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SUMMARY

Emphasis during this third year of grant sponsorship has continued
to be on utilization of satellite radiation budget data collected 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 momitoring;

b) The earth's enviromment 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 atmosphere and ocean separately.

This has been a period for much scientific interaction on problems
confronting the natural sciences. Better 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 community., Some results are being used to plan
the next generation of radiation budget measuring systems and others: have

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

other satellite data pertaining to clouds and earth surface features.



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 climate).

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 mot 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-monthly 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 permit the removal of still more
clouds. Algorithms will be used to account for atmospheric optical pro-
perties 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,



A zonally averaged profile for the annual minimum albedo (Figure 1)
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 this.type
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) Interannual Variability of the Radiation Budget

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




We are presently investigating the physical bases of this relationships
by using,initially, zonal symmetric climate models. As this work pro-
gresses we may apply more sophisticated climate models to test results
from this initial modeling effort.

We believe that once the physical basis 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.

d) Discussion of Recently Published Resultsl

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 Journal of Atmospheric Science,

analyzes 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.

The Nimbus-3 radiation budget measurements and their analysis will --

IReprints (except for the NASA Technical Note) are attached.



permit many scientific studies and results. Some of the first are noted
in this report. A third paper, a German publication, gives a synopsis
of the radiation budget measurements and analysis from U.S. satellites
during the 1960's.

A paper published in the Journal of Physical Oceanography 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 summary of them appears in appendix'A:iin a cumilative
listing of papers and reports sponsored by Grant NGR-06-002-102.

The author served as chairman of the Informal 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-

iment 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 Summary of Reports and Papers Under Grant NGR-06-002-102

A preliminary report on heat budget measurements from Nimbus-IIT was
partly supported by this grant. It was presented at the XIIIth
Meeting of COSPAR, Leningrad, 1970, and was published in Space
Research XI (Springer-Verlag) as:

The radiation balance of the earth-atmosphere during June and July
1969 from NIMBUS-111 radiation measurements--some preliminary results

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

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

compared to earlier results from other satellites, 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:

Global measurements of the energy exchange between earth and space

during the 1960's, including latest results from the NIMBUS-III
satellite

by
T. Vonder Haar, E. Raschke, M, Pasternak, and W, Bandeen
Publication of these comparisons awaited analysis of a more complete
Nimbus data set (see #7).
In March 1971 the author presented an invited paper at the Miami
Remote Sensing Workshop:

Global radiation budget and cloud cover by satellite measurements

by
T. Vonder 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.

An invited paper was presented at the International Solar Energy
Society Conference, NASA, GSFC, in May, 1971. This paper presents
results of special interest to scientists concerned with the measure-
ments and use of solar radiation. It was published in Solar Energy
Volume 14, no. 2, 1972,

Measurements of solar energy reflected by the earth and atmosphere,
from meteorological satellites

by
T. Vonder Haar, E. Raschke, W. Bandeen and M. Pastermak

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:

The radiation budget of the earth-atmosphere system as measured
From the NIMBUS-111 satellite (1969-70)

by
T. Vonder Haar, E. Raschke, M. Pasternak and W. Bandeen
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 the authors absence by
Dr. A. Drummond will be published in the symposium proceedings. It

was titled:



Climatological studies of the earth's radiation budget and its
variability with measurements of the satellite NIMBUS-111

by
E. Raschke and T. Vonder Haar
An invited paper at the Joint Meeting of the German Physical. and
Meteorological Societies, Essen, October 1971 gontained 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 Meteor, 6 - No. 711, 1973,

Measurements of the energy exchange between earth and space during
the 1969's from satellites

by
T. Vonder Haar and E. Raschke
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: Measurements of the Earth's radiation budget from

satellites: Status, prospects and relation to atmospheric energetics,

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 of Colorado, and Colorado State University.

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 1972. Paper discusses

variations in the Radiation Budget as measured by satellites at various
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1.

spatial and temporal scales i.e. spatial scales: global, hemispheri-
cal, zonal, regional, ocean-land; and time scales: hourly, daily,
monthly, and yearly.

Natural variation of the radiation budget of the earth-atmosphere
system as measured from satellites

by

T. Vonder Haar

A paper was presented at the Conference on Atmospheric Radiation,
Fort Collins, Colorado, August 1972 which discusses an experiment to
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 position

by
H. Korff and T. Vonder Haar
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 than 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

Physical Oceanography April 1973.

New estimate of annual poleward energy transport by Northern Hemi-
sphere oceans

by
T, Vonder Haar and A. Oort



12.

13.

14,

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 sounding
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.

A study of extreme and persistent cloudiness based on satellite ob-
servations (1969-1970)

by
P. Downey, S. Lassman, and T. Vonder Haar
Nimbus III MRIR data were combined with surface albedo and actino-
metric measurements to determine the temporal (15 day to year) and
spaptial (regional to global) distribution of atmospheric absorption
of solar energy. In addition a statistical parameterization relating
atmospheric absorption to precipitable water, opaque cloud cover, and
satellite measured albedo was developed.

Distribution and parameterization of absorption of solar radiation
in the atmosphere

by
P. Downey (M.S. thesis)
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 - the 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.
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16.
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Interannual variations in the earth's radiative budget and the gen-
eral circulation

by
J. Ellis, (M.S. Thesis)
Invited paper presented to a joint sessionfof 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 tiﬁe and space scales-particularily, the global
climate change and its measurement problems.

Global heat balance

by
T. Vonder Haar
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 energy budget

by
T. Vonder Haar
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
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19.

20.

reflectance characteristics of ice and snow surfaces were discussed.

Measurement of albedo over polar snow and ice fields using Nimbus-3
satellite data.

by
T. Vonder Haar
Invited paper at the Smithsonian Symposium on Solar Radiation Mea-
surement and Instrumentation, Rockville, Md., November 1973, in which
results of measurements with different experiments of the solar energy
reflected and scattered from the earth-atmosphere were presented. The
application of these measurements to several environmental problems
was reviewed and new experiments designed to obtain future dlbedo
measurements were noted.

