130

G .473 .333 .296 一．018

16-30 June 19.69 N .659 .462 .299 .362 ， 十．100
s .283 鏢 .271 .342 一．01316 G .471 .291 · .352 一． 8

``; 

1一15 July 1969 N .652 .459 .296 .365 十．094
s .291 ,213 .267 盡 一．131
G .471 .336 .286 一．018

16-31 July 1969 N .633 .449 .290 ' .363 +.086 
s .311 .230 .261 ., .345 一． 115
G .472 .339 .281 .354 一．019

1一15 Aug. 1969 N .609 .434 , .287 .365 ． 十．069
s .340 .248 .271 .341 一．093
G .474 .341 .280 .353 一．012

3-17 Oct. 1969 N .443 .323 .270 .351 一．028
s .541 .384 .291 .344 ++..0040 06 G .492 .353 .282 .348 

21 1J9a7n0 .-3 Feb. N .343 .249 .273 .332 一．083
s .663 .473 .287 .342 十+．.013231 G .501 .359 .283 , .337 

Annual* N .483 .344 .287 .346 一．002
s .492 .354 .280 .344 十十 . 0 10 
G .488 .349 .284 .345 .004 

"'Estimated. 

discussion of annual results obtained so far from the their accuracy due lo the insufficiently available ob
Nimbus 3 measurements. · servational material and the various oversimplifying 

assumptions in their radiative transfer models. Since 
2. Previous studies of the radiation budget both the data base and radiation computation technique 

Many authors ~ased their studies of the radiation have shown steady improvement, the London and 

budget on climatological data and relatively simple. . Sasamori calculations are state of the art. Nevertheless, 

radiative transfer models (Dines, 1917 ; Simpson, 1929; it is now possible to measure the earth's radiation 
Baur and Phillipps, 1934, 1937; Houghton, 1954, budget better than it can be calculated. 
London, 1957; Gabites, 1959; Budyko, 1963; Gavrilova, , Danjon's observations, since they were done mostly 
1963; Vinnikov, 1965; Fletcher, 1965; Katayama, 1967; from the territory of France, did not allow a proper 
London, and Sasamori, 1971; Kondratiev and sampling over all sunlit portions of the earth as visible 
Dyachenko, 1971) or of the albedo alone (Fritz, 1949) . from the moon during a period of several years. It was 
Danjon (1936) derived from a large variety of measure- recognized many ycars ago that direct observations 

men ts of the earthshine on the moon a value for the from satellites, if properly i;amplcd (G()dson, 11).i8; 

planetary albedo which has been reevaluated later from House, 1962) coul<l overcome this problem (e.g., 

th;---~~;,;:e measurements by several authors (e.g., Suomi, 19~8). _-
Penndorf, 1937; Angstrom, 1962). All of the· theoretical · Weinstein and Suomi (1961) discussed the ·first 
studies, although done· wi_th care, were hampered -i~ measurements obtained with omnidirectional sensors 

• j 
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from Explorer 7 in. 1959. 0、ther measurements with the 
afore-mentioned techniques and with flat-plate sensors 
were described in the following years by several authors 
(House, 1965; Vonder Haar, 1968; Vonder Haar and 
Suomi, 1971; McDonald, 1970). They provided only 
very low spatial resolution due to their observing 
geometry. Results on the annual and seasonal radiation 
budget have been obtained with proper assembling of 
this large variety of data by Vonder Haar (1968) and 
Vonder Haar and Suomi (1969, 1971). "They showed 
that the earth has a warmer effective radiation tempera
ture and is darker than previously assumed from 
theoretical studies and earthshine measurements. This 
was especially true in the tropics. Holloway and Mana be 
(1971) compared the radiation budget of their simula
tion model at its upper boundary with these earlier 
results and found good agreement considering the 
radiation parameterization employed within the model. 

Other satellite measurements of the radiance in nar
row fields of view allowed a much higher spatial resolu
tion of the earth's radiation field ("'200 km X 200 km).. 
Results were discussed in various papers by Bandeen 
et al. (1965), Rasool and Prabhakara (1966), Winston 
and Taylor (1967), Boldyrev and Vetlov (1970), 
Raschke and Pasternak (1968), Raschke et al.' (1968) 
and Raschke and Bandeen (1970). These latter two and 
other subsequent papers reported detailed studies of the 
radiation budget obtained with a calibrated scanning 
radiometer over a period of 2½ months in the. middle of 
1966. This instrument was onboard the satellite Nimbus 
2. Global averages of the albedo and the outgoing long
wave radiation derived from those measurement& were 
similar to those reported by Vonder Haar (1968) from 
the other satellite measurements with hemispherical 
radiometers (e.g., the lower albedo in the tropics) and 
balanced within the probable accuracy of evaluation the 
incoming solar radiation. Similar measurements are now 
available during all seasons of one annual cycle from 
Nimbus 3. Their nature and evaluation are discussed in 
the two following sections of this paper. 

The available satellite observations at present do not 
allow observation of climatic trends that might have 
occurred over various parts of the globe during the last 
decade, since they were done with various instruqiental 
designs and primarily from only one satellite during a 
specific time period. 

3. Nimbus 3 measurements 

The satellite Nimbus 3 was launched on 14 April 1969, 
into a sun-synchronous circular polar orbit where it 
passed the equator northbound at about 1130 and 
southbound at 2330 local time at a mean orbital height 
of 11()()km. 

These orbital parameters enabled the cross-track 
scannin~, five-channel radiometer (McCulloch, 1969) 
to measure retlected solar radiation once and emitted 
thermal radiation at least twice a day over most areas 
of the earth. They did not, h owever, allow observations 

of a primary factor in the total outgoing radiation, viz. 
the diurnal var~ations of cloudiness over low-latitude 
regions.. This . radiometer provided continuous data 
during the fo\lr-month period between 16 April and 
15 Augt1$t, 1969. Malfunction of one of the tape 
recorders and ·the data flow from other experiments 
on board Nimbus 3 allowed continuous recordings during 
only two additional, nearly semi-monthly periods, which 
were selected specifically to sample an entire annual ' 
cycle (3-17 October 1969 and 21 January-3 February, 
1970). 

One channel of this radiometer was sensitive, but not 
with an ideal filter curve, in the spectral interval be
tween 0.2 and. 4.8 µm, which covers completely the 
spectrum of solar radiation reflected and scattered from 
the earth back to space. The consistency of its measure
ments had been checked carefully with reflectance 
measurements over various cloud-free parts over the 
Libyan desert where no instrumental deterioration 
could be detected d1,1ring the entire period of 
observation. 

The accuracy of the other four channels sensitive in 
separate narrow bands in the infrared (6.3-µm band 
sensing upper tropospheric water vapor; surface radia
tion between 10-12 µrn; 15-µm b3:nd of carbon dioxide; 
and emission of lower tropospheric water vapor and 
clouds between 20 and 23 µm) was checked continuously 
with onboard calibration systems. The experiment data 
had very high relative accuracy and no observable bias 
error. Random errors of measurements of about 1% 
were expected due to digitization errors. Absolute 
accuracy of the results was affected both by sensor 
detectivity and techniques of data processing described 
in the next sections. 

Over most areas of the earth, measurements of the 
upward radiation were made daily from Nimbus 3. 
Small gaps occurred, in particular during the period 
21 January-3 February, 1970, ·over North America and 
the adjacent Pacific Ocean (daytime measurements) 
and over the Atlantic Ocean along the western coastal 
areas of Europe and Africa. 

4. Evaluation method 

a. General outl讠nes

Due to the orbital parameters and the narrow field of 
view of the instrument the primary purpose of the 
evaluation methods was to compute daily averages of 
the radiant flux densities of reflected solar and en1itted 
thermal radiation from respective single measurements 
of the radiance over each area. 

Daily averages of the radiant flux densities of re
flected solar and emitted thermal radiation from each 
global area element were then computed from the 
measured "filtered" ~adiances by: 1) computation of 
the total radiance from the "filtered" measurements, 
2) correction for dependence on zenith and azimuthal 
angle, 3) computation of the radiant densities at the 

1 
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time of observation, and, 4) computation of the daily 
average over each area. 

The results were assembled in Mercator maps with 
a mean spatial resolution of about 500 kmXSOO km in 
near-equatorial regions and in polar-stereographic maps 
with a spatial resolution of about 250 kmX250 km per 
grid area. 

