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Summary

Physical processes occurring in the troposphere determine changes in weather and
fundamentally affect the climate conditions in different regions of our planet. These
processes include absorption of solar radiation, formation of outgoing long-wave
radiation ~flux, the general atmospheric circulation, and the hydrologic
cycle—particularly the formation of clouds and the initiation of precipitation. Solar
radiation is the principal source of heat for the atmosphere. Heat energy is transferred
from the surface to the atmosphere through long-wave radiation and turbulent heat
exchange. The heat consumed by evaporation from the surface of land and water bodies is
also released into the atmosphere in the process of water vapor condensation.

The algebraic sum of the radiative energy fluxes coming to and going from the surface of
the Earth is called the radiation budget (balance) of the Earth's surface. It is evident that
the value of the radiation budget is equal to the difference between the amount of direct
and scattered short-wave radiation. The energy of the radiation budget of the Earth's
surface is expended in various ways: heating the atmosphere by means of turbulent heat
conductivity, evaporation, heat exchange with the deeper layers of the hydrosphere or
lithosphere, and so on.
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1. Introduction

The Sun is the star closest to the Earth and belongs to a class of yellow stars—dwarfs. The
diameter of the Sun equals 1.4 million kilometres, and the mean distance between the Sun
and the Earth is 149.5 million kilometres. As a result of nuclear reactions that occur in the
Sun, the temperature of its surface is approximately 6000 °C, which causes the radiation
of a considerable amount of energy from the Sun. The radiation coming from the Sun to
the Earth is the only form of incoming radiant energy that determines the heat balance and
the thermal regime of the Earth. Radiation energy incident upon the Earth from all other
celestial bodies is so small that it does not noticeably influence the processes of heat
exchange occurring upon the Earth. The spectrum of solar radiation corresponds to that of
a black body, which is described by Planck's formula. In accordance with the temperature
of the Sun’s radiating surface, the maximum radiation flux is observed at the wavelength
of approximately 0.45 um, and most of the energy radiated by the Sun falls in the
wavelength interval from 0.3 to 2.0 um.

Moving away from the Sun, the intensity of radiation decreases in inverse proportion to
the square of the distance. As the Earth moves around the Sun in'its elliptical orbit, the
intensity of solar radiation falling on the external boundary of the atmosphere changes
during the year according to the change of distance between the Earth and the Sun. The
smallest distance between the Earth and the Sun is observed at the beginning of January,
when it equals 147 million kilometres. The greatest distance, reached at the beginning of
July, equals 152 million kilometres.

2. Solar radiation
2.1. Solar constant

The flux of solar energy in one minute across an area of 1 cm? placed perpendicular to the
Sun’s rays, beyond the atmosphere, and located at the mean distance between the Earth
and the Sun, is called the “solar constant”. With the changes in the distance between the
Earth and the Sun, the actual values of the solar energy flux at the outer boundary of the
atmosphere vary from the value of the solar constant. This variation amounts to 3.5%
(See History of Atmospheric Composition).

For a long time, the value of the “solar constant” was considered approximately equal to
1.9 cal cm™® min™. It was then established that a noticeable amount of solar energy is
absorbed in the upper layers of the atmosphere, and as a result the value of the solar
constant was considered to be near 2.0 cal cm? min™. In organizing the International
Geophysical Year, it was decided to consider the value of the solar constant to be equal to
1.98 cal cm™ min™*. Observations made recently give a slightly smaller value of the" solar
constant”, namely, 1.94 to 1.95 cal cm™ min™,

We should indicate that for many investigations it is more important to know, not the true
value of the solar constant, but its conditional value, corresponding to the amount of
radiation that reaches the upper layers of the troposphere. In contemporary studies, this
vaIU(la of the conditional solar constant is usually considered equal to 1.90 to 1.92 cal cm™
min™.
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The question of the stability of the solar constant with time is of great interest. This
question has been discussed in a number of studies and many authors consider that if
changes in the "solar constant” do occur, they do not exceed the accuracy of the available
measurements. In addition, it should be borne in mind that small variations of the “solar
constant” of the order of 1% or even 0.1% may produce a certain influence on weather
and climate. For this reason, the question of the stability of the solar constant deserves
greater attention.