Measurement of the Planetary Albedo from Satellites

by
T. Vonder Haar
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
four semi-monthly measurements periods (May 1-15, 1969; July 16-31,
1969; October 3-17, 1969; and January 21 - February 3, 1970).

The radiation balance of the earth-atmosphere system from Nimbus-3
radiation measurements

by
E. Raschke, T. Vonder Haar, M. Pasternak, and W. Bandeen
Measurements of reflected solar radiation and emitted thermal radia-
tion taken with the MRIR on Nimbus-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 various scales: glo-
bal, hemispherical, and zonal averages as well annual polar and global
maps.

The annual radiation balance of the earth-atmosphere system during
1969-70 from Nimbus 3 measurements.

by

E. Raschke, T. Vonder 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 Swstem During
1969-70 from Nimbus 3 Measurements

EnRHARD RASCHKE!
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Tromas H. Vonper Haar!

Colorado State Undversity, Fort Collins, Colo,
Winriax R. BANDEEN AND MusA PASTERNAK

Goddard Space Flight Cenler, NASA, Greenbelt, Md.
{Manuscript received 12 October 1972, in revised form 15 January 1973)

ABSTRACT

Measurements of reflected solar radiation and emitted thermal radiation taken with a radiometer on the
meteorological satellite Nimbus 3 during 10 semi-monthly periods (April-15 August, 3-17 October, 1969;
21 January-3 February, 1970) provided for the first time high-resolution data on the earth’'s annual global
radiation budget. Results on the planetary albedo, the amount of absorbed solar radiation, the infrared
radiation 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 meps with a spatial resolution of
about synoptic scale (10-10° km).

The incoming solar radiation (taking the most recent value of the solar constant Sy=1.95 cal cm™ min™)
is balanced within the accuracy of the measurements and evaluation procedure by & global albedo of 28.4%,
and an infrared heat loss to space of 0.345 cal cm™ min™, which nds 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 gstimates 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 Hemisphere during the 1969-70 observational period.

1. Introduction

The radiation balance Qy 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 refiected solar and emitted
thermal radiation. It is defined as

Qn=Wgs~Wi—Wg, (1)

where at that area element W is the irradiance of solar

electromagnetic radiation, and Wz and W g are radiant

flux densities refiected and emitted from the earth to

space. The planetary albedo is determined by the ratio
Wg.

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,

pmnanly from clouds and other lower 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 atinosphere, 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 space and the
carth-atmosphere system, vig. the earth’s surface and
the lower atmosphere up to about 50 km altitude,

The earth’s radiation balance has been the subject of
detailed scientific studies for many years, since its
geographical distribution (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 il permits investigations of the poleward
energy transport required to maintain the observed
state of the earth-atmosphere system; estimates of the
radiation budget at the surface and, thus, of the atmo-
sphere and ground (oceans) separately; verifications of
the emergy budget of modern numerical circulation
models at their upper boundary ; and determinations of
local and global climatic trends. Some preliminary re-

341
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Fic. 1. Change of the directional reflectancs »() with the sun's zenith angle §.

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 detailed 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

20

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 evaluation methods and their possible error
sources were described in a previous paper by the same
authors (Raschke ef al., 1973). Some preliminary results
from Nimbus 3 were presented by Raschke ef ol. (1971),
Raschke and Vonder Haar (1971), Vonder Haar and
Raschke (1972), and Vonder Haar el al. (1972) in earlier
papers. The present paper provides the most extensive

N
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¥10. 2, Time-latitude dingram of the albedo of the earth-atmos system, Dashed portions
of isopleths were found by intnrpuht'm -



ApriL 1973 RASCHKE ET AL. 343
Tasce 1., Global and hemispherical radiation budget (cal e min™) of the utth-atmcsphe:e
?;-stﬂn (N=north, S=south, G=globe).
Period Incoming  Absorbed A]beda m '
16-30 April 1969 N 586 A10 300 ° -+ 061
S 379 277 2700 - .3-‘3 —.065
G 483 344 288 346 —.002
1-15 May 1969 N 618 431 3037 351 --.080
S 334 244 269 343 —.099
G A76 337 291 347 —.009
16-31 May 1969 N 641 440 314 335 <085
S 310 428 264 346, —.118
G 476 334 298 350 —.016
1-15 June 1969 N 656 454 308 359 ~+.095
S .290 213 267 343 —.130
G 473 333 296 351 —.018
16-30 June 1969 N 659 A62 299 362 “4.100
S 283 206 21 342 —,136
G 471 334 291 352 —.018
1-15 July 1969 N 652 A59 296 365 +.094
S 291 213 267 344 —.131
G 4T 336 286 358 — 018
1631 July 1969 N 633 449 280 363 +.086
S A1 230 261 345 =118
G 472 339 281 354 —.019
1-15 Aug. 1969 N 609 434 287 365 +.069
] 340 248 21 341 —.093
G AT74 341 280 353 - 012
3-17 Oct. 1969 N A43 323 270 351 —.028
S 541 384 291 344 +.040
G A92 .353 282 348 -+.006
21 Jan-3 Feb. N 343 249 273 .332 —.083
1970 S 663 473 287 342 +.131
G 501 359 283 337 +.023
Armual* N A83 B4 287 346 002
S 492 554 280 Jd4 +.010
G 483 349 284 345 -+.004
* Estimated.

discussion of annual results obtained so far from: the
Nimbus 3 measurements.