This evaluation procedure was based on several 
generalized models which will be described briefly in 
the next two sections. They were essentially the same 
as applied previously to Nimbus 2 data (Raschke and 
Bandeen, 1970), although the newer reflectance models 
were slightly different. To avoid obstruction by clouds, 
all those measurements which were obtained at nadir 
angles >45° were omitted. Further, measurements of 
reflected solar radiation that were obtained over areas 
illuminated by a very low sun (solar zenith angle larger 
than 80°) were also omitted. The radiation balance 
「esuhs were grouped into semimonthly periods to 
average 9Yer variations of the radiation fields due to 
travel1ing disturbances. 

b. Outgoing shortwave radiation 

To rnmpute the total (0.3-4.0 µm) flux density from 
the measured "filtered" radiance, N 1, it is assumed that 

the bidirectional reflectance p computed by use of (2) 
equals that of the total solar spectrum (Raschke et al., 
1973): 

叻(X,¢,t;0,V,t)
[sr一1]，

S / L cost('A,</>,t) 

where t is the sun's zenith angle at the moment of 
measurement on day t of the year, and S / is the extra
terrestrial "filtered" solar radiation obtained by weight
ing of Labs and Neckel's (1968) spectral irradiance 
data which were adjusted to a value of the solar con-
stant of So= 1.95 cal cm一2 min一1 (Drummond, 1970; 
Thekaekara, 1970) with the spectral response of the 
radiometer; L accounts for the deviation of the true 
earth-sun distance from one astronomical unit; fJ and 屮
are the zenith and azimuthal angle of measurement 
with respect to the principle plane, and the sun's 1,enith 
angle, respectively; while'A anrl <I> arc geographical 
longitude and latitude of an observed area. 

The directional reflectance r, i.e., the ratio bet.ween 
the radiant flux density of reflected radiation and the 
irradiance of solar radiation, has been determined with 
corrections for anisotropic reflection properties of the 
earth-atmosphere system. Since, over most areas, the 
cross-track scan of the instrument and the satellite _ 

p（入，¢,t; 硏，「） (2) 
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F1c. -!. Time-latitude diJgram of the rndiant emittance ni long,rn \'e radiation cmitll'd to gpace. 
Dashed poniuns of isoplet hs ''"ere f()~ tnd hy intcrp,,la tion 

orl>it did not allow measurements of p oYer each a rea 
at \'arious angles 0 and,/;, only gross-tmpiri cal model 、
could be ustd to relate,o tor. These model s were dnin·d 
from published airplane. balloon and satellite rn t.:asure
ments of reflected solar radiation. Xine m odel s " ·ere 
clc ,·clop<:d for three different ranges of the sun's zenith 
angle (0--35° . 35- 60°. 60- 80°) and three types of ob-
erved surfaces reprtsenling high-latitude ire and snow 

fields (latitude>65° and 1rp>S四） ， cloud - free ocean 
areas (1rp< 10% ) and effective blackborly temperatu re 
T i > 273 K. fo r concu rrent measurement s in th e 10- 12 µm 
channel ) . and all other land and cloudy areas. The 
values in parentheses specify the conditions used to 
objectively assign each single sateJJitc> measurement to 
a specific model category. 

The integration over the enlire daylight period made 
use of three other models which account for the change 
of the direct ional reflectance r wilh the sun 's zenith 
angle 「,for different surface types. They were also 
obtained from observational material (see Raschke 
et al., 1973). These relations are shov:.ll in Fig. 1, where 
for comparison the one used for the evaluation of 
Kimbus 2 data (Raschke and Bandeen, 19i0) is also 
drawn. All show an increase of r (r) with increasing 「,
which is largest over cloud-free oceans (low _albedo of 

th c su riacc) an d 、mal吣t <J\'L'f sn ,,w a nd ice liel cls. This 
latter \.、 urn: h a s 加n obtamul f rom 旦ound obscrvation 
pub! i shcd 趴 l,un drati t.• \· (1<)(/)). R ecen t ground 
obscrva ti on` °̀  rr smm a ！ 問（（） m alti tud e reported b: 
K orff and Vondcr Haar ( l 9 7 2 ) 、 h u \\· a similar small 
incrcasc of 由 C (ii r國 t ;unal n ·1ln·tancc of snow with 
in crcasi n 2 t. T h c n la t ivc i n c rca、c of , [ r mn 1 to 4 for 
the OC E. \:\' model ] 丶 'W a 丶 i rn i lar maf_[nit ude to that 
obtained by t ht<m:t i,·al (a lcula ti ons ui the radiation 
transfer in an at mo:-;phcff-orea n sys tem within the 
wavelcngt h intc rval bct wccn (l.325 O.95 µm (Raschke, 
1972) 

:omparisc,ns of a lbedo Yalues computed with tht 
CLOl.D-L-\:\D model, (u~cd in all non- snow and non
ocean cases)_ and the);irnbus 2 model resulted in values 
b\· the lat tcr which,n:re hi gher by a fact or of about 
(1 than the former. Thus, it should be expected that 
the gl obal albedo o1Jta.ined from ;(imbus 3 data by use 
of these tbrce modrls would be somewhat smaller than 
the Ximbus 2,:·alue. The simple assump tion of a dif
f usely re11ccling earth-atmosphere syslrm, used by 
Bandecn et al. (1965) a nd Rasool and Prabhakara 
(1966) , caused the albedo to be too low at almost all 
latitudes. Since reflectance models must be used to 
evaluate radiance measurements· from satellites for 
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radiation budget studies, the uncertainty they introduce 
into resulting albedo values must be considered. Based 
on information available today, the models used in our 
Nimbus 3 work are thought not to enlarge the overall 
experimental uncertainty of±5%. 

c. Outgoing long'lvave r邲iation

The total radiance (4.0- 200.0 µm) has been computed 
from concurrent radiance measurements of all four 
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data and other satellite measurements(Vonder Ha.ar and Suomi, 
1971) and from climatological analyses by London (1957). 

infrared channels using a multiple least-square regres
sion formula that was derived from calculations of the 
radiation transfer in 160 atmospheric models repre
senting eight climatological regimes (moist and dry 
atmospheres and different cloud situations). These 
computations were made with a program developed by 
Kunde (1965) and checked with one written by Wark 
et al. (1964). 

Corrections for the dependence on the zenilh angle 
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NIMBUS 3 1969 -

FIG. 8. Annual albedo of the earth-atmosphere system. 

of measurements, 0, and the computation of the out
going radiant emittance, WE, were performed with a 
"limb-darkening" function derived statistically from 
samples of Nimbus 2 radiance observations in the 
spectral interval from 5-30 µm obtained over various 
areas of the earth. A more accurate approach would 
have been possible if a differentiation between measure
ments over cloud-free and cloud-covered areas could 
have been made. 

The daily infrared averages were computed with the 
assumption that the values of the racliant flux density 
obtained from daytime (nighttime) measurements were 
representative for the whole daylight (nighttime) period 
over a grid area. These values were weighted according 
to the fraction of day and nighttime period of a day to 
account for any diurnal variation (as expressed by 
differences between the day and night values of the 
outgoing longwave radiation, measured near local noon 
and midnight) is remarkably large (> +0.03 cal cm一2
min一1) over most continental areas at middle and lower 
latitudes, but very small(～土0.015 cal cm一2 min一l)

ov:r . most ocean areas (e.g., Raschke and Bandeen, 
1970). 

In the discussion of this evaluation procedure it must 
be kept in mind that the orbital characteristics of 
Nimbus 3 did not allow complete observations of 
diurnal variations of radiation due lo both cloudiness 
and surface temperature changes. Such observations 
will be possible over limited regions with measurements 
from future geosynchronous metebrological satellites. 
However, a complete global coverage will require a 
system of several satellites in properly chosen orbits 
around lhe earth. 

5. Results 

a. Global and hemispheric budget 

Values of global and hemispheric averages of the in
coming and absorbed solar radiation, the albedo, the 
outgoing longwave radiation, and the radiation balance 
obtained from the measurements of all 10 semi-monthly 
periods are . summarized in Table 1. The estimated 
annual averages for the entire earth and two hemi
spheres are listed at the bottom of this table. They were 
computed by interpolation from graphs of all semi
monthly averages, where the values of the incoming 
solar radiation were directly computed for missing 
periods. All numbers in Table 1 are written with an 
equivalent accuracy of 1- 2%, although an overall 
experiment accuracy of about 士5% (Raschke et al., 
1973) should be expected from the type of evaluation. 
They allow, even considered with less accuracy, studies 
of some interesting features of the seasonal variations 
of the earth's radiation budget, provided that those 
observable variations were not caused by variations in 
the instrumental detectivity, which could not be 
checked otherwise. Annual cycles have an amplitude not 
much larger than the assumed accuracy of 5% , but 
similar trends have been found from Nimbus 2 measure
ments (Raschke and Bandeen, 1970) and from the 
earlier satellite dala (Vonder Haar, 1968, 19i2). 