Knowing the value of the solar constant, one can calculate how much energy penetrates to
the Earth's surface in different latitudes in the absence of atmospheric influences on
radiation.

2.2. Direct and scattered radiation

In reality, the atmosphere is not a completely transparent medium for solar radiation. A
noticeable part of the radiation coming from the Sun is absorbed and scattered in the
atmosphere, and also is reflected into space. Solar radiation is especially influenced by
clouds, but even under a cloudless sky solar radiation is changed greatly in the
atmosphere. Solar radiation is absorbed in the atmosphere by water vapour, water
droplets, ozone, carbon dioxide, and dust. Scattering of solar radiation is caused both by
the molecules of air and by various admixtures—dust, water droplets and so forth. The
flux of direct solar radiation that passes through the atmosphere depends on the
transparency of the air and the Sun’s elevation that defines the length of the path of the
solar rays in the atmosphere .

As indicated above, in addition to changes of atmospheric transparency, cloudiness
greatly influences the amount of direct radiation reaching the Earth’s surface. With more
or less dense clouds direct radiation is equal to zero. The greatest amount of direct
radiation flux is recorded under cloudless sky and high atmospheric transparency. In
these conditions, the flux of direct radiation incident on a perpendicular surface at sea
level can amount to 1000 to 1200 Wm'™. Average noon values of this flux usually equal
700 to 900 Wm™. With decreasing solar elevation during the daily cycle, the direct solar
radiation is noticeably reduced as the optical thickness of the atmosphere increases

The amount of scattered radiation coming to the Earth’s surface varies within wide limits,
mainly as a function of cloudiness conditions and the Sun’s elevation. The theoretical
assessment of this radiation flux is rather complicated and does not yield accurate results.
Available observational data show that, in many cases, the flux of scattered radiation is
comparable in value with the flux of direct radiation incident on a horizontal surface. The
greatest amounts of scattered radiation are recorded under cloudy skies. Scattered
radiation is greatly influenced by the reflectivity of the Earth’s surface. In particular,
scattered radiation increases noticeably when the Earth’s surface is covered with snow,
that reflects a considerable amount of solar energy.

The general picture of the basic solar energy transformations in the geographical
envelope of the Earth is as follows. The flux of solar energy at the mean distance between
the Earth and the Sun is equal to the value of the solar constant. Because of the spherical
shape of the Earth, a unit area at the top of the atmosphere gets, on average, one-fourth of
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the total flux—about 340 Wm, of which approximately 240 Wm™ is absorbed by the
surface of the Earth as a planet. The greater part of this amount is absorbed by the surface
of the Earth and a considerably smaller fraction by the atmosphere.

2.3. Outgoing (long-wave) radiation

The Earth’s surface, since it is heated due to absorbing solar radiation, is a source of
outgoing radiation that transmits heat into the atmosphere. Atmospheric water vapour,
dust and various gases that absorb long-wave radiation, detain the long-wave emission
from the Earth’s surface. Thus, a considerable portion of the long-wave radiation emitted
from the Earth’s surface is compensated for by the counter-radiation of the atmosphere.
The difference between the Earth’s surface emission itself and the atmospheric
counter-radiation is called the net long-wave radiation. The value of net long-wave
radiation is usually several times smaller than the flux of long-wave emission from the
Earth’s surface that would be observed if the atmosphere were completely transparent to
outgoing radiation. On average for the whole surface of the Earth, the net long-wave
radiation is much less than the absorbed short-wave radiation. This is a consequence of
the so-called greenhouse effect, i.e. the result of the relatively high transparency of the
atmosphere to short-wave radiation compared with that for outgoing emission (See
Greenhouse gases, Aerosols, and Ozone Layer). Therefore, the mean radiation balance of
the Earth’s surface is a positive value.