2. Previous studies of the radiation budget

Many authors based their studies of the radiation
budget on climatological data and relatively simple
radiative transfer models (Dines, 1917; Simpson, 1929;
Baur and Phillipps, 1934, 1937; Houghton, 1954,
London, 1957 ; Gabites, 1959; Budvko, 1963; Gavrilova,
1963; Vinnikov, 1965; Fletcher, 1965 ; Katayama, 1967;
London, and Sasamori, 1971;
Dyachenko, 1971) or of the albedo alone (Fritz, 1949).
Danjon (1936) derived from a large variety of measure-
menlts of the earthshine on the moon a value for the
planetary albedo which has been reevaluated later from
the same measurements by several authors (e.g:,
Penndorf, 1937; Angstrom, 1962). All of the theoretical

studies, a’.lthough done with care, were hampered in

Kondratiev ‘and

their accuracy due to the insufficiently available ob-
servational material and the various oversimplifying
assumptions in their radiative transfer models. Since
both the data base and radiation compulation technique
have shown steady improvement, the London and
Sasamori calculations are state of the art. Nevertheless,
it is mow possible to measure the earth’s radiation
budget better than it can be calculated.

Danjon’s observations, since they were done mostly
from the territory of France, did not allow & proper
sampling over all sunlit portions of the earth as visible
from the moon during a period of several years. It was
recognized many years ago that direct observations
from satellites, if properly sampled (Godson, 1958;
House; 1962) could overcome this problem (e,
Suomi, 1958),

Weinstein and Suomi (1961) discussed the first
measurements obtained with omnidirectional sensors
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from Explorer 7 in 1959. Other 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 Manabe
(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 parameéterization employved 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 X200 km).
Results were discussed in various papers by Bandeen
el al, (1965), Rasool and Prabhakara (1966), Winston
and Taylor (1967), Boldyrev and Vetlov (1970),
Raschke and Pasternak (1968), Raschke ef 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 2§ 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 measurements 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 Jast
decade, since they were done with various instrumental
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 1100 km.

These orbital parameters enabled the cross-track
scanning, five-channel radiometer (McCulloch, 1969)
to measure reflected solar radiation once and emitted
thermal radiation at least twice a8 day over most areas
of the earth. They did not, however, allow observations
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of a primary factor in the total outgoing radiation, iz,
the diurnal variations of cloudiness over low-latitude
regions, This radiometer provided continuous data

.during the four-month period between 16 April and

15 August, 1969. Malfunction of one of the tape
recorders and the data flow from other experiments
onboard 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 ym, 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 during the entire period of
observation.

The accuracy of the other four channels sensitive in
separate narrow bands in the infrared (6.3-um band
sensing upper tropospheric water vapor; surface radia-
tion between 10-12 ym ; 15-um band of carbon dioxide;
and emission of lower tropospheric water vapor and
clouds between 20 and 23 um) 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 19,
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 oullines

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 emitted
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"” radiances 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
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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 km> 500 km in
near-equatorial regions and in polar-stereographic maps
with a spatial resolution of about 250 km X250 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
results were grouped into semimonthly periods to
average over variations of the radiation fields due to
travelling disturbances.

b. Outgoing shortwave radiation

To compute the total (0.3-4.0 um) flux density from
the measured "filtered" radiance, Ny, it is assumed that

the bidirectional reflectance p computed by use of (2)

‘equals that of the total solar spectrum (Raschke ef al.,

1973):

V(N it 08) -
RO Y ik S0
S.f 'L cos{ (l,¢,f)

where { 1s the sun’s zenith angle at the moment of
measurement on day ! 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 S;=1.95 cal em~? min~! (Drummond, 1970;
Thekaekara, 1970) with the spectral response ol the
radiometer; L accounts for the deviation of the true
earth-sun distance from one astronomical unit; # and ¥

-are the zenith and azimuthal angle of measurement

with respect to the principle plane, and the sun’s zenith
angle, respectively; while A and ¢ are geographical
longitude and latitude of an observed arca.

The directional reflectance 7, i.e., the ratio between
the radiant flux density of reflected radiation and the
irradiance of solar radiation, has been determined with
corrections for anisotropic reflection properties of the
carth-atmosphere system. Since, over most areas, the
cross-track scan of the instrument and the satellite
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F1s. 4. TimeJatitude diagram of the rdiant dmittance of Jopevaye salmtion eaitied 10 space,
Dashied portions of isopleths were fountl by intorpndut i

orbit did not allow nicasurements of poover cach arca
at various angles # and ¥, only gross-empirical models
could be used to relate plor. These models were derived
from published airplanc, balloon and satellite measure-
ments of reflected solar radiation. Nihe models were
devéloped for three different ranges of the sun's zenith
angle (0-35°, 35-60°, 60-80°) and three types of ob-
served surfaces representing high-taviiude ice and snow
fields (lavitude>65% and #p> 30697, eloud-free veean
arcas (7p< 109%) and effective blackbody 1emperature
1> 273K for concurren! measurements in the 10-12 un
channel). and all other land and cloudy arcas. The
values in parentheses specify the conditions used 1o
objectively assign each single satellite measurement o
a specific model category.