In the annual average the absorbed solar radiation of 
0.349 cal cm一2 min一1 (which is 71.6% of the incident 
radiation) is almost completely balanced (Q.v = 0.C04 
cal cm一2 min一 1) by a global thermal radiation of 
0.345 cal cm一2 min一1. The difference should li? cr_1n
sidered more as an error residual than as an act叫垣t
gain during the I.)eriod of measurement. \Vith the su.me 
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NIMBUS 3 1969 RADIATION 

FIG, 11. Global map of the solar radiation absorbed annually in the ea.「th-atmosphere system. 

emission and insolation a global planetary albedo of 
29.2% would enable complete balance. In their magni
tude these values confirm results found previously by 
Vonder Haar and Suomi (1971) from measurements 
obtained from several hemispherical and flatplate 
radiometers on satellites during a period of more than 
five years. All pre-satellite investigations based on 
climatological data had estimated a lower global 
emission corresponding to 広：：：：：： 250K and a higher 
global albedo of more than 33%. 

In their most recent calculations, London and 
Sasamori (1971) us·ing the climatological data used 
earlier by London (1957) but with more recent absorp
tion models, obtained a mean albedo of 29% over the 
Northern Hemisphere, in good agreement with the 
results from satellites. They obtained, however, a mean 
albedo of 33% over the ~outhern Hemisphere, a value 
markedly higher than either that from Nimbus 3 or 
that measured from other satellites. Recent calculations 
by Sasamori et al. (1971) resulted in an even higher 
albedo of 35% for the Southern Hemisphere. 

In an objective discussion of the Nimbus 3 resulls in 
Table 1, the incompleteness of the data set and possible 
biasing errors in the evaluation methods preclude firm 
rondusiuns based on small di!Tercnres between large 
munbl·r~. However, averages of albedo measurements 
`｀｀、r l、、th h1:.'mi~pheres show a seasonal variation which 
``U l、c Jttributed: 1) tc, the well-known changes of 
the :--11rian'3lbedo due to changes in the ice and snow 
cover. and 1) the seasonal change of the sunlit portion 
of the t•arth. Explanation of observable variations of 
the global albedo are hampered by the large data gaps 

between those observed periods. However, our observa
tions do not support those of Danjon who found a 
maximum global albedo in October. The Northern 
Hemisphere was warmer during its summer than the 
Southern Hemisphere, which shows almost no seasonal 
variation in infrared emission. 

A seasonal variation can be observed in the radiation 
balance of the globe with a small deficit in the period 
May-August and an energy gain in October and 
January. One might attribute this variation to the 
ellipticity of the earth's orbit, which causes a seasonal 
change of the sun's input by about 7% ("'0.030 cal 
cm一2 min一1) from June to January. This variation of 
the balance seems to be even slightly ampl洹ed by the 
seasonal variation of the mean planetary effective 
radiation temperature. 

Since these measurements from Nimbus 3 required 
many assumptions in their evaluation and may contain 
sampling errors, the results in Table 1 and their discus
sion here must retain a preliminary character. More 
definite and detailed studies of the annual and seasonal 
variations of the earth's radiation balance an<l of 
possible exchange mechanisms between both hemi
spheres as might be observed in these data require 
continuous and precise global satellite observations of 
incoming and outgoing radiation over a period covering 
several annual cycles. 

b. Zonal, radiation budget 

Changing from the planetary scale to a 1,omd scale 
one can clearly observe the annual variation and 



··~- · · 
- ··-· - - '· 一－－ 4 - 一~
5.. 

352 JOURNAL OF THE ATMOSPHERIC SCIENCES VoLUME 3O 

.a5qds!W;;iH 

maqi5X 

atp.IaAoEa1sA:s 

a.1;:iqdsoE1e,lflll?;;J 

aql 

U! 

paq.18q1? 

UO!ll?!Pl?.I.Il?{0s 

·n 
· ~r.!{ 

[,,; [''` t t b : C t i l 
,. ．'~。-. ol , 

, 
, 

\ 

」 :

t 

t 

; 

t 

; 

; 

; 

, 
; 

; 

' e 

； 二二二'/̀  
. 

\ :\＼、\y
/ \ .,,r.,A. ,· It 

, \ Z ' \ /. 



APRIL 1973 RASCHKE ET AL. 353 

' , ' • ·` ' , .' ' 
;̀

I' 
.'.̀ , o

^
U
，
國U
t
,
·
N
Y
r
a
'
6
9
6
l
'
L
`
3
^

＿

,- 

,,_, 

,̀'l
4 

g;:)qdS!fil;:)HE;:)1pnos 

;:)ql 

J
;
:
)
/
\
0

日

a
1
s
A
s
g
a
q
d
s
0

日

1
d
'
q
p
R
;
:
)
l
{
l

U! 

P;}({Jgq-e 

UO!ll?!P'Bl 

ll?[0s 

·n·OIA 

` ` ` ' 



354 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 30 

NIMBUS 3 1969 OUTGOING THERMAL RADIATION 
(cal cm-2 min- 1) 

FIG. 14. Global map of longwave radiation emitted annually to space. 

latitudinal distribution of the absorbed radiative energy 
available for circulation processes (Fig. 2), the albedo 
(Fig. 3), the outgoing longwave radiation (Fig. 4) and 
the radiation balance (Fig. 5) as demonstrated in time
latitude diagrams. Annual zonal averages of the albedo 
and the outgoing longwave radiation are compared with 
results of other investigations in Fig. 6. They were com
puted only from measurements during four 1970 semi
monthly periods (1- 15 May, 16-30 July, 3- 17 October 
1969, 21 January- 3 February). These measurements 
were assumed to be representative for these entire 
respective seasons. 

In tropical and subtropical latitudes of both hemi
spheres the albedo and the outgoing longwave radiation 
change their magnitude due to the annual movement of 
the l TCZ and the Asian monsoon cloudiness. Over the 
northern mid-latitudes the albedo decreases rapidly 
from winter to summer due to melting of snow over 
large areas, and the continents warm up considerably. 
However, over the Southern Hemisphere only small 
variations can be observed at some latitudes, where 
oceans almost exclusively cover the earth's surface. The 
scarcity of observations during the period October
March docs not allow more detailed studies of variations 
of the(.'. '.\tent of antarctic icefields and of associated 
allwdo yariation~. 

Th,· alhl'dl, \lf the nurthcrn and the southern polar 
n·``IlIs do`、s noI ````̀ l valucs of 72%, whilefrom 
Nimbus 2,````surcmcnts during the period15 May-
2~ July, 1（泠o, l·onsiste.nt ly higher values bad been 
found in the north (Raschke and Bandeen, 1970). This 
difference is due to the use of different evaluation models 

to account for the change of the directional reflectance 
with the sun's zenith angle (see Fig. 1). Albedo values 
calculated from measurements over Greenland and 
adjacent areas using the Nimbus 2 relation are about 
1.12 times higher than those calculated with the model 
SNOW applied in the present study to all Nimbus 3 
measurements. 

For comparison of these results with surface measure
ments of albedo, it should be kept in mind that these 
results show the albedo of the earth-atmosphere system 
averaged over the entire spectral interval between 
0.2 and 4.0 µm. Usually the albedo values obtained 
from ground observations · are somewhat higher than 
those of the earth-atmosphere system, since at the 
ground for the most part, only radiation of the spectral 
range between 0.3 and about 1.5 µm will be observed, 
and where most surfaces will have a higher albedo than 
the atmosphere for the radiation of longer wavelengths 
which is strongly absorbed by atmospheric gases. 
Therefore, Nimbus 3 albedo values of only 50-70% over 
snow-covered regions at both poles do not contradict 
those of the snow and ice surface itself, which were 
measured to be about 75- 80% (Kasten, 1963; Hoinkes, 
1958; Kuhn, 197!2). 

The variations of the albedo over the central part of 
the Arctic can be attributed to the me! ting of the snow 
and formations of fractures in the ice and water cr>Vtr 
on the ice. Such structural variations <lo n(J1. occur uvcr 
油tarctica and Greenland highlands. Thus, the change8 
of the albedo over the Antarctic observable from Octo-

1M. Kuhn, pri , private communication. 
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NIMBUS 3 RADIATION · BALANCE 
(cal cm-2 min..: 1) 

FIG. 17. Annual radiation balance of the earth-atmosphere system. 

, 

. 

her to January might be caused to some extent by im
proper corrections· of the dependence of the Antarctic 
albedo on the angle of insolation. 