2.4. The radiation balance

The energy in the radiation budget of the Earth’s surface is expended in various ways:
heating the atmosphere by means of turbulent heat conductivity, evaporation, heat
exchange with the deeper layers of the hydrosphere or lithosphere, and so on. Terms
describing all of the above forms of solar energy transformation must enter the equation
of energy (heat) balance for the Earth’s surface in addition to the algebraic sum of energy
fluxes incident on and going from the Earth’s surface. According to the law of energy
conservation, this sum must equal zero.

The radiation and energy balances of the Earth’s surface are definitely connected with the
radiation and energy balances of the atmosphere. The Earth as a planet receives energy
from space and emits it back only through radiation. As the mean temperature of the Earth
changes little in time, it is evident that the radiation balance of the Earth (the difference
between radiation absorbed and emitted into space) is equal to zero (See History of
Atmospheric Composition).

The radiation budget of the atmosphere (equal to the difference between the radiation
balances of the planet as a whole and that of the Earth’s surface) must, therefore, on
average, be negative and equal in absolute value to the Earth’s surface radiation budget.
In the atmospheric energy balance, the negative radiation budget is compensated for by
an influx of energy from condensation of water vapour when forming clouds and
precipitation and by an influx of heat from the Earth’s surface due to the turbulent heat
conductivity of the lower layers of the atmosphere. In addition to the processes of
redistributing solar energy in the vertical direction, powerful processes of horizontal heat
redistributing are developed in the geographical envelope. Most important among them is
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the transport of thermal energy in the atmosphere and hydrosphere between high and low
latitudes due to the heterogeneity of radiative heating of the spherical surface of the Earth.
This transport is carried out through macroturbulent heat exchange and sensible heat
transfer, as well as latent heat transfer through phase transformations of water.

The processes of solar energy transformation caused by radiative factors enumerated
above, in turn significantly change the radiation regime, since this depends considerably
on circulation in the atmosphere and hydrosphere, phase transformations of water, and so
on. Cloudiness and coverage of the Earth’s surface by snow (or ice) produce an especially
pronounced effect on the radiation regime. In addition to the “first order” processes of
transformations of solar energy which substantially change the radiation and heat regimes,
a number of solar energy transformation processes requiring comparatively small
amounts of energy and, therefore, not affecting the radiation and heat regimes directly,
develop in the geographical envelope of the Earth. Some of these processes are very
important for the formation of the biosphere. For example, the process of photosynthesis
is based on the transformation of radiant energy into a comparatively stable form of
chemical energy.

In studying all the forms of solar energy transformation in the geographical envelope,
radiation and energy balance data are of prime importance. Data on the energy and
radiation balances at the Earth’s surface are especially important for investigating the
biosphere since it is the main source of energy for biological processes.

The radiation balance of the Earth’s surface R is equal to the difference between the
absorbed solar radiation and the net long-wave radiation:

R=Q (1-a) - I, (1)

where Q is the total short-wave radiation (the sum of direct and scattered radiation), e« is
the albedo (the reflectivity of the Earth’s surface for total radiation) expressed in fractions
of unity and | is the net long-wave radiation, i.e. the difference between the radiation
emitted by the Earth’s surface itself and the absorbed counter-radiation of the
atmosphere.

The radiation balance of the Earth-atmosphere system Rq, i.e. the radiation balance of the

vertical column through the whole thickness of the atmosphere, may be determined in a
similar way. We find in this case that

Rs=Qs(1-as) - Is, (2)
where Qs is the solar radiation incident on the outer boundary of the atmosphere, as is the
albedo of the Earth-atmosphere system and Is is the long-wave emission from the outer

boundary of the atmosphere into space (outgoing emission).

The radiation balance or budget of the atmosphere, R,, equals the difference between the
values of Rs and R. Using Equation (1) and (2), we get

Ra=Qs(1-0,s)-Q(1-a)-(ls-1) 3)
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Reflection of solar radiation from the Earth’s surface is determined by the albedo, which
is defined as the ratio of the amounts of reflected to incident radiation. Theoretically, the
values of albedo might vary from unity for a completely white and reflective surface to
zero for an absolutely black surface entirely absorbing the Sun’s rays. Available
observational data show that the albedo of natural surfaces does vary over a wide range,
embracing almost the entire possible interval of values of reflective ability of various
surfaces. In experimental investigations of solar radiation reflection, values of albedo for
more or less all of the widespread natural surfaces have been found. These investigations
have shown that the conditions of solar radiation absorption on land and water differ
noticeably.