The integration over the entire daylight period made
use of three other models which account for the change
of the directional reflectance # with the sun’s zenith
angle ¢, for different surface types. They were also
obtained from observational material (see Raschke
el al., 1973), These relations are shown in Fig. 1, where
for comparison the one used for the evaluation of
Nimbus 2 data (Raschke and Bandeen, 1970) is also
drawn. All show an increase of 7(f) with increasing ¢,
which is argest over cloud-free oceans (low albedo of

the surface] and smailest over snow amd ioc Jields, This
latter curve has been obtaited fron gound observations
published By Rondratiey (19600),  Revent  ground
observations over now 0 300 m altirsde reported by
Kortl-and Nonder Hagr (19720 show a similar small
increase of e direstionnl reiecunee of snow with
inereasing & The velative Inoregse of = from 1o 4 for
the OCEAN madel s of a similar maznitude to that
obtained by thearetival raleutavions of the radiation
transfer in an atmosphereocoan system within the
wavelength interval Lvlweon (£.325-0.95 um (Raschke.
19723,

Comparisons of albedn values computed with the
CLOUD-LAND mndel, (used in all non-snow and non-
ocean cases) and the Nimbus 2 model resulted in values
by the latter which were higher by a factor of about
1.1 than the former. Thus, it should be expected that
the alobal albeda obtained from Nimbus 3 data by use
of these three models would be somewhat smaller than
the Nimbus 2 value. The simple assumption of a dif-
fusely reflecting earth-atmosphere systeny, used by
Bandeen ef al. (1965) and Rasocl and Prabhakara
(1966), caused the albedo to be too low at almost all
latitudes. Since reflectance models must be used w
evaluate radiance measurements: from satellites for
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¥16. 5. Time-latitude diagram of the radiation balance of the earth-atmosphere system,
Dashed portions of isopleths were found by interpolation,

radiation budget studies, the uncertainty they introduce infrared channels using a multiple least-square regres-
into resulting albedo values must be considered. Based sion formula that was derived from calculations of the
on information available today, the models used in our radiation transfer in 160 atmospheric models repre-
Nimbus 3 work are thought not to enlarge the overall senting eight climatological regimes (moist and dry

experimental uncertainty of =3%. atmospheres and different cloud situations). These
_ computations were made with a program developed by
<. Oulgoing longwave radiation ) Kunde (1965) and checked with one written by Wark

. . : e al. (1964).
The total radiance (+.0-200.0 um) has been computed e S50 . .
from concurrent radiance measurements of all four Corrections for the dependence on the zenith angle

| b i e At m s T T T T

Fie. 6 Annual zonal averages of the outgoing longwave radi-
ation and albedg of the eanh—atmuphere system from Nimbus 3 s )
data md other mellite measurements (Vonder Haar and Suomi, _ _ _
1971) and from climatological analyses by London (1957). Fi6. 7. Required meridional energy transport.
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of measurements, #, and the computation of the out-
going radiant emittance, Wg, were performed with a
“limb-darkening” function derived statistically from
samples of Nimbus 2 radiance observations in the
spectral interval from 5-30 um 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 radiant 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 em™*
min~') aver most continental areas at middle and lower
latitudes, but very small (~=£0.015 cal em™ min™)
over 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 to both cloudiness
and surface temperature changes, Such observations
will be pessible over limited regions with measurements
from future geosynchronous meteorological satellites,
Howcver, a complete global coverage will require a
system of several satellites in properly chosen orbits
around the earth,

5. Results
a. Global and hemispheric budgel

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 5% (Raschke ef al.,
1973) should be expected from the type of evaluation,
They allow, eéven considered with less accuracy; studies
of some interesting features of the seasonal variations
of the earth’s radiation budget, provided that those
observahble variations were nol 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 3%, but
similar trends have been found from Nimbus 2 measure-
ments (Raschke and Bandeen, 1970) and from the
carlier satellite data (Vonder Haar, 1968, 1972).

In the annual average the absorbed solar radiation of
0.349 cal em™ min™ (which is 71.6% of the incident
radiation) is almost completely balanced (Qy=0.004
cal cm™® min~!) by a global thermal radiaticn of
0.345 cal em™ min~!. The difference should L= cin-
sidered more as an error residual than as an aciual keat
gain during the period of measurement. With the same



349

RASCHKE ET AL,

Arrin 1973

210 dsUua] WIYHON 21 1040 WNsAs aRqdsomye-ire s Jo opaqie jenuuy g "on]

[oust "4 £-NwT 12 4981 D0 AT 7 camli o S5 e { i
AW 594 'AVW 511 T SNEWIN 3 e T Y o\
(mecied)  OCEOIY / A b .\\/
s \ I

Fy

—

Vo) |
.2'

\ £ 1
: 4
\ 7,
ﬂn._.r “1& L)
+ -
10\
S .
’a
o ;t../
AW 75 i
..m NS ==
- {
—= = J
= = ¥ _\.__ _ %
r | =
o ) - “rfo. / ;
/ | A\ p \
J o
%
\
L -
a 3 -
\ l
. d
c .
<>
L o ) 0
== ¢
N
- N\ T
- e [ a8 hes  dms  Aoo  Lam duw e e = — s b f=




Vorume 30

350

jOURN&L_OF THE ATMOSPHERIC SCIENCES

“RYASIUIIF] WIYINOG Y 1940 WNSAS 1aydsourte-Ies 31 Jo GPIq[E [eRuTY “Of OLL




APRIL 1973

RASCHEKE ET AL.

351

/. .
i - .
A AN
/—“ /:/ S )
2 R L | R o (G e e LN
g W e A ! Ly - . -i
‘ I\ \ o = -! o F AT TN . .. ..
g i 4 Pt i
R 2l — s i
-~ \'\ 0 . ‘,:', - / 0
o 0\ |\l qu o= :,/ -
= iy
o
—
NIMBUS 3 1969 - 1970 ABSORBED SOLAR RADIATION

(cal em=2 mimr!)

T1c. 11. Global map of the solar radiation absorbed annually in the earth-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 & period of more than
five years. All pre-satellite investigations based on
climatological data had estimated a lower global
emission corresponding to Tu=~250K and a higher
global albedo of more than 33%.

In their most recent calculations, London and
Sasamori (1971) using the climatological data used
earlier by London (1957) but with more recent absorp-
tion models, obtained a mean albedo of 299, over the
Northern Hemisphere, in good agreement with the
results from satellites. They obtained, however, a mean
albedo of 33%, over the Southern Hemisphere, a value
markedly higher than either that from Nimbus 3 or
that measured from other satellites. Recent calculations
by Sasamori ¢f al. (1971) resulted in an even higher
albedo of 35% for the Southern Hemisphere.