The seasonal change of the radiation balance (Fig. 5) 
is dominated by seasonal variations of the insolation 
and demonstrated with the curve showing the sun's 
declination. Areas of major gain of radiative energy in 
each corresponding season are the subtropical belts, 
while a major deficit is found poleward of about 60° 
latitude. Over the Southern Hemisphere a reversal of 
the gradient of the radiation balance is caused by very 
low emission from the cold and high plateaus of the 
Antarctic continent during wint嶋er 1970. 

The comparison of annual zonal .averages of the 
albedo and the outgoing longwave radiation obtained 
from Nimbus 3 data with those from other satellite 
observations (Yonder Haar and Suomi, 1971) and from 
calculations with climatological data (Fig. 5.5) shows 
clc、irly that in the earl:丶 calculations (London, 1957) 
thc ck 、\i-\ine:-.:- aml 'or it~ effert8 on the tr,ansfer of short-
｀｀、劻、＼ k｀｀`t``、 t``I.\i`｀沁n has hmn ovewstimated. 
\、a ] 1 1̀  ̀ i,` \ \ 、 .m \own \am``````` t`hcr 血 t、a rt h
a tmo、ph(`｀、 ｀｀cm 庫orbs apprmimtcly ¥% more 
r:uha t ion tlun prcviou雨 a8sumrd . The Nimbus 3 data 
「\、、ul tt'd in a mud, higher radia Lion deficit over the 
`＂、心r \han 凸\'f tlw antarctic primarily due to higher 
`````` anm叫沭l'l'll\'\'radiative temperature over the 

iO\ ̀ ``` .̀ i\R``. 
「ht't'\,1u: 1"\'\i latitudinal transport of energy (Fig. i) `̀  ̀、U Cilcult\mi irom the measurements by dis

: ``.``̀  `` ` `、 gk、b.tl net gain of O.l)l14 cal CII召 min一1

(Table 1) equally by area over the entire globe to obtain 
balance: This implies the assumption that no energy 
had been stored in the system during the measurement 
period' 1969....:.70. Results show a northward cross
equatorial transport of about 1.1 1022 . cal year一1 and a 
much higher required transport at 30-40° latitude than 
at the same soutµern latitudinaf belt. Results derived 
from earlier satellite measurements and from computa
tions show energy transport requirements which are 
nearly symmetrical to the equator with almost no 
transport through the equator. These latter results were 
obtained from averages of measurements and other 
observations over many years and may much better 
represent, therefore, the mean behavior of the energy 
transport in the earth-atmosphere system, whereas the 
Nimbus 3 data pertain only to four 15-day periods of 
one specific year. In addition, the cross-equatorial 
transports inferred from all satellite data are very close 
to the error level resulting from 5% mcasu 「ement
accuracy. Therefore, it cannot be concludccl, yet, from 
these 1neasurements whether a northward atrn<):--phcric 
tnnsport of 0.-! 1 「,'cal year一1, a.'\. foun,l r,-,,:n tly l,y 

ort (1971) , is requ~red t0 b<: ac,(.(JmJJan:(;d 1,y a himul
taneous transport in the oceans in the same dircctimi. 
On the other hand, several authors (e.g., FJ,,lm, 1967) 
e:\-plained the asymmetrical circulation patte;rn!i over 
both hemispheres on the basis of difforcnt rn<liat1<,11 
budgets. Although Vonder Haar and Suomi 0971) di<l 
not observe different hemispheric radlation budget!; in 
the mean, satellite observations over several years will 
enable observations of interannual variations of the 
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NIMBUS 3 RELATIVE DISPERSION 
OF ALBEDO ( p~rccint) 

Fro. 20. Relative dispersion of the annual albedo of the earth-atmosphere system. 

transport requirements implied by the comparisons 
of Fig. 7. 

c. Geographical distributions 

For the calculation of global distributions of all 
annual averages of radiation budget parameters, again 
only results of absorbed solar radiation and the out
going longwave radiation derived from measurements 
of only four 1970 semi-monthly periods (1-15 May, 
16-30 July, 3- 17 October 1969, 21 January- 3 February) 
were used. These measurements were assumed to be 
representative for their entire respective seasons. The 
sun's irradiance at the top of the atmosphere was ob
tained independently from geometrical considerations. 

Results are shown here in global Aitoff projections 
with a spatial resolution of about 500 kmX500 km for 
each grid point in low-latitude regions and for a better 
resolution of the patterns over polar regions (250 km 
X250 km) i in true polar-stereographic projections 
covering each pole (Figs. 8-19). 

Th<'patterns in the albedo map (Fig. 8) clearly reveal 
the b.nd-sca distribution and the general circulation as 
it is n'pre~cntcd by the mean cloud patterns over both 
hemi~phl'res. The small continents alone would cause a 
more 7.onal pat tern over the Southern than over the 
Northern Hemisphere. The high reaching convective 
clouds associated with the ITCZ and partly with the 
Asian monsoon appear as a belt of relatively high 
albedos of more than 25- 30%, and low emission of less 
than 0.33 ral cm一2 min一1 (Fig. 14). Low persistent 
st rat us dou<ls along the western coastal areas of North 
and Suutlr America and Africa do not appear in the 

._ - - - 

map of outgoing longwave radiation, but appear with 
albedo between 25 and 35% (see Vonder Haar, 1970). 
The albedo of both polar regions (Figs. 9 and 10) is 
considerably higher than 50%. The patterns are closely 
associated with permanent and dense ice fields. Regions 
of major absorption of solar radiative energy (Figs. 11 
and 12) are the oceanic areas in the subtropics of both 
hemispheres. They are also the areas of the major gain 
of radiative energy (Figs. 17 and 19) of more than 
0.06 cal cm一2 min一1, while the African and Arabian 
deserts at the same latitude have a radiative deficit of 
more than 0.03 cal cm一2 min一1. Especially in contrast 
to regions to the east and west, such deficit areas in the 
tropics stimulate thoughts of large-scale east-west 
circulations. The Saharan deficit might be energetically 
balanced by subsidence warming associated with a 
direct circulation having an ascending branch over the 
summer monsoon area. Both polar regions, poleward of 
about 45° latitude, are in the annual avcrag1• defiril 
areas with a surprisingly smaller ddi, it (d111· I" lnw 
emission; see Figs. 14 and 16) over th t South l'oll'. 

Additional Nimbus 3 radiation budget n ·、 ul ts (for 
the four seasonal periods) are presented in map form 
by Raschke et al. (1973) 

d. Temporal variability of the radiation balance 

The temporal variability of the albedo over each grid 
field can be demonstrated in a map of th(; relative 
dispersion, as shown in Fig. 20, which is the ratio of 
standard deviation to the mean value. This map was 
computed from the daily averages of the albedo in each 
grid field obtained from measurements during the same 
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four semi-monthly periods. The values include all 
temporal scales of variations between the annual cycle 
and day-to-day changes of temperature, cloud cover 
and height, and surface albedo. The partition of each 
of these components can be considered on an annual 
basis only with a more complete data set (Yonder Haar, 
1972.) , whilethe variability on a monthly basis has been 
considered elsewhere (Raschke and Bandeen, 1970). 

Patterns in this map reveal some of the changes due 
to traveling disturbances. Over the oceans very large 
relative dispersion of the albedo is due to the contrast 
in the albedo between clouds and the open sea. 

In the map high values of the relative dispersion can 
be attributed lo the varying cloud cover at the equator 
and to areas of preferred dynamical and convective 
activity over both hemispheres. Reial ively low <lisper
sions urc found over the subtropics anu over both polar 
region~..'\!so, those areas known to be covered with 
pcrsigtl·nt but low stratus dcd.;.s appear in these maps 
with small values of th~ rclat ivc dispersion. Such fea
tures have been discussed already in a preliminary 
study (Raschke and Vonder Haar, 1971). 

e. D函ations from zonal means 

Longitudinal variations of the radiation fields are 
heavily overshadowed by the equator-to-pole gradients 
in all maps of the annual radiation budget, especially of 
those quantities containing as one component.the in
coming solar radiation. The removal of this gradient, 
simply done by subtraction of the zonal average from 
each grid value, then clearly reveals the departures from 

a zonal structure, which are due to surface · properties 
and cloud field~ and may .cause . an additional (and 
comparatively weaker) longitudinal forcing of our 
atmosphere's circulation. 

In the map of the outgoing longwa_ve radiation 
(Fig. 21), the negative areas are those with com
paratively large and high cloudiness. These are the 
major cyclonic tracks over the Southern Hemisphere, 
the monsoon cloudiness over the Indian Ocean and over 
Southeast Asia, and convective cloudiness over most 
tropical continental areas and the Malayan Archipelago. 
Apparently, Northern Hemisphere storms have a less 
persistent zonal component. The high-reaching ice 
fields of Greenland and the Antarctic continent are also 
considerably cooler than their surrounding areas. 