The conditions of solar radiation absorption by water bodies differ from those at the land
surface. Clear water is comparatively transparent to short-wave radiation, and so the
Sun’s rays penetrating the upper layers of a water body are widely scattered and then to a
considerable extent absorbed. It is easily understood that absorption of solar radiation in
such conditions should depend on the solar elevation or zenith angle. If the Sun stands
high, a great part of the incoming radiation penetrates the upper layers of water and is
mainly absorbed there. At low solar elevation, the rays incident on the water surface at
small angles are specularly reflected and do not penetrate into the depths of the water
body. This leads to an abrupt increase of the albedo.

Both theoretical calculations and experimental investigations show that the albedo of
water surfaces for direct radiation varies over a wide range as a result of this dependence
on solar elevation. At large solar elevations the albedo for direct radiation does not exceed
several hundredths, while with the Sun approaching the horizon the albedo reaches values
of the order of several tenths. The albedo of water surface for scattered radiation varies
much less and is about 0.10.

The albedo of the Earth-atmosphere system is of a more complicated nature than that of
the Earth’s surface. Solar radiation received by the atmosphere is partially reflected as a
result of backscattering. Under a cloudy sky, a considerable fraction of radiation can be
reflected from the upper surfaces of the clouds. With little cloudiness or under clear sky,
the albedo of the Earth-atmosphere system depends essentially on the albedo of the
Earth’s surface. The albedo of clouds depends on the thickness of their layers, its mean
value being equal to 0.40 to 0.50. The albedo of the Earth-atmosphere system without
clouds is usually greater then that of the Earth’s surface, except in those cases when the
surface is covered with more or less clean snow.

Both the reflection of short-wave radiation and the emission of long-wave radiation are
equally important forms of radiative energy loss. The basic features of the process of heat
transfer by long-wave radiation can be expressed using the Stefan-Boltzmann law which
states that the flux of radiation from an absolutely black body equals oT*, where T is the
absolute temperature in the Kelvin scale and o is the Stefan constant, equal to
5.67-10°*Wm™K™. Available experimental data show that radiation from the Earth’s
natural surfaces is, in general, rather close to radiation from a black body at the
corresponding temperature, the ratio of the observed values of radiation to black-body
radiation in most cases amounting to 0.90 to 1.00.
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The maximum intensity of long-wave radiation from the Earth’s surface is a function of
wavelength and depends on the temperature of the radiating surface. The major part of the
radiated energy occurs at wavelengths from five to several tens of micrometers. A
considerable part of the long-wave radiation flux emitted by the Earth’s surface is
compensated for by the atmospheric counter-radiation. The long-wave emission of the
atmosphere under clear sky is basically determined by the content of water vapour and
carbon dioxide. The effect of atmospheric ozone is usually relatively less important.
Water vapour, as well as carbon dioxide, absorbs long-wave radiation mainly in certain
spectral bands so that the long-wave emission from the atmosphere is rather spectrally
heterogeneous. The most intensive absorption of radiation by water vapour takes place in
the range of wavelengths from 5 to 7.5 um, while in the 9 to 12 um spectral range the
absorption of radiation is relatively small. Carbon dioxide has several bands of absorption,
of which the band with wavelengths from 13 to 17 um is of greatest importance. It should
be mentioned that the atmospheric content of carbon dioxide varies comparatively little,
while the amount of water vapour can be very different depending on meteorological
conditions. Therefore, variations in air humidity are a substantial factor influencing
radiation from the atmosphere.