In an objective discussion of the Nimbus 3 results in
Table 1, the incompleteness of the data set and possible
biasing errors in the evaluation methods preclude firm
conclisions based on small differences between large
numbers. However, averages of albedo measurements
over both hemispheres show a seasonal variation which
conld be anributed: 1) to the well-known changes of
the surtace albedo due to changes in the ice and snow
cover, and 2) the scasonal change of the sunlit portion
of the earth. 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
em™ min~") from June to January. This variation of
the balance seems to be even slightly amplided by the
seasonal variation of the mean planetary eflective
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 scasonal
variations of the earth’s radiation balance and 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 & period covering
several annual cycles,

b, Zonal radiation budget

Changing from the planetary scale lo a zonal scale
one can clearly observe the annual variation and
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Fic. 14. Global map of longwave radiation emitted annually to space.

latitudinal distribution of the absorbed radiative energy
available for circulation processes (IFig, 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 sulitropical latitudes of both hemi-
spheres the albedo and the outgoing longwave radiation
change their magnitude due to the annual movement of
the ITCZ 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 does not allow more detailed studies of variations
of the extent of antarctic icefields and of associated
alhedo variations,

Phe alledo of the northern and the southern polar
rentons does not excend values of 729, while from
Nimbug 2 messurements during the period’ 15 May-
25 July, 1966, consistently higher values had been
found in the north (Raschke and Bandeen, 1970). This
dilference 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 pgm. 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 speciral
range between (.3 and about 1,5 um 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 75-809% (Kasten, 1963; Hoinkes,
1958; Kuhn, 19712).

The variations of the albedo over the central part of
the Arctic can be attributed to the melting of the snaw
and formations of fractures in the ice and water cuver
an the ice. Such structural variations do not oeeur uver
Antarctica and Greenland highlands. Thus, the changes
of the albedo over the Antarctic observable from Octo-

* M. Kuhn, private communication.
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Fic. 15. Longwave radiation emitted annually to space from the Northern Hemisphere.
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F16, 17, Annual radiation balance of thé earth-atmosphere system.

ber to fanuary 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 winter 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 (Vender Haar and Suomi, 1971) and from
calculations with climatological data (Fig. 5.3) shows
clearty: that in the early caleulations (London, 1957)
the clowdiness and or its effevts on the transfer of short-
wane amd hsowave radiation has been overestimated.
'[\al\lr\l.h\.\ Ay lonwan ht\h:-!vﬁ. There the earth-
:llT1h\.‘51\:‘l(‘lt' sasfem absorbs nppm\im;ut‘l) “54'-% meare
radiation than previousty assumed. The Nimbus 3 data
wtlied] in o oweh bigher radiation deficit over the
arctic an over the antarotic primarily due to higher
nreatt annual elfective radistive temperature over the
fornsdt ant:

[he required latitudinal transport of energy (Fig. 7)
has been valculated from the measurements by dis-

§2 n.ng the global net gain of 0.004 cal cm™ min™

(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 tramsport of about 1.1 10* cal vear™' and a
much higher required transport at 30-40° latitude than
at the same southern latitudinal 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
trangport in the carth-atmogphere system, whereas the
Nimbus 3 data pertain only to four 15-day periods of
one specific year, In addition, the cross-cquatorial
transports inferred from all satellite data are very close
to the error level resulting from 3% measurement
accuracy. Therefore, it cannot be concluded, yet, from
these measurements whether 4 northward atimospheric
transport of (.4 1'% cal year™, as found recently by
Oory (1971), is required 1o be accompanicd by a simul-
taneous transport in the oceans in the samc direction.
On the other hand; several authors (e, Flohn, 1967)
explained the asymmetrical circulation patterny over
both hemispheres on the basis of different radiation
budgets. Although Vonder Haar and Suomi (1971) did
not observe different hemispheric radiation budgets in
the mean, satellite observations over several years will
enable observations of inferannual variations of the
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NIMBUS 3 1869 - 1870

RELATIVE DISPERSION
OF ALBEDQ (percent)

Fic. 20. Relative dispersion of the annual albedo of the earth-atmosphere gystem,

transport requirements implied by the comparisons
of Fig, 7.

¢. 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 km X500 km for
each grid point in low-latitude regions and for a better
resolution of the patterns over polar regions (250 km
X250 km) in true polar-stereographic projections
covering each pale (Figs. 8-19).

The patterns in the albedo map (Fig. 8) clearly reveal
the land-sea distribution and the general circulation as
it is represented by the mean clond patterns over both
hemispheres. The small continents alone would cause a
more zonal pattern over the Southern than over the
Northern Hemisphere. The high reaching convective
clouds associated with the I'TCZ 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 033 cal cmr? min~! (Fig. 14). Low persistent
stratus clouds along the western coastal areas of North
and South 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™? min™, while the African and Arabian
deserts at the same latitude have a radiative deficit of
more than 0,03 cal o™ min~!, Espedially 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 &
direct circulation having an ascending branch over the
summer monsoon area. Both polar regions, poleward of
about 45° latitude, are in the annual avernoe deficit
arcas with a surprisingly smaller deficit (due 1o Jow
emission; see Figs. 14 and 16) over the South Pole.

Additional Nimbus 3 radiation budget results (for
the four seasonal periods) are presented in map form
by Raschke ¢ al. (1973).

d. Temporal variabilily of the radiation balance

The temporal variability of the albedo over cach grid
field can be demonstrated in a map of the 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 wvalues 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 (Vonder Haar,
1972), while the 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 atiributed to the varying cloud cover at the equator
and 1o arcas of preferred dynamical and convective
activily over both hemispheres. Relatively low disper-
sions are found over the subtropics and over both polar
regions, Also; those arcas known to be covercd with
persistent but low stratus decks appear in these maps
with small values of the relative dispersion, Such fea-
tures have been discussed already in a preliminary
study (Raschke and Vonder Haar, 1971).

e. Deviations from sonal 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 hy subtraction of the zonal average from
each grid value, then clearly reveals the departures from
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a zonal structure, which are due to surface properties
and cloud fields and may cause an additional (and
comparatively weaker) longitudinal forcing of our
atmosphere’s circulation.