Almost all continental areas and also the afore
mentioned fields of permanent cloudiness were found to 
have lesser surplus or higher deficit of radiative energy 
than adjacent ocean areas (Fig. 22) which is primarily 
due to their higher surface albedo. The highest relative 
deficits of more than 0.09 cal cm一2 min一1 were found 
over South America and the North African and Arabian 
deserts. 

f. Minimum albedo 

Estimates of the albedo of the ground and also loca
tions of persistent cloud fields and of ice and snow cover 
can be made when traveling or otherwise changing 
cloud fields are removed by displaying only the lowest 
albedo value in each grid field. This approach is based 
on the simple assumption that the albedo of the earth-
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FIG. 21. Deviation of the outgoing longwave radiation from zonal average. 
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NIMBUS 3 1969 RADIATION BALANCE -
DEVIATION FROM ZONAL 
AVERAGE (cal cm-2 m in-1) 

FIG. 22. Deviation of the radiation balance from zonal average. 

atmosphere system is higher over each area in the albedo of continental areas, after the atmospheric inter
presence of clouds than for a cloud-free atmosphere. ference has been removed properly. Note also the afore
Further, the instrumental noise should have been mentioned areas of persistent cloud cover and that 
removed considerably by averaging of a sufficiently other regions over equatorial areas with apparently no 
large number of single observations within each grid cloud-free days can· be located. Most ocean areas be
field. Made on an annual basis, as shown in Fig. 23, tween SON and SOS were found with minimum albedos 
th ese maps will allow estimates of the effective surface < 10%, but not smaller than 4%. At higher latitudes % 

NIMBUS 3 1969 - 1970 一－ MINIMlJ.1 - ALBEDO (percent) 

· FIG. 23. Minimum albedo. 
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the cyclonic activity prevents observations of com
pletely cloud-free areas in this scale. Minimum albedos 
>40% belong to ice fields at their observed smallest 
extent during July over the arctic and during January 
over the antarctic, respectively. 

6. Summary and conclusions 

This paper has discussed results of measurements of 
the 1969--70 annual radiation budget of the earth
atmosphere system and its components. The data were 
obtained from a temporally incomplete but relatively 
accurate set of radiation measurements from the 
meteorological satellite Nimbus 3 during 1969-70. They 
are presented on global, hemispherical, zonal and high 
resolution scales. 

Despite the errors introduced primarily by the 
cvaluat ion method and assumptions, and by the in
completeness of the data set, these results provide a 
basis for checks of the local and global annual energy 
budget of numerical circulation mqdels. The magnitudes 
of the global annual albedo of 28.4% and of the out
going longwave radiation, which corresponds to an 
effective radiation temperature of about 255K, con
firms previous results from satellite data of a darker 
and radiatively warmer planet Earth than was believed 
earlier on the basis of calculations using climatological 
data. These values nearly balance on a global scale the 
incident solar radiation computed for a solar constant 
of 1.95 cal cm一2 min一1. The required poleward energy 
transport obtained was found smaller over the Southern 
than over the Northern Hemisphere during 1969-70 in 
contradiction to the earlier investigations summarized 
by London and Sasamori (1971). These results, how
ever, cannot be considered to be representative for a 
typical annual cycle, basically due to lack of measure
ments during several months of this particular period. 
It is therefore concluded that further satellite experi
ments of similar or even better accuracy than the 
Nimbus 3 experiment are required to obtain measure
ments with a high relative accuracy over a period of 
more than 10- 15 years, thus permitting radiation 
balance studies lasting over this entire period. These 
measurements should include observations of the im
portant components of incident solar radiation since 
the sun's output of radiative energy may undergo 
varia tion~ of seyl!ral pl'rcenl as discussed 均 Kondratirv

\\\l M 心＼W咄叩＼＼＼磷訕＼. l丶 泅Ut 蛄U ＼囧t

1, 111·1 C. \', \\、 ^ h\ p1和沿卟·h" 、面．` ｀ ｀＼ 卟
.On\( · 丶11 ch obs`̀ ` ·at ions are avai1 ahk`, \、asc l i油` can

be established to permit subsequent observations of 
climatic trends that may result from natural causes on 
earth, human activities, and/or changes in the spectral 
energy radiated by the sun. 
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Abstrac` 

1. Introduction 

The ne~ radiation budget of the earth-atm~sphere system can be obtained fron:i: satellite 
measurements of the infrared radiant exitance and reflected and scattered solar ·radiation 
along with a knowledge of the solar constant. During the 1960's experimental and operational 
meteorological satellites carrying thermistor bolometer sensors· designed for this task were in 
orbit during about 60 months. Our paper presents a synopsis of results from these 血asure
ments, including: a global planetary albedo of 300/o, long-term global radiation balance within 
measurement accuracy (2 一 3 °/o), the net equator..to-pole radiation gradients (and their varia
tion) that drive our atmospheric and ocea~ic circulations, ~s well as selected measurements of 
radiation budget terms over particular geographical areas. Future satellite experiments are 
planned to allow measurements of higher precision and with better space and time sampling. 
However, the results thus far have provided a solid descriptive base for more detailed di
agnostic studies, especially regarding the sigpificance of observed interannual r~diation budge~ 
variations and also the separate consideration of energetics of the atmosphere an,d the ocean: 

`L^').Hs(̀ 'o-wS(`^')-wL(`'t) 
鳩 WL ·W8-A·H s-- • •s 

While atmospheric scientists have been interested in 
the global radiation budget for more than 100 years, 
measurements have been available only in the last 
twelve years. Earth-orbiting satellites provided the plat
form for radiation budget measurementsj first experi
ments were flown on Explorer VII in 1959. . 

p-0 

S:nd 

As in earlier days, our desire to s.tudy the radiation 
budget is high because: 

a) global climate is a result of the total energy 
exchange (by radiation) between our planet and 
space 

b)· the large-scale atmospheric and oceanic circu
lations are forced fundamentally by the gra
dient of-radiation exchange with space between 
pole and equator 

c) local area radiation budgets at the "top of the 
atmosphere" are in an important boundary con
dition for local and regional energetics that 
affect both the physical and biologi~al processes 
in the region of interest. 

In recent years, radiation budget measurements from 
satellites have also been recognized as important controls 
for checking the· performance of numerical models of the 
atmosphere's circulation on a global scale. . 

Fig. 1 shows a schematic diagram of the terms of the 
radiation budget of the earth-atmosphere system. Three 
terms are shown, with · the net radiation or radiation 
budget, Qn, as the residual of: · 

Hs(1,O,t) 一 the direct irradiance of solar 
energy at p 一 0 (computed from 
an -assumed value of the solar 
constant 
S。 =1.95 cal• cm-•. mi~-1) 

n,. 1 
smemat1ed.pl邙ono2merad1a出m`｀:．``m

earth-a``>tphere oolumn. 

m1nus W0(A,o,t) 一 solar energy reflected and scatte
「ed from clouds, atmospheric gas 
and aerosol, and the surface 
(measured from the 頲telllte) 

mlnus WL(1，嵒， t) 一 the infrar.辺 rad~ant exitance 
from clouds, atmospheric ·consti
tuents and tbe surface(measu.red 
from the. satelllte) 

All dimensions (as the solar constant) are energy per 
unit area and unit time. The functionals (l, ~. t) refer -to 
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longitude, latitude and time. They serve to note the time 
and space scale dependence of the radiation budget; or 
s~ematic box could apply to a unit area at some location 
or to the entire global envelope. Note that the planetary 
albedo, A, is the ratio Ws/ Hs. 

Two basically different types of radiation pud.get 
experiments have been flown on U.S. satellites (5),· (4). 

Fig. 2 
View of the radiation budget sensors flown on U.S.. satelli伍I

during the 1960'&, '·, 

They are shown in fig. 2 as: 

a) the medium resolution infrared radiometer; it 
has a narrow angle (5 degree) field of view, 
scanning capability by rotating a mirror, four 
infrared · channels and one to measure . t.he 
radiance of reflected solar radiation. 

and b) omnidirectional (2 n sterdian) sensors named 
the Wisconsin hemisphere or Wisconsin plate 
radiometers (cones provide special checks for 
these omnidirectional sensors); they always 
consist of matched pairs of black and w;hite 
sensors, the former to measure all radiation 
(solar and'infrared), the latter only the infra
red. 

Both types of experiments use the same radiation 