Usually the atmospheric counter-radiation increases greatly with cloudiness. Low and
middle level clouds are, as a rule, sufficiently dense so that they radiate like an absolutely
black body at the corresponding temperature. Under such conditions, the net long-wave
radiation is mainly defined by the difference between the temperature of Earth’s surface
and that of lower surface of the clouds. If this difference is small, the net radiation also
approaches zero. High clouds, because of their low density, usually radiate less than a
black body. Since the temperature of such clouds is comparatively low, their effects on
net long-wave radiation are insignificant compared with the influences of low and middle
clouds. Thus, the net long-wave radiation from the Earth’s surface depends mainly on the
surface temperature, the water vapour content in the air, and cloudiness. Due to these
factors, the net long-wave radiation may vary from values close to zero up to several
hundred watts per square metre.

Radiation from the Earth-atmosphere system is that portion of the surface emission that
passes though the atmosphere, plus atmospheric radiation. Under clear sky, the Earth’s
surface emission at wavelengths from 9 to 12 um plays a significant role in the radiation
from the system. In conditions of continuous cloudiness, radiation from the top surface of
clouds (which depends on the cloud-top temperature) is of principal importance. Since
this temperature is usually much lower than the temperature of the Earth’s surface, it is
evident that cloudiness considerably reduces the output of heat to space through outgoing
radiation.

TO ACCESS ALL THE 22 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sample AllChapter.aspx

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E2-02-02-02

HYDROLOGICAL CYCLE - Vol. | - Energy Balance and the Roles of the Sun, Earth, Oceans and Atmosphere - I.1. Borzenkova

Bibliography

Budyko M.I. (Ed.). (1963). Atlas of the Heat Balance of the Earth. Akad. Nauk SSSR, Moscow.

Budyko M.l (1974). Climate and Life. International Geophysics Series, Vol.18 ( Eds. J.Van Mieghem and
A.L.Hales), 508pp. Academic Press. New York and London. [This book presents a summary of
investigations in the field of solar energy transformations at the Earth's surface and in the atmosphere].

Budyko M.l., Ronov A.B. and Yanshin A.L. (1987). History of the Earth’s atmosphere. 139 pp.
Springer-Verlag. Berlin etc. [This work presents data on changes in the mass of carbonate deposits and gas
composition in the atmosphere during the geological past].

U.S.Weather Bur.,Wb/T No.6. (1964). Guide to the "Atlas of the Heat Balance of the Earth". U.S. Weather
Bur. Washington, D.C.. [This presents a series of maps of the spatial distribution of monthly data on
short-wave (solar) radiation, long-wave radiation, radiation balance and heat balance fluxes on the Earth's
surface].

Biographical Sketch

Irena |. Borzenkova is a Lead Scientist in the Research Department, Institute of Climatology, Russia.
Degrees: M.S. Meteologiya and Climatologiya. Gidrometeorological Institute, 1960, Leningrad, Russia.

Ph.D. Geographical Sciences (Physical Climatology). 1966. Thesis: “The heat balance of mountain
regions”. Advisor: Prof. M. Budyko.

Doctor of Sci., Geographical Sciences, 1991. Thesis: “Climatic change during the Cretaceous-Cenozoic

era”.
About 40 speeches at National and International meetings and conferences.

Research areas: The heat balance of the Earth, global climate change in the present and the geological past,
secular changes in global and regional temperature and precipitation, reconstructions of past climates,
moisture conditions in past and present.

About 90 scientific papers and seven monographs including:

“Global paleoclimate of the Late Cenozoic”. Ser. Developments in Paleontology. 12. Elsevier, Amst. etc.
1990. 456 pp. (co-author V. Zubakov).

“Anthropogenic climate changes “1987, Gidrometeoizdat, Leningrad (co-authors M. Budyko et al,) (in
Russian). (Translated into English, Arizona Press, 1992, 485pp).

“Cambios anthropogenicos del clima en America del Sur”. (Co-authors M. Budyko, G. Menzhulin, I.
Shiklomanov). Buenos Aires, 1994.

“Climate change in the Cenozoic”. 1992. St. Petersburg. 246 pp. (in Russian). The English translation was
made under the auspices of Working Group VIII USA/Russia, 1995.

©Encyclopedia of Life Support Systems (EOLSS)