In the map of the outgoing longwave 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™ min™ were found
ovgrrigfuth America and the North African and Arabian
deserts.

I, 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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Fic. 21, Deviation of the outgoing longwave radiation from zonal average.



362

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLume 30

RADIATION BALANCE -
DEVIATION FROM ZONAL

AVERAGE (cal emZmin!)

Fi6. 22, Deviation of the radiation balance from zonal average.

atmosphere system is higher over each area in the
‘presence of clouds than for a cloud-free atmosphere.
Further, the instrumental noise should have been
removed considerably by averaging of a sufficiently
large number of single observations within each grid
field. Made on an annual basis, as shown in Fig. 23,
these maps will allow estimates of the effective surface

NIMBUS 3 1969 - 1870

LN
_g-i ; i .\;;::—/ = '.;.T J/“}

albedo of continental areas, after the atmospheric inter-
ference has been removed properly. Note also the afore-
mentioned areas of persistent cloud cover and that
other regions over equatorial areas with apparently no
cloud-free days can be located. Most ocean areas be-
tween SON and 50S were found with minimum albedos
<10%, but not smaller than 49. At higher latitudes
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Fie. 23, Minimum albedo,



ApgiL 1973

the cyclonic activity prevents observations of com-
pletely cloud-free areas in this scale. Minimum albedos
>409%, 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 196970 annual radiation budget of the earth-
atmosphere system and its components. The data were
obtained from a temporaily 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
evaluation method and assumptions, and by the in-
completencss of the data set, these results provide a
basis for checks of the local and global annual energy
budget of numerical circulation models. 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™* min™. The required poleward energy
transport obtained was found smaller over the Southern
than-over the Northern Hemisphere during 196970 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 meident solar radiation since
the sun's output of radiative encrgy. may undergo
variations of seyeral percent as discussed by Kondratiev
gk Nikobshoy (AW, although thery o soive dowbt that
'111\\ SN T4RT PPEECRY SR A Navalsy viab

Onve such observations are available, base ligies can
be established to perimit 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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Measurements of the energy exchange between earth and space
from satellites during the 1960's

Abstraot

The net radiation budget of the earth-atmosphere system can be obtained from 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 measure-
ments, including: a global planetary albedo of 30%s, long-term global radiation balance within
measurement accuracy (2—3 %), the net equator-to~pole radiation gradients (and their varia-
tion) that drive our atmospheric and oceanie circulations, as 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 ce of observed interannual radiation budget
variations and also the separate consideration of energetics of the atmosphere and the ocean.

: B57.507.362.2

1. Introduction

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 measurements; first experi-
ments were flown on Explorer VII in 1959.

As in earlier days, our desire to study 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 blological 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
radlation budget of the earth-atmosphere gystem. Three
terms are shown, with the net radiation or radiation
budget, Qu, as the residual of:

Hg (A, P,1) — the direct irradiance of solar
energy at p = 0 (computed from
an assumed wvalue of the solar
constant,

Sy = 1.95 cal - em~* » min~1)

and

Qb 15 Hhghy 1-WeA, b, 1)-W (0, .1
W WA,

P=0

rig. 1
Bchematic depiction of the radiation budget of an
mmﬂm

minus Wa (2, @,1) —

(measured from the satellite)

minus Wi (4, #,¢) — the infrared radiant exitance
from eclouds, atmospheric consti-
fuents and the surface (measured
from the satellite)

All dimensions (as the solar constant) are energy per
unit area and unit time, The functionals (1, &, t) refer to



longitude, latitude and time. They serve to note the time
and space scale dependence of the radiation budget; or
schematic box could apply to a unit area at some location
or to the entire global envelope. Note that the phnetary
albedo, A, is'the ratio Wa/ Hg.

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

View of the rmmmmntmﬂmmvs.umm-
during the 1860's.

They are shown in fig. 2 as:

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

b) omnidirectional (2 «x 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 white
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 shown 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 Wy (4, &, t) and
Wi (4, @, 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 absolute cali-
bration before launch Into space. In addition, the

and

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.

2. Results for the entire earth and for latitude zones

Vonpex HAAr and Suom: (8) have discussed results
from satellite experiments in orbit before 1967. RASCHKE
and Banpeen (6) have discussed two-and-one-half
months of 1966 scanning radiometer data in detail. Both
of these references cite numerous previous papers
dealing with both the methods of data reduction and
special studies using the radiation budget measurements.
The present paper discusses all of the measurements
available thus far, including those acquired from
NIMBUS-III in Im_tmd 1670.

Table 1

Global Radiation Budget

Satellites Nimbus-III | Meteor-I1

1062—1966 1968—T0 188970
MAM .33 (30%) .35 (28%) 317
JJA .34 (26%) .35 (28%4) 37
SON .34 (28%0) .35 (28%) 37
DJF .38 (81%%) .34 (28%) .35
Annusal 34 (80%) 34 (20%) .36
sAnnual net _
Radiation % 0

Table 1 summarizes the measurements of the annual
and seasonal radiation budget of the entire planet. First
value i infrared radlant exitance, Wyi; followed by
planetary albedo (4), Accuracy estimates for the results
of the U.B. experiments are plus-or-minus one unit of
the least significant digits shown; this yields relative
measurement accuracies of about 3 %b.