detectors, thermistor bolometers. All other experiment 
parameters (field-of-view, · time constant, 'spectral 
response, and method of data reduction) differ. Further
more, the basic radiation measurement (of the radiation 
budget parameters s}?-own in fig. 1) for the scanning 
radiometer is radiance, while the omnidirectional sen
sors measure radiant power. Data reduction techniques 
(more complex for the scanning radiometer data) are 
employed to derive the desired values of Ws (l, <I>, t) and 
Wi (l, if>, t). From the viewpoint of scientific use, either 
system should be acceptable for studying the earths 
radiation budget. However, the more complex scanning 
radiometer system does provide radiation budget 
measurements at one order of magnitude finer on the • 
space scale. Both experiments undergo ~bsolute call
bration before launch into · space. In addition, the 
omnidirectional sensors are checked against the direct, 
solar energy during each orbit; the scanning radiometer 
views a reference source of known temperature on the 
satellite. In this way, relative calibration in space is 
provided for all measurements by the Wisconsin experi
ment and for the infrared measurements from the 
scanning radiometer. Reflected solar radiance measure
ments from the latter are checked against regions on 
the earth such as deserts. 

; • L..． ｀ 矗，桑','·: ' · . ·,. ;, . : . : ;.':;...., 
' . ., f ,.. . 子 ． ＇．，｀，．．，，'.~· •,;., . 

. ，．：沐 '. .:電丶 ．· r `. 

2. èsults fol'. tl)e entlr~ earth and 砸 latitude zones 

VONDER HA.All and SUOMI (8) have discussed results 
from satelli.te experiments in orbit·before 1967. ~ASCHK卫
and BAND睏 (ij) · have discussed· two-and-one-ha~ 
m6nths of 19~6 scai;ining radiometer' ·cjat~ iri ~etail. Both 
of . these references . cite numerous previous papers 
deal4lg with. both the methods of data reduction and 
special studi蕊 ·usi_ng the radiation budget measurements. 
The present paper discusses all of , the measurements 
available thus far, including those ·acquired from 
NIMBUS-III in,l969 and 1970. 

Table 1 

; 
Global Radiation Budget 

S19a6t2ell一i1te9s66 Nimbus-III Meteor-II 
'' 1969-70 1969-70 

MAM .33 (300/o) .35 (290/o) .37 

JJ·A .34 (2~/o) .35 (280/o) .37 

` 
SON .34 (2卽/o) · .35 (2So/o) .37 

PJF ', .33 '(310/o) l ·3廩/,) .35 

Annual I 迅 (3四） ， j.3H29'/,) I .36 

` RAanndiual ationn et .00 .00 
; 

Tabl~ 1 summarizes the measure沅nts of the annual 
and seasonai rcidiation budget of the .entire planet. First 
value is · infrared radiant exitance, WL; followed by 
planetary albedo (A). Accuracy estimates for the results 
of the U,S. experiments are plus-or-minus one unit of 
the least significan~ digits shown; this yields relative 
measurement accuracies of about 3 °/o. 

For the annual case, both the earliest satellite data set 
(196~ 一 66) and the most recent (1969-70) show that our 
earth-~tmosphere system has a planetary albedo of 
29一 30 0/o, ·outgoing infrared radiati:,On to space averaging 
0.34 cal • cm - 2 • min - 1, and ,net global radiation balance 
(within measurement accuracy) when the solar constant 
is 1.95 cal • cm - 2 • min - 1. . The infrared emission is 
equivalent to a black-body emperature of (255° K), 
higher than, the value estimated by LONDON (2) before 
the satelli~e experiments. Also, our planet is darker 
than was! previously believed; it has a lower albedo than 
the e~rly value of 35 °/o. Recall that these results have 
now been obtained from two different types of satellite 
experiments, thus giving further assurance of the ac
curacy .of both da乜 sets.

Seasonal variation of the pl~netary radiation budget 
issm哄 A v,ery small tende函 for a brighter and colder 
planet duting tpe period D~cember - May is seen in 
both sets o~ U.S. d止ta. Infrared experiments on METEOR 
satellites in1 196b..i.7o (1) also detected a . slightly colder 
ea_rth during the .Northern Hemisphere winter. 

The annual . case is especially interesting when we 
relax the space scale and consider the satellite measure
ments gathered into averages for each specific latitude 
zone. Fig. 3 shows t~e resulting mean meridional profiles 
tor (a) th~ satellite measurements, 1962-66,(b)NIMBUS
III resul~s and (c) ·the estimates by LONDON (2) in pre-
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satellite dayst). As in the global case (table 1) the 
satellite sets show general agreement even though they 
were not · obtained during the s_ame years. All measure
ments differ strikingly from the estimates of planetary 
albedo in the tropics. The darker planet noted previously 
is due primarily to a lower albedo in the region O一 30°N
than was previously believed. Apparently, the calculation 
of LONDON and others more than ten years ago used 
over:-estimates of opaque (reflecting) cloud amount in the 
tropics. Separate evidence for this has been noted by 
VONDERHAAR and HANSON (1969). They found that the 
measured solar radiation reaching the surface in the 
tropics is greater than all previous estimates. 

60 

8408 

L33 

20 

10 90 60 印帕 !O 20 

·s 
`'` mm獻 m

` Fig. 3 
T_he annual_ values of infrared radiant exitance 叭 (top); and 
planetary albedo, A, (bottom) along a mean meridional ciross
section as measured trom satellites during 1982-遶 (solid) and 
from Nimbus III, 1989-70 (dash): and as calculated by (2) (dot). 
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Fig . 4 
Energy gain and lo訌 in latitude zones as measured from 

satellites (after (8)). 

Infrared radiation to space is measured to be slightly 
greater than was calculated at all latitudes. The signi
ficance of the overall differences between measurements 
and earlier calculations is seen in fig. 4. Here, the net 
energy gain or loss of two earth-atmosphere zones is 
shown for the annual time period (horizontal lines) and 
for mean seasonal conditions ~shaded bar, I = DJF). 
LONDON'S results for the annual case are also shown. In 
the region 0 一 10° N much more energy (1.5 X 1011 
cal • min - 1) is gained during the year than was pre-

1) BOLLE (11'11) compares the sateWte measurements of 
VONDER HAAB and SUOMI (8) ((a) above) with very re~nt, new 
estimates by LONDON and SAS心ORI (3). The new e出mate8
are now 1n much better a量reement with the measuremen伍

viously estimated. At polar regions the old and new 
valu臨 are much closer, giving the same depicti~n as 
would have been inferr~ f~~- fig. 3: · more energy 
gained by our atmosphere and ·oceans at low latitudes, 
the need for increased poleward energy transport, 
slightly increased energy loss to space throughout the 
mid-latitudes. • 

Most of the energy gain is to the tropical oceans. 
Thus, the required increase in pol.eward transport must 
be accomplished by either direct sensible heat flux by 
the oceans, or increased air-sea energy exchange follo
wed by 函ergy transport · in the atmosphere through 

_ some combination of the sensible, po伍ntial and latent 
energy mechanisms. On a seasonal basis, the energy 
gain and loss shown in fig. 4 varies in the expected 
relative pattern. Note, however, that a small net energy 
gain is measured over the North polar cap during 
summer. This energy, together with that advected from 
lower latitudes combines to allow the warming of air 
and melting of surface snow and ice characteristic of 
that season. 

3. Measured v矗ri鼻tion
equator to the poles 

In the previous section we have seen the results and 
hypotheses that are b笨；ed on consideration of the 
satellite radiation budget measurements over a long 
time _scale (5 一 6 years). Of special interest also are the 
measured values in specific seasons and their inter
annual 'variation. Fig. 5 displays a simple index, 
I::, RNEtP, used as a first look at the fundamental net 
radiation gradient between equator and pole. On the 
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very longterm this gradient depicts the thermal forcing 
of our earth-atmosp_here ·system; values of the mean 
annual gradient for both the northern and southern 
hemispheres are shown as horizontal lines in fig. 5. They 
are nearly the same, with the n~rthem hemisphere 
slightly larger. 

The same figure shows mean seasonal values (dots) 
and the range of gradients measured from satellites in 
specific seasons (range bars). In both hemisph~res the 
gradient is least in ~ummer and greatest in fall, with 
the most abrupt change between these _two seasons.. 
Mean ~inter values are less than those of fall due to a 
gradient reversal in polar regions not considered by our 
simple index.'J'.herefore, the fall and winter values 
should be considered practically the same in the mean. 

Measured variation had been the least in Northern 
Hemisphere winter, greatest in Northern Hemisphere 
summer during the 1962 一 66 period shown in fig. 5. 
Recent values of this same gradient measured from 
NIMBUS-III during 1969- 70 fell within the range bars 
in all seasons and in both hemispheres except during 
Northern Hemisphere winter. This re-emphasizes the 
need for a continuing program of radiation budget 
measurement so that we may measure and study the 