For the annual case, both the earliest satellite data set
(1962—86) and the most recent (1868—70) show that our
earth-atmosphere systern has a planetary albedo of
28— 30 %, outgoing infrared radiation to space averaging
0.34 cal - em -2 + min -1, and net global radiation balance
(within measurement accuracy) when the solar constant
is 185 cal«em-2+min-%, The Infrared emission is
equivalent to a black-body emperature of (255°K),
higher than the value estimated by Lonpon (2) before
the satellite experiments. Also, our planet is darker
than was previously believed; it has a lower albedo than
the early value of 35 . 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 data sets,

Seasonal variation of the planetary radiation budget
is small. A very small tendency for a brighter and colder
planet during the period December — May is seen in
both sets of U.S. data. Infrared experiments on METEOR
satellites in 1860—170 (1) also detected a slightly colder
earth 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. 8 shows the resulting mean meridional profiles
for (a) the satellite measurements, 19062-66, (b) NIMBUS-
IIT results and (c) the estimates by Lonpon (2) in pre-



satellite days!). As in the global case (table 1) the
satellite sets show general agreement even though they
were not obtained during the same 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 0—30° N
than was previously believed. Apparently, the calculation
of Lonpon and others more than fen years ago used
over-estimates of apaque (reflecting) cloud amount in the
tropics. Separate evidence for this has been noted by
Vonper Haar and Hanson (1989). They found that the
measured solar radiation reaching the surface in the
tropics is greater than all previous estimates.
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The annual velues of infrared radiant exitance W .

planetary albedo, 4, m‘:m along a mean m
section as measured satellites during 1962—66 (aolm) and
from Nimbus ITI, 1888—T0 (dash); and as calculated by (2) (dot).
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Fig. 4
Energy gain and loss 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).
Lonpon's results for the annual case are also shown. In
the region 0—10°N much more energy (1.5 X 1018
cal » min-1) is gained during the year than was pre-

) BOLLE (1871) compares the satellite measurementa of
VONDER HAAR and SUOMI (8) ((a) above) with very recent, new
estimates by LONDON and SASAMORI (3). The new estimates
are now in much better agreement with the measurements,

.vimxsly estimated. At polar regions the old and new

values are much closer, giving the same depiction as
would have been inferred from 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 poleward transport must
be accomplished by either direct sensible heat flux by
the oceans, or increased air-sea energy exchange follo-
wed by energy transport in the atmosphere through
some combination of the sensible, potential 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 combineg to allow the warming of air
and melting of surface snow and ice characteristic of
that season.

3. Measured variation of the radiation gradient from
equator te the poles

In the previous section we have seen the results and
hypotheses that are based on consideration of the
satellite radiation budget measurements over a long
time scale (5—6 years). Of special interest also are the
measured values in specific seasons and their inter-
annual ‘variation. Fig. 5 displays a simple index,
[\ RNgp, 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-atmosphere 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 northern 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 hemispheres the
gradient is least in summer and greatest in fall, with
the most abrupt change between these two seasons
Mean winter values are less than those of fall due to a
gradient reversal in polar regions not considered by our
simple index. Therefore, 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 1862—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 & specific season, one cannot
expect a direct relation between the radiation gradient
measured from satellites and the resulting atmospheric
circulation. 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 {llustration of the potential
equivalent variations of rediation gradient we have
constructed the simple linear example shown in fig. 6.
Here the mean summer and winter values of the thermal
wind (V1)) are used with the corresponding mean values
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 Vr in that
hemisphere. Shaded areas denote the range of measured
gradient in all summers and winters and the equivalent

4 —

1O =
4
00k PONTS MO LIE
Z i FROM M MEANS
w T —
i W
A
* o = /'::'/ 2 /f/ T
Mg, FROM BATELUTES
| ; Fig. &
mmﬁa:a noting the potential (indirect) relation between

t, a8 measured from satellites and the
circulation of the atmosphere,

Northern Hemisphere from 30°—10° N between the lavels
1000 and 300 mb,

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 subsequent circu-
lations forced, in part, by the radiative energy exchange.
The grossly oversimplified {llustration in fig, 8 serves
as a reminder that this application of the satellite
measurements can proceed in parallel with an increa-
singly polished description of “mean” conditions,

ABEDO  (povomsl)

)

Fig. 78,10
'rima-utlmdlummnt E.nmuryu.bedom outgoing
m ) nmnﬂnd!rgl)lm

u te(xﬂm- ). Fig. Tc — see p.

4. High frequency time and space changes In the sarth’s
radiation budget

This section is included to present the reader with
examples of the radiation budget measurements from
satellites on time and space scales sufficient to consider
the local and regional energetics. The higher frequency
data from the scanning radiometer is emphasized, Most
results are recent ones from NIMBUS-III; they are
described in detail in Rascuxs et al. (9).

Figures 7a, Tb, and Tc denote time-latitude sections
from pole-to-pole during April, 1969 — February 1970.
They show the monthly course of outgoing infrared
radiation, Wi; planetary albedo, A; and net radiation,
@x, In each latitude zone.

Geographical variations of the same radiation measu-
rements are shown for the period 1—15 July 1969 in the
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Fig, T¢
Time-latitude sectlion of net radiation, as measured from the
Nimbus I satellite (after (9)).

set of fig. Ba, 8b and 8Bc. Here the high area resolution
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 areas
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 cloudiness,

5. Summary

During the 1960’s, radiation budget measurements
from satellites have allowed guantitative 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
of climate change, to the basic question of the thermal
forcing of our circulation systems, and to the contempo-
rary problems of local area energetics 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 rawingonde data, allow & new estimate of the required poleward energy

transport by Northern

here oceans for the mean annual case, In the region of maximum net north-

ward energy transport (30-35N), the oceans transport 47% of the required energy (1.7X10% cal year™). At
20N, the pea.k ocean transport accounts for 74% at that latitude; for the region 0-70N the ocean contribution

averages

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; Sverdrup,
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
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 Lransport estimates; an additional difficulty is
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
(Vonder Haar and Suomi, 1971) are now available over
sufficient time periods (data from the years 1962-70 are
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 S-year period May 1958
through April 1963 give a matching data set for which
Qort (1971) has calculated the energy transport in the
atmosphere,