full natural variation of the radiation gradient. 

On the time scale of a specific season, ·one cannot 
expect a direct relation between the radiation gradient 
measured from satellites and the resulting atmospheric 
circulatiort. Whereas, this would be the case on Mars, 
our oceans and hydrologic cycle provide other means to 
release energy into the atmosphere and often operate 

- out of phase with each other and with the radiative 
forcing from space. 

Nevertheless, as an illustration of the potential 
equivalent variations of radiation gradient we have 
constructed the simple linear example shown in fig. 6. 
Here the mean summer and winter values of the thermal 
wind （巧）2) are used with the corresponding mean valu蟑
of radiation gradient index (from fig. 5) to derive the 
linear relation. Mean values of gradient measured over 
the southern hemisphere are noted by the arrows, they 
would indicate a lesser range of the mean 巧 in that 
hemisphere. Shaded areas denote the range of measured 
gradient in all summere and winters and the equivalent 
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range of circulation activity. Research now underway 
will study the actual physical and dynamical relations 
between the satellite measurement of radiation resulting 
from atmospheric conditions and· the s~bsequent circu
lations forced, in part, by the radiative energy exchange. 
The gros~ly oversimplified illustration in fig. 6 serves 
as a reminder that this application of the satellite 
measurements can proceed in parallel with an increa
singly polished description of "mean" conditio皿
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This section is included to present the reader w:ith 
examples of the radiation liudget measurements from 
s~tellites on time and space scales sufficient to consider 
the local and regional ene璞etics. The higher frequency 
data from the scanning radiometer is emphasized. Most 
results are recent ones 丘om NIMBUS-III; they are 
described in .detail in RASCH訌 et al. (9). 

Figures 7a, 7b, and 7c denote time-latitude sections 
from pole-to-pole during April, 1969 一 Februa可 1970.
They show the monthly course of outgoing infrared 
radiation, WL; planeta可 albedo, A; and net radiation, 
QN, in each latitude zone. 

Geographical variations of the same radiation measu
rements are shown for the period 1 一 15 July 1969 in the 
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and (b)outgo1n1 longwave radiaUon, as mea鬘ured during 
1-15 July 1歸｀｀om the Nimbus m satellite (after (10). 

，這． Be-seep.
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Map of the geographical distribation of net radiation, as 
measured during 1 - 15 Juli 1歸9 五om the Nimbus III satellite 
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Geographical variation of the ranae of mean seasonal infrared 
radiation lo訌 to space as me臼Ured 丘om ~• first generation 

meteorological satellites of the United States. 
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Fig. 7 C 

Time-latitude section of net radiation, as measured 丘om the 
Nimbus Ill satellite (after (9)). 

set of fig. 8a, 8b and 8c. Here the high area resolut,ion 
of the NIMBUS-III experiment can be used to examine 
radiation patterns .characteristic of the tropical conver
gence zone, sub-tropical desert regions and special ar頤S

of cloudiness in mid-latitudes during these 15 days. 

A final example of the geographical variation of 
radiation to space is seen in fig. 9. Based on measure
ments from nine seasons with the low area resolution 
Wisconsin sensors, we see here the natural range of the 
seasonal values of infrared emittance to space. As in the 
case of the interannual radiation gradients, more study 
of these results is now in order. Some features, such as 
the large range of values over the Indian monsoon 
sector, can be interpreted with little difficulty. Ques
tions are posed, however, by the maxima of range in the 
tropical eastern Pacific and by the minima near the 
British Isles. The latter might be due to persistent cirri
form cloudin蕊s.

5. Summary 

During the 1960's, radiation budget measurements 
from satellites have allowed quantitative study of the 
global energetics of our atmosphere-ocean system. A 
continuing program is planned, including independent 
measurement of the solar constant. Thus far, the 
measurements returned from two basically different 
types of satellite experiments are in agreement on the 
longterm global scales where they are most comparable. 
This fact, together with independent estimates of the 
accuracy of measurement from each system, shows that 
we now measure the energy exchange between earth 
and space better than it can be calculated. 

Examples of application of the radiation budget data 
were shown. They can be related to the age-old problem 
o~ climate change, to the basic question · of the thermal 
forcing of our circulation systems, and to the contempo
rary problems of local area ene:rgetics and computer 
modeling of the atmosphere. 
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ABSTRACT 

Recent measurements of the earth's radiation budget from satellites, together with extensive atmospheric 
energy transport summaries based on rawinsonde data, allow a new estimate of the required poleward energy 
transport by Northern Hemisphere oceans for the mean annual case. In the region of maximum net north
ward energy transport (30-35N), the oceans transport 47% of the r吲uired energy (1.7X1022 cal year1). At 
20N, the peak ocean transport accounts for 74% at that latitude; for the region 0-70N the ocean contribution 
averages 40%. 

1. Introduction 

Poleward energy transport by ocean currents plays 
an important role in climate on earth and has been a 
subject of study for many years. Bryan (1962) provides 
a synopsis of the estimates based on surface heat budget 
studies (Budyko, 1958; Albrecht, 1960; Sverdn1p, 
1957). In addition, he demonstrates a method for 
oceanic transport calculations based on hydrographic 
data as an extension of earlier work by Jung (1952). 
The inadequacies of the former method are shown by 
Bryan to result primarily from the fact that the trans-
port is calculated as a small residual of two large AT 
quantities, the net radiation gain of the ocean surface 
and the net energy loss (to the atmosphere) due to 
latent and sensible heat exchange. Unfortunately, global 
availability of hydrographic data is probably not yet 
extensive enough to use the second technique for global 
ocean transport estimates; an additional difficulty is OT 
the ambiguity in the choice of reference level. 

The present study uses a third, indirect approach 
based entirely upon measurements. Satellite data on the 
net radiation budget of the earth-atmosphere system 
(Yonder Haar and Suomi, 1971) are now available over 
sufficient time periods (data from the years 1962-70 are RF 
used in this study) to allow a firm estimate of the "mean 
annual" energy exchange between earth and space. In 
addition, rawinsonde data from the MIT General 
Circulation Library for the 5-year period May 1958 
through April 1963 give a matching data set for which 
Oort (1971) has calculated the energy transport in the 
atmosphere. HF 

2. . Method of calculation 

The energy balance for a polar cap north of a certain 
latitude ct, (0N) can be written in the form (compare 
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Starr, 1951) 

. aE/o(=AT+OT+RF+HF, (1) 
where 

一
】

aE/at rate of change with time of the total energy in 
a polar cap north of latitude <I> (0N). The 
important components of the total energy 
are the internal energy, potential energy, 
latent heat, and kinetic energy of the atmo
sphere, ocean and cryosphere (snow and ice) 
contained in the polar cap. 

atmospheric energy flux into polar cap across 
latitude <J>(0N) (area Sl) 

士」p(c,T+gz+Lq十c'/2+p/p)國血

oceanic energy flux into polar cap across lati
tude </>(0N) (area S2) 

士」p(c,'T+ gz+c'/2+p/ p)vdxdz 

net radiational flux into polar cap at top of the 
atmosphere (area S3) 

士」Qd诞y

energy flux into polar cap at the surface of the 
solid earth (area S4) 

士」Q'd的
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FIG. 1. Variation of net energy transport with latitude over the Northern Hemisphere: RF, total re
quired ~nergy_ ~ansport inferr函 from sat~lli~e ~asure~ents; AT, m~asµ~e~ energy transport by t比
atmo『here;OT, ocean energy transport derived fromthe present study; OT., ocean energy transport 
according to Sellers (1965) . Un_certainty in the. OT .values is· denoted by Hie sh辺ing. . Minus-values fodi
ca,te net transport -to -,,the south. 
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Other symbols used are: , numerical values are presented in Table 1. Sellers' 

wind (current) velocity 
(1965) values for atmo~pheric (AT,) and oceanic (OT,) 

specific heat at constant volume in atmosphere 
transports based on the most recent surface energy 

(ocean) 
budget estimates [including Budyko's (1963) estimates] 

acceleration resulting from gravity 
are-also tabulated. 

heat of condensation 
pressure 
specific humidity 
net flux of radiation at top of atmosphere 
net flux of energy at surface of solid earth 
temperature 
northward component of wind (current) 
height 
density 

For a period of a year the energy storage1 in· the 
atmosphere-ocean-cryosphere system (aE/ at) and the 
energy exchange with the solid earth (HF) are probably 
small compared to the remaining terms on the right
hand side of (1) and will be neglected. Thus, on a mean 
annual basis we assume an approximate balance of the 
form 

•N 

＾－一4RF
o----o AT 

．．．一 ··•OT
.°`"QT. 

3. Error estimates 

VOLUME 3 

The atmospheric energy flux was computed for five 
different years. This enabled us to estimate the error of 
the 5-year mean value of AT by calculating the standard 
deviation of the mean, S =(I (X)/(N-1)½, where n=S. 
Twice the standard deviation of the mean indi<;ates the 
95% confidence limit and we assume that the instru-

AT+OT+RF=O. (2) 

From satellite measurements we have an estimate of 
the net radiational heating (RF) which under the 
assumptions used in deriving (2) must be equal to the 
net northward energy flow into the polar cap. The 
atmospheric measurements supply an estimate of AT. 
Therefore, the oceanic transport (OT) can be computed 
from (2) as a residual. Fig. 1 shows the total energy flux 
from radiation requirements, the atmospheric flux, and 
the deduced oceanic flux as a function .of latitude. The 

1 Vadability in ocean energy storage, presently under study in 
terms of temperature anomalies, is not well known but most prob
ably lies within the error limits of this study. 

TABLE 1. Poleward energy transport in the Northern Hemi
sphere for the mean annual ~case: units (X 10囧 cal year一1); minus 
indicates net southward transport. 

OT 
Lat!• 睬

tude RF* ATt OT AT4 OT4 (% ) 

90N 。 。 。 。 。80N 0.32 0.37 -0.0S 0.25 。70N 1.14 1. 10 。`04 1.18 0.09 3.5 
60N 2.1。5 2.11 0.04 2.14 0.26 2 
SON 3.1 2.24 0.86 2.82 0.57 28 
40N 3,76 2.20 1.56 3.10 0.79 41 
30N 3.88 2.03 1O5 2.60 1. 1 5 48 
20N 3.49 0.91 2.58 1.34 1, 19 74 
lON 2.14 0.72 1A2 0.42 0.81 66 
EQ 0,33 0.13 0.20 -0.07 -0,16 00 
10S -1.54 一 1.44 -0.10 -0.66 一 1.00 6,5 

• The values of RF arc sliahtly different from tho吣 Teported by Yonder 
Haar and Suoml (1971), since the meaautements fr叩 the 13 eeasons of 
that study have been auamented by ~ more measurement eeuona (see 
Yonder Haar, 197:Z), 

t The values of AT are sllahtly different from tho訊'"ported earlier by 
Oort (1971). The pre!lent values represent the mean of 5 years analyzed 
separately. In the earlier study the same 5-year data set was analyzed but 
as one sample. 

l Values of AT and OT ~s iive:') br ~»~rl (1965). 
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ment plus sampling error of the atmospheric transport 
is not larger than this value. Error estimates are given 
in Table 2. From Vonder Haar (1968) and Vonder Haar 
~nd Suomi (1971), error analysis of the _ satellite 
measurements showed a maximum probable bias error 
of 士0.01 cal cm一2 min一1 in mean annual zonal values 
of the net radiation Q. The cumulative effect of such an 
error in the required transport (RF) values derived 
from the satellite measurements increases equatorward 
from the beginning point of integration at q, = 90N 
(Table 2). The law of propagation of independent errors 
was used to obtain the estimate of error in the derived 
ocean transport EoT= （控RF十控AT)½. This _error2 is 
indicated by the shading in Fig: 1. 

4. Discussion of results 

Between 10-SON the ocean transports derived in the 
present study are significantly greater than those 
previously derived. In the region of maximum net 
northward energy transport by the ocean-atmosphere 
system _(30-35N), the ocean transports 47% of the 
required energy (1--. 7 X 1022 cal year一1). At 20N, the peak 
ocean transport accounts for 74%; for the region 0-70N 
the ocean contribution averages 40%. Both the absolute 
magnitude of the ocean transport and the relative role 
of the oceans significantly exceed earlier estimates. 

The total transport value (RF) derived directly from 
satellite measurements is also greater than,earlier (pre
_satellite) estimates (Houghton, 1954). Vonder Haar 
(1968) pointed out that the increased required energy 
transport stemmed primarily from a lower albedo in 
tropical regions than was estimated before satellite data 
became available. Vonder Haar and Hanson (1969) 
showed that the increased net gain of energy in the 
tropics was corroborated by the few available measure
ments of direct solar energy reaching the tropical ocean 
surfaces. In fact, they showed that the extra energy 
entering the tropical zones was primarily absorbed in 
the oceans. Independent checks of the satellite values 
(1962-66) on the annual scale have just recently been 
possible using Nimbus 3 radiation budget measurements 
during 1969...:.70 (Yonder Haar et al., 1972; Raschke 
et al., 1972). These data, from a totally different 
radiometer system, confirm the earlier satellite results 
of a lower planetary albedo (0.29-0.30), an increased 
net energy gain, and an increased required transport. 
In addition, the atmospheric transport values used in 
this study are somewhat smaller than earlier values 
compiled by Sellers (see Ta:ble 1). Thus, the absolute 
value of the ocean transport must be greater since the 

11.'he _error ~hown for the tropi~s and subtropics results_ pri
marily'from the cumulative satellite error..If is definitely a 
:!_Orst~cas~~stimate fe>r this region since independent information 
[Vonder Haar and Suomi (1971) from m"asurements; London 
and Sasamori (1971) from calculations] show no net energy trans
port required across theeiuator. Thus, our transport integration 
could begin at 0° rather t,han 90°. 

TABLE 2. Probable error in measurements and estimates of 
poleward energy transport in the N orthem Hemisphere for the 
mean annual case: units (1022 cal year一I)• '

Latitude ERF EAT EoT 

嚻
臨

s
O
N
緊
酗l
O
N
E
Q
1
0
5

±0.02 
±0.08 
±0.18 
±0.32 
±0.48 
±0.67 
±0.88 
±1.10 
±1.33 
±1.56 

土0.12
土0.06
土0.10
土0.16
士0.10
土0.16
士0.08
土0.12
士0.10
土0.24

±0.12 
:.t::0.10 
±0.21 
±0.34 
±0.49 
±0.68 
±0.88 
士1.10
±1.33 
±1.58 

overall requirement is greater and the atmosphere 
transports less. 

These new ocean values show that not only the abso
lute amount, but also the relative role of the oceans, 
are greater than previously believed. They are shown 
to transport on the average 40% of the total required. 
Peak net transport values for the ocean (20N) appar
ently exceed the flat atmospheric maxima between 
30-SON. Location of the ocean peak is the same as that 
shown by Sellers, but the transport value is more than 
50% larger. Note that the curves. indicate the need f_or 
a small net northward energy · transport across the 
equator by the oceans. 

In recent years large numerical models have been 
used to simulate the circulation of the atmosphere and 
the ocean. As they pass from the,development phase 
they offer great promise for numerical experimentation. 
A measure of their representativeness is gained by com
parison of their computed values of basic circulation 
parameters with the observed values. Comparison of 
the recent values of ocean transport computed in a joint 
ocean-atmosphere model run for the annual case 
(Bryan, 1969; Manabe, 1969) shows that the total 
Northern Hemisphere transport calculated by the model 
is less than the results of this study (but in agreement 
with previously accepted values). Furthermore, the 
latitude of maximum transport by oceans was calculated 
in the model to be about 38N, which is not in agreement 
with our results or any others. Wetherald and Manabe 
(1972) have recently run another joint atmosphere
ocean model in which seasonal variations of insolation 
were allowed. Reduced snow cover in the high-latitude 
summer lessened the annual gradient of net radiation 
to space and also the meridional transport of energy by 
oce_an currents. Thus, this recent experiment caused the 
ocean value to deviate even further from our result. At 
this point it should be mentioned that the models 
presently used to simulate the combined atmosphere
ocean system are highly idealized and cannot be ex
pected to 'give very reliable results for the ocean 
transport. For example, in the model horizontal sub-grid 
scale and vertical mixing strongly .affect · the oceanic 
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heat transport. Unfortunately, it is not known what 
value one should use for the mixing coefficient. 

In summary, the estimates of ocean transport ob
tained in the present study are greater than previously 
believed, are derived from two new extensive data sets 
that have been checked and will be continuously 
updated in the years to come, and are timely in view of 
the renewed interest in the influence of the ocean on 
weather and climate. Our . results suggest that air-sea 
interaction in mid-latitudes may be even more signifi
cant than presently acknowledged. 
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