2. Method of calculation

The energy balance for a polar cap north of a certain
latitude ¢ (°N) can be written in the form (compare

Starr, 1951)

dE/dt=AT+0OT+RF+-HF, (1)
where

AE/at rate of change with time of the total energy in
a polar cap north of latitude ¢ (°N). 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 ¢(°N) (area S1)

AT

- f f e T+ ga-+ L+ 2+ p/ pYndads
a1

oceanic energy flux into polar cap across lati-
tude ¢(°N) (area S2)

= f [ pled T4/ 2+ p/ podds
gl

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

= [ [osssy

energy flux into polar cap at the surface of the
solid earth (area $4)

o fow

169



170

JOURNAL OF PHYSICAL OCEANOGRAPHY

Vouume 3
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i A inferred from
almo ocean eéne
cwm Sellers (1965).

cate nel transporl to the south.

Other symbols used are:

¢ wind (current) velocity

¢,(c,’) specific heat at constant volume in atmosphere
(ocean)

acceleration resulting from gravity

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
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For a period of a year the energy storage' in the
atmosphere-ocean-cryosphere system (GE/d1) 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

AT+OT+RF=0. @

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

! Variability in ocean en storage, presently under study in

terms of temtm.'mtm anomalies; is not well known but most prob-
ably lies wi the error limits of this study.

transport with latitude over the Northern Hemisphere: RF, tota] re- =
satellite measurements; AT, measured energy transport by the
/ teansport derived from the present study. OT.,, bcean energy transport
ncertainty in the OT values is denoted by the shading. Minus values indi-

numerical values are presented in Table 1. Sellers’
(1963) values for atmogpheric (AT,) and oceanic (OT,)
transports based on the most recent surface energy
budget estimates [including Budyko’s (1963) estimates |

‘are also tabulated.

3. Error estimates

The atmospheric energy fiux 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=e(X)/(V—1)}, where n=35.
Twice the standard deviation of the mean indicates the
95% confidence limit and we assume that the instru-

Tasre 1. Poleward energy rt in the Northern Hemi-
sphere for the mean annual case: units (X 10% cal year1); minus
indicates net southward transport.

oT
Lagi- RF
tude RF* ATt oT AT OTa (%)
9N o ] a 1] /]
80N 0,32 037 —0.08 0.25 0 =
0N 114 1,40 0.04 1i8 0.09 3.5
SON 2158 211 0.04 214 0.26 3
SON 310 2.4 0.56 2.82 0.57
40N 3,76 2.20 1,56 3.10 079 41
0N 388 2.03 1,88 2.60 115 48
208 349 0,91 2.58 1.34 LIY 74
10N 2,14 0.72 1.42 0.42 081 66
EQ 0.33 0.13 020 =007 -006 60
108 —158 =144 =010 066 —100 63

* The values of RF are alightly different from those reported by Vonder
Haar and Suomi (1971), sinoe the measurements from the 13 seasons of
that study have been uugmented by 4 more measurement seasons (see
Yonder Haar, 1972).

4 The values of AT ure slightly different from those reported earlier by
Oort (1971). The present vitlues represent the mean of § years analyzed
separntely. In the earller study the same S-year data seét was analyzed but
as one sample,

1 Values of AT and QT ps given by Seflers (1965).
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ment plus sampling error of the aunosphenc transport
is not larger than this value. Error estimates are given
in Table 2. From Vonder Haar (1968) and Vonder Haar
and Suomi (1971), error analysis of the satellite
measurements showed a maximum probable bias error
of 0.01 cal em™ min~! in mean annual zonal values
of the net radiation (. The cumulative effect of such an
ervor in the required transport (RF) values derived
from the satellite measurements increases equatorward
from the g point of integration at ¢=90N
(Table 2). The law of propagation of independent errors
was used to obtain the estimate of error in the derived
ocean transport Eor= (E%ws+Ear)). This error® is
indicated by the shading in Fig: 1.

4. Discussion of results

Between 10-50N 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 transporis 47% of the
required energy (1.7X10* cal year™). 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 (Vonder Haar el al., 1972; Raschke
el al,, 1972). These data, from a totally different
radiometer systemn, 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 Table 1). Thus, the absolute
value of the ocean transport must be greater since the

¥ The error shown for the tropics and mbtropm results pri-
marily from the cumulative satellite error. It is definitely =
worst-case estimate for this re since t information
[Vonder Haar and Suomi (1971) from measurements; London
and Suamom:ll (1971) fhrgm culat}o;n] show no nel energy trans-
port required across L Lor us, our transpori integration
could begin at 0° ratheret?un 50°,
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Tasre 2. Probable error in measurements and estimates of
poleward energy transport in the Northern Hemisphere for the
mean annual case: units (102 cal year).

Latitude Eny Exr Lor
00N — = =
SON =£0.02 20,12 +0.12
70N =£0.08 4+0.06 #£0.10
60N =0.18 %010 %021
SON £0.32 +0.16 =+0.34
10N 0,48 +0.10 +0.49
30N =+0.67 =*0.16 +0.68
20N 0,88 +0.08 +0.88
10N 110 +0.12 #+1.10
Eﬁ +1.33 (.10 +1.33
1 =+1.56 +0.24 =+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
30-50N. Location of the ocean peak is the same as that
shown by Sellers, but the transport value is more than
509 larger. Note that the curves indicate the need for
a small net northward energy tramsport 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. (.omps.nson of
the recent vatues 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 maximun: 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
ocean 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. Qur results suggest that air-sea
interaction in mid-latitudes may be even more signifi-
cant than presently acknowledged.
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